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Editorial

Phenolic Compounds in Food: Characterization and
Health Benefits

Mirella Nardini

CREA, Research Centre for Food and Nutrition, Via Ardeatina 546, 00178 Rome, Italy; mirella.nardini@crea.gov.it

Oxidative stress is involved in the onset and development of several human dis-
eases, such as cardiovascular diseases, diabetes, ageing, cancer, and neurodegenerative
diseases [1]. Antioxidants from one’s diet, which counteract oxidative stress, may offer
protection toward these pathological conditions. Polyphenolic compounds are by far the
most abundant antioxidants in the human diet, being largely present in plant-based food
and beverages [2,3]. Polyphenols play many roles in plants. They protect against stresses
such as UV light, attacks from pests, and provide color to attract insects. Evidence from
epidemiological studies suggest that the long-term consumption of polyphenolic-rich foods
affords protection against the development of cardiovascular and degenerative diseases,
cancer, and diabetes [4–6]. The absorption and metabolism of polyphenols have been
extensively described. Polyphenols from foods and beverages are quickly absorbed and
metabolized in humans. Gut microbiota play a critical role in the absorption process. For in-
dividuals who regularly consume wine, beer, coffee, and tea, these beverages represent the
main sources of dietary polyphenols [7–10]. Polyphenols content in foods and beverages
strongly depends on cultivation, technology processes, and transformation. This Special
Issue has collected manuscripts regarding the composition of polyphenols in food, with
special emphasis to extractive and analytical aspects. The role of technological processes
in the nutritional quality of foods was also considered. Research studies dealing with
biological activity and healthy effects of polyphenols were also presented.

The first research article of this Special Issue by Johnson et al. [11] deals with the
characterization of phenolic profiles of Australian faba bean (Vicia faba L.) varieties. The
phenolic acids and flavonoids composition of ten commercial Australian faba bean varieties
grown at two different locations was presented. Phenolic profiling by HPLC revealed
catechin and rutin as the most abundant flavonoids. Among phenolic acids, syringic acid
was found in high concentrations. The levels of phenolics varied significantly with the
varieties. Some effects of the growing location on phenolics content were also observed.

The study of El Cadi et al. [12] describes the phytochemical content and the antioxi-
dant activity of the Moroccan species Chamaerops humilis L. fruits. The n-hexane fraction
analyzed using GC/MS exhibited 69 compounds belonging to different chemical classes.
The polyphenolic profile obtained using HPLC-PDA/MS led to the identification of 16
and 13 compounds in two different extracts obtained by ethyl acetate or methanol ex-
traction, with ferulic acid and chlorogenic acid as major compounds, respectively. The
ethyl acetate extract showed the highest antioxidant activity measured using the DPPH
method. The results obtained highlighted Chamaerops humilis L. fruits as important sources
of bioactive compounds.

Another study by Pinto et al. [13] reports the polyphenol profiling, obtained using
MALDI-TOF-MS and ESI-qTOF-MS, of chestnut pericarp, integument, and curing water
extracts to qualify these food by-products as a source of antioxidants. The study provides
useful indications of the molecular processes associated with the traditional practice of
the water curing of chestnut, which aims to prevent insect and mold development during
fruit storage. This research provides a rationale to traditional processing practices on fruit
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appearance and qualifies the corresponding wastes as a source of bioactive compounds for
other nutraceutical applications.

The review of Serna-Vazquez et al. [14] describes the latest insights into novel deep
eutectic solvents (DES) for the sustainable extraction of phenolic compounds from natural
sources. DES are green alternatives for the extraction processes, given their low or non-
toxicity, biodegradability, and reusability. The latest studies employing DES for phenolic
extraction, solvent components, extraction yield, and extraction techniques were reviewed.
Moreover, the most relevant DES-based studies for phenolic extraction from natural sources
and potential applications were reported.

In the research article by La Torre et al. [15], the effect of the long-term storage of
Kombucha from black tea on phenolics content and radical scavenging properties is re-
ported. Kombucha is a beverage obtained by fermenting tea with the addition of sugars.
It is a highly commercialized drink produced industrially. The novel finding of this pilot
study revealed that kombucha from sugared black tea can be stored at refrigerator temper-
ature for four months. After this period, the antioxidant properties of kombucha are no
longer retained.

In the article of Adebo et al. [16], the kinetic of phenolic compounds’ modification dur-
ing maize flour fermentation over different fermentation times is studied. The flavonoids
apigenin, kaempferol, luteolin, quercetin, and taxifolin and the phenolic acids caffeic, fer-
ulic, gallic, p-coumaric, sinapic, and vanillic acids were investigated. The results obtained
showed that flavonoids were significantly reduced after fermentation, while phenolic acids
gradually increased in prevalence. The modification of phenolics during fermentation is
compound-specific, and the modification rate depends on their forms of existence in the
fermented products.

The study of Salamatullah et al. [17] describes the effect of boiling techniques on the
bioactive and antimicrobial properties of basil (Ocimum sanctum) and rosemary (Rosmarinus
officinalis). The duration of the boiling time has a significant influence on total polyphenols
and flavonoids content and antioxidant activity. Basil showed the highest antioxidant
activity, total polyphenols, and total flavonoids content when it was boiled for 5 min, while
rosemary exhibited the highest antioxidant activity, total polyphenols, and total flavonoids
content when it was boiled for 15 min. Rosemary extracts showed high growth inhibition
against Gram-positive bacteria. Salicylic acid was the most abundant phenolic compound
in the rosemary sample boiled for 5 min, while acetyl salicylic acid was the most abundant
phenolic compound in the basil sample boiled for 15 min.

The review of Ambra et al. [18] analyzes the main experimental reports on the fate,
accessibility and bioavailability of phenolic compounds present in cooking oils and cooked
vegetables. The authors considered different cooking techniques (deep-fat frying, sautéing,
roasting, air-frying, microwaving, and boiling with oil), the types of oil, and the type of
food, using oil alone or in combination with vegetables and how the protective effect of
phenolic compounds may be improved to counteract harmful effects of oil cooking. The
study of Ambra et al. [18] indicates that incomplete and contradictory observations have
been published in the last few years and suggests further research is necessary to clarify
the impact of cooking techniques on phenolic compounds in oil.

The article of Demir and Agaoglu deals with the identification of bioactive com-
pounds of artichoke (Cynara scolymus) powder and the characterization of its antioxidant-,
antimicrobial-, and metmyoglobin-reducing activity when added to minced meat dur-
ing frozen storage [19]. The phenolics and flavonoids content was determined using
LC-QTOF-MS. Nineteen phenolic compounds were identified via LC-QTOF-MS, with
quercetin, chlorogenic acid, luteolin, catechin, and caffeic acid as the most abundant phe-
nolics. The antioxidant activity was measured using DPPH, FRAP, and ABTS assays,
while the antimicrobial activity of artichoke extract was evaluated on five different food
pathogens (S. typhimurium, L. monocytogenes, E. faecalis, S. aureus, and E. coli) by using the
disc diffusion method. In conclusion, C. scolymus extract exhibited good antimicrobial and
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antioxidant effects, stabilized the color of minced meat, and had a significant impact on
sensory characteristics during the storage period.

Another interesting review of this Special Issue by Tabari et al. [20] focuses on
flavonoids as promising antiviral agents against SARS-CoV-2 infection. This work provides
a comprehensive review of the benefits of flavonoids in relation to COVID-19 disease. The
previously reported effects of flavonoids on five RNA viruses, including influenza, Human
Immunodeficiency Virus (HIV), Severe Acute Respiratory Syndrome (SARS), Middle East
Respiratory syndrome (MERS), and Ebola, were considered. Flavonoids act via direct
antiviral activity (via the inhibition of viral proteases, RNA polymerase, and mRNA, virus
replication, and infectivity) and indirectly through the modulation of host responses to viral
infection and subsequent complications (the regulation of interferons, pro-inflammatory
cytokines, and inflammatory pathways).

The research article of Shafreen et al. [21] investigates the in vitro and in silico inter-
actions of red wine polyphenols with different serum proteins: human serum albumin,
fibrinogen, glutathione peroxidase 3, and C-reactive protein. The study indicates that
polyphenols from red wine can interact with the key regions of serum proteins to enhance
their biological activity. Among them, rutin, resveratrol, and tannic acid showed good
binding affinity. Particularly, the flavonoid rutin showed the highest binding affinity with
all target proteins under study. In conclusion, red wine polyphenols possess beneficial
properties that can exalt their role in clinical applications.
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A Review of the Effects of Olive Oil-Cooking on
Phenolic Compounds

Roberto Ambra * , Sabrina Lucchetti and Gianni Pastore

CREA—Research Center for Food and Nutrition, Via Ardeatina 546, 00178 Rome, Italy;
sabrina.lucchetti@crea.gov.it (S.L.); giovanni.pastore@crea.gov.it (G.P.)
* Correspondence: roberto.ambra@crea.gov.it

Abstract: The fate of phenolic compounds in oil and food during cooking vary according to the
type of cooking. From a nutritional point of view, reviews largely suggest a preference for using
extra-virgin olive oil at a low temperature for a short time, except for frying and microwaving, for
which there appears to be no significant advantages compared to olive oil. However, due to the
poorly pertinent use of terminology, the different protocols adopted in studies aimed at the same
objective, the different type and quality of oils used in experiments, and the different quality and
quantity of PC present in the used oils and in the studied vegetables, the evidence available is mainly
contradictory. This review tries to reanalyse the main experimental reports on the fate, accessibility
and bioavailability of phenolic compounds in cooking oils and cooked vegetables, by considering
different cooking techniques and types of oil and foods, and distinguishing experimental findings
obtained using oil alone from those in combination with vegetables. The re-analysis indicates that
incomplete and contradictory observations have been published in the last few years and suggests that
further research is necessary to clarify the impact of cooking techniques on the phenolic compounds
in oil and vegetables during cooking, especially when considering their nutritional properties.

Keywords: EVOO; vegetables; phenolic compounds; thermal treatment; processing techniques;
bioaccessibility; bioavailability

1. Introduction

Different culinary practices are involved in heating food with vegetable oils. Among
the different techniques mentioned below (Section 4), the most widespread is deep-frying,
where food is entirely submerged in hot oil, inducing a process that rapidly modifies the
nutritional and organoleptic properties of oil and food, normally improving those of the
latter and worsening those of the former. This cooking technique has been widely used
since Ancient Egypt, and oral tradition suggests that the practice is as old as the invention
of pots, more than six thousand years ago [1]. Its success, historically linked to the usage of
oil obtained from Olea europaea var. sativa L. fruits in other practices (lighting, religion
and aesthetics), lies in the fact that it produces tastier and more durable properties in the
resulting food, compared to raw food or other cooking procedures. Nowadays, even if
some limitations have been introduced, especially by Mediterranean countries due to a
possible link between fat consumption and obesity, oil-cooking is one of the most widely
used food preparation processes worldwide [2].

Cooking with oil triggers a series of physico-chemical reactions, favoured by high
temperatures, oxygen, water, and metals, which have lipids as their main targets, but also
other fat components i.e., tocopherols, pigments, sterols, vitamins and phenols. Cooking
with oil can yield molecules with cytotoxic, mutagenic and carcinogenic activities, affect-
ing the cardiovascular system or generating systematic inflammation [3,4]. Interestingly,
such effects are influenced by the interaction between ingredient molecules, antioxidants,
and other bioactive molecules. Among those, and besides monounsaturated fatty acids,
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tocopherols and tocotrienols are mainly present in seed oils, while phenolic compounds
(PC) may be particularly abundant in unrefined olive oils (simple phenols, secoiridoids,
lignans, flavonoids, phenolic acids and alcohols), able to confer specific organoleptic fea-
tures to foods and induce different reactivity to cooking oils. The ability of PC to prevent
oxidative deterioration occurring in olive oil (OO) during heating was hypothesized more
than 20 years ago [5]. More recently, PC in OO were shown to reduce the formation of
acrylamide during potato frying [6].

Contradictory evidence is available on the fate and role of PC in oil and food during
oil cooking procedures. A recent meta-analysis indicated that frying was the only cooking
technique, along with steaming, that was not associated with statistically significant losses
of PC from vegetables [7]. Some studies indicate losses from both food and oil, whereas
others suggest some migration between oil and food. A partial explanation is that experi-
mental cooking conditions, mimicking home ones, are hardly repeatable in and comparable
between laboratories. Moreover, most works have studied the effects of heating at very long
durations (repeated for even days), which are poorly representative of domestic conditions
(short and unrepeated heating).

Additionally, insufficient data are available on the physical aspects of food heating.
Research on other vegetable molecules indicates that heating could induce a net increase
in PC as a result of several mechanisms i.e., partial evaporation of moisture that increases
concentration in the food matrix, migration toward media with different polarity, changes
in the microstructure of vegetable tissues, breakage or softening of the rigid cell walls and
other components of the vegetable cells, and the decomposition of molecules linked to
fibre. A recent review [8] reported that total frying time is normally limited to the first
phase of the water cycle, evaporation, with the inner temperature of food not exceeding
100 ◦C. However, to our knowledge, this assumption, made 20 years before [9], was never
corroborated. Other experiments with different kinds of food products indicate that the
main effects on PC content rely on food cooked in oil rather than on oil itself. The situation
is complicated by the fact that different oil cooking techniques exist, each with a different
influencing factor that, if not considered, can result in misleading conclusions regarding health
effects, as recently recapitulated by Garcimartín and collaborators in a book chapter [10].

This review tries to reanalyse the reports on the fate and on the bioavailability of PC
in cooking oils and cooked vegetables, considering the different culinary approaches and
the types of oil and foods and focusing on experimental findings obtained by both using
oil alone or in combination with vegetables.

2. Phenolic Compounds Classification

PC, very widespread in the plant world, are bioactive molecules essential in numer-
ous functional processes [11]. Their common structural characteristics include at least a
hydroxyl group linked to an aromatic ring, but PC can also be polymerized compounds
with functional groups such as mono or polysaccharides, esters and methyl esters with one
or more phenolic group [12].

Historically, PC have been classified taking into account various parameters. For
example, in 1962 Swain and Bate-Smith classified PC considering their spread [13], in
2017 Basli considered uniquely their carbon skeleton [14], and in 2019 Tsimogiannis and
Oreopoulou classified phenols in a much more specific way, subdividing them into six
classes [15]: (1) molecules with a single benzene ring (C6 class); (2) molecules with a C6
ring and a linked chain composed of one to four or seven carbon atoms (C6-Cn class);
(3) and molecules belonging to the previous class with the addition of one more benzene
ring linked to the carbon chain (C6-Cn-C6 class). In respect to these groups, complex
phenols are organized as follows: (4) dimers [(C6-C1), (C6-C3)2, (C6-C2-C6)2, (C6-C3-C6)2],
(5) oligomeric compounds due to the condensation of dimers, (6) polymers, normally with
the following structure [(C6)n, (C6-C3)n, (C6-C3-C6)n] (7) hybrid phenolics constituted of
phenolics connected to other types of molecules, such as terpenes or lipids [15]. Below are
presented only categories containing molecules that are discussed in the following paragraphs.
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Gallic, p-hydroxybenzoic, 3,4-dihydroxybenzoic, vanillic, salicylic, ellagic and syringic,
caffeic and ferulic acids are some examples of the C6-C1 group typically found in fruits,
cereals, vegetables and teas, and interestingly, many of them are also characteristic of
OO (Figure 1). The C6-C2 group (phenylethanoids) is scarcely present in plants but
contains two compounds very characteristic of OO, namely tyrosol (Ty) and hydroxytyrosol
(Hy) [16] (Figure 1). Largely distributed in the vegetal world are hydroxycinnamic acids, the
main molecules of C6-C3 group (phenylpropanoids), and the more diffused are coumaric,
caffeic and ferulic acids (Figure 1), often esterified with other molecules. Coumarins, also
belonging to the C6-C3 group, can be found in a free status or coupled with sugars, such as
heterosides and glycosides in many plant families. Among the different molecules included
in the C6-Cn-C6 group worth mentioning are flavonoids (C6-C3-C6) (Figure 1), the most
widespread PC in the vegetal world and largely present in the human diet. Flavonoids
are mainly constituted by two aromatic rings linked through a 3−carbon bridge that often
forms a heterocyclic ring. Of note are quercetin and kaemferols, widespread and very
concentrated in capers and in red onion, the former is also present in OO, while the latter in
cabbage, beans, tea, spinach and broccoli. Apigenin and luteolin, present in OO, are within
flavones, while naringenin, abundant in the genus citrus, is among flavanones [17]. Within
dimers of the C6-C3 group are lignans (Figure 1). Pinoresinol is a lignan found in sesame
seeds and in OO [18]. Finally, worth mentioning are secoiridoids, olive oil-specific PC [19]
originating from oleuropein and ligstroside, i.e., the oleuropein aglicone mono-aldehyde
(3,4-DHPEA-EA), the ligstroside aglicone mono-aldehyde (p-HPEA-EA), the dialdehydic
form of elenolic acid linked to Hy (3,4-DHPEA-EDA, or oleacin) and the the dialdehydic
form of elenolic acid linked to Ty (p-HPEA-EDA, or oleocanthal) (Figure 1).
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Figure 1. Phenolic compounds mentioned in figures. C6-C1 group: 1 p-hydroxybenzoic acid;
2 3,4-dihydroxybenzoic acid; 3 gallic acid, 4 vanillic acids; 5 syringic acid; 6 o-vanillin. C6-C2
group: 7 tyrosol; 8 hydroxytyrosol; 9 p-hydroxyphenyl acetic acid. C6-C3 group: 10 o-coumaric
acid; 11 p-coumaric acid; 12 caffeic acid; 13 ferulic acid. C6-C3-C6 group: 14 apigenin; 15 luteolin;
16 quercetin. Secoiridoids: 17 oleuropein, 18 3,4-DHPEA-EA; 19 pHPEA-EA; 20 3,4-DHPEA-EDA;
21 p-HPEA-EDA. Lignans: 22 pinoresinol; 23 verbascoside.
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3. Origin and Functions of Phenolic Compounds

Despite the enormous differences found among the group, all PC originate from only
two distinct pathways, namely the shikimimate/phenylpropanoids and the acetate/malonate
(polyketide) pathways [20]. Different approaches, such as knockout mutations and small
RNA silencing in plant models, have determined the identification of regulatory genes,
biosynthetic enzymes and metabolites [21]. PC constitute an important evolutionary and
diversification strategy for plant terrestrial colonization, ensuring safety from both abiotic
(hydric, thermal, ultraviolet radiation, heavy metals) and biotic (predators and pathogens)
seasonal stresses [22], and functional roles in growth and reproduction (for example acting
as attractors for pollinating insects through colours and sensory characteristics) [23].

Many in vitro and in vivo studies have demonstrated a positive relation between
PC and human health as anti-inflammatory, antibacterial and, above all, as antioxidant
compounds [24]. In particular, the antioxidant capacity of PC was related to their structural
characteristics, through which they can donate hydrogen or electrons, or also chelate iron
and copper metals, therefore suppressing radical formation due to the presence of metals.
Each group of molecules express a different antioxidant capacity related to the number
and position of the hydroxyl groups linked to the carboxyl functional group. Due to their
widespread presence in fruits, vegetables and beverages, PC have received significant
attention in the last few decades as sources of healthy molecules in a correct and healthy
diet [25]. Worth mentioning are some functions of PC present in oils produced from olives,
the main subject of this review, in particular the four secoiridoids that yield Ty and Hy and
that originate from oleuropein and ligstroside, the oleuropein aglicone mono-aldehyde
(3,4-DHPEA-EA), the ligstroside aglicone mono-aldehyde (p-HPEA-EA), the dialdehydic
form of elenolic acid linked to Hy (3,4-DHPEA-EDA, or oleacin) and the the dialdehydic
form of elenolic acid linked to Ty (p-HPEA-EDA, or oleocanthal) (Figure 1) [26].

With respect to Ty, Hy, syringic acid and verbascoside, the effects of which on human
health have been recently reviewed [27], animal and cell models indicate the involvement
of caspase 3 in antioxidant, antigenotoxic and proapoptotic activities [28,29]. Secoiridoids
anticancer effects involve the modulation of redox, inflammatory and cell-regulatory fac-
tors (reviewed in [30]). In particular, pHPEA-EDA was shown to be able to selectively
block cyclooxygenases [31], demonstrating that, together with inflammatory transcription
factors, kinases and cytokines are also present in antimutagenic and anticancer down-
stream pathways of gallic, caffeic and coumaric acids, verbascoside and pinoresinol [32–36].
Using cell models, the anticancer activities of apigenin and luteolin have been linked
to the microRNA-dependent downregulation of E2F1/3 transcription factors [37], and
the use of rats confirmed luteolin’s properties in limiting the adverse effects of antitu-
morals [38,39]. Free radical scavenging or pro-apoptotic properties and ferulic, vanillic,
syringic and 3,4-dihydroxybenzoic acids were demonstrated by in vitro studies [29,40],
while animal models showed that restoration properties (e.g., on gut microbiota or asthma)
by these molecules involved the modulation of several inflammation parameters and
pro-inflammatory cytokines [41–43].

4. Are the Phenolic Compounds Influenced by Cooking?

During cooking, PC present in oils and foods are subjected to different chemical
reactions that obviously depend on the cooking method technique used: deep-fat frying,
sautéing (shallow/pan frying of vegetables in little amount of oil), roasting (air-baking
of superficially oiled vegetables), air-frying with a small amount or no oil at all and
microwaving and boiling with oil (cooking with water/oil mixes). Oil cooking reduces
vegetable content in phytosterols, and reduction was linked to several variables, from
length and type of technique used to oil unsaturation. Final products in deep-fat frying
and roasting consist mainly in superficially browned food. In shallow frying, products
range from flavoured tomato sauces for first dishes to eggplant Parmigiana, in which
raw vegetables are greatly improved from a flavour point of view. As described below,
on one hand, the presence of vegetables affects the content of PC in EVOO, on the other,
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cooking with EVOO may improve the uptake of PC, thanks to the transfer of molecules
from oil to raw vegetables. Different cooking procedures are also related to the level of
production of fried items: home, restaurant and industry. While domestic choices mainly
favour tradition and health vs. efficiency and shelf life, industries are mainly oriented
towards efficiency and price, while restaurateurs’ choices are more variable due to the huge
diversity in the quality of food offered and the type of consumers targeted. For example,
detrimental repeated frying is avoided in shallow frying as oil is used just once, with
consequences on oil uptake. On the other hand, while restaurants tend to reuse and/or
partially replenish deep-fat frying after oil cooling due to economic reasons, with effects
on oil quality, industries mainly perform deep-fat frying in a continuous, but controlled,
manner, in order to implement frying for consecutive hours or even days [44]. Finally,
home deep-fat frying tends both to discard oil every time but also to reuse it, based on
arbitrary criterion [2]. Very little is known on the effects on PC in industrial-level cooking,
as practically all studies have been performed in laboratory simulations.

4.1. Non-Olive Oils

Very few experiments have analysed the fate of PC in oils different from olive ones
during heating. Nogueira-de-Almeida and Castro applied the same domestic conditions
used for OO (200 ◦C for 6 min, in absence of food) to soybean and sunflower seed oils and
evaluated changes in total PC (TPC) concentration [45]. TPC losses were higher for EVOO
(20% loss) than for refined OO (8% loss) and complete (undetectable TPC) in both soybean
and sunflower seed oils [45].

In the presence of food, the loss of TPC was complete following the deep frying
(3 h at 170 ◦C) of fresh potatoes with a refined vegetable oil blend, consisting mostly of
sunflower oil [46]. However, differently from the above publication, the loss of TPC was
lower (by 42%) for EVOO than for a blend of refined and VOOs (53% loss) [46]. Some
authors used the technique of spiking vegetable oils with defined amounts of PC (see
also Section 4.3.1). This approach was used in a set of experiments published over 7 years
by the Greek research group headed by Andrikopoulos, aimed at studying the impact of
PC on the preparation of fried potatoes. Specifically, the authors enriched different oils
(olive, sunflower, palm, soybean) with increasing the amounts of olive leaf extract [47–50].
Authors made an observation that still questions the validity of studies comparing the
effects of cooking on oil PC. In fact, they observed that the efficiency of recovery of TPC from
freshly spiked oils-before cooking-was very low and variable (from 38 to 72%), and also
depended on the type of oil, i.e., higher for sunflower oil and lower, and not proportional
with the amount spiked, for palm oil [47]. Additionally, the recovery of individual PC
present in the leaf extract was affected. As a consequence, the recovery of TPC from
oils, following the pan-frying of potatoes, barely correlated with the amount of spiked
PC. Authors hypothesized a role of different chemical and physical properties of oils,
but a clear corroboration is still lacking. Nonetheless, potatoes fried in phenol-spiked
sunflower oil (but not palm oil) were more enriched in TPC (and individual PC, especially
oleuropein) than those fried in phenol-spiked OO using the same frying conditions (201 gr
of sliced potatoes fried at 175 ◦C for 6 min) [47], suggesting that sunflower oil could be
more indicated than OO if one wants to enrich food with PC. However, the migration
of PC was due to the food’s absorption of the cooking oil, which calls for nutritional
considerations. Later, the authors reported that supplementation of oils with TPC also
increased tocopherols transfer to potatoes by frying, which was again higher for sunflower
vs. OO [48]. Unfortunately, even if the authors expressly declared that oils were chosen
based on their different saturation levels (reporting the chemical analysis), they did not
correlate nor discuss this with respect to this characteristic. Moreover, looking at their
following publication analysing longer and repeated frying sessions effects [49], it appears
that the higher enrichment achievable with sunflower, compared to OO, was temporary.
Unfortunately, in this last publication, the authors did not test the effects on TPC.
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Santos and collaborators recently compared the enrichment in PC of potatoes fried
by air-frying with different vegetable oils (canola, soybean, sunflower and olive) [51].
In contrast to the above set of experiments, sunflower oil was the only oil that did not
increase the amount of PC in air-fried potatoes. In particular, even if potatoes cooked
in OO had higher absolute content in PC (thanks to higher PC content of OO), the PC
increase in air-fried potatoes was higher for canola, followed by soybean and olive oils,
possibly because of different fatty acid content, suggesting again the opportunity to enrich
with phenolic extracts non-OO oils rather than OO ones. However, even if the authors
performed air-frying for longer cooking times (15–25 vs. 6 min for deep-frying), air-fried
potatoes did not retain more fat and neither fats were more oxidized (as indicated by lower
content of trans fatty acid in potatoes [51]), which is quite unbelievable, especially for those
PC whose concentration was reported reduced by other authors (see Section 4.3.4).

4.2. Effects of Oil Heating without Food

Unfortunately, only a few studies have analysed the effects of heating in the absence
of foods that can provide their own PC to EVOO or absorb PC of EVOO. Moreover, as
mentioned above, cooking with oil at home involves heating using different processes that
affect the fate of PC, possibly to different extents. The work by Goulas and co-workers is
one of the few that recently tried to recapitulate the effects occurring in different heating
processes: boiling (60 mL of oil in 400 mL of water for 40, 60 and 80 min), frying (actually
heating, as 50 mL oil samples were poured into glass beakers and heated on heating
plates at 180 ◦C for 1 or 5 h), hot-air oven baking (50 mL at 180 ◦C for 45 or 90 min)
and microwaving (50 mL for 5 min at 500 W) (final temperature was not reported) [52].
The authors concluded that the only heating procedure that did not induce loss of TPC
(estimated both by Folin–Ciocateau and by fluorometric assay) was microwaving, while
the loss for baking was 11%, and boiling and frying induced relevant losses, up to near 75%
for heating, time dependent for boiling but not for heating [52]. However, unfortunately, as
can be noticed already from Figure 2 (reproduced from authors publication), the duration
of the heat treatments was very different, even for similar procedures (boiling, frying and
baking, please see the footnote), making it very difficult to compare the effects of different
cooking methods.

 

Figure 2. Impact of different heating processes on TPC of EVOO and OO in absence of foodstuff.
Folin–Ciocalteu absolute quantification of TPC (mg oleuropein/100 mL of oil) in EVOO (black) and
OO (white) subjected to boiling at 100 ◦C for 40, 60 and 80 min (B40, B60 and B80), heating at 180 ◦C
for 1 or 5 h (F1 and F5), baking at 180 ◦C for 45 and 90 min (BK45 and BK90) and microwaving for
5 min at 500 W (MW). Picture from Goulas et al. [52].

Most studies that have analysed the effects of heating on PC in EVOO in absence
of foods used HPLC or MS. One significant exception is the work by Campanella and
co-workers that, using a biosensor to monitor changes in oxygen concentration during
the tyrosinase enzyme-catalysed oxidation of PC to quinone, studied the kinetics of the
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decay of TPC in EVOO (25 mL), artificially oxidized by exposure to heat (98, 120, 140, 160,
or 180 ◦C) and constant air flow exposure for 3 min to 60 h [53]. The authors noticed the
complete disappearance of TPC at 98 ◦C and 180 ◦C in, respectively, 60 h and 6 h, which is
a notable difference. Moreover, they estimated the half-value concentrations (respectively,
55, 45, 25, 17 and 6 min) and concluded that the kinetic constant of the process at 180 ◦C
is about 20 times higher than at 98 ◦C [53]. Importantly, the same group well correlated
with the kinetics of the decay of TPC to that of the oil total antioxidant capacity, especially
at 180 ◦C [54]. Unfortunately, the authors did not follow the decay of PC individually.
More recently, Kishimoto et al. used a commercial tester (OxiTester) to compare TPC loss
during heating and microwaving [55]. Although this method lacks the accurate validation
of TPC quantification [56], the paper is discussed as it reported the accurate detection of
temperature kinetics in both heating processes (see above, Section 4.2.1).

A work used MRM tandem mass spectrometry assisted by isotope dilution to test
the kinetics of the thermal decomposition of individual PC, i.e., labelled Tyrosol (Ty),
Hydroxytyrosol (Hy), p-HPEA-EDA and 3,4-DHPEA-EDA, in OO samples treated at 90,
170 or 220 ◦C for 30, 90 or 150 min [57]. With respect to Hy and Ty, the authors reported the
complete disappearance of the former and higher resistance for the latter, as more than 50%
of the initial amount lasted till the end of the treatment after 150 min at 220 ◦C, possibly
due to the absence of the catechol moiety [57]. With respect to secoiridoids, while losses
after 30 min at 90 ◦C were neglectable, heating at 220 ◦C for 150 min caused “complete
decomposition” without particular differences between Ty and Hy derivatives. However,
it cannot be excluded that differences were not appreciated by the authors because the
samples probably had very different compositions, as demonstrated by the huge differences
reported for intermediate times and temperature treatments [57].

Accordingly, later, Carrasco-Pancorbo used separative techniques (HPCL and CE)
to characterize the deterioration of EVOO at 180 ◦C (100 mL for 30, 60, 90, 120, 150 and
180 min), demonstrating faster degradation for Hy and its derivatives (3,4-DHPEA-EDA
and 3,4-DHPEA-EA) compared to Hy-Ac, p-HPEA-EA and lignans [58]. Similar results
were obtained by Daskalaki et al. who confirmed that incubation at 180 ◦C for 60 min
induced about 38% reduction of the Ty derivatives and total loss of the Hy ones and reported
that lignans are also stable at such high temperatures. Moreover, they demonstrated that
heating at a lower temperature of 100 ◦C only minimally affected Ty and Hy derivatives
(20% loss) [59].

Going back in time to one of the first publications that used HPLC to study the fate of
PC in EVOO during heating in the absence of foodstuff, the work from Brenes et al. [60]
deserves special attention. Authors checked PC in two monocultivar EVOOs (Picual and
Arbequina) heated at 180 ◦C for 1.5 to 25 h. Although this publication is highly cited, it
has some limitations that to our knowledge have never been noticed and thus are worth
mentioning. Firstly, as data for shorter incubations of oil was reported incompletely, one
cannot exclude that the “strange behaviour” of one of the two oils (authors reported a
surprising early increase in p-HPEA-EDA concentration during the first 5 h of heating)
could happen also in the other one. Secondly, authors concluded that the “disappearance
rate depended on each individual compound and the olive cultivar” and correlated lower
retention of PC to oil chemical stability, i.e., lower content in polyunsaturated fatty acids [60].
However, a deeper observation of the authors’ figures on Ty and Hy and their derivatives
reveals that the two EVOOs analysed probably had very different amounts of TPC (that
were actually not quantified). Such a difference regarding the content in polyunsaturated
fatty acids (hypothesized by authors) could actually account for different losses in PC.

Accordingly, Allouche et al. demonstrated that TPC decrease in EVOOs from the
same two cultivars (Arbequina with 82 mg/kg and Picual with 406 mg/kg TPC) was
higher in proportion in the PC richer EVOO [61]. For example, at both extremes of the
analysis (2 and 36 h at 180 ◦C), residual PC contents were 92% vs. 80% and 53% vs. 36% for
Arbequina vs. Picual (data at 2 h was extrapolated from figures of the publication). This is
in agreement with the idea that PC are the most effective antioxidants of OO [62] and thus
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play a role in protecting other components from degradation, i.e., tocopherol, as already
suggested 20 years ago [63]. One more interesting point that can be noticed in the data
produced by Allouche et al. is the different fate of the EA secoiridoids compared to the
EDA ones, especially at 2 h of heating (see Figure 3, partially extrapolated from author
publication). Unfortunately, no shorter (cooking-compatible) times were investigated.

 

Figure 3. Effects of heating on EVOO phenolic compounds in absence of foodstuff. HPLC relative
quantification (with respect of raw amounts) of Ty (7 in Figure 1), Hy (8), 3,4-DHPEA-EA (18),
pHPEA-EA (19), 3,4-DHPEA-EDA (20), p-HPEA-EDA (21) in two oils, with different initial amounts
of TPC (82 and 406 mg/kg, respectively, for Arbequina and Picual), subjected to heating at 180 ◦C for
2–36 h in absence of vegetables. Mean changes were extrapolated from Allouche et al. [61].

Noteworthy, the data support the fact that the determination of the TPC can be
insufficient and misleading for the nutritional evaluation of oils. In fact, while, similarly
with Ty and Hy, the EDA secoiridoids (their derivatives linked to the dialdehydic forms of
elenolic acid) hugely increased their concentrations, the EA ones (those linked to the mono-
aldehydic forms of elenolic acid) were reduced by 60–80%. Both the increase in the EDA
secoiridoids and the decrease in EA ones were actually already reported by Brenes [60],
who hypothesized the coelution of oxidized forms for the increases; however, such a
demonstration is still missing and the authors did not actually consider that the increase
in aglycons concentration could simply be a consequence of the breaking of phenol-sugar
glycosidic rising phenol concentration [64]. Finally, the differences between Ty and Hy
(and their derivates species) showed similar lowering trends, but the lowering of the latter
derivatives (the o-diphenolic aglycons) at prolonged heating was more marked, which is
consistent with their higher antioxidant capacities [65].

With respect to other OO nutritionally relevant molecules, pinoresinol and 1-
acetoxypinoresinol showed decays with different extents depending on EVOO content, with
faster degradation in the phenol-richer EVOO [61]. Conversely, both luteolin and apigenin
had opposite behaviour, with faster and higher degradation in the poorer EVOO, even
if apigenin showed higher stability [61], accordingly with the lower number of phenolic
hydroxyls [66] (Figure 1).
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Later, Esposto and co-workers used a refined OO, void of hydrophilic PC, spiked
with precise amounts of an already purified and characterized phenolic extract [67], to
evaluate the overall and individual fates of PC after 30 min, 1, 2, 4, 6, 8, 10 and 12 h of
heating at 180 ◦C [68]. They found that, even if oils containing higher amounts of PC
showed higher resistance to the oxidation of oleuropein derivates and also, notably, the
formation of negative volatile compounds and the loss of α-tocopherol, heating induced
a huge degradation in PC, proportional with the initial amount [68]. In particular, they
found that heating low-phenol EVOO induced the loss of more than 90% of original PC
(expressed as the sum of 3,4-DHPEA and 3,4-DHPEA-EDA) already after 30 min, while a
similar extent of loss was obtained only after prolonged heating or richer oils, 4 and 8 h,
respectively, for oils with 200 and 400 mg/kg of PC [68], which is actually the opposite to
what was observed by heating in the presence of water (see Section 4.2.3) or vegetables (see
Section 4.3). Notably, they reported time-dependent formation of the oxidized dialdehydic
form of decarboxymethyl elenolic acid (ox-EDA), by hydrolyzation of oxidized 3,4-DHPEA-
EDA [68], consistent with the lack of accumulation of oxidized and polymerized products
of Hy, as previously reported by the same group [69]. Importantly, based on the authors’
data, the preservation of the phenolic fractions and the accumulation of ox-EDA in an
EVOO rich in PC (more than 1200 mg/kg) during heating was delayed, compared to that of
a refined OO enriched with a similar TPC, but void in p-HPEA-EDA, 3,4-DHPEA-EA and
p-HPEA-EA and lignans, suggesting the higher protecting properties of such molecules and
questioning the reliability of the results obtained using refined oils with only individual
spiked PC. The authors hypothesize that higher protection could reside on p-HPEA-EDA
(oleocanthal), actually absent in their phenolic extract, according to the observation that
its concentration in EVOO decreased by only 29% after one hour of heating, lasting up to
12 h of heating, compared to that of the double hydroxyl group substances (3,4-DHPEA,
3,4-DHPEA-EA and 3,4-DHPEA-EDA) that were reduced in a time-dependent way and by
80% after 12 h of heating the EVOO. As long as p-HPEA-EA is completely degraded after
one hour of heating, contribution to ligstroside derivates is supposed to depend exclusively
on p-HPEA-EDA. Nonetheless, p-HPEA-EA had a starting concentration nearly ten-times
lower than other secoiridoids [68]. Unfortunately, no data was reported for 3,4-DHPEA-EA,
although the authors hypothesize that it may have converted into 3,4-DHPEA-EDA by
the opening and decarboxylation of the elenolic ring, a process that could compensate for
3,4-DHPEA-EDA oxidation [68].

4.2.1. Microwaving

As reported above (Section 4.2), Goulas et al. concluded that microwaving (50 mL
for 5 min at 500 W) was the only heating procedure, compared to boiling, frying and
baking, that did not induce the loss of TPC (estimated both by Folin–Ciocateau and by
fluorimetric assay) [52]. Deeper analysis showed that a concentration-dependent loss of
kinetics also occurs by microwaving, but to lower extents. Cerretani et al. [70] evaluated
changes occurring to three phenolic fractions (simple PC, secoiridoids and lignans) in
different oils and at different times (1.5, 3, 6, 9, 12 and 15 min) of microwaving (90 mL
in duplicate, at 720W). Based on their data, in EVOO, the loss starts immediately, while
in non-EVOO containing lower concentrations of PC (13 vs. 93 mg/kg), it starts after
6 min of microwaving. However, at the end of treatment (15 min), PC were still present
in EVOO (−83%), while in OO they disappeared completely. With respect to single PC,
Ty showed higher resistance, which is consistent with what was reported above using
heating. Within secoiridoids, 3,4-DHPEA-EDA showed higher resistance, followed by
p-HPEA-EA and 3,4-DHPEA-EA. Lignans only showed slight decreases, even at the longest
times, accordingly with previous results from Brenes [60], however in this case, shorter
processes were tested, lower power was used (15 g of oil heated at 0.5 kW for 5 or 10 min)
and minor changes were reported for Hy derivatives (20–30% loss) and increases for Ty
ones [60].
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On the other hand, Kishimoto et al. recently reported that microwaving (500 W)
induced higher oxidative degradation of EVOO compared to normal heating (200 ◦C) [55].
As mentioned above, the method used by Kishimoto and co-workers for TPC quantification
is poorly validated. Nonetheless, looking deeper at Kishimoto’s data, which used only
one oil and valuably examined temperature kinetics, one can see that after 5 min, the
loss of PC was double in microwaving (around 29%) than in heating (around 14%), even
if microwaved samples reached a lower temperature (140 ◦C vs. 200 ◦C). Nonetheless,
different starting amounts were used (respectively, 50 and 200 g for microwaving and
heating). Thus, weight, time and microwave power are crucial aspects that can deeply
affect the final temperature and possibly the fate of PC. In fact, based on data from Cerretani
et al. [70], microwaved samples can attain temperatures (315 ◦C) at the end of the treatments
(15 min) higher than those normally obtained with other methods.

4.2.2. Pan-Frying

Very recently, Lozano-Castellón and co-workers studied the effects on PC by mimick-
ing the home kitchen process of pan-frying [71]. For such a purpose, they heated a small
amount of oil (20 g at 120 or 170 ◦C for 15 to 60 min) in a pan without controlling oxygen
or light, and by means of MS-coupled UPLC they analysed changes occurring in EVOO
PC [71]. Unfortunately, they did not repeat the same conditions using a deep-fryer or other
oil-cooking techniques, thus their results are not comparable with other methods. In any
case, they found that TPC decreased by 40% and 75%, respectively, at 120 ◦C and 170 ◦C,
and that individual PC had different degradation rates [71]. With respect to longer cooking
times, time did not affect TPC loss, which is consistent with previous results showing a
similar decrease for 1 h or for 5 h [52]. Notably, they reported that the nutritionally relevant
molecule p-HPEA-EDA (oleocanthal) was the more resistant compound, similarly with the
higher resistance of Ty derivatives compared to Hy ones following heating, as reported by
Silva et al. [72] and mentioned above (Section 4.2).

4.2.3. Boiling

Brenes et al. [60] were the first to investigate oil heating in the presence of water (60 g
of oil in 2.5 L of water in a pressure cooker for at 109 ◦C 30 min). They reported “complete
hydrolysis” of secoiridoids and “moving” of Ty and Hy to the water phase. However,
as data for the oily phase were not reported, leakage could have been overestimated.
Accordingly, less important losses for oil heated in presence of water were reported later [72].
Specifically, heating oil in boiling water (60 g of oil in 400 mL of water for 15 or 60 min) was
shown to induce higher losses of PC, in proportion to EVOO (27 and 53% loss, respectively,
at 15 and 60 min) than from non-EVOO oil (7 and 14%) [72]. Higher resistance of non-EVOO
oil was associated with lower losses of secoiridoids, which were almost null except for
a 16% decrease for 3,4-DHPEA-EA, even after 60 min of boiling [72], according to other
indications of lower stability [61]. Interestingly, based on authors data, even if PC loss was
quantitatively higher for EVOO, PC in EVOO showed a higher time-resistance of leaking
to the water phase [72]. In any case, between 60 to 80% of secoiridoids leaked to the water
phase, increasing from 3,4-DHPEA-EDA > 3,4-DHPEA-EA > p-HPEA-EDA > p-HPEA-EA.
Higher losses observed by Brenes could rely on pressure treatment, in which higher
temperature was reached (109 ◦C).

4.2.4. Air Baking

Goulas and co-workers [52] reported that hot-air oven baked oil (50 mL at 180 ◦C for
45 or 90 min) reduced TPC (calculated both by Foline–Ciocateau and by fluorimetric assay)
significantly less than heated oil (50 mL at 180 ◦C for 1 or 5 h). Lower losses by baked
(−11%) vs. heated oil (−75%) were not discussed by authors and are actually difficult to
explain. However, as poor details were reported on the temperature of samples during
processing, the role of the temperature kinetics cannot be excluded.
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Apart from PC with stronger heat resistance (p-HPEA-EDA and p-HPEA-EA) or
simpler PC (Hy and Ty) that remained unchanged, oil roasting (heating in air oven at
180 ◦C for 1 h, thus actually air baking) was reported more recently to induce a 16% loss
of TPC and to significantly alter the phenolic composition [73]. Notably, the addition of
vegetables (carrots, potato or/and onion in the 1:1 proportion) was shown to increase
PC loss from oil by almost 80% of the initial molecules [73], possibly due to a migration
to vegetable that was, unfortunately, not checked by authors (the role of vegetables is
discussed below, Section 4.3). Nonetheless, significant alterations, even in the simpler
PC Hy and Ty during roasting, in the absence of vegetables, were also reported by other
authors [60].

4.3. Effects of Oil Heating with Vegetables

4.3.1. The Fate of Phenolic Compounds of EVOO during Cooking

As mentioned, vegetables can deeply modify OO PC during heating, and this process is
highly influenced by the type of cooking process. One of the main factors affecting cooking
performance in terms of protection of PC of oil, but also those of the food matrices, resides
on whether the process is carried out in polar or apolar media. In fact, while hydrothermal
processes deeply affect hydrosoluble antioxidants, such as PC (see Section 4.2.3), the use
of apolar deep or surface frying in theory prevents losses in phenol concentrations of the
vegetable matrix.

One of the first works to analyse the fate of PC in the presence of vegetables reported
higher susceptibility of dihydroxyphenol components (3,4-DHPEA, 3,4-DHPEA-EDA and
3,4-DHPEA-EA), compared to Ty (p-HPEA) and its derivatives (p-HPEA-EDA and p-HPEA-
EA) [74]. The authors deep-fried fresh sliced potato slices (200 g) at 180 ◦C for 10 min
repeatedly with the same EVOO (2 L), twice a day for 6 days, allowing the oil to cool to less
than 50 ◦C between operations, for an overall frying time of 2 h. The authors observed that
3,4-DHPEA and its secoiridoid derivatives rapidly diminished with the number of frying
operations (log relationship), with components decreasing by 40–50% of their original
concentration already after the first process and by more of 90% after six processes. Even
more rapid loss was reported for lignans pinoresinol and 1-acetoxypinoresinol that fell
drastically already in the first frying operation. On the other hand, Ty and its secoiridoid
derivates showed slower reduction, with a linear relationship with the number of fryings).
Higher susceptibility of dihydroxyphenols was attributed to the known higher antioxidant
activity of Hy [65,75,76] and, we believe, erroneously (as stated in Section 4.2), with higher
degradation in linoleic-richer oil compared to oleic-richer one [60].

Later, Casal and co-workers reported that domestic deep frying of fresh potatoes
at 170 ◦C for 3 h induced a loss of almost 50% of TPC of EVOO oil, measured by the
Folin–Ciocalteu method [46]. This is actually not surprising, if we consider that heating
can result in the loss of original PC in EVOO already after 30 min at 180 ◦C, as reported
above (Section 4.2), rather it seems that the vegetable protects oil PC. However, as the goal
of the authors was to determine the degradation effects of long time frying up to 27 h (i.e.,
till the amount of total polar compounds reached 25%, in accordance to a Portuguese law),
shorter times, more typical in home cooking, were unfortunately not tested [46]. Another
work studied the relationships between olive ripening and long lasting EVOO stability
during up to 40 cycles, 8 min each, of potato-frying [77]. Thanks to the processing of
olives from the same cultivar and olive season, although from increasing ripening indexes,
the authors tested three EVOOs with decreasing PC content (394, 289, and 78 ppm) and
found that greater PC were associated with lower polar compound content and a longer
Rancimat induction period [77]. Unfortunately, the negative correlation was reported in
an incomplete fashion for the three oils and without detailing its timing throughout the
40 cycles and, above all, was very similar to that for tocopherols.

As mentioned above (Section 4.2.3), Silva et al. [72] reported that boiling in water
induced PC loss from non-EVOO oil and, to a greater extent, from EVOO oil. Moreover,
they qualified the loss of PC as “dramatic” if heating was performed in the presence of
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vegetables, i.e., potato, carrot, or onion, in both types of OO, even after only 15 min and for
all PC tested, except in the presence of onion, especially from non-EVOO oil [72]. How-
ever, based on the authors’ data, as long as the longer incubation time (60 vs. 15 min)
results in higher recovered amounts of Hy, one cannot exclude the contribution of the
vegetable itself to the molecule, that apparently was not analysed (authors reported quan-
tification only of few molecules, i.e., quercetin-3,4-diglycoside, quercetin-40-monoglycoside,
p-hydroxyphenylbenzoic acid and chlorogenic acid). On the other hand, authors suggest
that increased losses of boiling with vegetables are due to the presence of elements, such as
potassium or calcium and also in metals such as iron and copper, which can reduce PC very
quickly and therefore contribute to their degradation, as previously reported, especially for
Hy [78]. However, as onions can have important amounts of iron and copper (as reported
by authors themselves), the higher yield of Hy, specifically and exclusively in samples
boiled with onion, appears contradictory.

The work from Ramírez-Anaya et al. is frequently cited and thus deserves particular
attention [79]. The authors studied the fate of individual PC (HPLC) and of TPC (Folin–
Ciocalteu) in EVOO following the cooking of vegetables (potato, pumpkin, tomato or
eggplant) for 10 min by deep frying at 180 ◦C (120 g of vegetable in 600 mL of oil) or by
sautéing at 80–100 ◦C (120 g in 60 mL) [79]. They found that both cooking procedures
reduced TPC in oil to a greater extent for sautéing, independently on the foodstuff cooked,
with the only exception being deep frying in presence of tomato (see Figure 4, built using
mean concentrations from [79]). However, as evidenced by differences in TPC at Time 0,
the authors probably used different oils; this could explain some of the reported differences.
Interestingly, the authors also investigated the fate of TPC in EVOO following boiling
in water/oil (W/O, 10 min of heating of 120 g of vegetable at 100 ◦C in presence of,
respectively, 540 mL and 60 mL of water and oil), finding that water increased TPC losses
for all vegetable experiments (excluded eggplant, for which losses did not overcome
those of sautéing). A limitation of the work is that authors did not perform tests without
vegetables in order to assess their contribution to losses of the intrinsic oxidation of PC by
heating, or of role of the hydrophilic medium in the migration of EVOO PC.

Figure 4. Fate of EVOO TPC following different heating processes in presence of different vegetables.
Folin–Ciocalteu absolute quantification of TPC (mg GAE/g of oil) in oil following cooking of vegeta-
bles (120 g of potato, pumpkin, tomato or eggplant) for 10 min by deep frying at 180 ◦C in 600 mL of
oil, by sautéing at 80–100 ◦C with 60 mL or by boiling at 100 ◦C in 540 mL of water and 60 mL of oil.
Mean concentrations were extrapolated from Ramirez-Anaya et al. [79].

With respect to the effect of different techniques on individual PC, authors reported
that major losses in PC were induced when vegetables were sautéed or boiled in W/O,
down to complete elimination for Hy and Ty by sautéing of tomato and boiling in W/O
of potato or pumpkin [79]. With respect to the effect of specific vegetables on EVOO PC,
authors reported a net increase in the amount of pinoresinol and Hy in EVOO used to
deep-fry tomato, which is different to that reported above for tomato by Gómez-Alonso [74].
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However, looking deeper at the authors’ data, the idea that the authors probably used
different oils for all vegetable tested appears even more evident, especially for tomato (see
Figure 5, that was built with µg/g mean concentrations from data from the publication,
considering only molecules detected in all “time 0” oils (i.e., pinoresinol, oleuropein, o-
vanillin, apigenin, Ty, Hy and o-coumaric, syringic and caffeic acids), and this renders the
comparison of the effects of vegetables complicated, if not impossible.

 

Figure 5. Effects of different heating processes on EVOO phenolic compounds of in presence of
different vegetables. HPLC absolute quantification of pinoresinol (22 in Figure 1), oleuropein (17),
o-vanillin (6), apigenin (14), Ty 7), Hy (8) and o-coumaric (10), syringic (5) and caffeic (12) acids
(µg/g of oil) in oil following cooking of vegetables (120 g of potato, pumpkin, tomato or eggplant)
for 10 min by deep frying at 180 ◦C in 600 mL of oil, by sautéing at 80–100 ◦C with 60 mL or by
boiling at 100 ◦C in 540 mL of water and 60 mL of oil. Mean concentrations were extrapolated from
Ramirez-Anaya et al. [79].

Nonetheless, looking at the authors’ data on boiling W/O experiments, it appears
that the type of vegetable used can significantly affect (based on the statistical analysis
provided) the concentration of exclusive EVOO PC in the cooking water (i.e., oleuropein
and pinoresinol, thus excluding those that can arise following the hydrolysis of other
EVOO molecules, such as Hy and Ty) (Figure 6). However, as authors apparently used
different oils, containing possibly different amphiphilic compounds, one cannot exclude
that differences in PC migration between the two phases could be due to their interactions
in water-oil interfaces [80], rather than on the vegetable cooked. Accordingly, retention
of oleuropein following potato frying depends on oil characteristics, as demonstrated by
the use of different oils enriched with the same amounts of TPC, as reported in Section 4.1.
With respect to lignans, the frying of potatoes induced a strong loss of these molecules,
which were instead reported stable in EVOO heated without food (Section 4.2).

 

Figure 6. Oleuropein and pinoresinol concentration changes following water/oil cooking of different
vegetables. HPLC absolute quantification of oleuropein and pinoresinol (respectively, 17 and 22 in
Figure 1) (µg/g) in oily and water phases following cooking of vegetables (120 g of potato, pumpkin,
tomato or eggplant) by boiling at 100 ◦C in 540 mL of water and 60 mL of oil for 10 min. Mean
concentrations were extrapolated from Ramirez-Anaya et al. [79].
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The use of spiked PC comes in handy again. As mentioned in Section 4.1, Chiou
et al. used an olive leaf extract to enrich olive, sunflower and soybean oils to study the
fate of spiked oleuropein during repeated potato frying [49]. The results unequivocally
demonstrated that oleuropein is able to migrate to vegetable tissues. Specifically, the
authors found that oleuropein content in the oil absorbed by potatoes was found more
than ten-times enriched compared to that present in the frying oil, as if the water-rich food
tissue protected the migrating relatively polar PC [49] and, with respect of the type of oils,
the increase was seventeen, sixteen, and thirteen times higher in average for sunflower,
olive and soybean oils, respectively [49].

De Alvarenga and co-workers recently studied the migration of PC from EVOO
and vegetables during the preparation of the highly widespread Mediterranean cooking
practice of tomato sauce consisting in two steps, 1 min frying of onion (400 g) and garlic
(40 g) in 100 g of EVOO sofrito, followed by the addition of 460 g of tomato and further
heating for 30 min at 100 ◦C [81]. Specifically, authors found that, among the eight phenolic
molecules already present and detectable in raw EVOO by means of UPLC-MS (apigenin,
elenolic acid, ferulic acid, ligstroside, luteolin, p-coumaric, oleuropein and pinoresinol), all
were considerably reduced in the oily phase of the sofrito, apart from one that remained
unchanged (pinoresinol) and one, i.e., ferulic acid, that was considerably enriched (by more
than 15 times), possibly coming from garlic and tomato [81]. The migration of PC from
EVOO to vegetables was indeed demonstrated by the quantification of individual EVOO
PC (oleuropein, Ty, Hy, pinoresinol, p-coumaric and p-hydroxybenzoic acids) in vegetables
following cooking with different techniques, as shown in Figure 7, extrapolated from
Ramírez-Anaya’s data [79]. Notably, the authors were able to demonstrate the enrichment
of the vegetable’s profile with specific EVOO PC, also by the W/O boiling technique.

 

Figure 7. Incorporation of EVOO individual phenols in vegetables following cooking. Folin–
Ciocalteu absolute quantification of oleuropein (17 in Figure 1), Ty (7), Hy (8), pinoresinol (22),
p-hydroxybenzoic (1) and p-coumaric (11) acids (µg/g) in vegetables (120 gr of potato, tomato, egg-
plant or pumpkin) before and after cooking for 10 min in 600 g of EVOO at 180 ◦C by deep-frying or
with 60 g of EVOO at 80–100 ◦C by sautéing, or in 60 g oil plus 540 gr of water by water/oil (W/O)
mixture boiling at 100 ◦C or in 600 g of water at 100 ◦C. Mean concentrations were extrapolated from
Ramirez-Anaya et al. [79].

The fate of PC during sauce preparation was also previously studied by the group
of Servili [82], whose work we have already mentioned [68] in the paragraph dealing
with heating without vegetables (Section 4.2). Similarly, with their previous work, the

18



Molecules 2022, 27, 661

authors spiked an extract of PC (containing Hy, Ty, 3,4-DHPEA-EDA and verbascoside)
in 100 g of refined oil to be used for a sofrito preparation, obtained by heating at 100 ◦C
chopped fresh celery, onion and carrot (20 g each) for 10 min, followed by the addition
of tomato passata (800 g) and further boiling at 100 ◦C for 20 min. As expected for the
presence in the extract of 3,4-DHPEA-EDA, the entire process induced an increase in Hy
(but not Ty) concentration consistent with the loss of its derivative, as shown in Figure 8,
which was built summing the absolute mean amounts of the 4 phenols from concentrations
reported in the publication and obtained from two different amounts of spiked PC. Notably,
based on authors data on the concentrations of individual PC in the oily and non-oily
phases, Hy increase took place during sautéing but apparently migrated from the oily to
the non-oily phase only after the addition of tomato, while the decrease in 3,4-DHPEA-EDA
was not associated with the equivalent migration (Figure 9). Moreover, by spiking two
concentrations of PC, the authors demonstrated that the loss of PC is not linear with the
initial concentration (spiking with 60 mg induced lower-in-proportion loss compared to
spiking with 40 mg), both after sautéing (8.6 vs. 22.2% loss, respectively) and after tomato
cooking (26.2 vs. 39.9%) [82], which is opposite to what was observed by heating without
vegetables (Section 4.2). Notably, the protective concentration-dependent effect of EVOO
PC was also observed on specific PC in vegetable ingredients (quercetin-3-O-rutinoside,
apigenin and luteolin), and on their carotenoids and α- tocopherol [82]. In particular, based
on the authors’ data, it appears that the more EVOO contains TPC, the less they will be lost
by sautéing and tomato cooking.

α

 

Figure 8. Fate of spiked phenols during tomato sauce preparation with refined oil. Figure 8
HPLC absolute quantification of Hy (8 in Figure 1), Ty (7), 3,4-DHPEA-EDA (20) and verbasco-
side (23) (mg/100 g f.w.) following sofrito (celery, onion and carrot) and tomato passata cooking with
a refined OO spiked with an extract containing indicated phenols at two different concentrations.
Mean concentrations were extrapolated from Taticchi et al. [82].

 

Figure 9. Migration of spiked Hy and 3,4-DHPEA-EDA during tomato sauce preparation with
refined oil. HPLC absolute quantification of spiked Hy and 3,4-DHPEA-EDA (respectively, 8 and 20

in Figure 1) following sofrito (celery, onion, and carrot) and tomato passata cooking with a refined
OO spiked with an extract containing indicated phenols at two different concentrations. Mean
concentrations were extrapolated from Taticchi et al. [82].
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4.3.2. The Incorporation of Phenolic Compounds of Vegetables in EVOO during Cooking

In the above-mentioned work on tomato sauce by de Alvarenga et al., even if the net
increase in TPC in EVOO was not quantified, the authors demonstrate that cooking can
enrich EVOO in individual vegetable-specific PC [81]. In fact, the oily fraction of the sofrito
was enriched by molecules not present in raw EVOO, namely caffeic acid, caffeic acid
hexoside, chlorogenic acid, naringenin, 3,4-dihydroxybenzoic acid, and quercetin, possibly
thanks to the cooking-induced hydrolysis of progenitor phenolic glycosides yielding free
hydroxylphenols groups with increased solubility in oil [81]. Notably, at the end of the
process, the oily fraction of sofrito contained more PC than the water one, especially
naringenin, whose concentration was similar to that present in raw tomato [81]. Authors
ascribe the enrichment of sofrito in PC mainly to the step of frying onions, possibly yielding
naringenin and ferulic at amounts consistent with increased absorption from tomato sauce
cooked with OO, compared to tomato sauce cooked without OO (see below the work
from Lamuela-Raventos’ group, in the bioavailability Section 4.4.2). Unfortunately, the
authors did not perform a control sofrito, skipping the onion frying step without omitting
EVOO, which would have corroborated that enrichment was to be ascribed to EVOO and
not to cooking.

Ramírez-Anaya and co-workers, already cited for their results on the fate of PC in
EVOO following heating (Section 4.3.1), followed also the incorporation of individual PC of
vegetables in EVOO, following deep frying, sautéing and boiling in water [79]. Although
they did not quantify PC in vegetables, they reported that out of 14 vegetable molecules,
five appeared and one increased their concentration in EVOO following cooking, compared
to unused oils, i.e., 3,4-dihydroxybenzoic, gallic, p-hydroxyphenyl acetic and vanillic acids
and luteolin and apigenin (see Figure 10 showing absolute mean concentrations from
authors publication). Notably, the authors show that when using a heat matrix, a mixture
of water and oil (boiled (W/O), PC migrated more and mainly towards the water phase.

 

Figure 10. Incorporation of individual vegetable phenols in EVOO following deep frying, sautéing
and boiling in water. HPLC absolute quantification of apigenin (14 in Figure 1), luteolin (15) and
3,4-dihydroxybenzoic (2), gallic (3), p-hydroxyphenyl acetic (9), and vanillic (4) acids (µg/g of oil) in
oil before and after cooking of vegetables (120 gr of potato, pumpkin, tomato or eggplant) for 10 min
by deep frying at 180 ◦C in 600 mL of oil, by sautéing at 80–100 ◦C with 60 mL or by boiling at 100 ◦C
in 540 mL of water and 60 mL of oil. Mean concentrations were extrapolated from Ramirez-Anaya
et al. [79].
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Such studies are relevant as they can help to define the rules for the predictability of
PC migration during different cooking procedures. However, from a nutritional point of
view, as no one would heat the residual frying oil (unless in the obvious case of sautéing),
the study of the migration of PC to the opposite direction, i.e., from EVOO to vegetables, is
trivially more relevant.

4.3.3. The Incorporation of EVOO Phenolic Compounds in Vegetables during Cooking

Reports investigating the migration of EVOO PC in vegetables following EVOO-
cooking yielded contradictory results. In fact, in the work from Kalogeropoulos et al., a net
transfer of PC from EVOO to vegetables (potato, green pepper, zucchini and eggplant) was
reported by sautéing, despite the fact that both EVOO and vegetables had lost between
30 to 75% of their own TPC [50]. Specifically, based on the authors’ data, chlorogenic
acid increased its concentration by six times in green pepper (from 0.1 to 0.6 mg/100 g),
accounting largely, according to the authors, for the “retention” of EVOO PC in the veg-
etable. However, as the molecule had a significantly lower concentration in fresh EVOO
(0.02 mg/100 g), it looks unlikely that chlorogenic acid found in fried green pepper origi-
nated from EVOO. An increment in the TPC content of vegetables following pan-frying
(and, to some extent, following sautéing) with EVOO was reported later, also by Ramírez-
Anaya and co-workers [79]. Specifically, authors quantified PC in 120 g of diced (1 cm3)
potato, tomato, eggplant or pumpkin, cooked for 10 min in 600 g of EVOO at 180 ◦C
by deep-frying, or in 60 g of EVOO at 80–100 ◦C by sautéing, or in 60 g oil plus 540 g
of water by W/O mixture boiling at 100 ◦C (Figure 11). According to the authors’ data,
deep frying significantly increased TPC concentration in all four vegetables. As shown in
Figure 11 extrapolated from the authors’ data, the highest increase in TPC concentration
following deep frying was for tomatoes (25 times more), followed by eggplant (10 times),
pumpkin (almost five times) and potatoes (57% more). As no indication was reported on
the amount and types of PC present in oil used, one cannot exclude a migration effect from
oil. However, the quantification of TPC in W/O-boiled vegetables indicates the poor con-
tribution of EVOO to vegetable enrichment of TPC (Figure 11). In fact, boiling vegetables
in the W/O mixture led to a slight loss of PC from all vegetables except eggplant, whose
increase was, however, oil-independent, as it was also found in water-boiled vegetables
(120 g of each vegetable in 600 g of water at 100 ◦C). A possible explanation comes from
erroneous quantification of TPC by the Folin–Ciocalteu method, or more specifically to the
observation of deep changes in fat (increased) and moisture (reduced), correlating with
TPC changes [83]. These observations indicate that the correct evaluation of the chemical
transformations, possibly occurring in vegetables following sautéing or frying, requires
parallel evaluation, not only of the effects of heating on oil itself (oil heating alone, without
vegetables), but also of those on vegetables using similar conditions but without oil, for
example in an oven. In fact, such controls could have indicated a change in the accessibility
of PC at the end of the heating procedure. Nonetheless, as reported above, the authors, in
spite of this, were able to demonstrate some migration of PC from EVOO to vegetables (see
Section 4.3.1 and Figure 7) [83].
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Figure 11. Incorporation of EVOO TPC in vegetables following cooking. Figure 11 Folin–Ciocalteu
absolute quantification of TPC (mg GAE/g) in vegetables (120 g of potato, tomato, eggplant or
pumpkin) before and after cooking for 10 min in 600 g of EVOO at 180 ◦C by deep-frying or with
60 g of EVOO at 80–100 ◦C by sautéing, or in 60 g oil plus 540 g of water by water/oil (W/O)
mixture boiling at 100 ◦C or in 600 g of water at 100 ◦C. Mean concentrations were extrapolated from
Ramirez-Anaya et al. [79].

4.3.4. The Fate of Phenolic Compounds of Vegetables during EVOO-Cooking

Recent reports indicate that oil cooking techniques induce higher losses in the PC of
vegetables compared to other oil-free cooking techniques. For example, while microwaving
and boiling induced negligible TPC losses, significant losses were reported in red cabbage
for stir-frying [84] and in purple-fleshed potatoes for frying, stir-frying and air-frying [85].
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Specifically, Tian et al. showed that the decrease in TPC was the highest for stir-fried
potatoes (72.44% reduction). However, the comparison is worth little, as stir-frying was
performed with potatoes cut eight-times thinner compared to other frying techniques. In
this regard, the authors also tested the new technique of air-frying, using three-times less
fat compared to frying (10 mL of soybean oil for 300 g of potatoes instead of 3 L for the same
quantity of potatoes), finding a higher reduction of TPC (32.52% reduction) compared to
frying (14.08%), possibly because air-frying lasted longer (18 min at 180 ◦C instead of 2 min
at 191 ◦C for frying). Before concluding that air-frying is a healthier frying technique, based
only on the fact that less oil is used, one should also consider that it induces more than
doubled the reduction of TPC [85]. Similarly, even if PC were not quantified in the white
coconut oil used, Gunathilake et al. reported that frying induced, in six different edible
leaves, higher losses of TPC and flavonoids compared to boiling and steaming, and the
extent of the losses depended on the vegetable species [86]. On the other hand, Mashiane
and co-workers reported that within Cucurbitaceae stir-frying determined lower losses
than microwaving [87]. However, authors stir-fried pumpkin leaves using an EVOO (10%
volume compared to the weight of leaves), the PC of which were not quantified.

With respect to a single PC, in their already repeatedly mentioned article, Silva et al.
reported that frying for 15 min in EVOO conserved most of onion and carrot quercetin
and p-hydroxyphenylbenzoic, respectively, while potatoes kept only small amounts of
their chlorogenic acid [72], accordingly with previous reports, showing that frying did not
affect quercetin concentration in onion, while boiling induced 30% loss of glycosides [88].
Similarly, Jung et al. [89] performed an analysis of the fate in the roots of sweet potato
cooked with six different home-processing techniques (boiling, deep frying, microwaving,
oven baking, sautéing, and steaming) of six chlorogenic acids, demonstrating that, in
general, deep frying showed the greatest reductions overall. Notably, authors from the same
group subsequently used the fate of these PC to set up a functional mathematical index for
predicting the effects of food processing [90]. Some works indicate apparent opposite effects.
Martini and co-workers reported a significant increase in eggplant total hydroxycinnamic
acids concentration following all tested cooking techniques (baking, boiling, frying and
grilling), and a higher increase for sunflower vs. OO [91]. Similarly, for onion, green pepper
or cardoon, identical frying conditions almost doubled the concentrations of chlorogenic
acids and flavonoids in cooked vegetables, with respect to raw ingredients, using sunflower
but not olive oil. However, even if higher temperatures were used (150 instead of 115 ◦C),
increases in chlorogenic acids were even higher for griddling without oil [92]. Managa
et al. reported that stir frying (at 125 to 140 ◦C) Chinese cabbage leaves with EVOO
(10 mL) in nightshade (120 g) increased their concentration of kaempferol and quercetin
derivatives and caffeoylmalic and chlorogenic acids, especially the latter [93]. However,
similar to Martini’s results, concentrations also increased (doubled with respect to raw) with
other cooking techniques tested, with overall similar yields for microwaving, boiling and
steaming, but lower than stir frying (quadrupled), supporting the general role of heating
in also increasing individual PC accessibility in some specific vegetables (accessibility
should not be confused with bioaccessibility, see Section 4.4.1). Accordingly, changes in
vegetable matrices or enzymes were associated with a steaming or boiling-dependent
increase in TPC content in artichoke leaves [94]. Similarly, a comparison of the effects of
cooking treatments (boiling, steaming and microwave-cooking) of several Mediterranean
wild edible species without employing oil, reported that any kind of heating increased
the accessibility/availability of chlorogenic acid and rutin, and this could possibly also
contribute to the net increase in TPC associated with any cooking procedure [95].

4.4. Changes in Bioaccessibility and Bioavailability of Vegetable PC Following Cooking with Oil

A terminological explanation is needed. Normally, bioaccessibility is related to di-
gestion and absorption efficiencies of a nutrient, or any bioactive compound orally ad-
ministered. It is normally expressed as the ratio between the amount of the constituent
released and absorbed and its total amount ingested, regardless of whether the body is
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then able to use it in its metabolic processes. Basically, bioaccessibility depends on events
driven by (1) digestion (that makes the bioactive molecules potentially bioaccessible mat-
ter); (2) absorption through epithelial tissue; and (3) pre-systemic metabolism. The term
bioavailability is wider as it also includes the nutritional efficiency of the bioactive com-
pound, i.e., the capability of the body to really “use” and take advantage of a particular
component. Thus, bioavailability depends firstly on the systemic distribution of the com-
pound and secondly on its potential interaction with target tissues. It is expressed as the
ratio between the amount of the constituent actually utilized in metabolic functions (or
stored to be subsequently used in metabolic functions) and the total amount introduced
with the diet.

Several studies have been published to describe the bioaccessibility and bioavailabil-
ity of PC in different food matrices. The review published by Shahidi and Peng cited
356 references and concluded that the bioaccessibility and bioavailability of different PC
strictly depends on the effective dose taken, the general physical condition of the indi-
vidual, and on the activity and efficiency of various internal mechanisms (i.e., digestion,
absorption, transport, metabolic processes, excretion and microbiota activities) [96]. In fact,
no more than 10% of the total intake of dietary PC are directly absorbed and almost all are
metabolized in the gut microbiome to more easily absorb metabolites [97]. However, some
recent indications support the possibility that an increase in the absorption of PC could be
mor easily improved by their incorporation into OO.

Obviously, the thermal treatment of any cooking process may also modify the struc-
ture of the bioactive molecules present in the food, which may consequently influence
bioaccessibility and bioavailability. In general, it can be stated that the cooking process
and/or the heat treatment exerts a positive effect on bioaccessibility and bioavailability due
to the softening of the cells [98]. Moreover, several cooking procedures involve the addition
of other ingredients that can positively or negatively influence the bioaccessibility and
bioavailability of all the components. A typical example is the culinary use of OO, which
is known to improve the bioavailability of lipophilic compounds (such as carotenoids) by
acting as food excipients and enhancing their extraction [99].

Unfortunately, only few papers among those dealing with the effects of thermal
treatment of PC of OO, have measured changes in bioaccessibility and bioavailability.
Moreover, most are in vitro studies or were performed on a very small number of subjects.
For that reason, very little is known about that matter, and even less is known about the
impact of a vegetable foodstuff-OO combination during processing on PC bioaccessibility
and bioavailability.

4.4.1. Bioaccessibility

Very few and inconclusive studies have been published on the influence of cooking
on the bioaccessibility of PC, in part due to inaccurate terminology. In fact, as mentioned
in the above paragraph, studies on bioaccessibility should at least be performed though
in vitro simulated gastrointestinal digestion, in this case defining bioaccessibility as the ratio
between PC contents after and before in vitro digestion. Thus, higher than 100% values
of bioaccessibility are not expected and, if reported, probably reflect incorrect extraction
or quantification, due to, for example, the formation of water-soluble Maillard reaction
products during cooking [100]. This is the case for the already reported work in Section 4.3.4
from Martini and colleagues, which compared the effects of different cooking techniques
on the stability of dark purple eggplants PC. In particular, the authors reported higher than
100% values, possibly because they calculated bioaccessibility using PC concentration of
a methanolic extract instead of that of the starting tissue. In any case, in relative terms,
compared to other cooking techniques, they found the lowest bioaccessibility for frying [91].
Juàniz and colleagues measured the effect of griddling cardoon or frying it in olive or
sunflower oil. The author reported that only 2% of PC were bioaccessible in raw cardoon,
whereas in cooked samples, up to between 60 and 67% of TPC remained bioaccessible after
gastrointestinal digestion, with griddling showing the best performance [101].
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4.4.2. Bioavailability

Excluding studies performed on cereals, the heat treatment for which is carried out
without the use of a fat matrix, papers available in the scientific literature dealing with PC
bioavailability mainly refers to the preparation of the tomato sauces and sofrito prepared
with tomatoes, onion and VOO or EVOO, classic condiments for the preparation of typical
dishes of the Mediterranean diet. Worth a mention is the fact that, regardless of the
effects of the presence of oil, the results about the increase in bioavailability of tomato
PC following cooking were already known as early as 2004, for example for naringenin
and chlorogenic acid [102]. Among them are three randomized controlled cross-over
studies performed by the work led by Lamuela-Raventós. In the first pilot randomized
controlled cross-over study, scholars studied the effect of the addition of an oil matrix
during tomato sauce processing, on the accessibility/extractability and bioavailability
of 11 PC of tomato [103]. The authors found that cooking increased the accessibility or
extractability of 9 out of 11 compounds (in particular naringenin, rutin and ferulic acid);
however, that was never improved by the presence of 5% oil, which is somehow unexpected,
considering similar previous work showing increased yield when using 10% instead of
5% EVOO [104]. Indeed, oil presence decreased accessibility or extractability for about
half of them compared to the sauce cooked without oil. Nevertheless, the presence of OO
(EVOO or refined) in the preparation of tomato sauces increased plasma concentrations
in naringenin glucuronides, but not in a statistically significant way, possibly due to high
individual variability among very few subjects (n = 5). Notably, ingestion of the oil-enriched
tomato sauces was associated with re-absorption events of PC, possibly induced by a lipid
matrix-stimulated enterohepatic circulation [103]. Interestingly, based on the authors’ data,
pharmacokinetics differences were also noticed for naringenin between EVOO and refined
oils. Unfortunately, the authors did not characterize PC nor fat present in the two oils,
as protecting or influencing tomato PC, which could have at least partially explained the
observed differences. Three years later, the group investigated the same molecules in
another randomized controlled study (carried out on eight subjects), using only a refined
oil void of any phenol and characterized for fat content, obtaining different results for oil
presence during tomato cooking, i.e., statistically not significant increased accessibility or
extractability for some PC (especially naringenin and caffeic acid hexose) but no effects on
bioavailability [105]. The increase in naringenin could depend on its ability to be released
from the cuticle of tomato where it is trapped. In their last controlled, randomized crossover
feeding trial, performed with a significantly higher number of subjects (n = 40), the group
demonstrated the higher bioavailability of naringenin glucuronide and quercetin, even in
presence of statistically not significant increases in PC concentration, following oil addition
in tomato cooking [106]. Again, the authors did not characterize the refined oil for PC
content nor fat. The use of an EVOO with known amounts of PC or, better, of a refined oil
with defined amounts of added PC, could have added more information on PC ability to
protect tomato PC and increase their bioavailability.

Some other experiments studied the vascular protective [107] or insulin sensitivity
properties [108] of the tomato-based sofrito in obese rats. However, even if PC were
quantified in experimental food administered to animals, the nutrients of the tomato-based
sofrito were divided into specific diets such as to allow to discern the effects of oil and/or PC.
Unpublished data from the review by Garcimartín and co-workers support different effects
of fried oils in rat jejunum, i.e., increased antioxidant enzymes following administration of
discontinuously used EVO compared to sunflower [10]. However, to our knowledge, no
results have been made available so far. Nevertheless, some data indicate that the beneficial
effects of sofrito on rats could be attributed to PC [107,108]. Unfortunately, these molecules
were quantified in experimental food administered to animals only in one publication [107].

5. Conclusions

The analysis of the literature of TPC fate during oil cooking appears at times conflicting.
Some contradictory results can be explained by the poorly pertinent usage of terminology
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on cooking procedures, different protocols adopted in the different studies aimed at the
same objective, different types and quality of oils used in the experiments, and different
quality and quantity of PC present in the used oils and in the studied vegetables. For
example, despite there being several experimental indications (also in food-less studied)
that PC prevent tocopherol degradation during frying, more experiments are needed in
order even to conclude to what extent PC, and not tocopherols, are relevant for maintaining
fried oil shelf life. Obviously, the type of cooking (mainly its temperature and duration),
deeply modifies the status and the composition of the food as a whole, beyond the sole
presence of PC, and this concept should be taken into consideration when selecting a
procedure to cook our foods. With respect simply to the PC fate, it is clear that the strategy
adopted to minimize the loss of PC should account for a low cooking temperature and
short cooking time (less than 15 and 6 min, respectively, for standard and microwaving
heating time processing, to prevent the loss of the healthy but less stable OO secoiridoids
3,4-DHPEA-EDA and 3,4-DHPEA-EDA). Regarding the frying techniques, results are
hardly comparable as a result of the different incubation times, which were typically
shorter for frying. Regarding the type of oil, EVOO is basically better than OO, except in
frying and apparently in microwaving, as higher TPC content does not confer increased
PC stability. With regards to water/oil cooking, the choice should depend on the raw
ingredient to be cooked. In general, when the PC content of the raw vegetable is high,
cooking in the presence of water will not significantly affect PC concentration. However,
the consumption also of the cooking water would benefit their uptake. On the other hand,
when content is low, sautéing and frying with EVOO can compensate for the foodstuffs’
weaknesses or enrich them in PC.

Overall, if one wants to accurately compare the effects of a particular cooking pro-
cedure in the presence of a certain vegetable (or water or other polar/apolar media), on
the biological activity of (to simplify) one PC of EVOO, he should (1) use the same oil (or
oils for oil-oil comparisons) and oil/food ratios for all heating treatments; (2) indepen-
dently subject the oil and the vegetable to similar heating (temperature, time, pressure,
evaporation) and processing (dicing, slicing) treatments; (3) run parallel experiments with
other cooking techniques using at least one identical physical condition (for example the
same temperature for deep- and air frying, or, for microwaving, thoroughly following the
heating kinetics of the apparatus); (4) use parallel oil samples with quantitatively precise
spiked amounts of the purified PC and a spiked refined oil with no PC at all; (5) prelimi-
narily assess the recoverability of spiked PC in raw conditions; (6) analyse the kinetic of
losses/accumulation of both individual PC and their derivatives (for example oleuropein
and the four secoiridoids, their oxidized/hydrolysed forms, and Ty and Hy, by HPLC or
MS) and TPC (Folin–Ciocalteu or another validated method) in both oil and vegetable
heated together and separately (especially for sautéing), starting with short incubation
times (minutes) and up to home-compatible usages (up to one hour) or industrial (days
with/without cycle replenishments); (7) in order to assess the role of oil tocopherols, to-
cotrienols, pigments, minerals or fats or other molecules, analyse their content; and (8) do
not confuse accessibility with bioaccessibility and bioavailability.

From a nutritional point of view, it is worth mentioning that, thanks to its light frying
conditions in EVOO, the sofrito obtained sautéing tomatoes, carrots and onions at low
temperature and for a short time length, is actually the base for many Mediterranean dishes
and recipes and has been included in a validated questionnaire used to evaluate adher-
ence to the Mediterranean diet [109]. As indicated by the transfer from oil to vegetables
of molecules that are exclusively found in EVOO (for example oleuropein derivatives,
pinoresinol, Ty and Hy), frying could also be viewed as a potential nutritional solution to
increase the uptake of PC. The question remains as to how relevant this enrichment could
be from a healthy point of view. In terms of uptake, experiments concerning the controlled
enrichment of EVOO indicate that normal amounts of PC in EVOO are still enough con-
centrated to theoretically provide bioactive molecules at amounts claimed to lower blood
LDL oxidation and thus the risk of cardiovascular diseases [110], i.e., at the minimum level
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of supplementation of 5 mg per day [82]. However, as analyses of bioavailability are very
limited, controlled clinical trials are crucial for confirmation. Moreover, experimental data
strongly suggest that the amount of PC transferred in food is proportional with the total
amount of oil being absorbed by food. Defining a nutritional goal by just increasing the PC
intake without considering the composition of the ingested food, as a whole, is nutritionally
meaningless. One should consider: (1) the uptake of fat, (2) whether such fried EVOO is
healthy, (3) whether there other unwanted compounds, and (4) if this procedure economi-
cally advantageous. Accordingly, the guidelines of all western countries concerning healthy
nutrition advise against the frequent use of deep frying, in order to limit the ingestion of
oxidized fatty acids and/or undesirable compounds (i.e., heterocyclic amines, acrylamide,
acrolein, hexanal etc). Thus, the authors that speculated that frying with EVOO could
improve the dietary fatty acid profile of ingested food thanks to the presence of PC [10]
should consider that the dietary fatty acid profile would also equally improve with the use
of less violent and more healthy cooking procedures or, even better, by using raw EVOO in
our dishes.
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Abstract: Rosemary (Rosmarinus officinalis) and basil (Ocimum sanctum Linn) are mostly used as
herbal teas, made by steeping whole or ground herbs in boiling water. Hence, it is important to know
the effect of boiling time on the bioactivity of these herbs. The effect of different boiling times (5, 10,
and 15 min) on the antioxidant and antimicrobial properties, and some selected phenolic compounds
of these herbs was examined in this study. Experimental results revealed that basil displayed the
highest total polyphenol content (TPC), total flavonoid content (TFC), and antioxidant activity when
it was boiled for 5 min, and the lowest TPC was obtained when it was boiled for 15 min. On the other
hand, rosemary had the highest TPC, TFC, and antioxidant potential after being boiled for 15 min,
while it had the lowest after being boiled for 5 min. There was no growth inhibition of rosemary
extracts against gram-negative bacteria, whereas higher growth inhibition was observed against
gram-positive bacteria. The MIC and MBC of rosemary ethanolic extract against Listeria monocytogenes

were 5 and 5 mg/mL and against B. subtilis were 10 and 10 mg/mL, respectively. While MIC and
MBC of methanolic extract against L. monocytogenes were 5 and 5 mg/mL and against Bacillus subtilis

were and 5 and 5 mg/mL, respectively. Salicylic acid was the most abundant (324.7 mg/100 g dry
weight (dw)) phenolic compound in the rosemary sample boiled for 5 min, and acetyl salicylic acid
was the most abundant (122.61 mg/10 g dw) phenolic compound in the basil sample boiled for
15 min.

Keywords: food processing; herbal tea; boiling; antioxidant activity; antimicrobial activity

1. Introduction

The reactive oxygen species (ROS) play a significant role in numerous cellular activities
such as signaling transduction, gene transcription, and immune response [1]. ROS, either
oxygen ions or oxygen-containing radicals are usually present at little concentrations [2].
The excess production of ROS either from the external sources or due to the endogenous
metabolic processes in the human body causes oxidative damage to biomolecules resulting
in several diseases such as neurodegenerative diseases, diabetes, cancers, chronic inflam-
matory diseases, and atherosclerosis [3–5]. The human body is equipped with antioxidants
that counterbalance the harmful effects of oxidants as they are capable of scavenging the
ROS and reducing the oxidation of cellular molecules [6].

Antioxidant-rich herbs serve as a great source of antioxidants in foods that strengthen
the body’s ability to fight free radical damage and thus decreasing the risk of many
diseases [7,8]. In addition to their content of antioxidants, herbs are well-known for
their antimicrobial, antiseptic, diuretic, anti-inflammatory, analgesic, anthelmintic, and
carminative properties [9,10]. Therefore, the lamiaceae family members including mint,
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thyme, basil, rosemary, sage, savory, and oregano are traditionally added to foods as flavors
or used as medicines such as basil (Ocimum sanctum L.) and rosemary (Rosmarinus officinalis
L.) [11].

Basil (Ocimum sanctum L.) is an aromatic herb and includes over 150 species, native
to tropical areas of Africa, Asia, Central America, and South America [12]. It possesses
stimulant and expectorant properties, anti-diabetic, anti-carcinogenic, anti-inflammatory,
and antimicrobial characteristics. The properties of basil make it traditionally used to
manage the multiple medical conditions such as chest complications, cough, bronchitis,
stress, anxiety, gastritis, dysentery, skin diseases, asthma, diarrhea, fever, arthritis, and eye
diseases [13–21]. Basil also guards against the lethal effects of industrial chemicals and
many pharmaceutical drugs [22]. Basil herbs are rich source of vitamin A, C, and minerals
including calcium, iron, and zinc [23]. The leaf volatile oil contains eugenol, eugenol,
ursolic acid, carvacrol, methyl carvicol, linalool, and sitosterol [19,24]. The presence of
these components depends on the basil species, weather, location and growing conditions,
and growth period/level during harvest [25–28]. Similarly, rosemary (Rosmarinus offici-
nalis L.) is also one of the most popular perennial culinary herbs of the lamiaceae family.
This plant comes from the Mediterranean region and is cultivated all over the world. In
folk medicine, rosemary is used to control numerous diseases such as headache, stom-
achache, dysmenorrhea, epilepsy, depression, nervous agitation, rheumatic pain, fatigue,
spasms, and improvement of memory. In addition, it possesses antioxidant, antimicrobial,
anti-inflammatory, anti-apoptotic, anti-tumorigenic, antinociceptive, and neuroprotective
properties [29,30]. Rosemary provides protein, vitamins, minerals, and fiber which are
known to have disease preventing properties [31]. It has many phytochemicals which con-
stitute natural compounds as phenolic diterpenes, flavonoids, and phenolic acids. The main
constituents of the rosemary essential oil are 1,8-cineole, camphor, α-pinene, camphene,
borneol, β-pinene, and limonene [32–34]. Tawfeeq et al., [35] and Jiang et al., [36] stated 1,8-
cineole to be the main component of rosemary essential oil while Bendeddouche et al., [37]
reported camphor followed by 1,8-cineole to be the main components of rosemary essential
oil. This difference may be due to the vegetative stage and bioclimatic conditions [33]. The
most common polyphenols, the secondary metabolites of rosemary are apigenin, homoplan-
taginin, diosmin, gallocatechin, luteolin, and genkwanin. Apart from this, it also contains
various phenolic acids such as chlorogenic, rosmarinic, and caffeic acid [38–40]. In a study
on antioxidant and antibacterial properties of some fresh and dried Labiatae herbs, the
fresh and commercial rosemary had the highest antioxidant activity and phenolic content,
but oven-dried rosemary ranked third [41]. The reduction in antioxidant values following
thermal treatments has been credited to the enzymatic degradation of phenolic compounds,
thermal degradation of phytochemicals, and loss of antioxidant enzyme activities [42]. The
strong antioxidant properties of the commercial brand of rosemary may be due to freeze-
drying in which heat is not involved [41]. In contrast to this, other studies have observed an
increase in antioxidant activity and phenolic content following the thermal treatment and
suggested that phenolic compounds may be released through the breakdown of cellular
constituents and formed new compounds with increased antioxidant capacity [43,44].

In several Asian nations, basil and rosemary as therapeutic herbs are prepared in
the traditional form of herbal teas by extricating whole or ground herbs in bubbling
water. Despite the availability of numerous studies examining the antioxidant properties
of basil and rosemary, hardly any research has been published evaluating the effect of
boiling conditions on their antioxidant contents. Consequently, the purpose of this study
was to determine the possible effects of boiling on the total polyphenol and flavonoid
contents, antioxidant activity, and antimicrobial proprieties of basil and rosemary leaves at
various times.
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2. Results and Discussion

2.1. Effect of Boiling on Total Polyphenol Content of Basil and Rosemary

The effect of boiling time on the total polyphenol content (TPC) of basil and rosemary
is provided in Table 1. It clearly shows that the boiling time significantly affected the TPC
of both samples. The highest TPC of basil was achieved by boiling it for 5 min while the
lowest TPC was obtained when the boiling time was 15 min. It also showed that the boiling
time had an adverse effect on the phenolic compounds of basil. In a recent study, it was
noticed that the boiling process caused a reduction in the total phenol content and the
antioxidant activity of the celery roots [45]. However, the TPC content of the rosemary
showed an increasing trend with the increase in the boiling time. For example, the TPC
of the rosemary sample boiled for 5 and 15 min was 122.84 and 140.43 mg, respectively,
gallic acid equivalent (GAE) per gram dry weight (dw). This may be due to the heat during
boiling, which may rupture the cell wall of the material causing the release of phenolic
compounds in the solvent [46,47]. Our results are in line with a recent study where the
boiling process of green and red rooibos (Aspalathus linearis) herbal tea delivered a higher
TPC and antioxidant activity [48]. In brief, rosemary exhibited a significantly (p < 0.05)
higher TPC than the basil in all analyzed samples, which can be attributed to the phenolic
compounds content and antioxidant potential of the plants itself [49,50].

Table 1. Effect of boiling on the bioactive properties of basil and rosemary.

Sample Process Time
Total Polyphenol

Content
(mg GAE/g dw)

Total Flavonoid
Content

(mg CE/g dw)

DPPH
(IC50 mg/g)

Ferric Reducing Power
(Absorbance 760 nm)

Basil

5 min 69.24 ± 1.03 c 39.66 ± 0.08 d 6.08 ± 0.15 b 0.815 ± 0.012 c

10 min 66.22 ± 3.89 c 39.00 ± 0.63 d,e 6.39 ± 0.15 a 0.789 ± 0.102 c,d

15 min 54.64 ± 6.13 d 36.79 ± 0.26 e 6.62 ± 0.27 a 0.712 ± 0.009 d

Rosemary

5 min 122.84 ± 5.79 b 78.36 ± 1.55 c 0.79 ± 0.01 c 1.426 ± 0.013 b

10 min 119.24 ± 2.47 b 86.85 ± 2.80 b 0.82 ± 0.03 c 1.503 ± 0.040 a,b

15 min 140.43 ± 4.44 a 109.73 ± 0.33 a 0.66 ± 0.01 d 1.526 ± 0.037 a

The values for each assay are expressed as mean ± standard deviation of three replicates. Different superscript letters in the same column
represent the significant differences in data (p < 0.05).

2.2. Effect of Boiling on Total Flavonoid Content of Basil and Rosemary

As shown in Table 1, the total flavonoid content (TFC) of basil was decreased by
increasing the boiling time. A total flavonoid content of 39.66 and 36.79 mg catechin
equivalent (CE) per gram dry weight was obtained for the basil samples boiled for 5 and
15 min, respectively. An earlier study reported a loss of phenolic compounds and the
antioxidant activity on boiling for 10 min of various green vegetables [51]. In contrary to
the basil, the total flavonoid content of rosemary was increased significantly by increasing
the boiling time. The highest flavonoid content (109.73 mg CE/g dw) was noted for the
rosemary sample boiled for 15 min, while 5 min of boiling provided a flavonoid content
of 122.84 mg CE/g dw. In a recent study, it was reported that the boiled edible leaves of
Sesbania grandiflora, Cassia auriculata, Centella asiatica, and Gymnema lactiferum showed an
increase in the total content of phenols and flavonoids compared with the fresh ones [49].
Similar to the TPC, the TFC of all the rosemary samples was significantly higher than those
of the basil samples.

2.3. Effect of Boiling on DPPH Scavenging of Basil and Rosemary

The DPPH scavenging of basil and rosemary in terms of their 50% inhibitory concen-
tration (IC50) is provided in Table 1. The higher the IC50 value, the lower is the antioxidant
potential of the sample. For basil samples, 5 min of boiling significantly resulted in the
lowest IC50 value (6.08 mg) compared with the samples boiled for 10 min (6.39 mg) and
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15 min (6.62 mg), respectively. For the rosemary sample, the lowest IC50 value, the highest
DPPH scavenging potential, was achieved at 15 min of boiling. A study conducted by
Gunathilake et al., [49] showed that the boiled edible leaves of C. auriculata, Passiflora
edulis, and C. asiatica resulted in a higher DPPH scavenging compared with their fresh
counterparts. However, Arias-Rico et al., [52] revealed that the DPPH scavenging and
polyphenols of the leaves and stems of Chenopodium nuttalliae Safford, Suaeda torreyana S.
Watson, Portulaca oleracea L., Chenopodium album L., and Porophyllum ruderale (Jacq.) were
decreased by boiling either for 3 or 5 min. The rosemary showed significantly (p < 0.05)
higher DPPH scavenging compared with the basil. These results echoed the TPC and TFC
results showing that the DPPH potential of the samples was due to at least a part of their
TPC and TFC contents.

2.4. Effect of Boiling on Ferric Reducing Power of Basil and Rosemary

The effect of boiling on the ferric reducing power of basil and rosemary is provided in
Table 1. The reducing power of basil boiled for 5 min was significantly (p < 0.05) higher
(0.815) compared with the samples boiled for 10 min (0.789) and 15 min (0.712). For the
rosemary sample, 15 min of boiling provided the highest reducing power while 5 min of
boiling exhibited the lowest reducing power. Nie et al. [53] assessed the effect of boiling
time (10–120 min) on the nutritional value and the antioxidant capacity of a mushroom
Lentinus edodes. They found that the antioxidant capacity was increased during the first
30 min of boiling and then kept stable or declined on prolongation of the boiling time.
Overall, the rosemary showed higher reducing power than that of the basil extracts, which
are in an agreement with the results of TPC and TFC.

2.5. Antimicrobial Activity

Both ethanolic and methanolic rosemary extracts had no effect on the gram-negative
bacteria (Escherichia coli and Salmonella typhimurium), but they affected the gram-positive
bacteria (L. monocytogenes and B. subtilis) (Figure 1A,B). Both extracts inhibited the growth
of L. monocytogenes and provided a zone of inhibition ranging from 15 to 20 mm in diameter
(Table 2). Similar zones of inhibition were observed with B. subtilis using ethanol and
methanol extracts. The zones of inhibition exhibited a diameter of 14 and 15 mm with
ethanol and methanol, respectively (Table 2). In comparison with rosemary, basil extracts
in ethanol or methanol showed no effect on the tested pathogens except for B. subtilis,
which was partially inhibited (with the zone of inhibition being less than 8 mm in diameter)
(Figure 1C). This step was carried out using 50 µL of rosemary extract (100 mg/mL) to
determine if there was an effect against the tested gram-positive bacteria. The effect of cold
and hot aqueous extract of rosemary has shown a high inhibition rate against Proteus sp.,
Klebsella sp., E. coli, and Pseudomonas sp., because it contains a number of hydroxyl groups
that act as a hydrogen donor making it very important and powerful [54].

The MIC of the ethanolic and methanolic rosemary extracts against L. monocytogenes
was 5 and 5 mg/mL, respectively, and against B. subtilis were 10 and 5 mg/mL, respectively.
Similarly, the MBC of the ethanolic and methanolic rosemary extracts against L. monocy-
togenes were 5 and 5 mg/mL respectively, and against B. subtilis were 10 and 5 mg/mL
respectively. It was revealed that when methanol was used as a solvent to extract rose-
mary, there was no growth of both L. monocytogenes and B. subtilis on Mueller–Hinton
agar, indicating that rosemary extraction in methanol has a bactericidal effect against both
pathogenic bacteria [55]. On the other hand, the ethanolic extract of rosemary had bacteri-
cidal effect only against L. monocytogenes. In a study conducted by Gonelimali et al. [56], it
was revealed that the ethanolic and water extract of selected plants (roselle, rosemary, clove,
and thyme) efficiently suppressed the growth of food pathogens and spoilage microor-
ganisms with variable potency. The ethanolic extract of rosemary exhibited an inhibitory
effect against four of the pathogenic strains (E. coli, Salmonella enteritidis, Bacillus cereus,
and Salmonella aureus), while aqueous extract of rosemary was effective against all strains
except S. enteritidis.
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Figure 1. Zone of inhibition for both ethanolic and methanolic extracts of rosemary and basil against
B. subtilis (A,C) and L. monocytogenes (B,D). E: Ethanolic extract of rosemary; M: Methanolic extract of
rosemary; EC: Ethanol control; MC: Methanol control.

The antimicrobial activity of rosemary depends mainly on its phenolic and flavonoid
content [57]. It cannot be dissolved in water, but in drought conditions it can reduce its
resistance [58]. Leaves of rosemary, either fresh or dried, are aromatic and usually added
in small quantities for cooking to improve taste. Due to its antioxidant content, rosemary
extract is also used as a natural preservative to extend the shelf life of perishable foods
according to the UK Food Standards Agency [59]. Thus, the evidence indicates that the
antioxidant content of rosemary may help in fighting the bacterial infections and serious
diseases such as cancer. The immune-boosting properties of rosemary have also been
shown to help in defense against Helicobacter pylori, which causes gastric ulcers, and
Staphylococcus infections, which causes a wide variety of clinical diseases [60]. A variety
of factors can affect the antioxidant content of rosemary, such as the plant quality, the
geographical origin, the date of harvest, the method of extraction, and even the climatic
conditions where the plant was grown [61].

2.6. HPLC Analysis of Phenolic Compounds

Results of phenolic compounds analyzed by HPLC are reported in Table 3. Chloro-
genic acid was higher in the rosemary sample boiled for 15 min (70.61 mg/100 g dw) com-
pared with those boiled for 5 and 10 min. The rosemary sample boiled for 5 min, however,
contained the highest concentration of salicylic acid (324.7 mg/100 g dw). The quercetin
was only detected in the rosemary sample and its highest amount (243.64 mg/100 g dw)
was found in the sample boiled for 15 min. The phenolic compounds content in the rose-
mary sample boiled for 10 min ranged from 3.78 to 137.10 mg/100 g dw. Moreover, vanillin
(2.29 mg/100 g dw) was found in the lowest amount in the rosemary sample boiled for
5 min. The total phenolic compounds were higher (808.38 mg/100 g dw) in the rosemary
sample boiled for 15 min, followed by the 5 min (746.12 mg/100 g dw) and 10 min boiled
sample (529.03 mg/100 g dw).

In basil, the highest phenolic compound was acetyl salicylic acid (122.61 mg/100 g dw)
then chlorogenic acid (20.67 mg/100 g dw) in the 15 min boiled sample. While, with respect
to other compounds, 3,5 dinitro salicylic acid was the lowest (0.42 mg/100 g dw) phenolic
compound in the basil sample. Total phenolic compounds were higher (163.06 mg/100 g dw)
in the 15 min boiled basil sample, compared with the 5 min and 10 min boiled samples
which contained 117.99 mg/100 g dw and 111.14 mg/100 g dw, respectively.
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The HPLC results of rosemary were in accordance with the results provided in Table 1.
Total polyphenol content and reducing power (Table 1) were increased at 15 min of boiling
for the rosemary sample, similarly the phenolic compounds were high at 15 min of boil-
ing (808.37 mg/100 g dw) as quantified by HPLC. While, for the basil sample, the total
polyphenol content and reducing power decreased with the increase in the boiling time
(Table 1) in contrast to the HPLC results where the phenolic compounds were increased at
15 min of boiling compared with 5 min of boiling of the basil sample. It showed that there
might be some other compounds (except detected by HPLC in this study) contributing to
the antioxidant activity of the basil sample. Elansary et al. [62] revealed that the caffeic acid
was 27.6 mg/100 g dw in methanolic rosemary extract. Furthermore, Flanigan et al. [63]
reported that caffeic acid was 19.9 mg/100 g dw in basil. Begum et al. [33] reported the
phenolic acids (rosmarinic, chlorogenic and caffeic acid) were >3% in rosemary samples.

3. Materials and Methods

3.1. Raw Materials

The raw material basil (Ocimum sanctum L.) was collected from a vegetable garden
in King Saud University, Saudi Arabia, while the rosemary (Rosmarinus officinalis) was
acquired from the local market in Riyadh, Saudi Arabia. The samples were cleaned, washed
with water, cut into small pieces, and dried overnight in an oven dryer at 40 ◦C. The samples
were ground using a coffee grinder and sieved with stainless steel wire mesh (25 mm).
Powdered samples were stored at −20 ◦C in an airtight container until used.

3.2. Preparation of Phenolic Extracts

Two grams (2.0 ± 0.05 g) of powdered samples were extracted with 20 mL of nano-
pure water. The suspension was heated to the boiling point, and results were observed at 5,
10, and 15 min. The boiling time was selected based on the results of pre-trials. The pre-
trials were conducted for different boiling times and data were obtained for TPC and the
reducing power. The boiling times which were suitable for both the basil and the rosemary
were selected for this study. Once the boiling was finished for their respective time, the
mixture was cooled at room temperature. The obtained mixture was then centrifuged at
room temperature for 10 min at 3000× g (HERMLE Labortechnik GmbH. Siemensstr. 25
D-78564 Wehingen, Germany) and filtered using Whatman filter paper number 2. The
obtained extracts were stored at 4 ◦C and used for analyses.

3.3. Total Polyphenol Content (TPC)

The Folin–Ciocalteu (FC) method was followed to detect TPC [64]. Initially, 125 µL of
undiluted FC reagent was added to 25 µL of extract. Subsequently, the mixture was shaken
for 1 min at room temperature after the addition of 1.5 mL of nano pure water. After 1 min
of shaking, 375 µL of 20% sodium carbonate and 475 µL of water were added to the mixture
and the final volume was made to 2500 µL. TPC detection was achieved spectroscopically
at 760 nm (Jasco, V-630 spectrophotometer, Easton, MD, USA) after 30 min of incubation
at room temperature. The TPC was expressed as the gallic acid equivalent per gram dry
weight of the sample (mg GAE/g dw).

3.4. Total Flavonoid Content (TFC)

In the current study, the TFC was measured according to the procedure suggested by
Hayat [64]. A total of 1 mL of water was added to 250 µL of extract. Then, 75 µL of each
5% (w/v) sodium nitrite and 10% (w/v) aluminum chloride were added. The mixture was
allowed to stand at room temperature for 5 min. After that, 0.5 mL of sodium hydroxide
(1 M) and 0.6 mL of water were added to the mixture and then vortexed. Blank samples
were prepared following the same steps but without extract. Total flavonoid detection
was achieved spectroscopically at 510 nm (Jasco, V-630 spectrophotometer, USA). TFC was
expressed as the mg catechin equivalent per gram dry weight of the sample (mg CE/g dw).
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3.5. DPPH Scavenging

The free radical scavenging capacity of the basil and rosemary extract was analyzed us-
ing DPPH according to the method suggested by Gülçin et al. [65] with slight modifications.
Firstly, 130 µL aliquot of extract was mixed with 0.1 mM DPPH and then incubated in the
dark for 30 min. The absorbance was measured at 510 nm (Jasco, V-630 spectrophotometer,
USA). Control samples were prepared following the same steps, however, ethanol, as a
blank, was added to the control samples instead of extract. The scavenging percentage was
calculated as Equation (1):

DPPH scavenging % = Acontrol − Asample/Acontrol × 100 (1)

3.6. Reducing Power

The ferric reducing power of the sample was analyzed according to the steps used by
Hayat et al., [66]. Initially, potassium ferricyanide (1.25 mL) was mixed with the extract
(0.5 mL). Then, 1.25 mL of sodium phosphate buffer (0.2 M, pH 6.6) was added to the
mixture and incubated for 20 min at 50 ◦C. Subsequently, 1.25 mL of trichloroacetic acid was
added and then centrifuged at 3000× g for 10 min at room temperature. Lastly, 1.25 mL of
water and 0.25 mL of ferric chloride were added to 1.25 mL of aliquot from the supernatant.
Blank samples were prepared without extract and the absorbance was recorded at 700 nm
(Jasco, V-630 spectrophotometer, USA).

3.7. Bacterial Strains

The standard reference strains of American Type Culture Collection (ATCC): Liste-
ria monocytogenes ATCC 19114 (Microbiologics Inc., St. Cloud, MN, USA), Bacillus subtilis
ATCC 6633 (Microbiologics Inc., St. Cloud, MN, USA), Escherichia coli ATCC 10798 (Microbi-
ologics Inc., St. Cloud, MN, USA), and Salmonella typhimurium ATCC 14028 (Microbiologics
Inc., St. Cloud, MN, USA), were used in this study.

3.8. Antibiotic Proprieties of Basil and Rosemary

An agar diffusion assay [67] was performed in order to assess the antimicrobial effi-
ciency of the basil and rosemary extracts against the foodborne pathogens listed previously.
Active bacterial strains were inoculated in Mueller–Hinton broth (Oxoid, CM0405) at a
concentration of 106 CFU/mL and incubated overnight. From this broth, 100 µL was
spread-plated onto Mueller–Hinton agar (Oxoid CM 0337). The basil and rosemary extracts
were dissolved separately in 96% ethanol and methanol to provide a final concentration
of 100 mg/mL and all samples were stored at 4 ◦C until further analysis. Three sterilized
6 mm Whatman filter paper disks were saturated as follows: the first disc was saturated
with 50 µL of methanolic basil extract, while the second disc was saturated with 100 µL of
the same substance. For a control, the disc was saturated with only methanol. The same
procedure was followed with the methanolic rosemary extract, as well as the ethanolic
extracts of both herbs (using ethanol on the control disc instead). The inhibition zone
(mm) was determined for each tested pathogen with each extract after incubation at the
suitable temperature.

3.9. Determination of Minimum Inhibitory and Minimum Bactericidal Concentrations

Each colony of the four tested bacteria were inoculated into Mueller–Hinton broth
(Oxoid, CM0405) and incubated at 37 ◦C for 24 h. The bacterial culture was adjusted to
~0.5 optical density at 650 nm using a spectrophotometer (GloMax® Multi), corresponding
to a concentration of 1× 108 CFU/mL (0.5 McFarland standard). One hundred microliters
of ethanolic and methanolic extracts of basil were separately dispersed into two a 96-well
flat-bottom plate (Costar®) and mixed well with 100 µL of bacterial inoculum. The optical
density was measured after a 24 h incubation period [68,69].

A microdilution assay was performed to assess the MIC of rosemary and basil extracts
according to the procedure suggested by Andrew [69]. First, 100 µL of Mueller–Hinton
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broth (Oxoid, CM0405) was distributed onto the microtiter plate. Then, 100 µL of the test
extracts (basil and rosemary at a concentration of 100 mg/mL) were dispensed into to
the first well of the microtiter plate and serially diluted. A 100 µL aliquot of the bacterial
inoculum (~5× 105 CFU/mL) was mixed well with each extract dilution. The plates were
incubated at 37 ◦C for 24 h with shaking before determining the optical density of the
bacterial growth. The MIC was recorded as the lowest concentration of the test agent that
resulted in bacterial growth inhibition [69].

The MBC of the tested substances was derived from the positive density recorded from
the MIC results. Therefore, 10 µL was pipetted and sub-cultured onto the Mueller–Hinton
agar and incubated for 24 h at 37 ◦C [70]. The MBC was determined to be the concentration,
at which no visible growth of bacteria appeared on the cultured plate, i.e., the lowest
concentration of substance required to achieve the bactericidal killing [68].

3.10. HPLC Analysis of Phenolic Compounds

Phenolic compounds (chlorogenic acid, acetyl acetic acid, tannic acid, quercetin,
resorcinol, caffeic acid, 1,2-dihydroxybenzene, vanillin, 3,5-dinitrosalicylic acid (3,5-DNSA),
and salicylic acid) in basil and rosemary samples were analyzed with HPLC according
to the method of He et al. [71] with some modification. The Shimadzu (prominence)
HPLC system (Kyoto, Japan) equipped with binary pump LC-20 AB, UV detector SPD-10
A was used in this work. Phenolic compounds were separated on the column Zorbax
SB-C18 (250 × 4.6 mm, 5µm) with mobile phase, (A) 1% acetic acid and (B) 100% methanol,
and detected at wavelength 280 nm. The binary gradient program for the mobile phase
with 1 mL/min flow rate was 0–10 min for 15–30% (B); 10–20 min for 30–40% (B); 20–
30 min for 40–50% (B); 30–41 min for 50–60% (B), and 41–45 min for 15% (B). Phenolic
compounds in basil and rosemary samples were compared with the retention time of
standards. All samples were analyzed in duplicate and the arithmetical mean ± standard
error was reported.

3.11. Statistical Analysis

The statistical analysis was performed using SAS (v9.2, 2000–2008; SAS Institute Inc.,
Cary, NC, USA) for data analysis. All the tests were performed in triplicates and the
results were presented as mean ± standard deviation (SD). A one-way analysis of variance
(ANOVA, p ≤ 0.05) was used to analyze the differences among the treatment groups and
a post-hoc analysis using Duncan’s multiple range tests was performed if any significant
differences were found.

4. Conclusions

The duration of boiling time has a significant influence on the medicinal properties of
traditional herbs. Boiling for 5 min showed the higher TPC, TFC, and antioxidant activity
of the basil samples, while 15 min of boiling exhibited better results for rosemary samples.
Overall, the rosemary extracts were effectively better than the basil extracts with respect
to TPC, TFC, and antioxidant capacity. The MIC and MIB of rosemary ethanolic extract
against L. monocytogenes were 5 and 5 mg/mL, respectively, and against B. subtilis were 10
and 10 mg/mL, respectively. Similar zones of inhibition were noted against B. subtilis and
were 14 and 15 mm in diameter using ethanolic and methanolic extracts, respectively. Basil
extracts in either ethanol or methanol had no effect on the same tested microorganisms in
comparison with rosemary except against B. subtilis. While the MIC and MBC of methanolic
extract for L. monocytogenes and B. subtilis, were 5 mg/mL, respectively. According to the
HPLC results, among the tested compounds, acetyl salicylic acid was obtained in the
highest phenolic compound in the basil sample boiled for 15 min, while, salicylic acid was
the highest phenolic compound in the rosemary sample boiled for 5 min. The results of
this study might be helpful to reap the maximum health benefits of the teas produced
from these herbs. In addition, as the response surface methodology (RSM) is one of the
most commonly used experimental designs for the optimization of process conditions, so
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based on this study, the RSM approach in the near future is also suggested to determine
the optimum conditions for the extraction process.
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Abstract: Previous reports have shown that consumption of wine has several health benefits; how-
ever, there are different types of wine. In the present study, red wines were investigated for their
compositions of active ingredients. The interaction of each component in terms of its binding mode
with different serum proteins was unraveled, and the components were implicated as drug candi-
dates in clinical settings. Overall, the study indicates that red wines have a composition of flavonoids,
non-flavonoids, and phenolic acids that can interact with the key regions of proteins to enhance their
biological activity. Among them, rutin, resveratrol, and tannic acid have shown good binding affinity
and possess beneficial properties that can enhance their role in clinical applications.

Keywords: beverages; health properties; antioxidant activities; fibrinogen; albumin; rutin; tannic
acid; resveratrol; binding properties

1. Introduction

Phenolic compounds are an essential part of the human diet and are of considerable
interest due to their antioxidant properties and potential beneficial health effects. Their
effects on human health depend on the amount consumed and on their bioavailability.
Many studies have demonstrated that polyphenols also have good effects on the vascular
system by lowering blood pressure, improving endothelial function, increasing antioxi-
dant defenses, inhibiting platelet aggregation and low-density lipoprotein oxidation, and
reducing inflammatory responses [1,2]; they are found in fruits [3], cereals, vegetables,
legumes, chocolate, and beverages such as coffee, tea, beer, and wine. Polyphenols have
been reported to inhibit platelet aggregation both in vitro and in vivo. The analysis of
the results indicates a promising role for food polyphenols in preventing thrombosis and
cardiovascular diseases, but, at the same time, suggests caution when transferring the
in vitro findings in vivo [4–6]. It was reported in a number of recent studies [7–10] that
the consumption of beer, wine, and fruits has already been associated with a multitude of
beneficial effects due to their high polyphenolic content. Beverages have to be consumed
moderately in order to obtain their positive influence on health. Only the high amount
of bioactive compounds—and not the alcohol content—positively influences the human
metabolism. The pro-oxidant effect of red wine polyphenols promotes an adaptive stress
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response in human erythrocytes, which enhances their antioxidant defense [11]. Phenolic
compounds in wine, such as tannins, phenolic acids, and anthocyanins, are some of the
determinants of its quality. It was shown that phenolic compounds participate not only in
the appearance and sensory characteristics of wine, but also in its healthy properties [12].
As an example, research was conducted on 110 Italian red wines from a single vintage in
order to determine the standard composition, color, and phenolic characteristics based on
the parameters used in the wine industry [13]. The elevation of C-reactive protein (CRP)
levels in blood was recognized as a cardiac disease risk factor. An increased nitration of
fibrinogen has been reported in cardiovascular diseases. Consumption of wine is shown
to reduce the risk of heart disease and improve longevity [14]. The defense mechanisms
against nitrative modifications are crucial for the complex hemostasis process. Flavonoids
have antioxidative properties and could protect biomolecules against the action of perox-
ynitrite [15]. There are reports that also show the results of phenolic compounds with the
main human serum proteins [16]. Recently, research on wine has been widely cited, but
in spite of a number of reports [17,18] and evidence that wine exerts beneficial effects on
human health when it is consumed with moderation, how the main phenolics of red wine
contribute to the quenching properties of the main human serum proteins has not been
investigated. For this reason, red wine samples were investigated for their antioxidant
activities, bioactive compounds, and interactions of wine polyphenols with the main serum
proteins, with an emphasis on the influence of polyphenols and not the alcohol content
on the health properties of wine. Fluorescence measurements, antioxidant assays, and
docking analysis were applied for the first time to wine samples, and correlations were
made among the results obtained in these studies.

2. Results

2.1. Bioactive Properties of the Investigated Wines

The results of the phenolic compounds are presented in Table 1.

Table 1. Bioactive substances and antioxidant activities of red wines x liter.

Indices CSCarmel1 CSCarmel2 CSYarden1 CSYarden2

Polyph, mgGAE 2190.83 ± 9.43 a 2230.73 ± 8.72 a 1560.33 ± 6.32 b 1610.42 ± 6.21 b

Flavan, mgCE 241.84 ± 3.62 b 253.94 ± 2.92 ab 272.51 ± 4.33 a 283.63 ± 3.73 a

Flavon, mgCE 408.63 ± 3.63 a 418.63 ± 5.11 a 292.42 ± 2.54 b 302.62 ± 5.24 ab

Tannins, mgCE 152.54 ± 1.82 a 156.24 ± 1.42 a 51.33 ± 0.92 b 52.43 ± 0.73 b

Anthoc, mgCGE 137.53 ± 2.24 a 140.23 ± 2.93 a 97.91 ± 1.83 b 101.22 ± 2.93 b

ABTS, mMTE 19.84 ± 0.34 a 20.45 ± 1.12 a 13.94 ± 1.11 b 14.85 ± 1.23 b

FRAP, mMTE 5.84 ± 0.54 a 6.18 ± 0.61 a 4.12 ± 0.34 b 4.46 ± 0.25 ab

CUPRAC, mMTE 27.11 ± 1.14 a 28.33 ± 1.65 a 19.64 ± 1.65 b 20.47 ± 1.76 b

DPPH, mMTE 9.65 ± 0.87 a 10.52 ± 1.12 a 7.14 ± 0.65 b 7.36 ± 0.73 b

Rutin, mg 8.63 ± 0.54 a 9.25 ± 0.87 a 6.81 ± 0.56 b 6.53 ± 0.55 b

Resveratro, mg 2.15 ± 0.18 ab 2.98 ± 0.12 a 1.71 ± 0.17 b 1.91 ± 0.17 ab

Quercetin, mg 7.32 ± 0.41 ab 8.24 ± 0.61 a 5.74 ± 0.43 c 6.49 ± 0.43 b

Caffeic acid, mg 10.15 ± 0.97 a 11.24 ± 1.12 a 8.64 ± 0.76 b 9.45 ± 0.75 ab

Catechin, mg 40.21 ± 0.37 a 42.17 ± 0.46 a 31.18 ± 0.23 b 34.15 ± 0.22 ab

Epicatechin, mg 26.14 ± 2.33 a 28.65 ± 2.43 a 21.94 ± 2.09 b 23.18 ± 1.89 ab

Values are means ± SD of five measurements; n = 5 samples per vintage, each subsampled and analyzed five times. Means within
rows with the different superscripts are statistically different (p < 0.05; Student’s t-test). Abbreviations: 1, 1-diphenyl-2-picrylhydrazyl
(DPPH); Polyph, polyphenols; Flavon, flavonoids; Flavan, flavanols; GAE, gallic acid equivalent; CE, catechin equivalent; TE, trolox
equivalent; Anthoc, anthocyanins; CGE, cyanidin-3-glucoside equivalent; ABTS, 2, 2-Azino-bis (3-ethyl-benzothiazoline-6-sulfonic acid)
diammonium salt; FRAP, Ferric-reducing/antioxidant power; CUPRAC, Cupric reducing antioxidant capacity; CSCarmel1, CSCarmel2,
Cabernet Sauvignon Carmel Selected, vintages 2017, 2019; CSYarden1 and CSYarden2, Cabernet Sauvignon Golan Heights Winery Yarden,
vintages 2017 and 2019.

Our results for the total polyphenols were in the ranges found for Italian red wines
at 1065 mg GAE/L, with the average values ranging between 1945 and 2033 and 2841–
3578 mg GAE/L; the total tannins were the lowest at 533 mg CE/L, with averages of 1341
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and 2043 and a maximum of 2965 mg CE/L [13]. The polyphenols, flavonoids, and antioxi-
dant activities were in the range of organic wines rather than the range of conventional ones.
The results obtained were comparable to those of conventional red wines with regard to the
total polyphenols, flavonoid content, phenolic profile, and antioxidant activity [5]. The total
phenolic content and total flavanols of the wines were found to vary from 1439.8 mg to
2966.0 mg GAE/L and from 439.4 to 1367.7 mg CE/L, respectively, which was in line with
the presented data (Table 1). The phenolic content values observed in the present study
were similar to those reported by other authors for Cabernet Sauvignon wines, showing val-
ues from 1300 to 2900 mg GAE/L [19]. The final flavonoid content was 555 mg CE/L. These
results were lower than those reported previously (1390 mg CE/L) [19]. The anthocyanin
content was also lower than previously reported for Cabernet Sauvignon wines (between
300 and 320 mg C3G/L). The results of FRAP 5.08 mmol TE/L, ABTS 10.68 mmol TE/L,
and DPPH 3.71 mmol TE/L were lower than those reported by other authors for red
wines, as well as in comparison with the presented data (Table 1). The polyphenol content
was 1268 mg GAE/L; the tannin content varied from 133.9 to 318.3 mg CE/L, and the
anthocyanin content was observed to be 104.08 mg cyanidin 3-glucoside equivalent per
liter (mg C3G/L) [20–22]. Our results were in line with others [23], where twenty seven
wines—among them, twenty four were red wines and three were white wines—were
analyzed using liquid chromatography and spectrophotometric analysis, and the amounts
of total polyphenols of the red wines varied from the lowest sample of 1220 mg GAE/L to
the highest one of 2413 mg GAE/L. The amounts of anthocyanins in the same samples [23]
varied from the lowest of 79 to the highest of 232 mg malvidin-3, 5-diglucoside/L. For the
red wines, the antioxidant capacities varied between 13.4 and 20 mmol/L [24,25].

2.2. Binding Properties of Wines and Some Phenolic Compounds with the Main Human Proteins

The interactions of fibrinogen and human serum albumin with wine samples, tannic
acid, quercetin, and caffeic acid in their cross-images are presented in Figures 1 and 2.

The binding properties of wine samples and some individual phenolic compounds
and standards were compared in terms of their interactions with native human serum
albumin and plasma-circulating fibrinogen. Tannic and caffeic acids and quercetin were
also compared with the natural fibrinogen.

Figure 1. Cont.
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Figure 1. Fluorometric measurements in a three-dimensional fluorescence analysis (3D-FL) of red wine samples and
standards after interaction with fibrinogen Cross-images of the results obtained from the 3D-FL of the investigated samples
after interaction with fibrinogen are shown in the following order: (A) CSCarmel2; (B) CSYarden2; (C) tannic acid; (D)
quercetin; (E) caffeic acid; (F) fibrinogen in solution. Abbreviations: CSCarmel2, Cabernet Sauvignon Carmel Selected,
vintage 2019; CSYarden2, Cabernet Sauvignon Golan Heights Winery Yarden, vintage 2019. The locations of peaks a and b

are shown in the figure and in Table 2 (for interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article).
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Figure 2. Cont.
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Figure 2. Fluorometric measurements in a three-dimensional fluorescence analysis (3D-FL) of red
wine samples and standards after interactions with human serum albumin (HSA). Cross-images of
the results obtained from the 3D-FL of the investigated samples after their interaction with HSA
are shown in the following order: (A) CSCarmel2; (B) CSYarden2; (C) tannic acid; (D) quercetin;
(E) caffeic acid; (F) HSA in solution. Abbreviations: CSCarmel2, Cabernet Sauvignon Carmel Selected,
vintage 2019; CSYarden2, Cabernet Sauvignon Golan Heights Winery Yarden, vintage 2019. The
locations of peaks a and b are shown in the figure and in Table 2 (for interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article).

Few studies of the roles played by different phenolic fractions in wine astringency
using methods involving fluorescence spectra are available [26]. However, the polymeric
proanthocyanidins were found to possess higher activity than the other fractions. This con-
clusion was corroborated by the findings in the spectral measurements of the fluorescence,
which showed that the polymeric fractions exhibited a significantly stronger quenching of
the fluorescence of bovine serum albumin (BSA). The fluorescence intensity of BSA in the
absence of samples at the emission maximum (335 nm) was approximately 541.68. It was
observed that, for BSA, there was a noticeable decrease in the fluorescence intensity upon
binding to polymeric fractions. In the present study, at the emission maximum (228 nm),
HSA was approximately 643.0. As was shown, CSYarden2 exhibited a significantly stronger
function of binding for the fluorescence of HSA than in the other samples, except for tannic
acid, based on the calculations of the intensity of peak b (Figure 2, Table 2). Among these
investigated samples, the intensity decreased for peak a in the order ethanol > caffeic acid
> quercetin > tannic acid > CSYarden2 > CSCarmel2 > CSYarden1 > CSCarmel1, which
means that CSCarmel1 possessed a higher affinity for HSA than the other samples did.
For peak b, a slight change in the order appeared: ethanol > quercetin > caffeic acid >
CSCarmel2 > CSCarmel1 > tannic acid > CSYarden2 > CSYarden1. These results are in
agreement with the data on BSA and its interactions with polymeric fractions that were
also found in wines [27]. Recently, the interactions of flavonoid–metal complexes with
serum albumin (SA) have been widely studied because the complexation has a significant
impact on biological activities [28]. The strength of binding might be increased in the
presence of Cu (II), as evidenced by the calculation of the binding constant. However,
the drug binding sites in BSA and HSA are not altered during the complexation process.
Both HSA and BSA exhibit similar kinds of fluorescence emissions based on excitation at
295 nm due to the presence of tryptophan residue (Trp 214 in HSA and Trp 134/Trp 213
in BSA). The fluorescence of BSA/HSA was observed to be quenched in the presence of
both quercetin and its Cu (II) complex [28]. The fluorescence intensity of BSA decreased
with an increase in flavonoid concentration in the model wine with or without ultrasonic
irradiation, which is in line with the data shown in Table 2. A characteristic fluorescence
emission spectrum of BSA is displayed with a maximum value at the wavelength of 336 nm,
which is mainly attributed to the tryptophan (Trp) residues [17]. The data on the fluo-
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rescence measurements of the interaction of tannic and gallic acids with HSA (Table 2)
are comparable with the data on the interactions of a typical gallotannin 1,2,3,4,6-penta-
O-galloyl-β-D-glucopyranose (PGG) and two simple phenolic compounds, ellagic acid
(EA) and gallic acid (GA), with BSA. Fluorescence experiments showed that PGG and EA
could strongly interact with BSA. The binding constants showed a pH-dependent binding
of phenolic acids by BSA. PGG has a greater impact on the secondary structure of BSA
when compared with small molecular compounds GA and EA [29]—which is also typical
during the interaction of wine polyphenols with tannic acid—in comparison with gallic
acid. The interaction between polyphenols and HSA/BSA is widely used not only for
pharmaceutical applications, but also as an index of the quality of red wines. The skin and
seed extracts of grapes were analyzed in terms of their fluorescence spectra. The fluores-
cence emission spectra of BSA with three kinds of grape varieties—Cabernet Sauvignon,
Merlot, and Cabernet Gernischet—were obtained upon the addition of the skin and seed
extracts; the fluorescence quenching of BSA in the presence of extracts from grape skins and
seeds was evaluated by using fluorescence spectrometry based on simulated conditions
of human physiological conditions (pH = 7.4) in order to study the phenolics. A decrease
in the fluorescence intensity caused by the quenching of the skin and seed extracts was
observed, which is in line with the action of red wine polyphenols [30]. The presence of
phenolic compounds can make a great contribution to the perception of astringency in red
wines based on their interactions with proteins. Human salivary protein and bovine serum
albumin were used in this study to investigate the relationship between astringency and
polyphenol composition. The results indicated that a positive correlation existed between
the percentage of polymeric proanthocyanidins and the total phenols. In comparison with
other fractions, the polymeric fractions exhibited the highest affinity for proteins and, thus,
the highest astringency [27]. The results of previous reports revealed that both original
and lyophilized wines exercise statistically significant beneficial lipidemic and antioxidant
effects by reducing total cholesterol (TC), low-density lipoprotein cholesterol, triglycerides,
and lipid peroxides, as well as by elevating the high-density lipoprotein cholesterol–TC
ratio. There were no statistically significant differences in the results between groups
that were fed a basic diet (BD) supplemented with original wine versus groups fed BD
supplemented with lyophilized wine. Therefore, it can be concluded that the biologically
active compound of this beverage is the dry matter containing, inter alia, polyphenols
in relatively high concentrations [4,31,32]. This conclusion is also in agreement with the
present results, which show very low values of binding with ethanol (Table 2).

2.3. Docking Studies

As a complex mixture, red wine has been shown to have several health benefits in the
improvement of cardiovascular disease and cancer, as well as in its antioxidant and anti-
inflammatory properties. Red wine as such has been defined according to its antioxidant
role; however, the functional role of each molecule has not been explored. Hence, in the
present study, interactions of flavonoids (epicatechin, epigallocatechin, quercetin, rutin, and
myricetin), non-flavonoids (resveratrol), and phenolic acids (caffeic, gallic, and tannic acids)
were investigated with respect to different proteins from human serum (CRP, fibrinogen,
GPX3, and HSA). From the interaction study, it was observed that rutin, a flavonoid, had
the highest binding affinity with the serum proteins (Table 3).
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Table 3. Binding affinity score of wine components docked with serum proteins.

Compound Name PubChem ID
Binding Affinity (kcal/mol)

CRP Fibrinogen GPX3 HSA

Epicatechin 72276 −7.8 −5.1 −6.6 −8.9
Epigallocatechin 72277 −8.3 −6.3 −6.4 −8.6

Resveratrol 445154 −7.4 −6.1 −6.8 −9.1
Rutin 5280805 −8.7 −7.9 −7.4 −9.9

Quercetin 5280343 −8.7 −5.3 −6.8 −9.2
Gallic acid 370 −6.3 −5.7 −6.2 −6.2
Tannic acid 16129778 −7.7 −6.4 −7.3 −10.4
Myricetin 5281672 −8.4 −6.3 −6.8 −9

Caffeic acid 689043 −6.4 −5 −5.7 −7.2

However, resveratrol showed a similar binding affinity to that of flavonoids, though its
presence in the red wine was observed to be very low compared to the other polyphenols.
Among the phenolic acids, tannic acid exhibited the highest binding affinity with the target
proteins in comparison with gallic and caffeic acids.

2.3.1. Interaction Analysis with C-Reactive Protein (CRP)

The molecular docking of rutin with CRP showed a binding affinity of −8.7 kcal/mol
and interactions with Val86, Ala92, Pro93, Val94, Val111, Asp112, and Lys114 (Figure 3).
Among the amino acids, Asp112 and Lys114 played critical roles in the formation of the
C1q binding with CRP. C1q, as the first subcomponent of the classical pathway, initiates
an anti-inflammatory response in association with CRP and the phagocytosis of apoptotic
cells [33]. Rutin showed a covalent interaction with Asp112 and a hydrogen interaction
with Lys114, which supports the stable interaction of the ligand with the receptor. Similarly,
with a binding affinity of −7.4 kcal/mol, resveratrol showed interactions with Thr41,
Trp67, Val86, Val94, and Val111. Resveratrol has been established to have a hydrogen
bond interaction with Thr41. The regions of CRP covering from 35 to 47 amino acids are
considered to be important residues for therapeutical and diagnostic studies. Thus, the
interaction of resveratrol with Thr41 from CRP is considered significant for clinical studies.
Tannic acid, a phenolic acid that was used for this study, showed a binding affinity of
−7.7 kcal/mol and interactions with several critical residues: Asp112, Lys114, and Tyr 175
of CRP.

2.3.2. Interaction Analysis with Fibrinogen

The docking of fibrinogen with wine compounds revealed rutin as the top scorer with
the highest binding affinity of −7.9 kcal/mol, followed by tannic acid with a binding affinity
of −6.4 kcal/mol. The amino acids from the gamma chain involved in the interactions were
Phe168, Gln176, Gln177, Phe178, Leu179, Arg197, Asp199, Gly200, Val202, Asp203, Phe204,
Lys205, Glu210, Phe215, His217, Leu218, Glu225, Leu228, Lys232, Gly331, Asn345, Gly346,
Tyr349, Val347, Tyr348, Gln350, Gly351, Thr353, Tyr354, Ser358, and Pro360 (Figure 4). The
D-fragment of the fibrinogen gamma chain (γC domain) acted as a ligand and interacted
with leukocyte integrin αmβ2 (CD11b/CD18, also known as Mac-1 or CR3). In particular,
two peptides, P2 (γ377–395) and P1 (γ190–202), have been reported to be implicated in
binding integrin αmβ2. Though P2 and P1 were demonstrated to be binding sites for
integrin αmβ2, P2 was reported to exhibit high binding affinity to the αmI domain of
integrin αmβ2. The binding of fibrinogen binding to leukocytes’ integrin recruits the
phagocyte during inflammatory response [34,35]. In addition, the pleiotropic role of
fibrinogen in neurological diseases has been described [36,37]. Intriguingly, our docking
analysis of fibrinogen with components of red wine unveiled P1 as the binding site of
flavonoids and phenolic acids.
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Figure 3. Interactions of ligands with the key residues of C-reactive protein (CRP). (A) The surface
view represents the predicted binding pocket (green color) of the CRP; (B) the interaction of rutin
with CRP; (C) the interaction of tannic acid with CRP; (D) the interaction of resveratrol with CRP.

Figure 4. Cont.
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Figure 4. Molecular docking of ligands with fibrinogen. (A) Fibrinogen represented as a CPK model; expanded view of the
ligands showing their interactions with the critical residues of fibrinogen; (B) rutin; (C) tannic acid; (D) resveratrol.

2.3.3. Interaction Analysis with Human Glutathione Peroxidase 3 (GPX3)

Similarly, in GPX3, rutin had the highest binding affinity of −7.4 kcal/mol, and the
second top scorer, tannic acid, had a binding affinity of −7.3 kcal/mol; the amino acids
that made non-covalent interactions were Thr20, Asp21, Tyr43, Gly44, Ala45, Leu46, Tyr53,
His99, Phe135, Gln136, Lys137, Gly138, Asp139, Lys144, Glu145, Gln146, Lys147, Cys156,
Pro157, Thr159, and Met196 (Figure 5). GPX3, an antioxidant enzyme in plasma proteins,
contains Sec73 as an active site. Though the docking analysis revealed a high binding
affinity for rutin and tannic acid, the non-flavonoid resveratrol showed an interaction at
the active-site pocket residues of Sec73 [38,39]. Apart from this, residues from the pocket
interface, such as Gly74, Leu75, Arg180, Trp181, His200, and Arg201, were implicated in
the interactions.

Figure 5. In silico docking of ligands into the binding pocket of human glutathione peroxidase
3 (GPX3). (A) CPK model of GPX3 protein, in which the yellow-colored surface represents the
binding pocket; the expanded views of ligands interacting with the key amino acids of GPX3 (CPK
model); (B) rutin; (C) tannic acid; (D) resveratrol.
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2.3.4. Analysis of the Interaction with Human Serum Albumin (HSA)

In the case of HSA, tannic acid exhibited the highest binding affinity of −10.4 kcal/mol,
followed by rutin with a binding affinity of −9.9 kcal/mol. The binding was driven
by Asn109, Pro110, Asn111, Leu112, Arg114, Leu115, Arg117, Pro118, Met123, Ile142,
Arg145, His146, Phe149, Leu154, Phe157, Tyr161, Leu182, Arg186, Gly189, Lys190, Val191,
Ser193, Ala194, Arg197, and Leu 463 (Figure 6). Almost all of the compounds from wine
used for the study were shown to have interactions with HSA. Interestingly, HSA is an
important protein in plasma, which acts as a drug carrier and in the transportation of key
enzymes, fatty acids, and biomolecules in the circulatory system. Thus, the interactions
of the active ingredients in wine with HSA can be used in mainstream albumin fusion
technology or albumin-based encapsulation methods for developing drug molecules for
clinical applications.

Figure 6. Analysis of interactions with human serum albumin (HSA). (A) The green-colored surface represents the binding
pocket of the HSA protein (CPK model). (B) Interaction of rutin with the amino acids in the binding pocket, (C) tannic acid,
and (D) resveratrol.

3. Discussion

Overall, tannic acid has been reported to interact with human plasma proteins, and
our results are in good agreement with previous reports [40]. Hence, it is not surprising
to observe the high binding affinity between tannic acids and plasma proteins, such as
HSA, GPX3, and fibrinogen. Moreover, phenolic acids have been reported to interact
with plasma proteins through non-covalent interactions, such as hydrogen bonds and
electrostatic, van der Waals, or hydrophobic interactions [41]. Our docking analysis also
showed the possible interactions, such as hydrogen bonds, van der Waals interactions,
and electrostatic interactions, with the target proteins. Tannic acid has been reported to
lower blood pressure in hypertensive rats [42], to have a protective role against acute
doxorubicin-induced cardiotoxicity in Sprague–Dawley rats [43], to lower the malondialde-
hyde (MDA) level (a marker of oxidative stress), and to increase the antioxidant enzymes,
such as superoxide dismutase, glutathione peroxidase, and catalase, thereby enhancing
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the antioxidant properties. In addition, anticancer [44], neuroprotective [45,46], anti-neuro-
inflammatory [47], anti-inflammatory [48], antimicrobial, and antibiofilm activity [49,50]
has been reported. On the contrary, tannic acids are mainly used in topical applications due
to their bioavailability after ingestion, high molecular weight (>1000), low lipid solubility,
and high affinity to bound to plasma proteins. In addition, their mode of elimination from
the human system is still unclear. Rutin, a flavonoid, showed the highest binding affinity
with all target proteins (CRP, fibrinogen, GPX3, and HSA) in our present study.

Rutin has also been investigated due to its beneficial effects on the strengthening
of blood vessels and arteries [51], as well during the chronic condition of arthritis, as it
can ease the flexibility of the veins [52]. Rutin has also been used for several pharma-
cological applications, including as a model drug, due to its antifungal, antiviral, and
anti-inflammatory properties [53–55]. The cytotoxicity of heme and oxidative stress in
endothelial cells were decreased in the BSA–diligand complexes relative to those of heme
or BSA–heme complexes, and the co-presence of rutin played an important role. These
results suggest the possibility and advantage of developing BSA-based carriers for the
suppression of heme toxicity in biomedical applications [56]. Apart from this, rutin has also
been applied in industry as a colorant, stabilizer, and preservative for food [57]. However,
as an important common dietary flavonoid, studies of rutin have been focused on its
formulation and bioavailability [58]. Thus rutin, was found to be a promising nutraceutical
for the prevention and treatment of chronic human diseases according to hematological,
biochemical, and histological evidence and due to the drug delivery [59,60]. However,
rutin is the compound with the lowest molecular weight (610.5 g/mol) among the polyphe-
nols, and therefore, it is regarded as significant for clinical applications. Interestingly,
the non-flavonoid compound resveratrol was identified in red wine, though its presence
was very low. Among other compounds, resveratrol has numerous biological activities.
Resveratrol has shown antiviral activity against several viruses, such as polyomavirus,
influenza virus, respiratory syncytial virus, MERS-CoV, and the emerging SARS-CoV [61].
The mechanisms of action of three important compounds (resveratrol, rapamycin, and
metformin) on the cellular pathways involved in viral replication and the mechanisms of
virus-related diseases, as well as the current status of their clinical use, were discussed [62].
The antiviral effect of resveratrol against MERS-CoV was evaluated through antiapoptotic
and viral titer assays. The results revealed that resveratrol targeted caspase 3 in Vero E6
cells, as well as the nucleocapsid protein of MERS CoV. A concentration ranging from
31.5 to 125 µM and 0.5 mg/mL (2.05 mM) was shown to have a positive effect against
MERS-CoV and SARS-CoV, respectively, in Vero E6 cells [63,64]. Moreover, it reduced the
viral RNA levels and infectious titers. In the case of SARS-CoV, resveratrol derivatives
suppressed the replication of SARS-CoV and decreased the cytopathic effects [63]. Resvera-
trol was demonstrated to be a stimulator of fetal hemoglobin and a potent antioxidant by
trapping reactive oxygen species. Resveratrol could be proposed as potential therapeutic
in the treatment of SARS-CoV-2 [65]. Resveratrol has been reported for its excellent phar-
macokinetic characteristics, which have marked it for use as a potential drug candidate.
When ingested, resveratrol can be easily absorbed in the gastrointestinal tract and rapidly
metabolized in the liver into sulfate and glucuronide conjugates. Later, the metabolites are
easily excreted through urine [63]. Thus, with its good absorption, low molecular weight
(228.24 g/mol), low bioavailability, and extensive metabolism and excretion, resveratrol is
considered to be a suitable drug candidate for oral administration during clinical ailments.
To summarize the presented information about polyphenols and flavonoids in red wines,
their high affinity and improvement of pharmacological actions, it is important to verify
the exact mechanisms of their action. As discussed, polyphenols are among the molecules
with pharmacological activity produced by plants. As drugs, these, due to their molecular
structure, also have the ability to interact with molecules in our body, presenting various
pharmacological properties [66]. Tannic acid and flavonoids play a role in the prevention
of some diseases, and specifically in atherosclerosis. As was shown above, tannic acid
is present in varying concentrations in plant foods and in relatively high concentrations
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in green teas and red wines. Human ether-a-go-go-related gene (hERG) channels are
expressed in multiple tissues and play important roles in modulating the potential repolar-
ization of cardiac action. Lung Ching green tea and red wine inhibited hERG currents with
IC50 values of 0.04% and 0.19%, respectively. The effects of tannic acid, teas, and red wine
on hERG currents were found to be irreversible. These results suggest that tannic acid is a
novel hERG channel blocker, and consequently, it provides new mechanistic evidence for
the understanding of the effects of tannic acid and the potential pharmacological basis of
tea-and red-wine-induced biological activity [67]. As previously discussed, resveratrol first
came to our attention in 1992, following reports of the cardioprotective effects of red wine.
Thereafter, resveratrol was shown to exert antioxidant, anti-inflammatory, anti-proliferative,
and angio-regulatory effects against atherosclerosis, ischemia, and cardiomyopathy. Al-
though resveratrol has been claimed to be a master anti-aging agent that is effective against
several age-associated diseases, a further detailed mechanistic investigation is still required
in order to thoroughly unravel the therapeutic value of resveratrol against cardiovascu-
lar diseases at different stages of disease development [68]. Rutin and hesperidin were
investigated in vitro for their anticoagulant activity through coagulation tests in terms of
activated partial thromboplastin time (aPTT), prothrombin time (PT), and thrombin time
(TT). Only an ethanolic solution of rutin at the concentration of 830 µM prolonged the aPTT,
while the TT and PT were unaffected [69]. According to the results obtained and based on
numerous recent reports [7,66–69], it was declared that wines possess a high bioactivity
that allows them to be settled in the industries of food additives and medicinal products.
In addition to phenolics, a number of other compounds are responsible for the quality of
wine, as they determine the overall organoleptic impression of the wine in addition to the
content of phenolic compounds, which are also present in large amounts in many other
food products. Very recent publications mostly cited the results of phenolic compounds
as secondary metabolites that are known to play crucial roles in important chemical reac-
tions that impact the mouthfeel, color, and aging potential of red wine [70]. The phenolic
profile—particularly the tannin concentration and structure—was the most important
predictor of astringency and its subcomponents [71]. There were attempts to fingerprint the
quality of red wines by using the ratio of the polymeric pigments and malvidin-3-glycoside,
which was demonstrated to be a promising and practical chemical parameter for the rapid
and simple assessment of the age of dry red wines. [72]. Volatile substances also play an
important role in the quality of red wines, and it was found that 2-phenylethyl acetate,
ethyl nonanoate, 2-hexanol, isoamyl octanoate, and ethyl 2-hydroxymethylbutanoate were
the primary compounds responsible for wine classification [73]. The effects of various wine
polyphenolic compounds were evaluated; among the wine phenolics tested, quercetin and
resveratrol, in a dose-dependent manner, suppressed cytokine-induced C-reactive protein
expression. Wine phenolics inhibited CRP expression [14]. Oversimplifications of the above
results were indicated in reports [2,7,14] that the consumption of antioxidant-/polyphenol-
rich foods might, therefore, impart anti-thrombotic- and cardiovascular-protective effects
via their inhibition of platelet hyperactivation or aggregation. As a result of the ability
of polyphenols to target additional pathways of platelet activation, they may have the
potential to substitute or complement currently used anti-platelet drugs in sedentary, obese,
pre-diabetic, or diabetic populations who can be resistant or sensitive to pharmacological
anti-platelet therapy [2]. The health-promoting effects of red wine have been supported
by epidemiological evidence, indicating that its components could improve endothelial
dysfunction and hypertension, dyslipidemia, and metabolic disorders. The positive role of
red wine in human health has been attributed to its phytochemical compounds, includ-
ing polyphenols, as suggested by several clinical trials, including our previous studies
in vivo [8]. The alcohol content of the investigated wines was 14.5%. The fluorescence
measurements and calculations showed a significant difference between the original wine
samples, tannic acid, and ethanol that were investigated in their interactions with fibrino-
gen and HSA. The binding properties of the tannic acid and wine samples were about
10–20 times higher than with those of ethanol, showing that the dry matter of the samples
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had higher bioactivity than the samples containing alcohol (Table 2). The biological role of
red wine polymers remains largely unknown, although in vivo and in vitro antioxidant ac-
tivity has been shown, which contributes against oxidative stress. The biological properties
of red wine are therefore explained by the presence of phenolic compounds that are able
to interact with physiological targets. The potential cardioprotective activity of red wine
polyphenols has mainly been linked to the inhibition of platelet aggregation.

4. Materials and Methods

4.1. Reagents and Chemicals

Caffeic and gallic acids, catechin, epicatechin, quercetin, Trolox, Folin-Ciocalteu
reagent, human serum albumin, fibrinogen, sodium nitrite, iron (III) chloride hexahydrate,
2,2-diphenyl-1-picrylhydrazyl (DPPH) and 2, 4, 6-tripyridyl-s-triazine (TPTZ) aluminum
chloride, potassium peroxodisulfate and 2,2-azino-bis(3-ethylbenzothiazoline-6-sulfonic
acid) diammonium salt (ABTS), copper (II) chloride dihydrate, sodium hydroxide, hy-
drochloric acid (37% w/w), 2,9-dimethyl-1,10-phenanthroline (neocuproine), and glacial
acetic acid were obtained from Sigma (St. Louis, MO, USA). Standard phenolics were
dissolved in methanol (1 mg/mL) and stored at −80 ◦C. All reagents and chemicals were
of analytical grade.

4.2. Samples

Commercial wine bottles were purchased at wine shops and were investigated in this
study. Every sample was bought in five bottles from wine shops in different locations; each
had the same vintage, was from the same wine company and the same batch, and had an
identical shelf life. The samples with a range of alcohol in same volume and from the same
bottle were frozen at −80 ◦C to assess their antioxidant status and bioactivity. Cabernet
Sauvignon wine samples of 2017 and 2019 vintages were purchased: Carmel Selected
Cabernet Sauvignon 2017 (CSCarmel1) and 2019 (CSCarmel2) with 14.5% alcohol and
Golan Heights Winery Yarden Cabernet Sauvignon 2017 (CSYarden1) and 2019 (CSYarden2)
with 14.5% alcohol. The wines were transferred into 50 mL conical centrifuge tubes and
stored at 8 ◦C. Samples were taken out of the refrigerator prior to, yesanalysis and were
diluted according to the methods explained here.

4.3. Analyses of Bioactive Compounds

The total phenolic content (TPC) was measured by using the Folin–Ciocalteu method [74].
In brief, 250 µL of wine was mixed with 1000 µL of sodium carbonate (7.5%) and 1250 µL
of Folin–Ciocalteu’s (10% in water) reagent. The mixture was incubated for 15 min at 50 ◦C
in the dark (water bath) and measured at 765 nm using a spectrophotometer (Hewlett-
Packard, model 8452A, Rockvile, MD, USA). Gallic acid was used as the standard, and the
results were expressed as milligrams of gallic acid equivalent per liter (mg GAE/L).

The total flavonoid content (TFC) in the wine was measured by following the AlCl3
complexation method. Briefly, 31 µL of the sample was mixed in a microplate with 125 µL
of water, 9.3 µL of sodium nitrate (5%), 9.3 µL of aluminium chloride (10%), and 125 µL of
sodium hydroxide (0.5 M). The mixture was incubated for 30 min at room temperature in
the dark. The reaction was measured at 510 nm. Catechin was used as the standard [75],
and the results were expressed as milligrams of catechin equivalent per liter (mg CE/L).

The total flavanol content was determined [76] by measuring at 640 nm using 0.1 mL
of the wine sample and 3 mL of 0.1% p-dimethylaminocinnamaldehyde (DMACA) solution
(0.1% in 1 mol/L HCl in methanol). The results were expressed as catechin equivalent (CE).

The total tannins (TNs) were estimated by using spectrophotometric measurements
of 0.5 mL of wine, where 3 mL of a 4% methanol vanillin solution and 1.5 mL of concen-
trated hydrochloric acid were added. The mixture was allowed to stand for 15 min. The
absorption of the samples and a blank against water was measured at 500 nm [77].

The anthocyanin content (AC) in the wines was measured according to the following
method [20,78]. An aliquot of 250 µL of the wine sample was poured into a tube with 2 mL
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of potassium chloride solution (0.025 M) and then adjusted to pH 1 with concentrated HCl.
The mixture was incubated at room temperature for 20 min. In another tube, 250 µL of
wine was mixed with 2 mL of sodium acetate solution (0.4 M, pH 4.5) and incubated at
room temperature for 20 min. The absorbance of an aliquot of 300 µL of each sample was
measured at 520 and 700 nm. The anthocyanin content in the samples was calculated in the
following way: mg C3G/L = A × MW × D.F. × 103/ε × 1.

Here, A = (Abs520−Abs700), pH 1−(Abs520−Abs700) pH 4.5, MW (molecular weight)
= 449.2 g/mol− for cyaniding 3-glucoside, D.F. = the dilution factor used, 103 = factor
conversion of g to mg, ε = 26,900: molar extinction coefficient in L/mol cm, and 1 = the path
length in cm. The results were expressed as milligrams of cyanidin 3-glucoside equivalent
per liter (mg C3G/L).

The 2, 2′-azino-bis (3-ethyl-benzothiazoline-6-sulfonic acid) diammonium salt (ABTS)
radical cation was formed by the ABTS solution (7 mM) with potassium persulfate
(2.45 mM) in distilled water at room temperature at 16 h before use. A working solution
(ABTS reagent) was diluted to obtain absorbance values of 0.7 at 734 nm and equilibrated
at 30 ◦C. After the addition of ABTS solution, the absorbance reading was taken 1 min after
the initial mixing and for up to 6 min; the percentage inhibition of absorbance was calcu-
lated with reference to a Trolox calibration curve and evaluated as mM Trolox equivalent/L
of wine [20,79].

The antioxidant capacity in the wines was measured by using FRAP in 24 µL of the
sample, which was mixed with 180 µL of FRAP reagent (TPTZ 10 mM in HCl 40 mM, iron
chloride hexahydrate 20 mM, acetate buffer 0.3 M, pH 3 in a ratio of 1:1:10, prepared daily).
The reaction was carried out at 37 ◦C, and the absorbance was measured at 595 nm every
min for 30 min [80].

The antioxidant capacity was measured byusing 1, 1-diphenyl-2-picrylhydrazyl (DPPH)
in 25 µL of the sample, which was mixed with 180 µL of DPPH radical at 6 mM and
measured at 517 nm every 30 s for 10 min. Trolox was used as a standard for all antioxidant
methods, and the results were expressed as millimoles of Trolox equivalent per liter
(mmol TE/L) [20,81].

For the Cupric-Reducing Antioxidant Capacity (CUPRAC) assay [82,83], the red wines
were diluted in a ratio of 1:10 (v/v) with dH2O. Prior to the determination, 1.0 mL of each
of three solutions containing 0.010 M Cu (II), ammonium acetate buffer at pH 7.0, and
0.0075 M neocuproine (2,9-dimethyl-1,10-phenanthroline) in EtOH was mixed with 0.5 mL
of the appropriately diluted sample together with 0.6 mL of dH2O in a tube. The reaction
mixture was left for 1 h in the dark, and then the absorption was measured at 450 nm.

Some bioactive compounds, such as rutin, resveratrol, quercetin, caffeic acid, catechin,
and epicatechin, were determined with an HPLC system [84–86]. A volume of 50 mL of
each of the wine samples was extracted three times with 25 mL of diethyl ether and then
three times with 25 mL of diethyl acetate, and the organic fractions were combined. After
30 min of drying with anhydrous Na2SO4, the extract was filtered through a Whatman-
40 filter and evaporated to dryness in a rotary evaporator. The residue was dissolved
in 2 mL of methanol/water (1:1, v/v) and analyzed by using high-performance liquid
chromatography (HPLC). A Waters (Milford, MA, USA) chromatograph equipped with a
600-MS controller, a 717 plus autosampler, and a 996 photodiode-array detector was used. A
gradient of solvent A (water/acetic acid, 98:2, v/v) and solvent B (water/acetonitrile/acetic
acid, 78:20:2, v/v/v) was applied to a reverse-phase Nova-pack C18 column (30 cm ×

3.9 mm internal diameter (I. D.) as follows: 0–55 min, 80% B linear, 1.1 mL/min; 55–57 min,
90% B linear, 1.2 mL/min; 57–70 min, 90% B isocratic, 1.2 mL/min; 70–80 min, 95% B linear,
1.2 mL/min; 80–90 min, 100% B linear, 1.2 mL/min; 90–120 min. For the HPLC analysis, an
aliquot (50 µL) was injected into the column and eluted at the temperature of 20 ◦C. The
samples were prepared and analyzed.
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4.4. Fluorometric Studies

The profiles and properties of the polyphenols in wine were determined by using
the two- (2D-FL) and three-dimensional (3D-FL) fluorescence (model FP-6500, Jasco spec-
trofluorometer, serial N261332, Tokyo, Japan). The 2D-FL measurements were taken at
emission wavelengths from 310 to 500 nm and at an excitation of 295 nm. The 3D-FL was
measured at emission wavelengths between 200 and 795 nm, and the initial excitation
wavelength was 200 nm. For comparison of the obtained results, caffeic acid, quercetin,
and tannic acid were used [9,10]. The binding properties of wine to human serum albumin
(HSAlb) and fibrinogen were evaluated by using 2D- and 3D-FL. For the fluorescence mea-
surements, 3.0 mL of 1.0 × 10−5 mol/L HSA was prepared in 0.05 mol/L Tris–HCl buffer
(pH 7.4) containing 0.1 mol/L NaCl. Fibrinogen stock solution was made by dissolving in
phosphate buffer (10 mM, pH 7.4) to obtain a concentration of 20 µM. Standard phenolic
solutions, such as tannic acid, quercetin, and caffeic acid stock solution, were prepared
daily by dissolving at a concentration of 10 mM in methanol and then diluting with 10 mM
phosphate buffer at pH 7.4. All samples were kept at 4 ◦C before the analysis. The initial
fluorescence intensities of albumin and fibrinogen were measured before their interactions
with the investigated samples, as pure substances, and after their interactions with the
samples (quenching of fluorescence emissions of proteins—in our case, albumin, fibrinogen,
and polyphenols of wines). As mentioned above, the changes in the fluorescence intensities
were used in the estimation of the binding activities [87].

4.5. Molecular Docking of Ligands with the Serum Proteins

Molecular docking studies of the docking of the compounds identified in red wine
into serum protein targets were carried out by using AutoDock Vina [88]. For the studies,
receptor proteins, such as human C-reactive protein (CRP) (PDB ID: 1B09), human serum
albumin (HSA) (PDB ID: 1H9Z), human glutathione peroxidase 3 (GPX3) (PDB ID: 2R37),
and human fibrinogen (PDB ID: 3GHG)—with resolutions of 2.5, 2.5, 1.85, and 2.9 Å,
respectively—were obtained in pdb format from the PDB database. The crystal structures
were pre-processed through the removal of all water and the addition of Kollman charges.
The Gasteiger charges and hydrogen bond optimization was performed with AutoDock
MGL tools version 1.5.6. Chain A of the grid-box of the receptor proteins CRP (144 Å ×

157 Å × 27 Å), GPX3 (25 Å × 43 Å × 37 Å), and HSA (87 Å × 51 Å × 86 Å) was generated
by AutoGrid4. For fibrinogen (213 Å × 55 Å × 87 Å), the gamma chain was selected for the
study. The outputs of the best ligands and their interactions in the the molecular docking
were analyzed through the BIOVIA-DS 17 R2 client (Dassault Systèmes Biovia Corp®, San
Diego, CA, USA).

4.6. Data Analysis

All data obtained were calculated on the basis of a statistical analysis of Duncan’s
multiple range test. Values were means ± SD per liter of 25 measurements, representing the
commercial status of the wines and their replicates. Five replications of five wine samples
from each vintage were used. To determine the statistical significance at the 95% interval
of reliability, one-way analysis of variance (ANOVA) was used.

5. Conclusions

Previous reports have shown that the consumption of wine has several health benefits.
However, there are different types of wine; in the present study, red wine was investigated
for its composition of active ingredients. The interaction of the each component was
investigated for its binding modes with different serum protein, thus implicating them
as drug candidates in clinical settings. Overall, the study indicates that red wine has
a composition of flavonoids, non-flavonoids, and phenolic acids that can interact with
the amino acids in the key regions of the proteins to enhance their biological activity.
Among them, rutin, resveratrol, and tannic acid showed good binding affinity. Therefore,
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the protein–ligand complexes provide the basis for further studies and are envisaged to
possess beneficial properties that can enhance their role in clinical applications.
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Abstract: This study aimed to investigate the kinetics of phenolic compound modification during the
fermentation of maize flour at different times. Maize was spontaneously fermented into sourdough
at varying times (24, 48, 72, 96, and 120 h) and, at each point, the pH, titratable acidity (TTA),
total soluble solids (TSS), phenolic compounds (flavonoids such as apigenin, kaempferol, luteolin,
quercetin, and taxifolin) and phenolic acids (caffeic, gallic, ferulic, p-coumaric, sinapic, and vanillic
acids) were investigated. Three kinetic models (zero-, first-, and second-order equations) were used
to determine the kinetics of phenolic modification during the fermentation. Results obtained showed
that fermentation significantly reduced pH, with a corresponding increase in TTA and TSS. All the
investigated flavonoids were significantly reduced after fermentation, while phenolic acids gradually
increased during fermentation. Among the kinetic models adopted, first-order (R2 = 0.45–0.96)
and zero-order (R2 = 0.20–0.82) equations best described the time-dependent modifications of free
and bound flavonoids, respectively. On the other hand, first-order (R2 = 0.46–0.69) and second-
order (R2 = 0.005–0.28) equations were best suited to explain the degradation of bound and free
phenolic acids, respectively. This study shows that the modification of phenolic compounds during
fermentation is compound-specific and that their rates of change may be largely dependent on their
forms of existence in the fermented products.

Keywords: first order; flavonoids; kinetic modelling; phenolic acids; zero order

1. Introduction

Phenolic compounds are vital constituents of food and secondary metabolites of plants
derived from several biosynthetic precursors through the action of shikimate, phenyl-
propanoid, and pentose phosphate metabolism pathways [1]. These phenolic compounds
(also called phenolics) are often encountered in food products, especially those derived
from plants and cereals, and are known to exert health benefits such as anticarcinogenic
potential, the prevention and counteraction of oxidative stress, chemo-preventive effects,
and the reduction of free radical-related cellular damage [2–5].

Maize (Zea mays) is one of the main cereals produced worldwide, providing 30% of
food calories to over 4 billion people in the world [6,7]. It is also considered a major staple
in 125 developing countries [6,7]. Maize is transformed into other food forms using a wide
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range of processing techniques, one of them being fermentation. Subsequent fermented
maize-based food products play a significant role in the nutrition and diets of inhabitants
of developing and underdeveloped countries. The fermentation process not only improves
food composition, palatability, sensory properties, digestibility, and nutritional constituents,
but also reduces antinutritional properties [8–10]. Although fermentation is known to
positively impact the phenolic constituents of cereals [4], it is nonetheless important to
study the changes in the levels of these beneficial food components during the fermentation
process. This is vital, considering the purported roles of these phenolic compounds as
health beneficial components in foods.

According to van Boekel [11], kinetic modelling has numerous applications in food,
including its use as a tool to understand biochemical modifications in food. Natural (spon-
taneous) fermentation is a complex process involving interactions between microorganisms,
the food substrate, and inherent constituents. It is thus desirable to adopt mathematical
equations for kinetic simulations of the phenolic compound modification, as a function of
fermentation time, to fully understand the process. To the best of our knowledge, there
is a dearth of information on this in the literature. This study aimed to investigate the
modifications in the phenolic compounds of maize flour over different fermentation times.

2. Results and Discussion

2.1. pH, Titratable Acidity (TTA) and Total Soluble Solids (TSS)

The pH and TTA are important biochemical parameters particular to fermented foods.
A decrease in pH with a corresponding increase in TTA signifies a progression in microbial
activity, i.e., the metabolism of fermenting microorganisms coupled with an accumulation
of organic acids produced by fermenting microorganisms. Table 1 shows the pH, TTA, and
TSS values of unfermented and fermented maize flour samples (24 to 120 h). The values
obtained herein are similar to the values of fermented cereals with a pH between 3.6 and
4.8 [12–14]. The pH values of the maize flour declined with an increase in fermentation
time, from an initial pH of 6.30 to a final pH of 3.89, after 120 h of fermentation. While a
significant (p ≤ 0.05) linear decrease was observed till 72 h, a steady pH value of between
3.88–3.90 was observed from 72–120 h. The initial drop in pH could be associated with the
actions of fermenting microorganisms causing production and accumulation in organic
acids [15], while the insignificant modification in pH between 72–120 h could possibly
suggest a saturation of the activity of the fermentation organisms. An inverse relationship
between the TTA and pH values was observed, with a significant increase in TTA as
fermentation progressed. Both reduced pH and corresponding higher TTA values were
also shown to be desirable against pathogenic microorganisms that would not survive the
fermented product.

Table 1. pH, TTA, and TSS values of maize sourdough over different fermentation periods.

Fermentation Time (h) pH TTA (g/kg) TSS (◦Brix)

0 6.30 c ± 0.14 0.27 a ± 0.06 0.20 a ± 0
24 5.21 b ± 0.11 0.57 b ± 0.03 0.20 a ± 0.10
48 4.01 a ± 0.03 1.05 c ± 0.18 0.53 ab ± 0.25
72 3.88 a ± 0.11 1.65 d ± 0.22 0.50 ab ± 0.10
96 3.90 a ± 0.04 1.45 d ± 0.05 0.87 c ± 0.15

120 3.89 a ± 0.08 1.53 d ± 0.06 0.63 bc ± 0.06
TTA—titratable acidity; TSS—total soluble solids. Values represent mean ± standard deviation of triplicate
measurements. Values with differing letters within a row are significantly different at p ≤ 0.05.

The TSS value, as measured using a refractometer, is an approximate measure of the
sugar content. Fermentation of the maize flours also resulted in changes to the soluble
solids (Table 1). Generally, TSS values significantly increased over the fermentation periods.
However, after 48 and 72 h of fermentation, there were no significant changes in the
TSS values, but a 74% increase was recorded after an additional day of fermentation
(96 h samples). A further decline of TSS was later recorded after 120 h of fermentation,
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with a similar pattern being reported by Yousif et al. [16] during the fermentation of
sorghum. These modifications in the TSS values suggest sugar metabolism during the
fermentation process and further biotransformation of these components at the latter stage
of fermentation. The initially observed increase in TSS suggests the release of sugars and
carbohydrate-related compounds, and a continued increase with the fermentation time
indicates that the rate of sugar utilization by the fermenting microbiota is lower than the
rate of sugars released [17]. Similar trends of increase in TSS have also been reported
in the fermentation of rice, maize, and sorghum [18–20]. Pearson correlation was also
used to show the relationship between the pH, TTA, and TSS data. A positive correlation
coefficient indicates that a positive increase in the parameter will lead to a positive increase
in the other variable. On the contrary, a negative correlation coefficient means that for
a positive increase in the parameter, there would be a negative decrease in the other
variable. A negative (−0.818) and significant (p ≤ 0.05) correlation was recorded between
the pH and TSS values, which suggests that a decrease in pH would significantly increase
the TSS values. Such an increase could also be attributed to enzymatic activities of the
fermenting organisms that hydrolyse complex polysaccharides into simpler ones [21]. A
similar negative (−0.936) and significant (p ≤ 0.05) correlation between the pH and TTA
also alludes to the trend observed for pH and TTA in Table 1. The TTA, TSS, and pH values
suggest that, as fermentation progresses, the metabolism of the fermenting microorganisms
increases, albeit reaching a saturated point at longer fermentation times.

2.2. Free and Bound Flavonoids Contents and Kinetics of Modification

Phenolic compounds exist in both free and bound forms of plant cells, and the free
phenolic compounds are generally solvent extractable. Bound phenolics, on the other
hand, remain after extraction and adhere to the food matrix after extraction of the free
fraction [22]. These bound fractions in food have numerous health potentials, especially
for gut health, as well as other benefits documented in the literature [1,4,5,22].

Flavonoids are plant secondary metabolites and significant non-nutritive dietary com-
ponents, as well as a sub-class of phenolic compound groups [4,5,22]. The consumption of
these dietary flavonoids from plant-based foods has also been related to the prevention
of several chronic diseases, and they are thus seen as vital primary sources for consump-
tion [22]. The trend of modification in the quantified free and bound flavonoid compounds
is presented in Figure 1A,B. All five flavonoids (free and bound) investigated in this study
were reduced after 120 h of fermentation. This general decrease in the flavonoids (free
and bound) suggests that they were rapidly metabolized till they were non-detectable
from 48 h onwards for bound apigenin, kaempferol, luteolin, and quercetin (Figure 1B).
Apigenin is a naturally occurring flavonoid in yellow maize [23] and, similar to other
pigment-related compounds, confers colour to the maize kernel. This compound was
significantly higher than other flavonoid compounds in maize, with an initial concentration
of 338.42 µg/g to a final concentration of 1.3 µg/g, after 120 h of fermentation (Figure 1A).
A similar trend was observed in its bound form from an initial concentration of 0.27 µg/g
to it not being detected after 48 h and onwards. Such total degradation of pigment-related
compounds has also been reported in fermented sorghum, with the authors ascribing
this to the conversion of apigeninidin, and methoxyapigeninidin into novel adducts of
deoxyanthocyanidins [24]. Further investigation into the product(s) from such degradation
of apigenin in this study should be elucidated in future research and would provide an
understanding of the mechanisms involved, as well as any subsequent products formed.

Such decreases in the bound and free flavonoids have been reported during the
fermentation of maize and other cereals and can be ascribed to the metabolism of these
compounds by fermenting microorganisms, degradation/polymerization of flavonoid com-
pounds into dihydroxyl flavone analogues or derivatives, and the activities of endogenous
grain enzymes such as glycosidases, glycosyltransferases, cellulase, tannase, esterase, and
hydrolases [4,5,25–27]. The noted significant decrease of flavonoid content after longer
fermentation periods coincides with the marked decrease in pH values of the fermented
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samples and is well-reflected in the strong correlation coefficient of these flavonoids with
pH. This also suggests that these flavonoids are liable to acidic pH, thus resulting in further
hydrolysis at lower pH [28].
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Figure 1. Modification of (A) free and (B) bound flavonoids in fermented maize flour over time.

The parameters (rate of degradation, k, and the coefficient of determination, R2) of
each of the models used to describe the kinetic degradation of free and bound flavonoids
are presented in Table 2. The first-order kinetics model (R2 = 0.45–0.96) best describes the
time-dependent degradation of free flavonoids, while the zero-order model (R2 = 0.20–0.82)
is most suited for describing the kinetics of reduction in bound flavonoids for the fermented
maize products, as they both present the highest R2 values in each case (Figure 2; Figure 3).
The low R2 values for the kinetics of some free and bound flavonoids can be attributed to the
drastic reduction after 48 h. While there were no other significant changes in the phenolic
contents after 48 h, fermentation continued to occur, as reflected in the TTA and TSS values.
First-order models have been successfully used to describe the degradation of phenolic
compounds in different food systems subjected to various processing operations [29–31]
and zero-order [32,33]. Low R2 values generally obtained for the kinetic models, especially
for bound flavonoids, is reflective of the oscillating degradation patterns of these phenolic
compounds at the different fermentation times investigated. This can be an effect of various
biological reactions, such as decarboxylation, esterification, and hydrolysis occurring
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simultaneously [4,5,15] and leading to changes at the different fermentation times [29],
which could be degradation or synthesis of bioactive components, including phenolic
compounds.
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Figure 2. Kinetics (first-order) of free flavonoid degradation during the fermentation of maize flour (A) apigenin,
(B) kaempferol, (C) luteolin, (D) quercetin, and (E) taxifolin.
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Table 2. Kinetics of phenolic degradation using zero-, first-, and second-order reactions.

Free Phenolic Compounds Bound Phenolic Compounds

Zero Order First Order Second Order Zero Order First Order Second Order

k
(mgh−1)

R2 k (h−1) R2 k (mgh−1

g−1 h−1)
R2 k

(mgh−1)
R2 k (h−1) R2 k (mgh−1

g−1)
R2

Flavonoids

Apigenin −0.015 0.71 −2.470 0.96 −0.007 0.82 −0.009 0.24 −0.007 0.15 −0.007 0.15
Kaempferol −0.040 0.62 −0.134 0.79 −6.655 0.74 −0.002 0.66 −0.0004 0.15 −0.0002 0.15

Luteolin −0.041 0.85 −0.248 0.84 −13.268 0.73 −0.006 0.24 −0.007 0.15 −0.005 0.15
Quercetin −0.214 0.48 −0.041 0.74 −0.214 0.48 −0.007 0.20 −0.009 0.15 −0.006 0.15
Taxifolin 0.012 0.66 0.227 0.45 0.538 0.40 −0.024 0.82 −0.021 0.76 −0.432 0.60

Phenolic Acids

Caffeic Acid 0.046 0.46 3.125 0.44 3.125 0.46 −0.005 0.004 −0.005 0.02 −0.006 0.005
Ferulic Acid 0.146 0.44 0.012 0.53 0.321 0.43 0.032 0.20 −0.016 0.18 0.033 0.20
Gallic Acid 0.056 0.68 4.107 0.68 4.112 0.68 0.083 0.28 0.043 0.59 0.085 0.28
p-Coumaric

Acid 0.012 0.60 0.139 0.47 0.312 0.44 −0.0004 0.19 −0.002 0.19 −0.0007 0.19

Sinapic Acid 0.009 0.30 0.174 0.20 0.384 0.22 0.006 0.20 0.0114 0.19 0.007 0.20
Vanillic Acid −0.038 0.69 11.110 0.70 11.227 0.70 0.074 0.02 0.009 0.07 5.160 0.15

The rate constant k, for the degradation of free flavonoids, described by the first-
order kinetics model, ranged from −2.470 to 0.227 h−1, while that of bound flavonoids
described by zero-order kinetics ranged from −0.024 to −0.002 h−1. The nature of change
(degradation or increase) in flavonoids is depicted by the direction of the kinetic curves,
hence the different ‘k’ values obtained for each model. Rate constants are indications of the
speed of progress of biological reactions with time, as authors [34,35] have previously used
‘k’ values to predict the progress and compare different biological reactions. Generally, rate
constants of zero-order kinetics were the lowest for bound flavonoids compared to the
other models used and degradation of free flavonoids also proceeded at lower rates, using
first-order kinetics (Table 2).

2.3. Free and Bound Phenolic Acids and Kinetics of Modification

Similar to the flavonoids, all the investigated phenolic acids were present in the initial
maize samples prior to fermentation. The free phenolic acid content in the unfermented
maize flour ranged from 0.16 µg/g (caffeic acid) to 20.25 µg/g (vanillic acid). The least
bound phenolic acid in the unfermented flour was gallic acid (0.10 µg/g), while the high-
est was vanillic acid (44.01 µg/g). While a consistent decrease trend was observed for
the flavonoids, the phenolic acids were generally observed to increase, albeit not in a
linear manner (Figure 4A). As posited by several studies, the influence of fermenting
microorganisms on the levels of individual phenolics can differ, as it is dependent on
the microbial strain and possible genes for phenolic metabolism, as well as fermentation
conditions [4,36,37]. Nevertheless, remarkable increases of over 10 000-fold were partic-
ularly noted for caffeic, gallic, and vanillic acids in their free forms. Similar increases in
phenolic acids after fermentation have been reported in other cereal-based products such
as sorghum sourdough [38], fermented barley and oat [39], and spelt wheat tempe [40].

72



Molecules 2021, 26, 6702

  

  

 

 

kinetics model, ranged from −2.470 to 0.227 h−1

order kinetics ranged from −0.024 to −0.002 h−1

ferent ‘ ’ values obtained for each model. Rate constants are ind
have previously used ‘ ’ val-

-1

-0.5

0

0.5

1

1.5

2

0 50 100 150

C
 −

C
O

Time (h)

C − CO experimented C − CO predicted

A

-0.3

-0.25

-0.2

-0.15

-0.1

-0.05

0

0.05

0 50 100 150

C 
− 

C O

Time (h)

C − C0 experimented C − C0 predicted

B

-0.5

0

0.5

1

1.5

0 50 100 150

C 
− 

C O

Time (h)

Ln C − C0 experimented Ln C − C0 predicted

C

-0.5

0

0.5

1

1.5

2

0 50 100 150

C 
− 

C O

Time (h)

Ln C − C0 experimented Ln C − C0 predicted

D

-4

-3

-2

-1

0

0 50 100 150

C 
− 

C O

Time (h)

Ln C − C0 experimented Ln C − C0 predicted

E

Figure 3. Kinetics (zero-order) of bound flavonoid degradation during the fermentation of maize flour (A) apigenin,
(B) kaempferol, (C) luteolin, (D) quercetin, and (E) taxifolin.

Although not as pronounced as in the free form, similar increases were noted for the
bound phenolic acids (Figure 4B). The observed general increase in these phenolic acids
can be ascribed to the activities of some microbially secreted enzymes that hydrolysed
the ester, polymeric, and glycosidic bonds of the phenolic acids, as well as the structural
breakdown of cell walls, which invariably resulted in improved bioavailability and ex-
tractability [41–43]. These mechanisms also contributed to the decrease of the flavonoids
(Section 2.2) and efficiently released these phenolic acids from the cell wall of the maize
grain. The remarkable decrease in apigenin noted in this study may also have contributed
to the increase in phenolic acids. Vernhet et al. [44] also reported this observation in their
study on the fermentation of red musts, noting that the interconversion between phenolic
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compounds and the breakdown of pigment-related compounds could contribute to an
increase in phenolic acids.
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Contrary to the kinetics of bound flavonoids, the first-order kinetic model more
appropriately described the time-dependent changes in bound phenolic acids. Both first-
and second-order kinetics better described the effect of fermentation on free phenolics
with comparable R2 and k values, as compared to zero-order kinetics (Table 2). However,
second-order kinetics were preferable in describing the changes in free phenolic acids, with
the highest reaction rate constants of the three models used. The R2 values obtained for
bound phenolic acids using first-order kinetics (0.02–0.59) were higher than those obtained
when zero-order (0.004–0.28) and second-order (0.005–0.28) were used. The release of
bound phenolics from fermented maize products was depicted to have proceeded at faster
rates for all bound phenolic acids by zero- and second-order kinetic models, evident by
the higher k values compared to first-order kinetics which produced the lowest k values.
However, the higher coefficients of determination (R2) produced by the first-order kinetics
showed that the model better described the changes in bound phenolic acids, despite lower
rates than were described by the zero- and second-order kinetics—hence the choice of
first-order kinetics.

For free phenolic acids, first-order rate constant ‘k’ ranged between 0.012–11.110 h−1

(R2 = 0.46–0.69), while for zero- and second-order kinetics, k ranged between−0.038–0.146 mgh−1

(R2 = 0.44–0.70) and 0.312–11.227 mgh−1 g−1 h−1 (R2 = 0.46–0.70), respectively. Slight similarities
in k values for the first- and second-order reaction for free phenolic compounds suggests that the
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reactions proceeded at similar rates for both models. Also, rate constants showed that changes
in free phenolic acids proceeded at faster rates, as compared to bound phenolic compounds
(Table 2)—a trend also shown by the kinetic model curves (Figures 5 and 6). These faster
rates could be because of their bioavailability as free phenolics in the fermenting matrices.
The degradation of free vanillic acid had the highest ‘k’ and R2 values, as described by the
first- and second-order kinetics. De Beer et al. [29] had previously used zero-, first-, and
second-order kinetics to describe the rate of changes in the phenolic compounds of rooibos
tea fermented at different temperatures, and found that first-order kinetics was the most
suitable model for describing the degradation of these compounds.
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Figure 5. Kinetics (second-order) of free phenolic acid degradation during the fermentation of maize flour (A) caffeic acid,
(B) ferulic acid, (C) gallic acid, (D) p-coumaric acid, (E) sinapic acid, and (F) vanillic acid.
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Figure 6. Kinetics (first-order) of bound phenolic acid degradation during the fermentation of maize flour (A) caffeic acid,
(B) ferulic acid, (C) gallic acid, (D) p-coumaric acid, (E) sinapic acid, and (F) vanillic acid.

2.4. Principal Component Analysis

The PCA was used to explore the distribution and highlight natural groupings, as
well as the trends and relationship of the parameters investigated in the unfermented
and fermented maize flour samples. The first two principal components (PCs), PC1
and PC2, explained 49.8% and 17.5%, respectively, of the variation (total of 67.3%). The
unfermented maize flour (0 h) on the bottom right quadrant showed a clear separation
from the fermented samples (grouped in other parts on the PC plot (Figure 7A). A further
classification based on the fermentation periods (Figure 7B) showed the different groupings
as a result of the fermentation time. Clusters of the 24 and 48 h fermented samples moved on
the right of the PC1 quadrant, while clusters for the later stages (72–120 h) of fermentation
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moved to the left part of the PC1 quadrant. The observed separation and clusters of the
parameters investigated in the maize samples are suggestive of differential changes during
fermentation and correlate with the results of the pH, TTA, and TSS (Table 1), as well as
the phenolic compounds (Figure 1; Figure 4).
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3. Materials and Methods

Yellow maize (Zea mays) grains (variety IMP50BR) were obtained from the Agricultural
Research Council (Grain Crops, Potchefstroom, South Africa). The grains were milled
using a Perten Laboratory Mill 3310 (Perten Instruments AB, Helsinki, Finland) and passed
through a 0.5 mm aperture size sieve (Analysette 3 Spartan, Fritsch, Germany) to obtain
the flour.

3.1. Fermentation

Maize flour was processed into sourdough by mixing it with sterile distilled water (1:1,
v/w). The mixture was then incubated (Incotherm, Labotec, Johannesburg, South Africa) at
37 ◦C and fermentation was separately done for 24, 48, 72, 96, and 120 h. For each time, the
fermentation process was performed in triplicates.

3.2. Total Soluble Solids (TSS), pH, and Titratable Acidity (TTA)

A refractometer (HI 96801, HANNA Instruments, Inc., Cluj-Napoca, Romania) was
used to measure the total soluble solids of samples, while an initially calibrated pH meter
(pH 510, Eutech Pte Ltd., Taus, Singapore) was used to obtain their pH values. For titratable

77



Molecules 2021, 26, 6702

acidity (TTA), the method described by Aguilar et al. [45] was used. It involved mixing
10 g of each sample in 90 mL of distilled water, with the mixture being allowed to rest
to obtain the supernatant. Thereafter, the supernatant was titrated against 0.1 M NaOH
(pH 8.3).

3.3. Extraction and Quantification of Free and Bound Phenolic Compounds

Prior to quantification, phenolic compounds were extracted using the modified meth-
ods of Xiang et al. [46] and Ravisankar et al. [47]. A 0.25 g of the raw ground and fermented
maize samples, as well as 2.5 mL of acidified methanol (1% HCl in 80% aqueous methanol),
were added. The mixture was sonicated in an ultrasonic bath (AU 220, Argo Lab, Carpi,
Italy) for 1 h at 4 ◦C, followed by centrifugation (Eppendorf 5702R, Merck, Germiston,
South Africa) at 2100× g at 4 ◦C for 10 min. The supernatant (free phenolics) was evapo-
rated using a vacuum concentrator (Eppendorf Concentrator Plus, Analytical Solutions,
Johannesburg, South Africa) and the dried extract was reconstituted with 1 mL 50% liquid
chromatographic-grade methanol (Merck, Johannesburg, South Africa). The residue earlier
obtained was then hydrolysed (for 30 min at 60 ◦C) with 2.5 mL of 2 M NaOH and 2.5 mL
of ethyl acetate. A similar process of sonication and centrifugation was performed. The
supernatant (bound phenolics) was evaporated using a vacuum concentrator, and the dried
extract was reconstituted with 1 mL 50% liquid chromatographic-grade methanol.

Quantification of the free and bound phenolics was performed on an ultra-high
pressure liquid chromatography (UHPLC) system (Shimadzu, Kyoto, Japan) equipped
with a degassing unit (DGU-403), binary pumps (LC-40B XR), solvent delivery module
(LC-40B XR), auto-sampler (SIL-40C XR), column oven (CTO-40C), and a diode array
detector (DAD) (SPD-M40). A two (2) µL extract was injected into the system, and sep-
aration (Supplementary Materials Figure S1) was carried out on a Raptor C18 column
(2.7 µm × 100 mm × 2.1 mm ID, Restek, Bellefonte, USA) at an oven temperature of 40 ◦C.
Mobile phase A consisted of 1% formic acid in Milli-Q water and B was 1% formic acid in a
mixture of 50% methanol and acetonitrile, with the total run time being 15 min. Quantifica-
tion of each phenolic compound, including the apigenin, caffeic acid, gallic acid, ferulic
acid, kaempferol, luteolin, p-coumaric acid, quercetin, sinapic acid, taxifolin, and vanillic
acid (Sigma Aldrich, Johannesburg, South Africa), was executed through extrapolation
from the calibration curves of analytical standards at different concentrations (2.5, 5, 10, 20,
40, 80, and 160 µg/mL) (Supplementary Materials Figure S2). Table 3 shows the retention
times and wavelengths of each phenolic compound.

Table 3. Retention times and wavelengths of the quantified phenolic compounds.

Compound Retention Time (min) Wavelength (nm)

Flavonoids

Apigenin 11.324 336
Kaempferol 11.347 366

Luteolin 10.670 348
Quercetin 10.597 371
Taxifolin 9.300 290

Phenolic acids

Caffeic acid 8.597 323
Ferulic acid 9.447 322
Gallic acid 8.528 271

p-Coumaric acid 9.348 309
Sinapic acid 9.016 319
Vanillic acid 8.713 261

3.4. Kinetic Modelling

To understand the kinetics of changes in the phenolic compounds in this study, zero-,
first-, and second-order mathematical models were adopted. The use of these models
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has been widely adopted to describe reaction processes in biological systems, especially
foods [14]. Linearized forms of these models’ Equations (1)–(3) were used to determine the
kinetic parameters using Datafit 9.1 software (Oakdale Engineering, Oakdale, PA, USA).

Zero order : C − C0 = kt (1)

First order : ln
C

C0
= kt (2)

Second order :
C − C0

C0C
= kt (3)

where C is the concentration of phenolic acids at a specific experimental time (t), C0 is the
initial concentration at 0 h, k is the rate constant, and t is the time.

3.5. Statistical Analysis

All analyses were done in triplicates and the differences between the means were
established using analysis of variance, followed by Tukey’s test (SPSS 22, IBM, Armonk,
NY, USA). Variances at a 5% confidence level were considered to be statistically different.
Pearson’s correlation test and the principal component analysis (PCA) (SIMCA 16, Umetrics,
Umea, Sweden) were also conducted on the investigated parameters.

4. Conclusions

Fermentation of maize over a period of 120 h showed modifications in both the bio-
chemical parameters (pH, TTA, and TSS) and the phenolic compounds (flavonoids and
phenolic acids). While the flavonoids followed a general decrease, there was an increase
in the phenolic acids, suggestive of different metabolism and modification routes of the
phenolic compounds. Although higher levels of both flavonoids and phenolic acids are
desirable due to the health benefits they confer, the general decrease in the flavonoids might
have led to other equally bioactive monomers of significance. Among the three different
kinetic models used, first-order was notably adequate for bound flavonoids and phenolic
acids, with zero-order and second-order effectively describing the time-dependent degra-
dation of other phenolic compound groups. Trends of such modifications could also be
important in deciding fermentation times during the processing of maize-based products.
However, further studies are required on the elucidation of the degraded phenolic com-
pounds using liquid chromatography coupled with mass spectrometry systems, perhaps in
combination with metabolomic techniques, to understand the mechanisms and metabolism
of degradation and metabolic products. Equally important is the isolation of the fermenting
microorganisms and in vitro investigation into the specific phenolic metabolism of the
respective microorganisms.

Supplementary Materials: The following are available online, Figure S1: An example of chromato-
graphic separation of analytes in the sample (with peaks of each phenolic compound); Figure S2:
Standard calibration curves and R2 values for (A) apigenin, (B) kaempferol, (C) luteolin, (D) quercetin,
(E) taxifolin, (F) caffeic acid, (G) ferulic acid, (G) gallic acid, (H) p-coumaric acid, (I) sinapic acid and
(J) vanillic acid.
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Abstract: The present study aimed to investigate the bioactive compounds in artichoke (Cynara

scolymus) powder, having antioxidant and antimicrobial activity, and to determine the effectiveness of
artichoke (C. scolymus) powder extract within the minced meat. C. scolymus was extracted using two
different methods. The method incorporating high phenolic and flavonoid content levels was used in
other analyses and the phenolic and flavonoid contents in C. scolymus extract was determined using
LC-QTOF-MS. Antioxidant, antimicrobial, and metmyoglobin (metMb) reducing activities and pH
values of the extract-added minced meat samples were measured for 10 days during storage. DPPH,
FRAP, and ABTS were used in the antioxidant analyses. The antimicrobial activity of C. scolymus

extract was evaluated on five different food pathogens by using the disc diffusion method. The most
resistant bacterium was found to be Listeria monocytogenes (18.05 mm ± 0.24). The amount of metMb
was measured in the minced meat sample that was added to the extract during storage (p < 0.05).
MetMb formation and pH value on the sixth day of storage were found to be at lower levels than in
the control group. In conclusion, C. scolymus exhibited a good antimicrobial and antioxidant effect
and can be used in storing and packaging the food products, especially the meat and meat products.

Keywords: meat quality; antioxidant activity; antimicrobial activity; functional food; C. scolymus;
food quality

1. Introduction

Meat is one of the foods with the highest protein content and provides essential amino
acids needed in human nutrition. Biochemically, meat contains proteins, essential amino
acids, water, and low amounts of minerals, vitamins and carbohydrates [1]. The oxidative
degradation of lipids during processing and storage affects the quality characteristics of
meat and meat products. Primary and secondary oxidative decomposition products reduce
the nutritional quality of meat, and they create an important health risk [2].

As a result of the advancing technology and increasing fast-food consumption, natural
or synthetic antioxidants are used in order to expand the shelf life and enhance the quality
properties of meat and meat products.

Antioxidants are defined as the compounds that are capable of binding the free radicals
to give hydrogen (H·) radicals in order to prevent the oxidation reaction [3].

Antioxidative agents delay the oxidative degradation of lipids, increase the quality,
and maintain the nutritional value. These substances prevent cell damage and tumor
formation by neutralizing free radicals [4]. In recent years, synthetic antioxidants in meat
and meat products were aimed at increasing the preservation time and improving the
quality [3]. However, there also are safety concerns about the use of synthetic antioxidants.
Consumers consider the natural antioxidants more acceptable than the synthetic ones.
Natural antioxidant agents delay the lipid oxidation reaction and the quality and shelf life
can preserve without damaging the nutritional value of the meat [5].
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Meat and meat products offer a suitable environment for the growth and propa-
gation of bacterial spoilage and foodborne pathogens. Meat and meat products can be
contaminated by pathogenic bacteria in any of the steps between the “farm and the fork”,
such as processing, packaging, and pre-cooking storages [6]. For this reason, hygiene
and preservation methods are reinforced using natural bioactive compounds in the meat
industry [7].

The antimicrobial action mechanisms of plant components differ from those of syn-
thetic antimicrobials, and they inhibit the bacterial growth through a series of metabolic
reactions [7,8]. Phenolic compounds commonly found in their structures show an antimi-
crobial effect by lowering the intracellular pH, by chelating some metals that are necessary
for the survival of microorganisms, or by changing the permeability of the cell membrane
and disrupting the substrate transport [9,10]. Plant-based extracts protect meat and meat
products against bacteria, which cause spoilage and expand preservation time and nutri-
tional value thanks to their phenolic and flavonoid compound contents. Natural phenolic
compounds also play an effective role in taste and flavor, since they have at least one
aromatic ring [11]. Previous research showed that the addition of antioxidants to fresh
red meat inhibited lipid oxidation and delayed metMb formation. They reported that
the antioxidants preserved the fresh meat color by preventing the lipid oxidation of the
hemoproteins and/or acting on the enzymic reducing systems [12].

Artichoke (Cynara scolymus) is a plant that is widely grown and consumed throughout
the world. C. scolymus has a strong potential in terms of scavenging the reactive oxygen
species and free radicals, which contain many natural compounds. In many studies,
it was emphasized that the caffeoylquinic acid derivatives and luteolin and apigenin
glycosides found in the structure of C. scolymus showed strong antioxidant effects [13].
There also are many studies underlining the antibacterial and antioxidant properties of C.
scolymus extract. The bioactive property of artichoke is related to its high-level luteolin
and chlorogenic acid contents [14]. The main phenolics of C. scolymus are cinnamic acid
derivatives including caffeic acid, cynarin, 1,5-O-di-o-cafeoylquinic acid and 3,4-O-di-o-
cafeoylquinic acid and 1,5-O-di-o-cafeoylquinic acid, whereas the major flavonoids were
reported to be 4′,5,7-trihydroxyflavone (apigenin), 3′,4′,5,7-tetrahydroxyflavone (luteolin),
and glycosidic derivatives [15]. There are limited studies on marinating meat and meat
products with C. scolymus. The present study aims to extract and characterize the total
phenolic and total flavonoid compounds from C. scolymus powder applied to minced meat
in order to improve quality characteristics during the storage process. For this purpose,
antioxidant, antimicrobial, and metMb reducing activities of artichoke powder extract
added into minced meat were investigated.

2. Materials and Methods

2.1. Materials

Artichoke flowers (C. scolymus) were obtained from an organic market, ground and
stored at +4 ◦C until analyzed. Minced beef was obtained from a local butcher in Sivas,
Turkey. Mueller–Hinton Broth (MHB) and Mueller–Hinton Agar (MHA) were obtained
from Merck (Merck KGaA, Darmstadt, Germany). The microorganisms (Enterococcus faecalis
(ATCC 029212), Escherichia coli (ATCC 025922), Staphylococcus aureus (ATCC 029213), Listeria
monocytogenes (ATCC 07644) and Salmonella typhimurium (ATCC 014028)) were provided
from the Microbiology Laboratory of Sivas Cumhuriyet University Research Hospital.
The ampicillin disc was obtained from Oxoid (Oxoid Ltd., Thermo Fisher Scientific, Inc.,
Basingstoke, Hampshire, United Kingdom). The phenolic compounds were purchased from
Sigma-Aldrich (St. Louis, MO, USA). All other chemicals used are of analytical standard
and obtained from Merck (MerckKGaA, Darmstadt, Germany) or Sigma-Aldrich (USA).

2.2. Preparation of the C. scolymus Extract

We used mature artichoke flowers (C. scolymus) in an organic market from the Ege
Region of Turkey. The drying process was carried out in a lyophilizer for 24 h in the
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following conditions: pressure 0.945 mbar, initial temperature −30 ◦C, final temperature
+30 ◦C. After drying, the samples were ground in a laboratory mill to a fine powder and
stored vacuum-packed in a freezer at −80 ◦C until analysis. Powdered samples (ratio;
1:3 g/mL water) were extracted for 24 h in the Soxhlet extractor (30 g plant: 90 mL distilled
water). This group was filtered and used directly (Method 1). In another group, the extract
was concentrated by a rotary evaporator under a low pressure (174 mbar) and controlled
temperature (40–50 ◦C) for 4 h (Method 2). The working condition with the highest phe-
nolic and flavonoid content (Method 2) was chosen for chromatographic analysis. All
analysis were performed in triplicate. All methods were performed in accordance with the
relevant guidelines and regulations (institutional, national, and international guidelines
and legislation for use of plant material).

2.3. Determination of Total Phenolic and Flavonoid in the Extract

The total phenolic content of the extract was determined according to the method
described using the Folin–Ciocalteu phenol reagent [16]. The quantitative determination of
total phenolic content of extract was obtained by mixing 100 µL of 2 N Folin–Ciocalteu’s
phenol reagent with 100 µL of extract/100 µL of the gallic acid solution 1 mL of 7%
sodium carbonate, and 2.3 mL of water. A standard curve was created with gallic acid
(0−0.5 mg/mL). Then, (25 ◦C, 2 h), the absorbance at 750 nm was measured in the spec-
trophotometer. The determination of the total amount of the flavonoid of the extracts
were applied according to the method provided by Zhishen et al. [17]. The extract was
reacted with in order of 5% NaNO2, 10% AlCl3 and NaOH (1 M). Quercetin was used as a
standard to determine the total flavonoid content of the extracts. A standard curve was
created with quercetin (0−100 mg/L) and the absorbance was measured at 510 nm. Total
phenolic compounds were expressed as gallic acid equivalent (GAE), and total flavonoid
compounds as quercetin equivalent (QE). All analysis were performed in triplicate.

2.4. Characterization of Phytochemical Composition with LC/QTOF-MS

The phenolic and flavonoid contents in extract of C. scolymus was characterized with
LC-QTOF-MS. Phytochemical composition was defined using an Agilent Technologies
6530 OHD Accurate-Mass Q-TOF-MS&MS system (Agilent Technologies, Santa Clara, CA,
USA) accoutered with the Agilent 1290UPLC system and an electrospray ionization source.
For the characterization of phytochemical compounds, many parameters were analyzed
and applied in combination (ion, molecular weight, fragmentation pattern, retention time,
LOD and LOQ). Method calibration and validation parameters for analysis of the phenolic
standards are presented in Table 2 and compared with reference data. Characterizations of
components were made using formic acid (0.1%) and acetonitrile (0.1%) as mobile phase.
The flow rate was 0.5 mL/min while the sample injection volume was 0.5 µL. Analysis
were made on the programmed MS/MS system. The collision energy conditions are given
below. Conditions; m/z 0−200, 20 eV, (0−10); m/z ≥ 200, 3 eV, (10−20); m/z ≥ 400, 40 eV,
(20−30); m/z 600−700, 50 eV, (30−40); m/z ≥ 700, 60 eV, (40−50). Finally, MS data were
operated with software. MS spectra of the compounds were identified by comparison with
standards [18].

2.5. Preparation of Meat Samples

Beef rounds (Semimembranosus muscle) from different steers (n = 4) were purchased
from a local butcher (Sivas, Turkey) at 3 days postmortem. The lean beef round was ground
using a meat grinder through a plate with an 8 mm steel plate twice. After mixing, the
minced meat round was divided into 2 batches (approximately 1 kg/batch) for study. The
minced meat without fat was divided into two groups which are for control and treatment.
Twenty-four samples (two groups) of 30 g of raw minced meat were placed in plastic
bags. Twenty samples of 30 g of minced meat were added with the extract. Other samples
(4 samples) were used as negative controls (not treated with C. scolymus). Minced meat in
the treatment groups were immersed in 8% (v/w) of extract [19]. Treatment and control

85



Molecules 2021, 26, 5494

groups were stored (−18 ◦C) before being ready to be analyzed for a storage period (day 0,
day 3, day 6, day 10). Each test was performed in triplicate.

2.6. Antimicrobial Activity

Antimicrobial activity of C. scolymus extract was defined by the agar diffusion method [20].
E. coli, S. aureus, L. monocytogenes, S. typhimurium and E. faecalis pathogens used. The fresh
inoculum of bacteria (105 cfu/mL) was prepared in sterile-saline water (2 mL). The turbid-
ity of inoculum suspensions were set to a 0.5 McFarland standard. Sterile antimicrobial
discs (6 mm) were impregnated with 30 µL of C. scolymus extract, followed by waiting
until the disk absorbed the extract. Distilled water was used as the negative control, and
ampicillin as the positive control. Finally, all treatment plates were left for 10 min at 25 ◦C
to allow the diffusion of the plant extract, and all plates were last-incubated at 37 ◦C for
24 h. The diameters of the inhibition zones were measured after the incubation period.
Measurements were conducted in triplicate.

2.7. Preparation of Minced Meat Agar-Solution

Peptone water (90 mL) was added (buffered) to 10 g of minced meat. The prepared
mix was vortexed and blended for 5 min. It was blended until no particles were left and
smoothed. After that, the solution was centrifuged (5000× g, 10 min) to obtain the clarified
extract by removed the solid particle. The final solid media with agar (1.5%) was prepared
until 1 L. Then, prepared meat agar solution were autoclaved (121 ◦C, 15 min) [18,21].

2.8. Antioxidant Activity

2.8.1. DPPH: 2,2 Diphenyl-1-picrylhydrazyl Radical Scavenging Activity

Free radical scavenging activity was evaluated by the DPPH assay using the standard
method [22]. Minced meat with added extract (0.05 g) was continually mixed with 3 mL of
DPPH working solution (1.95 mL, 100 µM) that has been prepared using methanol in a test
tube at 25 ◦C for 10 min. Then, all treatments were centrifuged (1500× g, 10 min). Trolox
solution was used as standard. By using methanol as blank, absorbance of the supernatants
was measured at 517 nm. All results were expressed as µmol “Trolox Equivalent” (TE) after
constructing a TE standard curve. Measurements were performed in triplicate.

2.8.2. TEAC Trolox Equivalent Antioxidant Capacity

Antioxidant activity of the samples was also measured using an improved ABTS
procedure [18]. The ABTS radical cation (ABTS+) solution (7 mM ABTS, 2.45 mM) was
prepared through the reaction potassium persulphate, then the pre-incubation in the
dark for 20 h at 25 ◦C. The ABTS+ solution was then diluted with 80% ethanol to obtain
an absorbance of 0.700 ± 0.005 at 734 nm. Then, 2.9 mL of ABTS working solution at
absorbance 700 nm was added to 0.05 g of the treatments and the solution was mixed
strongly. This working mixture was stored at 30 ◦C for 25 min, then centrifugated at
1500× g for 10 min. Trolox solution was used as standard. The supernatant’s absorbance
was measured at 734 nm. All results were expressed as µmol “Trolox Equivalent” (TE) after
constructing a TE standard curve. Measurements were performed in triplicate.

2.8.3. FRAP: Ferric Reducing Antioxidant Power

Minced meat with 0.05 g was mixed with 2.5 mL of 200 mM sodium phosphate buffer
(pH 6.6) and 2.5 mL of 1% potassium ferric cyanide {K4[Fe (CN)6]} and incubated at 45 ◦C
for 30 min. Then, 2.5 mL of 10% trichloroacetic acid (w/v) was added on mix. The mixture
was centrifuged at 1500× g for 10 min and deionized water was added with an equal
volume of resulting supernatant and 1/5 volume of 0.1% FeCl3 and stored at 25 ◦C for
10 min. Absorbance of mix-solution was read at 700 nm [21]. Measurements were per-
formed in triplicate.
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2.9. Measurement of metMb Reducing Activity

Firstly, 0.5 g minced meat was homogenized with added 3 mL phosphate buffer
(0.04 M; pH 6.8), and was stored at a cooled temperature (4 ◦C). The homogenate was cen-
trifuged at 2000× g for 10 min and left to pre-incubate at 4 ◦C for 1 h. MetMb accumulation
in minced meat was evaluated by spectrophotometrically as defined by Huang et al. [19].
The homogenate was centrifuged at 2500× g for 5 min at 4 ◦C and the supernatant filtered
through Whatman No. 1 filter paper to remove fat. The standard mixture contained 0.1 mL
EDTA (5 Mm), 0.1 mL phosphate buffer (50 mM; pH 7.0), 0.1 mL [K4 Fe(CN)6]; 3.0 mM,
0.1 mL water, and 0.2 mL 0.75 metMb Fe(III) in 2.0 mM phosphate buffer (pH 7.0). MetMb
reducing activity was calculated from a calibration curve using standard mixture. Finally,
metMb reducing activity was estimated from the absorbance at 580 nm. Measurements
were performed in triplicate.

2.10. Instrumental Color Measurements

Instrumental color analysis was executed using a Hunterlab colorimeter (Mini Scan
XEPlus, Virginia, WV, USA). Before each application, the colorimeter was calibrated on
the CIE (Commission internationale de l′éclairage) color space scheme using a tile (black
and white). The L* value designates lightness (L* = 0−100; darkness–lightness); a* value
designates redness ((+) 60; red, (−) 60; green)) and b* value designates yellowness ((+) 60;
yellow, (−) 60; blue). Color measurements were taken at 4 ◦C with illuminant D65 and a
0◦ angle observer. All measurements were taken on the outer surface of minced meat from
randomly chosen selected locations [23]. Measurements were performed in triplicate.

2.11. pH Determination

For the pH value measurement, a 1.00 g sample was homogenized by adding 5 mL
sterile-distilled water and the homogenate was centrifuged at 2000× g for 10 min. The
supernatant was filtered through Whatman No. 1 filter paper, and the pH of the supernatant
recorded using a pH meter (Hanna Edge, Hanna Instruments, Woonsocket, RI, USA).

2.12. Statistical Analysis

All the tested sample data (mean values) were statistically analyzed with the SPSS
analysis of variance (SPSS version 19.0 software, SPSS; Chicago, IL, USA). A Duncan’s
multiple range test was used for the study of studentized range distribution in order
to determine critical values for comparisons between means. The significance for all
comparisons were determined at the p < 0.05 level.

3. Results and Discussion

3.1. Total Phenolic and Flavonoid Analysis in Extracts

Phenolic compounds are considered to be natural sources of antioxidants required
by metabolism, as well as their antioxidant activities; they are demonstrate by binding
free radicals or chelating with metals [2]. These effects increase with the increase in the
number of OH groups in the phenol ring they contain in their structure. Moreover, phenolic
compounds have the ability to delay, slow, or prevent the oxidation at low concentrations
and to remain in a stable form when converted to free radicals [11]. In the present study,
the phenolic compounds were calculated using standard gallic acid, and total flavonoid
content was measured using standard quercetin. Quercetin and derivatives are available in
various foods and plant-based products. Quercetin and gallic acid were reported to play
effective roles against oxidative stress. Quercetin is among the compounds that play a role
in the inhibition of lipoxygenase that is responsible for inflammation [9].

Total phenolic and total flavonoid contents of C. scolymus powder extracts, which were
extracted using one of the extraction methods, are presented in Table 1. Calculations were
made on the standard curve formed by the measured absorbance values (y = 1.8902x +
0.0128, R2 = 0.99; y = 0.0039x − 0.003, R2 = 0.99). The results obtained using evaporator
were higher in terms of both phenolic and flavonoid contents. In the literature, the amount
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of bioactive components passing into the solvent in concentrated extracts was reported to
be high [10].

Table 1. Total phenolic and total flavonoid compounds.

Method of Extract.
Total Phenolic Compounds

(mg GAE/g extract)
Total Flavonoid Compounds

(mg QE/g extract)

Method 1 17.37 ± 0.07 aB 6.45 ± 0.03 bB

Method 2 98.26 ± 0.05 aA 19.74 ± 0.04 bA

a,b: Means followed by different letters within the same line represent significant differences (p < 0.05). A,B: Means followed by different
letters within the same column represent significant differences. Data are the average of triplicates.

A past study about total phenolic content in ethanol extracts of the artichoke demon-
strated that the extracts were rich in total phenolic (32.2 mg GAE/g) [24,25]. Curadi
et al. [26] found that total phenolic content in artichoke byproducts were found to be
between 7.31 and 13.05 mg/g in the methanol extracts as chlorogenic acid equivalent.
In this other study, the highest phenolic content of artichoke extract was determined as
4.39 mg GAE/100 g extract [23]. In another study, total phenolics were found to be between
1.60−9.80% of chlorogenic acid, equivalent in different species of artichoke [27]. When all
the findings are interpreted together with the results of this study, our study are parallel to
the literature studies.

Gallic acid is a phenolic acid and it belongs to the hydroxyl-benzoic acid group. It has
a high level of antioxidant and antimicrobial activity. Gallic acid is a natural antioxidant
substance that can be isolated from plants and is used in a wide range of medications
and cosmetic products, as well as usage in the food industry [9]. Gallic acid can be used
as a food additive, especially in food preservation, in food technology. The bioactive
role of this phenolic acid is to prevent rancidity in fats and oils. Many studies examine
natural food additives [4]. Comparing the antioxidant capacities of natural and synthetic
antioxidants, gallic acid showed properties close to natural antioxidants (BHT, BHA) [6].
For this reason, gallic acid and quercetin were used as standards in determining total
phenolic and total flavonoid compounds, and the results were calculated as gallic acid and
quercetin equivalents. As can be seen in Table 1, the extraction method affects the amounts
of total phenolic and total flavonoid substances. Extraction method, method validation,
and extraction under optimum conditions are among the purposes of obtaining the highest
amount of phenolic compounds. In the present study, the extract obtained using a rotary
evaporator was used in all the experiments below.

3.2. Identification and Quantification of Polyphenols by LC-QTOF-MS

LC-QTOF-MS analysis was performed to specifically identify and characterize phe-
nolic and flavonoid compounds found in C. scolymus extracts. In addition, the bioactive
components of the extract were determined quantitatively and using standards (Figure 1).
Figure 1 shows LC-QTOF-MS photodiode array detector analysis spectra (Figure 1a) and
MS spectra analysis of C. scolymus powder extracts (Figure 1b). Table 2 shows method
calibration and validation parameters for analysis of the phenolic standards, and Figure 2
illustrates the correlation matrix of the phenolic compound compositions. The linearity
range as well as the slope and the intercept of calibration graph with the respective square
of correlation coefficient (R2) was defined for each of the 19 phenolic compounds (Table 2).
The R2 value of each phenolic compound analyzed was found to be higher than 0.9964,
and this result indicates the high correlation of data in the concentration range analyzed
here. The use of higher concentrations for the chosen phenolic compounds significantly
decreased their linearity. The correlation matrix of the phenolic compound composition ob-
tained is presented in Figure 2. Pearson’s correlation analysis was performed to determine
the direction and level of the relationship between phenolic compounds. A correlation co-
efficient between the variables close to −1 indicates a strong negative relationship, whereas
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those closer to +1 indicate a strong positive relationship. Values closer to zero indicate that
there is no significant relationship.
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Table 2. Method calibration and validation parameters for analysis of the phenolic standards.

Peak No Phenolic Compounds Rt (min) Observed m/z Recovery (%) Rec.RSD (%) R2 LOD
(µg/mL)

LOQ
(µg/mL)

1 3,4,5-Trihydroxybenzoic acid 0.475 400.1022 90.28 ± 2.24 1.76 0.9967 0.07 0.18

2
trans-3,4-Dihydroxycinnamic

acid 0.850 455.1171 88.27 ± 4.37 3.42 0.9996 0.11 0.35

3
4-Hydroxy-3-methoxybenzoic

acid 1.18 388.2636 90.51 ± 2.10 1.63 0.9985 0.06 0.13

4
3,5-Dimethoxy-4-
hydroxybenzoic

acid
1.75 392.2331 90.38 ± 2.16 1.69 0.9967 0.06 0.16

5 trans-4-Hydroxycinnamic acid 1.9 371.1338 90.53 ± 2.03 1.58 0.9988 0.06 0.13

6
p-Coumaroyl-O-feruloylquinic

acid I 2.02 266.2013 90.99 ± 0.36 0.27 0.9978 0.005 0.01

7

1,4,5-
Trihydroxycyclohexanecarboxylic

acid
3-(3,4-dihydroxycinnamate)

2.75 481.1711 85.18 ± 6.27 4.92 0.9994 0.15 0.51

8 (+)-Catechin 2.83 461.1035 87.32 ± 4.90 3.85 0.9991 0.12 0.42

9 (−)-Epigallocatechin 2.93 423.1521 89.39 ± 3.33 2.61 0.9967 0.08 0.27

10
p-Coumaroyl-O-feruloylquinic

acid II 3.04 362.2082 90.70 ± 1.49 1.17 0.9980 0.05 0.11

11
trans-4-Hydroxy-3-
methoxycinnamic

acid
3.62 298.1291 90.83 ± 1.30 1.00 0.9985 0.03 0.07

12
trans-4-Hydroxy-3-
methoxycinnamic

acid
4.33 466.1588 85.96 ± 5.88 4.61 0.9964 0.13 0.48

13
p-Coumaroyl-O-feruloylquinic

acid III 4.52 403.1022 90.04 ± 2.67 2.09 0.9985 0.07 0.20

14 4′,5,7-Trihydroxyflavone 5.36 321.3371 90.77 ± 1.41 1.09 0.9980 0.04 0.09

15
p-Coumaroyl-O-feruloylquinic

acid IV 5.92 286.3122 90.90 ± 0.88 0.68 0.9966 0.01 0.06

16 7-neohesperidoside 6.65 448.1822 88.53 ± 3.94 3.11 0.9973 0.10 0.35

17
2-(3,4-Dihydroxyphenyl)-3,5,7-
trihydroxy-4H-1-benzopyran-4-

one
7.97 488.1088 84.95 ± 6.52 5.11 0.9973 0.15 0.52

18 3,4′,5-Trihydroxy-trans-stilbene 8.5 411.2633 89.74 ± 3.20 2.49 0.9988 0.08 0.22

19
p-Coumaroyl-O-feruloylquinic

acid V 8.84 273.1023 90.95 ± 0.63 0.49 0.9985 0.01 0.04

LOD: limit of detection; LOQ: limit of quantification; Rec.: recovery; RSD: relative standard deviation.
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In recent years, LC-QTOF-MS chromatography can be used in many fields, especially
for identifying the bioactive compounds [27]. When the analysis results were evaluated, a
total of nineteen components were identified and their chemical formulations were pre-
sented (Figure 1). Quercetin [2-(3,4-Dihydroxyphenyl)-3,5,7-trihydroxy-4H-1-benzopyran-
4-one] was found at the highest density (11.63%). In addition, the following compounds
were identified, respectively; chlorogenic acid [(1,4,5-Trihydroxycyclohexanecarboxylic
acid 3-(3,4-dihydroxycinnamate)] (11.18%), luteolin (trans-4-Hydroxy-3-methoxycinnamic
acid) (10.49%), (+)-catechin (8.75%) and caffeic acid (7.79%) (trans-3, 4-dihydroxycinnamic
acid). With the addition of quercetin to meat products, the antioxidant potential has in-
creased and lipid peroxidation and fatty acid composition were improved [28]. On the other
hand, quercetin had the potential of improving the quality of meat products. This process
improved storage stability and inhibited the formation of lipid oxidation products, which
was associated with quercetin [29]. Another bioactive compound having a positive effect
on meat quality is chlorogenic acid. This compound improves meat quality and oxidative
stress [30] and can be used as an antioxidant and antimicrobial agent in meat products [9].
Besides the antioxidant properties of luteolin (trans-4-Hydroxy-3-methoxycinnamic acid),
catechin and caffeic acid, which were isolated from plants, these compounds also have
anti-inflammatory and anticancer activities [15]. The other compounds identified and quan-
tified in the present study are as follows; 7-neohesperidoside (7.05%), (−)-Epigallocatechin
(5.95%), 3,4′,5-Trihydroxy-trans-stilbene (5.70%), 3,4,5-Trihydroxybenzoic acid (4.0%), 3,5-
Dimethoxy-4-hydroxybenzoic acid (3.86%), 4-Hydroxy-3-methoxybenzoic acid (3.72%),
trans-4-Hydroxycinnamic acid (3.62%), 4′,5,7-Trihydroxyflavone (2.50%), trans-4-Hydroxy-
3-methoxycinnamic acid (2.30%), p-Coumaroyl-O-feruloylquinic acid I-V (11.45%).
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3.3. Antimicrobial Activity

The antimicrobial activity of C. scolymus extract was examined on five different food
pathogens. In selecting the pathogens, the risk on meat and meat products was determined
among the microorganisms. All the analyses were performed using the agar disk diffusion
method. Two concentrations of the extract were used to measure the antimicrobial activity
of the minced meat (5% and 10%). Evaluating the results, the most resistant bacterium
was found to be L. monocytogenes (18.05 ± 0.45) (Table 3). The extract showed the highest
inhibition on S. typhimurium (30.95 ± 0.47), followed by E. faecalis (25.37 ± 0.53), S. aureus
(21.10 ± 0.92) and E. coli (20.07 ± 0.66). As the concentration of extract increased (C.
scolymus (10%)), the zone of inhibition increased. Standard ampicillin disc was used as
positive control and distilled was used as negative control. Results are presented in Table 3.

Table 3. Antimicrobial activity of the added C. scolymus powder on meat extract solution.

Treatments
Inhibition Zone (mm)

E. coli S. aureus L. monocytogenes S. typhimurium E. faecalis

Added + C. scolymus (5%) 19.74 ± 0.08 cB 19.75 ± 1.09 cC 17.32 ± 0.83 dB 29.33 ± 1.13 aB 25.20 ± 0.95 bB

Added + C. scolymus (10%) 20.07 ± 0.66 cB 21.10 ± 0.92 cB 18.05 ± 0.45 dB 30.95 ± 0.88 aB 25.37 ± 0.53 bB

Control(+) 29.00 ± 1.41 bA 30.00 ± 0.46 bA 27.00 ± 0.95 cA 32.00 ± 0.62 aA 31.50 ± 1.15 aA

Control(−) 0 0 0 0 0

Values are expressed as means ± SD. Standard disk; 6mm, control(+); ampicillin, control(−); distilled water, a,b,c,d: Means followed by
different letters within the same line represent significant differences (p < 0.05). A,B,C: Means followed by different letters within the same
column represent significant differences. Data are the average of triplicates.

There are many studies reporting that the five pathogen bacteria selected in our study
cause food poisoning and foodborne infections and intoxications. Various inhibition rates
were achieved in pathogens [5,6]. Stop the development of microorganisms and prevent a
secondary infection are the expected properties of plant-based antimicrobial agents [31].
The antimicrobial activity of extracts can be attributed to the identified phenolic composi-
tions. A high level of correlation was found between antimicrobial properties and phenolic
and flavonoid compounds (r = 0.9678; p ≤ 0.001). Meat and meat products are exposed to
many potential risks in the post-slaughter production process. These risks include food-
borne pathogenic microorganisms and environmental equipment contamination [29,32].
The meat products added with polyphenols such as luteolin-7-O-rutinoside, caffeic acid,
quercetin and epigallocatechin-3-gallate can reduce these complications [32]. They are
responsible for microbial inactivation depending on the position of the hydroxyl groups of
phenolic compounds. Therefore, the more phenolic compounds the extract contains, the
higher the effect will be. Thus, the amount of phenolic compound in extract plays an effec-
tive role in scavenging the food pathogens [13]. Nineteen different phenolic compounds
were identified in the present study. The high-level antimicrobial activity is associated with
this finding.

3.4. Antioxidant Activity

Antioxidant activity of C. scolymus extracts was determined by DPPH, ABTS and
FRAP methods. The analysis were completed in 10 days and run in triplicate. Absorbance
readings were made on days 0, 3, 6 and 10 and average values were calculated. The results
are presented in Figure 3. As seen in Figure 3, the samples containing C. scolymus showed
a statistically significant difference since the third day comparison to the control group
(p < 0.05). The decrease in the value of absorbance indicated the increase in antioxidant
activities (Figures 3 and 4). ABTS results were found to be higher than DPPH results
(Figure 4). This finding might be explained by the faster electron transfer of ABTS• radical
reactions when compared to DPPH. Figure 5 shows that increased absorbance of the
reaction mix-solution increased the reducing power and antioxidant capacity (p < 0.05).
Another useful and fast screening method for measuring antioxidant capacity is the FRAP
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method. The phenolic compounds found in C. scolymus extract are capable of blocking
the radical chain reaction during the oxidation process and converting the free radicals
into stable molecules by donating free electrons or hydrogen [13]. Various spectrometric
and chromatographic studies have confirmed that quercetin and catechin are effective
scavengers of singlet oxygen and peroxyl radicals [28]. The studies about C. scolymus
extracts have reported their strong radical scavenging activities [23,33]. In the present study,
the high antioxidant capacity of extracts is thought to be because of high quercetin and
catechin content. A past study reported high antioxidant activity toward DPPH (8.3–49.7%),
which was correlated with their polyphenol contents (1.7−9.86%) in the different artichoke
samples [15]. Moreover, the other study about the artichoke byproducts showed a relatively
high free radical scavenging activity and capacity to inhibit lipid peroxidation in artichoke
byproducts [34]. The differences in antioxidant activities between this study and previous
studies can arise from the use of different antioxidant measurement methods, different
species (family) and different extraction conditions.

Molecules 2021, 26, x FOR PEER REVIEW 11 of 17 
 

 

chromatographic studies have confirmed that quercetin and catechin are effective scaven-
gers of singlet oxygen and peroxyl radicals [28]. The studies about C. scolymus extracts 
have reported their strong radical scavenging activities [23,33]. In the present study, the 
high antioxidant capacity of extracts is thought to be because of high quercetin and cate-
chin content. A past study reported high antioxidant activity toward DPPH (8.3–49.7%), 
which was correlated with their polyphenol contents (1.7−9.86%) in the different artichoke 
samples [15]. Moreover, the other study about the artichoke byproducts showed a rela-
tively high free radical scavenging activity and capacity to inhibit lipid peroxidation in 
artichoke byproducts [34]. The differences in antioxidant activities between this study and 
previous studies can arise from the use of different antioxidant measurement methods, 
different species (family) and different extraction conditions. 

 
Figure 3. The antioxidant activity of control and marinated meat samples (DPPH assay). 

 
Figure 4. The antioxidant activity of control and marinated meat samples (ABTS assay). 

Figure 3. The antioxidant activity of control and marinated meat samples (DPPH assay).

Molecules 2021, 26, x FOR PEER REVIEW 11 of 17 
 

 

chromatographic studies have confirmed that quercetin and catechin are effective scaven-
gers of singlet oxygen and peroxyl radicals [28]. The studies about C. scolymus extracts 
have reported their strong radical scavenging activities [23,33]. In the present study, the 
high antioxidant capacity of extracts is thought to be because of high quercetin and cate-
chin content. A past study reported high antioxidant activity toward DPPH (8.3–49.7%), 
which was correlated with their polyphenol contents (1.7−9.86%) in the different artichoke 
samples [15]. Moreover, the other study about the artichoke byproducts showed a rela-
tively high free radical scavenging activity and capacity to inhibit lipid peroxidation in 
artichoke byproducts [34]. The differences in antioxidant activities between this study and 
previous studies can arise from the use of different antioxidant measurement methods, 
different species (family) and different extraction conditions. 

 
Figure 3. The antioxidant activity of control and marinated meat samples (DPPH assay). 

 
Figure 4. The antioxidant activity of control and marinated meat samples (ABTS assay). Figure 4. The antioxidant activity of control and marinated meat samples (ABTS assay).

93



Molecules 2021, 26, 5494Molecules 2021, 26, x FOR PEER REVIEW 12 of 17 
 

 

 
Figure 5. The antioxidant activity of control and marinated meat samples (FRAP assay). 

3.5. Measurement of metMb and Color Measurements 
The amount of metMb is correlated with the level of protein oxidation in the meat 

products. The amount of metMb increases with the storage time [18]. Two extract concen-
trations were used in measuring the metMb reducing activity of the minced meat (5% and 
10%). Figure 6 illustrates the metMb values. As can be seen in Figure 6, the highest metMb 
ratios were observed in extract-added samples. Amounts of extract-added samples during 
storage are different compared to the control group. The visual sign of freshness and qual-
ity is the red color of meat. The reduction of red color with the formation of brown metMb 
occurs in parallel with the oxidative degradation of meat during storage [12]. MetMb is a 
pigment that is undesirable to occur on the meat surface. When an amount (60%) of the 
myoglobin present in meat is converted to metMb, the brown color of the meat can be 
detected by the eye [27]. Discoloration of meat occurs during the oxidation process be-
cause the aftereffect of lipid oxidation is the formation of pro-oxidants capable of reacting 
with oxymyoglobin, which leads to the formation of metMb [35]. Long-term storage at 
refrigeration temperatures or short-term storage at high temperatures causes surface dry-
ing; salt concentration increases and metMb formation is encouraged [18]. Liu et al. [36] 
reported that, compared to the control group, the treatment of beef patties with added 
natural antioxidants (vitamin E, carnosine, grape seed extract and tea catechins) resulted 
in lower metMb after eight days of storage. In this study, metMb formation was found to 
be lower than in the control group until the sixth day of storage (Figure 6). Oxidation 
inhibition was observed in the extract-added meat samples. The lower result compared to 
the literature can be explained by the larger surface area of minced meat compared to 
meatballs. This situation had an effect on the metMb formation of minced meat with nat-
ural antioxidant added. 

  

Figure 5. The antioxidant activity of control and marinated meat samples (FRAP assay).

3.5. Measurement of metMb and Color Measurements

The amount of metMb is correlated with the level of protein oxidation in the meat
products. The amount of metMb increases with the storage time [18]. Two extract con-
centrations were used in measuring the metMb reducing activity of the minced meat (5%
and 10%). Figure 6 illustrates the metMb values. As can be seen in Figure 6, the highest
metMb ratios were observed in extract-added samples. Amounts of extract-added samples
during storage are different compared to the control group. The visual sign of freshness
and quality is the red color of meat. The reduction of red color with the formation of
brown metMb occurs in parallel with the oxidative degradation of meat during storage [12].
MetMb is a pigment that is undesirable to occur on the meat surface. When an amount
(60%) of the myoglobin present in meat is converted to metMb, the brown color of the
meat can be detected by the eye [27]. Discoloration of meat occurs during the oxidation
process because the aftereffect of lipid oxidation is the formation of pro-oxidants capable
of reacting with oxymyoglobin, which leads to the formation of metMb [35]. Long-term
storage at refrigeration temperatures or short-term storage at high temperatures causes
surface drying; salt concentration increases and metMb formation is encouraged [18]. Liu
et al. [36] reported that, compared to the control group, the treatment of beef patties with
added natural antioxidants (vitamin E, carnosine, grape seed extract and tea catechins)
resulted in lower metMb after eight days of storage. In this study, metMb formation
was found to be lower than in the control group until the sixth day of storage (Figure 6).
Oxidation inhibition was observed in the extract-added meat samples. The lower result
compared to the literature can be explained by the larger surface area of minced meat
compared to meatballs. This situation had an effect on the metMb formation of minced
meat with natural antioxidant added.
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Comparing the metMb and pH values, the efficiency of extract on quality was found
to be significant (Figure 6). pH is effective on color, aroma and water retaining capacity.
Consumers frequently associate bright-red color with beef freshness and wholesomeness.
Higher than normal pH conditions are an example of a color deviation in which beef failed
to have a bright-red color, leading to discounted carcasses and economic losses to the
meat industry [37]. The change in pH of extract-marinated meat positively affected the
quality characteristics. On the other hand, in studies on experimental model systems, the
chlorogenic acid was reported to be among the effective polyphenols playing a role in
metMb stability [9]. In the present study, a high rate of chlorogenic acid was found in the
extract (11.18%).

Table 4 shows that effect from different references of artichoke (C. scolymus) powder on
the quality performances on meat and meat products. Studies have had positive effects on
quality at different levels in all meat products with added artichoke compared to our study.
In our study, storage times of unprocessed meat products are less resistant to spoilage.
When all the findings are interpreted together with the results of this study, phytochemicals
can be used as a natural antioxidant agent of control during the storage period. Color
plays an important role in both the quality and consumer acceptance of meat and meat
products [38]. The instrumental color values were given in Table 5. The L* value was
found to be slightly higher in added C. scolymus treatments than control samples (day
zero and day three). Previous studies showed that the addition of various plant-based
antioxidants did not change the L* values of meat and meat products [23]. The most
important standard for the assessment of the oxidation is the “a*” value (redness), and
decreased redness in meat is imagined as an index of oxidation. The a* values (redness)
of minced meat ranges between 10.13 and 15.12. During the storage from the initial to
the tenth day, redness of control and control samples decreased significantly (p < 0.05),
but extract added treatments were higher than control samples and kept their redness.
In a study in which plant-based antioxidants were used, including C. scolymus extract,
decreased a* values were found, similar to our study findings. The b* values (yellowness)
of minced meat ranged between 12.11 and 15.92. Significant reduction in the yellowness (b*)
values were recorded in minced meat due to the added extract during storage. Different
studies reported that the natural phenolic extracts showed no significant difference in L*
and b* values but significant decrease in a* values during storage [23]. When the findings
were compared with the literature, the color properties of the C. scolymus extract were
found to be similar to the literature since they contained different plant-based extracts of
the aforementioned compounds.
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Table 4. Effect from different references of artichoke (C. scolymus) powder on the quality performances on meat products.

Added-Extract Foodstuffs Storage Period
Quality

Measurements
Results Reference

Artichoke (C. scolymus)
powder extract

Minced Meat on the
During Frozen

Storage
10 days

• Antioxidant
Activity (DPPH,
FRAP, ABTS)

• Antimicrobial
Activity

• metMb
Reducing
Activity

A potential to
improve the meat

quality
In this study

Artichoke (C. scolymus)
leaf powder

Meat Quality of
Japanese Quail 21 days

• TBARS
• WHC

A potential to
improve the

oxidative stability
and meat quality

[39]

Artichoke (C. scolymus)
leaf powder

Frozen Meat Quality
of Japanese Quail 21 days

• TBARS
• WHC

A potential to
improve the

oxidative stability
and meat quality

[40]

Artichoke (C. scolymus)
extract Chicken thigh meat 35 days

• Antioxidant
activity (DPPH)

Decreases GPx and
CAT activities in

Chicken meat
[33]

Artichoke (C. scolymus)
byproducts extracts

Raw beef patties
during refrigerated

storage
7 days

• Antioxidant
activity (DPPH)

• TBARS

As natural
antioxidant in
meat products

[23]

TBARS: 2-thiobarbituric acid-reactive substance, WHC: Water holding capacity, GPx: glutathione peroxidase, CAT: catalase.

Table 5. Color parameters (L*, a*, b*) of minced meat samples during storage.

Storage Period Storage Period L* a* b*

Control Day 0 35.62 ± 0.32 aB 14.67 ± 0.48 bA 15.03 ± 0.57 bA

Added + C. scolymus 36.84 ± 0.51 aA 15.12 ± 0.37 bA 15.92 ± 0.63 bA

Control Day 3 35.74 ± 0.43 aB 12.28 ± 0.51 bA 14.22 ± 0.39 bA

Added + C. scolymus 36.21 ± 0.31 aA 12.88 ± 0.31 bA 14.20 ± 0.46 bA

Control Day 6 37.13 ± 0.46 aA 10.67 ± 0.54 bB 13.44 ± 0.63 bB

Added + C. scolymus 35.24 ± 0.36 aB 10.75 ± 0.49 bB 12.88 ± 0.38 bB

Control Day 10 38.56 ± 0.34 aA 9.93 ± 0.48 bB 12.82 ± 0.51 bB

Added + C. scolymus 34.88 ± 0.38 aB 10.13 ± 0.56 bB 12.11 ± 0.34 bB

a,b: Means followed by different letters within the same line represent significant differences (p < 0.05). A,B: Means followed by different
letters within the same column represent significant differences. Data are the average of triplicates.

4. Conclusions

Results of the present study demonstrate using LC-QTOF-MS that artichoke (C. scoly-
mus) powder extract contains high levels of quercetin and chlorogenic acid. The artichoke,
which was found to have antioxidant properties, positively affected the chemical char-
acteristics of the minced meat. It can be concluded that the added extract (as natural
antioxidants) could successfully preserve antioxidant activity in minced meat stored at
−18 ◦C for up to 10 days. C. scolymus powder with highly bioactive compounds improved
the quality properties of minced meat samples during storage. It exhibited antimicrobial
activity against pathogens that spoil food and are important for meat technology. MetMb
levels could be maintained during storage. Hence, incorporation of extract stabilized the
color of minced meat and had a significant impact on sensory characteristics during storage
period. As a result, the C. scolymus powder extract can replace the chemical compounds
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in meat and meat products formulations to control the oxidative change and undesirable
microbial activity. It can be applied as natural antioxidants to extend the shelf-life of meat
products to achieve and valuable healthy meat products. In addition, the sensory and
other quality parameters examined in more detailed research needs to be addressed in
further studies.
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Abstract: Kombucha is a fermented beverage. Its consumption has significantly increased during
the last decades due to its perceived beneficial effects. For this reason, it has become a highly
commercialized drink that is produced industrially. However, kombucha is still also a homemade
beverage, and the parameters which, besides its organoleptic characteristics, define the duration of its
potential beneficial properties over time, are poorly known. Therefore, this study aimed to determine
the effect of 9-month storage at 4 ◦C with 30-day sampling on the pH, total phenolic, and flavonoid
contents, free radical scavenging properties of kombucha fermented from black tea. Our results
highlighted that, after four months, the phenolic content decreased significantly from the initial value
of 234.1 ± 1.4 µg GAE mL−1 to 202.9 ± 2.1 µg GAE mL−1, as well its antioxidant capacity tested by
two in vitro models, DPPH, and ABTS assays. Concomitantly, the pH value increased from 2.82 to
3.16. The novel findings of this pilot study revealed that kombucha from sugared black tea can be
stored at refrigerator temperature for four months. After this period the antioxidant properties of
kombucha are no longer retained.

Keywords: kombucha; black tea; long-term storage; antioxidant scavenging activity; total pheno-
lic content

1. Introduction

“Kombucha” is the name of a drink obtained by fermenting tea, mainly black or green,
with the addition of sucrose, that acts as a substrate for fermentation, and a symbiotic
culture of yeast and bacteria, known as “SCOBY” (Symbiotic Cultures of Bacteria and
Yeast). The taste of this drink is slightly acidic and slightly carbonated, which makes
it popular and pleasing to consumers [1]. Kombucha was first used in East Asia for its
beneficial and curative effects only based on anecdotal evidences, since the Tsin dynasty
began consuming it in Manchuria. It spread from China to Russia after World War I and
then throughout Europe [1].

The fermentation is due to a symbiotic culture of acetic bacteria of the genus Ace-
tobacter and Gluconobacter and different osmophilic yeast species, including genera such
as Saccharomycode, Schizosaccharomyces, Zygosaccharomyces, Brettanomyces/Dekkera, Candida,
Torulospora, Koleckera, and Pichia e Mycoderma. After fermentation, the kombucha tea is
filtered through a cheesecloth and is consumed as a healthy drink. It can also be bottled for
commercialization [2].

Almost forgotten for decades, kombucha became very popular again in the early 2000s,
thanks to its sudden spread in Australia and in the United States. During the last decades,
kombucha transitioned from a homemade fermented beverage to a soft drink produced on
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a large scale for commercial use [2,3]. Chemical analysis of kombucha beverage highlighted
the presence of a variety of compounds, such as organic acids, mainly acetic, gluconic, and
glucuronic acid, sugars (sucrose, glucose, and fructose), water-soluble vitamins (B1, B2,
B6, B12, C), lipids, amino acids, biogenic amines, proteins, ethanol, minerals (manganese,
iron, nickel, copper, zinc, plumb, cobalt, chromium, and cadmium), anions (fluoride,
chloride, bromide, iodide, nitrate, phosphate, and sulphate), D-saccharic acid-1,4-lactone
(DSL), carbon dioxide, and polyphenols [2,3]. Kombucha beverage is a source of bioactive
components, such as glucuronic acid and polyphenols displaying antioxidant activity [4–6].
The low pH value of this beverage, especially owing to the presence of acetic acid in
particular and a range of other organic acids, makes kombucha a drink with remarkable
antimicrobial activity against a broad range of microorganisms [7–10] having also probiotic
and symbiotic properties [11].

Many claimed beneficial effects of kombucha may be associated with its antioxidant
activities, but when kombucha tea is stored at ordinary temperatures, the biofilm due to
the presence of microorganisms continues to form, and might also affect the antioxidant
activity. Epigallocatechin-3-gallate (EGCG) and epicatechin-3-gallate are converted into the
corresponding epigallocatechin (EGC) and epicatechin (EC), the phenolic concentration in
kombucha tea shows a linear increase during the fermentation time [11]. It is worth to note
that the beneficial outcomes of the kombucha drink are mainly attributed to the activity of
polyphenols, which in turn can act epigenetically [12,13].

Jayabalan et al. studied the effect of temperature (50–90 ◦C) on biochemical compo-
nents and free radical scavenging properties of kombucha tea during a storage period of
three months [14], concluding that heat treatment was not a suitable method for kombucha
tea preservation. Therefore, it is of interest to elucidate the relationship between storage
time and the changes of the antioxidant ability of kombucha. In fact, time, temperature,
and light can significantly impact the quality and the biological activities of this beverage.
To the best of our knowledge, no studies were carried out to determine the effects of storage
times for more than three months and at low temperature. Therefore, this study aimed to
evaluate the effects of the long-term storage at 4 ◦C on the pH, total phenolic and flavonoid
contents, and free radical scavenging properties of kombucha during nine months with
a sampling of 30 days, in order to evaluate the period during which these parameters
are stable.

2. Results

2.1. Monitoring of the pH Values of Kombucha during the Stogare Period

The pH values of black tea alone, as well as kombucha tea after one month of fermen-
tation and all the samples over the storage are shown in Figure 1. It was observed that
the pH value of sweetened black tea was 5.59, and it dropped to 2.82 in the kombucha
beverage obtained after 30 days of fermentation (white bar) decreasing by about 2.77 units.
This latter pH was used as the control for all the kombucha samples analyzed during nine
months of storage. The value remained constant (2.84), till two months by decreasing
significantly compared with the control (**** p < 0.0001) of about 0.2 units from months
four to six. Then, the pH value of sample significantly increased up to 3.24, and it remained
constant at these values at less than 0.05 units for the last three months (from months seven
to nine).

2.2. Total Phenolic Content (TPC)

The total phenolic content (TPC) in all kombucha samples is shown in Figure 2. The
results were expressed as µg equivalents of gallic acid (µg GAE) per mL of sample.

The results highlighted that the kombucha obtained after one month of fermenta-
tion, used as reference, showed the maximum TPC level which was 1.7 times higher
(234.1 ± 1.4 µg GAE mL−1) than the value of black tea, (137.5 ± 10.7 µg GAE mL−1),
respectively. In the following months (from months two to four), the TPC slowly decreased
from 234.1 ± 1.4 to 223.5 ± 0.7 µg GAE mL−1 without significant statistic difference. On
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the contrary, it was decreasing in a time dependent manner, from months five to nine,
significantly by about 13% (202.9 ± 2.1 µg GAE mL−1, **** p < 0.0001) at month five, and
34% at month nine (80.8 ± 5.4 µg GAE mL−1).

Figure 1. Values of pH determinate in black tea, kombucha tea after 30 days of fermentation and all
the samples during storage. Black bar refers to the starting tea. White bar refers to the kombucha
sample after 30 days of fermentation (control). Values represent the three-measure mean ± standard
deviation. Asterisks on the bars indicate that mean values were statistically different from the control
(**** p < 0.0001).

2.3. HPLC-DAD Analyses

Five compounds were identified and quantified by HPLC analyses in all samples
(Figure 3). Chromatographic evolution at 280 nm is show in Figure 4A–D.

Caffeine was the main compound in all tea samples. Its initial value in black tea
was 568.61 ± 0.84 µg mL−1 (Table 1), which underwent a reduction of 37.34% after fer-
mentation, of 40.29% after one month and of 45.37% after two months. The minimum
value was reached after four months (135.36 ± 1.63 µg mL−1) which corresponded to a
reduction of the initial value of 76.19%. After six months the caffeine content increased
(674.98 ± 0.49 µg mL−1), reaching its maximum value (702.93 ± 0.02 µg mL−1) after
nine months. Chlorogenic acid was the only compound that maintained its content un-
changed during fermentation and over time compared to the initial value in black tea
(29.60 ± 0.01 µg mL−1). EGCG content in tea was 20.58 ± 0.32 and remained unchanged
after 30 days of fermentation and in the next three months of storage, becoming unde-
tectable at by the fourth month. A similar trend was displayed by ferulic acid, present in a
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smaller amount in black tea (3.15 ± 0.03 µg mL−1). Its content gradually decreased during
fermentation in the next five months of storage, becoming undetectable at the sixth month.
On the other hand, quercetin, absent in black tea, was identifiable only in the samples after
four months from fermentation (23.07 ± 0.01 µg mL−1). Its content remained constant from
months five to nine. The results are shown in Table 1.

−1

−1 −1

−1

−1

−1

–

Figure 2. Total phenolic content (TPC) (µg GAE mL−1) of black tea, kombucha tea after 30 days of fermentation and all
the samples during storage. Black bar refers to the starting tea. White bar refers to the kombucha sample after 30 days of
fermentation (control). Values represent the three-measure mean ± standard deviation. Asterisks on the bars indicate that
mean values were statistically different from the white bar that represents the control (**** p < 0.0001).

λ = 280 nm); 2. Chlorogenic acid (λ = 327 nm); 3. Caffeine (λ = 273 nm); 4. Ferulic 
acid (λ = 325 nm); 5. Quercetin (λ = 365 nm).

Figure 3. HPLC chromatogram of identified compounds in all the samples at the relative wavelengths to which they have
been detected and quantified: 1. EGCG (λ = 280 nm); 2. Chlorogenic acid (λ = 327 nm); 3. Caffeine (λ = 273 nm); 4. Ferulic
acid (λ = 325 nm); 5. Quercetin (λ = 365 nm).
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λ = 280 nm); 2. Chlorogenic acid (λ = 327 nm); 3. Caffeine (λ = 273 nm); 4. Ferulic 

acid (λ = 325 nm); 5. Quercetin (λ = 365 nm).
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Figure 4. Chromatographic evolution at 280 nm including: (A) black tea; (B) kombucha after one month of fermentation;
(C) kombucha tea sample at the fifth month of storage, when the epigallocatechin gallate content was not detected whereas
quercetin, absent in black tea, was identifiable; (D) kombucha tea sample at the ninth month of storage.

2.4. Total Flavonoid Content (TFC)

Total flavonoid content (TFC) underwent a decrease during fermentation (Figure 5).
The initial value of TFC in black tea (2.3 ± 0.2 QE mL−1) was reduced by 50% in kombucha
tea (1.1 ± 0.3 µg QE mL−1) and it remained constant over time.
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Table 1. Content of HPLC identified compounds, expressed as µg mL−1.

Samples Caffeine Chlorogenic Acid EGCG Ferulic Acid Quercetin

Black tea 568.61 ± 0.84 29.70 ± 0.01 20.58 ± 0.32 3.15 ± 0.03 nd a

Fermented Kombucha 356.25 ± 7.17 29.60 ± 0.03 20.24 ± 0.53 2.97 ± 0.90 nd
1st storage month 339.50 ± 4.15 29.51 ± 0.06 19.90 ± 0.12 1.21 ± 0.01 nd
2nd storage month 310.63 ± 0.97 29.56 ± 0.01 19.96 ± 0.07 1.30 ± 0.20 nd
3rd storage month 159.20 ± 0.55 29.24 ± 0.38 19.92 ± 0 0.82 ± 0.36 nd
4th storage month 135.36 ± 1.63 29.41 ± 0.41 nd 0.75 ± 0 nd
5th storage month 162.60 ± 0.26 29.64 ± 0.91 nd 0.41 ± 0.04 23.07 ± 0.01
6th storage month 674.98 ± 0.49 29.72 ± 0.01 nd nd 23.16 ± 0.59
7th storage month 672.27 ± 0.07 29.58 ± 0.03 nd nd 23.23 ± 0.08
8th storage month 702.91 ± 0.71 29.72 ± 0.01 nd nd 23.03 ± 0.07
9th storage month 702.93 ± 0.02 29.60 ± 0.01 nd nd 23.04 ± 0.03

a Not-detected.
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Figure 5. Total flavonoid content (TFC) (µg QE mL−1) of black tea, kombucha tea after 30 days of
fermentation and all the samples over storage. Black bar refers to the starting tea. White bar refers to
the kombucha sample after 30 days of fermentation (control).

2.5. Determination of Antioxidant Activity

Scavenging abilities of black tea, kombucha tea after one month of fermentation and
all the samples during the storage were monitored using two common in vitro models,
DPPH and ABTS assays.

2.5.1. DPPH Assay

Kombucha exhibited good antioxidant activity against DPPH radical during the
storage at all tested concentrations when compared to black tea (Figure 6). The results of
the DPPH radical assay were also expressed as the Trolox equivalent antioxidant capacity
(TEAC) using Trolox as reference standard. The TEAC values are reported in Table 2.
During fermentation, %IDPPH of kombucha tea at the highest and lowest concentrations
(55.1 ± 1.3 at 200 µL, and 10.8 ± 0.8 at 10 µL, respectively) increased by about 70%
compared to that of black tea, which was 16.26 ± 0.7 (2.6 ± 0.1 µg TE mL−1) at 200 µL, and
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3.1 ± 0.1 (0.8 ± 0.1 µg TE mL−1) at 10 µL. At the highest concentration, a 13% decrease
was observed during the first three months of storage with respect to the control value,
while it reduced by 30% after four months. At the fifth month it dropped drastically to a
value of 23.2 ± 6.1% (3.0 ± 0.7 µg TE mL−1), corresponding to a reduction of 58% of the
control value (**** p < 0.0001). The scavenging ability of kombucha declined to 18.9 ± 0.4%
(2.9 ± 0.1 µg TE mL−1) after nine months.

−1

−1

−1

onth 

inhibitory abilities on ABTS•

−1 −1

Figure 6. %IDPPH of Trolox, black tea, kombucha tea after 30 days of fermentation and all the samples during storage.
White bar refers to %IDPPH of kombucha tea after 30 days of fermentation (control), the others refer to kombucha samples
over nine months of storage. Asterisks on the bars indicate that mean values were statistically different from the control
(* p < 0.05, *** p < 0.001, **** p < 0.0001).

Table 2. Trolox equivalent antioxidant capacity (TEAC) values (µg TE mL−1) of different samples
against DPPH.

Samples
Concentrations

10 µL 50 µL 100 µL 200 µL

Black tea 0.8 ± 0.1 2.0 ± 0.6 2.1 ± 0.1 2.6 ± 0.1
Fermented Kombucha 1.2 ± 0.1 2.1 ± 0.1 3.0 ± 0.2 7.4 ± 0.2

1st storage month 1.3 ± 0.4 2.1 ± 0.3 4.3 ± 0.2 6.3 ± 0.1
2nd storage month 0.7 ± 0.1 1.5 ± 0.3 4.0 ± 0.2 6.4 ± 0.3
3rd storage month 0.6 ± 1.0 1.7 ± 0.2 3.6 ± 0.1 6.3 ± 0.2
4th storage month 0.4 ± 0.1 0.5 ± 0.1 3.4 ± 0.1 5.1 ± 0.4
5th storage month 0.5 ± 0.1 0.5 ± 0.1 0.8 ± 0.1 3.0 ± 0.7
6th storage month 0.6 ± 0.1 0.7 ± 0.1 0.8 ± 0.1 2.8 ± 0.3
7th storage month 0.7 ± 0.1 1.3 ± 0.1 2.0 ± 0.2 2.7 ± 0.1
8th storage month 0.6 ± 0.1 0.9 ± 0.1 1.0 ± 0.6 3.0 ± 0.3
9th storage month 0.6 ± 0.1 0.9 ± 0.1 1.2 ± 0.1 2.9 ± 0.1

2.5.2. ABTS Assay

The inhibition percentage of ABTS is reported in Figure 7 and the corresponding
TEAC values against ABTS are reported in Table 3. Kombucha tea samples showed
lower inhibitory abilities on ABTS•+ radical cation at the highest concentrations (100
and 200 µL) than those against DPPH radical. After one month of fermentation %IABTS
of tea Kombucha at the highest concentrations (200 and 100 µL) increased by about 54%
(47.4 ± 1.3, 9.1 ± 0.3 µg TE mL−1) and 40.6% (26.6 ± 0.5, 6.1 ± 0.1 µg TE mL−1) respectively,
as compared to the black tea at the same concentrations, that is 21.8 ± 0.7 corresponding to
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4.8 ± 0.1 µg TE mL−1 at 200 µL and 15.8 ± 1.5 or 3.4 ± 0.2 µg TE mL−1 at 100 µL. After
one month of storage, the abilities of the samples at 200 (42.3 ± 0.5, 9.1 ± 0.3 µg TE mL−1)
and 100 µL (25.0 ± 0.8, 5.5 ± 0.1 µg TE mL−1) were lowered by 11% and 6%, respectively,
compared to the control. The antioxidant capacity of the control at the highest concentration
underwent further but progressive reduction up to 27% in the first three months of storage,
but it was reduced by 73% (%IABTS 12.7 ± 0.9, or 3.4 ± 0.2 µg TE mL−1) at the fifth month
of storage and 85% (%IABTS 7.0 ± 0.4, or 1.6 ± 0.1 µg TE mL−1) at the ninth month.
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Figure 7. %IABTS of Trolox, black tea, kombucha tea after 30 days of fermentation and all the samples during storage. White
bar (month 1) refers to %IABTS of kombucha tea after 30 days of fermentation (control), the others refer to kombucha samples
over nine months of storage. Asterisks on the bars indicate that mean values were statistically different from the control
(* p < 0.05, **** p < 0.0001).

Table 3. Trolox equivalent antioxidant capacity (TEAC) values (µg TE mL−1) of different samples
against ABTS.

Samples
Concentrations

10 µL 50 µL 100 µL 200 µL

Black tea 1.8 ± 0.2 3.0 ± 0.2 3.4 ± 0.2 4.8 ± 0.1
Fermented Kombucha 2.8 ± 0.1 4.5 ± 0.1 6.1 ± 0.1 9.6 ± 0.3

1st storage month 2.8 ± 0.1 4.4 ± 0.1 5.5 ± 0.1 9.1 ± 0.3
2nd storage month 2.6 ± 0.1 3.3 ± 0.3 5.1 ± 0.2 7.9 ± 0.2
3rd storage month 1.9 ± 0.1 2.8 ± 0.2 4.1 ± 0.7 7.5 ± 0.3
4th storage month 1.4 ± 0.2 2.8 ± 0.1 4.0 ± 0.5 5.7 ± 0.1
5th storage month 1.2 ± 0.5 1.6 ± 0.2 2.3 ± 0.5 3.4 ± 0.2
6th storage month 0.7 ± 0.1 1.6 ± 0.1 1.9 ± 0.1 3.3 ± 0.1
7th storage month 0.5 ± 0.1 1.3 ± 0.1 1.4 ± 0.1 1.6 ± 0.1
8th storage month 0.4 ± 0.1 1.1 ± 0.1 1.3 ± 0.1 1.5 ± 0.3
9th storage month 0 0 1.3 ± 0.2 1.6 ± 0.1
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3. Discussion

The consumption of kombucha has increased over the last decades due to its perceived
beneficial effects. For this reason, it has become a highly commercialized drink, industrially
produced but is still also a homemade beverage. To evaluate the effects of long-term storage
of kombucha on radical scavenging properties and its phenolic content, we kept the tea
samples at refrigerator temperature in the dark. Accordingly, to the literature, the pH
values of black tea in the kombucha decreased after 30 days of fermentation due to the
metabolic activity of tea fungus yeasts and acetic acid bacteria that produce mainly acetic
acid [15].

In fact, the pH value of sweetened black tea was 5.59, and it dropped to 2.82 in the
kombucha beverage obtained after 30 days. Then, the changes in the first five months
of storage were less than 0.2 units, while at the sixth month, the pH value of sample
significantly increased up to 3.24, and it remains constant at these values at less than
0.05 units for the last three months. This pH rise is most likely due to the subsequent use of
acids by bacteria as a carbon source in the absence of sugar in the tea [16,17]. The final pH
of kombucha samples (3.16), after nine months of storage, is still in the safe pH range of 2.5
to 4.2 for human consumption [18,19].

Total phenolic and flavonoid contents were also monitored after fermentation and
during storage. The results highlighted that kombucha after one month of fermentation
showed the highest total phenolic content level, which was 1.7 times higher than the value
of black tea, as a consequence of the action of microbial enzymes from bacteria and yeasts in
an acidic environment, which hydrolyzes complex tea polyphenols into smaller molecular
weight phenolic compounds causing an increase in polyphenol concentration [19]. Total
phenolic content is reduced after four months of storage. A similar trend was seen for the
total flavonoid content but earlier than the total phenolic content.

In contrast to Ning et al. [20], HPLC analysis pointed out that chlorogenic acid main-
tained its content unchanged either during fermentation and over time compared to the
initial value in black tea. On the other hand, all the other monitored phenolics dropped at
the fifth month. This agrees with the literature in which the strategy to prolong phenolic
content is studied [20]. Conversely, total flavonoid content was constantly lower in black
tea, most likely due to the microbial activity of the SCOBY during fermentation.

The results of DPPH inhibition properties of kombucha tea directly depend on the
tea constituents and the components produced during fermentation time (30 days). The
decrease of antioxidant capacity during storage was most likely related to microbial trans-
formation of the compounds responsible for the maximum scavenging ability into less
potential scavenging structures. On the other hands, the inhibition percentage of ABTS
assay showed lower inhibitory abilities in respect to ABTS•+ radical action.

The antioxidant activities of our tested samples likely depend on the composition and
the chemical nature of phenolic compounds [21,22]. Then, during the storage, changes
in the composition of antioxidant compounds of kombucha tea might result from the
formation of certain compounds as in the case of quercetin in our results, thus leading to a
lower antioxidant activity [22].

It is important to mention here, that during the COVID-19 pandemic of 2019–2020
the consumption of fermented food, especially beverages, increased in several coun-
tries [17,23,24]. In particular, the consumption of industrial kefir and kombucha in-
creased [15,25] and the latter was reported, in the magazine Forbes, as the drink of 2020 [26].
Although, as source of bioactive components that could be beneficial for human health,
there is no evidence about systematic human trials being done using kombucha tea [27] and
some toxicity related to kombucha consumption has been reported so far when kept in a ce-
ramic pot for six months or in lead-glazed earthenware at refrigerator temperature [28,29].
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4. Materials and Methods

4.1. Standards and Chemicals

The kombucha starter (Figure 8) was obtained from Kefiralia (Burumart Commerce S.L,
Arrasate, Spain) and was maintained in sugared black tea. Dimethylsulphoxide (DMSO),
absolute ethanol and methanol, formic acid, and acetonitrile HPLC-grade were purchased
from Carlo Erba (Milan, Italy), Folin-Ciocâlteu reagents, sodium carbonate, DPPH, ABTS,
potassium persulfate (K2S2O8), aluminium chloride (AlCl3), potassium acetate, chloroform,
and ethyl acetate were purchased from Sigma Aldrich (Milan, Italy).

 

Kombucha starter, the “SCOBY”.

—

Figure 8. Kombucha starter, the “SCOBY”.

4.2. Preparation of Kombucha Tea and Fermentation Conditions

Black tea (3 g) was immersed into 1 L of boiling water and infused for about 15 min.
Then it was filtered through a sterile sieve. This was repeated for three times and 1 L of
each preparation was kept into sterilized glass jars. Commercial sucrose (7%) was then
added to the hot drink and, after cooling to room temperature, the infusion was inoculated
with a commercial kombucha SCOBY (150 g) size (15 × 2 × 10 cm). The jars were covered
with a clean cloth. The fermentation was carried out in the dark at 25 ± 2 ◦C for 30 days
and, at the end of this time, the kombucha tea samples were filtered through a cheesecloth
and transferred to three amber jars.

4.3. Storage Condition

The jars containing kombucha tea were placed in a refrigerator (T = 4 ◦C) for nine
months. Sampling was performed every 30 days by taking an aliquot (100 mL) which was
analyzed. The tea fermented for one month was used as the control for the kombucha
tea samples stored at 4 ◦C for longer times—up to nine months. pH values, content of
total polyphenol compounds, qualitative and quantitative profile of the main tea polyphe-
nols, content of total flavonoids, and free radical scavenging activities of each sample
were determined.

4.4. pH Values of Tea Kombucha during Storage

The pH values of all the kombucha tea samples were measured using an electronic
pH meter (Hanna Instruments, George Washington Hwy, Smithfield, RI, USA) calibrated
at pH 4.0 and 7.0.

4.5. Total Phenolic Content (TPC)

The total polyphenolic content (TPC) compounds in the tea samples were quantified
by the Folin-Ciocâlteu colorimetric method as previously described [30], with appropriate
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modifications. The fermented tea sample (0.1 mL) was transferred in an amber glass vial
and was added by 2 mL of distilled water, 0.5 mL of the Folin-Ciocâlteu reagent (diluted
1:10 with distilled water), and 0.4 mL of a 7.5% sodium carbonate solution (Na2CO3), up
to a final volume of 3 mL. The mixture was shaken under constant magnetic stirring for
30 min, at room temperature in the dark. The absorbance was measured at 760 nm using a
spectrophotometer Jasco UV-550. Three analyses were carried out for each sample. Gallic
acid was used as the standard in order to plot the calibration curve. For the linearity study,
an eight-point calibration curve was constructed using different concentrations of gallic
acid stock solutions (range 0.5–0.01 mg mL−1). A linear correlation was found between
absorbance of the blue complex at 760 nm and concentration of gallic acid in the range
0.5–0.01 mg mL−1 (y = 3.6607x − 0.0036). The coefficient (R2) obtained from the linear
regression was 0.9998, indicating an excellent linear correlation between the data. The total
phenolic content (TPC) was expressed as µg equivalents of gallic acid (µg GAE) per mL
of kombucha.

4.6. HPLC-DAD Analyses

Five compounds in kombucha tea samples were identified and quantified by reversed-
phase high performance liquid chromatography coupled with diode array detector (HPLC-
DAD) [31]. The samples were filtered through a membrane filter (0.45 µm) into HPLC
vials and analyzed as such. An aliquot (10 µL) of each sample was injected into a Shi-
madzu (Kyoto, Japan) HPLC system equipped with a diode array detector (SPD-M10Avp).
The chromatographic separation was performed on a Mediterranea SEA C-18 column
(4.6 mm i.d. × 25 cm, 5 µm). The mobile phase was a 0.1% formic acid (A) and acetonitrile
(B) mixture. The gradient used was the following: 0 min, 10% B; 20 min, 22% B; 40 min, 40%
B; 45 min, 10% B, 51 min, 10% B. The flow rate and column temperature were maintained as
0.6 mL min−1 and at room temperature, respectively. Detection was made at the absorption
maxima of the pure standard compounds: caffeine was detected at 273 nm, EGCG at
280 nm, ferulic acid at 325 nm, chlorogenic acid at 327 nm, and quercetin at 365 nm, and
identification was made by comparison of the retention times and characteristic UV-Vis
spectra of pure standard compounds used as references. Individual components were
analyzed quantitatively by the external standard method. The calibration curves for stan-
dards (caffeine, EGCG, ferulic acid, chlorogenic acid, and quercetin) were prepared with
six appropriate concentrations. The limit of detection (LOD) and the limit of quantification
(LOQ) for each standard were calculated as follows: LOD = 3(Sy/S) and LOQ = 10(Sy/S),
where Sy is the standard deviation of the response of the curve and S is the slope of the
calibration curve.

4.7. Total Flavonoid Content (TFC)

Total flavonoid content (TFC) was determined by a colorimetric method as described
previously [32]. Briefly, 0.30 mL of the sample solution were diluted with 1.68 mL of
distilled water. Then, 0.9 mL of MeOH, 0.06 mL of a 10% AlCl3 solution, and 0.06 mL of
1 M solution of potassium acetate were added to the solution. The mixture was allowed to
stand for 30 min at room temperature, under constant magnetic stirring, in the dark, and
then the absorbance was measured against the blank at 420 nm using a spectrophotometer
Jasco UV-550. Three analyses were carried out for each sample. Quercetin was used as the
standard in order to plot an eight-point calibration curve. The linearity range of calibration
curve was 10–0.001 µg mL−1 (y = 0.084x − 0.0019). The coefficient (R2) obtained from the
linear regression was 0.9984, indicating a good linear correlation between the data. The
results were expressed as µg of quercetin equivalents (µg QE) per mL of kombucha [31].

4.8. Radical Scavenging Activity

Two different in vitro assays, DPPH and ABTS, were used to evaluate the changes
over time in free-radical scavenging abilities of all kombucha tea samples.
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4.8.1. DPPH Assay

The scavenging activity on DPPH radical was determined by the colorimetric method
previously described [25] with slight modification. To different volumes of each sample
(10, 50, 100, 200 µL), 0.1 mL of DPPH solution (1 mM) and 2.8 mL of MeOH were added.
After an incubation time of 30 min, under magnetic stirring, at room temperature and in
the dark, the reduction of DPPH free radical was measured by reading the absorbance at
517 nm using a spectrophotometer Jasco UV-550. The experiments were carried out against
a blank (3 mL of MeOH) and a control (2.9 mL of MeOH, 0.1 mL DPPH solution). Each
sample was tested in triplicate. The antioxidant activity was given as a percentage of free
radical inhibition (%IDPPH), according to the formula:

%IDPPH = [(absorbance of the control − absorbance of the sample)/absorbance of the
control)] × 100.

The results were expressed also as µg of Trolox equivalents per mL of tea samples
(µg TE mL−1).

4.8.2. ABTS Assay

ABTS•+ radical cation is well soluble in both aqueous and organic solvents, so this
method can be extensively used to determine antioxidant activity for both hydrophilic
and lipophilic compounds [33]. This radical cation was formed by a reaction between
7 mM ABTS solution and 2.45 mM potassium persulfate (K2S2O8), and then allowing
the mixture to stand for 16 h in darkness at room temperature. It remains stable for the
following 48 h, and is characterized by an intense green/blue color. ABTS•+ solution
was diluted in methanol until the absorbance reached the value of 0.70 ± 0.02 at 734 nm.
Different volumes of each tea broth sample (10, 50, 100, 200 µL) were mixed with ABTS
solution (3 mL), and the absorbance was recorded at 734 nm after 10 min of incubation
at room temperature in the dark, against a blank and a control. Each sample was tested
in triplicate. The radical scavenging activity was given as percentage of ABTS•+ radical
inhibition (%IABTS), according to the following formula:

%IABTS = [(absorbance of the control − absorbance of the sample)/absorbance of the
control)] × 100.

The results were expressed as µg of Trolox equivalents per mL of tea kombucha
samples (µg TE mL−1).

4.9. Statistical Analysis

Each tea broth from three different preparations, was analyzed in triplicate and, the
results were expressed as mean ± standard deviation (SD). One-way ANOVA method and
a Holm-Sidak comparison method via GraphPad Prism 8 were used. The significance was
established at p values < 0.05 (*), p < 0.01 (**), p < 0.001 (***), and p < 0.0001 (****).

5. Conclusions

The polyphenol content of kombucha during long-term storage decreases significantly
from the fifth month on and becomes one-third of the initial value after nine months.
Therefore, a period of up to four months ensures the preservation of polyphenols of
kombucha tea and their antioxidant activities. The results of this pilot study highlighted
that the “shelf life” of kombucha stored at refrigerator temperature could be no longer than
four months, as only during this period the preservation of polyphenol content and its
antioxidant activities are ensured.
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Abbreviations

EtOH Ethanol
MeOH methanol
DMSO dimethylsulfoxide
TPC total phenolic content
TFC total flavonoid content
DPPH 2,2’-diphenyl-1-picrylhydrazyl
ABTS 2,2’-azino-bis(3-ethylbenzothiazolin-6-sulfonic)
Trolox 6-hydroxy-2,5,7,8-tetramethylcroman-2-carboxylic acid
HPLC High Performance Liquid Chromatography
QE quercetin equivalents
GAE gallic acid equivalents
EGCG epigallocatechin-3-gallate
ECG epicatechin-3-gallate
EGC epigallocatechin
EC epicatechin
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Abstract: Phenolic compounds have long been of great importance in the pharmaceutical, food, and
cosmetic industries. Unfortunately, conventional extraction procedures have a high cost and are
time consuming, and the solvents used can represent a safety risk for operators, consumers, and the
environment. Deep eutectic solvents (DESs) are green alternatives for extraction processes, given
their low or non-toxicity, biodegradability, and reusability. This review discusses the latest research
(in the last two years) employing DESs for phenolic extraction, solvent components, extraction yields,
extraction method characteristics, and reviewing the phenolic sources (natural products, by-products,
wastes, etc.). This work also analyzes and discusses the most relevant DES-based studies for phenolic
extraction from natural sources, their extraction strategies using DESs, their molecular mechanisms,
and potential applications.

Keywords: green solvents; biologically active compounds; selective separation; medicinal plants;
ultrasonic-assisted extraction; microwave-assisted extraction

1. Introduction

Since the beginnings of humankind, medicines have been a crucial part of our progress
as a species. The search for remedies against diseases probably started with plants, as
evidenced by archaeological artifacts that demonstrated the use of medicinal plants during
the Paleolithic. Furthermore, the oldest written evidence was found on a Sumerian clay
slab, dating back to approximately 3000 B.C. Many medicinal plant benefits are attributed
to phenolic compounds, given their antioxidant, anticancer, antibiotic, antifungal, and anti-
inflammatory activities [1,2]. Phenolic compounds contain at least one aromatic ring with
one or more hydroxyl groups. They play an essential role in plant growth, reproduction,
and protection against parasitoids, pathogens, and predators [3–5]. There are more than
8000 plant phenolic compounds, and their extraction from natural sources is of high interest
in the industry due to their use in pharmaceuticals, beverages, food, and cosmetics [6,7].

Typically, phenolic compounds are extracted using organic solvents (e.g., methanol,
ethanol, acetone, ethyl acetate, hexane, benzene, etc.) or petroleum-based solvents [8,9].
Nevertheless, due to environmental, health, and safety concerns, a large amount of research
has been done in order to synthesize safer extraction solvents from renewable sources [10].
Ionic liquids (ILs) are presented as an alternative to the solvents described above, given
their notable attributes, such as high thermal and chemical stability, non-flammability,
and low vapor pressure [11]. However, their high cost, toxicity, dangerous decomposition

113



Molecules 2021, 26, 5037

by-products, and poor biodegradation levels are matters of concern, and given that some
of the most used ILs constituents (i.e., imidazolium, pyridinium) are petroleum-derived,
further research on alternative solvents has been carried out, leading to the creation of deep
eutectic solvents (DES) [12].

The term DES was first introduced in 2003 by Andrew P. Abbott and his group when
creating eutectic mixtures of urea and quaternary ammonium salts that could be used as
solvents at room temperature as a result of hydrogen bonding between the species that
make up these solvents [13]. Throughout the years, DESs have been catalogued as great
substitutes for conventional solvents considering their similar physical properties to ILs,
presenting advantageous characteristics such as low cost, biodegradability, non-toxicity,
low volatility, easy preparation, and even biocompatibility [14,15]. Additionally, phenolic
stability in DESs has been reported [16,17]; hydrogen bonding between DESs and phenolic
compounds prevents degradation by reducing the phenolic molecules’ movement, thus
decreasing their contact time with air and simultaneously avoiding oxidative degrada-
tion [18]. Furthermore, DESs can be designed for highly efficient extraction of specific
compounds improving their bioactivity and stability compared to traditional solvents [19].

Given the high value of several phenolic compounds for pharmaceutical and food
industries, particular interest is shown in DES-based extraction methods since various
DES-constituting compounds are approved for human consumption as food additives
or supplements. This is the case of choline chloride (ChCl), the most widely studied
hydrogen bond acceptor (HBA) in DESs [20,21], as well as other components including
1,2-propanediol [22], organic acids, such as acetic, citric, lactic, malic, and tartaric acids [23];
sugars like fructose, glucose, sucrose, ribose, and mannose [24–26]; and amino acids like
L-proline and L-alanine [27–29].

DES importance also relies on their wide application range, including analytical
chemistry, biomolecule extraction, biocatalysis, biomass processing, biodiesel and gas
separation, metallurgy, nanomaterials synthesis, therapeutics, food and water sample
analysis [10,15,30–36]. Their high potential results from almost unlimited possible chemical
combinations for their synthesis. This way, a fit-to-purpose DES with unique selectivity
can be synthesized [37–39]. DES research has had substantial growth throughout the years
(illustrated in Figure 1), owing to its remarkable properties and its large application field,
including phenolic compounds extraction from natural sources.

Figure 1. Number of publications that include the term “deep eutectic solvent” in their title since
2010. Source: Web of Science, 12 June 2021 [40].

This review summarizes the most relevant studies in the last year involving phenolic
compounds extraction from natural sources through different DES-based extraction meth-
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ods, where molecular mechanisms involved in each extraction procedure are discussed.
This work also aims to exhibit the current DES research and its potential use in various
industries.

2. Principles of DES

DESs are mixtures of two or more compounds that present a significantly lower
eutectic point than that of the ideal liquid mixture, as well as being liquid at ambient
temperatures [41]. These solvents consist of a compound acting as a hydrogen bond donor
(HBD) and a compound that acts as HBA [30,42]. DESs, similar to other eutectic mixture,
possess a lower melting point than their components in their pure form [43,44]. The two
most studied DES subgroups are natural deep eutectic solvents (NADES), which are based
on sugars, alcohols, organic acids, amino acids, or amines [45], and therapeutic deep eutec-
tic solvents (THEDES), where one or more of their components is an active pharmaceutical
ingredient [46]. NADESs have been indicated as possible solvents present in living cells,
thus explaining the presence of compounds at much higher concentrations than what is
soluble in aqueous solutions [47]. Furthermore, NADESs reduce physicochemical con-
straints of metabolites transport and cellular processes through the formation of liquid
microenvironments [14].

DES composition can be described with the general formula, as follows:

Cat+X−zY, (1)

Cat+ is an ammonium, phosphonium, or sulfonium cation; X− is a Lewis base, com-
monly a halide anion; Y is a Lewis or Brønsted acid, and z represents the number of Y
molecules interacting with X−, the anion [48,49].

As reported in Table 1, Abbot’s group have classified DES into four different types [48,50].

Table 1. Classification of DES. Adapted from [48].

Type Formula Terms

Type I Cat+X−zMClx M = Zn, Sn, Fe, Al, Ga, In

Type II Cat+X−zMClx·yH2O M = Cr, Co, Cu, Ni, Fe

Type III Cat+X−zRZ Z = CONH2, COOH, OH

Type IV MClx + RZ = MClx−1
+·RZ + MClx+1

− M = Al, Zn
Z = CONH2, OH

Type III DESs are the most studied and are commonly based on ChCl, an extensively
used HBA for its low cost, non-toxicity, and biodegradability [49]. Type III HBDs are
generally alcohols, amides, amino acids, carboxylic acids, and sugars [49,51].

The two most used methods in DES preparation are (1) grinding and (2) mixing and
heating, preferred due to their simplicity. Grinding involves the use of a mortar and
pestle where the DES components are triturated at room temperature until a homogeneous
solution is formed. Mixing and heating is carried out in a container under constant stirring
at a set temperature (usually between 50 and 100 ◦C). The DES precursors are mixed until
the eutectic solution is formed [49]. Other preparation methods are freeze-drying and
evaporation [11,52]. Several DES-based extraction methods have been reported; in fact,
many of them are well-established methods that have been operated with conventional
solvents, now adapted for DES uses. Several of the most reported methods include
ultrasound-assisted extraction (UAE) and microwave-assisted extraction (MAE); however,
traditional heating and stirring continues to be employed because of its simplicity and
low cost.

DES viscosity is an important property that affects extraction efficiency as lower vis-
cosities are correlated with a higher mass transfer and extraction yield [53]. Essentially, the
two options to reduce viscosity are water addition or changing one or more of the solvent
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components [20]. Through the hole theory, Abbot et al. [54] concluded that high viscosity is
attributed to solvent species having a larger molecular radius compared to the average void
radius. This hindrance can be overcome by using smaller cations or fluorinated HBDs [54].
Viscosity reduction through co-solvents addition (e.g., water) is commonly used for mass
transfer enhancement. Water increases solvent polarity, which might be beneficial for
certain compound extraction, depending on their polarities. However, water addition can
result in loss of the DES molecular structure caused by the weakening of intramolecular
interactions between the DES components [43].

Hydrogen bond strength between the DES components and cation symmetry are key
parameters in DES synthesis. The most significant freezing point depressions are observed
in those mixtures where the DES components have a higher ability to form hydrogen
bonds and a lower cation symmetry [55]. Other factors affecting DESs physicochemical
characteristics are the charge delocalization process from hydrogen bonding formation, the
electron density in hydrogen bond networks, and the presence or absence of functional
groups, leading to different supramolecular structures with different melting points [56]. A
schematic diagram of hydrogen bonding in a ChCl:urea DES is presented in Figure 2.

Figure 2. Hydrogen bonding in a ChCl:urea DES.

3. Phenolic Compound Extraction from Natural Sources

The section presents the studies reported on DES-based phenolic extraction from
natural sources, emphasizing their molecular mechanisms, characteristics and advantages
of each extraction process. Table 2 summarizes the sources, DES components and their
molar ratio, co-solvent addition, extraction method, and extraction yield of each study.

Table 2. Phenolic compound extraction processes presented in this review.

Source
DES Used

(Molar Ratio)
Co-Solvent

Extraction Method and
Conditions

Yield Reference

Manuka leaves
(Leptospermum

scoparium)

ChCl:Lactic acid
(1:2) -

Heating and stirring
Temperature: 50 ◦C

Extraction time: 67 min
Liquid-solid ratio: 100:5.07

TPC: 59.82 mg GAE g−1 [57]

Polygonum
cuspidatum root

TBAC:Ethylene
glycol
(1:3)

40% water
4.5% HCl

Heating and stirring
Temperature: 80 ◦C

Extraction time: 80 min
Rotational speed: 500 rpm

Liquid–solid ratio: 40:1

Resveratrol: 12.26 ±

0.14 mg g−1 [58]
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Table 2. Cont.

Source
DES Used

(Molar Ratio)
Co-Solvent

Extraction Method and
Conditions

Yield Reference

Buddleja globosa
Hope leaves

ChCl:Lactic acid
(1:1) 20% water Heating and stirring

Temperature: 60 ◦C
Extraction time: 50 min

Rotational speed: 340 rpm
Liquid–solid ratio: 100:1

TPC: ca. 175 mg GAE g−1

Luteolin 7-O-glucoside: ca
4.1 mg g−1

Verbascoside: ca. 39 mg g−1
[59]

L-proline:Citric
acid
(1:1)

20% water

TPC: ca. 175 mg GAE g−1

Luteolin 7-O-glucoside: ca.
4 mg g−1

Verbascoside: 51.045 mg g−1

Rosemary leaves
(Rosmarinus
officinalis L.)

ChCl:1,2-
propanediol

(1:2)
50% water

Heating and stirring
Temperature: 65 ◦C

Extraction time: 15 min
Rotational speed: 600 rpm

Liquid–solid ratio: 40:1

TPC: 78 mg GAE g−1 [60]

Black mustard
(Brassica nigra L.)

seed

TEOA:Glycerol
(1:2) 25% ethanol Heating and stirring

Temperature: 65 ◦C
Extraction time: 180 min

Rotational speed:1000 rpm
Liquid–solid ratio: 10:1

TPC: 32.2 ± 0.2 mg GAE g−1

TFC: 7.2 ± 0.2 mg QE g−1

[61]TEOA:Propylene
glycol (1:2) 25% ethanol TPC: 29.3 ± 0.3 mg GAE g−1

TFC: 7.4 ± 0.3 mg QE g−1

Coffee

L-serine:Lactic
acid
(1:4)

30%
methanol

Two-phase hollow
fiber-liquid microextraction

(HF-LPME)
Fiber material:
polypropylene

HF DES immersion time:
30 s

Rotational speed: 840 rpm

Caffeic acid: 0.032 µg g−1

[62]Green Tea Caffeic acid: 0.022 µg g−1

Tomato Caffeic acid: 0.012 µg g−1

Green tea
ChCl:ethylene

glycol
(1:2)

29% water

Heating and stirring
Temperature: 84 ◦C

Extraction time: 39 min
Liquid–solid ratio: 44:1

Phenolic extraction yield:
20.12% [63]

Radix et
Rhixoma Rhei

1-
tetradecanol:10-
undecenoic acid

(1:4)

10% HCl

Heating and stirring
Temperature: 67 ◦C

Extraction time: 20 min
Rotational speed: 500 rpm

Liquid–solid ratio: 12:1

Anthraquinones:
21.52 mg g−1 [64]

Turmeric
(Curcuma longa)

Sucrose:Lactic
acid:Water

(1:5:7)
-

Microwave-assisted
extraction

Temperature: 68.2 ◦C
Extraction time: 15.4 min
Maximum power: 1500 W
Liquid–solid ratio: 14.5:2

Curcumin:
32.00 mg g−1 [65]

Lour (Osmanthus
fragrans) flower

Lactic
acid:glucose

(1:5)
85% water

Microwave-assisted
extraction

Extraction time: 0.5 s
Power: 500 W

Liquid–solid ratio: 30:1

TPC: 192.20 ±

1.08 mg GAE g−1

TFC: 560.13 ±

0.51 mg RE g−1

[66]Microwave-assisted
extraction

Extraction time: 60.00 s
Power: 500 W

Liquid–solid ratio: 38.41:1

TPC: 238.09 ±

0.81 mg GAE g−1

TFC: 321.07 ±

1.65 mg RE g−1
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Table 2. Cont.

Source
DES Used

(Molar Ratio)
Co-Solvent

Extraction Method and
Conditions

Yield Reference

Orange peel
waste

ChCl:Ethylene
glycol
(1:2)

50% water

Stirring
Extraction time: 7 days

Rotational speed: 850 rpm
Liquid–solid ratio: 5:1

Polyphenols: 45.7 mg g−1 [67]

Brewer’s spent
grain

ChCl:Glycerol
(1:2) 37.46% water

Microwave-assisted
extraction

Temperature: 100 ◦C
Extraction time: 13.3 min
Maximum power: 700 W

TPC: 2.89 mg GAE g−1 [68]

Maritime Pine
(Pinus pinaster)

wood

Lactic
acid:Tartaric

acid:ChCl
(4:1:1)

-

Heating and stirring
Temperature: 175 ◦C

Extraction time: 90 min
Liquid–solid ratio: 10:1

Lignin removal: 94.9 ± 3.3% [69]

Poplar (Populus)
sawdust

ChCl:Lactic acid
(1:10) -

Heating and stirring
Temperature: 130 ◦C

Extraction time: 90 min
Liquid–solid ratio: 10:1

Lignin removal:
89.3% [70]

Oil palm (Elaeis
guineensis) frond

ChCl:Urea
(1:2)

20% water
2.5% NaOH

Ultrasound-assisted
extraction

Extraction time: 30 min
Ultrasound amplitude: 60%

Lignin removal: 47.00 ±

0.16% [71]

Blueberry
(Vaccinium spp.)

pomace

ChCl:Oxalic acid
(1:1) 30% water

Pulse- Ultrasound-assisted
extraction

Temperature: 76 ◦C
Extraction time: 3.2 min

Power: 325 W
Liquid–solid ratio: 60:1

Total anthocyanin yield:
24.27 ± 0.05 mg C3GE g−1 [72]

Lily (Lilium
lancifolium

Thunb.)

ChCl:Ethylene
glycol
(1:2)

20% water

Ultrasound-assisted
extraction

Temperature: 50 ◦C
Extraction time: 40 min
Liquid–solid ratio: 25:1

Regaloside B: 0.31 ±

0.06 mg g−1

Regaloside C: 0.29 ±

0.03 mg g−1

Regaloside E: 3.04 ±

0.38 mg g−1

[73]

Lavandula
pedunculata

subsp. lusitanica

Proline:Lactic
acid
(1:1)

30% water

Ultrasound-assisted
extraction

Extraction time: 60 min
Frequency: 37 kHz

TPC: 56.00 ±

0.77 mg GAE g−1 [74]

Sage (Salvia
officinalis)

ChCl:Lactic acid
(1:2) 10% water

Stirring and heating
Temperature: 50 ◦C

Extraction time: 90 min

Carnosic acid: 14.43 ±

0.28 µg mg−1

Carnosol: 4.83 ±

0.09 µg mg−1

[75]
ChCl:Lactic acid

(1:2) 10% water

Ultrasound-assisted
extraction

Temperature: 70 ◦C
Extraction time: 60 min

Carnosic acid: 14.00 ±

0.02 µg mg−1

Carnosol: 4.18 ±

0.05 µg mg−1

ChCl:Lactic acid
(1:2) 10% water

MCE
Extraction time: 2 min

Vibration speed: 5 m s−1

Carnosic acid: 8.26 ±

0.45 µg mg−1

Carnosol:
1.87 ± 0.33 µg mg−1
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Table 2. Cont.

Source
DES Used

(Molar Ratio)
Co-Solvent

Extraction Method and
Conditions

Yield Reference

Turmeric
(Curcuma longa)

ChCl:Lactic acid
(1:1) 20% water

Ultrasound-assisted
extraction—direct

sonication
Temperature: 30 ◦C

Extraction time: 20 min
Frequency: 22 kHz

Intensity: 70.8 W cm−2

Pulse mode: 60%
Particle size: 0.355 mm
Liquid–solid ratio: 20:1

Curcuminoids:
77.13 mg g−1 [76]

Olive leaf
ChCl:Fructose:

Water
(5:2:5)

42.69% water

Ultrasound-assisted
extraction

Temperature: 75 ◦C
Extraction time: 60 min

Power: 140 W
Frequency: 37 kHz

Liquid–solid ratio: 40.66:1

TPC: 187.31 ±

10.3 mg GAE g−1

TFC: 12.75 ±

0.6 mg ApE g−1

[77]

Helichrysum
arenarium L.

inflorescences

ChCl:1,2-
propanediol

(1:2)
25% water

Ultrasound-assisted
extraction

Temperature: 50 ◦C
Extraction time: 60 min

Phenolics: 30.15 ±

0.42 mg g−1

[78]ChCl:1,4-
butanediol

(1:6)

Phenolics: 29.75 ±

0.49 mg g−1

Olive oil ChCl:Xylitol:Water
(2:1:3) -

Heating and stirring
Temperature: 40 ◦C

Extraction time: 60 min
Liquid:oil ratio: 1:1

Phenolics: 555.36 ±

21.93 mg kg−1 [79]

Olive oil ChCl:Extracted
phenolics -

Rotating disk sorptive
extraction

Extraction time: 15 min
Disk material:

poly(vinylidene fluoride-co-
tetrafluoroethylene)

Rotational speed: 150 rpm
ChCl concentration:

300 g L−1

Absolute extraction
recovery

Gallic acid: 87%
Protocatechuic acid: 79%

Tyrosol: 76%
Vanillic acid: 75%

p-coumarinic acid: 82%
Syringaldehyde: 81%

Thymol: 66%

[80]

Phenolic compound extraction from natural sources is necessary to obtain high-added
value compounds that are crucial feedstock in the manufacture of several pharmaceutical,
cosmetic, food, and nutraceutical products [81]. Manuka, the most widespread native
shrub in New Zealand, possesses great importance in the country since it has long been
used as a traditional medicine with antibacterial and antioxidant properties associated
with its high phenolic content, and nowadays, it is a notable source of honey and essential
oils. Alsaud et al. [57] studied phenolic extraction from manuka (Leptospermum scoparium)
leaves using eight different DESs, constituted by either ChCl or tetrabutylammonium
chloride (TBAC) as the HBA, combined with either ethylene glycol, 1,3-propanediol, acetic
acid, or lactic acid as the HBD. The DESs were synthesized by stirring at 80 ◦C. Extraction
was performed in a stirred vessel at room temperature for 1 h, with 5% biomass. The
obtained extraction yields with different DESs were compared with the one achieved
with ethanol as the extraction solvent; TPC (Total phenolic content) of 45.04 mg GAE g−1

(GAE = Gallic Acid Equivalents). Three of the DESs, ChCl:ethylene glycol (molar ratio
of 1:2), ChCl:lactic acid (1:2), and ChCl:1,3-propanediol (1:3), showed higher extraction
efficiencies than ethanol by presenting a final yield of 56.87, 52.51, and 50.67 mg GAE g−1,
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respectively. The high efficiency of ChCl:ethylene glycol and ChCl:1,3-propanediol DESs
was attributed to their lower viscosity. However, the superior outcome of ethylene glycol-
based DES was ascribed to its ability to form multiple hydrogen bonds with phenolic
compounds and be only a two-carbon chain-length, which is believed to interact more
easily than other polyalcohols [82]. Regarding the carboxylic acid-based DESs, the more
viscous lactic acid DES presented a higher extraction efficiency than using acetic acid
solvent, accredited to its higher number of OH groups. Using the ChCl:lactic acid DES, the
authors reported the optimal extraction conditions at 50 ◦C, extraction duration of 1.07 h
using 5.07% biomass, where they successfully extracted 59.82 mg GAE g−1. Additionally,
the extracted phenolic compounds presented high stability in DES, even after eight days
in storage.

Resveratrol is a phenolic compound widely used in the pharmaceutical and food
industry due to its anti-inflammatory, anti-oxidative and anti-viral properties [83]. A high
level of resveratrol is found in Polygonum cuspidatum, particularly in the root. However,
it is majorly present as polydatin, its glycoside form [84], consequently, more efficacious
methods of extraction and conversion of polydatin to resveratrol have been searched to
upgrade or replace traditional methods, which are either costly, time-consuming, non-
efficient, or harmful to the environment. Recently, Sun et al. [58] developed a one-pot
polydatin-to-resveratrol extraction and conversion method from Polygonum cuspidatum
root using eleven DESs. The method consists of stirring (at 500 rpm) the plant-DES
mixture tube (with 4.5% HCl) in an oil bath at 80 ◦C for 80 min. Five out of the eleven
DESs (tetraethylammonium chloride(TEA):ethylene glycol (1:2), TBAC:ethylene glycol
(1:3), TEA:glycerin (1:2), TEA:1,4-butanediol (1:2), and triethyl benzyl ammonium chloride
(TEBAC):1,4-butanediol (1:2)) presented higher resveratrol extraction yields than methanol
and ethanol, tested at similar test conditions. The highest extraction efficiency was obtained
with TBAC:ethylene glycol DES (9.00 ± 0.28 mg/g), attributed to its low viscosity, low pH,
and a stronger hydrophobic interaction between the solvent and resveratrol. The optimized
extraction parameters, determined using the TBAC:ethylene glycol solvent, are: stirring
at 80 ◦C for 80 min in a 40% (v/v) water in DES, 4.5% (m/v) HCl, 40:1 liquid–solid ratio.
The suggested method was compared against UAE and produced a higher resveratrol
yield even though the presence of cavitation facilitates interaction between the solvent and
the plant, thus proving the effectiveness of the stirring step. Contrarily, UAE could not
penetrate the plant powder deposited at the bottom of the tube, leading to unextracted
or unconverted compounds. With these optimum conditions, the extraction–conversion
process reached a resveratrol yield of 12.26 ± 0.14 mg g−1.

Torres-Vega et al. [59] reported polyphenols extraction from Buddleja globosa Hope
leaves through heating and mixing with DESs. Buddleja globosa is a medicinal plant tradition-
ally used by the Mapuche for the treatment of wounds and dermatological, gastrointestinal,
and hepatic disorders [85,86]. Water was added to all the prepared DESs, producing
20% water aqueous solvents, and the extractions were carried out at 60 ◦C and 340 rpm
stirred for 50 min with 0.1 g plant in 10 mL solvent. Eight DESs were used; however,
only five were suitable for individual phenolic quantification given the poor separation
of forsythoside B and verbascoside in the other three. As for total phenolic extraction,
only the ChCl:1,2-propanediol (1:3) solvent presented a significantly lower yield than
80% compared with methanol under the same extraction conditions. Whereas, the lactic
acid:glycerol:water (3:1:3) and ChCl:glycerol (1:2) solvents did not show significant differ-
ences with the methanol extraction yield. Nevertheless, the other two DESs, ChCl:lactic
acid (1:1) and L-proline:citric acid (1:1), displayed a significantly better total phenolic recov-
ery than methanol. All five solvents showed significantly higher luteolin 7-O-glucoside
extraction yields than methanol extraction, similarly for verbascoside yields except for the
ChCl:1,2-propanediol solvent. This solvent exhibited the highest luteolin 7-O-glucoside
extraction yield but the lowest for verbacoside and total phenolic yields. The trend is due
to ChCl:1,2-propanediol’s higher extraction affinity towards flavonoids, similarly reported
in other studies [87]. The poor extraction of the other phenolic compounds is probably due
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to its polarity. Using this new procedure, it was concluded that the ChCl:lactic acid and
L-proline:citric acid DES solvents presented the highest phenolic extraction capacities from
Buddleja globosa and are promising alternatives to traditional solvents.

Wojeicchowski et al. [60] screened ten DESs to extract phenolic compounds from
rosemary (Rosmarinus officinalis L.) leaves. The extraction was done by heating and stirring
at 30 ◦C and 600 rpm for 15 min with a liquid-solid ratio of 20:1. All DESs were prepared
with ChCl as the HBA with various HBDs including acetic acid (1:2), lactic acid (1:2),
oxalic acid (1:1), 1,2-propanediol (1:2), ethylene glycol (1:2), glycerol (1:2), xylitol (2:1),
sorbitol (2:1), xylose (2:1), and zinc chloride (1:2). The extraction performances of pure
DESs and aqueous DESs (30% water) were compared to pure ethanol and 70% ethanol.
From the ten pure DESs, phenolic content was not observed in six of them, associated
with their high viscosities. Meanwhile, the ten aqueous DESs showed higher extraction
yields than 70% ethanol and significantly lower extraction yields than pure ethanol. The
extraction optimization was conducted using the best DES (ChCl:1,2-propanediol) and was
determined to be at 65 ◦C, with a 40:1 liquid-solid ratio with a 50% aqueous DES, resulting
in the highest total phenolic yield of 78 mg GAE g−1.

Ðord̄ević et al. [61] reported total phenolic and total flavonoid extractions from
ground black mustard (Brassica nigra L.) seed using triethanolamine (TEOA):glycerol,
TEOA:propylene glycol, and ChCl:urea DESs. The DESs were prepared with a molar ratio
of 1:2, along with DES mixtures with 25% water or ethanol. Extraction was performed
through heating at 65 ◦C for 3 h and stirring at 1000 rpm, and a liquid–solid ratio of 10:1
(v/w). Out of the three pure DESs, the highest total phenolic extraction was obtained with
the TEOA:propylene glycol solvent, providing 23.5 ± 0.7 mg of GAE g−1. Nevertheless,
the highest yield was obtained with a mixture of TEOA:glycerol with 25% ethanol, pro-
ducing 32.2 ± 0.2 mg of GAE g−1. Overall, it was observed that the addition of ethanol or
water to each DES increased the extracted phenolic content, owing to the reduced solvent
viscosity that simultaneously enhanced the phenolic transfer between the seeds and the
DES [12,88]. However, the TEOA:propylene glycol-water mixture behaved differently. It
displayed a reduced extraction yield, which is attributed to DES nanostructure debilitation
or disintegration due to water-DES interaction, resulting in a decline in solvent extraction
capability [3,43,89]. Regarding the total flavonoids content (TFC), the TEOA:propylene
glycol with 25% ethanol showed the highest yield at 7.4 ± 0.3 mg of QE (quercetin equiva-
lents) g−1. The higher phenolic and flavonoid recoveries using ethanol-DES mixtures were
attributed to an increase in selectivity due to their polarity.

Nia and Hadjmohammadi [62] performed caffeic acid extraction from coffee, green
tea, and tomato through a two-phase hollow fiber-liquid microextraction (HF-LPME) using
a hydrophobic DES as an acceptor phase. The two-phase HF-LPME consisted of a porous
polypropylene hollow fiber filled with an acceptor solution, immersed in an immiscible
solution of an aqueous sample and donor phase (see Figure 3). The target analytes in the
aqueous sample were extracted into the liquid-supported membrane. The solvent selection
for acceptor solution is crucial for an adequate extraction performance, as the solvent must
be immiscible with the donor phase and have a high affinity with both the hollow fiber
and the target compound. Conventional organic solvents are typically used for extraction;
nevertheless, they present significant drawbacks such as instability, toxicity and volatility.
More advanced solvents such as ionic liquids have also been used as the acceptor phase;
however, their anions can hydrolyze into toxic species, in addition to their readily high
cost and time-consuming synthesis. Hence, DESs are the obvious solvents of choice and
have been proposed for HF-LPME [90–92]. For this study, three DESs were prepared:
L-leucine:lactic acid, L-arginine:lactic acid, and L-serine:lactic acid, each at 1:3, 1:4, and
1:5 molar ratios. Based on the physicochemical properties of the produced DESs, the 1:4
molar ratio L-serine:lactic acid solvent was selected due to its high capacity to form π-type
hydrogen bonds between the caffeic acid’s conjugated aromatic rings and the solvent’s
polar groups. Moreover, to further reduce the DES viscosity, 30% methanol was added as a
co-solvent. In the experiment, the hollow fiber was first immersed into the DES solvent for

121



Molecules 2021, 26, 5037

30 s, followed by a 50 µL DES addition into the hollow fiber lumen side. Subsequently, the
DES-supported hollow fiber was placed into the sample solution and stirred. The caffeic
acid extraction yields from tomato, green tea, and coffee sample obtained were 0.032, 0.022,
and 0.012 µg g−1, respectively.

Figure 3. Two-phase hollow fiber-liquid microextraction setup. Adapted from Esrafili et al. [93].

Cui et al. [63] reported a phenolic extraction from green tea by heating and stirring
with five different DESs: ChCl-based DES with ethylene glycol, glycerol, glucose oxalic
acid, and citric acid as the HBDs. The ChCl:ethylene glycol (1:2) was the best performing
DES, attributed to its strongest affinity to phenolic compared to the other DESs, due to the
good combination of a strong HBA and a relatively weaker HBD. The extraction produced
a maximum yield of 20.12%, conducted with a liquid-solid ratio of 44:1 at 84 ◦C for 39 min.

Huang et al. [64] extracted anthraquinones from Radix et Rhizoma Rhei, a Chinese
medicinal plant from the Polygonaceae family, using novel hydrophobic DESs. The plant
was used because hydrophobic anthraquinones (e.g., aloe-emodin, emodin, chrysophanol,
physcion, and rehin) are one of its main chemical components [94]. Different alkanols (n-
octanol, n-decanol, 1-dodecanol, and 1-tetradecanol) and alkyl carboxylic acids (n-octanoic
acid, decanoic acid, and 10-undecenoic acid) were used for the synthesis of nine green DES
solvents. In general, these DESs presented low viscosities ranging from 4.03 to 12.26 mPa·s,
suitable for a high mass transfer between the plant and the solvent due to the absence
of coulombic forces [51]. Additionally, these DESs were mixed with water at different
volumetric ratios, confirming their immiscibility and thus their hydrophobicity. Based on
the physiochemical analysis and protocol optimization, the 1-tetradecanol:10-undecenoic
acid (1:4) presented the best dissolution performances and was selected for the extraction
process. Before the extraction, a pectinase solution was used for plant cell walls impairment
and then deactivated by heat. Later, 385 µL of concentrated HCl were added to obtain
a 10% w/v HCl solution. For the extraction, DES and plant material were mixed in the
aqueous solution at a 12:1 volume-to-mass ratio (mL g−1) at 67 ◦C for 20 min under 500 rpm
stirring. After that, the solution was centrifuged to collect the anthraquinones in the DES
phase and quantified by HPLC with diode array detection. Finally, the yields for four
different samples from different Chinese provinces were obtained, and the sample from
Sichuan presented the highest total anthraquinones extraction yield (ca. 21.52 mg g−1).
The yields were comparable to values given for anthraquinones extraction from Chinese
pharmacopoeia using a more complex traditional process (heated-reflux extraction process
with methanol).

Doldolova et al. [65] studied the curcumin and antioxidant extraction capacity of five
different DESs from turmeric (Curcuma longa) utilizing microwave-assisted extraction. It is
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important to note that polyphenols are not the only antioxidants present in turmeric, as
several other non-phenolic compounds also exhibit antioxidant activity [95]. Herein, five
DESs were prepared; fructose:ChCl:water (molar ratio of 2:5:5), sucrose:ChCl:water (1:4:4),
fructose:lactic acid:water (1:5:5), sucrose:lactic acid:water (1:5:7), and lactic acid:ChCl:water
(1:1:2), and referred as DES 1, 2, 3, 4, and 5. Different extraction parameters (e.g., extraction
time, temperature, and solvent:solid ratio) were studied. The optimal extraction duration
was 15–21 min at 64–71 ◦C, using 14–16 mL/0.2 g of dried sample. The differences in
duration is due to different times being needed for different DES to penetrate and dissolve
the curcumin in the turmeric. In this study, it is important to note that (1) despite DESs may
degrade at high temperatures, there was no degradation observed, even at the harshest
experiment conditions (75 ◦C for 30 min), and (2) higher solvent-solid ratios only produced
a small increase in extraction efficiencies, even though it is known that higher ratios often
enhance the mass transfer due to the higher concentration gradients. At the optimal
conditions, all DESs except DES 1, presented a higher curcumin extraction yield and total
antioxidants content than those obtained using 80% methanol:water solvent. DES 1, 2, 3, 4,
5, and 80% methanol:water curcumin yields were 13.95, 21.41, 24.81, 32.00, 23.06, and ca.
15 mg/g of dried sample, respectively.

In a DES-based MAE recovery study, Pan et al. [66] obtained total phenolic and
total flavonoid content from Lour (Osmanthus fragrans) flowers using a lactic acid:glucose
(1:5) DES. An interesting aspect of this study is that optimal conditions for total phenolic
and total flavonoid content extraction differ greatly. For example, the highest yield of
flavonoids was obtained using a solid–liquid ratio of 30 mL g−1 under a microwave
power of 500 W for 34.77 s. In contrast, the phenolic yield was only 80.7% at the same
condition. The finding highlights that a specific process condition is needed to extract the
desired compound effectively. Overall, the highest total phenolic and flavonoid yields
were 192.20 ± 1.08 mg GAE g−1 and 560.13 ± 0.51 mg RE g−1, respectively.

Use of DESs in biomass processing is a growing research field that aims to develop
green and efficient methods for biomass valorization. Food industry waste represents
a great opportunity for biomass valorization due to the large volumes of residues and
by-products, i.e., ~28–35 Mt of orange peel waste (by-product) are produced worldwide,
where only a small amount is reused as animal feed, fertilizer, biofuel, and bioactive
compounds extraction and the majority is disposed of as land-filling or compost [96].
Concerning this, Panić et al. [67] proposed the use of DESs for valorization of orange peel
waste by (R,S)-1-phenylethyl acetate hydrolyzation, as well as D-limonene, protein and
polyphenol extraction. From preliminary experiments in an integrated bio-refinery protocol,
the authors concluded that the ChCl:ethylene glycol (1:2) solvent with 50% water (w/w)
was the most efficient out of seven prepared DESs. In the experiment, 10 mL of the selected
DES, 0.015 g L−1 (R,S)-1-phenylethyl acetate, and 0.2 g mL−1 orange peel were mixed and
placed in a shaker at 850 rpm for seven days. Later, using a glass column with a Sepabeads
SP825L porous resin, the polyphenols were separated from the solvent. Using the best
DES, a polyphenol yield of 45.7 mg g−1 was obtained with good limonene (0.5 mg g−1)
and protein (7.7 mg g−1) extraction yields. The DES also showed high enantio-selectivity
in the hydrolysis of (R,S)-1-phenylethyl acetate.

Additionally, aiming at bio-refinery processing in the food industry, López-Linares
et al. [68] evaluated the phenolic extraction from brewer’s spent grain using a DES-based
MAE. First, four DESs (ChCl:ethylene glycol, ChCl:lactic acid, ChCl:glycerol, and ChCl:1,2-
propanediol with a 1:2 molar ratio and 25% water (v/v)) were screened in experiments with
a maximum microwave power of 700 W, at 65 ◦C for 20 min. From the initial screening, the
ChCl:glycerol solvent proved to be the most efficient, obtaining 2.3 mg GAE g−1, higher
than the obtained value of 1.2 mg GAE g−1 using methanol:water (80:20 v/v) solvent.
Additionally, the process extracted not only phenolic compounds but also lignin, with
delignification ranging from 0.13 to 20.75%, adding to its advantages for bio-refinery use.
Later, variations of temperature (50–100 ◦C), time (5–25 min), and water percentage in the
ChCl:glycerol solvent (20–70%) were studied for process optimization. As expected, an
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increase in temperature raised the phenolic extraction yield due to the improved phenolic
solubility and diffusivity in the solvent. However, low extraction yields were obtained at
high temperatures using high-water percentage solvents, believed to be caused by a loss
of eutectic properties in the solvent due to the rupture of hydrogen bonds. The highest
yield obtained in this MAE process was with 37.46% (v/v) water in the ChCl:glycerol DES
at 100 ◦C for 13.3 min, generating a total phenolic yield of 2.89 mg GAE g−1. This study
confirms that a fast, greener and more efficient phenolic extraction method from brewer’s
spent grain is possible using this DES. Furthermore, this process presents a delignification
capacity and a low sugar concentration, displaying its potential in bio-refinery processing.

Lignin, an underutilized high-molecular mass phenolic biopolymer [97], is the most
abundant aromatic polymer and the biggest source in the world [98,99]. Currently, exten-
sive research is being done to replace fossil fuels with renewable energy sources, such as
lignin [100,101]. Extraction of lignin from maritime pine (Pinus pinaster) wood using several
pure and aqueous DES mixtures was reported by Fernandes et al. [69]. The experiments
were performed at an extraction temperature of 150 ◦C for 2 h with a solid-solvent ratio
of 1:10. It was observed that ChCl-based DESs presented a higher lignin extraction yield
than that betaine or urea-based DESs. For binary DESs, lactic acid:ChCl with a 5:1 molar
ratio was the most efficient, extracting a lignin yield of ca. 40% with a purity of 68.3%;
nevertheless, the tartaric acid:ChCl (1:2) DES produced the best lignin purity of ca. 83%.
It was observed that carboxylic acids containing alpha-hydroxy acids presented a higher
affinity for lignin than linear carboxylic acids. The tertiary lactic acid:tartaric acid:ChCl
(4:1:1) DES showed the best performance, surpassing all pure, binary and tertiary DESs,
exhibiting a 92.7% and ca. 27% of lignin purity and extraction yield, respectively. Addition-
ally, Fourier-transform infrared spectroscopy (FTIR) showed no significant differences in
lignin structures regardless of the DES used. Furthermore, the extraction temperature and
time were optimized using this particular solvent, showing the typical trend where the ex-
traction yield increases with temperature. However, lignin purity decreased in extractions
at over 150 ◦C (extractions carried out for 2 h). Concerning time, 1 h extraction time was
sufficient for an adequate extraction at 175 ◦C, as there were no significant differences in
extraction yield and lignin purity for 1, 2, and 4 h experiments. At optimal conditions with
this DES, a 95 wt.% lignin recovery with an 89 wt.% purity was achieved. The DES was
reused in 3 consecutive extractions, producing no significant differences in each extraction
yield, thus proving its reusability.

Biomass pre-treatment is an essential step in bio-refineries, given the need to disrupt
the lignocellulosic material before further processing [102]. In this aspect, DESs have
risen as conventional solvent substitutes. Su et al. [70] studied a DES pre-treatment for
poplar (Populus) sawdust where lignin removal was evaluated. ChCl:lactic acid DESs with
different molar ratios (1:2, 1:4, 1:6, 1:8, and 1:10) were prepared, and the processes were
carried out in a reaction vessel at either 110 or 130 ◦C, for 90 min with 10 g of poplar
powder and 100 g of DES. The extracted lignin amount was significantly higher in the
process at 130 ◦C, a phenomenon that was attributed to a viscosity and surface tension
reduction in the solvent, which eases the solvent permeation into the poplar’s cell wall [103].
There was also a clear relationship between lignin removal and DES molar ratio, where
varying the molar ratio from 1:2 to 1:10 increased lignin recoveries accordingly. The optimal
extraction was observed at 130 ◦C with a 1:10 molar ratio DES, reaching a lignin removal
up to 89.3%. This process provided selective lignin and xylan removal with high cellulose
preservation, making it a very efficient alternative to the conventional solvent pre-treatment
of lignocellulosic biomass.

Ong et al. [71] explored delignification of oil palm (Elaeis guineensis) frond using
an ultrasound-assisted NaOH-aqueous DES pre-treatment. Currently, the pre-treatment
processes represent ~20–48% of the total operational cost in bio-refineries, and this is
mainly due to the higher fractionation energy required due to the recalcitrant nature of
lignocellulosic biomass. UAE is recognized as a powerful technology for phytochemical
extraction and easily applied on small and large scales [81]. A ChCl:urea (1:2 molar
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ratio) DES was mixed with 4-parts of water, obtaining a 1:4 water:DES aqueous mixture,
followed by the addition of 0.1, 0.5, 1.5, 2.5, and 3.5% (w/v) NaOH to produce the final
NaOH-aqueous DESs. Pure and aqueous DESs with NaOH were used as references. The
optimum conditions; NaOH concentration of 2.5%, an ultrasound amplitude of 60%, and
extraction duration of 30 min, produced a lignin removal of 47.00 ± 0.16%. The authors
proposed a working mechanism where the ultrasound-produced microbubbles in the low
viscosity NaOH-DES solvent forming micro-jet streams directed towards the biomass
surfaces, disintegrating and concurrently removing the hydrophobic wax layer from the
frond’s surfaces. The cavitation approach as a destructive force is already proven in several
applications, confirming the above-mentioned proposed mechanism [104]. These micro-
jets also improved the solvent penetration into the biomass, by inducing the frond fibers
swelling and facilitating the solvent penetration. On the other hand, the high NaOH
basicity increased the lignin solubility to achieve a high lignin removal. The process
mechanism is depicted in Figure 4.

Figure 4. Process mechanism of ultrasound-assisted NaOH-aqueous DES pre-treatment. Adapted from Ong et al. [71].

Several other studies also showed the DES-based UAE extraction potential. Fu
et al. [72] developed a DES-coupled pulse-UAE for anthocyanin recovery from blueberry
(Vaccinium spp.) pomace. Anthocyanins, the biggest group of phenolic pigments with
relevant antioxidant activity, are compounds of interest in the food industry due to their
biological activities and natural colorants [105]. Total anthocyanins content in blueberry
pomace was determined by Giusti and Wrolstad [106] and expressed in mg of Cyanidin-3-
O-glucoside equivalent (C3GE) per gram of sample. First, seven ChCl-based DESs with
different carboxylic acids and polyalcohols as the HBDs. Given the high pure DES viscosi-
ties, 10, 30, and 50% DES-water mixtures were produced. The selection for the highest
extraction efficiency was conducted using the conventional heat-assisted extractions, and
the total extracted anthocyanin contents was compared with the obtained values using
water and ethanol. The 30% DES-water mixtures obtained the highest yields. As discussed
earlier, water addition into DESs reduces the solvent viscosity, easing the mass transfer of
the targeted compound from the source to the solvent; however, when excessive water is
added, the DES structure is dismantled causing a reduction in the extraction yield [3,43,89].
It was noted that DESs with carboxylic acids as HBD showed higher extraction efficiencies
than those with polyalcohols. This is ascribed to the higher polarity and lower pH value
of the carboxylic acid-based DESs, as anthocyanins are highly polar compounds found
frequently in their flavylium cation form and stable at pH values below 2 [107]. It was
also observed that higher density and lower viscosity in the DES corresponded to a higher
extraction of total anthocyanin content. The highest extraction yield was obtained with the
ChCl:oxalyc acid DES (1:1 molar ratio) with 30% water, outperforming extractions using
ethanol and water. Using the best DES, four different UAE parameters were then assessed,
including ultrasonic time, ultrasonic power, temperature, and solvent to solid ratio. The
optimum process conditions were: an ultrasonic time of 3.2 min, with 325 W power at
76 ◦C, and a solvent to solid ratio of 60 mL g−1, acquiring a total anthocyanin yield of
24.27 ± 0.05 mg C3GE g−1.

Chen et al. [73] documented phenolic extraction from lily (Lilium lancifolium Thunb.)
through DES-based UAE. In this study, four DESs were synthesized using ChCl as the HBA
and four different HBDs: ethylene glycol, lactic acid, glycerol, and formic acid, each at a
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molar ratio of 1:2. The authors utilized 1 g of Lilium lancifolium in each extraction, obtaining
the ChCl:ethylene glycol DES as the most efficient. Additionally, the effects of water content
in the solvent, solid-solvent ratio, temperature, and extraction time were also studied. It
was observed that water addition from 10 to 30% increased the extraction rate, with 20%
water being the best, whereas 40 to 50% water addition was detrimental to the extraction.
The optimum conditions were: 50 ◦C, a 40 min extraction with a solid-solvent ratio of 1:25.
At these optimal conditions, yields of 0.31 ± 0.06, 0.29 ± 0.03, and 3.04 ± 0.38 mg g−1 for
regaloside B, regaloside C, and regaloside E were achieved, respectively. Compared to the
conventional hot water extraction method, higher yields and shorter extraction times were
obtained with DES.

Mansinhos et al. [74] carried out phenolic compounds separation from Lavandula
pedunculata subsp. lusitanica with ten different DESs using UAE. Lavandula peduncu-
lata is known to have medicinal properties, credited partly to its phenolic content [108].
Mansinhos et al. used four HBAs (glycerol, glucose, ChCl, and proline) with different
HBDs (citric acid, urea, lactic acid, xylitol, in their work and malic acid). After a prelimi-
nary evaluation, proline:lactic acid (1:1) DES presented the highest total phenolic amount
(56.00 ± 0.77 mg GAE g−1 DW), in which the most abundant extracted compounds were
rosmarinic acid, ferulic acid, and salvianolic acid. The results were in agreement with
the previously reported phenolic compositions in Lavandula species [109]. It is important
to mention that the individual phenolic yield was different for each DES, indicating an
opportunity for selective phenolic extraction.

In a study by Jakovljević et al. [75], carnosic acid and carnosol extraction from sage
(Salvia officinalis) was conducted through three extraction methods, i.e., conventional
stirring and heating, UAE, and mechanochemical extraction (MCE), using DESs. Firstly,
seventeen DESs with ChCl as the HBA were prepared with their respective 10, 30 and
50% aqueous mixtures and studied through stirring and heating extraction to obtain the
best performing solvent. For carnosol extraction, the ChCl:1,4-butanediol (1:2) DES was
the most effective, whereas the acidic ChCl:lactic acid (1:2) DES was the most efficient for
carnosic acid extraction. This is attributed to the higher acidic DES polarity compared with
the DESs with sugar HBDs. Further experiments were carried out with the ChCl:lactic
acid (1:2) DES. It was found that the stirring and heating and UAE methods were the most
efficient, believed to be due to the continuous stirring in the earlier method and the faster
compound diffusion and increased mass transfer due to the cavitation effect in the latter.
Nonetheless, MCE reduces the extraction time and solvent amount. Similar amounts of
carnosol and carnosic acid were obtained in 90 min stirring and heating and UAE extraction
processes, and only 3 min of the MCE process, with a minimal DES amount. This is caused
by the glass beads that enhance the plant-DES mixing. The highest carnosic acid extraction
yields were 14.43 ± 0.28 µg mg−1 for stirring and heating (10% of H2O, 90 min, 50 ◦C);
14.00 ± 0.02 µg mg−1 for UAE (10% of H2O, 60 min, 70 ◦C); and 8.26 ± 0.45 µg mg−1 for
MCE (10% of H2O, 2 min, 5 m s−1 vibration speed). Moreover, carnosol and carnosic acid
extraction with the ChCl:lactic acid (1:2) DES proved to be more efficient than conventional
solvents such as water, ethanol, and 30–70% (v/v) water-ethanol aqueous mixtures.

Patil et al. [76] described a DES-based UAE of curcuminoids from turmeric. Herein,
nine ChCl-based DESs were prepared and screened for curcuminoids extraction using
glycerol (1:2), ethylene glycol (1:1), 1,4-butanediol (1:3), lactic acid (1:1), malic acid (1:1),
citric acid (2:1), xylose (1:1), glucose (2:1), and fructose (2:1) as the HBDs. The UAE
was carried out with sonication at 22 kHz frequency and 200 W of power. The highest
curcuminoids extraction yield (ca. 58.87 mg g−1) was obtained with the ChCl:Lactic acid
DES, which showed the highest curcuminoid solubility (13.7 mg mL−1) during a solubility
test. Hence, process optimization was performed with this DES. The highest extraction
yields were obtained using the acid-based DESs, followed by sugar-based DESs, while
the alcohol-based DESs presented the lowest yields. In the optimization, increasing the
DES molar ratio from 1:1 to 1:4 provided a higher curcuminoid yield; however, there were
no significant differences. Thus, the 1:1 ratio was maintained as a larger HBD amount is
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not cost-effective. Water addition to the DESs was also studied, and 20% water content
presented the highest yield, attributed to a better dissipation of ultrasonic energy and
cavitation enhancement. The authors also examined the turmeric loading and particle size,
where 5% turmeric loading presented the highest yield, at higher loadings a constraint
in mass transfer within the cluster of particles was observed [110]. The particle size of
0.355 mm was chosen due to higher aspect-ratio in smaller particles (higher particle cells
in contact with solvent), but a further size reduction promoted particle agglomeration
and sedimentation. Using the optimal conditions (intensity of 70.8 W cm−2, pulse mode
of 60% duty cycle at 30 ◦C for 20 min), a 77.13 mg g−1 curcuminoid yield was obtained.
In a comparative study between ethanol-based Soxhlet extraction and DES-based batch
extraction, UAE presented a much lower energy requirement and a yield higher than
the batch extraction. Interestingly, the yield is similar to the Soxhlet extraction but only
consumed 0.67% of the energy required in the Soxhlet process.

Very recently, Ünlü [77] developed a phenolic extraction from the olive leaf through
UAE with DESs, expressed as total polyphenol and flavonoid yields. Like many other natu-
ral sources presented in this review, olive leaf has been utilized for medicinal purposes since
ancient times due to its beneficial antioxidant, antibacterial, and antifungal properties [111].
Eight DESs were prepared and evaluated for total polyphenol and flavonoid yields. Be-
fore optimization, the glucose:sucrose:water (1:1:11) solvent was screened to be the most
efficient for total polyphenol extraction, yielding around 20.49 ± 0.50 mg GAE g−1, as-
cribed to the low pH compared to the other sugar-based DESs prepared. For the total
flavonoid content, the highest yield was obtained with the ChCl:lactic acid (1:2) DES,
achieving 8.44 ± 0.30 mg ApE g−1, thanks to its low viscosity. Afterwards, the experimen-
tal conditions were optimized, and both polyphenol and flavonoid content were extracted
using a ChCl:fructose:water (5:2:5) DES (42.69% water content, liquid-to-solid ratio of
40.66 mL g−1, 75 ◦C, 1 h UAE at 140 W and 37 kHz) obtaining 187.31 ± 10.3 mg GAE g−1

and 12.75 ± 0.6 mg ApE g−1 for polyphenols and flavonoids, respectively.
Using eleven different DESs in a UAE study, Ivanović et al. [78] extracted phenolics

from Helichrysum arenarium L. inflorescences. The maximum phenolic contents (deter-
mined by spectrophotometry) of 30.15 ± 0.42, and 29.75 ± 0.49 mg g−1 were achieved
using a ChCl:1,2-propanediol (1:2) and a ChCl:1,4-butanediol (1:6) 25% water DESs, re-
spectively. These yields were higher than those obtained with processes carried out with
80% methanol and water as solvents under the same conditions. Furthermore, since the
phenolic compounds were quantified individually, the authors determined that the high
yields were attributed to the less polar phenolic compounds, such as secoiridoids and
flavonoids. Similar findings were also previously reported by Garcia et al. [87].

Olive oil presents an important amount of phenolic compounds. It contains at least
36 structurally different phenolic compounds, and studies have proven that olive oil’s
phenolic compounds display positive effects on human health [112]. Rodríguez-Juan
et al. [79] extracted phenolic compounds from virgin olive oil with a ChCl:xylitol aqueous
DES through agitation in a water bath, followed by solvent removal using a XAD-16 resin
column. The DES was washed with water in the column, and the phenolics were eluted
with ethanol, thus recycling the DES. The reported phenolic content was the sum of specific
compounds quantified by HPLC (e.g., hydroxytyrosol, tyrosol, 1-acetoxypinoresinol, 3,4-
DHPEA-EDA, etc.). Different test conditions were explored; a temperature of 30–90 ◦C,
0.5–6 h of extraction time, and different virgin olive oil:DES ratios (1:1, 1:3, 1:4, 1:7). It was
observed that the most efficient phenolic extraction conditions were at 40 ◦C for 1 h using
an oil:DES ratio of 1:1, obtaining a yield of 555.36 ± 21.93 mg of phenolic per kg of oil.

Shishov et al. [80] investigated phenolic extraction from olive oil using a rotating disk
sorptive extraction method, where the extraction mechanism relies on in situ DES formation
between a ChCl-coated rotating disk and the phenolic compounds in the oil sample. The
rotating disk was made of two polymer films, sandwiching a Parafilm M-wrapped iron
wire for magnetic stirring (see the configuration in Figure 5a). After the assembly, the disk
was clamped with glass and heated at 60 ◦C for 15 min, followed by a coating with 10 µL of
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ChCl solution. The rotation disk was placed inside a vial consisting of 1 mL of olive oil and
1 mL of n-hexane (used to reduce the oil’s viscosity). After a period of stirring, the disk was
removed, and the n-hexane was evaporated before placing the disk into a vial with 200 µL
of a water-ethanol mixture (2:1 v/v). In this stage, the phenolic compounds were separated
from the DES due to DES decomposition (ChCl dissolves in water and disintegrates from
the DES formation, and methanol enhances phenolic solubility). The extraction process is
illustrated in Figure 5b. The optimal extraction and elution conditions were studied, and
the authors found that poly(vinylidene fluoride-co-tetrafluoroethylene) (PVDF-co-PTFE)
films presented a higher absolute extraction recovery than cellulose acetate, nylon and
polyethersulfone films. This is due to its high hydrophobicity, a crucial characteristic
that allows PVDF-co-PTFE to be more oil-selective. As for the oil dilution, no significant
differences were found between n-hexane, n-heptane, and isooctane; however, n-hexane
was chosen for its high volatility, thus reducing the evaporation time. A concentration of
300 g L−1 ChCl was chosen as it provided the highest absolute extraction recovery. As for
the extraction conditions, chemical equilibrium was reached at 15 min at 150 rpm rotation.
The optimal elution volume and time were 0.2 mL and 2 min, respectively. Absolute
extraction recoveries of gallic acid, protocatechuic acid, tyrosol, vanillic acid, p-coumaric
acid, syringaldehyde and thymol were 87, 79, 76, 75, 82, 81, and 66%, respectively. The
extraction performances were comparable to the obtained values in a methanol-water
(60:40 v/v) extraction method. Using specific techniques, such as FTIR and scanning
electron microscope (SEM), the authors confirmed ChCl disk-impregnation, as well as DES
formation and retention. The FTIR analysis confirmed that the O-H absorption peak shifted
after ChCl coating and after ChCl-phenolic compound interaction, a change believed to be
due to hydrogen bond formation. The spectra also indicated several peaks associated with
the phenolic compounds’ functional groups, confirming its extraction into the rotating disk.
The SEM images showed a fibrous pristine disk structure, which smoothed out after ChCl
impregnation and later presented a different structure after phenolic uptake. This study
offers a novel, rapid extraction and elution method, utilizing an in situ synthesized DES
with the phenolic compounds from the sample source.

Figure 5. Rotating disk sorptive extraction: disk composition (a), sorptive extraction and elution
process (b). Adapted from Shishov et al. [80].
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4. Concluding Remarks

The DES-based phenolic extraction research has increased exponentially due to its
apparent advantages over conventional solvents. As presented, DESs are catalogued
as green alternatives, given their biodegradability and reusability; moreover, numerous
DES components are non-toxic, and some are even safe for human consumption, further
broadening their industrial applicability. DESs have shown the ability to preserve phenolic
compounds in solutions. These properties make DESs excellent candidates in the industry
not only for extractive processes but also as their final carrier eliminating the need for
further processing, as suggested by Skarpalezos and Detsi [113]. In addition to the intrinsic
characteristics such as low volatility and melting point, good thermal and chemical stability,
and low cost, their advantages are very attractive not only in biomolecule extraction
or separation but also in biomass waste revalorization through DES-based bio-refinery
processes.

DES selection and optimum process conditions are vital for an adequate extraction.
It is important to note that there are limitless DES components, leading to a whole new
variety of DESs (with different physicochemical properties) that may present enormous
opportunities for more selective extractions. Likewise, extraction method selection will
vary depending on the compound of interest and its source. More importantly, DESs
have demonstrated their ability to assist the emerging techniques and protocols in the
phenolic compound separation. Many studies have shown the great DES performances
in biomolecule extractions, displaying comparable or higher yields than conventional
solvents. More industrial applicability research is encouraged and required, given its
potential to reduce operation costs and decrease operational risks for workers, consumers,
and the environment. However, as it can be observed in this review, the screening for an
adequate DES is a time-consuming process, hence, several authors encourage the use of
computational tools for DES extraction efficiency modeling [114], which is increasingly
applied by researchers along with the extraction experiments.

DES components are often non-volatile. Thus, phenolic separation from the extract can
be more challenging than the classic organic solvents (simple solvent evaporation will not
be effective in DESs). In the reviewed studies, these aspects are often not being addressed
accordingly. In our opinion, (1) new DES application study (for precious compound
extraction) should include the extracted component separation, and (2) the DES advantages
compared to the conventional solvents should be proved appropriately and may include
a brief economic assessment. The whole process cost can be strongly affected by the
DES components and the final phenolic separation from DES. Finally, the DES recycling
possibility should also be addressed.

Author Contributions: Conceptualization, investigation, writing—original draft preparation, editing,
and writing—review, J.S.-V. and R.C.-M.; editing—review, M.Z.A. and G.B. All authors have read
and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are contained within the article.

Acknowledgments: R. Castro-Muñoz acknowledges the School of Science and Engineering and the
FEMSA-Biotechnology Center at Tecnológico de Monterrey for their support through the Bioprocess
(0020209I13) Focus Group. Financial support from the Polish National Agency for Academic Ex-
change (NAWA) under the Ulam Programme (Agreement No. PPN/ULM/2020/1/00005/U/00001)
is also gratefully acknowledged.

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

Sample Availability: Samples of the compounds are not available from the authors.

129



Molecules 2021, 26, 5037

References

1. Castro-Muñoz, R.; Yáñez-Fernández, J.; Fíla, V. Phenolic compounds recovered from agro-food by-products using membrane
technologies: An overview. Food Chem. 2016, 213, 753–762. [CrossRef] [PubMed]

2. Tungmunnithum, D.; Thongboonyou, A.; Pholboon, A.; Yangsabai, A. Flavonoids and other phenolic compounds from medicinal
plants for pharmaceutical and medical aspects: An overview. Medicines 2018, 5, 93. [CrossRef] [PubMed]

3. Ruesgas-Ramón, M.; Figueroa-Espinoza, M.C.; Durand, E. Application of deep eutectic solvents (DES) for phenolic compounds
extraction: Overview, challenges, and opportunities. J. Agric. Food Chem. 2017, 65, 3591–3601. [CrossRef] [PubMed]

4. Castro-Muñoz, R. Pervaporation: The emerging technique for extracting aroma compounds from food systems. J. Food Eng. 2019,
253, 27–39. [CrossRef]

5. Galanakis, C.M.; Castro-Muñoz, R.; Cassano, A.; Conidi, C. Recovery of High-Added-Value Compounds from Food Waste by Membrane

Technology; Woodhead Publishing: Sawston, UK, 2016; ISBN 9780081004524/9780081004517.
6. Xia, E.-Q.; Deng, G.-F.; Guo, Y.-J.; Li, H.-B. Biological activities of polyphenols from grapes. Int. J. Mol. Sci. 2010, 11, 622–646.

[CrossRef]
7. de la Rosa, L.A.; Moreno-Escamilla, J.O.; Rodrigo-García, J.; Alvarez-Parrilla, E. Chapter 12-phenolic compounds. In Postharvest

Physiology and Biochemistry of Fruits and Vegetables; Yahia, E., Carrillo-Lopez, A., Eds.; Woodhead Publishing: Sawston, UK, 2019;
pp. 253–271, ISBN 978-0-12-813278-4.

8. Stalikas, C.D. Extraction, separation, and detection methods for phenolic acids and flavonoids. J. Sep. Sci. 2007, 30, 3268–3295.
[CrossRef]

9. Hidalgo, G.I.; Almajano, M.P. Red fruits: Extraction of antioxidants, phenolic content, and radical scavenging determination: A
review. Antioxidants 2017, 6, 7. [CrossRef] [PubMed]

10. Santos, F.; Duarte, A.R.C. Therapeutic deep eutectic systems for the enhancement of drug bioavailability. In Deep Eutectic Solvents

for Medicine, Gas Solubilization and Extraction of Natural Substances; Fourmentin, S., Costa Gomes, M., Lichtfouse, E., Eds.; Springer
International Publishing: New York, NY, USA, 2021; pp. 103–129, ISBN 978-3-030-53068-6.
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Abstract: Although Australia is the largest exporter of faba bean globally, there is limited information
available on the levels of bioactive compounds found in current commercial faba bean varieties grown
in this country. This study profiled the phenolic acid and flavonoid composition of 10 Australian
faba bean varieties, grown at two different locations. Phenolic profiling by HPLC-DAD revealed the
most abundant flavonoid to be catechin, followed by rutin. For the phenolic acids, syringic acid was
found in high concentrations (72.4–122.5 mg/kg), while protocatechuic, vanillic, p-hydroxybenzoic,
chlorogenic, p-coumaric, and trans-ferulic acid were all found in low concentrations. The content
of most individual phenolics varied significantly with the variety, while some effect of the growing
location was also observed. This information could be used by food processors and plant breeders to
maximise the potential health benefits of Australian-grown faba bean.

Keywords: phenolic acids; flavonoids; Vicia faba; functional food

1. Introduction

Faba bean (Vicia faba L.) is reported to be the third most important legume crop [1],
with over 5.4 million tonnes being harvested globally in 2019 [1]. After China and Ethiopia,
Australia is the third-largest faba bean producer in the world and the largest exporter,
providing at least one-third of the internationally traded crop volume [2]. The crop is
primarily consumed in China, Southeast Asian countries, and countries in the Middle East.

In recent years, there has been an increasing interest in faba bean due to its nutri-
tional content [1,3] and health-benefitting properties [4]. It is a valuable source of protein,
containing twice the protein content of cereal grains in addition to a number of essential
amino acids [1]. Furthermore, reported health benefits include improving cardiovascular
health [5], providing anti-obesity effects [5,6], anti-cancer activity [5], anti-inflammatory ac-
tivity [7] and inhibiting xanthine oxidase [8]. This has led to an interest in using faba bean or
its isolates in functional food applications [3]. One of the major groups of health-benefiting
compounds found in faba bean are phenolics [7].

Due to genotypic variations, which can influence the phenolic and flavonoid biosyn-
thetic pathways [9], the phenolic content may vary significantly between different varieties
of grains and pulses [10]. Hence, there has been recent interest in identifying faba bean
varieties with high levels of phenolic content. For example, Valente et al. [11] and Valente
et al. [12] profiled the phenolic content and antioxidant of seven European faba bean vari-
eties, finding that the levels of total and individual phenolic acids and flavonoids differed
significantly between varieties. Similarly, Baginsky et al. [13] found clear differences in
the phenolic composition of 10 faba bean varieties grown in Chile, although it should be
noted that this study was performed on immature seed material. Another earlier study
highlighted the range in total phenolic contents and antioxidant activity among 13 Tunisian
faba bean cultivars [14]. However, despite Australia’s international importance as a faba
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bean producer, there are few comparative studies reporting the phenolic contents of faba
bean varieties commonly grown in this country.

Nasar-Abbas et al. [15] reported on the phenolics found in one Australian faba bean
variety, while Siah et al. [16] and Siah et al. [5] investigated two and three varieties, re-
spectively. Siah et al. [17] studied the phenolic content and antioxidant activity in five
Australian faba bean varieties. Recently, Johnson et al. [18] reported on the antioxidant
activity, total anthocyanin content, and total phenolic content of 10 Australian faba bean va-
rieties, although individual phenolic acids or flavonoids were not investigated. This work
aims to aid in filling this knowledge gap, presenting phenolic profiles on the 10 faba bean
varieties studied by Johnson et al. [18]. It is hoped that this will provide further insight into
the nutritional and health-benefitting properties of common Australian faba bean cultivars,
as well as providing valuable information on the extent of their genotypic variation present
in terms of phenolic acid and flavonoid biosynthesis pathways.

2. Results and Discussion

2.1. Total Phenolic Contents

The total phenolic content (TPC), as measured by the Folin–Ciocalteu assay, ranged
from 258 to 570 mg GAE/100 g (DW) in the different faba bean varieties (Figure 1). The PBA
Rana variety contained a significantly higher total phenolic content compared to all re-
maining varieties. A two-way ANOVA revealed that the site had no significant impact
on the total phenolic content (p < 0.05), with samples grown at Charlick having a mean
TPC of 322 ± 96 mg GAE/100 g (n = 30), compared to 324 ± 107 mg GAE/100 g for sam-
ples grown at Freeling (n = 30). In addition, there was no significant interaction between
growing site × variety (p > 0.05).
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Figure 1. Total phenolic content of the 10 faba bean varieties at each of the growing sites (n = 3 field replicates for each bar).
The letters (a–c) above each variety show the statistical significance of an ANOVA by variety averaged across both growing
locations. Varieties with the same letter were not statistically different from one another at α = 0.05.

2.2. Phenolic acid Profiling by HPLC

A total of 10 phenolic compounds were identified in the faba bean extracts (Figure 2),
comprising of four hydroxybenzoic acids, three hydroxycinnamic acids and three flavonoid-
related compounds (Table 1). The following compounds were all determined as being
either absent or below the limit of detection: gallic acid, gentisic acid, isovanillic acid,
caffeic acid, sinapic acid, cinnamic acid and quercetin-3-glucoside.
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Figure 2. HPLC chromatograms of the phenolic compounds in the 10 faba bean varieties. The com-
pounds indicated are (1) protocatechuic acid, (2) catechin, (3) chlorogenic acid, (4) p-hydroxybenzoic
acid, (5) vanillic acid, (6) syringic acid, (7) p-coumaric acid, (8) vitexin, (9), trans-ferulic acid, (10) rutin.

The hydroxybenzoic acids found here (protocatechuic acid, p-hydroxybenzoic acid,
vanillic acid and syringic acid) have all been previously reported from faba bean, as
have two of the hydroxycinnamic acids (p-coumaric acid and trans-ferulic acid) [19–21].
In addition, several of these phenolic acids have been found in faba bean pods [11]. The con-
centrations of free p-coumaric and ferulic acids found here were similar to that reported
by Liu et al. [21] in Canadian faba bean, although only one variety was included in that
study. However, the concentration of syringic acid was much higher compared to previous
studies [21,22]. Although the reason for this difference is unclear, it is worth noting that
levels of this compound varied significantly between different genotypes (Table 1) and
that the soil microbiota composition can also have a significant impact [23]. Similarly,
although chlorogenic acid does not appear to have been previously found in faba bean
seed, it is produced in the roots of this plant [24]. The low concentrations and high levels
of environmental variability may account for its absence in previous work.

The levels of catechin reported here (ranging from 191–297 mg/kg for different va-
rieties) were at the lower range of concentrations reported by Baginsky et al. [13] in the
immature seed material of 10 Chilean faba bean varieties, with catechin contents varying
between 85–978 mg/kg.
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Although vitexin is more commonly known to occur in mungbean [25], it has been
previously reported from faba bean using UHPLC-ESI-QTOF-MS-based metabolic profil-
ing [26,27], although it was not quantified. Similarly, although rutin (quercetin-3-rutinoside)
does not appear to have been previously reported from faba bean seed, numerous other
types of quercetin glycosides have been found in this matrix [8,11]. In addition, rutin has
been reported from the flower tissue of several faba bean genotypes, indicating that the
synthetic pathways for the production of this compound do occur in faba bean [9].

A two-way ANOVA revealed that the content of all constituents, apart from chloro-
genic acid and rutin, varied significantly with variety (Table 1). For most of these com-
pounds, the highest concentrations were found in PBA Rana, which also contained the
highest total phenolic content (Figure 1). However, Nura showed the highest levels of
syringic acid and total hydroxybenzoic acids.

Similarly, the two-way ANOVA demonstrated that in the case of the 2017 growing
season, the site had a significant impact on the content of protocatechuic acid, vanillic acid,
chlorogenic acid, vitexin and rutin, as well as on the total amounts of hydroxybenzoic acids
and hydroxycinnamic acids (Table 2). For both hydroxybenzoic acids (protocatechuic acid
and vanillic acid), samples grown at the Freeling site showed higher contents; while for
chlorogenic acid and the flavonoids catechin and rutin, the Charlick samples showed
higher concentrations.

Table 2. Impact of the growing site on phenolic acid and flavonoid contents. Values given in µg/g (mean ± SD from
3 replicates for each location). The p-value column indicates the significance between sites, with results obtained from a
two-way ANOVA between site × variety.

Compound Charlick (n = 30) Freeling (n = 30) Site p Value Variety × Site Interaction

Protocatechuic acid 1.43 ± 0.36 2.17 ± 0.87 *** NS
p-hydroxybenzoic acid 0.67 ± 0.19 0.64 ± 0.25 NS NS
Vanillic acid 2.11 ± 0.41 2.50 ± 0.67 *** **
Syringic acid 89.3 ± 28.2 94.9 ± 27.9 NS *

Sum of hydroxybenzoic acids 93.5 ± 28.3 100.2 ± 28.4 * *

Chlorogenic acid 2.22 ± 2.57 0.86 ± 0.68 ** NS
p-coumaric acid 1.45 ± 0.42 1.55 ± 0.38 NS NS
trans-ferulic acid 1.45 ± 0.47 1.38 ± 0.77 NS **

Sum of hydroxycinnamic acids 5.11 ± 3.00 3.78 ± 1.39 * NS

Catechin 224 ± 45 240 ± 60 NS NS
Vitexin 1.67 ± 1.56 0.98 ± 0.86 * NS
Rutin 12.21 ± 11.59 5.07 ± 3.54 ** NS

Sum of flavonoids 238 ± 52 246 ± 62 NS NS

* p < 0.05, ** p < 0.01, *** p < 0.001

For the 2017 growing season, no significant effects of growing location were found for
p-hydroxybenzoic acid, syringic acid, p-coumaric acid, trans-ferulic acid, catechin or the
total amount of flavonoids. Significant interactions were found between the variety and
growing site for several parameters, namely vanillic acid, syringic acid, trans-ferulic acid
and the sum of hydroxybenzoic acids. It should be noted that the present study investigated
only one growing season; hence the results found here may not be generalizable across a
wider range of seasons and locations.

There appears to be limited previous literature investigating the impact of growing
site and variety × growing site interaction on phenolic acid content in faba bean; however,
Mpofu et al. [28] found a significant impact of growing location on six phenolic acids in
wheat. In contrast, Oomah et al. [29] found very little impact of growing location on the
total phenolic content of 13 faba bean genotypes grown at two locations in Canada.
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2.3. Principal Component Analysis and Correlation Analysis

Overall, PBA Rana appeared to have the highest levels of most phenolic acids and
flavonoids, possessing a distinct chemical profile compared to the other varieties. This ob-
servation was supported by the results of the principal component analysis performed
on the normalised phenolic data, which revealed that most samples of PBA Rana were
clustered toward the lower right of the scores plot, separated from the majority of other
genotypes (Figure 3). Examination of the loadings plot revealed that this corresponded
with higher concentrations of catechin and protocatechuic acid, and lower concentrations
of syringic acid. In addition, this concurred with previous work highlighting the unique
bioactive profile of this genotype [18].
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Figure 3. Scores plot showing the results of the principal component analysis performed on the normalised phenolic data.
Each faba bean variety is indicated by a different symbol color and shape.

In contrast, the variety Nura was clustered toward the lower left of the scores plot,
with syringic acid also weighted on this region of the two PCS. The remaining varieties
were more or less clustered around the centre of the scores plot, indicating a relatively
similar phenolic composition between them.

Finally, correlation analysis was performed between the 10 phenolic compounds
to ascertain if the concentrations of any specific compounds were closely linked to the
concentrations of another compound. This may occur due to similar synthesis pathways
between the compounds [30] or result from regulatory genes controlling multiple syn-
thesis pathways. The correlation results demonstrated moderate to strong correlations
between several compounds, most notably between rutin and chlorogenic acid (r60 = 0.979,
p < 0.001), and between ferulic and p-hydroxybenzoic acid (r60 = 0.812, p < 0.001) (Figure 4).
Rutin is a quercetin glycoside, while chlorogenic acid is the ester of caffeic acid and quinic
acid, hence these compounds are not closely structurally related. However, both can be
synthesised through the phenylpropanoid pathway [31], suggesting that a regulatory gene
may be responsible for the correlation between these compounds. Similarly, ferulic acid is
a hydroxycinnamic acid, while p-hydroxybenzoic acid is a simple hydroxybenzoic acid;
however, both can be produced through the shikimate biosynthesis pathway [32].
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3. Materials and Methods

3.1. Seed Material

Faba bean seed material was sourced from growing field trials in South Australia,
as previously described [33]. This comprised material from 10 varieties, each of which was
grown at 2 different sites (Charlick and Freeling) during the 2017 season. Three within-field
replicates (each comprising approximately 50 g) were subsampled from the mechanically
harvested composite sample for each treatment [33], for a total of 60 samples. Whole seeds
were coarsely ground (Van Gelder grinder with a 3 mm screen) before being finely ground
to a fine flour (Falling Number grinder with 0.8 mm screen) [33].

3.2. Extraction of Phenolic Compounds

Polar phenolic compounds were extracted from the faba bean flour using 90% methanol,
following previously reported methods [18]. The total phenolic content was determined
using the Folin–Ciocalteu method, as previously described [18].

3.3. Phenolic Profiling by HPLC

Each methanol extract (20 mL) was concentrated using a rotary evaporator with the
water bath temperature limited to 27 ◦C, before being reconstituted in 1 mL of methanol and
syringe filtered (Livingstone 0.45 µm PTFE). The phenolics were separated on an Agilent
1100 HPLC system (Waldbronn, Germany) using previously described methods [27]. Briefly,
a reversed-phase C18 column (Agilent Eclipse XDB-C18; 150 × 4.6 mm; 5 µm pore size)
and guard cartridge (Gemini C18 4 × 2 mm) were used, with an injection volume of 5 µL
and column temperature of 27 ± 0.8 ◦C. The mobile phase comprised 0.01 M phosphoric
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acid (A) and methanol (B) at a flow rate of 1 mL/min, with the gradient beginning at 20%
B and ramping linearly to reach 100% B at 20 min. The total run time was 25 min, with a
post-run equilibration time of 7 min.

Compounds were identified based on a comparison of their retention time and UV
spectra with authentic standards (Sigma Aldrich Australia). The purity of the peaks was
confirmed by examination of the UV spectra at different points throughout the peak.
Quality-of-analysis parameters are shown in Table 3.

Table 3. Quality-of-analysis parameters for the phenolic standards. All calibrations were performed at concentrations
between 1–100 mg L−1.

No. Compound
Retention Time

(min)
Wavelength

(nm)
Slope LOD (mg L−1) LOQ (mg L−1) Calibration R2

Hydroxybenzoic acids
1 Protocatechuic acid 3.94 250 nm 13.5 0.1 0.4 1
4 p-hydroxybenzoic acid 5.78 250 nm 25.9 0.1 0.2 1
5 Vanillic acid 6.26 250 nm 12.3 0.1 0.4 1
6 Syringic acid 6.59 280 nm 15.1 0.1 0.3 1

Hydroxycinnamic acids
3 Chlorogenic acid 5.26 320 nm 14.1 0.1 0.4 1
7 p-coumaric acid 8.12 320 nm 32.3 0.05 0.2 1
9 trans-ferulic acid 8.44 320 nm 26.9 0.1 0.2 1

Flavonoids
2 Catechin 4.55 280 nm 4.0 0.4 1.3 1
8 Vitexin 8.17 320 nm 7.3 0.2 0.7 0.9999

10 Rutin 9.82 250 nm 6.2 0.2 0.8 1

3.4. Data Analysis

Statistical analysis was performed in R Studio running R 4.0.2 [34]. A two-way
ANOVA was performed to assess the impact of variety and growing site on the content
of various constituents. This was considered appropriate as the majority of data were
approximately normally distributed and due to the large sample size (n = 60), the Central
limit theorem could be applied to the dataset. Principal component analysis was per-
formed in the Unscrambler X 10.5 software (Camo ASA, Oslo, Norway). Where applicable,
results were presented as mean ± 1 standard deviation.

4. Conclusions

This study profiled the phenolic acid and flavonoid composition in 10 commercial
varieties of Australian faba bean for the first time. The most abundant compounds were
catechin and syringic acid, with rutin, vitexin, protocatechuic, vanillic, p-hydroxybenzoic,
chlorogenic, p-coumaric, and trans-ferulic acid all found in low concentrations. The content
of most individual phenolics varied significantly with the variety while growing loca-
tion had a significant effect for around half of these compounds. Genotype × location
interactions were only observed for vanillic, syringic, and trans-ferulic acids. Significant cor-
relations were observed between a number of constituents, including between rutin and
chlorogenic acid, and between ferulic and p-hydroxybenzoic acid. Notably, PBA Rana
showed a distinct phenolic profile compared to the remaining nine varieties, supporting the
findings of earlier research. In addition to providing baseline information on the typical
phenolic contents of Australian-grown faba bean varieties, this study may inform plant
breeders and growers in optimising the potential health benefits of the Australian faba
bean crop.
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Abstract: A newly diagnosed coronavirus in 2019 (COVID-19) has affected all human activities since
its discovery. Flavonoids commonly found in the human diet have attracted a lot of attention due to
their remarkable biological activities. This paper provides a comprehensive review of the benefits
of flavonoids in COVID-19 disease. Previously-reported effects of flavonoids on five RNA viruses
with similar clinical manifestations and/or pharmacological treatments, including influenza, human
immunodeficiency virus (HIV), severe acute respiratory syndrome (SARS), Middle East respiratory
syndrome (MERS), and Ebola, were considered. Flavonoids act via direct antiviral properties, where
they inhibit different stages of the virus infective cycle and indirect effects when they modulate host
responses to viral infection and subsequent complications. Flavonoids have shown antiviral activity
via inhibition of viral protease, RNA polymerase, and mRNA, virus replication, and infectivity.
The compounds were also effective for the regulation of interferons, pro-inflammatory cytokines,
and sub-cellular inflammatory pathways such as nuclear factor-κB and Jun N-terminal kinases.
Baicalin, quercetin and its derivatives, hesperidin, and catechins are the most studied flavonoids in
this regard. In conclusion, dietary flavonoids are promising treatment options against COVID-19
infection; however, future investigations are recommended to assess the antiviral properties of these
compounds on this disease.

Keywords: inflammation; lung; oxidative damage; antiviral; polyphenol

1. Introduction

By the end of 2019, an unusual pneumonia was reported from China which was
further diagnosed as a novel coronavirus (CoV) causing severe acute respiratory syndrome
(SARS) and was called COVID-19 [1,2]. Later, the virus (SARS-CoV-2) spread to other
countries and was declared a pandemic by WHO on 11 March 2020 [3]. The virus is
transmitted mostly by respiratory droplets, and the severity ranges from mild to severe
lethal symptoms. The asymptomatic cases in the incubation period are thought to be an
important source of contagion [4]. In most cases, mild symptoms take 1–2 weeks to resolve,
whereas severe cases can lead to death [5].

SARS-CoV-2 affects the respiratory system, causing fever and dry cough [4]; however,
the virus can cause organ failure, mainly in the heart and kidneys, as well as causing cy-
tokine storms, which further increase mortality. The viral life cycle of SARS-CoV-2 includes
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attachment, penetration, biosynthesis, maturation, and release. After the attachment, viral
RNA enters the cell nucleus for replication, and viral mRNA starts generating viral struc-
tural proteins, including the spike (S), membrane (M), envelope (E), and nucleocapsid (N)
proteins [6]. The angiotensin-converting enzyme 2 (ACE2) receptor, being highly expressed
in the lungs, has also been shown to act as a co-receptor for SARS-CoV [7].

SARS, MERS, and SARS-CoV-2 are all RNA βCoVs. SARS-CoV-2 genome is 88%
identical to bat-derived severe acute respiratory syndromes (SARS)-like CoVs, 79% similar
to SARS-CoV, and 50% similar to MERS-CoV [8,9]. SARS-CoV-2 proteins are 90%–100%
homologous to SARS-CoV; though, orf10 and orf8 are different between SARS-CoV-2
and SARS-CoV. Orf8 is an accessory protein for βCoVs. It forms a six strand alpha helix
protein that enhances the virus’s ability to spread. SARS-CoV-2 orf1a/b, spike, envelope,
membrane, and nucleoprotein are also closely related to those of SARS-CoV [10].

Since there is no specific antiviral agent against SARS-CoV-2, currently available an-
tiviral drugs are considered for the treatment of COVID-19. Remdesivir is a new antiviral
drug specifically introduced for the Ebola virus in 2015. It has an inhibitory effect on viral
RNA polymerase and has recently been used in some trials for COVID-19 treatment [11].
Favipiravir has an inhibitory effect on influenza and the Ebola virus with the same mecha-
nism and is also assessed in SARS-CoV-2 [12–14]. Lopinavir is a viral protease inhibitor
and was firstly developed for HIV treatment. In vitro studies showed an inhibitory effect
of lopinavir in CoV-infected cells [15,16]; however, systematic reviews failed to show any
beneficial effect against SARS-CoV-2 [17].

Medicinal plants have been a reliable source of natural drugs, including antiviral
agents, since ancient times. Traditional medicine and ethnopharmacological studies of
different countries all over the world have always opened new ways for drug discov-
ery [18–22]. Oseltamivir which is a conventional antiviral agent, is a derivative of shikimic
acid, a secondary metabolite of star anise (Illicium verum Hook.f.). In the case of SARS-
CoV-2, in silico studies have revealed the possible antiviral properties of herbal ingredi-
ents [23–25]. Flavonoids are a large class of phytochemicals commonly found in several
foods and vegetables in the human diet with numerous valuable pharmacological activities,
including antiviral properties. It is demonstrated that these compounds can inhibit viral
pathogenesis targeting essential stages of the viral life cycle [26]. Quercetin, catechins,
kaempferol, and baicalein are examples of the most important flavonoids exhibiting an-
tiviral properties [18,27,28]. This study aims to discuss the available antiviral evidence of
flavonoids as a possible treatment against SARS-CoV-2 considering the previously-reported
effects of these compounds on five RNA viruses with similar clinical manifestations and/or
pharmacological treatments, including influenza, human immunodeficiency virus (HIV),
severe acute respiratory syndrome (SARS), Middle East respiratory syndrome (MERS),
and Ebola.

2. Results

Antiviral activity of flavonoids can be categorized into direct antiviral effects where
the virus is directly affected by the flavonoid, and indirect effects where the flavonoid
improves host defense mechanisms against viral infection. Here, the underlying antiviral
mechanisms of flavonoids are discussed with reference to the most important flavonoids
demonstrating these mechanisms.

2.1. Direct Antiviral Mechanisms

2.1.1. Inhibition of Viral Protease

Viral proteases are used for cleaving the viral polyprotein precursors at certain places
to release functional proteins. Specific viral proteases have also been shown to cleave host
cell proteins, including translation initiation factors (eIF4 and eIF3d) in HIV, to prevent
host protein translation [29,30]. Coronaviruses generate three types of viral proteases,
including 3-chymotrypsin-like cysteine (3CLpro), papain-like protease (PLpro), and main
protease (M pro) [31]. 3CLpro is important for the SARS-CoV life cycle, PLpro plays a

146



Molecules 2021, 26, 3900

role in SARS-CoV-2 replication, and Mpro is responsible for the maturation of functional
proteins in SARS-CoV-2 [32,33]. As a result, these molecules are suitable drug targets in
antiviral research and drug discovery [34].

Kaempferol which is an abundant flavonoid in several foods decreased CPE in Vero E6
cells infected with clinical isolates of SARS-CoV-2 with around 88% of inhibition at 125 µM
concentration. A coupled in silico investigation suggests inhibition of SARS-CoV-2 3CLpro
enzyme to be the main mechanism of action [35]. The addition of kaempferol to 3CLpro
and PLpro of SARS-CoV and MERS-CoV expressed in E. coli caused antiviral effects via
inhibition of these enzymes [36]. Park and coworkers (2017) showed that the presence of
the hydroxyl group in kaempferol causes a more potent antiviral activity through inhi-
bition of 3CLpro and PLpro [37]. Epigallocatechin gallate (EGCG) is a flavonoid found
in tea (Camellia sinensis L.) with antifungal, antibacterial, and antiviral properties [38,39].
Studies indicated that EGCG inhibits reverse transcriptase (RT) activity, protease activity,
p24, viral entry, and viral production in THP-1 and H9 cells infected with HIV-1, and
liposome modification of EGCG amplified its inhibitory effects. Cell-free studies also
showed significant downregulation in protease kinetics after treatment with EGCG. The
galloyl group in EGCG is considered to be responsible for its antibacterial and antiviral
activities [40]. Isoliquiritigenin, a chalcone, can be used as a therapeutic agent in bacterial
and viral infections [41]. This compound has shown an inhibitory effect on SARS-CoV, and
MERS-CoV 3CLpro and PLpro expressed in E. coli. The presence of a prenyl functional
group on the resorcinol ring allows the formation of hydrophobic interactions with pro-
teases [37]. Theaflavins are polyphenols found in various kinds of tea [42]. Experiments on
SARS-CoV recombinant protease showed a significant reduction in 3CLpro activity after
treatment with theaflavin-3,3′-digallate with an IC50 value of 9.5 µM. The gallate group
attached to the 3′ position in some theaflavins might be essential for interaction with the
3CL proactive site [43]. Prenylisoflavonoids extracted from Erythrina senegalensis DC. were
used to evaluate anti-protease activity against recombinant HIV-1 protease. The results
showed that the compounds could inhibit HIV-1 recombinant protease in vitro with 0.5 to
30 µM IC50 values. Hydroxy and pernyl groups might be responsible for the inhibition of
HIV protease [44]. Quercetin and quercetin-β-galactoside downregulated PLpro, 3CLpro,
deubiquitination, and DeISGylation activity in SARS-CoV, MERS-CoV, and HIV-1. The
position of hydroxyl groups might be effective in anti-protease activity. Quercetin with five
hydroxyl groups at the 3,5,7,3′ and 4′ positions exhibited a strong inhibitory effect on viral
proteases; while the presence of glycosyl group at position 3,7,4′ reduced the inhibitory
effect [37,45].

2.1.2. Inhibition of Viral RNA Polymerase and Viral mRNA

RNA-dependent RNA polymerase (RdRp) is an important enzyme catalyzing the
replication of RNA from an RNA sequence [46]. This enzyme is encoded in all RNA
viruses, as well as some eukaryotes [47]. Viruses are obligate intracellular parasites, i.e.,
they cannot independently survive out of cells. They must use cellular translational
equipment to translate mRNAs for protein production, which is required for replication.
Thus, any interference with mRNA translation would inhibit viral replication, spread, and
evolution [48].

A recent investigation by Zandi et al. revealed the in vitro antiviral effect of baicalin
and baicalein against SARS-CoV-2 infection in Vero CCL-81 cell line through inhibition of
RdRp, with a higher potency by baicalein. Further in silico evaluations showed these two
compounds to have a higher affinity to RdRp in comparison to remdesivir. The attachment
site of baicalin and baicalein also seems to be different from that of remdesivir; thus, these
flavonoids can be used as an adjuvant treatment along with remdesivir [49]. The effects of
quercetin-7-O-glucoside (Q7G) were assessed in an in vitro study on MDCK cells infected
with influenza viruses A and B in comparison to the standard antiviral agent oseltamivir.
Oseltamivir was used as a control drug and showed moderate antiviral activity with IC50
values 25.4 to 42.2 µg/mL; while Q7G inhibited influenza A and B virus with IC50 value
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3.10 µg/mL to 8.19 µg/mL. Oseltamivir also showed a weaker activity against influenza B
than influenza A; whereas Q7G demonstrated strong activity against all influenza viruses.
Additionally, quantitative PCR assays reported a higher decrease in viral RNA synthesis
after Q7G treatment compared with oseltamivir, indicating the inhibitory effect of Q7G on
viral RNA polymerase. Molecular docking analysis revealed this interaction to be due to
the attachment of Q7G to the PB2 subunit of viral RNA polymerase [50].

Oroxylin A (OA) is a flavonoid found in Oroxylum indicum (L.) Kurz. It has been
shown that OA can inhibit several influenza A strains in MDCK cells in a dose-dependent
manner. Oral treatment of mice infected with influenza virus H1N1 with OA also decreased
virus-induced death, bodyweight loss, and lung injury, with a survival rate of 60.0% at
100 mg/kg daily dose. Antiviral effects of OA were reported to be due to downregulation
of H1N1 matrix 1 (M1) mRNA transcription and protein synthesis (Jin et al. 2018). The
M1 protein is a protein within the viral envelope that binds to the viral RNA and can
mediate encapsidation of RNA nucleoprotein cores into the membrane envelope [51].
Although OA could inhibit protein synthesis, it could not block viral entry to host cell
or nucleoprotein (NP) entrance to host cell nucleus [52]. Baicalin and biochanin A could
inhibit influenza H5N1 infection in A549 cells with the IC50 values of 18.79 and 8.92 µM,
respectively. This effect was mediated by suppressing nuclear viral ribonucleoprotein
(RNP) export [53]. Other studies have also shown that baicalin can downregulate influenza
M1 protein expression [54,55].

Host cdc2-like kinase 1 (CLK1) has a key role in the splicing of the H1N1 influenza
virus M2 gene and is an important anti-influenza target. M2 is a proton channel in the
viral envelope of the influenza A virus [56,57]. It was demonstrated that gallocatechin-
7-gallate isolated from Pithecellobium clypearia is an inhibitor of host cdc2-like kinase 1
(CLK1), an anti-influenza target due to its role in viral M2 mRNA alternative splicing.
Investigations on the effect of gallocatechin-7-gallate at the daily dose of 30 mg/kg on ICR
mice infected with H1N1 virus showed a significantly higher survival up to 8 days. It also
inhibited virus-induced acute lung injury and weight loss. Additionally, assessments on
H1N1-infected A549 cells demonstrated a significant downregulation of viral NP and M2
mRNAs. Moreover, the phosphorylation of splicing factors SF2/ASF and SC35, key factors
for virus M2 gene alternative splicing, was significantly decreased after treatment with
gallocatechin-7-gallate [58]. Cirsimaritin (CST), a flavonoid from Artemisia scoparia Waldst.
and Kitam was assessed regarding its in vitro antiviral effects on MDCK and THP-1 cells
infected with three influenza virus strains which showed IC50 values ranging from 5.8
to 11.1 µg/mL, compared with 3.4 to 8.9 µg/mL for ribavirin. Data demonstrated that
CST could effectively reduce influenza M2 and protein expression in a dose-dependent
manner so that the potency of CST at 20 µg/mL was higher than 10 µM of the standard
antiviral ribavirin [59]. Luteolin is another flavonoid with an inhibitory effect on M2 mRNA
expression. In MDCK cells infected with different influenza strains, 15 µM of luteolin was
more effective than 10 µM of oseltamivir in both H1N1 and H2N3 infected cells. Luteolin
also downregulated influenza virus coat protein I (COPI) expression, mediating virus
entry and endocytic pathway, in infected cells [60]. Santin is a flavonoid extracted from
Artemisia rupestris L., which was also suggested to have anti-influenza virus effects through
suppression of M2 mRNA expression in a dose-dependent manner [61].

It was indicated that quercetin could be a probable therapeutic agent against influenza
infection at the early stages of infection so that it can be used for influenza virus prophylaxis.
Investigations on the effects of quercetin on MDCK and A549 cells infected with influenza
virus A strains revealed that it could inhibit viral NP mRNA in a dose-dependent manner,
with the highest activity at 50 µM concentration [62].

Research has shown that tricin (4′,5,7-trihydroxy-3′,5′-dimethoxyflavone) exhibits
antiviral activities against influenza A and B strains. RT-PCR tests indicated that tricin
could suppress M protein mRNA synthesis in MDCK cells infected with influenza virus;
with no significant effects on neuraminidase and hemagglutinin biosynthesis. The 50%
effective concentration of tricin, which could inhibit viral mRNA synthesis, was 3.4–10 µM
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for influenza A virus strains and 4.9 µM for influenza B virus. In mice infected with
influenza virus, tricin with a dose of 20 µg/kg ameliorated body weight loss and survival
time [63].

2.1.3. Viral Entry, Replication, and Infectivity

RNA viruses encode proteins utilizing the host cellular machinery for their life cycle.
Understanding these host cell necessities not only informs us of the molecular pathways
used by the virus, but also presents additional targets for drug development [64].

An in vitro study assessed the effect of quercetin and isorhamnetin on SARS-CoV-2 en-
try to ACE2h cells. ACE2 expressed on lung cells is a co-receptor of viral spike protein and,
thus, is a main target of antiviral agents against SARS-CoV-2. It was observed that these two
flavonoids have a high binding affinity to ACE2 and subsequently decrease viral entry via
the inhibition of spike protein attachment to this receptor [65]. Another study assessed the
effect of baicalein on SARS-CoV-2 infection in Vero E6 cells and hACE2 transgenic mice. A
significant reduction was observed in in vitro and in vivo viral replication, as well as body
weight loss and lung injury of animals [66]. Dihydroxy-6′-methoxy-3′,5′-dimethylchalcone
and myricetin-3′,5′-dimethyl ether 3-O-β-D-galactopyranoside are flavonoids derived from
Cleistocalyx operculatus (Roxb.) Merr. and L.M. Perry. Cytopathic effect (CPE) reduction
assay showed that these flavonoids inhibit viral replication of influenza virus H1N1 in
MDCK cells. Structure-activity relationship (SAR) studies indicated that OH groups at C-7
and C-4, a double bond between C-2 and C-3, and especially a carbonyl group at the C-4
position, are critical functional groups that significantly improve the antiviral properties of
flavonoids [67]. 3-deoxysappanchalcone (3DSC) isolated from Caesalpinia sappan L. could
inhibit influenza virus replication in high concentrations via inhibition of viral NP expres-
sion in MDCK cells infected with the H1N1 virus. At an equal concentration (30 µM), both
ribavirin and 3DSC showed significant inhibition of NP expression, though ribavirin had a
stronger effect [68]. Studies have demonstrated that biochanin A and baicalein inhibited
caspase-3 activation, an enzyme involved in viral replication [53,69]. These compounds
could also inhibit the nuclear export of viral RNP complexes, which is critical in viral
replication [53]. Biochanin A showed an inhibitory effect against 1

2 mitogen-activated p38
and NF-κB, which were shown to be involved in viral replication. NF κB and p38 are
activated due to oxidative stress and are known to affect influenza A virus replication and
pathology [53,70]. Investigations on cell cultures of MDCK cells and A549 cells infected
with influenza virus showed that baicalein could inhibit viral replication at 20–80 µg/mL
concentrations. Interestingly, baicalin showed similar antiviral activity to ribavirin and os-
eltamivir at concentrations of 40 µg/mL and 60 µg/mL, respectively. Baicalin also inhibited
viral replication in the lungs of mice in vivo [71]. CST was shown to downregulate NF-κB
protein and NF-κB phosphorylation in the nucleus [59]. It is already known that NF-κB has
an important role in inflammation, oxidative stress, and host immunity suppression [72].
The downregulation of NF-κB also inhibits replication in various types of viruses, including
influenza virus [73].

In Vero E6 cells infected with SARS-CoV-2, naringenin could inhibit CPE in a time-
and concentration-dependent manner. This effect was mediated through inhibition of endo-
lysosomal Two-Pore Channels (TPCs), a pathway involves in infectivity of SARS-CoV-2,
Ebola, and MERS via facilitating viral entry [74]. EGCG has shown a dose-dependent
inhibitory effect (25, 50 µM) on HIV replication in T-cells; however, inhibition of viral repli-
cation was not directly affected by RT inhibition. Fassina et al. analyzed the p24 enzyme,
which is involved in packaging viral particles. The results showed a downregulation of
p24 concentration and RT activity in HIV-infected T lymphoblasts. Based on the following
results, it was noted that EGCG inhibited viral replication through the downregulation
of viral infection. There is yet no certainty about the exact effect of EGCG on viral infec-
tion [75]. gp120 signaling is commonly associated with increased HIV-1 replication in
previously infected cells [75]. Studies show the inhibitory effect of genistein on gp120 and,
subsequently, HIV-1 viral replication. There was no change in viral replication after admin-
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istration of genistein with a concentration of 1–2.5 µg/mL, but in a range of 5–10 µg/mL,
genistein could suppress viral replication [76]. Herbacitrin is a flavonoid derived from
Drosera peltata Thunb. and was previously known as an antiviral agent. It was shown that
herbacitrin inhibits both RT and integrase in HIV-1 infected MT-4 and MT-2 cell cultures,
resulting in viral replication blockade at different stages. At a concentration of 21.5 µg/M,
herbacitrin could suppress RT activity, while it could inhibit integrase at a lower concen-
tration, 2.15 µM [77]. Scutellarin purified from Erigeron breviscapus is a flavonoid with
anti-HIV-1 activity. This flavonoid inhibited HIV-1 RT activity and cell fusion as major
participants of viral replication [78]. Hesperidin and linarin are flavonoids with rutinose at
the A ring and methoxy (-OCH3) substitution at the B ring. Isoquercetin has been shown
to inhibit influenza A and B virus replication in infected MDCK cells. The combination of
isoquercetin with amantadine also showed a synergistic effect on viral replication in MDCK
cells infected with influenza A virus only in low doses (0.5 µM for isoquercetin and 1 µM
for amantadine). Virus titer values after administration of isoquercetin and amantadine
were about 7.5; while increasing isoquercetin and amantadine concentrations lowered
the synergistic effect on virus titers to the value of 5 [79]. Q3R derived from Houttuynia
cordata exerts anti-influenza virus effects. The effects of Q3R on MDCK cells infected with
influenza virus A were compared to oseltamivir. Pulmonary lesions and edema were
inhibited by Q3R more than oseltamivir. Q3R also had a higher efficacy compared to
oseltamivir. The inhibitory effect of Q3R on influenza virus replication was indirect and
through interaction with viral particles. Oseltamivir demonstrated moderate antiviral
activity, about 58% against influenza A virus, and weak antiviral activity less than 49%
with doses under 10 µg/mL; while Q3R showed 86% viral inhibition at 100 µg/mL and
66% inhibition in 10 µg/mL concentrations [80]. Quercetin 3-β-O-D-Glucoside (Q3G) was
shown to prevent Ebola virus replication in vitro. Prophylactic administration of Q3G 30
min before the infection showed significant prevention of the Ebola virus. Q3G could also
inhibit viral entry at the early stages. So Q3G could be an effective flavonoid for Ebola
virus prophylaxis [81].

2.2. Indirect Antiviral Effects

2.2.1. Effect on Interferons

Interferons (IFNs) comprise a group of proteins produced by several immune cells in
response to many pathogens like viruses, parasites, bacteria, and tumor cells. There are
three major classes of IFNs, including type I or acid-stable interferons (IFN-α subtypes,
IFN-β, IFN-κ, IFN-ǫ, IFN-ω, and IFN-τ), type II (IFN-γ), and type III IFNs that known as
IFN-λ [82–84]. They show a wide range of biological activities like activation of the innate
immune response, increasing the expression of major histocompatibility complex (MHC)
molecules, suppressing angiogenesis. Their most important role is to interfere with viral
infections [84,85].

In the early phases of viral infection, IFNs activate the innate immune system. Recent
studies have reported a decrease in the type I and type II IFN induction and signaling in
COVID-19 patients [86]. These types of IFN have demonstrated antiviral effects by de-
creasing neutrophils immigration to the inflammation site, increasing antigen presentation,
suppression of mononuclear macrophage-mediated pro-inflammation, and activating the
acquired immunity for the progression of antigen-specific B and T cell responses [86–90].
Thus, IFNs usage at the early phase of the disease could decrease symptoms of the COVID-
19 by reducing viral replication. Researchers also reported that IFN-γ levels could in-
crease in COVID-19 patients with ARDS. The rapid rise in IFNs levels could invite pro-
inflammatory cytokines into the alveolar tissue and resulting in pulmonary inflammation
and lung injury [90,91]. Therefore, it seems that either upregulation or dysregulation of
IFNs and other pro-inflammatory cytokines responses or both could exert a significant role
in the progression and pathological features of SARS-CoV-2.

Li et al. investigated the anti-influenza effects of baicalin, a glycosyloxyflavone that
is the 7-O-glucuronide of baicalein, in the in vitro and in vivo model of influenza A virus
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infection. TNF receptor-associated factor 6 (TRAF6) is an effective mediator in the IFN
production signaling pathway. Overexpression of TRAF6 leads to increased production
of type I IFN [54]. MicroRNAs (miRNAs) are small molecules that control gene regula-
tion post-transcriptionally [92]. miR-146a has been shown to have a regulatory role in
inflammation [93]. miR-146a could enhance the replication of H1N1 and H3N2 through the
downregulation of TRAF6. Baicalin (20 µg/mL) indicated a significant reduction in the miR-
146a expression, viral NP, M1 protein levels, viral titer, and also increased mice survival
rate [54]. In another study, Nayak and colleagues represented anti-influenza virus (H1N1-
pdm09) activity of baicalin through regulating viral protein NS1, resulting in up-regulation
of interferon regulatory factor 3 (IRF-3), IFN-γ, and IFN-β. This IFN up-regulation de-
creased viral replication that could reduce viral transcripts and pro-inflammatory cytokines
expression, including IL-8 and TNF-α [55].

Ding et al. designed a study to investigate the effects of hesperidin, a flavanone
glycoside, in the influenza A virus (H1N1)-induced lung injury in male rats. The results
showed that hesperidin attenuated lung injury via decreasing pro-inflammatory cytokine
production, including IFN-α, TNF-α, and IL-6, through suppressing MAPK signaling
pathways. Hesperidin also decreased IFN-α in the H1N1 infected pulmonary microvascular
endothelial cells [94]. In another study by Kim et al. isoquercetin effectively attenuated
lung injury induced by the H1N1 virus in mice via reducing IFN-γ, iNOS, RANTES, virus
titers, viral bronchitis, and bronchiolitis [79].

Oroxylin A (OA) from Oroxylum indicum (L.) Kurz prevented the lung injury induced
by influenza A H1N1 virus in mice via up-regulation of IFN-β and IFN-γ [52]. Wogonin,
another flavonoid isolated from Scutellaria baicalensis Georgi, exhibited a significant anti-
influenza activity by regulation of AMPK pathways. Wogonin also increased the regulation
of IFN-β, IFN-λ1, and IFN downstream molecules, including myxovirus resistance gene A
(MxA) and 2-5′ oligoadenylate synthetase (OAS), in MDCK and A549 infected cells [95].

2.2.2. Effect on Pro-Inflammatory Cytokines (TNF, IL, and MCP)

CoVs contain some open reading frames which encode a few accessory proteins. These
accessory proteins have been shown to modulate inflammatory pathways such as IFN
signaling and pro-inflammatory cytokines [96]. It has been elucidated that the prognosis
of COVID-19 could be worsened by the secretion of pro-inflammatory cytokines, includ-
ing interleukins, IFNγ, and TNF-α [97]. Blanco-Mello et al. indicated that inappropriate
immune response might help virus replication and complications due to severe types of
COVID-19 [98]. Ruan et al. also showed that an elevation in inflammatory cytokines such as
IL-6 is associated with ARDS, respiratory failure, and adverse clinical outcomes [99]. Respi-
ratory failure caused by lung damage is a result of the overproduction of pro-inflammatory
cytokines after the infiltration of immune cells into the lung [100]. Cytokine storm is a
systemic inflammatory response associated with a broad range of factors like infections
and certain drugs. Several studies showed a significant connection between the cytokine
storm, severe inflammation, and multiple organ failure in COVID-19 patients [101–103].
SARS-CoV-2 virus recognition with innate and adaptive immune systems could result in
the activation and production of inflammatory cytokines. According to recent studies,
plasma levels of pro-inflammatory cytokines are enhanced in COVID-19 patients. These
inflammatory cytokines like TNF-α, IL 6, IL 2, IL-1β, IL 7, IL 10, and IL-18, as well as mono-
cyte chemoattractant protein-1 (MCP-1), have pivotal roles in pathological progression
and severity of COVID-19 through an increase in viral load, pneumonia, lung damage,
neurological disorders, and mortality [97,101].

These events could lead to multi-organ failure and lung injury as the main complica-
tion of SARS-CoV-2; therefore, modulation of pro-inflammatory cytokines can be consid-
ered as a reasonable treatment goal in COVID-19. In addition, significant anti-inflammatory
effects of flavonoids have been demonstrated in many studies; thus, they may be promising
compounds in combating inflammation-related complications of COVID-19 [97].
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Yang et al. proved the protective effect 3-deoxysappanchalcone (30 µM) on in vitro
influenza H1N1 virus-induced inflammation and apoptosis by decreasing IL-1β and IL-6
levels [68]. Baicalein, a flavone, and biochanin A, an O-methylated isoflavone, reduced
pro-inflammatory cytokine expression in A549 cells and primary human monocyte-derived
macrophages (MDM) infected with influenza H5N1 virus strains, that could prevent in-
flammatory pathway activation and tissue damages [53]. In influenza A-infected A549 and
MDCK cells, baicalin, the glycosylated form of baicalein (baicalein-7-glucuronide), could
increase IFN levels, resulting in a reduction of pro-inflammatory cytokines production.
Thus, IL-8 and TNF-α were significantly lower in baicalin-treated cells compared with the
untreated control cells [55].

An in vitro study has shown that 2.5, 5, and 10 µg/mL concentrations of CST, a
dimethoxyflavone, has a significant effect on the attenuation of NF-κB signal transduc-
tion pathway in THP-1 cells infected with influenza A (H1N1) virus. Following NF-κB
inhibition, the production of pro-inflammatory cytokines including IL-1β, IL-8, IL-10, and
TNF-α, as well as the inflammation-related protein COX-2, were suppressed by CST in a
dose-dependent manner [59]. In an in vitro study by Yonekawa et al. on the antiviral prop-
erties of hesperidin and linarin, these flavonoid glycosides inhibited R5-HIV-1-NL(AD8)
viral replication in CD4+ NKT cells by increasing the production of anti-inflammatory
cytokines including IL-2, IL-5, and IL-13. It was observed that the stimulatory effect
of these two flavonoids are critically dependent on the sugar moiety as the aglycones
(hesperetin and acacetin) failed to show such activity. Furthermore, methoxy (-OCH3)
substitution at the B ring is essential for the stimulatory activity of hesperidin and linarin
on CD4+ NKT cells. They could also induce RANTES, MIP-1α, and MIP-1β secretion
from Vδ1+ expressing T cell receptors which subsequently suppressed viral replication in
CD4+ NKT cells [104]. Kang et al. reported anti-influenza effects of purified flavonoids
from Pithecellobium clypearia Benth on the in vitro model of influenza A virus infection.
These Purified flavonoids suppressed the production of IL-6 and MCP-1 in H1N1-infected
human A549 lung cells [105]. Mehrbod et al. investigated the anti-inflammatory effect
of quercetin-3-O-α-L-rhamnopyranoside (Q3R), a glycosylated flavone, on MDCK cells
infected with influenza H1N1 virus. Q3R at 150 µg/mL concentration significantly de-
creased virus titer and increased IL-27 production, which could further elevate IL-10
secretion by CD4+ T cells and enhance their antiviral activity. On the other hand, Q3R
suppressed TNF-α production as one of the important inflammatory mediators causing
fever and triggering NF-κB pro-inflammatory pathway, further worsening the condition
of patients [106]. The trimethoxyflavone santin has demonstrated anti-influenza activity
in THP-1 and MDCK cells in a 60 µM concentration. Influenza A (H3N2) virus induces
pro-inflammatory cytokine production in THP-1 cells that results in lung inflammation
and injury [61]. Anti-inflammatory cytokines might also be altered during influenza virus
infection. IL-10 is an anti-inflammatory cytokine that can be induced by influenza virus.
IL-10 inhibits invariant natural killer T cells by downregulating the production of IL-12 by
pulmonary monocyte-derived dendritic cells [107]. The levels of IL-6, IL-8, IL-10, IL-1β, and
TNF-α were significantly decreased in the santin-treated group through downregulation of
MAPKs and NF-κB signaling pathways [61].

In addition to the above, gallocatechin-7-gallate, genistein and theaflavins are other
flavonoids with modulating effects on the production of pro-inflammatory cytokines [58,76,108];
thus, these molecules seem to have a desirable anti-inflammatory effect, helpful in control-
ling viral infection-related inflammation.

2.2.3. Effect on Sub-Cellular Inflammatory Pathways (NF-kB, PI3K/Akt, and MAPK/JNK)

When a virus enters a host cell, the host cell recognizes its replication via pattern
recognition receptors (PRRs) [109]. Virus RNA structure is involved in oligomerization
of PRRs and activation of downstream transcription factors, in particular, interferon reg-
ulatory factors (IRF) and NF-κB. Activation of NF-κB and IRFs leads to engagement of
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cellular antiviral defense by the induction of type I and III interferons and chemokine
secretion [110].

Chiou et al. investigated the effects of 8-prenylkaempferol (8-PK) in A549 cells infected
with the influenza A (H1N1) virus. Results showed that interfering with the PI3K-Akt
pathway is the main mechanism of 8-PK lead to protective effects against the influenza A
virus. 8-PK decreased NF-κB and IRF-3 nuclear translocation through attenuation of Akt
phosphorylation and PI3K activity. Finally, reduced production of regulated activation,
normal T cell expressed and secreted (RANTES) through H1N1-infected A549 cells [111].
Zhu et al. represented that influenza A (H3N2) virus-induced autophagy in the A549 and
Ana-1 infected cells via suppressing the mTOR signaling pathway. Baicalin could increase
mTOR phosphorylation and rescued H3N2 virus effects in a dose-dependent manner [112].
In another study, baicalin was found to exert anti-influenza virus (H1N1-pdm09) activity
by downregulation of the PI3k/Akt pathway caused through modulating viral protein NS1
expression [55]. Besides, biochanin A, an O-methylated isoflavone, indicated protective
effects on H5N1 influenza A virus-infected cells via decreasing AKT, ERK1/2, JNK, and
p38 phosphorylation. It could also modulate cellular signaling pathways, decrease IL-6,
IL-8, CXCL10 (IP-10), TNF-α, and improved IκB levels [53].

CST represented inhibitory effects on the in vitro model of influenza A virus infection
through inhibition of the NF-κB/p65 signal pathway, resulting in the downregulation of
pro-inflammatory cytokines. CST also decreased phospho-p38 MAPK and phospho-JNK
levels [59]. In another study by Ding et al., administration of hesperidin at the daily doses
of 200 and 500 mg/kg for five days could inhibit pulmonary inflammation in influenza
A virus (H1N1)-induced lung injury in rats. This effect was mediated via attenuating
pro-inflammatory cytokine production, including IL-6 and TNF-α. Hesperidin also de-
creased IL-6 and TNF-α expression in H1N1 infected pulmonary microvascular endothelial
cells through inhibition of MAPK signaling pathways [94]. Further, studies suggested
ERK signaling pathway as a main modulator of the MAPK signaling pathway. Isorham-
netin (50 µM), a monomethoxyflavone, decreased ERK phosphorylation in MDCK cells
after influenza A (H1N1) virus infection [113]. Jeong and colleagues investigated the
cytotoxic effects of oroxylin A and tectorigenin in the CHME5 cells and primary human
macrophages infected with HIV-1-D3. These flavonoids exert their effects via reducing
the phosphorylation of PI3K, Akt, m-TOR, PDK1, GSK-3β, and Bad in the lipopolysaccha-
ride/cycloheximide treated cells santin suppressed influenza A virus replication in the
MDCK and THP-1 infected cells [114]. At the concentration of 60 µM, santin attenuated
phosphorylation of p38 MAPK, ERK, JNK/SAPK, and NF-κB [61].

3. Discussion

Flavonoids as a class of safe and abundant phytoconstituents have attracted a lot
of attention regarding their beneficial effects in COVID-19, and several attempts have
been made to assess the structure-activity relationship of these compounds against SARS-
CoV-2 proteins [115,116]. This paper reviewed the potential antiviral mechanisms of
flavonoids based on the in vitro and in vivo studies on different viruses that follow the
same pathogenic mechanisms as SARS-CoV-2, including HIV, influenza virus, ebola virus,
SARS, and MERS. Available data on all virus and host targets were included in this study.
Figures 1 and 2 provide an overview of the direct and indirect mechanisms of flavonoids.
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Figure 1. Direct antiviral mechanisms of flavonoids against viral infections with similar pathogenesis to SARS-CoV-2.
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’

Figure 2. Indirect antiviral mechanisms of flavonoids against viral infections with similar pathogenesis to SARS-CoV-2.

Amongst direct antiviral mechanisms, inhibition of viral proteases are the most fre-
quently reported property of flavonoids. Due to the high similarity of SARS-CoV-2 pro-
teases to those of SARS, flavonoids with inhibitory effects on these enzymes, such as
isoliquiritigenin, kaempferol, and its derivatives, quercetin and its derivatives, theaflavins,
flavonoids derived from Angelica keiskei (Miq.) Koidz. and Broussonetia papyrifera (L.)
L’Hér. ex Vent. can be considered as candidates for future antiviral assessments against
SARS-CoV-2 (Table 1). On the other hand, modulation of inflammatory host responses
to the viral infections by the flavonoids seems to be the most important mechanism by
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which the complications of viral infection are managed. Baicalin and baicalein, biochanin
A, cirsimaritin, gallocatechin-7-gallate, and hesperidin are flavonoids with modulating
effects on both TNF-α and ILs and thus, can regulate severe conditions due to malfunction
of host immune system such as cytokine storm.

According to the current literature, theaflavins, quercetin, luteolin, myricetin, kaempferol,
catechins, hesperidin, and baicalin were the most promising flavonoids against the afore-
mentioned viruses. Regarding the herbal sources of flavonoids, the most studied plants
were Camellia sinensis (L.) Kuntze (tea) and Scutellaria baicalensis Georgi (skullcap). Green
tea is a rich source of catechins, whereas black tea mostly contains theaflavins. Flavonoids
from both types of tea have shown direct antiviral properties. Since tea is a popular drink
in the human diet, it can be suggested as a safe dietary intervention for COVID-19 patients
with mild to moderate symptoms. Due to its acceptable safety profile, tea can also be
introduced as a suitable candidate for investigation in future clinical trials. Skullcap is
a medicinal plant mostly used in Chinese medicine and is the natural source of baicalin,
baicalein, oroxylin A, and wogonin. These flavonoids have demonstrated significant effects
on the immune response of infected cells and animals via modulation of IFNs, endoge-
nous antioxidant defense mechanisms, and inflammatory responses, as well as direct
antiviral properties.

Some of the flavonoids reviewed in this study, such as cirsimaritin were shown to have
antiviral activity higher than standard chemically synthesized drugs like ribavirin [59]. It
should be mentioned that the results of in vitro antiviral studies do not necessarily guaran-
tee the same potency and efficacy in clinical settings; though, they can be considered as a
screening method to select the most effective compounds amongst numerous candidates
for further in vivo and mechanistic evaluations. As previously mentioned, oseltamivir
which is an anti-influenza agent has been designed and synthesized using shikimic acid, a
plant-derived compound; thus, the introduced flavonoids in this review can be used as
molecular backbones for the design and development of novel semisynthetic medicines
with better bioavailability and clinical efficacy.

Despite hundreds of flavonoids evaluated against SARS-CoV-2 through virtual screen-
ings, the experimental evidence on the in vitro or in vivo antiviral effect of these com-
pounds against this exact type of virus is limited. Amongst the included flavonoids in our
review, only four compounds, including baicalin, baicalein, quercetin, and isorhamnetin,
were experimentally assessed in SARS-CoV-2-infected cells or animals.

Previous in silico studies and molecular analysis of different CoVs showed the po-
tential antiviral effects of phytochemicals at different stages of viral biogenesis, including
binding to ACE2, surface gangliosides, RdRp, viral spike protein, and viral protease in
host cells and paved the way for more clinical and experimental studies [9,117–123]. Nev-
ertheless, it should be considered that an acceptable antiviral activity in virtual screenings
does not necessarily guarantee in vivo antiviral activity, and that is why an overview of
flavonoids with antiviral properties in experimental studies is a further step toward the
selection of natural antiviral agents. On the other hand, several of the mechanisms sug-
gested for antiviral flavonoids in virtual screenings are not yet experimentally evaluated.
In vitro and in vivo evidence discussed in this review, together with the results of virtual
screenings, provides a better overview of the proper compounds for further investigations.

Additionally, there are some recently-published review articles that have focused
on the effect of flavonoids on one specific target (e.g., ACE-2) or clinical manifestation
(cytokine storms or lung injury) of SARS-CoV-2 infection [124–127]. Such points of view
can put a focus on the development of natural medicines against one specific viral target;
however, we preferred a more general approach in our study. We considered no limitation
for antiviral/symptoms relieving mechanisms of flavonoids, and all experimental evidence
of flavonoids on the above-mentioned viruses were included.

In conclusion, flavonoids can be considered as promising plant-derived compounds
to manage SARS-CoV-2 infection via direct antiviral properties or management of host
immune response to viral infection. Future experimental mechanistic and clinical studies
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are needed to further clarify the role of these compounds in primary and secondary
prevention of SARS-CoV-2 infection.

4. Materials and Methods

Electronic databases, including PubMed, Scopus, and Web of Science, were searched
from inception until April 2021 with the following formula: (COVID-19 OR SARS OR
MERS OR corona OR HIV OR ebola OR influenza (title/abstract)) AND (plant OR extract
OR herb OR phytochemical OR flavonoid (all fields)). As a supplementary search, the
names of popular flavonoids including catechin, quercetin, rutin, hesperidin, hesperetin,
naringenin, naringin, baicalin, bailaein, and epigallocatechin gallate (EGCG) were also
individually searched in order to collect all related papers. After excluding duplicates,
primary retrieved results were screened by two independent investigators based on the
title and abstract. Selected papers were then checked based on their full text. Inclusion
criteria were any in vitro or in vivo study in which the antiviral effect and mechanism of
a flavonoid were evaluated. Studies on phytochemicals other than flavonoids, antiviral
assessments of flavonoids without clarifying the mechanisms, and studies with non-English
full-texts were excluded from our review. In silico studies were excluded unless coupled
with an in vitro/in vivo experiment. We also did not discuss antiviral mechanisms such
as inhibition of hemagglutinin and neuraminidase of influenza virus since these proteins
are not mutual with SARS-CoV-2 and cannot be extrapolated to this virus. Those studies
included in the final article are summarized in Table 1.
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Abstract: The aim of this study was to characterize the phytochemical content as well as the an-
tioxidant ability of the Moroccan species Chamaerops humilis L. Besides crude ethanolic extract, two
extracts obtained by sonication using two solvents with increased polarity, namely ethyl acetate
(EtOAc) and methanol-water (MeOH-H2O) 80:20 (v/v), were investigated by both spectroscopy
and chromatography methods. Between the two extracts, the MeOH-H2O one showed the highest
total polyphenolic content equal to 32.7 ± 0.1 mg GAE/g DM with respect to the EtOAc extract
(3.6 ± 0.5 mg GAE/g DM). Concerning the antioxidant activity of the two extracts, the EtOAc one
yielded the highest value (1.9 ± 0.1 mg/mL) with respect to MeOH-H2O (0.4 ± 0.1 mg/mL). The
C. humilis n-hexane fraction, analyzed by GC–MS, exhibited 69 compounds belonging to different
chemical classes, with n-Hexadecanoic acid as a major compound (21.75%), whereas the polyphenolic
profile, elucidated by HPLC–PDA/MS, led to the identification of a total of sixteen and thirteen
different compounds in both EtOAc (major component: ferulic acid: 104.7 ± 2.52 µg/g) and MeOH-
H2O extracts (major component: chlorogenic acid: 45.4 ± 1.59 µg/g), respectively. The attained
results clearly highlight the potential of C. humilis as an important source of bioactive components,
making it a valuable candidate to be advantageously added to the daily diet. Furthermore, this
study provides the scientific basis for the exploitation of the Doum in the food, pharmaceutical and
nutraceutical industries.

Keywords: Arecaceae; polyphenols; volatile content; antioxidant activity; liquid chromatography
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1. Introduction

The Moroccan wild palm tree (Chamaerops humilis L.), widely called “Doum”, is found
in six cities of the eastern region of Morocco, namely Oujda, Berkane, Ahfir, Saidia, Nador
and Jerrada [1], and represents 7.74% of the total number of Moroccan palm trees [2].

Such a species is cultivated in many Mediterranean countries as an ornament, consid-
ering its robustness and decorative features.

Some components of this plant have been used as food as an important source of
nutritional energy [3], or in traditional medicine. The husks are eaten in Southern Spain,
the fruits in Morocco and the young suckers in Italy. Leaf extracts of Chamaerops humilis L.
(C. humilis) have been commonly used for the treatment of diabetes, digestive disorders,
spasms, tone and gastrointestinal disorders [4,5]. Moreover, their fruits have astringent
properties thanks to their tannin content, even though, in Morocco, they have been rarely
consumed due to their bitter taste [4].

Other studies have shown the beneficial effects of these fruits against hyperlipidemia
in an animal model of obesity and hyperglycemia [6]. Thanks to their sedative action,
they have been also used to treat insomnia, cough attacks and bronchitis [7]; also, the
“Doum” has shown anti-inflammatory, anabolic, antiseptic, urinary, antilithic and diuretic
activities [4,7,8]. Leaf extracts have also been reported to possess antioxidant activity and
the ability to inhibit lipoxygenase [9,10].

The phytochemical properties of C. humilis are so far only little characterized. The
analysis of the grain’s oil showed higher levels of oleic and linoleic acids than other seed
oils, as well as a significant amount of tocopherols and tocotrienols [11].

Several biologically important secondary metabolites such as flavonoids, phenols,
saponins, gallic tannins and terpenoids have been detected in the leaves and fruits of
C. humilis L., which may explain the pharmacological effects mentioned above [4,7,9,12].

With regard to flavonoids, they have been previously reported as constituents of the
Arecaceae family of plants, even though the literature lacks detailed information on the
phytochemical composition of C. humilis. Further, no work has been so far devoted to the
analysis of the volatile content of such a species.

The aim of this work was to determine the volatile and polyphenolic content of
Moroccan Doum fruits (C. humilis L.) by GC–MS and HPLC–PDA/MS. In addition, the
evaluation of the physico-chemical properties, and the antioxidant activities of the fruit
extracts, was performed as well.

This study represents an effort to provide more reliable information about the an-
tioxidant and beneficial health properties of such a species in order to promote its use in
different food, pharmaceutical and supplement industries.

2. Results and Discussion

2.1. Physico-Chemical Parameters

Table 1 reports the physico-chemical parameters for the C. humilis fruit under investigation.

Table 1. Physico-chemical parameters of C. humilis fruit samples. The results are expressed as mean ± standard deviation.

Fruit Crude Extract
Solvent Fractions

EtOAc MeOH-H2O

pH 3.0 ± 0.06 − −

Acidity 1.5 ± 0.28 − −

RI 1.4 ± 0.10 1.3 ± 0.00 1.3 ± 0.00

TSS 15.2 ± 0.68 0.4 ± 0.01 3.0 ± 0.01

S/A 10.3 ± 0.5 − −

DM (%) 69.5 ± 0.51 − −

Ash (%) 3.0 ± 0.31 − −
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Table 1. Cont.

Fruit Crude Extract
Solvent Fractions

EtOAc MeOH-H2O

TS (%) 23.7 ± 0.86 6.4 ± 0.05 4.6 ± 0.10

RS (%) 18.1 ± 0.72 − −

Lipids(mg/g) 0.70 ± 0.05 − −

Proteins(mg/g) 5.33 ± 1.5 − 0.6 ± 0.01

Vitamin C (mg/g) 31.4 ± 0.53 13.6 ± 0.45 30 ± 0.28

RI: refractive index; TSS: total soluble solid (◦Brix); DM: dry matter; S/A: sugar/acidity; TS: total sugars; RS: reducing sugars.

The percentage of dry matter attained was equal to 69.6 ± 0.5, approximately indicat-
ing the presence of 30.4% water in these fruits. The latter value is twice as high than the
one reported by Bouhafsoun et al. (17.4 ± 0.12%) [2]. On the other hand, another study
showed a higher value (79.6 ± 0.04%) in Butia odorata, which belongs to the same family
(Arecaceae) [13].

The ash content revealed interesting amounts of minerals (3.0 ± 0.3). Such a value
coincides with the mean value of ash content (2.4 to 5.0%) recommended by FAO [14], even
though it is lower than that recently reported for the Algerian species (4.2 ± 0.7%) [2].

Concerning the pH measurement, a value of 3 ± 0.06 was attained. This value is
lower than the one found by Bouhafsoun et al. (5.0 ± 0.0) [2] and, in general, other species
belonging to the Arecaceae family, e.g., date palm (Phoenix dactylifera L.) (5.3 ± 0.0) [15]
and doum palm (Hyphaene thebaica) (4.8 ± 0.0) [16].

The titratable acidity of C. humilis L. fruit revealed a percentage of 1.5 ± 0.3%. This
value is slightly different from Algerian fruits (0.2 ± 0.0%) [2], but similar to other species,
e.g., Hyphaene thebaica (0.22%) [16].

The TSS results showed a mean value of 15.2 ± 0.7%. Similar values were found in
Butia odorata fruits (13.1–14.6%) [17], despite Ferrão et al. (2013) revealing, for the same
species, a value of 9.5 ± 0.0% [13]. These results are not in agreement with other studies
where values reported were 2.4% in leaves and rachis and 4% in fruits [2]. This can be
directly related to the sugar content of the fruit samples, which have higher sugar content
than other parts of C. humilis L. [2].

The S/A ratio was 10.3 ± 0.5%. Such a ratio is an important biochemical parameter
that influences the taste and acceptability of the fruits. The high values of this ratio indicate
good technological properties and consumer acceptance of these fruits [18,19]. The result
achieved in this study falls within the range found for Butia odorata fruits (4.42–14.20%) [13].
On the other hand, the S/A ratio values of the C. humulis L. fruits investigated in this
work showed higher values compared to those of B. capitata reported in the literature,
4.7–5.8% [20].

Results of RS and TS were equal to 18.1 ± 0.7% and 23.7 ± 0.9%, respectively. Vitamin
C contents in Doum extracts were determined to be 31.5 ± 0.5 mg/g, which is slightly
higher than other research (20.1 ± 0.5 mg/g) [21].

The refractive index values for the C. humilis L. in each extract were 1.3 ± 0.0 and 1.34 ±
0.0 for ethyl acetate (EtOAc) and methanol–water (MeOH-H2O), respectively. The ANOVA
test (p > 0.05) showed that the difference between the fruits in IR was not significant.

With regard to lipid and protein contents, values of 0.7 ± 0.0% and 5.3 ± 1.5% were
attained, respectively. A value of 0.6 ± 0.0 mg/g was attained for the MeOH-H2O extract,
whereas they were absent in the EtOAc fraction. The low levels of protein content can
be caused by the ultrasonic extraction, which leads to protein denaturation, as proven by
some researchers [22].
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2.2. Phytochemical Screening

The phytochemical screening of C. humilis was carried out, for the first time for a
Moroccan species. The phytochemical tests revealed the presence of different chemical
families, distributed for the studied species according to the solvent concentration used.
Anthocyanins were not detected in any of the samples investigated. In the EtOAc extract,
unsaturated sterols, terpenes and glycosides, which were absent in the crude extract, were
revealed. On the other hand, in the crude extract, catechic tannins, anthracenosides, sterols
and steroids were detected in high concentrations.

In the literature, the phytochemical properties of C. humilis are not well characterized,
although several studies have reported the presence of tannins, flavonoids, saponins,
sterols and terpenoids [10]. These results are similar to those found in samples from
Algeria [23]. Notably, saponosides, responsible for many pharmacological properties, e.g.,
anti-inflammatory [24,25], were also detected in the extract of C. humilis. From the results
achieved, such a species does contain important phytochemical constituents that may
contribute to its anti-inflammatory and antioxidant activities (Table 2).

Table 2. Phytochemical screening of C. humilis samples.

Compounds Group/Solvent of Extraction Crude Extract EtOAc MeOH-H2O

Alkaloids + + ±

Polyphenols

Flavonoids B B A++
Tannins + + +

Anthocyanins − − −

Catechic tannins ++ − +
Gallic tannins − − +

Coumarins + + +
Anthracenosides ++ − −

Anthraquinones + − −

Anthracenosides and
Anthocyanosides + − −

Steroids

Saponosides ++ - −

Unsaturated
Sterols/Terpenes − + −

Sterols and Steroids ++ − −

Sugars

Starch + − −

Deoxysugars + − −

Glycosides − + ±

Mucilages + − +

A: Flavones; B: Isoflavones; ++: Abondant; +: Present; −: Absent.

2.3. Phytochemical Content and Antioxidant Ability

The spectrophotometric assays showed an important amount of polyphenols. Com-
paring the two extracts, the MeOH-H2O one showed the highest total polyphenolic (TPP)
content, equal to 32.7 ± 0.1 mg GAE/g DM, with respect to the EtOAc extract, 3.6 ± 0.5 mg
GAE/g DM (Table 3). The same considerations can be made for the total flavonoid (TFv)
and total tannin (TT) contents.

Table 3. TPP, TFv and TT content in C. humilis solvent fractions.

Extract TPP TFv TT IC50

EtOAc 3.6 ± 0.5 6.5 ± 0.1 6.2 ± 0.5 1.9 ± 0.1

MeOH-H2O 32.7 ± 0.1 11.1 ± 0.45 54.3 ± 0.8 0.4 ± 0.1
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Statistical analysis (ANOVA) showed that there was a highly significant difference in
results (p < 0.001) between the different solvent concentrations, thus indicating an effect of
the solvent concentration on the extraction of these compounds [26].

Concerning the antioxidant activity of the two fractions (1.9 ± 0.1 mg/mL and
0.4 ± 0.1 mg/mL, respectively, for EtOAc and MeOH-H2O), the values attained are higher
than those found by other authors, e.g., Belhaoues et al. (2017) [27] and Gonçalves et al.
(2018) [10] (0.12 mg/mL and 0.081 mg/mL). Another two studies obtained from a methano-
lic extract of C. humilis reported IC50 values of 0.024 mg/mL [28] and 0.455 mg/mL [29].
Our findings are in agreement with previously reported papers on different species [26,30].

2.4. GC–MS Analyses

The C. humilis n-hexane fraction exhibited 69 compounds belonging to different chem-
ical classes (Figure 1). Similarity ranged from 87% to 96%. The main volatile compound
was represented by n-Hexadecanoic acid (21.75%), followed by oleic acid (14.66%) (Table 4).
Such findings are consistent with other C. humilis works [31,32].
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Figure 1. GC–MS profile of the n-hexane fraction of C. humilis. Main peaks are labeled. Peak assignment as in Table 4.

Table 4. List of compounds identified in the n-hexane fraction of C. humilis by GC–MS.

No. Compound LRI (lib) LRI (exp) Similarity Area(%) Library

1 n-Hexanol 867 867 90 0.04 FFNSC 4.0
2 Acetonylacetone 923 925 90 0.11 FFNSC 4.0
3 n-Hexanoic acid 997 977 96 0.31 FFNSC 4.0
4 n-Nonanal 1107 1106 96 0.27 FFNSC 4.0
5 n-Octanoic acid 1192 1171 94 0.19 FFNSC 4.0
6 n-Decanal 1208 1207 91 0.06 FFNSC 4.0
7 (2E)-Decenal 1265 1264 92 0.06 FFNSC 4.0
8 Nonanoic acid 1289 1269 92 0.13 FFNSC 4.0
9 (2E,4E)-Decadienal 1322 1296 93 0.41 FFNSC 4.0
10 n-Decanoic acid 1398 1366 93 0.15 FFNSC 4.0
11 ethyl-Decanoate 1399 1395 93 0.08 FFNSC 4.0
12 (E)-, β-Ionone 1482 1482 87 0.07 FFNSC 4.0
13 methyl-Dodecanoate 1527 1524 88 0.03 FFNSC 4.0

14
5,6,7,7a-tetrahydro-

4,4,7a-trimethyl-,(R)-
2(4H)-Benzofuranone

1532 1533 90 0.46 W11N17
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Table 4. Cont.

No. Compound LRI (lib) LRI (exp) Similarity Area(%) Library

15 n-Dodecanoic acid 1581 1563 94 0.18 FFNSC 4.0
16 ethyl-Dodecanoate 1598 1594 89 0.11 FFNSC 4.0
17 n-Hexadecane 1600 1600 87 0.03 FFNSC 4.0
18 n-Tetradecanal 1614 1614 91 0.13 FFNSC 4.0
19 1.1’-oxybis-Octane 1657 1663 88 0.10 W11N17
20 n-Heptadecane 1700 1700 90 0.17 FFNSC 4.0
21 2-Pentadecanol 1710 1707 92 0.05 W11N17
22 Pentadecanal 1717 1716 90 0.08 W11N17
23 methyl-Tetradecanoate 1727 1725 87 0.03 FFNSC 4.0
24 n-Tetradecanoic acid 1773 1762 87 0.23 FFNSC 4.0
25 ethyl-Tetradecanoate 1794 1793 93 0.22 FFNSC 4.0
26 n-Octadecane 1800 1800 91 0.09 FFNSC 4.0
27 Hexadecanal 1820 1818 93 0.09 W11N17
28 Pentadecanoic acid,

methyl ester 1824 1825 88 0.11 W11N17
29 Neophytadiene 1836 1836 92 0.10 FFNSC 4.0
30 Phytone 1841 1842 94 0.19 FFNSC 4.0
31 Pentadecylic acid 1869 1863 90 0.11 FFNSC 4.0
32 ethyl-Pentadecanoate 1893 1893 91 0.09 FFNSC 4.0
33 n-Nonadecane 1900 1900 90 0.13 FFNSC 4.0
34 (Z)-9-Hexadecenoic

acid, methyl ester 1895 1903 93 0.14 W11N17
35 methyl-Hexadecanoate 1925 1926 95 1.62 FFNSC 4.0
36 Hexadecanolact-16-one 1938 1943 88 0.77 FFNSC 4.0
37 n-Hexadecanoic acid 1977 1969 94 21.75 FFNSC 4.0
38 ethyl-Palmitate 1993 1993 96 3.80 FFNSC 4.0

39 Heptadecanoic acid,
methyl ester 2028 2026 90 0.06 W11N17

40 Heptadecanoic acid 2080 2064 94 0.33 W11N17
41 methyl-Linoleate 2093 2093 90 1.57 FFNSC 4.0
42 methyl-Oleate 2098 2098 92 2.61 FFNSC 4.0
43 methyl-Octadecanoate 2127 2127 89 0.11 FFNSC 4.0
44 Linoleic acid 2144 2137 92 6.90 FFNSC 4.0
45 Oleic acid 2142 2145 89 14.66 FFNSC 4.0
46 (Z)-Vaccenic acid 2161 2148 92 4.03 W11N17
47 ethyl-Linoleate 2164 2160 92 5.04 FFNSC 4.0
48 (E)-9-Octadecenoic

acid ethyl ester 2174 2173 92 2.10 W11N17
49 ethyl-Stearate 2198 2194 91 0.53 FFNSC 4.0
50 n-Tricosane 2300 2300 90 0.22 FFNSC 4.0
51 (Z)-9-Octadecenamide 2375 2362 94 1.69 W11N17
52 n-Tetracosane 2400 2400 88 0.12 FFNSC 4.0
53 Behenyl alcohol 2493 2495 89 0.19 FFNSC 4.0
54 n-Pentacosane 2500 2500 93 0.31 FFNSC 4.0
55 1-Hexacosene 2596 2595 90 0.54 W11N17
56 n-Hexacosane 2600 2599 93 0.19 FFNSC 4.0
57 Heptacos-1-ene 2694 2695 89 0.33 W11N17
58 n-Heptacosane 2700 2700 92 0.88 FFNSC 4.0
59 n-Octacosane 2800 2799 89 0.16 FFNSC 4.0
60 Squalene 2810 2813 94 1.15 FFNSC 4.0
61 Hexacosanal 2833 2840 93 0.41 W11N17
62 n-Nonacosane 2900 2900 90 0.50 FFNSC 4.0
63 Octacosanal 3039 3044 95 0.65 W11N17
64 γ-Tocopherol 3055 3053 88 0.15 W11N17
65 n-Hentriacontane 3100 3100 92 0.13 FFNSC 4.0
66 Octacosanol 3120 3109 94 0.68 W11N17
67 2-Nonacosanone 3125 3123 91 2.16 W11N17
68 Vitamin E 3130 3131 93 2.07 W11N17
69 γ-Sitosterol 3351 3321 90 4.13 W11N17

Tot. identified 87.29
Tot. not identified 12.71
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2.5. HPLC–PDA/MS Analyses

The analysis of the polyphenolic profile, achieved by HPLC–PDA of the EtOAc and
MeOH-H2O extracts of C. humilis, is reported in Figure 2. A total of sixteen and thirteen
different polyphenolic compounds were detected in both extracts, respectively. Tentative
identification was based on combined data coming from retention times, PDA, MS and
standard co-injection, when available (thirteen in EtOAc vs. twelve in MeOH-H2O extracts
(Tables 5 and 6)). Interestingly, the totality of the polyphenolic compounds in both extracts
belong to the hydroxycinnamic acids class, whereas only two flavonols were identified
in both extracts. Most of the compounds were already reported as constituents of fruits
of botanical species, belonging to the same family, e.g., ferulic acid, feruloylquinic acid,
ferulic acid hexoside [33], p-Coumaric acid, dicaffeoylshikimic acid and isorhamnetin-
diglucoside [34]. Notably, 3-Caffeoylquinic acid and 3-Caffeoylquinic acid were reported
as constituents of leaf extracts of C. humilis [10], whereas quinic acid, p-Coumaric, rutin
and kaempferol were found in the fruits of the same species [23]. Cinnamoyl glucose and
p-Coumaric acid ethyl ester are here reported for the first time.
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Figure 2. HPLC–PDA polyphenolic profile of the EtOAc (top) and MeOH-H2O extracts of C. humilis.
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Table 5. Polyphenolic compounds detected in EtOAc extract of C. humilis by HPLC–PDA–ESI/MS.

Tentative Identification tR (min) Identification Type
λMAX

(nm)
[M-H]− Fragments

Phenolic Acid and Derivatives

Quinic acid 1.64 PDA/MS − 191 −

Cinnamoyl glucose 8.31 PDA/MS 258–291 309 −

Chlorogenic acid 10.31 PDA/MS 324 353 179
3-Caffeoylquinic acid 14.15 PDA/MS 321 353 −

Feruloylquinic acid 15.29 PDA/MS 324 367 −

5-Caffeoylquinic acid 15.83 PDA/MS 213–324 353 179
Unknown 19.13 PDA/MS 282–325 336 −

Ferulic acid hexoside 20.51 PDA/MS 214–324 355 191
p-coumaric acid 22.74 PDA/MS 288 163 −

Ferulic acid 24.16 PDA/MS 216–321 193 −

Unknown 25.66 PDA/MS 304 193 −

dicaffeoylshikimic acid 28.54 PDA/MS 217–291 497 179
p-Coumaric acid ethyl ester 32.46 PDA/MS 247–291 191 −

Unknown 36.22 PDA/MS 270 345 263

Flavonols

Rutin 27.86 PDA/MS 352 609 −

Kaempferol 48.18 PDA/MS 219–369 285 −

Table 6. Polyphenolic compounds detected in MeOH-H2O extract of C. humilis by HPLC–PDA–ESI/MS.

Tentative Identification
tR

(min)
Identification Type

λMAX

(nm)
[M-H]− Fragments

Phenolic Acid and Derivatives

Quinic acid 1.64 PDA/MS − 191 −

Cinnamoyl glucose 8.31 PDA/MS 258–291 309 −

Chlorogenic acid 10.31 PDA/MS 324 353 179
3-Caffeoylquinic acid 14.15 PDA/MS 321 353 −

Feruloylquinic acid 15.29 PDA/MS 324 367 −

5-Caffeoylquinic acid 15.83 PDA/MS 213–324 353 179
Unknown 19.13 PDA/MS 282–325 336 −

Ferulic acid hexoside 20.51 PDA/MS 214–324 355 191
p-coumaric acid 22.74 PDA/MS 288 163 −

Ferulic acid 24.16 PDA/MS 216–321 193 −

Dicaffeoylshikimic acid 28.54 PDA/MS 217–291 497 179

Flavonols

Rutin 27.86 PDA/MS 352 609 −

Isorhamnetin-diglucoside 31.75 PDA/MS 353 623 −

The quantification was determined for three repetitions of different extracts of the
same sample. As far as quantification is concerned (Table 7), ferulic acid in the EtOAc
extract turned out to be the most abundant one (104.7 µg/g), followed by 5-Caffeoylquinic
acid (36.5 µg/g). On the other hand, in the MeOH-H2O extract, chlorogenic acid (45.4 µg/g)
was predominant, along with quinic acid (37.0 µg/g).

In total, 276.7 µg/g and 262.2 µg/g of polyphenolic compounds for the EtOAc and
MeOH-H2O extracts of C. humilis, respectively, were attained. Such results are com-
parable with other Moroccan fruits, e.g., Ziziphus lotus, at least for the EtOAc extract
(298.5 µg/g) [26].
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Table 7. Semi-quantification of polyphenols detected in C. humilis fruits in µg/g (w/w).

Compounds EtOAc MeOH-H2O
Standard Used for

Semi-Quantification

Phenolic Acid and Derivatives

Quinic acid 6.3 ± 0.02 37.0 ± 0.36 Gallic acid
Cinnamoyl glucose 8.1 ± 0.40 0.3 ± 0.03 Cinnamic acid

Chlorogenic acid 18.8 ± 0.90 45.4 ± 1.59 Caffeic acid
3-Caffeoylquinic acid 16.6 ± 0.30 22.4 ± 0.14 Ferulic acid
Feruloylquinic acid 26.3 ± 1.02 12.4 ± 0.07 Ferulic acid

5-Caffeoylquinic acid 36.5 ± 1.05 20.3 ± 0.62 Caffeic acid
Ferulic acid hexoside 12.9 ± 0.82 20.3 ± 0.21 Ferulic acid

p-coumaric acid 11.3 ± 0.50 0.4 ± 0.01 Coumarin
Ferulic acid 104.7 ± 2.52 20.6 ± 0.9 Ferulic acid

Dicaffeoylshikimic acid 7.5 ± 0.10 10.1 ± 0.5 Caffeic acid
p-Coumaric acid ethyl ester 12.7 ± 0.12 − Coumarin

Flavonols

Rutin 17.7 ± 0.03 60.2 ± 1.9 Rutin
Isorhamnetin-diglucoside − 12.8 ± 0.8 Kaempferol

Kaempferol 15.0 ± 0.93 − Kaempferol

3. Materials and Methods

3.1. Samples and Sample Extraction

Chamaerops humilis L. fruits were harvested in Tangier-Tetouan-Al Hoceima, an area
located in the extreme north-west of Morocco. The samples were collected for 4 months
(May, June, July and August 2018). All of the harvest areas were between the longitudes
5◦94’84106 and the latitudes 35◦44’701. The fruit harvesting was carried out at their
physiological maturity in the early morning, transported in well-closed boxes and stored
at −10 ◦C in the Materials and Resources Valorization Laboratory, Faculty of Sciences
and Technology of Tangier. The extraction method employed was previously described
by El Cadi et al. (2020) [26]. Briefly, 5 g of lyophilized powder underwent a defatting
step by adding three times 50 mL of n-hexane; afterwards, it was dried and homogenized
with 50 mL of two solvents with increased polarity, namely EtOAc and MeOH-H2O 80:20
(v/v). Each fraction was extracted by using an ultrasound bath (130 kHz) for 45 min. After
centrifugation at 5000 g for 5 min, the supernatant was filtered through a paper filter,
dried, reconstituted with MeOH-H2O and then filtered through a 0.45 µm Acrodisc nylon
membrane (Merck Life Science, Merck KGaA, Darmstadt, Germany) prior to HPLC–PDA-
ESI/MS analysis.

3.2. Chemical Reagents and Solvents

Folin-Ciocalteu phenol reagent was obtained from Fluka. Standards (gallic acid, caffeic
acid, cinnamic acid, ferulic acid, coumarin, rutin and kaempferol) were obtained from
Merck Life Science (Merck KGaA, Darmstadt, Germany). In addition, 2,2-diphenyl-1-
picrylhydrazyl (DPPH) and butylated hydroxytoluene (BHT) were purchased from Sigma
(St. Louis, MO, USA). LC-MS grade methanol, acetonitrile, acetic acid, EtOAc, acetone
and water were purchased from Merck Life Science (Merck KGaA, Darmstadt, Germany).
All of the other chemicals were of analytical grade and obtained from Sigma (St. Louis,
MO, USA).

3.3. Physico-Chemical Analyses and Phytochemical Screening

Physico-chemical analyses and phytochemical screening were carried out according
to a previously published work [26].
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3.4. Analysis and Quantification of Phenolic Contents

TPP content was estimated using Folin-Ciocalteu method [35] and was expressed as
mg of gallic acid (GAE)/g of dry mass (DM). TFv content was expressed as mg of quercetin
(QE)/g of dry mass (DM) and quantified according to the method of Zhishen et al. [36]. TT
content was determined by the vanillin method of Julkunen-Tiitto and expressed as mg
(+)-catechin/g DW [37].

3.5. Determination of Antioxidant Activity

The DPPH method followed the method described by Braca et al. [38]. Butylated
hydroxytoluene (BHT) was used as a positive control and the DPPH radical scavenging
activity was calculated according to the equation:

DPPH radical scavenging activity: I (%) = (A blank − A sample) / A blank × 100 (1)

The IC50 of the DPPH radical was calculated from linear regression (%DPPH remaining
radical versus sample concentration).

3.6. GC–MS

GC analyses of the volatile fraction were performed on a GC–MS-QP2020 system
(Shimadzu, Kyoto, Japan) with an “AOC-20i” system auto-injector. The analyses were
realized on an SLB-5ms column (30 m in length × 0.25 mm in diameter × 0.25 µm in
thickness of film, Merck KGaA). The initial temperature was set at 50 ◦C, and afterwards
increased up to 350 ◦C (increase rate: 3 ◦C/min; holding time: 5 min).

GC–MS parameters were as follows: injection temperature: 280 ◦C; injection volume:
1.0 µL (split ratio: 10:1); pure helium gas (99.9%); linear velocity: 30.0 cm/s; inlet pressure:
26.7 KPa; EI source temperature: 220 ◦C; interface temperature: 250 ◦C. The acquisition of
MS spectra was realized in full scan mode, in the mass range of 40–660 m/z, with an event
time of 0.2 s.

Relative quantity of the chemical compounds present in each sample was expressed
as a percentage based on peak area produced in the GC chromatogram.

Compounds were identified by using the “FFNSC 4.0” (Shimadzu Europa GmbH,
Duisburg, Germany) and “W11N17” (Wiley11-Nist17, Wiley, Hoboken, NJ, USA; Mass
Finder 3). Each compound was identified applying a MS similarity match and an LRI
filter. Linear retention indices (LRI) were calculated by using a C7–C40 saturated alkanes
reference mixture (49452-U, MerckKGaA).

Data files were collected and processed by using “GCMS Solution” software, ver. 4.50
(Shimadzu, Kyoto, Japan) [26].

3.7. HPLC–PDA/ESI-MS

LC analyses were performed on a Shimadzu liquid chromatography system (Kyoto,
Japan), consisting of a CBM-20A controller, two LC-30AD dual-plunger parallel-flow
pumps, a DGU-20A5R degasser, a CTO-20AC column oven, a SIL-30AC autosampler,
an SPD-M30A photo diode array detector and an LCMS-8050 triple quadrupole mass
spectrometer, through an ESI source (Shimadzu, Kyoto, Japan).

Chromatographic separations were attained on 150 × 4.6 mm; 2.7 µm Ascentis Express
RP C18 columns (Merck Life Science, Merck KGaA, Darmstadt, Germany). The mobile
phase was composed of two solvents: water/acetic acid (99.85/0.15 v/v, solvent A) and
acetonitrile/acetic acid (99.85/0.15 v/v, solvent B). The flow rate was set at 1 mL/min
under gradient elution: 0–5 min, 5% B, 5–15 min, 10% B, 15–30 min, 20% B, 30–60 min, 50%
B, 60 min, 100% B. PDA detection was: λ = 200–400 nm (λ = 280 nm) (sampling frequency:
40.0 Hz, time constant: 0.08 s). MS conditions were as follows: scan range and the scan
speed were set at m/z 100–800 and 2500 amu sec −1, respectively, event time: 0.3 sec,
nebulizing gas (N2) flow rate: 1.5 L min−1, drying gas (N2) flow rate: 15 L min−1, interface
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temperature: 350 ◦C, heat block temperature: 300 ◦C, DL (desolvation line) temperature:
300 ◦C, DL voltage: 1 V, interface voltage: −4.5 kV [26].

3.8. Statistical Analysis

The experiments were carried out in triplicate and the results were expressed as
the average of the three measurements ± SD. The comparison of means between groups
was performed with one-way analysis of variance (ANOVA) followed by a Tukey test.
Differences were considered significant when p < 0.05 (Microsoft ® Office, Santa Rosa,
California, CA, USA).

4. Conclusions

The present study aimed to elucidate the bioactive content of Chamaerops humilis
L. fruits. Considering the two extracts tested, in terms of the antioxidant activity, the
EtOAc one turned out to be the most active with respect to the MeOH-H2O. A total of
69 compounds belonging to different chemical classes were positively identified by GC
coupled to MS, whereas sixteen and thirteen polyphenolic compounds were detected
by HPLC–PDA/MS in both EtOAc and MeOH-H2O extracts, respectively. Such results
demonstrate that this fruit can be used for industrial applications in food preparations.
In addition, the data attained emphasize an interesting functional composition of the
Chamaerops humilis L. fruits, which could be considered a valuable new co-product with
commercial importance in the food industry.
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Abstract: Plant polyphenols have beneficial antioxidant effects on human health; practices aimed at
preserving their content in foods and/or reusing food by-products are encouraged. The impact of
the traditional practice of the water curing procedure of chestnuts, which prevents insect/mould
damage during storage, was studied to assess the release of polyphenols from the fruit. Metabolites
extracted from pericarp and integument tissues or released in the medium from the water curing
process were analyzed by matrix-assisted laser desorption ionization-time of flight-mass spectrometry
(MALDI-TOF-MS) and electrospray-quadrupole-time of flight-mass spectrometry (ESI-qTOF-MS).
This identified: (i) condensed and hydrolyzable tannins made of (epi)catechin (procyanidins) and
acid ellagic units in pericarp tissues; (ii) polyphenols made of gallocatechin and catechin units
condensed with gallate (prodelphinidins) in integument counterparts; (iii) metabolites resembling
those reported above in the wastewater from the chestnut curing process. Comparative experiments
were also performed on aqueous media recovered from fruits treated with processes involving:
(i) tap water; (ii) tap water containing an antifungal Lb. pentosus strain; (iii) wastewater from a
previous curing treatment. These analyses indicated that the former treatment determines a 6–7-fold
higher release of polyphenols in the curing water with respect to the other ones. This event has a
negative impact on the luster of treated fruits but qualifies the corresponding wastes as a source of
antioxidants. Such a phenomenon does not occur in wastewater from the other curing processes,
where the release of polyphenols was reduced, thus preserving the chestnut’s appearance. Polyphenol
profiling measurements demonstrated that bacterial presence in water hampered the release of
pericarp metabolites. This study provides a rationale to traditional processing practices on fruit
appearance and qualifies the corresponding wastes as a source of bioactive compounds for other
nutraceutical applications.

Keywords: chestnut; water curing; non-targeted MS analysis; antioxidants

1. Introduction

According to FAO statistics (http://www.fao.org/faostat/en/#search/chestnut, ac-
cessed on 15 January 2021), Europe is among the three top producers of chestnuts in the
world (after Asia and China), with roughly 155 ktons of fruits in 2018, among which
more than 30% obtained in Italy. About 65% of the Italian chestnut/marron production
is localized in the Campania region (INEA, database on foreign trade), where the typical
cultivar, Castagna di Montella, is bred. The latter has been certified as a European Protected
Geographical Indication (PGI) product and is exported in the form of fresh whole or peeled
fruit, or in its dried forms.
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Chestnut is considered a functional food with a rich source of polyphenolic com-
pounds, phenolic acids (such as gallic acid) and tannins (primarily ellagic acid) [1,2].
Recently, a comprehensive review has dealt with the elucidation of the high biological
value also of the chestnut pericarp and integument (outer and inner shell), which are dis-
carded as by-products during food manufacturing, as reported by the extensive literature
on the corresponding in vitro and in vivo bioactive properties [3]. For example, chestnut
shell hydroalcoholic extracts tested on several human cell lines were suggested to display
potential anti-angiogenic and anti-inflammatory effects [4]. When assayed on trout blood
and intestinal leukocytes, they also elicited a stimulatory response of the immune system
against possible infectious agents [5]. Several studies on rat models of diabetes fed with
chestnut extracts demonstrated a diet-dependent increase of pancreatic cell viability [6]
and a corresponding cytoprotective response against hepatorenal injury [7].

Actually, the bioavailability of polyphenols is an important topic of debate [8], which
must consider the possible interaction of these metabolites with other food macromolecules
as well as the impact of gastrointestinal digestion of these compounds and their subsequent
enterocyte absorption. Indeed, the gastrointestinal digestion of polyphenols seems to
be the main limiting physiological factor responsible for the conversion of the glucoside
into the aglycone species, especially in the switching from an acid pH value to a basic
one, remarkably influencing the corresponding bioavailability process. For example, up
to 20% of the initial glucoside polyphenol species were shown to resist the simulated
gastrointestinal digestion of coffee grounds [8]. Indeed, only 5–10% of aglycone species
was estimated to be absorbed by passive diffusion through the enterocyte membrane of the
small intestine when the corresponding glucoside derivatives were digested [9]. On the
other hand, the chemical structure of phenolic compounds was demonstrated to be modi-
fied from microbiota of the large intestine, thus affecting their bioavailability [10]. These
findings suggest that the complexity of physiological events and mechanisms affecting the
dietary assumption of polyphenols has not been fully clarified and hasnot yet provided a
complete picture of the corresponding molecular bioavailability. Nevertheless, chestnut
extracts are nowadays used as natural ingredients for the preparation of various functional
foods [1,11,12].

Chestnut pericarp and integument are a rich source of tannins [12–14], which have
been subclassified into condensed tannins (CTs) and hydrolysable tannins (HTs). The
first compounds are derived from the condensation and polymerization of monomeric
flavonoid units [15], while the second ones are polyesters containing a sugar moiety linked
to gallic and ellagic acids. HTs, in turn, comprise C-glucosidic ellagitannins, which are
further subdivided into vescalagin- and castalagin-types depending on the configuration
of the OH group at C-1 position of the glycosidic chain [16], and flavono-ellagitannins that
are formed after linkage of a flavonoid molecule to ellagitannins, yielding acutissimin A
and B. The latter compounds have been isolated from chestnut wastes [13] and have gained
significant interest due to their antitumor activity [17].

A main issue in the chestnut industry is the high perishability of harvested fruits
during storage, which is associated with fungal/insect contamination and mould develop-
ment. This is generally faced with thermo-hydrotherapy or cold-water curing treatment.
The latter is a traditional, simple, and inexpensive processing practice commonly used
in the Campania region, which is based on soaking chestnuts in cold water at a 1:1 to
1:2 ponderal ratio for 3–9 days [18]. After soaking completion, chestnuts are rinsed with
running fresh water, and resulting wastewaters are treated in dedicated waste plants. After
chestnut curing in cold water, fruit skin loose its natural luster [19]. The efficiency of
the cold water curing treatment depends on associated lactic and alcoholic fermentation
processes, which reduce the pH value of the medium [18]. In this context, the increase
of CO2 and CH3CHO levels in the fermentation medium was reported to play an active
role in preserving chestnuts during subsequent storage. Whether the simple treatment
of chestnuts with cold water was described to mostly reduce the development of insect
larvae of Curculio elephas and, depending on concomitant lactic and alcoholic fermentation
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processes, having a significant effect on fungal contamination during storage [20], the
preventive addition of Lb. pentosus strain to cold water used for treatment was suggested
generating antimicrobial compounds that inhibit fungal growth/germination [20], thus
extending shelf-life and preserving the appearance of fruits.

Based on the above, the chestnut by-products that are obtained from the correspond-
ing industry can be different; they may have potential use as a source of polyphenols for
food, nutraceutical, leather, and cosmeceutical applications. At first, chestnut pericarp
and integument tissues, which are removed during food processing for obtaining fresh
and dried products and/or corresponding flour. They represented about 20% of the total
weight of the original fruits and were already used for recycling purposes due to their
high content of tannins [12,13,21]. However, a characterization of corresponding polyphe-
nols was obtained only for low-mass components. Secondly, the wastewater from the
above-mentioned water curing treatments of chestnuts, which should eventually contain
polyphenols released from the above-mentioned fruit tissues whose nature, however, has
not been characterized yet. The stasis of these dissolved molecules in wastewater should
render it susceptible to air oxidation. Thus, knowledge of their molecular nature seems
a prerequisite for the possible consideration of reusing these wastewaters as a source of
bioactive molecules.

With the aim of considering chestnut by-products for possible recycling purposes,
polyphenols from pericarp and integument tissues as well as from wastewater of different
fruit water curing treatments were extracted and subjected to qualitative and quantitative
experiments based on dedicated assays and detailed MALDI-TOF-MS and ESI-qTOF-MS
characterization. This allowed defining different molecular signatures for the analyzed
materials, which were peculiar for them and were also prodromal to the rationalization of
the mechanisms ongoing during different water curing treatments.

2. Results

2.1. Polyphenol Extraction

The eventual release of polyphenols in wastewater from water curing treatments of
chestnuts should hypothetically involve molecules present in the peripheric tissue layers
of fruits, namely pericarp and integument, which are imbibed with corresponding aqueous
media. In order to evaluate the nature of these phenolic compounds in the above-mentioned
fruit districts, sampled chestnuts were peeled to recover pericarp and integument tissues,
which were then powdered and extracted in parallel with different solvents. Molecu-
lar recovery was evaluated considering overall signal-to-noise ratios measured through
dedicated MS procedures (see below). The mixture acetonitrile/methanol/water 2:2:1
v/v/v was identified as the optimal one for extraction of polyphenols. Thus, pericarp and
integument tissues were extracted under continuous agitation, for 48 h, and recovered
material was analyzed with MALDI-TOF-MS and ESI-qTOF–MS procedures.

2.2. MALDI-TOF-MS Profiling of Polyphenols from Chestnut Pericarp and Integument Tissues

In order to provide the maximal representation of molecular species occurring in
chestnut epicarp tissues, MALDI-TOF-MS analysis of the corresponding extracts was
performed in both linear positive and negative ion mode. This analysis gave mass spectra
almost superimposable between different samples, which can be summarized with the
polyphenol profiles shown in Figure 1.

Distribution of signals within the MALDI-TOF mass spectrum acquired in positive
ion mode (Figure 1A) fitted a Gaussian profile, which enabled to guess the presence of
oligomeric CTs differing from each other by units of catechins and esterified catechin
with gallic acid residue (∆m = 152 mass units) [22]. Signals recorded by MALDI-TOF-MS
analysis were tentatively attributed to CTs, like procyanidins. Increments of about 288, and
441 mass units were tentatively attributed to the presence of (epi)catechin, and (epi)catechin
gallate units, respectively, representing the building block of a wide variety of tannins,
from simple monomers to multiple oligomers [23]. The precursor compound corresponded
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to the epicatechin gallate (m/z 442.9), with dominant signals at m/z 426.9 and 410.9, which
were suggestive of the loss of one or two OH groups from the B-ring, respectively. This
finding was consistent with the presence of fisetinidin, already identified in chestnut [12],
which does not present a -OH group at position C3 of one of the two B-rings.

Δ

Figure 1. MALDI-TOF mass spectrum of the extract of chestnut pericarp tissues acquired in linear positive (panel (A)) and
negative (panel (B)) ion mode. Condensed polymeric species were tentatively ascribed to gallotannins and ellagitannis
derivatives. FST, fisetinidol; FSTg, fisetinidol gallate; EC, (epi)catechin; ECg, (epi)catechin gallate; g, gallic acid.

MALDI-TOF-MS analysis of the same sample carried out in negative ion mode showed
a quite different molecular profile (Figure 1B). The dominant mass signal at m/z 933.1 indi-
cated the presence of a chestnut-specific HT, namely castalagin, together with its molecular
dimer (at m/z 1865.2). The occurrence of castalagin in the chestnut pericarp was also
confirmed by the co-presence in the mass spectrum of the aglycon castalin (m/z 631.1),
which is one of the main phenolic compounds present in chestnut shells [16]. The loss
of two condensed gallic acid units linked via a galloyl ester bond (∆m = about 152 mass
units) between two consecutive product ions likely arose from a different isobaric precursor
ion at m/z 631.1 (Figure 1B). Other signals present at m/z 783.1, 1083.1, and 1101.1 were
tentatively assigned to pedunculagin II (bis-HHDP-hex), punicalagin (HHDP-gallagyl-hex),
and punicalagin-like species, as already described in other fruits [24,25].

In order to provide the maximal representation of molecular species occurring in
chestnut integument tissues, MALDI-TOF-MS analysis of the corresponding extracts was
also performed in both linear positive and negative ion mode (Figure 2). Similar to
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their pericarp counterparts, the mass profiling results for integument extracts showed the
occurrence of phenolic polymers.

loss of two condensed gallic acid units linked via a galloyl ester bond (Δm = about 152 

and epicatechin gallate residues (Δm = about 304 and 441 mass units) (Figure 2A). Apart 

Figure 2. MALDI-TOF mass spectrum of the extract of chestnut integument tissues acquired in linear positive (panel (A))
and negative (panel (B)) ion mode. FST, fisetinidol; FSTg, fisetinidol gallate; EC, (epi)catechin; ECg, (epi)catechin gallate;
EGC, (epi)gallocatechin.

In the case of the MALDI-TOF mass spectrum acquired in positive linear ion mode,
corresponding signals differed for the occurrence of repeated units of epigallocatechin and
epicatechin gallate residues (∆m = about 304 and 441 mass units) (Figure 2A). Apart from
the MH+ signal of epicatechin gallate (m/z 442.8), the most abundant peak was tentatively
assigned to prodelphinidin B3 (m/z 610.8), a gallocatechin oligomer. MALDI-TOF-MS anal-
ysis of the same sample carried out in negative ion mode highly differed from that recorded
under the same experimental conditions for pericarp tissues and confirmed results obtained
in positive ion mode (Figure 2B). It reflected the occurrence of prodelphinidin oligomers
up to nonamers, together with more complex polymers ascribed to HTs, as already found
in chestnut bark [26]. In conclusion, dominant MALDI-TOF-MS signals in integument
tissues were associated with oligomeric prodelphinidins, which may have hidden peaks of
ellagitannins detected in the chestnut shell as a result of signal ion suppression phenomena.
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2.3. ESI-qTOF-MS Analysis of Polyphenols from Chestnut Pericarp and Integument Tissues

High-resolution mass spectrometry and tandem mass spectrometry (MS/MS) has
already been used for establishing with high confidence the identity of the polyphenolic
species present in various fruit extracts [27]. With the aim of confirming the tentative
molecular assignment of polyphenolics obtained by MALDI-TOF-MS, the above-mentioned
chestnut pericarp and integument extracts were also analyzed by ESI-qTOF-MS and ESI-
qTOF-MS/MS (Figure 3). Corresponding ESI-qTOF-MS profiles acquired in positive ion
mode are shown in Figure 3A,B, respectively. They provided another view based on a soft
ionization technique of the polyphenolic compounds present in pericarp and integument
tissues, which was not dependent on the matrix-assisted laser desorption ionization process.
Moreover, the possibility of acquiring fragmentation spectra of selected ions allowed
associating the recorded polyphenolic profiles with the structure of single compounds.
Tandem mass spectra recorded for the most abundant precursor ions present in Figure 3
are shown in Supplementary Figures S2–S17.

▲  ●

Δ

Figure 3. ESI-qTOF mass spectra of extracts from chestnut pericarp (panel (A)) and integument (panel (B)) tissues acquired
in positive ion mode. In panel (A), assigned are procyanidins non-galloylated and mono-galloylated oligomers; in panel (B),
labeled are epigallocatechin and epicatechin gallate oligomers. N, epicatechin; �, epigallocatechin; •, epicatechin gallate.
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When comparing ESI-qTOF-MS profiles of pericarp and integument extracts in the
m/z range of 400–2500, evident differences were observed between the analyzed tissues,
either regarding the nature of detected polyphenols and the number of linked monomeric
units (Figure 3). In particular, the integument extract showed more intense signals for
polyphenols containing 3 to 5 monomeric units, while dimeric-trimeric compounds seemed
more represented in the pericarp counterpart. This result confirmed the signal distribution
observed in the MALDI-TOF mass spectra of integument and pericarp extracts when
the acquisition was performed in positive ion mode (Figures 1A and 2A). In addition, a
combination of the accurate measurement of detected MH+ signal values in ESI-qTOF
mass spectra, its comparison with polyphenolic structures already detected in chestnut tis-
sues [28] and high-quality fragmentation spectra of most abundant ions present in recorded
polyphenolic profiles (Supplementary Figures S2–S17) allowed for the association of a
molecular structure to the detected molecular species (Figure 3). The results of this study
are summarized in Figure 4, which provides a list of the polyphenols identified in chestnut
pericarp and integument extracts by ESI-qTOF-MS, together with their experimental mass
value and, in some cases, corresponding diagnostic fragment ions.

 

▲ 

●

−

−

Figure 4. List of polyphenols identified in chestnut pericarp and integument extracts (Figure 3A,B), along with their
measured mass values ascertained by ESI-qTOF-MS analysis in positive ion mode and major diagnostic fragment ions
recorded for each precursor ions. I, integument; P, pericarp; EC, (epi)catechin, N; EGC, (epi)gallocatechin, �; ECg,
(epi)catechingallate, •.

In particular, polyphenol polymerization in pericarp tissues was associated with
the progressive incorporation of (epi)catechin units, which determined the formation of
oligomeric species differing for a ∆m = +288 mass units (Figures 3A and 4). In this case, the
most significant oligomeric species were (epi)catechin gallate monomer (m/z 443.1) and

201



Molecules 2021, 26, 2335

(epi)catechin dimer (m/z 579.1) (Supplementary Figure S2), which undergo (epi)catechin
addition of up to five molecular units. The assignment of signals at m/z 731.1, 867.2,
1019.2, 1155.3, 1307.3, 1443.3, 1595.3 and 1747.3 reported in Figure 3A was confirmed by
the corresponding fragmentation spectra (Figure 4 and Supplementary Figures S5, S6, S9,
S10, S12, S13, S15 and S16). Thus, signals at m/z 443.1, 731.1, 1019.2, 1307.3, 1595.3 and
1883.3 (Figure 3A) were attributed to type-B procyanidin monogalloylated species classified
in the group of CTs (Figure 4) Interestingly, hop extracts have been reported containing
similar procyanidin profiles [29]. The presence of these type-B procyanidin oligomers was
paralleled by the A-type counterparts, as revealed by the corresponding signals at m/z
577.1, 865.2 and 1153.2 (Figures 3A and 4). This finding was peculiar of the pericarp extract,
which thus showed catechin oligomers having a double type-A inter flavanol linkage
at C2→O→C7′ (Figure 4). On the other hand, the low-intensity signals at m/z 1170.1,
1459.3 and 1747.3 (Figure 3A) were attributed to oligomers of the type-B digalloylated
procyanidin series (Figure 4), as also proved by the fragmentation spectrum of the latter
species (Supplementary Figure S16). Finally, the mass signals observed at m/z 935.1
was definitively assigned to castalagin/vescalagin (Figures 3A and 4), as proved by the
corresponding MS/MS spectrum that showed fragments at m/z 633 and 303 corresponding
to vescalin/castalin and ellagic acid, respectively (Supplementary Figure S8).

Other authors were able to discriminate vescalagin from its isomer, castalagin, by
recording fragmented ions in negative ion mode related to galloyl-gallagyl-hexoside and
gallagyl species [24,30]. When recorded in positive ion mode, some of the above-cited
fragment ions were not detected in the case of the chestnut pericarp extract, while the
identification of fragment signals at m/z 277 and 303 definitively proved the assignment of
this molecule to castalagin (Supplementary Figure S8), as already demonstrated by other
authors [31].

Conversely, the ESI-qTOF mass spectrum of integument extract showed the occur-
rence of molecular ions at m/z 595.1 and 611.1 (Figure 3B), which were associated with
epicatechin-(epi)gallocatechin and gallocatechin-(epi)gallocatechin dimer based on frag-
mentation spectra, respectively (Supplementary Figures S3 and S4). Their mass difference
(∆m = +16 mass units) corresponded to an (epi)catechin to gallocatechin substitution.
Starting from these two precursor ions, two series of mass signals occurred in the mass
spectrum, which differed from each other in the number of polymerized (epi)gallocatechin
units (∆m = +304 mass units), reaching a maximum value of six added molecules for
(epi)gallocatechin (m/z 2115.9) and gallocatechin parents (m/z 2130.8) (Figures 3B and 4).
Assignment of signals at m/z 898.9, 1202.9, 1506.9 and 1811.2 was confirmed by the corre-
sponding fragmentation spectra (Supplementary Figures S7, S11, S14 and S17). The above-
mentioned oligomerization process was also observed starting from (epi)catechin gallate
monomer (m/z 443.1) and (epi)catechin dimer (m/z 579.1), and involved the polymeriza-
tion of up to six (m/z 2267.8) and five (m/z 2098.9) (epi)gallocatechin units, respectively
(Figures 3B and 4). In this case, the assignment of parent (epi)catechin dimer (m/z 579.1)
was confirmed by the corresponding fragmentation spectrum (Supplementary Figure S2).

In conclusion, ESI-qTOF-MS and ESI-qTOF-MS/MS experiments demonstrated that
the pericarp extracts contain CTs composed of (epi)catechin units, also called procyanidins,
and HTs such as ellagitannins, while the integument counterparts were rich in condensed
tannins characterized by gallocatechin and catechins units condensed with gallate, also
known as prodelphinidins.

2.4. Time-Course Analysis of Total Phenols Released in Wastewater from Different Chestnut Water
Curing Treatments

With the aim of quantitatively evaluating the extraction of the above-mentioned
polyphenols as a result of different water curing processes, comparative experiments
were also performed on aqueous media recovered from fruit treatment with: (i) tap water
containing the above-mentioned antifungal Lb. pentosus strain (process A); (ii) tap water
(process B); (iii) wastewater recycled from a previous curing treatment (process C). Kinetics
of polyphenols migration from soaked fruits into different water curing media resulting
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from the water curing processes A, B and C was evaluated by comparative TPC measure-
ments on corresponding wastewater samples at 0, 24, 48, 72 and 96 h. Quantitative results
are shown in Figure 5. As expected, the fruit release of polyphenols in wastewater samples
was time-dependent and progressively increased along with the duration of the water
curing process.

Figure 5. Kinetics of the diffusion of phenolic compounds from the whole fruits into the water-curing
media deriving from the chestnut curing processes with: (i) tap water containing cultured Lb. pentosus

(panel (A)); (ii) tap water (panel (B)); (iii) wastewater from a previous curing treatment (panel (C)).
Reported values refer to data from water curing media from different curing processes, which were
subtracted from counterparts from blank samples.

The greatest diffusion of polyphenols in wastewater samples occurred for the treat-
ment with tap water (process B) (Figure 5B), for which a polyphenol concentration value
of 2.9 mg mL−1 was measured at 96 h. In this case, time-course analysis of polyphenols
migration into the water curing medium demonstrated that the highest and sudden molec-
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ular release occurred at the end of the curing process, namely at 96 h, when more than 90%
of the total migration phenomenon was observed.

Conversely, the kinetics of polyphenol migration from soaked fruits into water curing
media as result of processes A and C were similar to each other, and highly differed from
that of process B (Figure 5); at the end of the treatment, the corresponding molecular
recovery values (0.4 and 0.6 mg mL−1, respectively) accounted for about one-sixth of the
one observed for process B. The appearance, color and luster of recovered chestnuts from
processes A and C provided a rationale to data reported in Figure 5, being more intense
than those of counterparts from process B (data not shown), in agreement with a preserved
maintenance of polyphenols in corresponding fruits. Their appearance resembled that
of untreated chestnuts. This was consistent with the widely accepted consideration that
the water curing process performed with tap water makes the treated chestnuts lose their
natural luster [32].

A comparison of processes A and B, which were both performed in tap water, sug-
gested that the presence of Lb. pentosus (in process A), yielding lactic acid in the curing
medium and thus lowering the corresponding pH value (Supplementary Figure S1), was
the reason for the corresponding reduced release of polyphenols from the fruit, with respect
to the treatment not involving bacterial addition (process B).

Although it was reasonable to speculate that wastewater samples from a previous
water curing treatment (process C) at the beginning of treatment (t = 0) should have
contained higher levels of polyphenolic compounds than those measurable in counterparts
from processes A and B, analysis of corresponding samples showed lower concentration
values than those expected (Figure 5). This finding was tentatively associated with a
putative molecular precipitation phenomenon occurring during wastewater exposition
to air, which involved oxidized polyphenol polymerization and left only a small part
of molecules in their native and soluble state. A comparative inspection of wastewater
sample centrifugates from processes A, B and C confirmed this hypothesis (data not
shown), revealing the formation of evident molecular precipitates only in the latter case.
The possible interaction of the above-mentioned polymerizing phenolic compounds with
the cell wall of pathogenic microorganisms, eventually determining the formation of
metabolite-organism co-precipitates, should represent an interesting process for removing
the spoilage microflora from chestnuts [33]. However, this polyphenol-microorganism
interaction has to be confirmed by additional experimental evidence, and future studies
are needed for this purpose.

2.5. Mass Spectrometric Analysis of Polyphenols Released in Wastewater from Different Chestnut
Water Curing Treatments

In order to comparatively evaluate the nature of polyphenols present in water curing
media resulting from processes A, B and C, corresponding wastewater samples were
subjected to molecular profiling analysis through MALDI-TOF-MS and ESI-qTOF-MS, as
already described for pericarp and integument extracts. In particular, MALDI-TOF-MS
analysis in linear positive (Supplementary Figure S18) and negative ion mode (Figure 6)
of wastewater samples A, B and C showed differences between signal profiles. This
finding was particularly evident for spectra acquired in negative ion mode, in which
samples from process A showed mass signals that were quite different with respect to
that present in counterparts from treatments B and C (Figure 6). A careful inspection
of the mass spectra from the latter samples evidenced intense mass signals related to
castalagin, castalin, castalagin dimer, punicalagin, punicalagin-like and peduncalagin II
species (Figure 6B,C), which were already detected as prominent species in the MALDI-
TOF-MS profile acquired in linear negative ion mode of pericarp extracts (Figure 1B).
Additional minority signals in the mass spectra of samples B and C (Figure 6B,C) were
associated with (epi)catechin-(epi)catechin gallate-(epi)gallocatechin-based polyphenols
already detected in the MALDI-TOF-MS profile acquired in linear negative ion mode of
integument extracts (Figure 2B). This signal intensity pattern was totally inverted in the case
of wastewater samples A, where MH+ peaks associated with typical polyphenol species
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detected in integument extracts were prominent with respect to counterparts associated
with metabolites assigned in the pericarp extracts. Negligible spectral differences observed
between samples B and C suggested that the nature of extracted, soluble polyphenols
between the two treatments was not affected by the pre-existing occurrence of these
metabolites in the water curing medium before chestnut treatment. The results reported
above suggest that the contribution of pericarp polyphenols to total metabolites present
in wastewater samples from water curing processes B and C was more relevant than that
ongoing after treatment A. Thus, the occurrence of bacteria in the water-curing medium
did not hamper the extraction of integument polyphenols but had a pronounced effect on
the solubilization of pericarp polyphenolics. Although with a less evident effect, the above-
mentioned differences observed between samples A and samples B-C were confirmed when
the same wastewater specimens were analyzed in linear positive ion mode (Supplementary
Material Figure S18). In this case, spectral variations were mostly associated with signals at
m/z 605.0 and 893.2 in samples from treatment A, which again highlighted the occurrence
of different phenolic polymers between analyzed samples.

 

Figure 6. MALDI-TOF mass spectra acquired in linear negative ion mode of wastewater samples
resulting from chestnuts subjected to water curing with: (i) tap water containing cultured Lb. pentosus

(panel (A)); (ii) tap water (panel (B)); (iii) wastewater from a previous curing treatment with tap
water (panel (C)). Condensed polymeric species were ascribed to polyphenols based on MALDI-TOF
mass spectra acquired in linear negative ion mode of chestnut pericarp and integument extracts.
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The above-reported polyphenol mass spectral profile similarities/dissimilarities be-
tween wastewater samples were further evidenced when these specimens were analyzed
by ESI-qTOF-MS analysis in positive ion mode (Figure 7). Evident signals at about m/z
579.1 (procyanidin B-type), 617.2, 731.1, 867.1 (procyanidin C1) and 1155.2 (procyanidin
tetramer) were observed as molecular signatures of wastewater samples from treatments B
and C, which were lacking in counterparts from treatment A. Conversely, peculiar signals
at m/z 416.9, 514.9, 530.9, 666.9, 682.9, 691.5, 702.2, 818.9, 834.9, 859.2, 995.4 and 1011.4 were
typical of the ESI-qTOF-MS profile of wastewater from treatment A, which were absent in
the counterparts from treatment B and C.

Figure 7. MS spectra of the polyphenol compounds recorded in positive ion mode occurring in the wastewater samples
recovered at the end of three curing assays: (A) water containing cultured Lb. pentosus; (B) tap water; (C) recycled wastewater.
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These signals were not assigned to specific metabolites. These results again demon-
strated that polyphenol compounds present in the wastewater samples from treatment
B and C represented the most abundant polyphenols (procyanidin oligomers) present in
pericarp (Figure 3A), and emphasized the significant molecular migration of these com-
pounds from the outer part of the chestnuts into the wastewater following treatments B
and C. This was not the case in treatment A, where this migration was hampered, and no
signals attributable to known chestnut polyphenols were detected, based on data reported
in Figure 4.

3. Materials and Methods

3.1. Chestnut Sampling and Treatments

Chestnuts from the cultivar Castagna di Montella were subjected to the water curing
process based on soaking fruits in water at a 1:2 fruit to water ponderal ratio; treatments
were performed at the farm “Malerba Castagne”, which is located in Montella (Avellino),
Italy. Three identical batches of fresh chestnuts weighing each about 200 kg were soaked
in: (A) tap water with adjunct of Lb. pentosus strain OM13 added on the second day of
the treatment, which was already identified by the agar well-diffusion assay to exhibit a
broad-spectrum antifungal activity [20]; (B) tap water; (C) wastewater from a previous
water curing treatment, which was recycled for a new consecutive process. All trials were
performed in parallel. Samples of wastewater from treatments A, B and C (100 mL) were
randomly collected just after the beginning of the water curing process (t = 0) and after 24,
48, 72 and 96 h, and then subjected to the analytical assays reported below. Corresponding
pH values are reported in Supplementary Figure S1. Original tap water used for different
treatments was also stored for subsequent use as control samples.

3.2. Quantitative Evaluation of Total Phenolic Compounds in Wastewaters

The Folin−Ciocalteu assay was used for the quantification of total polyphenols content
(TPC) in wastewater from treatments A, B and C, as well as in original tap water control
samples. To this purpose, a 1 mL-aliquot of wastewater was mixed in stopper test tubes
with 1 mL of Folin-Ciocalteu reagent (Sigma-Aldrich Co., St. Louis, MO, USA), followed
by the addition of 1 mL of Na2CO3 (75 g/L) (≥99.9%, Sigma-Aldrich Co., USA). The
mixture was kept at room temperature for 90 min, and the corresponding absorbance at
765 nm was measured with a UV-VIS Cary 1-E spectrophotometer (Varian, Palo Alto, USA),
with respect to a blank sample. All measurements were compared to a standard curve of
10−100 µg/mL gallic acid (98%, Acros Organics, ThermoFischer Scientific, Waltham, MA,
USA), and the results expressed as milligrams of gallic acid equivalents (GAE)/100 g of
wastewater extract. All measurements were performed in technical triplicate. Validation of
the whole quantification procedure was obtained with two blind samples.

3.3. Extraction of Polyphenols from Chestnut Integument, Pericarp and Curing Wastewaters

One kg of randomly collected fresh chestnuts was manually peeled to recover corre-
sponding pericarp and integument tissues, which were powdered separately using a food
processor (model 843, Moulinex, Milan, Italy). Depending on their nature, polyphenols
have a variable solubility in various polar organic solvents [3]. Thus, different solvents were
assayed to obtain in a single step the best extraction of the different classes of polyphenols
present in the chestnut shell and integument. The corresponding molecular recovery was
evaluated on a quantitative basis using the Folin-Ciocalteu assay (data not shown), but also
according to the overall signal-to-noise ratios measured during dedicated MS analysis. In
this context, the best procedure combining both parameters for the extraction of polyphe-
nols from the solid parts of chestnuts was identified as the treatment with the mixture
acetonitrile/methanol/water (2:2:1, v/v/v), at 20 ◦C. According to the above-mentioned
procedure, 5 g of pericarp and integument tissues were placed in 10 mL-centrifuge tubes
with screw cap in triplicate and extracted with 10 mL of the above-mentioned mixture,
under continuous agitation, for 48 h. After centrifugation at 5000 rpm, for 20 min, 4 ◦C,
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recovered liquid was filtered through a 0.20 µm cellulose acetate filter, transferred to novel
tubes and dried under a stream of gaseous N2. All samples were then solved in 200 µL of
0.1% TFA, which were applied to a desalting step on a C18 solid-phase column (Seppak
Oasis, Waters Corporation, Milford, MA, USA); salts were washed away with aqueous
0.1% TFA as eluent, and phenolic acids were finally eluted with 50% v/v acetonitrile
containing 0.1% TFA. Desalted samples were finally dried under a stream of gaseous
N2. Chestnut pericarp and integument samples were dissolved in 50% v/v acetonitrile
containing 0.1% TFA (1 µg µL−1 final concentration) prior to mass spectrometric analysis.

In parallel, 10 mL-aliquots of the liquid recovered from the chestnut water curing
treatments A, B and C were filtered through a 0.20 µm cellulose acetate filter and dried at
30 ◦C under a stream of gaseous N2; all samples were then solved, extracted, and processed
according to the method described above, prior to mass spectrometry analysis. Wastewater
samples were dissolved in 50% v/v acetonitrile containing 0.1% TFA (1 µg µL−1 final
concentration) prior to mass spectrometric analysis.

3.4. MALDI-TOF-MS Analysis

Chestnut pericarp and integument, and wastewater samples were analyzed in parallel
by MALDI-TOF-MS analysis, using a Voyager DE-Pro spectrometer (PerSeptive BioSystems,
Framingham, MA, USA) equipped with an N2 laser (k = 337 nm). An identical volume
(1 µL) of the samples and the matrix solution, which was prepared by dissolving 10 mg
of 2,5-dihydroxybenzoic acid in 1 mL of aqueous 50% v/v acetonitrile containing 0.1%
v/v TFA, were mixed in parallel, placed onto the instrument target and dried at room
temperature. The instrument operated with an accelerating voltage of 20 kV, a grid voltage
of 95% of the accelerating voltage, a guidewire of 0.05 % and a delayed-ion extraction
time of 175 ns. External mass calibration was performed with Sequazyme™ Peptide Mass
Standards Kit, Calibration Mixture 1 and Calibration Mixture 2 (Applied Biosystems,
Foster City, CA) containing des-Arg1-bradykinin, angiotensin I, Glu1-fibrinopeptide B,
neurotensin 0.2, angiotensin I, ACTH (1–17 clip), ACTH (18–39 clip), ACTH (7–38 clip)
and bovine insulin, respectively. The mass spectra were acquired in linear positive and
negative ion modes. Raw data were elaborated using the software program Data Explorer
version 4.0 (Applied Biosystems, Foster, CA, USA).

3.5. ESI-qTOF-MS Analysis

Chestnut pericarp and integument, and wastewater samples were analyzed in parallel
by ESI-qTOF-MS analysis, using an ESI q-TOF™ hybrid quadrupole/time-of-flight mass
spectrometer (Micromass Ltd., Manchester, UK) equipped with a Z-spray ion source.
Dissolved samples were delivered in the instrument source through a syringe pump
operating at 0.5 µL min−1. Spectral acquisition was performed in positive ion mode and
recording MS and MS/MS spectra. The source and desolvation temperature values were
100 ◦C and 200 ◦C, respectively. The TOF operated with an acceleration voltage of 9.1 kV, a
cone voltage of 100 V, a cone gas (N2) of 13 L h−1, and the collision energy in MS mode
of 10 eV. Collision-induced dissociation (CID) spectra were acquired in a data-dependent
method on the most abundant ions having m/z values ranging from 300 to 2500. The
collision energy was dependent on the m/z value and the charge state of the parent ion;
it was generally in the range 25–40 V. The collision cell was pressurized with 10.34 Pa
ultrapure Ar (99.999%).3.6. Statistical Analysis

All quantitative measurements reported in the present work were performed in tech-
nical triplicate; the calculation of the corresponding mean and standard deviation values
were performed with Microsoft Excel 2017 software (Microsoft Corporation, Redmond,
WA, USA). All statistical analyses were performed at a significance level of 5% (p ≤ 0.05)
using XLSTAT software Version 2020.1 (Microsoft Corporation, Redmond, WA, USA).
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4. Conclusions

This study provides useful indications of the molecular processes associated with the
traditional practice of the water curing of chestnuts, which is aimed at preventing insect
and mould development during fruit storage. At first, the combined MALDI-TOF-MS and
ESI-qTOF-MS analyses characterized different polyphenols present in fruit pericarp and
integument tissues. In this context, fragmentation experiments with the latter technique
allowed assigning occurring metabolites, demonstrating that CTs and HTs made of repeated
catechin/epicatechin and ellagic acid units were highly represented in the fruit pericarp,
whereas polymerized gallocatechin or catechin units esterified by gallic acid occurred in
the integument tissues. Then, different water curing treatments, namely with tap water,
tap water containing Lb. pentosus and wastewater from a previous water curing treatment,
were compared as it regards to the luster/appearance of recovered chestnuts, as well as
the amount and the nature of polyphenols released in the corresponding wastewaters.
Results definitively indicated that the wastewater from chestnut water curing treatment
can be used as a rich source of polyphenols. It also provided a rationale to the loss of
chestnut luster during curing treatment with tap water, demonstrating a strong release
of pericarp metabolites in the corresponding wastewaters. This condition was hampered
when treatments were performed at conditions involving a drop of the pH value of the
medium, namely tap water containing Lb. pentosus or wastewater from a previous water
curing treatment, which preserved fruit appearance. The nature of the polyphenols detected
in wastewaters from treatment with tap water or wastewater from a previous water
curing treatment suggested an evident contribution of pericarp polyphenols to metabolites
dissolved in wastewaters, which was absent in the case of tap water containing Lb. pentosus.
In conclusion, this study provides a rationale to different water curing treatments as in
terms of the recovered chestnuts but also to optimal conditions for promoting the release
of bioactive natural products in wastewaters, thus facilitating their recycling. The latter
treatments, favoring the optimal recovery of polyphenols, may find a diffused use when
the appearance of treated fruits is not important for commercial purposes, as in the case of
raw materials used for production of chestnut flour.

Supplementary Materials: The following are available online. Figure S1—pH profile of medium
during the water curing with different treatments. Figure S2—MS/MS spectrum at m/z 595 acquired
in positive ion mode. Figure S3—MS/MS spectrum at m/z 579 acquired in positive ion mode.
Figure S4—MS/MS spectrum at m/z 609 and 611 acquired in positive ion mode. Figure S5—MS/MS
spectrum at m/z 731 acquired in positive ion mode. Figure S6—MS/MS spectrum at m/z 867 acquired
in positive ion mode. Figure S7—MS/MS spectrum at m/z 899 acquired in positive ion mode. Figure
S8—MS/MS spectrum at m/z 935 acquired in positive ion mode. Figure S9—MS/MS spectrum at
m/z 1019 acquired in positive ion mode. Figure S10—MS/MS spectrum at m/z 1155 acquired in
positive ion mode. Figure S11—MS/MS spectrum at m/z 1203 acquired in positive ion mode. Figure
S12—MS/MS spectrum at m/z 1307 acquired in positive ion mode. Figure S13—MS/MS spectrum
at m/z 1443 acquired in positive ion mode. Figure S14—MS/MS spectrum at m/z 1507 acquired in
positive ion mode. Figure S15—MS/MS spectrum at m/z 1595 acquired in positive ion mode. Figure
S16—MS/MS spectrum at m/z 1747 acquired in positive ion mode. Figure S17—MS/MS spectrum at
m/z 1811 acquired in positive ion mode. Figure S18—MALDI—TOF—MS in linear positive ion mode
of wastewater samples from treatment with: (A) tap water containing Lb. pentosus; (B) tap water; (C)
recycled wastewater from a previous curing treatment with tap water.
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