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Abstract: This study evaluated the antioxidant and antibacterial properties of methanolic extracts de-
rived from oilseed cakes of Lactuca sativa (lettuce), Nigella sativa (black seed), Eruca sativa (rocket), and
Linum usitatissimum (linseed). Lettuce methanolic extract showed the highest potential, so it was se-
lected for further investigation. High-performance liquid chromatography (HPLC-DAD) analysis and
bioassay-guided fractionation of lettuce seed cake extract led to the isolation of five compounds: 1,3-
propanediol-2-amino-1-(3′,4′-methylenedioxyphenyl) (1), luteolin (2), luteolin-7-O-β-D-glucoside (3),
apigenin-7-O-β-D-glucoside (4), and β-sitosterol 3-O-β-D-glucoside (5). Compound (1) was iden-
tified from Lactuca species for the first time, with high yield. The cytotoxic effects of the isolated
compounds were tested on liver (HepG2) and breast (MCF-7) cancer cell lines, compared to normal
cells (WI-38). Compounds (2), (3), and (4) exhibited strong activity in all assays, while compound (1)
showed weak antioxidant, antimicrobial, and cytotoxic effects. The anti-inflammatory activity of
lettuce seed cake extract and compound (1) was evaluated in vivo using a carrageenan-induced
paw oedema model. Compound (1) and its combination with ibuprofen significantly reduced paw
oedema, lowered inflammatory mediators (IL-1β, TNF-α, PGE2), and restored antioxidant enzyme
activity. Additionally, compound (1) showed promising COX-1 and COX-2 inhibition in an in vitro
enzymatic anti-inflammatory assay, with IC50 values of 17.31 ± 0.65 and 4.814 ± 0.24, respectively.
Molecular docking revealed unique interactions of compound (1) with COX-1 and COX-2, suggesting
the potential for targeted inhibition. These findings underscore the value of oilseed cakes as a source
of bioactive compounds that merit further investigation.

Keywords: oilseed cake; lettuce; antioxidant; antimicrobial assay; cytotoxicity; anti-inflammatory

1. Introduction

Oilseed crops are rich and well-known sources of nutrients and diverse biologically ac-
tive compounds [1]. Cold-pressed seed oils are mostly utilized as dietary supplements and
as ingredients in different skin care products. They are reliable sources of compounds that
are medicinally and biologically active [2]. Worldwide oil plant production is expanding
as oils extracted from seeds have become increasingly popular as food additives in recent
years [3]. Moreover, oilseed meals/cakes, which are the remaining after the oil pressing pro-
cess, are considered agro-industrial waste. Recently, they have been used in the production
of biodiesel as well as animal feed [4]. Flaxseed cakes have undergone engine testing as a
substitute feedstock for biodiesel, indicating that the future output of this oil cake might be
anticipated to rise [5]. There are limited phytochemical and biological studies of seed cakes,
although they are rich sources of carbohydrates, proteins, minerals, fibers, and certain
lipids, as well as phytochemicals like phenolics (e.g., p-hydroxybenzoic, syringic, and p-
coumaric acids) and flavonoids [6]. In this context, oilseed cakes are a very good example of
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agro-industrial waste that needs more attention in order to provide secondary metabolites
with implementation in the medical and business sectors. Accordingly, it encouraged us to
do further phytochemical and biological investigations of various medicinally important
oilseed cakes (e.g., lettuce, flaxseed, black seed, and rocket seed meals).

Lettuce, black seed, rocket, and flaxseed seeds contain different compounds under the
classes of flavonoids and phenolic acids, which are known and reported for their antioxi-
dant activity [7–9]. Moreover, lettuce and rocket seeds were reported to have analgesic and
anti-inflammatory activities [9,10]. Additionally, black seed was stated for various biolog-
ical activities such as antioxidant, antibacterial, and neuroprotective effects [11]. In vitro
screening of flaxseed demonstrated potentials for antibacterial, antioxidant, anti-diabetic,
and anti-inflammatory properties [12,13]. Concerns about health and safety have led to the
use of natural antioxidants in the food sector as a substitute for synthetic ones (e.g., phenolic
compounds). Natural phenolic compounds are anticipated to have a steady increase in
interest since many of these molecules have been shown to exhibit a wide range of biologi-
cal significance, including antimutagenic, antitumor, having protective properties against
inflammations, platelet aggregation inhibitory, neuroprotective, antimicrobial, and many
more [14]. Consequently, adding these substances to everyday products would stabilize
food as well as cosmetic products and provide significant health benefits to customers.

In this study, the antibacterial and antioxidant activities of four seed cake extracts
(e.g., lettuce, flaxseed, black seed, and rocket) were examined. Moreover, further chromato-
graphic and anti-inflammatory investigations were performed on the seed cake with the
highest bioactivity.

2. Results and Discussion

Agro-industrial wastes are a hidden treasure of valuable bioactive compounds that
require more investigation. Oilseed cakes, which are leftovers from the oil extraction of
many seeds and fruits, are a very good example of plant waste that needs more attention
as a source of bioactive compounds. They occur as by-products at the end of the pressing
process, and they are rich in some major and minor components. In addition, oilseed cakes
contain a high percentage of nutrients besides antioxidant and antimicrobial bioactivity
and thus could be used as nutraceuticals and functional foods [15,16]. In our study, we
focused on antioxidant and antimicrobial screening of the different seed cakes/meals.
Furthermore, the highest bioactive seed cake was subjected to further bio-guided isolation
of active constituents.

2.1. Anti-Oxidant and Antimicrobial Screening of Total Methanolic Extracts from Different
Oilseed Cakes

Lettuce, black seed, rocket, and flaxseed seed contain different compounds under the
class flavonoids and phenolic acids, which are known and reported for their antioxidant
and antimicrobial activity [7–9]. The antimicrobial and antioxidant properties of the seed
cakes’ methanolic extract were assessed at 1 mg/mL. Lettuce seed cake extract showed the
highest anti-oxidant activity with 36.1% inhibition, followed by black seed 17.3%, rocket
14%, and flaxseed 10.5%, respectively, compared to ascorbic acid standard 88.1% (Figure S1).
Whilst the only lettuce seed cake extracts showed antimicrobial activities against S. aureus,
E. coli, and C. albicans (Table S1). The highest inhibitory activity of lettuce was observed
against C. albicans, followed by S. aureus and E. coli, with a zone of inhibitions at 6.83 ± 0.29,
3.75 ± 0.25, and 2.8 ± 0.29 mm, respectively. In addition, flaxseed and rocket seed cakes
showed low antimicrobial activities only against S. aureus (1.75 ± 0.25, 1.8 ± 0.25 mm) and
C. albicans (4.75 ± 0.25, 5.85 ± 0.13 mm), respectively. Black seed cake could not inhibit the
growth of all tested microorganisms (Table S1). It was noticeable that lettuce extract was
the only extract among the tested ones to give broad-spectrum activity against S. aureus, E.
coli, and C. albicans, while other extracts gave activity against only one organism or two
compared to ampicillin and clotrimazole standards. Accordingly, oilseed cakes represent
a promising agro-industrial waste with considerable biological activities. It has been
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reported that oilseed cakes from various plants, such as canola, sunflower, and mustard,
exhibit antioxidant and antimicrobial properties, likely due to their phenolic and flavonoid
content [17]. Furthermore, Jatropha curcas seed cake could be combined with commercial
antibiotics to enhance their effectiveness, offering a potential solution for treating clinical
infections, including those caused by multidrug-resistant bacteria [18].

2.2. Antioxidant and Antimicrobial Activities of Different Fractions of Lettuce Seed Cake Extract

Based on the previous activity results, the most promising cake was selected for further
biological and phytochemical investigation. As lettuce methanolic extract showed dual
activity, and due to the scarcity of previous work on this seed and its waste, it was a
valuable candidate for further phytochemical and biological investigations. Lettuce seed
cake methanolic extract was subjected to fractionation, which afforded petroleum ether,
methylene chloride, and ethyl acetate fractions. Ethyl acetate fraction showed the highest
antioxidant activity, followed by the methylene chloride fraction with IC50 27.13 ± 0.15
and 41.93 ± 0.21, respectively, compared to standard ascorbic acid 29.47 ± 0.17 (Figure 1).
Moreover, methylene chloride and ethyl acetate fractions showed promising antimicrobial
inhibition activity against the tested microorganisms with comparison with antibacterial
ampicillin and antifungal clotrimazole standards (Table S1). The comparison with the
standard revealed that the highest activity in terms of percent activity index was observed
for the methylene chloride fraction against S. aureus (81.6), followed by C. albicans (65.4),
and E. coli (36.26) (Table S1).
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Figure 1. IC50 of different fractions of lettuce seedcake extract in ABTS assay using ascorbic acid
as standard.

2.3. Bio-Guided Isolation of Active Constituents from L. sativa Seedcake Active Fractions

Using reversed-phase HPLC fitted with a diode array detector, the relevant extract
was fractionated to determine the phytochemical components of lettuce seed cake extract
that are in charge of the antioxidant and antibacterial actions. It was observed that luteolin
glucoside represents the major compound (Figure 2). This could be easily deduced by
comparing the retention time and UV spectrum of standard luteolin glucoside (Figure S2).
In addition, the less polar compound that was eluted at Rt 26 mint has the same UV
spectrum as luteolin glucoside (Figure S2). This compound was tentatively identified as
an aglycon part of luteolin glucoside, e.g., luteolin. However, reliable identification of
these compounds requires much more information, and this cannot be achieved before the
isolation and spectroscopic identification by NMR techniques. In the same manner, the
identification of the other peaks displayed in Figure 2 also required much more information.
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Accordingly, methylene chloride and ethyl acetate fractions were subjected to normal
silica column chromatography, which afforded five compounds (Figure 3). The compounds
were identified depending on NMR data as 1,3-propanediol-2-amino-1-(3′,4′-methylene-
dioxyphenyl) (1) [19], luteolin (2) [20], luteolin 7-O-β-D-glucoside (3) [21], apigenin 7-O-β-D-
glucoside (4) [22], and β-sitosterol 3-O-β-D-glucoside (5). Compound (5) was characterized
upon comparison with an authentic standard sample. For more details of structure elucida-
tion, see the Supporting Information. Luteolin (2) and luteolin 7-O-β-D glucoside (3) were
previously reported to be isolated from lettuce [23], however, up to our knowledge, this is
the first time apigenin 7-O-β-D glucoside (4) has been reported from L. sativa seed cake. It is
worth mentioning that compound (1) is the first time to be isolated from Lactuca species, the
second time from the Asteraceae family [19], and the third time from nature [24].

 
Figure 3. Structures of the isolated compounds from Lactuca sativa seedcake active fractions: 1,3-
propanediol-2-amino-1-(3′,4′-methylenedioxyphenyl) (1), luteolin (2), luteolin 7-O-β-D glucoside (3),
apigenin 7-O-β-D glucoside (4), and β-sitosterol 3-O-β-D-glucoside (5).
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2.4. Biological Evaluation of the Isolated Compounds

The isolated compounds were evaluated for their antioxidant, antimicrobial, and cyto-
toxicity. Compounds (3) and (4) showed strong antioxidant activity of IC50 35.18± 0.18 and
51.27 ± 0.25, respectively. Meanwhile, compound (2) showed moderate activity with an
IC50 60.49 ± 0.29. In contrast, compounds (1) and (5) showed relatively weaker antioxidant
activity compared to the ascorbic acid standard (Figure 4). In addition, compounds (2)
and (3) exhibited promising antimicrobial activity throughout the tested compounds, with
the highest percent activity index against S. aureus (71.7, 61.9), followed by P. aeruginosa
(56.6, 51.5), C. albicans (40.5, 36.7), and E. coli (37.8, 33.8), respectively (Table 1). In addition,
compounds (4) and (5) also possess antimicrobial activity but with a much lower percent-
age, especially against S. aureus, with percent activity 50 and 49.6, respectively. On the
other hand, compound (1) showed weak anti-microbial activity compared to ciprofloxacin
and clotrimazole standards (Table 1). The potential antioxidant and antimicrobial activity
of methylene chloride and ethyl acetate fractions could be attributed to the content of
compounds (2) and (3) in these active fractions. There are previous studies that reported
both the antioxidant and antimicrobial activities of luteolin and its glucoside [25–27]. Ac-
cordingly, they are the major compounds responsible for the antioxidant and antimicrobial
capacity of L. sativa seed cake.
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Table 1. Antimicrobial activity index (mean ± SE) of compounds isolated from lettuce seedcake
extract (1 mg/mL).

Compound
No.

E. coli P. aeruginosa S. aureus C. Albicans

Diameter of
Inhibition

Zone
(mm)

%Activity
Index

Diameter of
Inhibition

Zone
(mm)

%Activity
Index

Diameter of
Inhibition

Zone
(mm)

%Activity
Index

Diameter of
Inhibition

Zone
(mm)

%Activity
Index

1 NA * ---- 3.8 ± 0.2 16.5 6.9 ± 0.1 28.9 NA * ----
2 9.8 ± 0.2 37.8 12.9 ± 0.1 56.6 17 ± 0.1 71.7 10.7 ± 0.15 40.5
3 8.8 ± 0.15 33.8 11.77 ± 0.25 51.5 14.83 ± 0.15 61.9 9.87 ± 0.15 36.7
4 6.8 ± 0.15 26.1 9.8 ± 0.15 42.8 11.87 ± 0.15 50 5.95 ± 0.07 22.1
5 5.1 ± 0.1 19.6 7.9 ± 0.1 34.5 10.83 ± 0.2 49.6 4.9 ± 0.1 18.2

Ciprofloxacin 26 ± 0.3 100 22.87 ± 0.15 100 23.9 ± 0.1 100 NA * ----
Clotrimazole NA * ---- NA * ---- ---- ---- 26.9 ± 0.1 100

* NA = No Activity.

Moreover, compounds (2) and (3) demonstrated potent cytotoxic action against the
cancer cell lines (HepG-2) and (MCF-7) with IC50 (19.50± 1.3, 11.63± 0.9), and (24.83± 1.9,
17.79 ± 1.3), respectively. Compared to compounds (5) and (1), which had minimal
anticancer action, compound (4) demonstrated moderate efficacy with IC50 (43.35 ± 2.5,
39.79± 2.2) (Table 2). To investigate the safety and selectivity of the isolated compounds, the
normal lung fibroblast cell line (WI-38) was used in the assessment process. In comparison
to ordinary doxorubicin, which had selectivity indices of 1.5 for (HepG2) and 1.6 for (MCF-
7) cell lines, respectively, compounds (2) and (3) showed greater selectivity indices (3, 2) for
the (HepG2) cell line and (5.1, 2.8) for the (MCF-7) cell line, indicating higher safety profiles
as anticancer drugs. On HepG2 and MCF-7 cell lines, compounds (2) and (3) exhibited
cytotoxic action while maintaining a reasonable level of safety. There are also previous
studies that reported the anticancer potential of the bioactive molecule luteolin and its
analogs [28]. On the other hand, compound (1) cytotoxic power was very weak and almost
nontoxic, which may lead to the possibility of anti-inflammatory potential. Compound (1)
was reported before to have moderate inhibitory activities against SARS-CoV-2 main
protease Mpro or 3CLpro [19], also showed strong inhibitory against IL-6 production in
TNF-a-stimulated MG-63 cells [24], which supports our vision that compound (1) might be
a potential anti-inflammatory agent.

Table 2. Cytotoxic activity of isolated compounds from lettuce seedcake against (HepG2) and (MCF-7)
cancer cell lines and compared with its effect on normal cell lines.

Compound
No.

In Vitro Cytotoxicity IC50 (µg/mL) Selectivity Index

HepG-2 MCF-7 WI-38 HepG2 MCF-7

1 82.75 ± 4.1 86.85 ± 3.9 61.71 ± 3.4 0.75 0.71
2 19.50 ± 1.3 11.63 ± 0.9 59.33 ± 3.2 3 5.1
3 24.83 ± 1.9 17.79 ± 1.3 49.64 ± 2.7 2 2.8
4 43.35 ± 2.5 39.79 ± 2.2 84.30 ± 4.3 1.9 2.1
5 63.59 ± 3.4 52.76 ± 2.9 34.77 ± 2.1 0.54 0.66

Doxorubicin 4.50 ± 0.2 4.17 ± 0.2 6.72 ± 0.5 1.5 1.6

2.5. Anti-Inflammatory Activity of Lettuce Seed Cake Extract and Isolated Compound (1) in
Carrageenan-Induced Paw Oedema In Vivo

The carrageenan-induced paw edema test is widely used to assess the anti-inflammatory
effects of new pharmaceutical agents [29–31]. In this study, the subcutaneous injection of
carrageenan in rats led to a time-dependent increase in paw edema (Table 3). The inhibitory
effects of different treatments are displayed in Table 3 and Figures 5 and S14. Results showed
that an oral dose of lettuce seed cake extract (2 g/kg) significantly reduced paw edema size
(p < 0.05) after 4 h. Compound (1) at doses of 40 mg/kg caused significant inhibition of paw
edema (p < 0.001) starting from the 3rd hour after carrageenan administration. Moreover,
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the combination of ibuprofen (10 mg/kg) with compound (1) (20 mg/kg) further reduced
paw edema (p < 0.001) after 5 h, showing more promising results than the standard drug.

Table 3. Treatments effect on carrageenan-induced paw oedema.

Treatment
Dose

(mg/kg)
Increase in Paw Oedema (mL) and % Inhibition (%I)

1 h 2 h 3 h 4 h 5 h

Control - 1.47± 0.08 3.33 ± 0.05 3.95 ± 0.04 3.99 ± 0.40 4.13 ± 0.46

Ibuprofen 10 0.69 ± 0.16
(15.62)

1.57 ± 0.21 **
(25.62)

1.82 ± 0.38 ***
(28.5)

1.49 ± 0.47 ***
(62.66)

1.20 ± 0.37 **
(70.9)

Lettuce seed
cake extract 2000 1.29 ± 0.11

(5.87)
2.20 ± 0.44 **

(18)
2.59 ± 0.19 ***

(19.57)
2.49 ± 0.13 ***

(37.5)
2.42 ± 0.10 **

(41.40)

Compound (1) 20 1.05 ± 0.20
(10.25)

1.81 ± 0.44 **
(23.51)

2.26 ± 0.28 ***
(23.77)

2.18 ± 0.74 ***
(45.36)

1.75 ± 0.46 **
(57.63)

Compound (1) 40 0.77 ± 0.28
(16.32)

1.59 ± 0.22 **
(27.07)

2.11 ± 0.29 ***
(26.1)

1.78 ± 0.45 ***
(55.39)

1.49 ± 0.49 **
(63.92)

Ibuprofen
+ Compound (1) 10 + 20 0.58 ± 0.17

(20)
1.30 ± 0.29 **

(31.28)
1.42 ± 0.57 ***

(35.35)
1.12 ± 0.40 ***

(71.93)
0.83 ± 0.34 **

(79.90)

Values are expressed as mean ± S.D. ** p < 0.01, and *** p < 0.001, compared to the vehicle control group.
Differences between groups were analyzed by analysis of variance (one-way ANOVA) followed by Dunnett’s
test. The standard anti-inflammatory drug ibuprofen (10 mg/kg) also significantly decreased paw oedema
(*** p < 0.001) after 3rd and 5th h of carrageenan administration.
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Figure 5. Microscopic pictures of H&E-stained skin sections. Magnifications X: 40 bar 200 are rep-
resented in the first column, thin black arrows refer to dermal inflammation and X: 400 bar 50 are
represented in the second column where thin black arrows indicate leukocytic cells infiltration in dermis.

Histopathological analysis revealed that skin sections from Group 1 (negative control
group) showed normal epidermis and dermis, including hair follicles, sebaceous glands,
and collagen bundles, with no signs of inflammation. Microscopic images at higher mag-
nification (Figure 5) displayed very few leukocytes in the dermis. In contrast, Group 2
(carrageenan group) exhibited severe dermal inflammation and significant leukocyte infil-
tration (thin black arrow). Treatment with lettuce seed cake extract in Group 4 led to a slight
reduction in dermal inflammation. An oral dose of compound (1) at 20 mg/kg resulted in a
moderate decrease in both inflammation and leukocyte infiltration, while Group 6, treated
with compound (1) at 40 mg/kg, showed a substantial reduction in dermal inflammation.
Group 3 (standard treatment) showed mild dermal inflammation, whereas the combination
of compound (1) with standard ibuprofen (Group 7) demonstrated a synergistic effect, with
no signs of inflammation and very few leukocytes (Figure 5).

2.5.1. Impact on Enzymatic Anti-Inflammatory Activity

The effects of lettuce seed cake extract and compound (1) on the levels of inflammatory
mediators, including IL-1β, TNF-α, and PGE2, in carrageenan-induced paw edema in rats
are shown in Figure 6. Treatment with compound (1) resulted in a significant reduction in
IL-1β and TNF-α levels compared to the vehicle control group at doses of 20 and 40 mg/kg
(* p < 0.05, ** p < 0.01). Notably, the combination of ibuprofen (10 mg/kg) with compound (1)
(20 mg/kg) yielded particularly promising results, significantly reducing IL-1β, TNF-α,
and PGE2 levels (*** p < 0.001).
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2.5.2. Impact on Enzymatic Antioxidant Status

Carrageenan-induced local inflammation has been linked to the generation of reactive
oxygen species (ROS) and is a significant contributor to oxidative stress. The results for SOD,
CAT, and GSH levels in the paw edema tissue across different test groups are summarized
in Table 4. Treatment with compound (1) at 40 mg/kg restored SOD activity by 71.43%,
CAT activity by 72.08%, and GPx activity by 73.17% compared to the control group. The
combination of ibuprofen (10 mg/kg) and compound (1) (20 mg/kg) showed even greater
protective effects, with SOD, CAT, and GSH activities increasing by 85.08%, 84.28%, and
84.23%, respectively. In comparison, ibuprofen alone provided protection of 75.17%, 83.39%,
and 78.74%, respectively. These findings suggest that both lettuce extract and compound (1)
enhance antioxidant enzyme activities, potentially by bolstering the cellular antioxidant
defense mechanisms. This indicates that they may offer protective benefits by stimulating
the expression and activity of antioxidant enzymes during the inflammatory response.

Table 4. Effects of treatments and ibuprofen on CAT, SOD, and GPx activities in carrageenan-induced
paw odema.

Treatment GPx
(U/gm Tissue)

CAT
(U/gm Tissue)

SOD
(U/gm Tissue)

Normal 118.55 ± 10.25 *** 2.83 ± 0.11 *** 189.05 ± 13.79 ***
Control 52.85 ± 7.99 0.87 ± 0.13 76.55 ± 10.68

Ibuprofen 93.35 ± 8.84 ** 2.20 ± 0.20 *** 142.1 ± 14.71 **
Lettuce seed cake extract 77.05 ± 3.89 * 1.45 ± 0.08 * 116.65 ± 1.77 *

Compound (1) (20 mg/kg) 77.65 ± 3.18 * 1.50 ± 0.19 * 118.35 ± 1.06 *
Compound (1) (40 mg/kg) 86.75 ± 6.01 * 2.04 ± 0.26 ** 135.05 ± 11.67 *
Combination (Ibuprofen +
compound (1) (20 mg/kg)) 99.85 ± 6.72 ** 2.36 ± 0.26 *** 160.85 ± 15.06 **

Values are expressed as mean ± S.D. * p < 0.05, ** p < 0.01, and *** p < 0.001, compared to the vehicle control group.
Differences between groups were analyzed by analysis of variance (one-way ANOVA) followed by Dunnett’s test.

The phytochemical analysis of lettuce seed cake suggests that the compound 1,3-
propanediol-2-amino-1-(3′,4′-methylenedioxyphenyl) (compound 1) is primarily respon-
sible for its anti-inflammatory activity. Previous studies have shown that compound 1
effectively inhibits IL-6 production in TNF-α-stimulated MG-63 cells [23]. Additionally,
flavonoids such as luteolin and luteolin-7-O-β-D-glucoside are well recognized for their
anti-inflammatory properties [32,33]. As a result, L. sativa seed cake extract emerges as a
promising candidate for anti-inflammatory applications. This study lays the foundation for
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further investigation into the mechanism of action of compound 1 and the potential uses of
lettuce seed cake extract in the food and cosmetic industries.

2.6. In Vitro COX-1 and COX-2 Inhibition Assay and Molecular Docking for Compound (1)

Compound (1) demonstrated promising activity against the COX-1 and 2 inhibition
assay in comparison to the ibuprofen standard. Additionally, Figure 7 shows that it was
more active against COX-2 than COX-1, with IC50 values of 4.814 ± 0.24 and 17.31 ± 0.65,
respectively. The results were supported by docking as unique interaction patterns of
compound (1) with COX-2 and COX-1 (Figure 8).
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Figure 7. IC50 of compound 1 and Ibuprofen standard for COX-1 and COX-2 inhibition assay.

The results of molecular docking and binding affinities between compound (1) and
COX-1 and COX-2 proteins are shown in Figure 8 and Table 5. Red indicates alpha helices
in the protein’s tthree-dimensional structure, green shows sheets, and restricted lines show
the chemical bonds that have been established between the drug and COX.

Table 5. ∆G (kcal/mol) for each compound with tested proteins (COX1 and COX2).

Compound COX-1 COX-2

Ibuprofen −5.4 −4.8
Compound 1 −6.6 −5.4

In comparison to ibuprofen, compound (1) shows stronger binding to both COX-1 and
COX-2, according to the binding affinity results, which are displayed in Table 5. Compared
to ibuprofen (−5.4 kcal/mol for COX-1 and −4.8 kcal/mol for COX-2), the tested com-
pound’s ∆G values (−6.6 kcal/mol for COX-1 and −5.4 kcal/mol for COX-2) indicate a
higher binding affinity and possibly a larger inhibitory impact. This enhanced binding pro-
file might point to a more effective anti-inflammatory effect of the investigated substance.

The 2D and 3D visualizations highlight the key residues involved in the interactions
and provide a visual confirmation of the tabulated data (Figure 8). For COX-1, ASN59 and
ASN77 are significant residues in the binding site that the tested compound makes hydro-
gen bonds with. The interaction’s binding affinity and specificity are greatly influenced
by these hydrogen bonds. To further stabilize the binding, there are hydrophobic inter-
actions between PHE81 and the vicinity of GLY55 and GLY56. While the tested chemical
exhibited a robust hydrogen bonding network, ibuprofen’s interactions with COX-1 are
largely hydrophobic.
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binding pocket, highlighting key structural features. In 3D model of protein (red: alpha helices; cyan:
beta sheets; green: loops) complexed with drug (stick model).

Even more noticeable variations can be seen in the interactions with COX-2 (Figure 8).
The evaluated substance establishes many hydrogen bonds with GLN195 and SER197,
residues that are essential for the selectivity and efficacy of COX-2 inhibitors. Together with
the hydrophobic contacts between PRO166 and LEU136, these hydrogen bonds point to a
potent and distinct binding mechanism. However, in the COX-2 binding region, ibuprofen
only exhibits hydrophobic interactions with ALA2 and PRO166, suggesting a potentially
less ideal binding configuration. These differences in binding patterns and affinities have
several implications for the biological activity of the investigated substance in comparison
to ibuprofen. Compound 1 may have more potency as a COX inhibitor due to its stronger
and more frequent interactions with both enzymes. The decreased binding energies (∆G
values) found in the docking studies provide support for this.

More research on the molecule may reveal its greater COX-2 selectivity, which could
lead to better gastrointestinal tolerability when compared to non-selective NSAIDs such as
ibuprofen. In this context, it is especially interesting that important residues like SER197
are involved in COX-2 binding. It is possible that the tested chemical will spend a longer
amount of time at the active site of the enzyme due to its more stable binding mecha-
nism and large hydrogen bonding network. This might result in a longer duration of
action than ibuprofen, which would be beneficial for sustaining therapeutic benefits and
dose frequency.

Moreover, the presence of crucial residues such as GLN195 and SER197 in COX-2 and
ASN59 and ASN77 in COX-1 suggests that the investigated substance may successfully ob-
struct the entry of arachidonic acid, the natural substrate, or disrupt the catalytic functions
of these enzymes. Therefore, while talking about the ADMET profile, ibuprofen has a Log
p value of 3.687, which indicates good lipophilicity, which contributes to its ability to cross
biological membranes. The high protein binding (PPB) of 94.37% suggests that ibuprofen
circulates in the bloodstream primarily bound to plasma proteins. This characteristic can
influence its distribution and half-life in the body. The low fraction unbound (Fu) of 3.65%
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further supports this high protein binding nature. The tested compound (1), in contrast,
demonstrates different pharmacokinetic properties. With a lower Log p of−0.763, it is more
hydrophilic than ibuprofen, which may affect its ability to cross cell membranes. Its protein
binding is considerably lower at 31.56%, with a higher fraction unbound (72.23%), sug-
gesting that it may have a different distribution profile in the body compared to ibuprofen
(Table S6, Figure S17).

Both compounds show low blood-brain barrier (BBB) penetration probabilities (0.463
for ibuprofen and 0.326 for the tested compound), indicating they may not readily enter
the central nervous system. This could be beneficial for reducing potential neurological
side effects but might limit their efficacy for CNS-related conditions. Therefore, further
investigation of semi-synthetic derivatives could be suggested to produce derivatives with
better profiles.

The information also includes the interactions of the compounds with cytochrome
P450 enzymes, which are critical for drug metabolism. The information shows that ibupro-
fen is more likely than the tested chemical (0.171) to be a substrate for CYP2C9 (0.982)
(Table S6, Figure S17). This is in line with the enzyme’s documented function in ibuprofen
metabolism. Being aware of this helps you prepare for potential drug interactions. Accord-
ing to toxicity predictions, there is a minimal likelihood of either chemical having serious
negative effects. The studied compound’s hERG inhibition probability is 0.07, compared
to 0.018 for ibuprofen, suggesting a low risk of cardiotoxicity. Important safety factors,
such as genotoxicity (Ames test) and carcinogenicity, both exhibit low probabilities for
these substances.

3. Conclusions

Oil seed cakes are hidden treasures for a variety of biologically active substances. The
findings revealed that L. sativa seed cake extract contains various bioactive substances with
potential antibacterial, antioxidant, and anti-inflammatory properties. Compound (1), both
on its own and in combination with ibuprofen, significantly reduced the production of
TNF-α, IL-1β, and IL-6, showed selective inhibition of COX-2, and decreased carrageenan-
induced paw oedema in rats. Consequently, L. sativa seed cake may serve as a valuable
natural resource for developing novel nutraceuticals, functional foods, and applications in
the pharmaceutical and food industries.

Ultimately, oilseed cakes represent a promising agro-industrial waste with considerable
potential due to their rich phytochemical content, including phenolics and flavonoids [17].
Despite their current use in biodiesel production and animal feed [34], further research is
needed to fully explore their phytochemical and biological properties. This study showed
the importance of oilseed cakes as a valuable resource for secondary metabolites, which
could have significant applications in the medical and commercial sectors. As interest in
sustainable practices grows, more attention should be given to utilizing these by-products
for their broader economic and environmental benefits.

4. Materials and Methods
4.1. General Experimental

The HPLC was performed in the Institute for Plant Biology, TU Braunschweig, using a
Young Lin quaternary pump, vacuum degasser, column oven (40 ◦C), diode array detector
(YL9160 PDA), and a Midas Spark Holland autosampler. UV spectra (λ max) were measured
in the central laboratory of the Faculty of Pharmaceutical Science at Mansoura University
using spectroscopic methanol with an ultraviolet-visible spectrophotometer (Shimadzu
1601 PC, version TCC-240A, Kyoto, Japan). The NMR unit of Mansoura University’s
Faculty of Pharmacy obtained nuclear magnetic resonance spectra (1H-NMR, 13C-NMR,
DEPT-Q, APT, HSQC, and HMBC) using a Bruker DRX 600 NMR spectrometer (600 and
150 MHz for 1H and 13C-NMR, respectively) and with the Bruker Corporation Avance
III 400 spectrometer, which measures 1H and 13C-NMR at 400 and 100 MHz, respectively.
The types of solvents that are used are CDCl3, CD3OD, and DMSO-d6. For normal phase
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chromatography, silica gel G 60–230 mesh (Merck, Darmstadt, Germany) was packed
using a wet or dry method in the specified solvent. The purchase of Normal Human lung
fibroblast (WI-38), hepatic cancer cell lines (HePG-2), and mammary gland (MCF-7) cell
lines from ATCC was made possible by the Holding firm for biological goods and vaccines
(VACSERA), which is based in Cairo, Egypt.

The levels of inflammatory mediators (IL-1β, TNF-α, and PGE2) in rat paw tissue
homogenate were measured using the following Kits: Rat TNF-α (Tumor Necrosis Factor
Alpha) ELISA Kit from Elabscience® Company, Houston, TX, USA, Interleukin 1 Beta
(IL-1b) Organism Species: Rattus norvegicus (Rat) from Cloud Clone Crop Company and
Rat PGE2 (Prostaglandin E2) ELISA Kit from Fine test® company Hubei, China. In addition,
oxidative stress parameters in rat paw tissue homogenate were measured using superoxide
dismutase, glutathione peroxidase, and catalase Kits from the Biodiagnostic company,
Birmingham, UK.

4.2. Chemicals

All solvents used were of HPLC grade and supplied by Fisher Scientific. Luteolin-7-
glucoside standard was purchased from Carl Roth (Karlsruhe, Germany). The solvents used
for extraction, chromatographic separation, and crystallization (i.e., petroleum ether, methy-
lene chloride, ethyl acetate, and methanol) were of reagent grade, obtained from EL-Nasr
Company for pharmaceutical chemicals, Egypt. ABTS (Azino-bis-(3-ethyl benzthiazoline-
6-sulfonic acid), COX-1, COX-2, RPMI-1640 medium, MTT, DMSO, CMC, doxorubicin,
ciprofloxacin, and clotrimazole were purchased from Sigma Co., St. Louis, MO, USA. Ascor-
bic acid (Cevarol®) and ibuprofen (Brofen) tablets were obtained from Memphis Pharmaceu-
tical Co., Cairo, Egypt, and abbott pharmaceuticals, Abbott Park, IL, USA, respectively.

4.3. Plant Material

Lactuca sativa (lettuce), Nigella sativa (black cumin), Eruca sativa (rocket), and Linum
usitatissimum (flaxseed) seed cakes were obtained from Albadawia Oil Factory, Ferdos City,
Mansoura, Dakahliya, Egypt, 5 August 2022.

4.4. Extraction of Seed Oil Cakes Derived from Different Plant Species

For preliminary screening to obtain dried methanolic extracts from various oilseed
cakes, 200 g each of lettuce, black seed, rockets, and flaxseed seed cakes were extracted
three times by overnight maceration using methanol (3× 400 mL each). The methanolic
extracts were separated from the crude powders through centrifugation and filtration using
Whatman filter paper. The extracts were then concentrated under reduced pressure at 45 ◦C
using a rotary evaporator. The resulting extracts were dried in a desiccator over anhydrous
calcium chloride until they reached a constant weight, then stored at room temperature for
biological assays and further chromatographic analysis.

4.5. HPLC Analysis of Lettuce Seed Cake Defatted Extract

HPLC separation was performed using a Nucleosil RP-C18 column (5 µm particle size,
L × I.D. 25 cm × 3.2 mm). A binary gradient was applied, starting with 85% A (aqueous
trifluoroacetic acid 0.05%) and 15% B (acetonitrile). After 5 min, the ratio was adjusted
to 80% A and 20% B, followed by the following gradient: 15 min: 70% A, 30% B; 25 min:
20% A, 80% B; 30 min: 20% A, 80% B; 35 min: 10% A, 90% B; 37 min: 85% A, 15% B, and
held until 47 min. The flow rate was set at 1 mL/min, with an injection volume of 20 µL.
Detection was performed using a photodiode array (PDA) detector at 254 nm and 350 nm.

4.6. Bio-Guided Isolation of Active Constituents from Lactuca sativa Seed Cake Active Fractions

For chromatographic investigation of lettuce seed cake, 5 kg of the dried cake was
extracted three times with methanol (10 L each) through overnight maceration in siphon
extraction jars. The methanolic extracts were separated from the crude powders and
concentrated under reduced pressure at 45 ◦C using a rotary evaporator. The resulting
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dried extract of 760 g of residue was suspended in water for fractionation using petroleum
ether, methylene chloride, and ethyl acetate. The weights of the resulting fractions were
as follows: 590 g for the petroleum ether extract (extremely thick and oily), 11 g for the
methylene chloride extract, and 14 g for the ethyl acetate extract.

Column chromatography of regular silica gel (3.5 cm, 300 g) packed with methylene
chloride solvent was applied to the methylene chloride fraction extract, eluting it with
methylene chloride-methanol (95:5), and progressively raising the polarity of the eluent
by 5%. Utilizing thin-layer chromatography, the resulting fractions’ homogeneity was
assessed. Subfractions were obtained by combining similar fractions. Subfraction was
further purified by crystallization from methanol and eluted with various systems to yield
compound 1 (560 mg) with an Rf of 0.2 when developed on GF254 precoated silica gel plate
using solvent system methylene chloride absolute (100%), and compound 2 (8 mg) with an
Rf value of 0.60 when 10% methanol in methylene chloride was used. Subfraction 3 was
chromatographed on silica to provide compound 5 (18 mg) Rf 0.26 after being eluted with
methylene chloride-ethyl acetate (70:30).

Normal silica gel column chromatography packed with methylene chloride (3.5 cm,
350 g) was applied to the extract of ethyl acetate. Methanol was added once elution was
completed using methylene chloride-ethyl acetate (95:5) and a 5% increase in eluent polarity
up to 100% ethyl acetate. Thin-layer chromatography was employed as a monitoring tool to
monitor the collected fractions’ homogeneity. By combining similar fractions, compounds 3
and 4 were produced. Chromatographic analysis of compound 3 (15 mg) on TLC-precoated
silica gel plates GF254 using the solvent system 20% methanol in methylene chloride
revealed an Rf value of 0.32 and compound 4 (6 mg) as a yellow amorphous powder, which
was further purified by reprecipitation with an Rf value of 0.46 using 15% methanol in the
ethyl acetate system on TLC.

4.7. Biological Screening
4.7.1. Antioxidant Screening (ABTS Assay)

The experiment was performed in triplicate according to Zaky et al. [35]. The absorbance
of control of the resulting green-blue solution (ABTS* radical solution) was recorded at λ max
734 nm.

4.7.2. Antimicrobial Screening

The procedure was performed according to Stylianakis et al. [36]. A comparison of the
extract’s zone of inhibition to that of a reference antibiotic’s activity index was determined
using the following equation:

Activity index = (the inhibition zone of extract/the inhibition zone of the standard) × 100

4.7.3. Cytotoxic Activity (MTT Assay)

Using the MTT test, the inhibitory effects of substances on cell growth were ascertained
using the cell lines [37] compared to normal lung fibroblast cells (WI-38). The selectivity
index was calculated via the Selectivity index (SI) equation: SI equals IC50 normal/IC50
cancer. IC50 normal refers to the concentration of the investigated substance that killed
50% of normal cells, whereas IC50 malignancy denotes the concentration that killed 50% of
malignant cells [38].

4.7.4. Anti-Inflammatory Test: Carrageenan-Induced Paw Oedema

Adult albino rats 180–220 g of both sexes used in the investigation were acquired
from the Mansoura University Faculty of Pharmacy’s Animal House. Standard laboratory
diet and water were provided, and they were housed in cages maintained at a constant
temperature of 22 ± 2 ◦C. The Animal Care and Use Committee (MU-ACUC) of Mansoura
University, Egypt, has approved all procedures involving animals with code number: MU-
ACUC (PHARM.R.24.09.40). Throughout the experiment, medications and extracts were
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given orally in doses of 1 mL/100 g of the rat’s body weight after being solubilized in
carboxymethyl cellulose (CMC) in order to create a suspension formula.

In this test, rats were divided into six groups, with each group containing 5 animals.
Group-1: The negative control group was given a vehicle, i.e., a 1% aqueous solution

of CMC (10 mL/kg).
Group-2: Positive control (carrageenan-induced oedema, Sigma (St. Louis, MO, USA))

without any treatment.
Group-3: Were given the standard drug Ibuprofen at the dose of 10 mg/kg.
Group-4: Seedcake extract of Lactuca sativa was administered at a 2 g/kg dose.
Group-5: Compound (1) is administered at a dose of 20 mg/kg.
Group-6: Compound (1) at a dose of 40 mg/kg.
Group-7: Combination of standard and compound (1) at doses of (10 + 20) mg/kg,

respectively.
After one hour, rats’ right hind paws were subcutaneously injected with 100 µL of

carrageenan (1% in normal saline) to cause acute inflammation. Using a digital vernier
calliper, the swelling of the paw that had been injected with carrageenan was measured
prior to injection as well as 1, 2, 3, 4, and 5 h following the treatment’s induction. The
percentage inhibition of oedema in the test animals treated with the extract compared to
the carrageenan control group was used to calculate the anti-inflammatory activity. The
formula %I = (dt/dc)× 100 was used to calculate the percentage inhibition of inflammation,
where “dt” represents the difference in paw volume in the drug-treated group and “dc”
represents the difference in paw volume relative to the control group. Moreover, “I”
represents the suppression of inflammation [29].

Histopathological Assessment of Skin Tissue

Five hours following the carrageenan injection, tissue specimen samples from the paw
skin tissue of every group under study were removed for histological examination. Prior to
being submerged in paraffin blocks, they were fixed in a 10% formalin solution and stained
with hematoxylin-eosin. Using a microtome, paraffin sections with a thickness of 5 µm were
cut, and hematoxylin and eosin were frequently applied to the sections. Microscopically,
these tissue slices were inspected. Consequently, the sections were examined under a light
microscope; on the other hand, photos taken with a digital camera (Canon Power-shot D10)
recorded the progression of paw oedema [30].

Determination of the Levels of Inflammatory Mediators and Oxidative Stress Parameters
in Rat Paw Tissue Homogenate

Rats were slaughtered, and their paw tissues were gathered and weighed five hours
after the carrageenan was administered. The tissues underwent processing after being
fixed in 10% formalin. Rat paw tissue was homogenized, and its oxidative stress indices
(SOD, CAT, and GPx) as well as the levels of inflammatory mediators (IL-1β, TNF-α, and
PGE2) were measured [31].

4.7.5. Anti-Inflammatory Activity (COX-1 and COX-2) Inhibition Assay

With some modifications, anti-inflammatory activity was carried out following Smith
et al. 1998 [39], and ibuprofen served as the benchmark medication.

4.8. Molecular Docking of Compound (1) against COX-1 and COX-2
4.8.1. Protein Preparation

The protein structures of COX-1 and COX-2 were acquired from their respective
sources, Uniport, and are identified by the UniProt IDs A0A1B0RKU9 and P00406, re-
spectively. The CB-Dock2 server [40] was utilized to estimate the active sites of these
proteins. Using AutoDock Tools 1.5.7 [41], additional processing was performed on the pro-
duced protein structures, including the addition of polar hydrogen atoms, the assignment
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of Gasteiger charges, and the merger of non-polar hydrogen atoms. Molecular docking
simulations were performed using the generated PDBQT files as input.

4.8.2. Ligand Preparation

The active material that is extracted from the ligand molecules was obtained in their
corresponding SDF formats from the PubChem database. Following this, they were min-
imized using the Conjugate Gradients technique and the Force Field (MMFF94) in the
Avogadro 1.2.0 software [42]. The reduced ligand configurations were transformed into a
PDBQT file that was compatible with AutoDock Vina [43], which was used to run molecular
docking simulations. BIOVIA Discovery Studio 2020 [BIOVIA 2020] was used to visualize
and analyze the docking data.

4.9. In Silico ADMET Prediction for Compound (1)

Compound 1’s SMILES codes were entered into the ADMETlab 2.0 web server [44] to
forecast the pharmacokinetic characteristics, such as absorption, distribution, metabolism,
and excretion.

4.10. Statistical Analysis

The statistical analyses have been conducted using GraphPad Prism version 10.3.1
software. The data are presented as means± standard deviations. Every determination was
made three times, after which averages were estimated. The significance of the difference
between means was determined by one-way ANOVA followed by Dunnett’s post hoc test,
and the p < 0.05 values were considered significant.

Supplementary Materials: The following Supporting Information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms252011077/s1.
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Abstract: Oxidative stress and inflammation are significant causes of aging. At the same time, citrus
flavanones, naringenin (NAR), and hesperetin (HES) are bioactives with proven antioxidant and
anti-inflammatory properties. Nevertheless, there are still no data about flavanone’s influence and
its potential effects on the healthy aging process and improving pituitary functioning. Thus, using
qPCR, immunoblot, histological techniques, and biochemical assays, our study aimed to elucidate
how citrus flavanones (15 mg/kg b.m. per os) affect antioxidant defense, inflammation, and stress
hormone output in the old rat model. Our results showed that HES restores the redox environment
in the pituitary by down-regulating the nuclear factor erythroid 2-related factor 2 (Nrf2) protein
while increasing kelch-like ECH-associated protein 1 (Keap1), thioredoxin reductase (TrxR1), and
superoxide dismutase 2 (SOD2) protein expression. Immunofluorescent analysis confirmed Nrf2 and
Keap1 down- and up-regulation, respectively. Supplementation with NAR increased Keap1, Trxr1,
glutathione peroxidase (Gpx), and glutathione reductase (Gr) mRNA expression. Decreased oxidative
stress aligned with NLRP3 decrement after both flavanones and glycogen synthase kinase-3 (GSK3)
only after HES. The signal intensity of adrenocorticotropic hormone (ACTH) cells did not change,
while corticosterone levels in serum decreased after both flavanones. HES showed higher potential
than NAR in affecting a redox environment without increasing the inflammatory response, while a
decrease in corticosterone level has a solid link to longevity. Our findings suggest that HES could
improve and facilitate redox and inflammatory dysregulation in the rat’s old pituitary.

Keywords: hesperetin; naringenin; ACTH; SOD; CAT; GPx; GR; Interleukin 1 and 6; TNF-α; NLRP3

1. Introduction

Male aging is a progressive and gradual process characterized by low free testos-
terone, the main characteristic of the aging male hormonal status [1,2]. Specifically, aging
of the pituitary gland is a multi-vector process that includes changes in hormonal and
neuronal inputs to the gland itself, in addition to various structural and functional alter-
ations occurring within the pituitary tissue. In the broader context, endocrine deficiency
is associated with a progressive decline in pituitary function that, in turn, may contribute
to senescence [3]. In parallel, degenerative processes affect pituitary-related regulatory
limbic, hippocampal, and hypothalamic neurons and synapses, followed by compensatory
gliosis [2,4]. During aging, lesions of the pituitary gland tissue vary and may include loss of
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pituitary endocrine cells, cyst development, fibrosis associated with chronic inflammation,
distended, blood-filled vessels in the pars distalis, hemorrhage, or thrombosis [5]. Aged pi-
tuitary glands show an accumulation of oxidative products that further contribute to aging
manifestation [6]. These suggest that a local redox imbalance may cause oxidative damage
to cells of the hypothalamic–pituitary axis [3,7]. Generated reactive oxygen species (ROS)
can lead to a rise in apoptosis of adenohypophysis cells, causing direct cellular damage but
also impairment in protein function and overall hormone production with aging [3,8,9].
Studies with old rodents indicate their elevated circulating adrenocorticotropic hormone
(ACTH) and glucocorticoid levels and increased release of corticotropin-releasing hormone
from the hypothalamus [10]. The hyperplastic corticotrophs (ACTH cells) were observed
to be mainly peripherally localized in the pituitary of old male rats [11]. In the present
study, we remain focused on pituitary ACTH cells, considering their crucial role as a
functional module of the hypothalamic–pituitary–adrenal (HPA) axis in affecting stress
response/metabolism in advanced age.

In stress conditions, activation of nuclear factor erythroid 2-related factor 2 (Nrf2) is
mediated by various exogenous and endogenous stressors such as electrophilic agents and
ROS [12,13]. Nrf2 transits to the nucleus when activated, binding to antioxidant response el-
ements (AREs) in the promoter region of genes encoding antioxidant enzymes (superoxide
dismutase (SOD), catalase (CAT), glutathione reductase (GR), and peroxidase (GPx), thiore-
doxin (Trx) and its reductase (TrxR) system) and cytoprotective proteins. In addition, TrxR
and Nrf2 signaling are crucial in regulating inflammation by modulating the transcription
of antioxidants and suppressing inflammatory cytokines [14]. Besides its role in maintain-
ing physiological cellular redox homeostasis, Nrf2 is considered a double-edged sword
since overexpression of the Nrf2 leads to the development of various cancers, such as breast
and prostate cancers [15,16]. Compounds that can control Nrf2 expression by maintaining
it in the physiological range in healthy organisms, and preventing its constitutive activation
in cancer, are of great importance [17]. Inflammation is intrinsically linked to oxidative
stress, as ROS can directly or indirectly activate transcription factors such as nuclear factor
kappa-light-chain-enhancer of activated B cells (NF-κB), which can promote inflammation
and inflammaging [3,18]. Glycogen synthase kinase-3 (GSK3) has been proven to be a piv-
otal player within oxidative stress and inflammation networks, inhibiting the antioxidant
function of Nrf2 and encouraging the inflammatory role of NF-κB [19]. Indeed, the active
form of GSK3 is responsible for suppressing the expression of transcription factors required
to overcome oxidative stress and inflammation [20]. GSK3 is a potent regulator of inflamma-
tion, while GSK3 inhibition protects from inflammatory conditions in animal models [21].
At the same time, the large varieties of stimuli fueling inflammaging converge on the
activation of NF-κB and NLR family pyrin domain containing 3 (NLRP3) inflammasome,
responsible for the production of inflammatory molecules. Together, Nrf2-Keap1, GSK3,
NF-κB, and NLRP3 constitute a crucial regulatory mechanism in neuroinflammation and
inflammaging [18,19].

In our previous papers, we showed that citrus flavanones naringenin (NAR), hes-
peretin (HES), and lemon extract have great potential in the restoration of the redox environ-
ment and alleviation of oxidative stress in old-aged rats [22–24]. Namely, by modulating the
redox environment, these polyphenols up-regulated vitagene Sirtuin 1 (Sirt1) expression in
thyrotropic cells [25–27], and improved thyroid gland sensitivity to thyroid-stimulating
hormone (TSH) and overall liver health. Interestingly, studies regarding oxidative stress in
the pituitary gland are scarce and mainly focused on the effects of alcohol, heavy metals,
or moderate exercise [28–30]. However, our results suggest that soy isoflavone genistein
significantly affected the HPA axis and decreased circulating ACTH and corticosterone in
andropausal rats [31]. When it comes to the effects of citrus flavanones in the old pituitary,
especially their relation to ACTH cell function, oxidative stress, and inflammation, there
are no data so far.

Preliminarily speaking, the significance of the results presented herein regarding
HES application in old-aged rats lies in the physiological improvement of the pituitary
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redox environment reflected in kelch-like ECH-associated protein 1 (Keap1) up-regulation,
which consequently quenches excessive Nrf2 and directs its proteasomal degradation.
Even the oxidative stress and inflammation are intertwined and contextualized as the Nrf2-
Keap1/GSK3/NF-κB/NLRP3 regulatory loop (mechanism); these are the first data about
this phenomenon in the old pituitary gland, through which we shed light on a notable
potential of the plant-based, economical, and easily accessible nutraceuticals usage in the
context of the pituitary health with advanced age.

2. Results
2.1. Treatment with NAR and HES Affects Nrf2 Immunofluorescent Signal, Protein, and Gene
Expression in the Old Pituitary

Nrf2 is a master regulator of antioxidant and cytoprotective pathways. Its activation
or inhibition leads to a series of alterations in the gene expression of molecules necessary to
cope with oxidative stress. What we observed was that HES treatment induced an increase
in Nrf2 gene expression by 132% and, at the same time, decreased its protein expression
by 68% (Figure 1C,D). To confirm this, we applied the IF analysis of Nrf2 (counterstained
with DAPI) to see the exact localization of Nrf2. Our analysis showed that the Nrf2 IF
signal in ICON-, CON-, and NAR-treated groups was located in the cytoplasm of pituitary
cells (Figure 1A). At the same time, we noticed a reduced signal in HES-treated pituitary
sections (Figure 1A). Our IF analysis aligns with Nrf2 protein expression, which supports
the thesis of a more reduced environment in the pituitary gland.
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Figure 1. The effects of citrus flavanones on Nrf2 in the pituitary of old rats. Immunofluorescent
staining of Nrf2, green and DAPI, blue signal (A), the mean Nrf2 IF value (B), the relative level of
Nrf2 mRNA (C), and Nrf2 protein expression (D). Insets in the white boxes represent magnified parts
of the same image, showing Nrf2 localization. The intense fluorescence spots on the micrographs
represent erythrocytes and do not represent Nrf2. 63× magnification, bar = 20 µm. Each value
represents mean ± SD, n = 4; statistics: one-way ANOVA, Dunett’s multiple comparison post hoc test,
* p < 0.05 citrus flavanone vs. CON rats. ICON, intact control; CON, control sunflower oil; NAR,
naringenin; HES, hesperetin.

20



Int. J. Mol. Sci. 2024, 25, 8918

2.2. Treatment with NAR and HES Affects Keap1 Immunofluorescent Signal, Protein, and Gene
Expression in the Old Pituitary

To assess the functional status of the Nrf2 protein, we tested the gene and protein
expression of its negative regulator, Keap1. In physiological conditions, Keap1 is attached
to Nrf2, which targets Nrf2 for proteasomal degradation. At the same time, in the stage
of oxidative stress, Nrf2 detaches from Keap1, translocates to the nucleus, and activates
the antioxidant enzyme expressions. Our results showed that NAR increased Keap1 gene
expression by 46%, while HES treatment increased Keap1 protein expression by 200%
(Figure 2C,D). Keap1 IF analysis showed that an intensive Keap1 IF signal was located
in the cytoplasm of most cells in the pituitaries after treatment with HES (Figure 2A).
In contrast, Keap1 IF signals in ICON, CON, and NAR were moderate and found in several
cells’ cytoplasm (Figure 2A). A significant increase in Keap1 led to a physiological decrease
in Nrf2 protein expression, suggesting a less oxidative environment.
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Figure 2. The effects of citrus flavanones on Keap1 in the pituitary of old rats. Immunofluorescent
staining of Keap1, green and DAPI, blue signal (A), the mean Keap1 IF value (B), the relative
level of Keap1 mRNA (C), and Keap1 protein expression (D). Insets in the white boxes represent
magnified parts of the same image, showing Keap1 localization. The intense fluorescence spots on
the micrographs represent erythrocytes and do not represent Keap1. 63× magnification, bar = 20 µm.
Each value represents mean ± SD, n = 4; statistics: one-way ANOVA, Dunett’s multiple comparison
post hoc test, * p < 0.05 citrus flavanone vs. CON rats. ICON, intact control; CON, control sunflower
oil; NAR, naringenin; HES, hesperetin.

2.3. Treatment with NAR and HES Affects Antioxidant Enzyme Gene and Protein Expressions
in the Old Pituitary

Gene expression analysis of the antioxidant enzymes can give us information on the
mRNA level of the enzymes involved in antioxidant defense. After treatment with NAR,
Trxr1, Gpx, and Gr gene expression increased by 55, 109, and 59%, respectively (Figure 3A),
while all other targets did not alter (Figure 3A). Gene expression of examined antioxidant
enzymes remained unchanged after HES treatment (Figure 3A).
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Figure 3. The effects of citrus flavanones on antioxidant enzymes expressions in the pituitary of old
rats. Thioredoxin reductase 1 (Trxr1), thioredoxin 1 (Trx1), glutathione reductase (Gr), glutathione
peroxidase 1 (Gpx1), superoxide dismutase 1 (Sod1), superoxide dismutase 2 (Sod2), and catalase (Cat)
gene expression (A), TRXR1, TRX1, GR, GPx, SOD1, SOD2, and CAT protein expression (B), and
protein profile (C). Each value represents mean ± SD, n = 4; statistics: one way ANOVA, Dunett’s
multiple comparison post hoc test, * p < 0.05 citrus flavanone vs. CON rats. ICON, intact control;
CON, control sunflower oil; NAR, naringenin; HES, hesperetin.

Immunoblot analysis is informative regarding the protein abundance of the main
actors in the antioxidant defense system. Namely, only after the HES treatment, protein
levels of TrxR1 and SOD2 were up-regulated by 51% and 76%, respectively (Figure 3B).
All other examined parameters did not change, likewise after NAR (Figure 3B).

2.4. Treatment with NAR and HES Affects Collagen Abundance, While Inflammatory Markers
Remain Unchanged in the Old Pituitary

Picro-Sirius Red staining is used to visualize collagen accumulation and fibrosis onset
in tissue sections (Figure 4A). In both the ICON and CON control groups of aged rats, some
small amount of collagen is distributed in the periphery of the pituitary pars distalis, mainly
between the cell clusters and around the blood vessels (Figure 4A). Upon the treatment
with citrus flavanones (NAR and HES), collagen accumulation is observed around the
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dilated blood vessels and between the cell clusters (Figure 4A). Of all examined parameters
related to inflammation, neither NAR nor HES affected their gene expression (Figure 4B).
Protein expression of GSK3 decreased by 16% (Figure 4C), while protein expression of other
examined parameters did not change after the treatment with citrus flavanones (Figure 4C).
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2.5. Treatment with NAR and HES Affects NLRP3 Expression in the Old Pituitary

The NLRP3 inflammasome is a multiprotein complex that plays a pivotal role in
regulating the innate immune system and inflammatory signaling, mediating the secretion
of proinflammatory cytokines in response to cellular damage. Our results showed that
NAR and HES decreased the immunohistochemical optical density of NLRP3 by 28 and
20%, respectively (Figure 5A,B). Even the immunoblot analysis did not show statistically
significant values; the NLRP3 protein profile followed the same lowering trend after both
flavanones (Figure 5C).
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Figure 5. The effects of citrus flavanones on NLRP3 expression in the pituitary of old rats. Im-
munohistochemical staining of NLRP3 (A), optical density of NLRP3 (B), and protein expression
of NLRP3 (C). 40×magnification, bar = 25 µm. Each value represents mean ± SD, n = 4; statistics:
one-way ANOVA, Dunett’s multiple comparison post hoc test, * p < 0.05 citrus flavanone vs. CON
rats. ICON, intact control; CON, control sunflower oil; NAR, naringenin; HES, hesperetin.

2.6. Treatment with NAR and HES Do Not Affect ACTH Signal Intensity in the Old Pituitary

In control-aged rats (ICON and CON), ACTH-immunopositive cells were mainly
distributed in the periphery of the pituitary pars distalis, constituting small groups between
or close to dilated blood vessels (asterisk, Figure 6A). The ACTH cells were morphologically
polygonal or prolate in shape, occasionally with elongated cytoplasmic protrusions pene-
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trating between neighboring cells (Figure 6A). In a naringenin-treated group of old-aged
rats, ACTH cells were uniformly distributed throughout the pars distalis and resembled the
shape of the ACTH cells in control groups (Figure 6A). Upon HES treatment of aged rats,
ACTH cells’ uniform distribution and characteristic shape were maintained; however, their
IHC signal, reflecting the hormonal content in the cells, looked lower (Figure 6A). This may
suggest that some cells produce more ACTH after the HES-treatment group (Figure 6A,B).
Nevertheless, our quantitative analysis showed no difference in the signal intensity of
ACTH cells in treated groups compared to control values (Figure 6B).
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Figure 6. The effects of citrus flavanones on corticotroph cells in the pituitary, ACTH, and corti-
costerone concentration of old rats. Immunohistochemical staining of ACTH (A), optical density
of ACTH cells (B), plasma level of ACTH (C), and corticosterone level in serum (D). Asterisk
(*) highlights dilated blood vessels with ACTH cells around them. 40× and 63× magnification,
bar = 25 and 20 µm. Each value represents mean ± SD, n = 4; statistics: one-way ANOVA, Dunett’s
multiple comparison post hoc test, * p < 0.05 citrus flavanone vs. CON rats. ICON, intact control;
CON, control sunflower oil; NAR, naringenin; HES, hesperetin.

2.7. Treatment with NAR and HES Affects the Serum Level of Corticosterone but No ACTH
Level in Old Rats

Levels of plasma ACTH and serum corticosterone were measured biochemically,
and they are essential parameters for testing the pituitary–adrenal axis function (Figure 6C).
The level of ACTH in all examined groups was almost the same. The level of corticosterone
in the ICON group was 15.81 ng/mL, while in the CON group, the value was 20.58 ng/mL
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(Figure 6D). After treatment with NAR or HES, the serum level of corticosterone was
12.41 ng/mL and 7.00 ng/mL, respectively (Figure 6D). So, the corticosterone level after
NAR decreased by 40%, while after HES, it was 66% lower than the CON values (Figure 6D).

3. Discussion

Our study has revealed that HES, but not NAR, can improve a reduced redox milieu in
the old pituitary. HES showed the most substantial effect on TrxR1 and Keap1 up-regulation,
followed by the down-regulation of Nrf2, GSK3, and NLRP3 protein expression. At the
same time, NAR affects the gene expression of Keap1, Trxr1, Gpx, and Gr enzymes involved
in the antioxidant defense and decreases expression of NLRP3 protein in the pituitary
glands of old rats. Both citrus flavanones decreased serum corticosterone concentration
without affecting the pituitary’s ACTH level or inflammation signaling. Accumulation of
the collagen around blood vessels was observed after both flavanones. Our results suggest
that HES (and NAR), by attuning oxidative stress, could help the pituitary gland, without
interruption, maintain its master endocrine regulatory function in old age.

Considering the worldwide consumption of citruses and the lack of available data
concerning the effects of NAR and HES on pituitary function, we aimed to evaluate their
outcomes in the old rats. We combined molecular biology results with structural data
obtained with immuno-histochemical/-fluorescent staining regarding redox parameters,
inflammatory signaling, and hormonal levels. The rationale for this study is evidence of
the existence of the oxidative and proinflammatory Nrf2-Keap1/GSK3/NF-κB/NLRP3
regulatory loop [19], which is unexplored so far in the model of natural old age.

HES exerted one of the most significant results in the study by increasing Keap1
and decreasing Nrf2 protein expression. This effect is noteworthy, considering Keap1
constantly targets Nrf2 for proteasomal degradation under normal, reduced conditions [32].
Keap1 also acts as a sensor for Nrf2-activating compounds, which target the key Cys151
residues in Keap1, causing the protein to undergo conformational changes [33]. Despite
HES’s high binding affinity to Keap1 [23], it does not possess prooxidant properties that
could activate it, leading to its detachment from Nrf2. This result aligns with unchanged
antioxidant enzyme gene expression regulated by Nrf2, observed after HES treatment. Thus,
we support the thesis of a more reduced environment in the old pituitary as a positive effect.

The pituitary gland is a master endocrine gland, which develops during week four of
fetal development in humans and from the 12th gestational day in rats [34,35]. Such a sub-
stantial organ has to have robust redox-sensitive regulation and antioxidant protection
like the TrxR1/Trx1 system. An increase in TrxR1 protein expression after HES treatment
leads to a higher capacity for Trx1-mediated disulfide reduction, de-nitrosylation, and
aldehyde–protein adduct formation [3,33]. This increment helps to suppress alterations
in peptide hormone synthetic machinery by decreasing ROS-mediated cellular damage.
Trx enzymes recognize the oxidized form of their target proteins with higher selectivity
than their corresponding reduced forms [36]. After HES treatment, higher TrxR1 expres-
sion keeps Cys151 in Keap1 in reduced form (attached to Nrf2) [33]. Thus, an improved
TrxR1/Trx1 system can improve overall pituitary cell health and hormone production with
aging [3].

In addition, TrxR1 is an essential negative regulator of Nrf2, meaning that loss of TrxR1
activity leads to Nrf2 activation and vice versa [33]. Interestingly, several polyphenolic
compounds have dual but opposite effects on these two proteins. Compounds such as
curcumin, quercetin, ellagic acid, isothiocyanates, and sulforaphane possess both inhibitory
activities against TrxR1 and, at the same time, the ability to activate Nrf2 by covalently mod-
ifying reactive Cys residues in Keap1 in vitro [33]. Nonetheless, our in vivo study suggests
this is a less possible scenario due to the up-regulation of Keap1 and TrxR1. In vivo studies
differ from in vitro studies due to complex interaction and metabolic transformations of
the examined compounds.

Up-regulation in the mitochondrial enzyme SOD2 is another positive outcome after
HES treatment. Even though we showed a decrease in Nrf2 and unaltered NF-κB protein
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expression after HES, a possible explanation could involve increased Sirt1 expression
in the same organ and model we showed in our previous study [23,37]. Namely, Sirt1,
by deacetylation, enhances SOD2 expression in mitochondria by activating forkhead box
protein O (FOXOs), resulting in increased removal of O2

− or attenuating mitochondrial
ROS production [38,39]. Additionally, resveratrol and quercetin have been found to enhance
SOD2 expression mediated by Sirt1, thus mitigating oxidative stress in different animal
models [40]. SOD2, by eliminating O2

− generates O2 and H2O2, which GPx and CAT
scavenge. Both enzymes are crucial in the host’s defense against oxidative stress and cell
protection against H2O2 toxicity [41]. In our study, GPx and CAT expression did not
change after treatment with NAR and HES, proposing no significant H2O2 insult in the
old pituitary.

Furthermore, our study revealed a decrease in GSK3 protein expression after HES.
This result is beneficial since the active form of GSK3 promotes the production of proin-
flammatory cytokines such as IL-1β, TNF-α, and IL-6 [20,21], whose gene expressions
were unchanged after citrus flavanones. In addition, GSK3 down-regulation reduces its
proinflammatory function since GSK3 directly stimulates NF-κB signaling [21,42]. Besides
inflammation, GSK3 maintains redox equilibrium in the body. It does so by stimulating
the production of ROS in the mitochondria and increasing the inner mitochondrial mem-
brane permeability to detrimental molecules [43]. Activated GSK3 down-regulates the
expression of Nrf2 and its ability to bind to ARE in cerebral ischemia and reperfusion
injury [44]. Overall, down-regulating GSK3 and up-regulating TrxR1 and SOD2 after HES
in our study suggest that HES can protect cells from ROS and inflammation, increasing
pituitary cell survival.

After treatment with citrus flavanones, we did not observe fibrosis in the aged hu-
man adenohypophyses [45]. However, we observed the collagen positivity surrounding
the blood vessels, prominently seen after NAR or HES, without affecting the pituitary
parenchyma. Fibrosis is a repair mechanism that becomes activated after the body is
stimulated by inflammation or physical damage. Activating the NF-κB signaling pathway
and increasing IL-6 is probably the critical mechanism in developing pituitary fibrosis and
inflammaging process in older adults [46,47]. NAR and HES did not alter inflammatory
signaling mediated by NF-κB, or the pNF-κB/NF-κB ratio; thus, this change is probably a
result of better blood supply and organ perfusion after our treatment. In general, the anti-
inflammatory effect of GCR is attributed to the suppression of inflammatory genes and
NFkB [48,49]. However, its protein content remained unchanged under HES and NAR treat-
ment, confirming our assumption that inflammation was not affected and that the observed
morphological changes are rather the result of increased blood supply to the pituitary gland.
It is important to emphasize that polyphenols can pass the blood–brain barrier. Namely,
metabolites of polyphenols are hydrosoluble molecules, unlike their aglycone form [50,51],
meaning that after their complete metabolism in the liver, they can be transported all over
the organism by blood. Although pituitary capillaries are part of the central nervous system
vascularization, their blood vessel components have specific properties that differ from
vascular networks in other brain areas due to fenestrated capillaries, allowing the passing
of hormones, nutrients, etc. [52]. Polyphenol metabolites can reach pituitary cells, where
they exert protective effects by modulating oxidative stress and inflammation [53].

A decrement in NLRP3 expression in the pituitary is in line with the previous results.
Inflammasomes have been identified as essential drivers of sterile inflammation, and there
is accumulating evidence that NLRP3 activation might also play an important role in the
aging process [54]. It has been revealed that the cytosolic ROS induced by NADPH is
responsible for the activation of the NLRP3 inflammasome [55], while in our study, lower
NLRP3 expression is in line with a better redox environment in the pituitary. Our result
is a positive outcome since microglial NLRP3 inflammasome activation up-regulates the
pituitary glands’ inflammatory cytokines IL1/IL18, and induces prolactinomas [56] or other
impairments that could compromise normal pituitary functioning. HES and NAR showed
positive neuroprotective effects by down-regulating the NLRP3 inflammasome activation
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in the brain [57,58]. However, the applied doses were 3–6 times higher than ours. Therefore,
this nominates citrus flavanones as nutritionally achievable supplements that can reduce
pituitary inflammaging and age-related pathologies at the population level.

The main effect after HES treatment is the activation of two of the three vitagenes
essential for the neuronal function and longevity phenomenon [25,59–61], TRXR1, and
Sirt1 [23]. This result promotes HES as a desirable supplement in alleviating ROS-induced
diseases and improving aging-related malfunction of pituitary-related diseases. NAR also
affected examined parameters since it increased Keap1, Trxr1, Gpx, and Gr mRNA expres-
sion, while there is an increasing trend regarding TrxR1, Trx1, GR, GPx, and Keap1 protein
levels. Citrus flavanones in our study exerted different effects since HES, compared to NAR,
possesses one hydroxyl less and one methyl group more, making it less prooxidant than
NAR. This suggests that even though it has a similar structure, NAR, in comparison with
HES, exerts different biological effects, but mainly in the same direction of change. However,
low polyphenol doses in our study follow the hormesis concept, meaning preconditioning
with HES or NAR can help the old pituitary handle upcoming stress better.

As we described, citrus flavanones (HES more than NAR) protect pituitary gland
synthetic/secretory and overall regulatory pathways from ROS-mediated damage of pep-
tide/protein components. Namely, ACTH cell signal intensity in NAR- and HES-treated
old rats did not change, but a certain accumulation of hormonal content in these cells
upon HES application suggests their synthetic activation. This result may be related to a
significantly reduced corticosterone (even more than compared to the NAR group) and the
initiation of a feedback mechanism. Generally, ACTH release is mediated by the adenylate
cyclase protein kinase (PKA) system [62], and oxidants, if present for a longer time or
in higher concentrations, can inhibit PKA phosphorylation by directly oxidizing a reac-
tive cysteine in its catalytic subunit [63]. However, in our study, the serum ACTH and
corticotroph IHC signals remained unchanged, suggesting some potential issues in the
central regulation at the pituitary level. Namely, it was shown that with aging in rats and
humans, there is an impairment in the ACTH cell’s response to corticosterone, leading
to decreased HPA axis sensitivity to the corticosterone/cortisol feedback loop, which is
all accompanied by degenerative processes in the hippocampal and hypothalamic neu-
rons [2,4,64,65]. Therefore, even with lower corticosterone, ACTH remained unaltered in
serum and corticotrophs. Additionally, a decrease in corticosterone is in line with the effects
of soy isoflavones in the animal model of andropause [66,67]. What deserves attention in
future studies that will follow up on this one is examining the effects of citrus flavanones
on the activity of adrenocortical steroidogenesis enzymes. Indeed, we did not analyze the
potential impact of citrus flavanones on adrenal glands since that was not the main focus of
our study. However, by disrupting corticosteroidogenesis, potentially due to inhibiting of
hormone-generating machinery, citrus flavanones could modulate and alter stress hormone
levels in old rats. Further, we advocate decreasing stress hormones after NAR and HES as
a positive outcome since increased cortisol level is associated with metabolic, somatic, and
psychiatric conditions related to aging [68,69], while proinflammatory cytokines secreted in
many of these conditions may act on the HPA axis, increasing glucocorticoid secretion [69].
Studies showed that lower cortisol in humans and corticosterone in rats positively correlate
with mammalian longevity [70–72] due to the ability of these hormones to reduce the
cellular production of free radicals, which is observed in long-lived species [72]. Revived
thyrotropic activity, which has already been described [23] and showed positive effects on
corticosterone, indicates citrus flavanones are potential longevity-modulating molecules.

In general, the results obtained in our study are valuable since we analyzed two pro-
cesses that can have detrimental effects on the pituitary gland: oxidative stress and in-
flammation. After HES and NAR, inflammation stayed at a steady state level, and the
redox environment even improved. A decline in endocrine function characterizes the old
pituitary; still, it remains an essential player in maintaining the organism’s homeostasis.
However, we showed that our treatments do not influence ACTH cell morphology, IHC
signal, and ACTH blood level, even with the provided positive environment. NLRP3 ex-
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pression was down-regulated, which directly reduced the generation of the local proinflam-
matory cytokines, which could contribute to HPA axis regulation in a paracrine manner.
This is positive since prolonged inflammatory response in aged animals might be linked
to dysregulated pituitary cytokine interactions, leading to a rise in serum corticosterone
levels [73]. Another benefit of our study is that it opens another new research focus, di-
rected towards the adrenal gland, considering the decline in corticosterone serum levels.
In the end, with the other positive outcomes of the present and our previous works [22–24],
we are persistently getting closer to elucidating the effects of citrus flavanones on extending
the life span.

4. Materials and Methods
4.1. Experimental Animals

Two-year-old male Wistar rats used in the experiment were bred and housed in the
Unit for Experimental Animals at the Institute for Biological Research “Siniša Stanković”—
National Institute of the Republic of Serbia, Belgrade, Serbia, in cycles of 12 h light and 12 h
dark and constant temperature (21 ± 2 ◦C) conditions, and had access to a chow diet and
water ad libitum. All animal procedures complied with Directive 2010/63/EU on protecting
animals used for experimental and other scientific purposes and were approved by the
Ethical Committee for the Use of Laboratory Animals of IBISS, University of Belgrade
(No 2-12/12).

4.2. Dosage Regimen

At the beginning of the experiment, we randomly divided the old-aged rats into
four experimental groups (n = 6 per group). Treated groups of animals received per os
15 mg/kg b.m. of citrus flavanones naringenin (NAR) or hesperetin (HES) mixed with
sunflower oil. To conduct a nutritionally relevant study, we avoided gavage, and the
mixture was applied to the oral cavity, considering the role of oral microbiota in consumed
flavanone biotransformation. The applied volume of the mixture was 300 µL per animal by
syringe directly to the oral cavity. The control group (CON) received the same volume of
the vehicle, while physiologically intact controls (ICON) represent physiologically intact
animals. The treatments were administered daily for four weeks.

4.3. RNA Isolation, cDNA Transcription and Real-Time PCR

Total pituitary RNA was isolated using TRIzol (Invitrogen, Carlsbad, CA, USA) and
purified using the RNeasy mini-kit (74106, QIAGEN, Hilden, Germany) following the
manufacturer’s instructions. The cDNA was synthesized with a High-Capacity cDNA
Reverse Transcription Kit (4368813, Applied Biosystems, Vilnius, Lithuania) with 500 ng
of RNA. PCR amplification of cDNAs was performed in a real-time PCR machine ABI
Prism 7000 (Applied Biosystems, Waltham, MA, USA) with SYBRGreen PCR master mix
(4309155, Applied Biosystems, Waltham, MA, USA). The program included the following
conditions: 3 min at 95 ◦C, followed by 40 cycles of 15 s at 95 ◦C, 30 s at 60 ◦C, and 30 s at
72 ◦C. The list of primers used is shown in Table S1. Melting curve analysis was used to
confirm gene-specific amplification. Nuclease-free water was used as a negative control
instead of a cDNA template from the individual samples to test if there was no resid-
ual genomic DNA. The expression level of each gene was calculated using the formula
2 − (∆∆Ctexp − ∆∆Ctcontrol), where ∆Ct is different between the cycle threshold value of the
gene of interest and the cycle threshold value of Gapdh or Hprt as a reference gene. All of the
data were calculated from duplicate reactions. RNA data are presented as average relative
levels vs. Gapdh ± SD for antioxidant enzymes or Hprt ± SD for inflammatory markers.

4.4. Protein Isolation for Western Blot

Total protein isolation from the rat pituitary was performed using TRIzol following the
manufacturer’s protocol with slight modifications published by [23]. Briefly, the manufac-
turer’s protocol for protein isolation was followed until the precipitation of proteins from
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the phenol-ethanol supernatant. At this step, the protein pellet was completely dissolved
in 7 M GndCl solution, and then proteins were precipitated again by adding 100% ethanol.
This step was repeated, followed by a final wash of the protein pellet with 100% ethanol.
After 10 min of air drying, the protein pellet was solubilized in the buffer containing 8 M
Urea, 40 mM Tris pH 8, 2% SDS, and 1× Protease G inhibitor cocktail (39101.03, Serva,
Heidelberg, Germany). Protein concentration in samples was measured by DC Protein
Assay (#5000112, BioRad, Goettingen, Germany), using bovine serum albumin as standard.

4.5. SDS Polyacrylamide Gel Electrophoresis and Western Blot

Proteins were solubilized in 4× Laemmli sample buffer supplemented with 10% β-
mercaptoethanol. A quantity of 15 µg of protein per lane was subjected to 10% or 12% SDS-
polyacrylamide gel electrophoresis and transferred electrophoretically to polyvinylidene
difluoride (PVDF) or nitrocellulose membranes with a semidry or wet blotting system
(Fastblot B43; Bio-Rad, Goettingen, Germany). The next step was blocking of unbound
sites on the membranes with 5% BSA (prior incubation with SOD1, SOD2, CAT, GPx, GR,
Keap1, Nrf2, Trx1, TrxR1, pNF-kB, NF-kB, I-kB, GCR, GSK3, NLRP3, and β-Actin; Table S2)
for one hour. The membranes were incubated with primary antibodies overnight at 4 ◦C.
The list of used antibodies is shown in Table S2. After washing, blots were incubated with
secondary antibodies for one hour at room temperature. Antibody binding was detected
using a chemiluminescence detection system (ECL; BioRad, Goettingen, Germany). Signals
were quantified by densitometry using ImageJ Image Analysis Software (v1.48).

4.6. Histological Sample Preparation

Pituitaries were excised and fixed in 10% formalin for 48 h, washed in tap water,
then dehydrated in a series of increasing concentrations of ethanol (30–100%), enlightened
in xylol, and embedded in Histowax® (Histolab Product AB, Göteborg, Sweden). Sections
with a thickness of 5 µm were prepared using a rotational microtome (RM 2125RT Leica
Microsystems, Wetzlar, Germany).

4.7. Sirius Red Histochemical Staining

Sirius Red staining, used in histological analysis, is often a method of choice when
there is a need to distinguish different cells from collagen. In the initial steps, the procedure
involved deparaffinization (xylol) and rehydration (100–70% ethanol, distilled water) of the
pituitary sections, followed by incubation in Weigert’s hematoxylin (8 min). After washing
in running tap water, the sections were incubated in a Picro-Sirius Red solution (0.5 g of Sir-
ius Red (Direct Red 80, 365548; Sigma Aldrich, Co., St. Louis, MO, USA) + 500 mL of
saturated aqueous solution of picric acid) for 1 h. The next step included double washing
pituitary sections in acidified water (5 mL of glacial acetic acid in 1 L of distilled water),
followed by vigorous shaking to physically remove most of the water from the slides.
Finally, the sections were dehydrated in three changes of 100% ethanol, cleared in xylol,
and mounted in DPX (Sigma-Aldrich, Co., St. Louis, MO, USA).

4.8. Immunohistochemical Staining of ACTH and NLRP3

The representative sections were stained with immunohistochemical (IHC) methods
according to previously described procedures [31]. After tissue deparaffinization, endoge-
nous peroxidase activity was blocked by sections incubated with 0.3% hydrogen peroxide
in methanol for 15 min. Only slides used in NLPR3 IHC analysis were exposed to heat-
induced antigen retrieval by placing them in a container with citrate buffer (pH 6.0) and
then heated at 750 W in a microwave oven for 10 min. Non-specific background staining was
reduced by incubation with normal swine serum (X0901, Dakopatts, Glostrup, Denmark) di-
luted 1:10 for 45 min. For functional IHC analysis, the rabbit antisera directed against ACTH
and NLRP3 (Table S2) were applied overnight at room temperature. The primary antibody
was substituted with phosphate buffer saline (PBS) for the negative control of the pituitary
sections. Secondary antibodies labeled with HRP were applied for one hour. After sec-
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ondary antibody incubation, NLRP3 slides were incubated with the VECTASTAIN ABC Kit
(PK-4001, Vector Laboratories, Inc., Burlingame, CA, USA) according to the manufacturer’s
instruction. Visualization was performed using the Dako liquid diaminobenzidine tetrahy-
drochloride substrate chromogen system (K3468, Dako North America, Inc., Carpinteria,
CA, USA) at concentrations suggested by the manufacturer. All washes and dilutions were
performed using 0.1 mol/l PBS pH 7.4. Hematoxylin was used as a counterstain, and slides
were mounted in DPX medium (Sigma-Aldrich, Barcelona, Spain).

4.9. Immunofluorescent Staining of Nrf2 and Keap1

The representative pituitary sections were stained using the immunofluorescence
(IF) method, as previously described [24], with certain modifications. Namely, pituitary
sections were exposed to heat-induced antigen retrieval after tissue deparaffinization and
rehydration by placing them in a container with Tris-EDTA buffer (pH 9.0) for Nrf2 or
citrate buffer (pH 6.0) for Keap 1, and then heated at 750 W in a microwave oven for
10 min. Then, only the samples intended for Nrf2 analysis were incubated for 15 min
with PBS containing 0.2% Triton X-100 to permeabilize cells and nuclear membranes.
Non-specific background staining was reduced by incubation with normal donkey serum
(ab7475, Abcam, Cambridge, UK) diluted 1:10 for 45 min. For functional IF analysis, the
rabbit antisera directed against the Nrf2 or Keap1 antigen was applied overnight at room
temperature. A secondary antibody (Table S2) was applied for 45 min and washed 5× 5 min
with PBS 0.05% Tween20 pH 7.4. As counterstain, we used 4′,6-diamidino-2-phenylindole
(DAPI; 300 nM) for 5 min and washed with PBS for 3 × 5 min. Slides were mounted in
Mowiol medium (Sigma-Aldrich, St. Louis, MO, USA).

4.10. Image Acquisition

Digital images of the ACTH-, NLRP3-immunopositive, and Sirius Red-stained pitu-
itary sections were taken using a LEITZ DM RB light microscope (Leica Mikroskopie &
Systems GmbH, Wetzlar, Germany), a LEICA DFC320 CCD camera (Leica Microsystems
Ltd., Heerbrugg, Switzerland), and the Leica DFC Twain Software (4.11.0, Leica, Wetzlar,
Germany). A Zeiss Axiovert fluorescent microscope (Zeiss, Graz, Austria) was used to
acquire fluorescent images of Nrf2 and Keap1 antibodies.

4.11. Concentration of the ACTH and Corticosterone

Blood was collected from the trunk, and separated plasma and sera samples of all
the animals were stored at the same time at −70 ◦C until assayed. Plasma levels of ACTH
were determined without dilution by the IMMULITE method (2500 ACTH, L5KAC2, DPC,
Los Angeles, CA, USA), in duplicate samples within a single assay, with an intra-assay
CV of 9.6%. The detection limit of the assay, defined as the concentration two standard
deviations above the response at zero dose, is approximately 9.0 pg/mL. Serum corticos-
terone concentrations were measured without dilution by immunoassay (KGE009, R&D
Systems Inc., Minneapolis, MN, USA), in duplicate samples within a single assay, with an
intra-assay CV of 8.0%. The sensitivity of this corticosterone immunoassay is typically less
than 27.0 pg/mL.

4.12. Statistical Analysis

All obtained results were analyzed using GraphPad Prism v.6 for Windows (San Diego,
CA, USA). The data for the experimental groups were first tested for distribution normal-
ity with the Kolmogorov–Smirnov test. After confirmation of a Gaussian distribution
and homogeneity of variance with Bartlett’s test, one-way ANOVA was used for further
comparative evaluation, followed by Dunett’s post hoc test. The potential effect of vehicle
(sunflower oil; CON) was evaluated versus untreated ICON animals. The effect of NAR
or HES treatment on all examined parameters was evaluated in comparison to the values
obtained for the CON group. A confidence level of p < 0.05 was considered statistically
significant. The data are presented as means ± SD.
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5. Conclusions

Finally, the lack of research regarding the current topic suggests that more data are
needed to make a conclusive decision about how beneficial these molecules could be for
pituitary function. However, with data from the recent study (summarized in Figure 7),
we opened a new important question: whether citrus flavanones (and other polyphenols)
can be used as nutritionally relevant molecules capable of affecting oxidative stress and
inflammation in the pituitary. Considering that the pituitary gland is a master endocrine
regulator, every molecule that can affect it is worth testing since it could be a new, low-
cost, and already accepted food supplement for improving and facilitating pituitary redox
and/or endocrine disorders in all ages.
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Abstract: Milk thermal treatment, such as pasteurization, high-temperature short-time processing,
and the emerging ultra-short-time processing (<0.5 s), are crucial for ensuring milk safety and
extending its shelf life. Milk is a nutritive food matrix with various macro/micro-nutrients and other
constituents that are possibly affected by thermal treatment for reasons associated with processing
strength. Therefore, understanding the relationship between heating strength and milk quality is vital
for the dairy industry. This review summarizes the impact of thermal treatment strength on milk’s
nutritional and sensory properties, the synthesizing of the structural integrity and bioavailability of
milk proteins, the profile and stability of fatty acids, the retention of macro/micro-nutrients, as well
as the overall flavor profile. Additionally, it examines the formation of heat-induced markers, such
as Maillard reaction products, lactulose, furosine, and alkaline phosphatase activity, which serve as
indicators of heating intensity. Flavor and heating markers are commonly used to assess the quality of
pasteurized milk. By examining former studies, we conclude that ultra-short-time-processing-treated
milk is comparable to pasteurized milk in terms of specific parameters (such as whey protein behavior,
furosine, and ALP contents). This review aims to better summarize how thermal treatments influence
the milk matrix, guiding the dairy industry’s development and balancing milk products’ safety and
nutritional value.

Keywords: direct steam; indirect steam; pasteurization; milk; heating markers; heat-induced gelation;
vitamins; minerals

1. Introduction

Milk is comprised of a variety of compounds, including proteins, carbohydrates,
lipids, minerals, vitamins, and other newly found bioactive compounds [1]. Due to these
compounds, milk is regarded as a natural whole food with a unique flavor and various
health benefits, such as antioxidant [2], anti-inflammatory [3], anti-osteoporosis [4] benefits.
With consumers’ increasing health awareness, the consumption of dairy products has
grown over the past few decades [5]. However, these nutritional compounds are also
good substrates for harmful microorganisms, which are not only detrimental to human
health but also make the milk susceptible to spoilage [6]. Thus, microorganism control is
an indispensable step before commercialization to guarantee milk safety and prolong its
shelf life [5].

Of all the methods of microorganism control, thermal processing is the most commonly
used, with the advantages of low cost and high efficiency. However, adverse changes occur
in milk when exposed to excessive heating conditions, such as the denaturation of proteins
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and oxidation of lipids, and Maillard reactions are observed in milk after thermal treatment,
which further causes some unfavorable flavors, such as cooked, sulfurous, cabbage, and
caramelized flavors. Moreover, the loss of heat-sensitive bioactive compounds during
heating results in a reduction in the nutritional value of milk [7,8]. In addition, plasmin,
a key protease of the fibrinolysis system that regulates sedimentation and age gelation in
milk, shows different enzymatic kinetics after various thermal treatments [7]. Research
has reported that pasteurization processes, usually referring to heating at 63 ◦C for 30 min
(low temperature long time, LTLT), 72 ◦C for 15 s, or 85 ◦C for 2 to 4 s (high temperature
short time, HTST), provide minor damage on the flavor, color, bioactive compounds,
and rheology properties of milk due to the low processing intensity applied [9,10]. The
pasteurization procedure is able to effectively eliminate vegetative microbes but is less
feasible against spores and may germinate these aerobic spores in some cases [11], which
leads to a short shelf life, requires strict cold-chain transportation, and therefore, limits the
supply of milk products with high quality, especially in developing countries [10].

Direct steam heating (DSH), a thermal technology introduced to the dairy industry
in recent years, is defined as mixing superheated steam directly with the milk matrix to
raise the temperature to the targeted value rapidly [12]. This method causes less heat
damage compared to indirect heating systems because of the more rapid heating rate and
the absence of a heat transfer surface [13]. The processing intensity of DSH is controllable
and DSH treatment with a certain temperature and duration [9] might balance the adverse
effects of heating on quality and extend the shelf life of milk to produce high-quality
dairy products.

This article briefly summarizes the recent findings of thermal treatments in the dairy
industry and compares the impacts of different thermal processes on the structure and
content of proteins (whey protein and casein) and lipids, flavor, macro/micro-nutrients
(minerals and vitamins), and commonly used heating markers of traditionally pasteurized
milk. Afterward, we propose our perspectives on the future optimizations of thermal
treatment in milk processing.

2. Impact of Thermal Treatment on Structure and Behavior of Main Milk Constituents

Based on heating principles, steam heating treatments can be either composed of
an “indirect” system or a “direct” system (Figure 1). In direct heating systems, products
are directly mixed with steam under pressure, significantly improving heat transfer effi-
ciency [14]. After this, products are cooled to the targeted temperature, and excess water is
removed by vacuum cooling [15]. The rapid heating and cooling processing in the DSH
system reduces heat-induced physical and chemical changes [16] compared to indirect
steam heating (ISH)-treated milk [17]. Understanding changes in the structure of the main
milk constituents, including whey proteins, casein, and milk fat, caused by direct/indirect
steam heating, is essential for enhancing its processing stability and controlling its func-
tionalities. Consequently, this section inspects the impact of DSH on the structure and
function behavior of the main milk constituents. Meanwhile, the differences in the effects
of different heating methods on these substances are also discussed.

2.1. Whey Proteins

Whey proteins, highly ordered proteins in a globular shape, represent the second most
abundant protein group (~20% of milk proteins) after caseins. β-Lactoglobulin (β-Lg) and
α-lactalbumin (α-La) are the most abundant in whey proteins, which account for approxi-
mately half and one-fifth of whey protein, respectively. At the same time, immunoglobulins
(IgGs), bovine serum albumin (BSA), and lactoferrin are minor whey proteins. Whey
proteins contain several biological functions, such as antioxidant [17], anti-obesity [18],
antitumor [19], and immunomodulation [20] functions. Milk needs to undergo heat treat-
ment to guarantee microbiological safety during its shelf life before commercialization.
Whey proteins are more sensitive to heating than caseins. HTST pasteurization (73 ◦C/15 s)
showed no significant changes in β-Lg and α-La compared to raw milk, while denaturation
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of β-Lg and α-La was observed after a 135 ◦C/2 s steam infusion treatment or a 151 ◦C/4 s
steam injection treatment, which was identified by SDS-PAGE [21,22]. On the other hand,
IgGs are the most heat-sensitive among whey proteins, followed by BSA, LF, β-Lg, and
α-La [23]. In most cases, ISH treatment with a higher thermal load can significantly dena-
ture whey proteins [23,24]. A previous study investigated directly/indirectly heated milk
products from 10 plants in six countries and found that denaturation of β-Lg was lower in
milk treated with DSH (35–80%) than in milk treated with ISH (79–100%) due to a more
rapid heating rate in direct systems [25,26]. In addition to ISH and DSH, the denaturation
of whey protein is nearly negligible during pasteurization (72 ◦C for 15 s) [14]. Wang
et al. [27] compared the differences in the thermal damage of proteins (LF, α-La, and β-Lg)
in milk treated with different heat treatments, including ISH treatment, direct steam heating
treatment (direct steam infusion, DSI, and direct steam injection, DSIJ), and pasteurization.
Steam is injected into the food matrix through apertures on the vessel body or through
a pipe positioned inside the vessel in DSIJ technology. It involves discharging a series
of steam bubbles into the product. Steam injectors are engineered to create a turbulent
zone within the steam injector to help mix the steam and the product. DSI technology
is used to accelerate steam at speeds of up to 1000 m/s into the food matrix. The steam
disrupts the fluid flow and breaks it into small droplets, resulting in an increased contacting
surface and higher heat exchange rate. [25,26]. They found that the DSI heating treatment
(139–156 ◦C/0.116–5 s) provided lower thermal damage to α-La, β-Lg, and LF than the ISH
treatment, equivalent to pasteurization [27–29]. Mi et al. [28] investigated the effects of DSIJ
treatment on heat-sensitive serum proteins in yak milk (YM). They found that this heat
treatment could reduce the content of LF (about 40%) and β-Lg (about 30%) but had little
effect on α-La. However, in contrast, previous studies reported 79–100% β-Lg denaturation,
100% LF denaturation, and 18–54% α-La denaturation after ISH treatment [26,29,30]. There-
fore, regarding the denaturation of whey proteins, DSH-treated milk could be more similar
to pasteurized milk. Advances in analytical methods and proteomics approaches have
revealed the abundance and complexity of whey protein compositions [31–33]. Thus, this
approach can comprehensively analyze and compare the effects of different heat treatments
on the composition of whey proteins in milk. Meanwhile, bioinformatics analysis also
helps elucidate these proteins’ potential biological functions.
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Compared to whey proteins with a higher molecular weight (Mw), such as im-
munoglobulins and bovine serum albumin, there are more complexes formed by the
participation of β-Lg and α-La induced by heating, especially β-Lg [14,34]. β-Lg and
α-La denature at 75–80 ◦C and 65 ◦C, respectively [14]. After an 85 ◦C/30 min treatment,
β-Lg and α-La are irreversibly denatured, exposing the reactive hydrophobic and free
cysteine residues of the two whey proteins [35]. They consequently interact with them-
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selves or κ-casein on the surface of the casein micelles in milk through disulfide bonds,
thiol/disulfide exchange, and hydrophobic interactions to form whey protein aggregates
and β-Lg-κ-casein complexes [36,37]. In the formed aggregates, β-lg interacts with α-La
and other β-Lgs [34]. β-Lg unfolds when induced by heating and can start association
reactions with other β-Lgs via disulfide bonds. α-La has no free sulfhydryl group, but
it associates with β-Lg via thiol/disulfide exchange [23]. The release of reactivated free
sulfhydryl groups at temperatures higher than 70 ◦C induced by the disruption of one of
the disulfide bonds triggers and spreads non-reversible aggregation in the same pattern as
the natural free sulfhydryl in β-Lg [23]. Yun et al. [38] developed a multistep model for the
denaturation of β-lg and its following reaction with κ-casein. They found that the β-Lg
denaturation mechanism was expanded to three steps: dimerization (at 63 ◦C), polymer-
ization (at 80 ◦C), and reaction with κ-casein (at ~90 ◦C). In addition, the association of
denatured whey protein with the casein micelles depends on pH. At a pH of 6.5, 75–80%
of the denatured whey protein was associated with micelles, and this association level
decreased to approximately 30% at a pH of 6.7 [39].

2.2. Casein

Caseins in cow milk account for approximately 80% of milk proteins, which are
present in the form of roughly globular aggregates named micelles with different particle
sizes between 50 and 600 nm [40,41]. Casein micelles consist of αS1-casein, αS2-casein,
β-casein, and κ-casein (the ratio in cow milk: 4:1:3.5:1.5), colloidal calcium phosphate,
and water [42]. Over the last few decades, researchers have proposed different models
to illustrate the structure of casein micelles, including the submicelle model [43], the
dual binding model [44], and the nanocluster model [41,45]. Although the nanocluster
model can best characterize the structural changes of casein micelles in milk caused by
different dairy processing methods, the role of β-casein and water is still unclear [45,46].
Therefore, its exact structure in raw milk is still under debate. Dalgleish et al. [41] stated
that calcium phosphate nanoclusters linked the αS-caseins and β-caseins; some β-caseins
hydrophobically bind to other caseins and stabilize the water channel and pores within
the micelles, allowing water, peptides, or other small Mw compounds to pass through the
micelles, but these β-caseins can be released from the micelles to the serum phase in milk
by cooling [41]. In addition, κ-casein was located on the surface of micelles, providing
steric and electrostatic stabilization against aggregation.

Casein micelles resist severe heat treatments because of their lack of a well-defined
tertiary structure due to disulfide binding and a large amount of propyl residues, and
only temperatures above 120 ◦C cause the denaturation of casein proteins, which explains
the low denaturation rate in pasteurized milk [46]. Upon severe heating, the most critical
change in casein micelles is an increase in micellar size due to the association of denatured
whey proteins with κ-casein on the surface of micelles [47,48]. The degree of protein
particle size change is not the same during different heating conditions. Previous studies
found that ISH treatment induces the formation of large-sized aggregates compared to
DSH [14,27]. This is because ISH treatment has a higher thermal load than DSH under the
same heating conditions. In addition, a previous study compared the effects of two DSH
systems (injection and infusion) on milk particle size, and they found that the particle size
of steam-infusion-treated milk was lower than that of steam-injection-treated milk [49].
Two possible explanations for this phenomenon are as follows. (a) DSI was gentler. (b) DSIJ
induces more self-aggregation of β-Lg, leading to less β-Lg available to associate with κ-
casein [9,50,51]. InfusionPlusTM (SPX FLOW, Charlotte, NC, USA) can achieve an extreme
temperature (157 ◦C) in both DSI and DSIJ systems. Thus, our lab used this machine
to process skim milk samples over a 139–156 ◦C temperature range for 0.116–5 s [52].
The results showed that the milk protein particle size was related to the C* value, and it
provides a measure of the processing extent of the chemical components of a product [52].
Compared to a low C* value (<0.1; holding times ≤ 0.25 s), milk samples with a high C*
value (>0.1; holding times were 3–6 s) had smaller particle sizes, suggesting extensive heat-
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induced partial dissociation of the β-Lg-κ-casein complex from the casein micelle upon DSI
treatment [52]. It should be noted that this complex has been considered the key element
that contributes to the formation of age gelation in DSH-treated milk and ISH-treated
milk [53,54]. Besides proteins, alterations in salt balance were also observed. DSH induces
the calcium precipitation and solubilization of colloidal calcium phosphate, but these
changes are invertible at heating temperatures lower than 95 ◦C for a few minutes [55].

The above discussion about casein is based on the milk system, but the impact of DSH
on the casein system (without whey proteins, lactose, and salts) needs to be clarified. There-
fore, our lab studied the structural changes in casein micelle dispersions upon different DSI
treatments (157 ◦C/0.116 s, 155 ◦C/3 s, 150 ◦C/3 s, 145 ◦C/3 s, and 140 ◦C/3 s) [44]. As the
temperature increased, the particle size of casein micelles reduced, and turbidity decreased
significantly [56]. In addition, calcium bridges were deconstructed by DSI and increased
electrostatic repulsion inside casein micelles, resulting in the dissociation of casein clusters,
and therefore, a looser, smaller, and more porous shape of the casein micelles [56].

2.3. Milk Fat

Fat in milk is present in the form of fat globules. The core of milk fat globules is
triacylglycerols (TAGs), which are surrounded by three-layered biofilms called milk fat
globule membranes (MFGMs) [57]. These membranes consist of some membrane-specific
proteins, triglycerides, cholesterol, phospholipids, and enzymes [34].

MFGM protein occupies 1–2% of total dairy protein, which is much lower than casein
and whey protein [34,58]. The major MFGM proteins include fatty acid-binding protein
(FABP), xanthine oxidase (XO), cluster of differentiation 36 (CD36), periodic acid Schiff
glycoprotein III (PAS III), adipophilin (ADPH), butyrophilin (BTN), periodic acid Schiff
glycoprotein 6/7 (PAS 6/7), and Mucin-1 (MUC 1) [58]. These proteins are presented in
different layers of MFGMs [59]. ADPH appears in the inner monolayer, while XO is located
in between both layers [15]. MUC 1, PAS III, CD 36, and BTN are in the outer layer [15]. PAS
6/7 is only loosely bound to the outer layer of MFGMs [15]. Thermal treatment at >65 ◦C
accelerates the binding of the denatured whey proteins to MFGM proteins, as well as the
dissociation of natural MFGM proteins. The denatured β-Lg can undergo complexation
with α-La, other β-Lgs, and minor whey proteins with a higher Mw in milk [59]. These
complexes can interact with MFGM proteins mainly through β-Lg as a “connector” [59].
In addition, α-La, IgGs, LF, and BSA also directly bind to MFGM proteins [34]. MFGM
protein dissociation is not observed in pasteurized milk and the release of BTN (at >85 ◦C,
3 min), XO (at >85 ◦C, 3 min), as well as PAS 6/7 (at >80 ◦C, 3 min) can be observed above
certain temperatures [60,61]. According to the SDS-PAGE patterns regarding major MFGM
proteins in milk treated with different heat treatments (pasteurization, DSH, and ISH),
we found that pasteurization and DSH retain more major MFGM proteins. However, the
significant denaturation of major MFGM proteins in milk treated with ISH treatment is
observed (up to 50.05% MFGM denatured after a 135 ◦C/5 s treatment) because of the
higher thermal load exerted by ISH treatment [15,34,62]. The condensation and collapse
of steam bubbles during DSIJ lead to homogenization and cavitation effects. In addition
to these changes, it should be noticed that the homogenization effect can influence the
reconstruction of the MFGM [14].

The polar lipids on the MFGM account for 0.1–0.3% of total milk lipids, which can
be divided into glycerophospholipids (phosphatidylcholine, PC; phosphatidylinositol, PI;
phosphatidylserine, PS; and phosphatidylethanolamine, PE) and sphingolipids (mainly
sphingomyelin, SM) [59]. Polar lipids endow the MFGM with fluidity, but the distribution
of polar lipids is non-homogeneous. Liquid-ordered domains (SM+cholesterol) with low
fluidity lead to a more fragile membrane structure, which can affect the properties of fat
globules. Heat treatment causes the membrane to become “brittle”. Huang et al. [63]
investigated the effects of different pasteurization treatments on the physical properties
and interfacial composition of bovine milk fat globules. For polar lipids, they found that
the phospholipid layer of the MFGM was incomplete upon heating [63]. Meanwhile, the
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liquid-ordered domains were more easily shed into the aqueous phase. As a result, the
nano-mechanical properties of the MFGM decreased [63]. However, the effect of DSH
treatment on MFGM phospholipids is still unclear.

3. Impact of Thermal Treatment on Flavor of Milk

It has been reported that high processing temperatures influence interactions between
dairy compounds in the milk matrix or with the environment, such as the Maillard reaction
between proteins and carbohydrates [64,65], lipid oxidation [66], and protein degrada-
tion [67]. The results of these heat-induced reactions are eventually reflected in the flavor
of milk.

Zhao et al. [68] reported that traditional pasteurized milk (63 ◦C/30 min or 72 ◦C/15 s)
has a higher content of low Mw constituents, such as 2-butanone and dimethyl ketone, while
ultra-high temperature treatment with DSI (150 ◦C, 0.1 s) increases the content of ketones
and aldehydes with a higher Mw, such as hexanal, pentanal, heptanal, benzaldehyde, and
nonanal. Of these, sulfur-containing compounds such as dimethyl sulfone are related to
the cooked taste, hexanal is a compound that has a grassy off flavor, and benzaldehyde is
an aromatic substance that emanates a pleasant flavor formed by the Maillard reaction [69];
nonanal is a common flavor substance which emits floral and citrus aromas [70]. UHT milk
normally has stronger flavors than HTST milk, especially regarding the cooked flavor and
a sulfur or eggy flavor, which are not liked by US consumers who typically prefer light or
medium milk flavor intensity [71]. This bias can be dependent on the type of milk most
commonly consumed. Liem et al. [72] reported that consumers from China, where 60% of
the milk consumed is long-life milk (LLM), preferred the flavor of LLM, whereas consumers
from Australia, where only 10% of milk consumed is LLM, preferred HTST milk.

Meng et al. [73] comprehensively compared both DSI and DSIJ treatment (140–155 ◦C,
0.5–2 s) to HTST treatment in terms of the flavors of milk obtained with two extraction
methods, namely solvent-assisted flavor evaporation (SAFE) and solid-phase microextrac-
tion (SPME). There were 59 volatile compounds discovered in DSI milk and DSIJ milk.
There were 19 and 54 substances detected by SPME and SAFE, respectively, of which 14 sub-
stances were detected by both extraction methods. The 14 compounds include hexanal,
nonanal, 2-undecanione, δ-decanolactone, dimethyl sulfone, and some short-chain acids.
SAFE is effective for the extraction of alcohols, fatty acids, and aldehydes as reported, while
SPME is better for the extraction of esters and sulfur-containing compounds [74].

The number of volatile compounds in DSI milk is a bit less than in DSIJ milk (50 vs.
52 substances). Flavor compounds, such as dimethyl sulfone, nonanal, 2-decanone, and
3-hydroxy-2-butanone, were detected in DSIJ milk but not in DSI milk. In terms of content,
combining the results of two extraction methods, the content of 2-undecanone and decanoic
acid in DSI milk is higher, while the content of dimethyl sulfone is lower.

4. Impact of Thermal Treatment on Macro/Micro-Nutrients in Milk
4.1. Minerals

It is well known that temperature fluctuations can change the distribution of minerals
between the colloidal and aqueous phases [75]. The processing conditions, such as tempera-
ture, dilution ratio, pH, and the presence of chelating agents or salts, lead to an imbalance of
the minerals in milk [76]. The increase in temperature facilitates the disassembly of the inor-
ganic phosphate group (Pi) in the aqueous phase and breaks the balance between H2PO4−

and HPO42− in milk. Calcium phosphate becomes supersaturated in the aqueous phase
with lower concentrations of ionic calcium and Pi. The changes in mineral balance depend
on the intensity of the heat treatment between the colloidal and aqueous phases [75,77].
The HPO4

2− concentration is more affinitive for calcium, and it reacts at high temperatures
with calcium to form calcium phosphate salts. Heat treatment causes the aggregation of
calcium phosphate because its solubility decreases at higher temperatures. The content of
P and Ca in serum decreases by 35% and 60%, respectively, after being heated from 20 to
90 ◦C. Moreover, magnesium concentrations in the colloidal phase increase from 1.53 to
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1.97 mM but there is little change in potassium and sodium [78,79]. Pouliot et al. [80] also
reported that the recovery ability of the heat-induced (85 ◦C/40 min) changes in P and Ca
was 93–99% and 90–95%, respectively.

Boiani et al. [81] reported that Pi and Ca within micellar casein played vital roles
as inorganic calcium phosphate salts or in forming casein phosphate nanoclusters at low
concentrations of micellar casein during a low heating strength (25 to 60 ◦C). With more
intensive heating (60 to 80 ◦C), the higher temperature fortified the negative charge of Pi,
leading to an interaction between micellar casein and the casein phosphate nanocluster.
It has been reported that treatment at 100 ◦C for 15 min molded a new type of calcium
phosphate with the nature of an alkaline salt other than the native colloidal calcium
phosphate in fresh milk, while the structure of the freshly formed calcium phosphate due to
treatments at below 90 ◦C for 15 min was identical with native colloidal calcium phosphate
nanoclusters [82].

The alterations in milk’s mineral balance triggered by thermal treatment are of great
importance to the dairy industry [83]. It has been reported by Jeurnink et al. [84] that up
to 45% of minerals, including 15.7% calcium, presented in the residues on the heater of
a plate heat exchanger with an operating temperature range of 69–85 ◦C. Moreover, only
0.2% of colloidal minerals in milk from the aqueous phase were adhered to the heater
surface after treatment at 85 ◦C for 1 min. The shifting balance of the minerals results in the
poor coagulation of the milk during cheese production [84]. Additionally, severe treatment
(115 ◦C/ 40 s) could cause some extent of mineral losses in milk because of the fouling
mechanism related to the severity of thermal treatment.

For the bioavailability of minerals, Seiquer et al. [85] found that overheating (three
cycles of 116 ◦C/16 min heating) decreased the amount of soluble calcium by about 23.6% in
milk; which was its bioaccessibility after an in vitro digestion compared to that of 150 ◦C/6 s
treatment. The reduction in solubility of Ca could be due to dephosphorylation triggered by
the thermal treatment of casein phosphopeptides, which prevents it from aggregation and
the formation of chelates between calcium and Maillard reaction products. No significant
effect of ultra-heating on the absorption of Ca was also determined using a rat model, in
which food intake was administrated.

4.2. Vitamins

Vitamin B1 (thiamin), is normally abundant in products from animal sources in the
form of phosphorylation and is likely to be denatured by oxidizing, reducing agents, and
thermal conditions (as seen in Table 1) [86,87] The circumstances of the thermal treatment
module, e.g., plate or tubular energy exchanger in thermal treatment and DSI or DSIJ
treatments, showed limited effects on vitamin B1 levels in milk [88]. Contrarily, for in-bottle
sterilized milk, rare in the dairy industry nowadays, the loss of vitamin B1 might be up to
40% [89]. No significant decrease in vitamin B1 is observed when opened LLM milk was
refrigerated for 10 days [90]. Conversely, as for evaporated milk, the vitamin B1 loss can be
up to 50% [91].

Vitamin B2 (riboflavin) in milk is insensitive to thermal treatment [92,93], but its
stability is weakened when exposed simultaneously to light [94]. It has been reported that
skim milk treated from 80 to 120 ◦C showed a declining trend in photolysis of vitamin B2,
possibly due to the denaturation of whey protein and/or an increase in the size of casein
micelle, which blocks light [95]. Aminoreductone, a kind of Maillard-reaction product, is
the primary compound promoting the stability of vitamin B2 against light in LLM [96].
Vitamins B3 (niacin), B5 (pantothenic acid), and B7 (biotin) in milk were insensitive against
prolonged pasteurization below 72 ◦C and following storage at 4 ◦C [93,97]. A reduction of
less than 10% in vitamins B3, B5, and B7 in pasteurized milk was also reported in former
studies [91,98,99].
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Table 1. Influences of different thermal treatments on vitamins in milk.

Vitamins
Heating Conditions
(Whole Milk Unless

Stated Otherwise)
Raw Milk After Treatment Ref.

water-soluble
vitamins

Vitamin B1
(thiamin)
(µg/mL)

77 ◦C/15 s 0.45 ± 0.02 No loss

[87]
94 ◦C/420 s 0.43 ± 0.03 6.34% loss

129 ◦C/2 s, indirect 0.44 ± 0.02 No loss
140 ◦C/4 s, direct 0.46 ± 0.03 No loss

141 ◦C/4 s, indirect 0.50 ± 0.03 No loss

Vitamin B2
(riboflavin)

77 ◦C/15 s 1.42 ± 0.01 µg/mL No loss

[87]
94 ◦C/420 s 1.43 ± 0.01 µg/mL 3.68% loss

129 ◦C/2 s, indirect 1.39 ± 0.01 µg/mL 1.80% loss
140 ◦C/4 s, direct 1.42 ± 0.01 µg/mL 1.41% loss

141 ◦C/4 s, indirect 1.35 ± 0.01 µg/mL No loss
75 ◦C/6 s 0.17 ± 0.01 µmol/L 5.9% loss

[98]85 ◦C/6 s 0.17 ± 0.01 µmol/L No loss
92 ◦C/6 s 0.17 ± 0.01 µmol/L No loss

Vitamin B3
(niacin)

62.5 ◦C/30 min 218 µg/100 g No loss
[97]75 ◦C/15 min 238 µg/100 g No loss

75 ◦C/6 s 13.28 ± 0.44 µmol/L No loss
[98]85 ◦C/6 s 13.28 ± 0.44 µmol/L No loss

92 ◦C/6 s 13.28 ± 0.44 µmol/L No loss

Vitamin B5
(pantothenic acid)

(µg/100 g)

62.5 ◦C/30 min 469 No loss
[97]75 ◦C/15 min 610 4.8% loss

Vitamin B6
(pyridoxamine)

(µmol/L)

75 ◦C/6 s 2.06 ± 0.60 No loss
[98]85 ◦C/6 s 2.06 ± 0.60 No loss

92 ◦C/6 s 2.06 ± 0.60 No loss

Vitamin B7
(biotin)

(µg//100 g)

62.5 ◦C/30 min 0.73 No loss
[97]75 ◦C/15 min 0.95 No loss

Vitamin B9
(folic acid)
(µmol/L)

75 ◦C/6 s 0.75 ± 0.06 No loss
[98]85 ◦C/6 s 0.75 ± 0.06 No loss

92 ◦C/6 s 0.75 ± 0.06 No loss

Vitamin B12
(cyanocobalamin)

(ng/mL)

77 ◦C/15 s 3.60 ± 0.40 No loss

[87]
94 ◦C/420 s 3.30 ± 0.20 23.30% loss

129 ◦C/2 s, indirect 3.40 ± 0.60 No loss
140 ◦C/4 s, direct 4.40 ± 0.30 No loss

141 ◦C/4 s, indirect 3.30 ± 0.10 No loss
100 ◦C/1 h 100 µM (standardized) 10.2% loss

[100]100 ◦C/1 h (2% fat) 100 µM (standardized) 12.5% loss
100 ◦C/1 h

(fat-free) 100 µM (standardized) 14.4% loss

76 ◦C/16 s 0.31 µg 100 g−1 No loss
[101]

96 ◦C/5 min 0.31 µg 100 g−1 3.2% loss

Vitamin C
(ascorbic acid)

(µg/mL)

50 & 63 ◦C/10–60 min 100
~15% loss at

10 min and up to
40% loss at 60 min

[99]

75 & 90 ◦C/0.25–10 min 100
~12% loss at

0.25 min and up to
~35% loss at 10 min
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Table 1. Cont.

Vitamins
Heating Conditions
(Whole Milk Unless

Stated Otherwise)
Raw Milk After Treatment Ref.

fat-soluble
vitamins

Vitamin A
(retinol)
(IU/L)

63 ◦C/30 min 325 ± 19.2 2% loss
[102]121 ◦C/15 min 325 ± 19.2 36.6% loss

Vitamin D2
(ergocalciferol)

(IU/L)

63 ◦C/30 min 594.28 ± 2.22
(fortified) No loss

[103]

121 ◦C/15 min 594.28 ± 2.22
(fortified) No loss

Vitamin E
(tocopherol)

(µg/mL)

77 ◦C/15 s 0.97 ± 0.03 No loss

[87]
94 ◦C/420 s 0.96 ± 0.03 No loss

129 ◦C/2 s, indirect 0.94 ± 0.04 No loss
140 ◦C/4 s, direct 1.00 ± 0.06 No loss

141 ◦C/4 s, indirect 0.98 ± 0.04 No loss

The effect of a reduction in vitamin B6 (pyridoxamine) in pasteurized (<8%), evap-
orated (35–50%), sterilized (20–50%), and LLM (<10%) milk after storage on shelf-life
duration was addressed [104]. Interconversion of different forms of vitamin B6 may occur
because of heat treatment, being more pronounced in evaporated milk. A more recent
study reported that thermal treatment of 120 ◦C/400 s can alter the distribution of vi-
tamin B6 forms. It proposed this as a discriminator of high-temperature treated milk
for a novel integrator for time–temperature combination from other thermally processed
counterparts [105].

Vitamin B9 (folic acid) (5-methyltetrahydrofolate) is presented as part of folate-binding
proteins (FBPs) in fresh milk [106]. FBPs are partly denatured in pasteurized milk and
extensively denatured in exceeded-heated milk. Thus, folate presents as free folate in
ultra-heated milk. It remains unclear how FBPs affect the bioavailability of folate. It was
earlier reported that FBPs play a role in the direct transport of folate via intestinal mucosa.
However, studies published more recently showed that FBPs were less effective in the
promotion of the bioavailability of folate [107].

Vitamin B12 (cyanocobalamin) shows good stability against pasteurization and ultra-
high-temperature treatments [108], but thermal treatment of milk at a higher strength
may cause up to a 20% loss in vitamin B12 [91]. Despite vitamin B12 being insensitive to
heat in plain pasteurized or ultra-heated milk, a remarkable loss (~1/3) was observed in
chocolate milk processed at 100 ◦C for 1 h compared to no-chocolate-added milk (<10%),
as reported by Johns et al. [100]. These results may be due to the fact that cocoa powder
is physically affinitive to vitamin B12 and/or has a high capacity for peroxide generation
of cocoa polyphenols (i.e., (+)-catechin) and related products such as caffeic acid, (−)-
epigallocatechin, and gallic acid. Vitamin B12 loss is inappreciable in milk treated at 96 ◦C
for 5 min [101] to 100% in ultra-heated milk stored for 20 weeks at room temperature [109].
Heat treatment might not be a significant factor in the instability of vitamin B12. However,
the presence of oxygen-sensitive ingredients such as copper and ascorbic acid as well as
oxygen exposure accelerate the destabilization of vitamin B12 during thermal treatment.

Various factors could alter the capacity of vitamin C (ascorbic acid) against thermal
treatment controlled by a group of factors including thermal treatment patterns, de-airing
processes as well as storage conditions and periods. The loss of vitamin C in pasteurized
cow milk refrigerated at 4 ◦C for 6–9 d may be up to 45% [110,111]. As the temperature
increases from 63 ◦C to 100 ◦C for 30 min, the vitamin C losses in cow milk and camel
milk (CM) increase from 18 to 48% and 27 to 67%, respectively [112]. Contrarily, the loss of
vitamin C is inappreciable in LLM milk when milk was kept at low oxygen concentrations
(<3.3 ppm) [111]. The food matrix considerably affects the rate constant of vitamin C
degradation and a higher rate constant for the denaturation of vitamin C is observed in
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milk than in polyphenol-rich drinks. The duration of thermal treatment and storage, the
oxygen concentration, and the presence of antioxidants are essential for the stability of
vitamin C [113].

In light and air, there may be a loss of vitamin A (retinol) with a prolonged holding
time during thermal treatment [114] or the storage of processed milk at ambient tempera-
tures [115]. Fortified vitamin A is stable against pasteurization but remarkably decreases
up to 23% and 37% in boiled and sterilized milk, respectively [102]. Additionally, the forti-
fication of milk with ferrous gluconate hydrate or ferric pyrophosphate soluble adversely
affects the thermal stability of vitamin A. The evaporation of pasteurized milk may also
cause a reduction in vitamin A, but not carotene [116,117]. Vitamin D (ergocalciferol) is
more sensitive to light degradation than thermal treatment, similar to vitamin A [118,119].
Contrarily, the presence of oxygen shows little effect on the stability of milk fortified with
vitamin D3 (cholecalciferol) [103].

The pasteurization or evaporation process shows less effect on Vitamin E (tocopherol)
degradation [116,120]. Moreover, minor damage of either δ- or γ-tocotrienol in LLM after
storage was observed [120]. A partial degradation of vitamin E (especially α-tocopherol) is
demonstrated when exposed to air, being more profound in unesterified tocopherols due
to free phenolic hydroxyl groups [114,121]. Milk proteins protect vitamin E against heat in
dairy products, like vitamins A and D. Vitamin K in milk is unlikely to be affected by heat
treatments, just like vitamin E [104].

Overall, thermal treatment widely utilized in the dairy industry (i.e., HTST, ESL or
LLM milk, direct/indirect heat treatment) shows limited effects on the denaturation of
milk vitamins, except for vitamin C, which is more sensitive to heating in water-soluble
vitamins. Usually, milk is not preferable to supplement water-soluble vitamins except for
vitamin B2 and vitamin B12, and there is minor damage to most vitamins caused by thermal
treatment. Interactions between vitamins and other milk components, such as casein and
lipids, triggered by heat might be a protective barrier, promoting the thermal stability of
vitamins in milk.

5. Influences of Heat Treatment on Heating Markers in Milk
5.1. Furosine and Lactulose

The Maillard reaction is commonly seen during food processing when heating is
involved, and it generates multiple products, including precursor substances of furosine,
which can cause kidney damage [122]. Furosine has been observed to have a higher level
with higher dissolved air/oxygen contents, possibly due to reactions on the oxidative
side [123]. Elliott et al. [124] compared heat treatment directly or indirectly (147 ◦C/6 s)
and found that the DSH process achieved a lower level of furosine by 76.6% on week 1 and
27.9% on week 24.

Furosine is typically less in direct-heated milk than in indirect-heated counterparts
for 50–70% [125–127]. Lee et al. [128] demonstrated that ultra-pasteurization treatment
accelerated the generation of furosine. However, DSI samples had a much lower content
than that of indirect heat treatment samples (43.81 mg vs. 168.72 mg/100 g protein) while
the HTST samples had the lowest content of 6.95 mg/100 g protein. Furosine formation was
only remarkably influenced by the extreme processing conditions (i.e., holding for 60 s at
temperatures > 100 ◦C) when pasteurized either directly or indirectly [127]. Furosine levels
for raw and pasteurized milk are 4–5 mg and 4–7 mg/100g protein, respectively, while
furosine levels for milk processed under extreme conditions could be up to 372 mg/100 g
protein (150 ◦C/20 s).

As for extreme short-time DSH (<0.5 s), Rauh et al. [129] compared two DSH methods
with different preheating treatments (95 ◦C/5 s or 95 ◦C/180 s followed by 150 ◦C/0.2 s) to
ISH (140 ◦C/4 s). They found that both pretreatments followed by 150 ◦C/0.2 s treatments
generated dramatically less furosine than 4 s indirect heating (11.6 mg/100 g protein or
7.6 mg/100 g protein vs. 119.9 mg /100 g) of protein. Similar results were reported in a
study on DSIJ treatment with an extremely short timeframe (154~156 ◦C/0.116 s), and only
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a slight influence was found in the level of furosine in YM (~11.1 mg for processed milk vs.
~8.7 mg for raw milk) [28,130].

Lactulose is an isomer of lactose that is formed during the thermal processing of milk,
also used as a marker for the thermal treatment of milk. Marconi, E. et al. [131] conducted
a comprehensive study testing lactulose content in milk samples after different thermal
treatments, labeled as follows: pasteurized (PAST) milk, high-temperature pasteurized
(HT PAST) milk, direct UHT-treated milk using an injection system (INJ UHT), direct
UHT-treated milk using an infusion system (INF UHT), indirect UHT-treated milk using
a plate or a tubular heat-exchange system (IND UHT), and in-container sterilized (STER)
milk, respectively. The content of lactulose is closely related to thermal treatment intensity
as follows: 744 mg/L for STER milk, 348 mg/L for IND UHT milk, 165 mg/L for INJ UHT
milk, 107 mg/L for INF UHT milk, 58 mg/L for HT PAST milk, and 3.5 mg/L for PAST
milk (the European Union limit for milk is 600 mg/L).

5.2. Alkaline Phosphatase (ALP)

Alkaline phosphatase (ALP) inactivation is commonly regarded as a maker of suf-
ficient pasteurization, and its inactivation is well known to occur even for short-time
pasteurization of at least 70 ◦C for 16 s [132]. Therefore, ALP activities in milk samples are
regarded as a marker of heat treatment severity [133].

Dickow et al. [134] measured changes in ALP activity with heat treatment of 63 ◦C/
30 s, 72 ◦C/15 s, or 150 ◦C/0.1 s and found that ALP was completely inactivated when
heated at 72 ◦C or above for all three methods. Only from the perspective of ALP activity,
thermal treatment at or above 72 ◦C can be regarded as standard HTST treatment, which
agrees with Fox and Kelly [132]. Lorenzen et al. [88] compared ESL milk samples, heated
indirectly or directly, to HTST and ultra-heated milk samples regarding indigenous milk
enzymes. The activities of alkaline phosphatase (ALP), lipase (LIP), and lactoperoxidase
(LPO) were described. The results of LPO proved that a sufficient thermal treatment was
applied to directly and indirectly heated ESL milk along with ultra-heated milk as LPO
activities of all samples were below 5 U/L, which is 300–2100 U/L for HTST milk samples.
As for ALP and LIP activities, all samples were in a similar range (0.01–0.50 U/L).

5.3. Lactoperoxidase (LPO)

Lactoperoxidase (LPO), one of the most abundant enzymes in bovine milk, exerts its
function as a nature-sourced antibacterial agent, and it has been reported that lactoper-
oxidase can alleviate symptoms of asthma and reduce the damaging effects of hydrogen
peroxide [133,134]. LPO activity can be used as an indicator of whether the milk was heated
over 78 ◦C for 15 s [135]. It has been reported that the LPO activity of fresh milk decreased
by 58% and 92% in milk after being heated at 72.5 ◦C for 15 s and 25 s, respectively [136].
This finding was reviewed by Lan et al. [137], with the LPO activity dramatically reducing
after heating at 75 ◦C for 15 s and completely deactivating after heating at 85 ◦C or above
for 15 s.

5.4. Plasmin

Treatment with a low temperature (63 ◦C/30 min) significantly augments plasmin
activity in bovine casein fractions. The results of plasminogen are similar to plasmin;
63 ◦C/30 min treatment has similar plasminogen-derived activity compared to its raw
counterpart, but an extended time heating treatment reduces plasminogen-derived activity
up to 100%. Similar results were reported by van Asselt et al. [138] that heat treatment
of 80 ◦C/300 s with a 45 s pre/post-treatment could eliminate up to 99.96% plasmin
activity. Leite et al. [139] reported that extended-time heating (85 ◦C/5 min) treatment
could cause a significant decline (~100%) of plasmin activity in both whey and casein
fractions of bovine milk. Ultra-high temperature treatment exhibits lower efficiency on
plasmin inactivation; 135 ◦C /4 s treatment could decrease plasmin activity by about 70%
compared to raw milk [140]. An other study by Leite et al. [141] described the impact of
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conventional pasteurization (63 ◦C/30 min or 75 ◦C/15 s) on cathepsin D and elastase
activities. Both heat treatments decreased the activity of cathepsin D by ~45%. As for
elastase, 63 ◦C/30 min treatment showed no effect, and 75 ◦C/15 s treatment reduced
elastase activity by about 25%.

6. Impact of Heat Treatment on Other Properties of Milk
6.1. Age Gelation

Ultra-instantaneous direct steam heating (UI-DSH) treatment has emerged based on
the heating system of steam infusion, which can achieve more extreme heating conditions
(>155 ◦C for <0.1 s) [15]. Compared to ISH-treated whole milk, the levels of bio-active pro-
teins and flavor in UI-DSH whole milk are similar to pasteurized whole milk [15] (Figure 2).
However, some detrimental changes, including bitterness, creaming, age gelation, and
sedimentation/clarification, can occur [53]. Of these, creaming is the first observed defect,
seriously affecting the quality of milk and consumers’ purchase intentions.
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To remain stable for at least 6 months, commercial ISH-treated whole milk undergoes
sufficient homogenization; however, an obvious creaming can occur in UI-DSH milk in
a short time, because of residual plasmin attacks on interfacial proteins of fat globules.
Our previous study determined that the activity of residual plasmin was 1.25 mU/mL in
commercial UI-DSH whole milk [54]. Unfortunately, residual plasminogen was gradually
converted to plasmin by an activator during storage [55]. Thus, at 25 ◦C and 37 ◦C, plasmin
activity increased rapidly within 15 days and reached a maximum value (7–8 mU/mL)
between days 15 and 45 [142].

The natural MFGM is a three-layer structure; membrane proteins are either integrally
or peripherally attached to the membrane [59]. After homogenization disrupts the mem-
brane, caseins are involved in reconstructing the fat globule interface, forming a mixed of
three-layer and monolayer structure [34]. This complex structure affects the hydrolysis
behaviors of plasmin. In this case, our lab revealed the mechanisms underlying fat desta-
bilization in UI-DSH whole milk at the molecular level induced by added plasmin, and
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further investigated the impacts of the MFGM structure on the hydrolysis of major MFGM
proteins. The results showed that plasmin decreased the zeta-potential value as well as the
amount and coverage of interfacial proteins through hydrolysis, causing electrostatic and
steric destabilization of fat globules, and thus the fat globules flocculated and coalesced. It
is worth noticing that the co-hydrolysis of membrane-anchoring proteins (X0-BTN-ADPH)
and caseins was the direct cause of fat globule destabilization [15]. Moreover, at the in-
terface, caseins, BTN, and ADPH were very sensitive to plasmin, while it was difficult
for PAS 7 to be hydrolyzed by plasmin [15]. Overall, the complex interfacial structure re-
duced the susceptibility of some major MFGM proteins to plasmin and provided protective
effects [15].

Three methods should be considered to minimize creaming in whole UI-DSH milk
during storage, including plasmin activity and the modulation of the components of
interfacial proteins [15]. Plasmin activity causes fat destabilization directly in whole UI-
DSH milk. Minimizing this issue should involve making a trade-off among some factors,
including thermal load, residual plasmin activity, and the retention of bioactive components.
Although increasing homogenization pressure within a specific range can reduce the
particle size of fat globules, it will provide more caseins at the newly created water–oil
interface. Thus, the modulation of the constitution of interfacial proteins will be a new
direction to minimize the rise of fat; namely, the proteins involved in the reconstruction of
the fat globule membrane are replaced with milk proteins that are resistant to plasmin.

6.2. Effect of Thermal Treatment on Unconventional Milk

Unconventional milk lactated by minor mammalian species, such as goats, yaks,
and camels, is often accompanied by unique nutritional, textural and medicinal virtues.
Ultra-high temperature processing and pasteurization are widely utilized to guarantee
milk quality and safety. Goat milk (GM) has been gaining attention recently due to its
unique nutritional value, digestive virtues, and less allergenicity than cow milk due to low
β-lactoglobulin and αs1-casein content [143]. Moreover, the easy digestibility of GM fat
is possibly attributed to its smaller diameter of 3.2–3.6 µm and its higher concentration of
short to medium-chain fatty acids, which are used to treat cholesterol disorders, anemia,
metabolic disorders, and low mineral bone density [143]. YM is economically essential for
herders in the Chinese Qinghai–Tibet Plateau, with 1.2 million tons of annual production.
Additionally, YM has different nutritional value than cow milk since the contents of pro-
tein, fat, and dry matter in YM are ~5, ~6 g, and ~17 g/100 mL, respectively [144,145], so
there is an excellent opportunity for high quality, unique YM products. CM exerts various
medicinal and therapeutic values, including anti-cancerous, anti-diabetic, hypo-allergenic,
ACE-inhibitory, and cholesterol-lowering properties [146]. These unique features of uncon-
ventional milk lead to certain limitations related to intensive thermal treatments, such as
nutritional losses, off-flavors, and color modifications.

GM is comparatively sensitive to thermal treatment compared to bovine milk due to
its lower concentration of citrates and micellar solvation but its higher concentration in
ionic calcium, making it more fragile against heat [147]. Heilig et al. [148] compared GM
to bovine milk after heating using different temperature–time combinations (72 ◦C, 32 s;
120 ◦C, 4 s (DSIJ/standard tubular)/10 s (DSI); 140 ◦C, 4 s (DSIJ/standard tubular)/10 s
(DSI)). The sensory quality (descriptive sensory analysis and triangle test), casein micelle
diameter (dynamic light scattering), and storage stability (precipitation at 4 and 20 ◦C)
of differently treated milk were analyzed. While GM heated at 72 ◦C showed neither
processing nor sensory deficiencies, GMs heated at 120 and 140 ◦C were observed to
be slightly to more clearly grainy and precipitated after 21–90 days of storage. As for
storage stability, sensory quality, and process suitability, skim milk showed overall better
results than whole milk, and DSH techniques gave better overall results than indirect ones.
They also reported in-process coagulation due to casein micelle aggregation in the case of
indirectly heated GM.
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A study focused on the digestive kinetics of YM after pasteurization (65 ◦C, 30 min),
autoclaving (121 ◦C, 20 min), microwaving (2.45 GHz at 640 W, 140 s), and non-heated
treatment (raw milk) using an in vitro model [149]. Due to the formation of clots with
denser structures, a shorter gastric emptying half-time for the pasteurized (36.2 min) and
microwaved (34.2 min) milk was determined compared to that of the autoclaved (41.1 min)
and fresh (38.4 min) milk. The highest protein digestibility was found in pasteurized
milk (92.5%) at the end of digestion, followed by milk treated by microwaving (87.8%),
autoclaving (86.1%), and raw milk (80.8%). Mi et al. [28] comprehensively studied the influ-
ence of DSI treatment on YM with temperatures of 138 (5 s)–156 ◦C (0.116 s). They found
that DSI treatment effectively sterilized G. stearothermophilus spores without extensively
degrading serum proteins. Serum protein denaturation in milk caused by DSI was lower
than that normally found in traditional ultra-high-temperature treated milk, with losses of
30 and 40% of native β-Lg and lactoferrin, respectively, but not for α-La, which was more
similar to pasteurization. Moreover, the heating makers, such as lactulose and furosine
in DSI milk, were both below the limits for pasteurized milk (50 mg L−1 and 0.12 mg g−1

of protein), which indicates the potential that DSI-treated milk might be marketable as a
pasteurized product.

Understanding milk’s heat stability is important to the dairy industry since thermal
processing is commonly used. The coagulation time caused by thermal treatment (CTT) of
CM at 130, 120, and 100 ◦C was investigated in the pH range of 6.3–7.1 [150]. At 130 and
120 ◦C, the milk was unstable in a wide pH range, with a CTT of 2–3 min. The CTT initially
increased to 12 min at 100 ◦C, then remained constant in a pH range between 6.4 and 6.7
and increased significantly with the increasing pH until approximately 33 min was reached
at a pH of 7.1. CM seemed much less stable than bovine milk during heat processing [151].
Similar results were reported by Sagar et al. [152]; the CTTs at 140 ◦C for CM, buffalo, and
bovine milk were determined to be 133.6, 1574.6, and 1807.4 s, respectively. The presence of
κ -casein and β-lactoglobulin and the interaction between them during heating is critical
for retaining milk stability [150]. Therefore, the lower level of κ-casein (5% of casein in
CM vs. 13.6% of casein in bovine milk) and the shortage of β-lactoglobulin may explain
CM’s instability at high temperatures. Genene et al. [153] compared the denaturation of
whey protein and the resultant rennetability of CM to those of bovine milk under heat
treatment from 65 ◦C to 90 ◦C with different durations, and found that α-La showed less
denaturation in CM than bovine milk. β-Lg was not found in CM, which could be one
of the main differences compared to bovine milk, while in bovine milk, both β-Lg and
α-La denatured along with increasing heat treatment. The gelation properties of CM were
significantly affected by the severity of the thermal treatment applied. Zhao et al. [154]
analyzed the changes in products regarding the Millard reaction after fresh CM was heated
at different temperature–time combinations as well as volatile components.

Markers in CM showed different changes compared to bovine milk. A former study
showed that camel ALP is heat-resistant, still showing activity at 90 ◦C [155], which is
typically inactivated at around 72 ◦C [103]. On the other hand, Tayefi-Nasrabadi et al. [156]
determined that camel LPO was more heat-sensitive than bovine LPO. There are insuf-
ficient in-depth studies on convenient markers of pasteurization for CM, which limits
the establishment of an international standard. Thus, the pasteurization of CM may be
incorrect and needs to be revised. Heat-induced changes in milk could affect the properties
of reconstituted powders for applications in end-products.

7. Conclusions

Milk is rich in nutrition and is an easy-to-obtain food material; therefore, it is vital
to explore its thermal behavior, texturally and nutritively. Although micronutrients and
bioactive compounds are normally present at low levels, they present massive influences
on the health of humans, especially infants. Developing more sensitive and precise analysis
techniques has improved our understanding of the importance and functions of these
minor components. Thermal treatment is an essential tool for the dairy industry to ensure
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microbiological safety and maintain milk quality. On the other hand, heating can cause a
loss of macro/micro-nutrients by decomposition or inducing oxidation.

However, pasteurization (<85 ◦C/ 60 s) has a low-level effect on the stability of
nutrients in milk; however, partial degradation of some nutrients, including water-soluble
vitamins B1, B6, B12, and C, some hormones, and unsaturated fatty acids occurs along with
the increased degree of heat treatment. The heating duration and manner could be vital for
the degradation of nutrients or the level of age gelation in milk when heated with ultra-high
temperatures; a treatment of 156 ◦C/0.116 s showed much less impact on the quality of
milk than a treatment of 138 ◦C/5s, and direct heating showed less impact than indirect
heating. Additionally, evaporation operations can harm oxygen-sensitive components,
including unsaturated fatty acids and most water- and fat-soluble vitamins. Moreover,
higher processing temperatures alter the viscosity of milk. This is particularly important
for products requiring the addition of milk (coffee or baked food) or where viscosity is a
key quality parameter of end products (yogurt).

Although heat-induced changes on the macro/micro-nutrients and other constituents
of milk have been revealed to a certain extent, knowledge of the differences between direct
steam heating and indirect steam heating, the characteristics of DSI technology, and the
understanding of the bioavailability and bioaccessibility of these components after heat
treatment remains insufficient. More in vitro and in vivo studies should be conducted to
explore how heating influences milk’s benefits for human health, providing a foundation for
optimizing thermal treatment parameters. In addition, the different influences among DSI,
DSIJ, and ISH on the food matrix should be further studied to benefit the dairy industry.
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Abstract: Recent research has highlighted potential benefits of vitamin C in managing periodontal
diseases, yet systematic reviews to consolidate these findings are scarce. This study aims to evaluate
the effectiveness of vitamin C supplementation in preventing and treating periodontal diseases and
elucidate the biological mechanisms underlying these effects. We conducted a systematic review
following PRISMA guidelines, searching three databases up to 13 April 2024, for studies from 2010
onward. Our selection criteria aimed to capture a wide range of studies regarding vitamin C’s
impact on periodontal health. After rigorous screening, 16 studies were included in the final analysis.
Meta-analysis techniques were employed to synthesize data and evaluate the association between
vitamin C intake and periodontal disease outcomes. The meta-analysis included 17,853 participants
from studies with diverse geographical and demographic settings. Notable findings indicated that
higher vitamin C intake was associated with a reduction in periodontal disease risk, with a pooled
odds ratio (OR) of 1.52 (95% CI: 1.49–1.55). The individual studies reported ORs ranging from 0.62
(95% CI: 0.38–0.94) indicating significant protective effects, to 1.66 (95% CI: 1.04–2.64), suggesting
increased risks associated with inadequate vitamin C levels. The heterogeneity among the studies
was high (I2 = 95.46%), reflecting variability in study design and population characteristics. This
systematic review confirms that vitamin C supplementation has a beneficial effect on periodontal
health. The significant variability across studies suggests that individual dietary needs and baseline
vitamin C levels might influence the effectiveness of supplementation. These findings underscore the
importance of personalized nutritional guidance as part of comprehensive periodontal care. Future
research should focus on longitudinal studies to better understand the causal relationships and
potential confounding factors affecting the link between vitamin C intake and periodontal health.

Keywords: vitamin C; dentistry; periodontal disease; stomatology; oral health; nutritional
supplementation

1. Introduction

Periodontal disease, encompassing a range of inflammatory conditions affecting the
supporting structures of the teeth, is a major public health concern globally [1,2]. Despite
advancements in dental practices, periodontitis remains highly prevalent, affecting ap-
proximately 20–50% of the global population [3,4]. The pathophysiology of periodontal
disease involves complex interactions between microbial biofilms and the host’s immune
response, leading to the destruction of periodontal ligament and alveolar bone [5,6]. The
role of nutrition, particularly micronutrients, in the modulation of periodontal health has
garnered considerable scientific interest.

Vitamin C, a potent antioxidant, is essential for the synthesis of collagen and the
maintenance of connective tissue integrity, functions critical to periodontal structure and
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health [7–10]. The antioxidant properties of vitamin C contribute to its protective role
in periodontal health by neutralizing reactive oxygen species (ROS) generated during
inflammatory processes [11]. Excessive ROS can exacerbate periodontal destruction by
damaging cellular structures and modifying signaling pathways that regulate inflammatory
responses [12]. Moreover, vitamin C influences the immune system; it enhances the function
of phagocytes and proliferation of T-lymphocytes, crucial components in the host defense
against periodontal pathogens [13].

There is also emerging interest in the synergistic effects of vitamin C with other mi-
cronutrients, such as vitamin D and calcium, on periodontal health [14–17]. This synergy
could potentially enhance the therapeutic outcomes of supplementation regimens, offering
a multifaceted approach to managing periodontal disease. Nevertheless, the clinical appli-
cation of such findings necessitates rigorous randomized controlled trials to establish clear
guidelines and recommendations.

However, the oral cavity’s complexity as a system, with its unique environmental
conditions and microbial interactions, poses significant challenges in isolating the effects
of vitamin C. While it enhances the function of phagocytes and promotes T-lymphocyte
proliferation—key defenses against periodontal pathogens—the application of vitamin C
as an anti-inflammatory cofactor in clinical settings remains underexplored and not fully
substantiated by clear, causal evidence [7–13]. This highlights the need for more targeted
research to verify vitamin C’s role within this intricate biological system, especially as a
potential therapeutic agent in the management of periodontal diseases.

To address the gaps in existing research, this systematic review poses specific research
questions: Does regular vitamin C supplementation reduce the risk and severity of peri-
odontal diseases? What are the mechanisms through which vitamin C exerts its protective
effects on periodontal health? Furthermore, the study hypothesizes that adequate vitamin
C intake, as part of a balanced diet or supplementation regimen, significantly reduces
the incidence and severity of periodontal diseases by enhancing immune function and
reducing oxidative stress.

Based on the current understanding of vitamin C’s role in periodontal health and
the gaps identified in existing research, this systematic review aims to comprehensively
assess the evidence on the effectiveness of vitamin C in the prevention and treatment of
periodontal diseases. Our hypothesis is that adequate intake of vitamin C significantly
reduces the risk and severity of periodontal diseases. The objectives of this study are to
evaluate the impact of vitamin C supplementation on clinical periodontal outcomes across
different populations and to clarify the underlying biological mechanisms through which
vitamin C influences periodontal health.

2. Materials and Methods
2.1. Eligibility Criteria and Information Sources

For this systematic review, we established specific inclusion and exclusion criteria
to ensure the rigorous selection of studies: (1) Studies must involve human participants
diagnosed with periodontal diseases; (2) Research must explicitly examine the impact
of vitamin C intake—through diet or supplementation—on periodontal health. This en-
compasses studies assessing clinical outcomes such as gingival inflammation, bleeding on
probing, pocket depth reduction, and alveolar bone preservation; (3) The review included a
broad array of study designs, such as randomized controlled trials, observational studies,
cohort studies, case-control studies, and cross-sectional studies; (4) Regarding the outcome
measures, the current review included studies that utilize validated instruments or clearly
defined clinical parameters to assess periodontal health outcomes that consist of periodon-
tal disease indices, biochemical markers of inflammation, and radiographic evidence of
alveolar bone health; (5) Only peer-reviewed articles published in English were considered.
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The exclusion criteria encompassed: (1) Non-human studies; (2) Studies that examine
the impact of general multivitamin supplements or broad dietary patterns without specific
focus on vitamin C were excluded; (3) Studies that do not provide clear, quantifiable out-
comes related to periodontal health, or lack sufficient detail for a comprehensive analysis,
were also excluded; (4) To maintain the credibility and reliability of the data included in
the review, grey literature, including non-peer-reviewed articles, preprints, conference pro-
ceedings, general reviews, commentaries, editorials, systematic reviews and meta-analyses
were also excluded. The exclusion of grey literature, including general reviews and com-
mentaries, from this systematic review ensures the inclusion of only peer-reviewed studies,
upholding the highest standards of scientific accuracy and reducing bias. These excluded
sources often lack rigorous peer review and can introduce secondary interpretations not
grounded in primary data, potentially skewing the review’s findings.

This study employed a comprehensive search strategy across three electronic databases,
including PubMed, Scopus, and Web of Science. The literature search targeted publications
up to 13 April 2024, and no older than 2010, capturing the most recent and relevant studies
on the topic.

2.2. Search Strategy

The search strategy utilized a comprehensive array of keywords and phrases pertinent
to the study’s objectives, focusing on the impact of vitamin C on periodontal health. Key
search terms included: “vitamin C”, “ascorbic acid”, “periodontal health”, “periodonti-
tis”, “gingivitis”, “periodontal disease”, “dental health”, “gingival health”, “oral health”,
“collagen synthesis”, “antioxidant properties”, “immune response in periodontal disease”,
“inflammatory response”, and “clinical outcomes in periodontal treatment”.

To ensure a comprehensive and efficient literature retrieval, Boolean operators (AND,
OR, NOT) were employed to effectively combine and refine search terms. The search string
included the following: ((“vitamin C” OR “ascorbic acid”) AND (“periodontal health” OR
“periodontitis” OR “gingivitis”) AND (“collagen synthesis” OR “antioxidant properties”)
AND (“immune response” OR “inflammatory response”) AND (“clinical outcomes” OR
“treatment efficacy” OR “disease progression”)). This strategy was designed to capture the
most relevant studies assessing the therapeutic impacts of vitamin C on various aspects of
periodontal health.

2.3. Data Collection and Selection Process

This systematic review evaluates the effectiveness of vitamin C supplementation on
periodontal health, focusing on individuals diagnosed with periodontal diseases (Popu-
lation). The intervention in question is vitamin C supplementation, administered either
through diet or direct supplementation (Intervention). This study compares the outcomes
of individuals receiving vitamin C supplementation against those with no supplementation
or inadequate vitamin C levels (Comparison). The primary outcomes assessed include
clinical measures of periodontal health such as gingival inflammation, bleeding on probing,
pocket depth reduction, and alveolar bone preservation (Outcome).

The current study followed the Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) guidelines [18]. Initially, all retrieved records were independently
screened by two reviewers to determine their eligibility based on the predefined inclusion
and exclusion criteria. Discrepancies between reviewers were resolved through discussion
or, if necessary, consultation with a third reviewer. The review protocol, including the
detailed selection methodology, has been registered and is openly accessible on the Open
Science Framework (OSF) with the registration code osf.io/by274, ensuring transparency
of our research process and findings.
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The data collection process for this systematic review began with the removal of dupli-
cate entries, followed by a rigorous screening of abstracts by two independent reviewers to
assess each study’s relevance based on predefined inclusion and exclusion criteria. Discrep-
ancies between reviewers were resolved through discussion or, if necessary, consultation
with a third reviewer to achieve consensus. The initial database search yielded a total
number of articles, which were evaluated and subsequently identified for inclusion in the
final study. This process ensured a comprehensive and unbiased collection of data pertinent
to the effects of vitamin C on periodontal health.

2.4. Data Items

The primary outcomes of interest were clinical measures of periodontal health, in-
cluding gingival inflammation, periodontal pocket depth, clinical attachment loss, and
alveolar bone level changes. To provide a detailed analysis of how vitamin C influences
periodontal health, we also collected data on secondary outcomes related to systemic
markers of inflammation and antioxidant status. Additionally, we gathered information
on participant demographics (age, gender, ethnicity, smoking status), study characteristics
(country, year, design, sample size), and quality of studies to assess the representativeness
and applicability of the findings. Nutritional status and intake levels of other relevant
micronutrients were also recorded to evaluate potential confounding factors and synergistic
effects with vitamin C.

This systematic review defined periodontal health outcomes according to standardized
clinical parameters commonly used in dental research, such as the Community Periodontal
Index (CPI) and bleeding on probing. We included studies that provided clear definitions of
these measures and whose methodologies adhered to internationally recognized standards.
For each included study, we extracted data related to the type and amount of vitamin C
consumed, whether through diet or supplementation, and the specific methods used to
assess vitamin C intake (e.g., dietary questionnaires, blood serum levels).

2.5. Risk of Bias and Quality Assessment

For the systematic assessment of study quality and determination of risk of bias
within the included studies, our review employed a dual approach, integrating both
qualitative and quantitative evaluation methods. The quality of observational studies
was evaluated using the Newcastle–Ottawa Scale [19], and Grading of Recommendations
Assessment, Development, and Evaluation (GRADE) tool. Each study is awarded stars
in these categories, cumulating in a score that classifies the study quality as either low,
medium, or high.

For randomized controlled trials, the Cochrane Collaboration’s tool for assessing risk
of bias was utilized [20]. This tool evaluates several domains including random sequence
generation, allocation concealment, blinding of participants and personnel, blinding of
outcome assessment, incomplete outcome data, selective reporting, and other biases. Each
domain is judged as ”low risk”, ”high risk”, or ”unclear risk” of bias. To ensure the objec-
tivity and reproducibility of our quality assessment process, each study was independently
evaluated by two researchers. Discrepancies in quality assessment scores were resolved
through discussion, or if necessary, consultation with a third researcher.

2.6. Synthesis Methods

In this systematic review, we synthesized findings from selected studies through a
qualitative and quantitative synthesis, focusing on the role of vitamin C in periodontal
health. The selection of studies for synthesis was based on their alignment with predefined
inclusion criteria, specifically those studies that provided data on vitamin C intake and
its impact on clinical periodontal outcomes such as pocket depth, bleeding on probing,
and clinical attachment loss. To prepare data for synthesis, we tabulated outcomes related
to periodontal health improvements, inflammatory markers, and vitamin C intake levels,
while noting any missing data and acknowledging potential impacts on our findings.
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Results from individual studies were summarized and presented descriptively, comparing
periodontal health outcomes across diverse geographic and clinical settings.

A meta-analysis was performed to evaluate the effectiveness of vitamin C supplemen-
tation or dietary intake on specific periodontal health outcomes. Heterogeneity among
study results was quantified using the I2 statistic, which describes the percentage of total
variation across studies that is due to heterogeneity rather than chance. A high I2 value
indicates substantial variability among the studies. All analyses were performed using stan-
dard statistical software, ensuring that all estimates were accompanied by 95% confidence
intervals to assess the precision of the findings.

3. Results
3.1. Study Selection and Study Characteristics

A total of 885 articles were identified according to the initial search (308 in PubMed,
241 in Scopus, and 336 in Web of Science), of which 113 duplicate entries were eliminated,
636 records excluded before screening based on title and abstract, and 120 articles ex-
cluded after full read for not matching the inclusion criteria or having no available data
(Figure 1). The systematic review included a total of 16 eligible studies in the final analysis,
as presented in Table 1.
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Table 1. Study characteristics.

Study and Author Country Study Year Study Design Study Quality

[21] Hosoda et al. Japan 2020 Cross-sectional Medium
[22] Lee et al. South Korea 2017 Cross-sectional Medium
[23] Li et al. China 2022 Cross-sectional High

[24] Luo et al. China 2018 Cross-sectional High
[25] Park et al. South Korea 2017 Cross-sectional High

[26] Watson et al. United Kingdom 2022 Cross-sectional High
[27] Kuzmanova et al. The Netherlands 2012 Cross-sectional Medium

[28] Iwasaki et al. Japan 2012 Retrospective cohort Medium
[29] Shimabukuro et al. Japan 2015 Randomized trial High

[30] Gokhale et al. India 2013 Randomized trial Medium
[31] Sulaiman et al. Syria 2010 Randomized trial Medium
[32] Munday et al. Australia 2020 Cross-sectional Medium

[33] Assaf et al. Palestine 2022 Cross-sectional Medium
[34] Yoshihara et al. Japan 2022 Cross-sectional High
[35] Amaliya et al. The Netherlands 2015 Prospective cohort High
[36] Güner et al. Turkey 2023 Cross-sectional Medium

3.2. Results of Individual Studies

The individual studies included in this meta-analysis examined the impact of vitamin
C on periodontal disease across a diverse set of populations and age groups, offering a rich
dataset spanning various global regions. The studies included a total of 17,853 participants,
with individual study sizes ranging from 21 participants in Kuzmanova et al. [27] to
12,980 participants in Lee et al. [22], reflecting both small-scale community studies and
larger, more extensive research efforts. Age distributions varied significantly, with Hosoda
et al. [21] focusing on a remarkably young cohort with an average age of 20.4 years, while
Iwasaki et al. [28] targeted a much older population, over 75 years, as presented in Table 2.
The gender distribution across these studies also varied, although several studies showed a
female predominance or nearly equal gender distribution, which is somewhat atypical in
periodontal disease studies where male prevalence is often higher.

Table 2. Patients’ background characteristics.

Study and Author Number of
Participants Comparison Group Age (Category/

Mean/Median) Gender

[21] Hosoda et al. 49 with PD 71 without PD 20.4 years Female: 100%

[22] Lee et al. 3812 with PD 7118 without PD

112 (2.9%) 19–29 years; 482
(12.6%) 30–39 years; 881
(23.1%) 40–49 years; 930
(24.4%) 50–59 years; 860
(22.6%) 60–69 years; 547

(14.4%) ≥ 70 years

Female: 44.2%

[23] Li et al. 4466 with PD 4493 without PD 56.7 years Female: 51.2%

[24] Luo et al. 2274 with moderate PD,
676 with severe PD

3465 without PD or mild
PD

55.3 years: moderate PD;
54.5 years severe PD

Female: 45.9% moderate
PD; 29.6% severe PD

[25] Park et al. 279 with PD 1770 without PD 33.0 years Female: 47.7%

[26] Watson et al. 1634 with PD 7842 with PD 56.4 years Female: 55.9%

[27] Kuzmanova et al. 21 with PD 21 without PD 46.9 years Female: 52.0%

[28] Iwasaki et al. 264 with PD NR >75 years Female: 46.6%

[29] Shimabukuro et al.
150 with vitamin C
supplementation

(dentifrice)

150 without vitamin C
supplementation

(dentifrice)
38.1 years Female: 48.0%

[30] Gokhale et al. 90 with PD and 30 without PD 30–60 years NR
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Table 2. Cont.

Study and Author Number of
Participants Comparison Group Age (Category/

Mean/Median) Gender

[31] Sulaiman et al.

30 with PD (15 with
vitamin C supplementation,

15 without vitamin C
supplementation)

30 without PD 41.0 years Female: 70.0%

[32] Munday et al. 20 with PD NR 65.0 years Female: 50.0%

[33] Assaf et al. 25 with PD NR 55.0 years Female: 48.0%

[34] Yoshihara et al. 353 with PD NR 70.0 years Female: 45.6%

[35] Amaliya et al.
98 with PD and vitamin C

supplementation for
90 days (60 mg/day)

NR 33–43 years NR

[36] Güner et al. 25 with PD 24 without PD 42.5 years Female: 52.0%

PD—Periodontal Disease; NR—Not Reported.

3.3. Results of Synthesis

Notably, the studies by Lee et al. [22] and Li et al. [23] featured large sample sizes
and reported moderate effect sizes with ORs of 1.16 and 1.13, respectively, suggesting a
consistent but moderate protective effect of adequate vitamin C intake against periodontal
disease. On the other hand, Park et al. [25] and Luo et al. [24] reported higher odds ratios
(1.66 and 1.40), indicating a stronger association in specific populations. Kuzmanova
et al. [27] and Iwasaki et al. [28] provided evidence of a significant protective effect of high
vitamin C intake with odds ratios substantially below 1 (0.62 and 0.72), highlighting the
potential for dietary vitamin C to mitigate periodontal disease risks significantly. Lastly,
Yoshihara et al. [34] found that low serum vitamin C levels were associated with an
increased risk of periodontal attachment loss (OR = 1.58), reinforcing the role of nutritional
status in periodontal health (Table 3).

Table 3. Assessment of periodontal disease risk.

Study and
Author

Periodontal Disease
Characteristics Diabetes/Smoking Vitamin C Assessment Risk Assessment

(OR/HR/RR—95% CI)

[21] Hosoda et al. Periodontal pocket >
4 mm NR

48 mg/1000 kcal (PD group)
vs. 52 mg/1000 kcal

(non-PD group)
NR

[22] Lee et al.
Periodontal pocket >
3.5 mm (CPI scores

3–4)

Diabetes 13.4% (PD
group) vs. 6.2% (non-PD

group) *

Inadequate dietary vitamin C
48.1% (PD group) vs. 45.2%

(non-PD group) *; Quartile of
vitamin C in the diet 23.2% ≥
132.22 mg/day (PD group)
vs. 25.9% ≥ 132.22 mg/day

(non-PD group) *

Inadequate dietary
vitamin C OR = 1.16

(95% CI = 1.04–1.29) *
for periodontal disease

[23] Li et al.

Severe/moderate
periodontitis defined
as ≥2 Interproximal

sites with CAL of
≥4 mm or pocket
depth of ≥5 mm

Diabetes 21.2% (PD
group) vs. 11.2%
(non-PD group) *;

Smoking 24.3% (PD
group) vs. 12.6%
(non-PD group) *

Inadequate dietary vitamin
C 58.0% (PD group) vs.
55.8% (non-PD group)

Vitamin C > 90 mg/day
in men OR = 1.13 (95%

CI = 1.03–1.22) * for
periodontal disease
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Table 3. Cont.

Study and
Author

Periodontal Disease
Characteristics Diabetes/Smoking Vitamin C Assessment Risk Assessment

(OR/HR/RR—95% CI)

[24] Luo et al.

Severe/moderate
periodontitis defined
as ≥2 Interproximal

sites with CAL of
≥4 mm or pocket
depth of ≥5 mm

Diabetes 15.4%
(moderate PD group) vs.
13.6% (severe PD group)

vs. 7.0% (non-PD
group) *; Smoking 29.8%
(moderate PD group) vs.
27.4% (severe PD group)

vs. 25.1% (non-PD
group) *

Quartile of vitamin C in the
diet 25.1% ≥ 112.91 mg/day

(moderate PD group) vs.
22.4% ≥ 112.91 mg/day

(severe PD group) 25.5% ≥
112.92 mg/day (non-PD

group) *

Inadequate dietary
vitamin C OR = 1.40

(95% CI = 1.12–1.74) *
for periodontal disease

[25] Park et al.
Periodontal pocket >
3.5 mm (CPI scores

3–4)

Diabetes 1.4% (PD group)
vs. 1.3% (non-PD group);

Smoking 37.3% (PD
group) vs. 24.7%
(non-PD group) *

Inadequate dietary vitamin
C (<100 mg/day) 63.1% (PD

group) vs. 59.8% (non-PD
group) *

Inadequate dietary
vitamin C OR = 1.66

(95% CI = 1.04–2.64) *
for periodontal disease

[26] Watson et al.

Self-reported
questionnaire about

painful gums,
bleeding gums, or

loose teeth

NR NR

Vitamin C
>100 mg/day in men

OR = 0.81 (95%
CI = 0.70–0.96)

[27] Kuzmanova
et al.

Radiographic bone
loss > 1/3 of the root

length at ≥1 tooth
per quadrant and

≥20 teeth

Smoking 52% (PD group)
vs. 52% (non-PD group)

Vitamin C supplements: 14%
(PD group) vs. 10% (non-PD

group); Plasma vitamin C:
8.3 mg/L (PD group) vs.

11.3 mg/L (non-PD group) *

Adequate dietary
vitamin C OR = 0.62

(95% CI = 0.38–0.94) *
for periodontal disease

[28] Iwasaki et al.
CAL of ≥3 mm or

pocket depth of
≥3 mm

Diabetes 8.3%; Smoking
47.7% Median 91.8 mg/day

Adequate dietary
vitamin C OR = 0.72

(95% CI = 0.56–0.93) *
for periodontal disease

[29] Shimabukuro
et al.

GI at 3 months 0.73
(dentifrice group) vs.
0.84 (control group) *;
GSI at 3 months 0.21
(dentifrice group) vs.
0.15 (control group)

Smoking 18.7%
(dentifrice group) vs.

20.0% (no
dentifrice group)

NR NR

[30] Gokhale et al. SBI score of ≥2
Diabetes 0.0% (excluded);

Smoking: 0.0%
(excluded)

450 mg daily ascorbic acid
supplementation; Sulcus
bleeding index difference

0.56 (vitamin C
supplementation) vs. 0.28

(no vitamin C
supplementation) *

NR

[31] Sulaiman
et al.

GI > 3.5 mm and CAL
> 3.5 mm NR

Plasma TAOC levels 625 mm
Teq (without PD) vs. 559 mm

Teq (with PD) *
NR

[32] Munday et al.

Radiographic bone
loss around teeth in

the coronal third,
extending to the mid

third of the root
or beyond

Diabetes 20.0%;
Smoking 20.0%

Vitamin C < 40 µmol/L:
30.0% of patients; CRP levels

> 4 umol/L 25.0% of
patients—significant inverse
correlation between vitamin

C levels and CRP

NR

[33] Assaf et al. NR NR
40% of patients with low

vitamin C < 40 µmol/L had
stage IV PD *

NR
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Table 3. Cont.

Study and
Author

Periodontal Disease
Characteristics Diabetes/Smoking Vitamin C Assessment Risk Assessment

(OR/HR/RR—95% CI)

[34] Yoshihara
et al.

PAD ≥ 4 mm and
CAL ≥ 4 mm Smoking 100% Serum vitamin C levels

(mean): 7.36 ug/mL

Low serum vitamin C
levels OR = 1.58 (95%

CI = 1.54–1.61) for
CAL ≥ 4 *

[35] Amaliya et al. NR Diabetes 6.1%

Serum vitamin C levels
(mean): 5.19 mg/L, Optimal
vitamin C levels (>8.8 mg/L)

in 13.3% of patients

Supplementation with
VitC/Ca/F reduced the
subgingival load of all

studied bacteria

[36] Güner et al.

In all groups,
periodontal status

was evaluated with
plaque index and GI

NR

Serum vitamin C levels
(mean): 7.00 mg/L (PD
group) vs. 8.83 (non PD

group) *; Vitamin C intake
124.6 mg/day (PD group) vs.

176.7 mg/day (non-PD
group) *

The plasma ascorbic
acid levels and total

oxidant status
(r = −0.42) and

superoxide radical
levels (r = −0.53) were
inversely correlated in

patients with
periodontitis

*—statistically significant values; NR—Not Reported; OR—Odds Ratio; RR—Risk Ratio; PD—Periodontal Disease;
CPI—Community Periodontal Index; CAL—Clinical Attachment Loss.

The meta-analysis of seven studies examining the relationship between vitamin C
intake and periodontal health yielded a pooled odds ratio (OR) of 1.52, with a narrow 95%
confidence interval (CI) of 1.49 to 1.55, indicating a significant association between higher
vitamin C intake and improved periodontal outcomes. However, the high heterogeneity
(I2 = 95.46%) among the studies suggests considerable variability in how vitamin C af-
fects periodontal health across different populations or under different study conditions
(Figure 2).
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4. Discussion

The studies incorporated into the meta-analysis reflect a significant diversity in
methodology and demographics, showcasing the complex interaction between vitamin C
intake and periodontal health. Notably, studies with larger cohorts such as those conducted
by Lee et al. [22] and Li et al. [23] suggested a consistent yet moderate protective effect
of adequate vitamin C intake. These findings were further supported by Park et al. [25]
and Luo et al. [24], who reported stronger associations between inadequate vitamin C
levels and increased periodontal disease risk. Such results underscore the potential of
dietary modification as a part of preventive dental care, particularly in reducing the risk of
periodontal diseases.

Conversely, Kuzmanova et al. [27] and Iwasaki et al. [28] demonstrated that higher
dietary vitamin C intake could significantly mitigate periodontal disease risks, with odds
ratios substantially below one (0.62 and 0.72, respectively). These studies highlight the
potential therapeutic benefits of vitamin C in maintaining periodontal health and suggest
that supplementation could be particularly effective in populations at higher risk of peri-
odontal diseases. Furthermore, Yoshihara et al. [34] provided compelling evidence linking
low serum vitamin C levels to increased risks of periodontal attachment loss, reinforcing
the importance of adequate nutritional intake in periodontal disease prevention.

The observed high heterogeneity (I2 = 95.46%) among the included studies is indeed
noteworthy and merits thorough investigation to identify potential sources. This variabil-
ity could stem from several factors, including differences in study populations, such as
variations in baseline nutritional status, demographic characteristics, or the severity of
periodontal disease. Intervention disparities, such as the dosage and form of vitamin C
supplementation, along with differences in study designs and outcome measures, may also
contribute significantly to this heterogeneity.

In recent studies examining the impact of vitamin C on periodontal ligament cells
(PDLCs), distinct protective mechanisms against periodontal degradation have been high-
lighted. The work by Yan et al. [37] elucidated that vitamin C not only promotes the
osteogenic differentiation of PDL progenitor cells but does so via specific molecular path-
ways. Specifically, they demonstrated that vitamin C activates the ERK pathway, which
in turn up-regulates PELP1 expression and facilitates the expression of the osteogenesis
marker Runx2. This finding suggests a targeted molecular mechanism whereby vitamin C
could be utilized in regenerative medicine specifically tailored for periodontal disease treat-
ment, leveraging the PELP1-ERK axis for bone and tissue regeneration. Meanwhile, Wu
et al. [38] explored the antioxidative role of vitamin C against oxidative stress in PDLCs in-
duced by hydrogen peroxide, a common byproduct of inflammation in periodontitis. Their
study showed that vitamin C significantly mitigated the cytotoxic effects of hydrogen per-
oxide by reducing apoptosis in PDLCs, as evidenced by decreased activation of apoptosis
markers such as caspases-3, caspases-9, and poly (ADP-ribose) polymerase. These findings
highlight vitamin C’s potential as a therapeutic agent that not only counters oxidative
stress but also supports cellular survival and function in the inflammatory environments
typical of periodontal diseases. Older studies such as those by Amarasena et al. [39] and
Ekuni et al. [40] also found interesting outcomes after vitamin C use in periodontal health.
In the study by Amarasena et al. [39], an investigation into the serum vitamin C levels
and periodontal health among elderly Japanese citizens revealed a statistically significant
but modest inverse relationship between serum vitamin C concentration and clinical at-
tachment loss (CAL). Specifically, the study found that CAL was 4% greater in subjects
with lower serum vitamin C levels, even after accounting for variables such as smoking,
diabetes, oral hygiene, gender, and the number of teeth present (r = −0.23, p < 0.00005).
Conversely, Ekuni et al. [40] explored the effects of vitamin C on oxidative stress and
atherosclerosis in a rat model with ligature-induced periodontitis. They demonstrated that
vitamin C supplementation significantly reduced oxidative markers and lipid deposition
in the aorta, thus attenuating the progression of atherosclerosis triggered by periodontal
disease. Notably, vitamin C intake increased plasma vitamin C levels and the GSH:GSSG
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ratio by 178% and 123%, respectively, while decreasing serum hexanoyl-lysine (HEL) and
aortic levels of nitrotyrosine, HEL, and 8-hydroxydeoxyguanosine by 23%, 87%, 84%, and
38%, respectively.

Other older studies explored the relationship between vitamin C levels and peri-
odontal disease, offering insights into how nutritional status impacts periodontal health.
Timmerman et al. [41] found a modest negative correlation (r = −0.199, p < 0.05) between
plasma vitamin C levels and periodontal attachment loss among subjects from a tea estate in
Indonesia, revealing that low vitamin C levels explained 3.9% of the variance in periodontal
attachment loss. Notably, subjects with vitamin C deficiency experienced significantly
more attachment loss compared to those with normal levels, underscoring the potential
role of vitamin C in mitigating periodontal breakdown. Conversely, Pussinen et al. [42]
demonstrated a significant relationship between low plasma vitamin C concentrations
and higher serological markers for P. gingivalis, a key pathogen in periodontitis. This
correlation remained significant even after adjusting for confounding factors, indicating
that low vitamin C levels might enhance the colonization or impact the healing processes
related to P. gingivalis infections. Collectively, these findings emphasize the importance of
adequate vitamin C intake in maintaining periodontal health and potentially moderating
the pathogenicity of periodontal infections.

The clinical implications of these findings are profound. Regular monitoring and
enhancement of dietary vitamin C intake could be recommended as part of routine dental
care, especially for individuals at elevated risk of periodontal diseases. Dental profes-
sionals might consider dietary assessments and vitamin C supplementation as adjunctive
strategies to conventional periodontal treatments, particularly for patients showing early
signs of periodontal diseases or those who are at a higher risk due to systemic health
conditions. Overall, these findings advocate for a more integrated approach in dentistry
that combines nutritional management with traditional periodontal therapies to optimize
patient outcomes.

Although a significant risk was identified with low vitamin C levels or insufficient
vitamin C supplementation in periodontal disease, there was a high heterogeneity among
studies. This variability limits the study findings, and it could be attributed to differences in
study designs, population characteristics, definitions of periodontal health, and methods of
assessing vitamin C intake. Notably, studies showing both protective effects (Kuzmanova
et al. [27], Iwasaki et al. [28]) and risk associations (Lee et al., Li et al., Luo et al., Park et al.,
Yoshihara et al. [22–25,34]) highlight the complex role of vitamin C in periodontal health,
underscoring the need for personalized dietary recommendations and further research to
clarify these relationships.

This study aligns with recent findings that highlight the role of vitamin C in directing
gene differentiation pathways at the stem cell level, which could be pivotal for future
regenerative therapies. The ability of ascorbic acid to activate specific molecular pathways,
such as the ERK pathway observed in periodontal ligament cells, underlines its potential
to influence stem cell plasticity and differentiation orientation, enhancing the therapeutic
outcomes in tissue engineering and regenerative medicine [43].

The manuscript highlights the potential benefits of vitamin C supplementation for
periodontal health. To better translate these findings into clinical practice, we recommend
that dental practitioners advise patients on optimal vitamin C intake levels based on current
dietary guidelines, which suggest a daily intake of 65 to 90 milligrams for adults, depending
on age and sex. For patients with or at risk of periodontal disease, a higher intake, tailored
to individual health needs and confirmed by a healthcare provider, may be beneficial.
Additionally, we suggest integrating discussions about dietary sources rich in vitamin C,
such as citrus fruits and leafy greens, during dental consultations.

The call for further research into the role of vitamin C in periodontal health should
be emphasized by suggesting specific study designs that could provide more definitive
evidence. We recommend conducting longitudinal studies and randomized controlled
trials to ascertain causality and the effectiveness of vitamin C supplementation over time.
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Future research should also aim to include diverse populations to explore the variability in
response based on genetic, dietary, and environmental factors. Addressing these gaps, such
as the impact of different forms of vitamin C (e.g., from natural sources versus supplements)
and the interaction with other micronutrients, will enhance our understanding and inform
more effective, personalized periodontal treatment protocols.

This study acknowledges certain inherent limitations in its design, such as to limit the
search to studies published from 2010 onwards was aimed at ensuring the inclusion of con-
temporary research with standardized definitions and outcome measures for periodontal
disease. While this approach provided a focused review of recent findings, it may have
excluded relevant historical data and findings reported in other databases or journals.

5. Conclusions

This systematic review and meta-analysis supports the association between adequate
vitamin C intake and a decreased risk of periodontal diseases, with a pooled odds ratio of
1.52 suggesting a positive correlation. However, the considerable heterogeneity observed
across the studies, as indicated by an I2 of 95.46%, necessitates a cautious interpretation
of these results. This variability may stem from differences in dietary behavior, baseline
nutritional status, and methodological discrepancies between studies. Given these findings,
while there is evidence supporting the benefit of vitamin C, the results underscore the
importance of considering individual dietary needs when making nutritional recommen-
dations for the prevention and management of periodontal diseases. Further research
is essential to more definitively determine the mechanisms by which vitamin C impacts
periodontal health and to assess the efficacy of vitamin C supplementation in diverse
clinical scenarios and populations.
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11. Kaźmierczak-Barańska, J.; Boguszewska, K.; Adamus-Grabicka, A.; Karwowski, B.T. Two Faces of Vitamin C—Antioxidative and
Pro-Oxidative Agent. Nutrients 2020, 12, 1501. [CrossRef] [PubMed]

12. Kaur, G.; Kathariya, R.; Bansal, S.; Singh, A.; Shahakar, D. Dietary antioxidants and their indispensable role in periodontal health.
J. Food Drug Anal. 2016, 24, 239–246. [CrossRef] [PubMed] [PubMed Central]

13. Carr, A.C.; Maggini, S. Vitamin C and Immune Function. Nutrients 2017, 9, 1211. [CrossRef] [PubMed] [PubMed Central]
14. Liang, F.; Zhou, Y.; Zhang, Z.; Zhang, Z.; Shen, J. Association of vitamin D in individuals with periodontitis: An updated

systematic review and meta-analysis. BMC Oral Health 2023, 23, 387. [CrossRef] [PubMed] [PubMed Central]
15. Shah, M.; Poojari, M.; Nadig, P.; Kakkad, D.; Dutta, S.B.; Sinha, S.; Chowdhury, K.; Dagli, N.; Haque, M.; Kumar, S. Vitamin D and

Periodontal Health: A Systematic Review. Cureus 2023, 15, e47773. [CrossRef] [PubMed] [PubMed Central]
16. Shodhan Shetty, A.; Shenoy, R.; Dasson Bajaj, P.; Rao, A.; Ks, A.; Pai, M.; Br, A.; Jodalli, P. Role of nutritional supplements on oral

health in adults—A systematic review. F1000Research 2023, 12, 492. [CrossRef] [PubMed] [PubMed Central]
17. Cagetti, M.G.; Wolf, T.G.; Tennert, C.; Camoni, N.; Lingström, P.; Campus, G. The Role of Vitamins in Oral Health. A Systematic

Review and Meta-Analysis. Int. J. Environ. Res. Public Health 2020, 17, 938. [CrossRef] [PubMed] [PubMed Central]
18. Page, M.J.; McKenzie, J.E.; Bossuyt, P.M.; Boutron, I.; Hoffmann, T.C.; Mulrow, C.D.; Shamseer, L.; Tetzlaff, J.M.; Akl, E.A.;

Brennan, S.E.; et al. The PRISMA 2020 statement: An updated guideline for reporting systematic reviews. Syst. Rev. 2021, 10, 89.
[CrossRef] [PubMed] [PubMed Central]

19. Stang, A. Critical evaluation of the Newcastle-Ottawa scale for the assessment of the quality of nonrandomized studies in
meta-analyses. Eur. J. Epidemiol. 2010, 25, 603–605. [CrossRef] [PubMed]

20. Higgins, J.P.; Altman, D.G.; Gøtzsche, P.C.; Jüni, P.; Moher, D.; Oxman, A.D.; Savovic, J.; Schulz, K.F.; Weeks, L.; Sterne, J.A.
Cochrane Bias Methods Group; Cochrane Statistical Methods Group. The Cochrane Collaboration’s tool for assessing risk of bias
in randomised trials. BMJ 2011, 343, d5928. [CrossRef] [PubMed] [PubMed Central]

21. Hosoda, A.; Komagamine, Y.; Kanazawa, M.; Hama, Y.; Kojo, A.; Minakuchi, S. The Association between Dietary Habits and
Periodontal Disease in Young Adult Women. J. Nutr. Sci. Vitaminol. 2021, 67, 48–56. [CrossRef] [PubMed]

22. Lee, J.H.; Shin, M.S.; Kim, E.J.; Ahn, Y.B.; Kim, H.D. The association of dietary vitamin C intake with periodontitis among Korean
adults: Results from KNHANES IV. PLoS ONE 2017, 12, e0177074. [CrossRef] [PubMed] [PubMed Central]

23. Li, W.; Shang, Q.; Yang, D.; Peng, J.; Zhao, H.; Xu, H.; Chen, Q. Abnormal Micronutrient Intake Is Associated with the Risk of
Periodontitis: A Dose-response Association Study Based on NHANES 2009-2014. Nutrients 2022, 14, 2466. [CrossRef] [PubMed]
[PubMed Central]

24. Luo, P.P.; Xu, H.S.; Chen, Y.W.; Wu, S.P. Periodontal disease severity is associated with micronutrient intake. Aust. Dent. J. 2018,
63, 193–201. [CrossRef] [PubMed]

25. Park, J.A.; Lee, J.H.; Lee, H.J.; Jin, B.H.; Bae, K.H. Association of Some Vitamins and Minerals with Periodontitis in a Nationally
Representative Sample of Korean Young Adults. Biol. Trace Elem. Res. 2017, 178, 171–179. [CrossRef] [PubMed]

26. Watson, S.; Woodside, J.V.; Winning, L.; Wright, D.M.; Srinivasan, M.; McKenna, G. Associations between self-reported periodontal
disease and nutrient intakes and nutrient-based dietary patterns in the UK Biobank. J. Clin. Periodontol. 2022, 49, 428–438.
[CrossRef] [PubMed] [PubMed Central]

27. Kuzmanova, D.; Jansen, I.D.; Schoenmaker, T.; Nazmi, K.; Teeuw, W.J.; Bizzarro, S.; Loos, B.G.; van der Velden, U. Vitamin C in
plasma and leucocytes in relation to periodontitis. J. Clin. Periodontol. 2012, 39, 905–912. [CrossRef] [PubMed]

28. Iwasaki, M.; Moynihan, P.; Manz, M.C.; Taylor, G.W.; Yoshihara, A.; Muramatsu, K.; Watanabe, R.; Miyazaki, H. Dietary
antioxidants and periodontal disease in community-based older Japanese: A 2-year follow-up study. Public Health Nutr. 2013, 16,
330–338. [CrossRef] [PubMed] [PubMed Central]

29. Shimabukuro, Y.; Nakayama, Y.; Ogata, Y.; Tamazawa, K.; Shimauchi, H.; Nishida, T.; Ito, K.; Chikazawa, T.; Kataoka, S.;
Murakami, S. Effects of an ascorbic acid-derivative dentifrice in patients with gingivitis: A double-masked, randomized,
controlled clinical trial. J. Periodontol. 2015, 86, 27–35. [CrossRef] [PubMed]

30. Gokhale, N.H.; Acharya, A.B.; Patil, V.S.; Trivedi, D.J.; Thakur, S.L. A short-term evaluation of the relationship between plasma
ascorbic acid levels and periodontal disease in systemically healthy and type 2 diabetes mellitus subjects. J. Diet. Suppl. 2013, 10,
93–104. [CrossRef] [PubMed]

31. Abou Sulaiman, A.E.; Shehadeh, R.M. Assessment of total antioxidant capacity and the use of vitamin C in the treatment of
non-smokers with chronic periodontitis. J. Periodontol. 2010, 81, 1547–1554. [CrossRef] [PubMed]

32. Munday, M.-R.; Rodricks, R.; Fitzpatrick, M.; Flood, V.M.; Gunton, J.E. A Pilot Study Examining Vitamin C Levels in Periodontal
Patients. Nutrients 2020, 12, 2255. [CrossRef]

33. Assaf, M.; Rabi, H. Assessment of Vitamin C Levels in Periodontal Patients: A Cross-Sectional Study in Palestine. J. Pharm.
Bioallied Sci. 2022, 14 (Suppl. 1), S903–S906. [CrossRef] [PubMed] [PubMed Central]

34. Yoshihara, A.; Nakashima, K.; Suwama, K.; Odajima, A.; Yamaga, T.; Ogawa, H. Interaction between serum vitamin C levels and
smoking on the periodontal condition in older adults. J. Periodontal Res. 2022, 57, 587–593. [CrossRef] [PubMed]

70



Int. J. Mol. Sci. 2024, 25, 8598

35. Amaliya, A.; Laine, M.L.; Loos, B.G.; Van der Velden, U. Java project on periodontal diseases: Effect of vitamin C/calcium
threonate/citrus flavonoids supplementation on periodontal pathogens, CRP and HbA1c. J. Clin. Periodontol. 2015, 42, 1097–1104.
[CrossRef] [PubMed]
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Abstract: Hypertension is a major controllable risk factor associated with cardiovascular disease
(CVD) and overall mortality worldwide. Most people with hypertension must take medications
that are effective in blood pressure management but cause many side effects. Thus, it is important
to explore safer antihypertensive alternatives to regulate blood pressure. In this study, peanut
protein concentrate (PPC) was hydrolyzed with 3–5% Alcalase for 3–10 h. The in vitro angiotensin-
converting enzyme (ACE) and renin-inhibitory activities of the resulting peanut protein hydrolysate
(PPH) samples and their fractions of different molecular weight ranges were determined as two
measures of their antihypertensive potentials. The results show that the crude PPH produced at 4%
Alcalase for 6 h of hydrolysis had the highest ACE-inhibitory activity with IC50 being 5.45 mg/mL.
The PPH samples produced with 3–5% Alcalase hydrolysis for 6–8 h also displayed substantial
renin-inhibitory activities, which is a great advantage over the animal protein-derived bioactive
peptides or hydrolysate. Remarkably higher ACE- and renin-inhibitory activities were observed in
fractions smaller than 5 kDa with IC50 being 0.85 and 1.78 mg/mL. Hence, the PPH and its small
molecular fraction produced under proper Alcalase hydrolysis conditions have great potential to
serve as a cost-effective anti-hypertensive ingredient for blood pressure management.

Keywords: peanut protein hydrolysate; Alcalase concentration; hydrolysis time; ACE inhibition;
renin inhibition; Immunoglobulin E (IgE)-binding inhibition

1. Introduction

Hypertension, a risk factor for both CVD and overall mortality [1,2], affected 31.1% of
the global adult population (1.39 billion people) in 2010 [3]. Per the Centers for Disease
Control (CDC), approximately 500,000 annual deaths in the United States can be attributed
to high blood pressure [4]. Given its prevalence, lifestyle changes, dietary interventions,
and pharmaceutical treatments are widely employed to address this condition [5]. The
US CDC’s estimate suggests that the economic impact of hypertension in the United
States ranges from USD 131 billion to USD 198 billion each year, encompassing healthcare
expenses and productivity losses [4]. Renin and ACE play pivotal roles in the renin–
angiotensin–aldosterone system (RAAS) pathway. Renin transforms angiotensinogen into
angiotensin I (Ang I), which was further hydrolyzed by ACE to yield angiotensin II (Ang
II), a potent vasoconstrictor. Ang II leads to vasoconstriction and prompts the release
of aldosterone, elevating sodium levels and blood pressure [6]. Given this, ACE and
renin inhibition stands as one of the strategies in hypertension treatment. Presently used
synthetic drugs for hypertension management, such as captopril, alacepril, lisinopril, and
enalapril, are mostly ACE inhibitors, and aliskiren is the only synthetic renin inhibitor
approved by the FDA for managing hypertension [7]. The use of them causes undesirable
side effects such as hypotension, cough, hyperkalemia, headache, dizziness, fatigue, nausea,
and renal impairment, although they are effective [8]. Consequently, the exploration and
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development of safe and cost-effective antihypertensive compounds from food sources or
the development of food therapy has garnered significant attention [9].

Various ACE-inhibitory peptides have been identified within diverse food protein
sources like milk, fish, soybean, amaranth, and rapeseed [10–14]. Despite the limited
understanding of the structure–function relationship of bioactive peptides, many of them
share common attributes. Typically comprising 2 to 20 amino acids, these peptides tend to
be rich in hydrophobic amino acids [15]. Numerous bioactive peptides derived from food
have showcased their ability to counteract hypertension. These peptides often function
by inhibiting ACE and decreasing renin activity [16,17]. Targeting renin alone within
the Renin–Angiotensin System (RAS) does not completely prevent the breakdown of
bradykinin catalyzed by ACE, which may result in vasoconstriction [18]. Consequently, a
more effective strategy for reducing elevated blood pressure involves the development of
natural therapeutic substances capable of producing diverse effects, such as concurrently
inhibiting renin and ACE activities [19]. So far, the commercially available food-derived
antihypertensive peptide products are mostly made from milk, fish, and algae [20]. No side
effects have been reported for the intended use of food-derived bioactive peptides. Recently,
peptides with renin-inhibiting activities have been found through the enzymatic breakdown
of plant proteins produced from flaxseed and pea, opening new paths for research and
potential therapeutic applications [21]. However, the study of antihypertensive properties
of peptides and hydrolysates from peanuts is limited, mostly due to peanut allergy issues.

Peanuts, scientifically known as Arachis hypogaea, consist of approximately 50% lipid,
primarily monounsaturated fat, 25% protein, and 8% dietary fiber, but minimal amounts of
easily digestible carbohydrates like sugars and starches [22]. Due to the high oil content,
peanuts are widely used to produce cooking oil in the world, which results in a large
quantity of peanut flour/meal with a protein content of around 50%. Thus, peanut flour is
a sustainable source of food protein and can be processed into peanut protein isolate (PPI)
or PPC [23]. Limited studies show that protease hydrolysis of PPI and peanut flour also
results in hydrolysates with certain ACE-inhibitory activities [22,24]. The production of
antihypertensive peptides from food involves several steps: protein extraction, controlled
hydrolysis, fractionation by ultrafiltration or preparative HPLC, and purification [20,25].
This process is complex, time-consuming, low yield, and high cost. The purpose of this
study was to optimize the protease treatment condition to produce PPH with high ACE-
and renin-inhibitory activity for possible food therapy of hypertension.

2. Results
2.1. Protein/Peptide and Amino Acid Concentrations of PPH

The PPC yield from peanut flour was 22.02 ± 1.41% (n = 9) under the extraction
condition used in this study and the protein concentration of dried PPC was 80.39 ± 1.94%
(n = 9). According to the product specification provided by the vendor, the protein content
of peanut flour used in this study is 50 ± 2 g/100 g flour. Thus, the protein recovery of
the extraction process was approximately 35.4%. The PPH was made by hydrolyzing 10%
PPC at pH 8 and 40 ◦C. The highest protein concentration of 64 mg/mL was detected in
the unhydrolyzed PPC solution, which means that only 79.61% of the protein in PPC was
solubilized at the PH of enzymatic hydrolysis (pH 8). This is because of the lower protein
solubility of peanut protein at pH 8 than at pH 10.

As hydrolysis progresses, the protein concentration decreases due to the formation
of peptides and amino acids, as shown by the gradually reduced protein concentration
and steadily increased amount of free amino acids (FAA) with increasing hydrolysis time
(Figure 1). At the same enzyme concentration, the protein/peptide concentration decreased
logarithmically (R2 = 0.845–0.894) (Figure 1A), and the FAA increased linearly with treat-
ment time (p < 0.0001, R2 = 0.896–0.987) (Figure 1B). Nevertheless, changes in protein
concentrations with increasing Alcalase were small although significant in some cases at
the same hydrolysis time. The protein concentration of the control sample, which did not
undergo Alcalase treatment, was measured at 64.07 mg/mL. Among the treated samples,
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the highest protein concentration of 33.80 mg/mL was observed in the sample treated with
a 3% Alcalase solution for a duration of 3 h. Conversely, the lowest protein concentration
of 27.45 mg/mL was identified in the sample subjected to a 10 h hydrolysis at 3% Alcalase.
Regarding the amino acid concentration, the control sample exhibited a minimum amino
acid concentration of 3.19 mg/mL. Among the treated samples, the sample hydrolyzed for
3 h with 3% Alcalase demonstrated the lowest FAA concentration of 8.97 mg/mL, while
the samples subjected to a 10 h treatment with 5% Alcalase peaked a FAA concentration of
13.38 mg/mL.
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Figure 1. Effects of Alcalase concentration and hydrolysis time on the FAA and protein concentration
of PPH. (A) Protein concentration, (B) FAA concentration (data bars with different labels represent
significantly different values at p < 0.05).

2.2. ACE-Inhibitory Activity (%) of Crude PPHs

Alcalase hydrolysis of PPC resulted in hydrolysates with different degrees of ACE-
inhibitory activities depending on hydrolysis time and Alcalase concentration. In this study,
the ACE-inhibitory activity of PPC and PPH was assessed across concentrations ranging
from 1 to 12 mg/mL. The percentages of ACE inhibition of both PPC and PPH increased
with their concentration in a sigmoid pattern, as shown in Figure 2. The untreated PPC
samples inhibited 4.4% to 24.5% ACE activity at a concentration of 1–12 mg/mL, while
the percentage of ACE inhibition of PPH samples was in the range of 11.1–68.6%, greatly
increased due to Alcalase hydrolysis. The IC50 values, the PPH concentrations required
for 50% ACE inhibition, were determined and presented in Table 1. The smaller IC50
value corresponds to higher ACE-inhibitory potential. Notably, the lowest IC50 value was
obtained for samples treated with different concentrations of Alcalase for 6 h. Specifically,
the PPH obtained at 4% Alcalase over a 6 h hydrolysis period exhibited the lowest IC50
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value of 5.45 mg/mL, indicating the highest ACE-inhibitory activity among tested samples.
In contrast, samples subjected to 8 and 10 h of hydrolysis exhibited IC50 values lower than
PPH samples treated for 3, 4, and 5 h but higher than those treated for 6 h. Table 1 also
shows that the IC50 values of most PPH samples did not change significantly with Alcalase
concentration at the same treatment time.
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Table 1. IC50 (mg/mL) for ACE inhibition of crude PPHs produced at different Alcalase concentra-
tions and hydrolysis times.

Alcalase
Concentration

Hydrolysis Time (h)

3 h 4 h 5 h 6 h 8 h 10 h

3% 6.94 ± 0.19 b 6.89 ± 0.13 b 6.63 ± 0.02 a 6.36 ± 0.08 c 6.84 ± 0.02 b 6.67 ± 0.22 b

4% 6.78 ± 0.34 b 6.73 ± 0.14 b 6.13 ± 0.09 a 5.45 ± 0.20 d 6.37 ± 0.06 c 6.46 ± 0.20 c

5% 7.40 ± 0.30 a 7.05 ± 0.06 b 6.34 ± 0.24 a 5.93 ± 0.37 d 6.78 ± 0.31 c 6.17 ± 0.14 d

Note: in the same row, data with different superscripts are significantly different at p < 0.05.

2.3. ACE-Inhibitory Activity (%) of Different Fractionations of PPH

This study evaluated the ACE-inhibitory activities of three fractions (F1: >10 kDa, F2:
5–10 kDa, and F3: <5 kDa) obtained from samples treated with different concentrations
of Alcalase (3%, 4%, and 5%) for 6, 8, and 10 h because the crude PPH obtained under
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these hydrolysis conditions showed higher ACE-inhibitory activities. The ACE-inhibitory
potential of these fractions was measured at protein/peptide concentrations of 0.5, 1.0, 1.5,
and 2 mg/mL. Table 2 shows that the IC50 of various fractions of the same PPH sample
decreased in the order of F1 > F2 > F3, indicating the increase in ACE-inhibitory activity
of PPH with decreasing peptide size. Fraction 3 demonstrated the lowest IC50 values
(0.85–1.68 mg/mL), which varied with the PPC hydrolysis condition. Among the different
treatment conditions, samples treated for 6 h at Alcalase concentrations of 3, 4, and 5%
displayed substantially higher ACE inhibition across all fractions (p < 0.05). The samples
treated for 6 h with a 4% Alcalase exhibited the highest ACE inhibition, as evidenced by
the lowest IC50 values across all fractions (0.87–3.68 mg/mL).

Table 2. IC50 (mg/mL) values for ACE inhibition of different fractions of PPHs produced at different
Alcalase concentrations and hydrolysis times.

Hydrolysis Time Alcalase
Concentration

IC50 (mg/mL)

Fraction 1 Fraction 2 Fraction 3

3% 5.43 ± 0.49 c 3.38 ± 0.30 b 0.89 ± 0.02 e

6 h 4% 3.68 ± 1.09 d 1.57 ± 0.11 d 0.87 ± 0.05 e

5% 5.75 ± 1.22 c 3.56 ± 0.29 b 0.85 ± 0.01 e

3% 7.35 ± 0.20 a 5.23 ± 1.07 c 1.50 ± 0.01 bc

8 h 4% 5.23 ± 1.27 c 4.34 ± 0.23 bc 1.56 ± 0.06 bc

5% 6.51 ± 0.22 bc 4.30 ± 0.66 bc 1.68 ± 0.03 a

3% 5.76 ± 0.13 c 5.39 ± 0.04 ac 1.59 ± 0.05 ab

10 h 4% 4.03 ± 0.06 d 3.34 ± 0.59 b 1.47 ± 0.01 c

5% 5.90 ± 0.09 c 4.39 ± 0.02 bc 1.36 ± 0.04 d

Note: in the same column, data with different superscripts are significantly different at p < 0.05.

2.4. Renin-Inhibitory Activity of PPH

In this study, the renin-inhibitory potential of crude PPH at concentrations of 5 and
10 mg/mL, alongside fractions smaller than 5 kDa (F3) at a protein/peptide’s concentration
of 0.5, 1.0, 1.5, and 2.0 mg/mL, were assessed (Figure 3). Both the crude PPH and F3
demonstrated obviously higher renin inhibition compared to the control (PPC) (p < 0.05)
across all concentrations (Figure 3A,B). Specifically, the crude PPH inhibited the renin
activity by 17.08–32.56% at a concentration of 5 mg/mL and 41.25–54.88% at 10 mg/mL
(Figure 3A), respectively. At the same concentrations, control samples only showed renin
inhibitions of 10.03% and 17.59%, respectively. Figure 3A also demonstrated that (1) at PPH
concentration 5 mg/mL, the renin-inhibitory activities of samples were in the order of 6 h
hydrolysis > 8 h hydrolysis > 10 h hydrolysis, and (2) at PPH concentration of 10 mg/mL,
the renin-inhibitory activities of samples obtained from 6 h and 10 h hydrolysis time were
the same, but slightly lower than that of PPH samples obtained from 8 h hydrolysis. Notably,
the crude PPH from 6 h hydrolysis with 4% Alcalase and the PPH from 8 h hydrolysis with
5% Alcalase exhibited the highest renin-inhibitory activity at 5 and 10 mg/mL, respectively.

Figure 3B shows that the smaller fraction of F3 of PPH displayed a renin inhibition
rate of 16.57–36.80% at a concentration of 0.5 mg/mL, similar to crude PPH at 5 mg/mL but
significantly higher than the F3 of control (untreated PPC). As total peptide concentration
increased from 0.5 mg/mL to 1.0 mg/mL, the renin inhibition of F3 increased sharply.
Further increase in F3 concentration from 1.0 mg/mL to 2 mg/mL resulted in a slight but
significant increase in the renin inhibition with the exception of the samples hydrolyzed
with 4% Alcalase for 6 h. It is worth mentioning that a significant renin inhibition of 54 to
57% was observed at a concentration of 2 mg/mL in all samples treated for 8 h (Figure 3B).

We also assessed the IC50 values of renin inhibition for the F3 samples (Figure 3C).
The IC50 values ranged from 1.779 to 2.199 mg/mL. For the control sample, a low con-
centration of F3 (0.5 mg/mL) was used for the renin-inhibition test because the highest
protein/peptide concentration in the F3 of the control sample was 0.5 mg/mL. Overall,
the F3 samples from PPH treated for 8 h exhibited lower IC50 and the lowest IC50 was
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observed for samples treated for 8 h with a 3% Alcalase. The impact of Alcalase concentra-
tion on the renin-inhibitory activity of F3 is limited although the 6 h and 10 h hydrolysis
with 5% Alcalase resulted in F3 having lower IC50 than other F3 samples under the same
hydrolysis time.
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Figure 3. Effects of Alcalase concentration and hydrolysis time on the renin-inhibitory activity (%) of
PPH. (A) Renin inhibition at the concentration 5 and 10 mg/mL of crude PPH (lowercase letters are
for 5mg/mL, and uppercase letters are for 10 mg/mL), (B) renin-inhibitory activities of F3 of PPH
samples at the different protein/peptides concentration, and (C) IC50 values of F3 samples (PPH
fractions smaller than 5 kDa). (Data bars with different labels represent significantly different values
at p < 0.05.)
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2.5. IgE-Binding Inhibition of PPH

This study also evaluated the in vitro allergenicity of PPH produced by extensive hy-
drolysis of PPC using a competitive inhibitory ELISA. Figure 4 shows that the IgE-binding
inhibition of all crude PPH was higher than that of PPC. At all Alcalase concentrations, the
percentage of IgE-binding inhibition of PPH increased with hydrolysis time, but no further
increase was observed after 6 h of hydrolysis, which suggests the optimal hydrolysis time
for reducing IgE binding of PPC at the Alcalase concentration tested in this study is 6 h.
The IgE-binding inhibition of PPH samples produced by 6, 8, and 10 h hydrolysis at 100,
1000, and 10,000 µg/mL were 48–52%, 44–50%, and 55–63% higher than those of PPC,
respectively, varying slightly with Alcalase concentration.
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3. Discussion

The use of Alcalase to hydrolyze PPC resulted in a decrease in protein concentration
but a consistent increase in the quantity of free amino acids (FAA) with time. The decrease
in detectable soluble protein after hydrolysis can be explained by the following two reasons.
First, the peptides turned into amino acids, which could not be measured using the BCA
method due to the lack of peptide bonds. This is evidenced by the increase in free amino
acids with the progress of hydrolysis. Secondly, hydrophobic peptides form aggregates
and become insoluble in a water or buffer solution due to their nature [26]. Regarding the
increase in the amino acid concentration, enzymatic hydrolysis by protease is a process by
which proteins are broken down into peptides and amino acids [27]. The assessment of
FAA production is a reliable method for evaluating the progress of the protein hydrolysis
process [28]. Alcalase is a protease preparation dominated by subtilisin, which is an
endopeptidase with broader substrate specificity than chymotrypsin, although they both
have a catalytic triad of Asp, His, and Ser [29]. Depending on the position of Asp, His, and
Ser, the end products can be peptides and amino acids. In the present study, the amino
acid concentration of PPH increased significantly with both Alcalase concentration and
hydrolysis time.

Our investigation found that the hydrolysis of PPC led to a considerable increase
in ACE-inhibitory activity at various concentrations and treatments. The results suggest
a significant dependence of ACE inhibition on the hydrolysis duration, rather than on
the concentration of Alcalase when its concentration was 3% or higher. This is consistent
with the findings of prior studies [22,24]. In an early study reported by Jamdar and
colleagues [24], the hydrolyzed PPI exhibited 90 to 97% ACE inhibition depending on
the degree of hydrolysis, while the unhydrolyzed PPI inhibited ACE by 66%, which was
greatly higher than the ACE inhibition of unhydrolyzed plant proteins reported in other
studies [22,30] and that of this study. In the study of Giromini et al. (2017), the ACE
inhibitions of undigested and gastric-digested plant proteins were 8–36% and 32–81%,
respectively [30]. Our previous study demonstrated that the ACE inhibition of untreated
peanut protein extract was 3.8–4.7% at a protein concentration of 1 mg/mL, and it increased
to 35–37% after 4 h of hydrolysis [22]. The different ACE sources might be the reason for
the large difference between Jamdar’s study and other studies. In Jamder’s study, the ACE
was self-prepared from swine lung, while the ACE used in our previous study and the
current study was from rabbit lung and was purchased from Sigma-Aldrich.

It has been reported that the ACE-inhibitory activities of peptides are affected by
the size of the peptide, and the smaller peptides often have stronger ACE-inhibitory
activity [31,32]. The results of this study further confirmed that peptide size directly
impacts ACE-inhibitory activity, with smaller peptides showing stronger inhibition as
shown by the much smaller IC50 of F3 compared to the IC50 values of crude PPH, F1,
and F2 (Table 1). Smaller peptides are more likely to bind to ACE’s active site, leading
to enzyme inhibition [33]. The F3 obtained from PPH hydrolyzed for 6 h had IC50 value
of 0.85–0.89 mg/mL, which is close to the IC50 of Captopril (0.5 mg/mL) and the 3 kDa
permeate (0.59 mg/mL) of brown seaweed Laminaria digitate hydrolyzed by 1% (v/w)
Viscozyme® and Alcalase®, as reported in a recent study [34]. However, the quantity of
fraction 3 was limited and its concentration remained relatively low (between 1.5 and
2 mg/mL). Thus, it is resource intensive and time consuming to produce Fraction 3. Thus,
it is important to optimize the protease hydrolysis conditions to produce crude PPH with
the highest ACE-inhibitory activity. Consequently, the consumption of PPH as a dietary
supplement or food could offer blood pressure-lowering benefits for individuals with
hypertension, at a relatively higher dose.

The ACE-inhibitory activity of a hydrolysate can be influenced by both the duration
of hydrolysis and the concentration of protease employed. Deviating from the optimal
hydrolysis time, either by making it longer or shorter, can result in reduced or diminished
ACE inhibition. This occurs because shorter hydrolysis times may fail to produce sufficient
effective peptides, whereas longer hydrolysis times may break down effective peptides
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into smaller, less potent peptides or free amino acids [32]. The ideal hydrolysis conditions
depend on the specific protein source and the type of protease utilized [33]. In this study,
the hydrolysis time of 6 h at an Alcalase concentration of 4% (v/w) resulted in crude
PPH and diffractions with the lowest IC50 values, that is, the highest ACE-inhibitory
activities. The lower percentages of ACE inhibition of fractions obtained at 8 and 10 h
of enzymatic treatment compared to those derived from the 6 h samples is most likely
due to the degradation of some ACE-inhibitory peptides into FAA as evidenced by the
significantly lower protein/peptide concentration and higher FAA concentration in the
PPH (Figure 1).

Renin inhibitors provide precise inhibition within RAS, yielding improved therapeutic
profiles by selectively targeting renin-catalyzed hydrolysis of angiotensinogen [35]. Com-
pared to ACE inhibition, there have been limited studies concerning the renin-inhibitory
characteristics of peptides derived from food proteins. The slower progress in this domain
might be attributed to the greater challenge in renin inhibition assay, coupled with the
notably higher expenses associated with renin assay procedures compared to those for
ACE [25]. Only a few studies reported the renin-inhibitory abilities of some food protein
hydrolysates, including hemp seed, rapeseed, canola seed, macroalga, kidney bean, and
African yam seed [36–41]. A common finding of the above studies is that the crude protein
hydrolysate displayed higher ACE and renin-inhibitory activity than the smaller weight
fractions. In contrast to the above studies, the small molecular fraction of PPH showed
higher ACE and renin-inhibitory activity than crude PPH in this study. This might be
due to the difference in protein source and protease used for protein hydrolysis. It was
reported that the PPH produced by hydrolysis of microfluidized peanut protein using
the combined Neutrase and Protamex contained peptides mostly smaller than 1 kDa and
displayed 77% of renin-inhibitory activity at 2 mg/mL [42], which is higher than the crude
PPH produced by direct Alcalase hydrolysis and comparable to the F3 in this study. The
studies summarized in a recent review show that the rank of the renin-inhibitory activities
of protein hydrolysates from different protein sources is oil seeds (including canola, rape
seeds, hemp seeds, and peanuts) ≥ pea > chicken meats > beans > bovine proteins [43].
Among protein hydrolysates of animal origin, fish protein hydrolysates exhibited the
highest renin inhibition, while bovine protein hydrolysates showed negative or no renin
inhibition compared to unhydrolyzed bovine proteins, although they were reported to
have significant ACE-inhibitory activity both in vitro and in vivo [43]. This suggests that
the plant-protein hydrolysates may be more effective antihypertensive ingredients, and
thus function better than animal-protein hydrolysates in blood pressure control.

Research shows that about 2% of the Western population is affected by peanut allergy,
with 7–14% of cases caused by accidental peanut exposure annually, and one-third to
one-half may experience anaphylaxis [44]. As a result, studies on using peanut protein
to produce dietary supplements and nutraceuticals are limited. Peanut allergy is an IgE-
mediated food allergy that occurs when patients develop IgE antibodies against the peanut
proteins, followed by exposure to that protein [45]. This study shows that the IgE binding
of peanut protein was reduced by 48–63% after 5 h of hydrolysis by Alcalase, which was
consistent with the skin-prick test results from a previous study [31] and confirmed what
was stated in a recent study that longer than 4 h of hydrolysis duration was needed to
further reduce the allergenicity of peanut protein [22]. The significant reduction of IgE
binding indicates the formation of non-allergenic peptides during PPC hydrolysis. Due
to the remaining allergenicity, allergen labeling is still needed for the products containing
antihypertensive crude PPH.

4. Materials and Methods
4.1. Materials

The light roasted defatted peanut flour (containing 12% lipid and 50 ± 2% protein)
was purchased from the Golden Peanut Company (Albany, GA, USA). The Novozyme
2.4 L of Alcalase, leucine, ninhydrin reagent, ACE (0.5 U/mL) derived from rabbit lung, an
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enzyme substrate known as FAPGG peptide, goat anti-human IgE peroxidase conjugate,
and o-phenylenediamine were obtained from Sigma-Aldrich (St. Louis, MO, USA). Sodium
hydroxide, Bicinchoninic acid (BCA) reagents, Tris base, Tween 20, 30% hydrogen peroxide,
and other chemicals were acquired from Fisher Scientific (Waltham, MA, USA). Renin-
inhibitory Screen Kits were purchased from Cayman Chemical Company (Ann Arbor,
MI, USA).

4.2. Preparation of Peanut Protein Concentrate

PPC was produced using the isoelectric precipitation method, following a modified
version of the procedure described by [23]. Briefly, 100 g of defatted light roasted peanut
flour was mixed with 900 mL of deionized (DI) water at a 1:10 ratio (w/v). The pH of
the mixture was then adjusted to 10.0 using a 2N solution of sodium hydroxide (NaOH).
The resulting suspension of peanut flour was agitated at 35 ◦C and 250 rpm for 1 h in a
water bath shaker. Subsequently, the suspension was centrifuged at 3000× g for 20 min
to separate the solid and liquid components. The supernatant, the liquid portion, was
collected and its pH was adjusted to 4.8–5.0 using a 2N solution of hydrochloric acid
(HCl). Following this, the suspension was centrifuged again at 3000× g for 20 min. The
supernatant was discarded, and the remaining precipitate was collected and freeze-dried at
−5 ◦C to obtain the final PPC product. The protein content of dry PPC was determined by
a nitrogen analysis method using a 2400 CHN Elemental Analyzer (PerkinElmer, Waltham,
MA, USA) and a nitrogen-to-protein conversion factor of 5.46 [46].

4.3. Preparation of Peanut Protein Hydrolysate (PPH)

A 3 × 6 two-factor factorial design was used to optimize the PPH production condition.
The protease hydrolysis was conducted with 3, 4, and 5% Alcalase for 3, 4, 5, 6, 8, and 10 h
at pH 8 and 40 ◦C. The process involved suspending 1.00 g of PPC in 10 mL of phosphate
buffer solution. The pH of the mixture was adjusted to 8.0 using a 1N NaOH solution.
Subsequently, the PPC suspension was incubated with different concentrations (3, 4, and
5%) of 2.4 L Alcalase for a duration of 3 to 10 h in a water bath shaker at 40 ◦C and 200 rpm.
The pH of the solution was maintained at 8.0 throughout the enzymatic hydrolysis process
by adding 2N NaOH solution as necessary. Control samples were prepared by incubating
the peanut flour suspensions without the addition of Alcalase. At specific time points,
samples were taken and immediately subjected to enzyme inactivation by placing them
in a 90 ◦C water bath for 10 min. Thereafter, the samples were cooled in ice water and
then centrifuged at 3000× g for 20 min. The resulting supernatants (PPH) were collected,
divided into small quantities, and stored at −20 ◦C for further utilization.

4.4. Fractionation of Peanut Protein Hydrolysates

To obtain PPH fractions with different ranges of molecular weights, the PPH was
diluted with phosphate buffer at a ratio of 1:7 and subjected to sequential centrifugation
using ultrafiltration (UF) centrifugal tubes of molecular weight cut-off (10 kDa and 5 kDa).
This process resulted in three fractions with a molecular weight greater than 10 kDa
(Fraction 1), within 10 to 5 kDa (Fraction 2), and smaller than 5 kDa (Fraction 3). Each
fraction was split into small portions and stored at −20 ◦C until use.

4.5. Determination of Protein/Peptide and Amino Acid Concentrations in PPC and PPH

The protein/peptide concentrations in the samples were measured by the Bicin-
choninic Acid (BCA) method, following the microplate procedure using a Synergy HTX
Microplate Reader (Bio Tek, Winooski, VT, USA). Bovine serum albumin (BSA) solution
(ThermoFisher Scientific, High Point, NC, USA) was employed as the standard. The protein
concentration of each sample was determined in triplicate. FAA concentrations in PPC and
PPH samples were determined by the ninhydrin method using a 2% ninhydrin reagent
solution purchased from Millipore Sigma and leucine standard solutions according to the
manufacturer’s instructions [47].
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4.6. ACE-Inhibitory Activity Assay

The ACE-inhibitory activity was assessed following a previously described method [9].
In brief, 10 µL of ACE solution (0.5 U/mL, from rabbit lung) and 10 µL of either PPH/fractions
of PPH or demineralized water (used as a blank) were added to the wells of a 96-well
microplate. The reaction was initiated by adding 150 µL of prewarmed substrate solution
containing FAPGG (1 mM in 50 mM Tris-HCl with 0.3 M NaCl, pH 7.5) to each well. The
microplate was then incubated at 37 ◦C, and the absorbance at 340 nm was recorded every
minute for a duration of 30 min using an HTX Microplate Reader using kinetic mode. The
slope of the linear portion of the absorbance vs. reaction time curve was utilized as a
measure for the calculation of ACE-inhibitory activity according to the provided equation:

ACE inhibition (%) = [1 − (∆AInhibitor/∆AControl)] × 100

where ∆AInhibitor is the slope of the sample with the inhibitor and ∆AControl is the slope of
the control. Each experiment was performed in three replicates. Using non-linear regression
analysis of ACE-inhibitory activity (%) versus peptide concentration, the IC50 value or the
concentration of PPH/fractions of PPH needed to generate 50% ACE inhibition under the
conditions specified was calculated.

4.7. Renin Inhibition Assay

The inhibition of human recombinant renin activity was assessed using the Renin
Inhibitor Screening Assay Kit, following previously established protocols [35]. Before
conducting the assay, the renin buffer was diluted 10 times with Milli-Q water and the renin
enzyme solution was diluted 20 times with assay buffer prior to use, and the assay buffer
was pre-warmed to 37 ◦C before the reaction was started. Prior to the reaction, specific
amounts of substrate, assay buffer, and Milli-Q water were added to different wells. For
the assay setup, the initial activity wells contained 20 µL substrate, 160 µL assay buffer,
and 10 µL Milli-Q water. Background wells were prepared with 20 µL substrate, 150 µL
assay buffer, and 10 µL Milli-Q water, while inhibitor wells contained 20 µL substrate,
150 µL assay buffer, and 10 µL sample. Subsequently, the reaction was started by adding
10 µL renin to the control and sample wells. Following a 10 s shaking step for thorough
mixing, the microplate was then incubated at 37 ◦C, and the fluorescence intensity (FI) was
measured using excitation and emission wavelengths of 340 nm and 490 nm, respectively,
every minute for a duration of 30 min using the HTX Microplate Reader (Bio Tek, Winooski,
VT, USA) using kinetic mode. The percentage inhibition was computed using the following
formula:

Renin inhibition (%) = [1 − (∆FIInhibitor/∆FI Control)] × 100

where ∆FIInhibitor is the slope of the sample with the inhibitor and ∆FIControl is the slope of
the control. Each experiment was performed in three replicates.

4.8. Assessing the IgE Binding of PPH Using Human Serum

In accordance with previously established protocols [9], a competitive inhibition
enzyme-linked immunosorbent assay (ciELISA) was conducted to determine the IgE bind-
ing of PPH at concentrations of 0–10,000 µg/mL. A microplate was coated with untreated
PPC, which was diluted at a ratio of 1:20 with PBS and incubated at 37 ◦C for 2 h. Following
three washes with PBST (pH 7.4), the plate was subjected to a three-blocking step with
200 µL of 1% BSA-PBST at room temperature, each 5 min. The plate was washed three
times after each blocking. After this, 50 µL of PPC or PPH sample was mixed with 50 µL of
1:50 diluted pooled human serum obtained from 7 peanut-allergic patients (Lab Plasma
International Inc., Everett, WA, USA) and added to respective wells. Subsequently, the plate
was gently shaken for 45 min at room temperature, followed by three washes with PBST.
The presence of immunoglobulin E (IgE) antibodies bound to the plate was then detected
using a goat anti-human IgE peroxidase conjugate (Sigma-Aldrich, St. Louis, MO, USA)
(diluted at 1:1000, 100 µL) and a substrate solution (100 µL) containing o-phenylenediamine
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(0.5 mg/mL) and 0.03% hydrogen peroxide in 0.1 M citrate buffer (pH 5.5). The enzymatic
reaction was halted with 2 N sulfuric acid (50 µL), and the absorbance was measured
at 490 nm using an HTX Microplate Reader. The absorbance of the sample containing
both IgE and peanut sample was denoted as B, while B0 represented the absorbance of a
control comprising IgE alone. Notably, the higher the allergenicity of the sample, the lower
the absorbance, and conversely, as previously described [48]. The degree of IgE binding
inhibition within a sample was quantified as B × 100/B0.

4.9. Statistical Analysis

Changes in protein and FAA concentrations during hydrolysis were analyzed using
linear regression and post-ANOVA Tukey tests at a significance level of 5%. Additionally,
IC50 values for the ACE and renin-inhibitory activities of crude PPH and the fractions of
PPH were determined across various hydrolysis conditions using a non-linear regression
curve. To evaluate distinctions among IC50 values of different samples, post-ANOVA Tukey
tests were conducted at a significance level of 5%. Regression analysis and Tukey tests
were conducted using GraphPad Prism version 8.0.2 (263) (GraphPad Software, Boston,
MA, USA).

5. Conclusions

This study revealed that the hydrolysis of PPC with Alcalase under optimal conditions
could result in crude PPH with moderate capacity to inhibit the activities of ACE and renin,
two critical enzymes in blood pressure regulation. This is an important advantage over the
protein hydrolysates/peptides derived from animal proteins, except for fish proteins. Since
renin catalyzes the rate-determining step in the renin–angiotensin–aldosterone system,
the protein hydrolysates with both renin and ACE-inhibitory activities and should work
better in blood pressure attenuation. The optimal Alcalase concentration and hydrolysis
time for high ACE-inhibitory PPH were 4% and 6 h, respectively, different from that for
high renin-inhibitory PPH (5% Alcalase and 8 h hydrolysis time). Within the spectrum
of PPH fractions, F3 (<5 kDa) consistently showcased higher ACE-and renin-inhibitory
activities regardless of the Alcalase concentration or hydrolysis time, but its availability was
limited because of the low yield from fractionation and low concentration (1.5–2 mg/mL).
Thus, the production of F3 could be both costly and time-consuming. Consequently,
crude PPH holds promise as a potential dietary supplement or functional food for blood
pressure regulation among individuals with hypertension. In addition, the crude PPH
showed significantly reduced IgE binding, which implicates lower allergenicity, compared
to untreated PPC. However, hydrolysis of plant protein has been reported to generate bitter
peptides [49,50]; thus, it is important to evaluate the sensory properties of PPH and explore
practical methods to eliminate or mask the bitterness without reducing its antihypertensive
potential need to be studied. To establish the therapeutic effects of PPH- or PPH-enriched
foods on blood pressure control, further investigations encompassing in vivo hypertension
studies and human clinical trials are needed.
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Abstract: Vivid-colored phycobiliproteins (PBPs) have emerging potential as food colors and alterna-
tive proteins in the food industry. However, enhancing their application potential requires increasing
stability, cost-effective purification processes, and consumer acceptance. This narrative review aimed
to highlight information regarding the critical aspects of PBP research that is needed to improve their
food industry potential, such as stability, food fortification, development of new PBP-based food
products, and cost-effective production. The main results of the literature review show that polysac-
charide and protein-based encapsulations significantly improve PBPs’ stability. Additionally, while
many studies have investigated the ability of PBPs to enhance the techno-functional properties, like
viscosity, emulsifying and stabilizing activity, texture, rheology, etc., of widely used food products,
highly concentrated PBP food products are still rare. Therefore, much effort should be invested in
improving the stability, yield, and sensory characteristics of the PBP-fortified food due to the resulting
unpleasant sensory characteristics. Considering that most studies focus on the C-phycocyanin from
Spirulina, future studies should concentrate on less explored PBPs from red macroalgae due to their
much higher production potential, a critical factor for positioning PBPs as alternative proteins.

Keywords: phycobiliproteins; food industry; natural colors; alternative proteins; C-phycocyanin;
spirulina

1. Introduction

Phycobiliproteins (PBPs), pigment proteins from cyanobacteria and algae, are water-
soluble multimeric proteins which form light-harvesting complexes called phycobilisomes.
So far, there are sixty-one phycobiliprotein structures deposited in the Protein Data Bank [1],
and all of them are divided into three groups: allophycocyanins, phycocyanins (including
phycoerythrocyanin), and phycoerythrins [2]. PBPs are differently colored due to the pres-
ence of covalently bound chromophores called phycobilins. Phycobilins are tetrapyrrole
molecules attached to the specific Cys residues of apoproteins via a thioether bond [1].
There are four types of phycobilins: phycocyanobilin (PCB), phycoerythrobilin (PEB), phy-
courobilin (PUB), and phycoviolobilin/crypto-violobilin (CVB) [2]. PBPs are hexameric
proteins in their native and functional state with (αβ)6 structure. Allophycocyanin is the
exception, where the functional unit is trimer (αβ)3 [3]. Each αβ monomer is composed
of two subunits, α and β. Molecular masses of these subunits range from 16 to 17 kDa
for α and 18 to 19 kDa for β. The number of bound chromophores per αβ monomer is
associated with their division into three mentioned classes, with allophycocyanin having
two chromophores, phycocyanins and phycoerythrocyanins having three, and phycoery-
thrins having five or six [4,5]. Within hexamers, two trimers are associated with face-to-face
orientation, and one trimer is rotated by 30◦ relative to the other [6].
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The presence of covalently bound phycobilins in PBPs provides them with a high
potential for application in several areas, including the food and confectionery industry
and biomedical applications [7]. Intensive colors allow these proteins to be used as natural
pigments in the confectionery industry. Considering their high nutritional values [8],
these protein sources are increasingly considered alternative food options. Phycobilins
are also fluorescent, and this property is essential for their application as fluorescent
biomarkers. Many recent review papers have covered these aspects [1,9–13]. Multiple
biological activities of PBPs have also been investigated, and it is reported that they have
antioxidant, anticancer, anti-inflammatory, antidiabetic, antibacterial, antiobesity, and
neuroprotective properties [11]. Their bioactivity is also ascribed to covalently bound
phycobilins, and, through digestion, bioactive chromopeptides can be released [14,15].

The primary sources of PBPs, cyanobacteria and red algae, are rich in protein content,
with cyanobacteria Arthrospira platensis (commercially named Spirulina) having 55–70%
protein in their dry weight [16], while red seaweeds range from 2.7 to 47% in dry weight,
depending on the species [17]. PBPs are present in high abundance. Blue-colored PBPs can
be obtained from cyanobacteria, like Spirulina, comprising up to 8–13% of dry biomass [18].
The sources of red and purple PBPs, like: Gracilaria spp. and Pyropia/Porphyra spp. (known
as Nori), Rhodella spp., Bangia spp., and Porphyridium spp. yield fewer PBPs (e.g., [9]). On
the other hand, the annual production of these species is about 50,000 tons for Spirulina [19]
and much more for red algae, with China being the leading producer [20]. Considering
that Spirulina gained a lot of attention due to its high nutritional value and many health
benefits [20], most of the research regarding the applications of PBPs in food fortification
or as food colors are conducted on Spirulina biomass or its main PBP, C-phycocyanin
(C-PC). Much less research is accomplished on red algae and their PBPs, with new research
emerging in the past several years. It should be noted that the high production of red algae
(more than five million tons per year) gives these species massive potential for broader
food applications, and they represent a good alternative food source [19].

Regarding human consumption, highly purified PBPs are not used, considering the
high costs of final products due to the purification process. The purity requirements of PBPs
for food usage are easily achievable and do not require expensive techniques [12], lowering
the price of PBP-based food products. Biomasses containing PBPs are often used in dry
powder, tablets, leaves, capsules, or liquid form [20]. These products can be considered
as food supplements and not as alternative food. Fortification with PBPs or biomasses
containing PBPs into other edible food products could have several benefits. First, it would
increase the nutritional and bioactive values of other foods. Second, it would make seaweed
and, thus, PBPs more acceptable to consumers.

The critical aspect that should be considered in the field of alternative proteins is
their allergenic potential. While the allergenicity of plant and insect proteins has been
demonstrated in many studies [21], the allergenic potential of PBPs is still not explored,
with only a few case studies indicating the allergenic potential of C-phycocyanin from
Spirulina [22,23]. On the other hand, several studies suggested anti-allergenic properties
of C-phycocyanin from Spirulina [24] and R-phycocyanin from red macroalgae Porphyra
haitanensis [25]. Although further studies are required to explore PBPs’ allergenicity more
comprehensively, current findings do not point to the high allergenic potential of PBPs,
giving them a comparative advantage over insect and plant proteins.

This narrative review article’s uniqueness is that it looks at the potential use of PBPs
as alternative proteins. Fortifying existing food is one possible approach to consuming
larger amounts of PBPs; however, this paper aims to show potential methods for obtaining
new attractive food based exclusively on PBPs. To achieve this, it is necessary to solve
several significant problems mentioned in the paper. Having PBPs used as food colorants
is one thing compared to using them as alternative proteins in the diet. The first goal can
be achieved with a few milligrams of PBPs per liter/kilogram [26]; the other requires larger
amounts, bringing several obstacles that must be overcome. Those obstacles, regarding
biomass cultivation, protein yield, purification with odor and taste issues, and stabilization
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of PBPs, are critically discussed in this review, together with the economic aspect for broader
usage. The lower stability of PBPs needs to be overcome if PBP-based food products are
to be made, especially using thermal treatment, and these stability issues and means to
improve them are also discussed.

Additionally, a detailed overview of current inventions in PBP-based food products,
with technology to make them and fortification of the commonly used foods with PBPs,
is presented and is the main focus of this review. Overall, the presented review paper
should provide the reader with a solid literature overview of the current state-of-the-art
application of PBPs as alternative food/protein sources (Figure 1). Ultimately, we proposed
the future trends in the PBP science and industry domains that are required for positioning
them as promising alternative proteins.
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2. Methods

The presented narrative review was realized by conducting a literature search, papers
abstract, and full-text analysis, followed by discussions based on the results. The literature
search was performed as described previously [27]. Relevant studies were obtained using
the following databases: Google Scholar, Scopus, Web of Science, and PubMed. Papers
were searched by combining several keywords, including phycobiliproteins, Spirulina,
Nori, food fortification, stabilization, red algae, encapsulation, colors, etc. For this review
to reflect recent, state-of-the-art progress in phycobiliprotein research in food application,
most of the references included are no older than 5 years.
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3. Phycobiliproteins as Food Colors

Color represents an essential characteristic of food and is a critical factor that makes
food products more appealing to customers [28]. Considering that the general public is
more interested in what they eat, natural food additives, including colors, are gaining
more consumer and food industry interest [29]. Among colors, blue still represents a real
challenge, and blue food is usually labeled by consumers as artificial [30]. The industry still
uses artificial blue colors since natural ones lack physical and chemical stability, coloring
power, and easy scale-up production [28]. The characteristic vivid coloration of PBPs
makes them attractive in the food industry as natural food colors [31]. Their colors range
from blue (C-PC), turquoise-blue (allophycocyanin), purple (R-phycocyanin), and red (R-
phycoerythrin). Extract from Arthrospira platensis, rich in C-PC, is the only FDA-approved
phycobiliprotein-based natural color [32], and it is also approved in the EU (EFSA regulation
numbers 1333/2008 and 231/2012). It is approved for coloring confections, frostings, ice
cream and frozen desserts, dessert coatings and toppings, beverage mixes and powders,
yogurts, custards, puddings, cottage cheese, gelatin, breadcrumbs, and ready-to-eat cereals
and as a color of hard-boiled eggshells.

As with other natural colors, PBPs have certain limitations for broader usage. Based
on stability studies of C-PC, for example, optimal storage conditions for this protein
are in the dark with a temperature below 45 ◦C and at pH 5.5–6 [33]. This protein, on
its own, without stabilizers, is sensitive to light, high temperature, and pH, meaning it
cannot withstand many food processing techniques. Also, it cannot be efficiently used as
a color for acidic drinks, as it is unstable under such conditions [34]. On the other hand,
some results point out that acidic drinks, with pH around 3, can be colored with C-PC
(concentration up to 0.11 mg/mL) and that the color was stable for 11 days when kept in
the fridge [35]. C-phycocyanin was found to be a more versatile natural blue color than
indigo and gardenia blue, as it gave a more acceptable light blue color in jelly gum and soft
cover candy, as evidenced in exploratory studies [36].

R-phycoerythrin has a broader pH stability range, from 3 to 10 [37], but it is also
sensitive to thermal treatment above 40 ◦C [38]. However, it was shown that high-pressure
treatment of R-phycoerythrin solution at 450 MPa is much less detrimental for protein color
than thermal treatment [39]. R-phycocyanin is stable in a pH range from 4 to 8 and has a
melting point of about 53 ◦C [40]. These stability characteristics of PBPs are only guidelines,
and specific characteristics will depend on the algal/cyanobacterial source. For instance,
PBPs isolated from thermophilic organisms are much more stable at higher temperatures
and have higher potential as food colors [41,42]. However, cultivating such organisms on a
large scale is not achievable since they require much more energy. One important feature is
the influence of PBPs purity on their stability. The thermal stability of food-grade C-PC
was greater than that of reagent-grade C-PC [43].

For PBPs to be utilized as food colors to their full potential, stability issues must be
overcome. Several approaches for stabilizing PBPs are published and covered in several
recently published review papers, indicating the topicality of the problem [33,44,45]. They
can be divided into (1) those involving stabilizing proteins by the addition of various
additives (Table 1) and approaches using different processing methods to strengthen PBP
stability, such as encapsulation, cross-linking, and high-pressure processing (Table 2). PBP
stabilization is achieved by the addition of edible oils [46]; sugars, including glucose,
sucrose, sorbitol, trehalose, fructose, etc. (e.g., [43,47–50]); proteins [51]; and other natural
preservatives, like ε-polylysine [52] or cysteine [53]. Chemical modification of PBPs is also
a possibility [54].
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Table 1. Effects of additives on stabilities of phycobiliproteins.

Protein (Source) The Experimental Approach The Results Reference

C-phycocyanin
(Arthrospira platensis)

Color stabilization of protein via
λ-carrageenan (λC) in liquid formulations

Complexation with λC increased the protein
color stability at pH < pI, especially at a pH
of 3.0, even when heated to 90 ◦C.

[55]

C-Phycocyanin
(Arthrospira platensis)

Stabilization effects of protein
complexation with λ-carrageenan on its
intrinsic blue color

The electrostatic complexation stabilized
protein color in the acidic pH range (2.5–6.0)
and against a heat treatment at 70 ◦C.

[56]

C-Phycocyanin
(Spirulina platensis)

Stabilization of protein in aqueous
solutions via sucrose and trehalose (20
and 40%, w/w)

The stabilizing effect of saccharides on the
thermal discoloration of protein with sucrose
performed better than trehalose.

[43]

C-Phycocyanin
(Hawaiian Spirulina)

Investigation of the potential of twelve
food-derived antioxidants to bind and
stabilize the protein

Complexation of protein with quercetin and
coenzyme Q10 improved its thermal stability
(higher melting point).

[57]

C-phycocyanin
(Arthrospira platensis)

Enhancement of protein productivity and
stability using organic acids (citric, acetic,
succinic, fumaric, and oxalic acid)

Organic acids, primarily citric acid (7.5%), act
as preservatives to stabilize protein
(promoting the half-live) at high
temperatures.

[58]

C-phycocyanin
(Arthrospira platensis)

Improvement of protein stability by
adding saccharides (glucose, mannose,
galactose, and maltose) and sugar
alcohols (mannitol and maltitol)

Sugars effectively improved the protein’s
thermal stability in correlation with the
additive concentration and inhibited its
oxidative degradation.

[59]

C-phycocyanin
(Spirulina platensis)

Increasing protein stability via 0.5%
cysteine addition during enzyme-assisted
extraction

Cysteine increased the thermal stability of
protein extracted with (endopeptidase)
Collupulin.

[53]

C-phycocyanin
(Spirulina)

Improvement of protein stability by
forming soluble complexes with
poly-saccharides (κ-/ι-/λ-carrageenans,
xanthan gum, high-methoxyl pectin, and
guar gum)

Improved protein’s colloidal and color
stabilities against acidic pH (standard
beverage processing) and heating conditions.

[60]

R-phycoerythrin
(Porphyra haitanensis)

Stabilization of protein by self-assembly
with oligochitosan (at a 1:20 reaction
ratio)

The thermal (40–80 ◦C), natural light, and
ultraviolet light irradiation (254 nm) protein
stabilities were all improved.

[61]

Phycobiliproteins
(Oscillatoria sp. BTA-170)

Stabilization of C-PC, A-PC, and PE in
the presence of different
monosaccharides (glucose, fructose,
glucose, and lactose)

Glucose was the most critical
monosaccharide that stabilizes the
degradation of proteins at 65 ◦C and higher
temperatures.

[62]

Phycobiliproteins
(Spirulina platensis)

More efficient extraction of protein using
NaCl as an extraction enhancer

Protein stability was improved by adding
NaCl, which had unaffected antioxidant
activity and a secondary structure.

[63]

C-Phycocyanin Improving the protein color stability with
epigallocatechin gallate (EGCG)

EGCG binding protected protein against
color fading under light conditions. [64]

R-phycocyanin
(Cyanidioschyzon merolae)

Preservation of thermotolerant protein
during storage with salts

The stabilizing effect of CaCl2 and MgCl2
(0.1 M) towards protein during seven days. [65]

C-Phycocyanin
Improving the protein color stability in
acidified conditions with whey protein
isolate (WPI)

A low WPI concentration (0.05–0.1%) at pH
3.0 improved the protein’s color stability
under light exposure.

[66]

C-phycocyanin
(Spirulina)

Improvement of protein stability in
acidified conditions using whey proteins
(α-lactalbumin, β-lactoglobulin, BSA,
immunoglobulins, and
glycomacropeptides)

Native whey protein (10%) efficiently
improves protein colloidal stability and
prevents aggregation at pH 3.0.

[51]
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Table 2. Processing methods for phycobiliprotein stabilizations.

Protein (Source) Method and Conditions Used Result Reference

R-Phycoerythrin
(Gracilaria gracilis)

Protein incorporation into the
gelatin-based films

Improved the protein photochemical stability
in the solid state for eight months. [67]

C-Phycocyanin
(Arthrospira platensis)

Preparation of pectin–phycocyanin
complexes with different mixing ratios

Improved the colloidal stability of the protein
wholly entrapped by the polysaccharide
molecules at acidic pH after heating at 85 ◦C.

[68]

C-phycocyanin
(Spirulina platensis)

Double encapsulation of protein using
aqueous two-phase systems (PEG
4000/Potassium phosphate and PEG
6000/Dextran) by spray drying

Prolonged shelf life with the additional
benefit of enhancing the purity of protein
compared with conventional (maltodextrin)
encapsulation.

[69]

Phycobiliproteins
(Spirulina platensis)

Proteins were treated with high
hydrostatic pressure (HPP) (600 MPa;
300 s) in the presence of sucrose,
trehalose, and glucose (20 and 40%, w/w)

Sugars exerted baroprotective,
concentration-dependent action on proteins’
(color) stability with preserved antioxidant
activity.

[70]

C-Phycocyanin
(Arthrospira platensis
EGEMACC 38)

Spray-dried microencapsulation of
protein using various combinations and
ratios of wall materials (maltodextrin,
gum arabic, whey protein isolate, and
sodium caseinate)

The highest blueness index was observed in
protein powder encapsulated with
maltodextrin and whey protein isolate.

[71]

C-phycocyanin
(Spirulina)

Modification of protein with 20 kDa
methoxy polyethylene glycol polymers

The conjugates exhibited higher blue color
intensity, improved thermodynamic stability,
and a gain in pH stability and antioxidant
activities.

[72]

Phycocyanin and
B-Phycoerythrin

Intercalation of proteins into
montmorillonite and laponite laminar
nanoclays

Proteins’ optical and thermal properties were
significantly improved. [73]

C-Phycocyanin
(Spirulina platensis)

The protein was modified using
formaldehyde crosslinking

Increases photostability of modified protein
only upon yellow light irradiation. [74]

C-phycocyanin
(Arthrospira platensis
IFRPD 1182)

Freeze-dried maltodextrin and gum
Arabic (fractions from 0 to 100%) were
used as protein microencapsulation wall
materials

Increased thermal stability of encapsulated
protein, with high antioxidant properties. [75]

Phycobiliprotein
(Palmaria palmata)

Phycobiliprotein within liposome (soy
lecithin) stabilized using polyethylene
glycol adsorbed cellulose nanocrystals.

The encapsulated protein was stable below
60 °C, above pH of 5.0, and against
illumination.

[76]

C-Phycocyanin
(Spirulina)

High-pressure processing treatment of
the protein–whey protein and
protein–carrageenan complexes at
acidic pH

Protein’s complexations improved the color
and, therefore, its storage stability under
light exposure.

[77]

R-Phycoerythrin
(Porphyra haitanensis)

Preparation of the various
oligochitosan-modified protein
complexes (OMPC) via the
transglutaminase-catalyzed glycosylation
reaction

Emulsifying stability, thermal stability,
photostability, and pH stability of the OMPC
were all significantly improved.

[54]

While many encapsulating strategies for the stabilization of PBPs exist [33,44,45], not
all of them are acceptable for usage in the food industry, with some being more applicable
in photovoltaic or pharmaceutical applications [67,78]. Encapsulation can provide higher
storage, temperature, and pH stability because PBPs are immobilized into specific matrixes.
Production of microcapsules of small size is fine if final products are to be used as carriers
of active PBP components, for applications in pharmacy, for preservation and enrichment
of other foods, or for use as food supplements. Higher concentrations and amounts of
such products should be used as alternative protein sources. Utilizing biomass and/or raw
extracts rich in PBPs in this regard is sometimes a more accessible and cheaper approach,
but it can have certain limitations. Polysaccharide hydrogels are inexpensive to fabricate
and are shown to be very efficient in improving the stability of incorporated PBPs. Another
alternative would be to use protein-based gels. While they are more expensive, final
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products are more nutritional since they contain higher protein content. Using appropriate
gelling conditions and/or cross-linkers is also very important as some may have adverse
effects if eaten in larger amounts, like using sodium tripolyphosphate for cross-linking of
water-soluble chitosan [79]. Considering that polysaccharide hydrogels are non-digestible
and have no particular taste, additional enrichment in this direction is necessary for the
product to be accepted by consumers. Incorporating PBPs in food products like cakes, ice
creams, milk, bread, and cookies overcomes this problem since these products already have
a rich and pleasant taste. In addition, by incorporating PBPs, they act as immobilizing
matrixes, improving the stability of these proteins. The following section will summarize
an overview of food products containing PBPs as alternative protein sources.

4. Phycobiliproteins as Alternative Proteins and Food Fortifiers

In the last decades, most research has focused on the various aspects of PBP bioac-
tivities and the improvement of their color stability in the conditions described above. In
terms of these studies, PBPs have been usually studied at lower concentrations (generally
less than 0.2%). Although PBPs may contribute to the color and health-promoting activities
of fortified food at these levels, their concentration is insufficient to influence the food
structure and its nutritional properties significantly. On the other hand, there is a significant
abundance of PBPs in algae; for example, the PBPs in red macroalgae Porphyra spp. con-
tribute up to 3% [80], while the content of PBPs in cyanobacteria Spirulina could be more
than 10% of the dry mass [81]. Therefore, there is a substantial potential for cyanobacteria
and algae to be explored and positioned as promising sources of alternative proteins, with
the PBPs as the key contributors. In this context, fortifying the food products with high
concentrations of PBPs and their influence on the structure, techno-functional, and nutri-
tional properties of foods could be more significant. In recent years, studies have focused
on how PBPs (mainly C-PC from Spirulina) could change the structure and properties of
the existing foods and develop new PBP-based products. Currently, products based on
Spirulina are approved for use in the EU (Novel Foods Regulation (EC) 287/1997 (NFR
1997)) since its usage was widely present in EU territory before 1997, while approval is
necessary for products from red microalgae novel food.

4.1. Phycobiliprotein-Based Food Products

The development of PBP-based new food products is a new field in food science, and
only several studies have been dealing with this topic in recent years. The PBP-based food
may have significant potential since PBPs are the major proteins of cyanobacteria (e.g.,
Spirulina) and red algae (e.g., Porphyra), a source with the desirable amino acid profile,
especially in terms of essential amino acid content, which is nearly equivalent to the egg
albumin [17,82].

One promising approach is developing composite gels obtained from PBPs and algal-
derived polysaccharides, which could enable the sustainable production of new foods. It
was shown that the addition of polysaccharides such as κ-carrageenan and guar gum (from
0.1 to 0.4%) enhances the structure and influences the water-holding capacity of thermally
induced C-PC gels (16%) through modulation of the protein secondary structure content as
well as hydrophobic interactions and disulfide bonds [83].

Alginate, the well-known algal polysaccharide, has a significant application in the
food industry due to its high propensity to make gels without organic solvents and at
room temperature. Moreover, encapsulating proteins within an alginate gel network could
significantly improve their stability, which is highly relevant regarding low PBP stability.
Indeed, several studies revealed that the thermal stability of C-PC from Spirulina and
R-phycocyanin from Porphyra sp. (Figure 2) could be significantly improved via PBP
encapsulation within alginate beads [40,84]. Further, it was demonstrated that increased
alginate concentration substantially enhances the encapsulation efficiency of C-PC. Alginate
beads could not only improve the C-PC stability; they may also influence its bioavailability
since the composite C-PC–alginate gel is resistant in the simulated gastric fluid, while rapid
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release occurs in the small intestine fluid medium [85,86]. Encapsulating R-phycoerythrin
within alginate beads also improved its bioavailability at intestine-stage digestion [87]. On
the other hand, C-PC, even at low concentrations (0.2%), can influence the properties of the
alginate gels in terms of PC-containing beads containing more water structures with weak
hydrogen bonds.
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Figure 2. Encapsulation of phycobiliproteins into selected polysaccharide matrices [40].

Meanwhile, pregelatinized corn starch acts as a filler within alginate gels and ab-
sorbs surrounding water, which could improve the thermal stability of encapsulated C-PC.
Pregelatinized corn starch enhances the encapsulation efficiency of C-PC within alginate
beads [85]. Cross-linked starches from different botanical sources can encapsulate C-PC
between amorphous chains. Among the five starches (potato, banana, corn, cassava, and
breadfruit), potato starch exhibits the highest water uptake capacity and C-PC encapsula-
tion efficiency [88].

Besides polysaccharide hydrogels, PBPs could also be encapsulated within protein-
based gels. In terms of this, Spirulina extracts, containing a high amount of C-PC, improve
the rheological and mechanical properties of soy protein isolate hydrogel (SPI) by enhanc-
ing its strength, hardness, and storage modulus. Furthermore, adding Spirulina extracts
increases the content of β-sheet, which is why the hardness and compactness of the SPI
hydrogel structure are improved [89]. Therefore, as the major component of Spirulina
extracts, the C-PC could improve food texture. Another approach utilizes the interactions
between C-PC and gelatin to form the self-assembly complex proteins. Due to the excellent
rheological properties, this complex could stabilize high internal phase emulsions (HIPEs)
used for the 3D printing of novel foods. The electrostatic interactions and hydrogen bonds
between C-PC and gelatin enabled the compact structure, promoted the interfacial ad-
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sorption behavior at the oil–water interface, enhanced emulsion stability, and reduced the
creaming index of HIPEs, followed by excellent extrudability. The 3D printing resolution
and surface quality strongly depend on the C-PC content, and a concentration of 3.4%
provides the best results regarding the compact intermolecular network system, the solid
interfacial membrane, the improved mechanical strength, and the outstanding thixotropic
properties [90]. Water-in-oil-in-water (W/O/W) double emulsions, composed of proteins
and polysaccharides, were exploited to simultaneously and efficiently encapsulate hy-
drophobic astaxanthin and hydrophilic C-PC. The gelatin solution was used as an internal
aqueous phase and soybean oil containing polyglycerol polyricinoleates was the oil phase,
while sodium caseinate solution was utilized as an external water phase. The addition of
gellan gum made the emulsion stable during the 30 days, and it can control the release
of nutrients in the simulated digestion. Like alginate beads, W/O/W double emulsions
were stable in a highly acidic stomach environment, with a strong protective effect on
C-PC. In contrast, a weakly alkaline intestinal environment induced the release of nutri-
ents [91]. Complexation with polysaccharides could significantly influence the digestibility
and bioavailability of PBPs. In terms of this, the C-PC–chitosan complex stabilized emul-
sion showed better digestibility and oxidation stability than the free C-PC emulsion [92].
Moreover, besides alginate beads, alginate-based W/O/W double emulsion substantially
improves the bioaccessibility of C-PC during intestinal digestion [93]. Besides the complex-
ation with polysaccharides, lipid-based nano-carriers, such as Nano-phytosomes, are also
used to improve C-PC’s gastrointestinal stability and bioavailability [94].

Recently, several studies used electrohydrodynamic processes such as electrospin-
ning and electrospraying to encapsulate C-PC. These two processes represent facile, cost-
effective, and flexible approaches that utilize electrically charged jets of polymer solution
to produce fibers and particles at different scales. The significant difference between elec-
trospinning and electrospraying is that the polymer solution concentration is much higher
during the electrospinning process [95]. Incorporating C-PC from Spirulina into zein fibers
via electrospinning resulted in packaging material that could protect walnut kernels from
lipid oxidation. Furthermore, this approach enabled the high encapsulation efficiency
of C-PC, and C-PC-loaded zein fibers were more active against pathogenic bacteria [96].
Electrospinning-induced co-encapsulation of C-PC and probiotics within the polyvinyl
alcohol (PVA) nanofibers increases the antioxidant activities of the products. Moreover,
the presence of C-PC within fibers improved the survivability of the probiotics [97]. C-
Phycocyanin encapsulation in the PVA via electrospraying produced nanofibers with
similar size and antioxidant activity properties. Thermogravimetric analysis in the same
study demonstrated that encapsulation substantially increased the melting point of C-PC
(from 59 ◦C for free protein to 216 ◦C for the encapsulated one) [98].

Phycobiliproteins not only promise bioactive and alternative proteins but also have
significant potential to be used to produce alternative proteins in meat cultivation. Cultured
meat is a promising solution to reduce land and water usage and limit pollution, but it
is still costly. The critical challenge in cultivated meat science is to identify/develop fetal
bovine serum (FBS) alternatives as growth supplements. Phycobiliprotein production
is eco-friendly and cruelty-free; a relatively high concentration of PBPs in algae extracts
could have significant potential to be positioned as FBS alternatives. The ability of C-PC-
containing extract of cyanobacteria Anabaena sp. to partially replace FBS for the cultivation
of muscle cell lines such as mouse embryonic myoblast line C2C12 and quail muscle clone
7 (QM7) cells was demonstrated. The same authors fabricated a 3D cell-dense structure by
culturing QM7 cells in the same extract [99]. Another strategy comprises the incorporation
of C-PC from Spirulina in chitosan/cellulose-based porous nanofilm, which enabled the
controlled delivery of the protein in cell media for improving myoblast proliferation in a
serum-reduced environment during long-term cultivation [100]. A similar approach was
utilized to incorporate C-PC and growth factors in the edible fish gelatin microsphere. This
was followed by their controlled release in a cell medium during myoblast cell cultivation
at reduced serum conditions [101]. Although there has been some progress in the research
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of PBPs as potential FBS replacement components, a substantial workload in the future
is required to develop the PBP-based media for the complete replacement of the FBS for
meat cultivation.

4.2. Fortification of the Commonly Used Foods with Phycobiliproteins

The research and industry activities could be more pronounced in developing novel
food products based on PBPs as alternative proteins. On the other hand, numerous studies
focus on fortifying commonly used food products with purified PBPs or PBPs containing
algae extracts/biomass (Figure 3). Moreover, several food products (milk, ice cream, yogurt,
juices, cookies, cheese, and candies) fortified with Spirulina extracts have appeared in the
market in the last few years [102]. Table 3 summarizes the most significant findings about
the effects of PBPs on fortified food in terms of texture, rheological properties, sensory
acceptability, acidity, antioxidant activities, color stability, etc. It is important to emphasize
that PBPs could have dual roles when added to commonly used foods: as food additives
and the nutritive role as food ingredients. Although these two roles of PBPs are highly
interconnected, PBPs at lower concentrations approach their “additive” role, while at higher
concentrations, the nutrient aspect of PBPs becomes more pronounced.

As seen in Table 3, most food products are fortified with Spirulina biomass or with the
C-PC as the primary protein in Spirulina. Only a few studies are exploring the potential
of red algae PBPs for coloring and food fortification. Considering the substantial annual
production of red macroalgae Gracilaria spp. and Poprhyra spp. (around six million tons per
year), fortifying food products with the PBPs from this source is promising [19]. It could
be sustainable due to its much higher annual productivity than Spirulina, whose annual
production is around tens of thousands of tons yearly.
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The development of PBP-fortified food comprises the selection of optimal concen-
tration to improve food texture, rheological properties, nutritional value, antioxidant
activity, and color, but without hampering other sensory attributes and consumer accep-
tance. Adding PBPs or algae biomass improves fortified food products’ texture, rheological
properties, and antioxidant capacity. Fortified products have higher protein content and
improved emulsifying properties (Table 3).

Due to the fishy flavor of algae and cyanobacteria, one of the significant challenges
to positioning PBPs from algae as food fortifiers is improving this sensory characteristic
and, therefore, consumer acceptance [109]. Lower concentrations of C-PC or Spirulina
biomass (up to 1%; w/w) have higher consumer acceptance than their higher content,
with some exceptions (Table 3). Several strategies were employed to remove or reduce an
unpleasant odor from algal biomass, such as adding sweeteners or aromas, which was
covered in a recent review paper [110]. Another approach to avoid Spirulina’s unpleasant
characteristic flavor is properly combining spices in the enriched food [111]. The type of
Spirulina-enriched food also determines consumer acceptance; it has been shown that con-
sumers from France, Germany, and the Netherlands have higher preferences for enriched
pasta compared to enriched sushi and jerky [112]. Adding flavors to the Spirulina-enriched
pasta, such as lemon-basil, improves consumer acceptance [113]. The response surface
methodology was successfully implemented to optimize Spirulina-enriched soy yogurt’s
ingredient formulation, processing parameters, and sensory parameters [114]. By optimiz-
ing the high moisture extrusion technique, it was possible to substitute soy partly with
Spirulina biomass, producing firm and fibrous soy-based meat alternative products with a
decent algae flavor [112]. This technique also shows promise for Spirulina extracts since
mixing with lupin proteins can create meat analogs with improved physicochemical and
nutritional properties [115]. Microencapsulation of Spirulina biomass in maltodextrin and
Arabic gum could mask the taste of seaweed and seaweed aroma in the ice cream [116],
while microencapsulation of Spirulina in alginate spheres resulted in higher consumer
acceptability [117].

Table 3. Overview of using natural sources of vivid-colored phycobiliproteins in the food industry to
fortify the commonly used food products.

Protein Sample Concentration
(w/w) Food Type Major Food Product Characteristics Reference

Phycoerythrin-rich
water extract
(Porphyridium
cruentum)

0.00015–0.00029%
Commercial
beverages (e.g.,
gin and wine)

The pink color was stable during 11 days of
storage; well accepted by a semi-trained
panelist

[26]

C-PC from Spirulina
(Arthrospira platensis) 0.025% Ice cream

Stable color during the 6 months; increased
antioxidant activity after in vitro simulated
digestion

[108]

PBPs from
cyanobacteria Nostoc
sp.

0.03–0.14% Skim milk Satisfactory sensory characteristics [118]

Encapsulated
R-phycoerythrin
(Kappaphycus alvarezii)

0.1% Ice cream
Better rheology; pink color intensity increased
during 90 days of storage; enhanced
antioxidant activity

[119]

C-PC from Spirulina
(Arthrospira platensis) 0.1–0.2% Ice cream

Smoother and softer texture; sugar (25%) and
fat (50%) content reduction; no significant
influence on consumer acceptance

[120]

Porphyridium cruentum
spray-dried biomass 0.1–0.3% Ice cream Increased consistency index [121]
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Table 3. Cont.

Protein Sample Concentration
(w/w) Food Type Major Food Product Characteristics Reference

C-Phycocyanin extract 0.18–0.32% Soft beverage Improved product’s antioxidant activity;
good sensorial attributes [122]

Spirulina (Arthrospira
platensis) biomass 0.25% Craft beer

Increased total polyphenols, tannins, and
antioxidant power; cytoprotective properties
towards the oxidative damage

[123]

Spirulina (Arthrospira
platensis) powder 0.25–1% Yogurt

Better water holding capacity and lower
whey syneresis (28 days of storage); improved
antioxidant activity; lower firmness but better
elasticity; acceleration of the end of
fermentation; acceptable sensory
characteristics only at 0.25%

[124]

C-Phycocyanin 0.3% Biscuit

High oxidative stability during 30 days of
storage; satisfactory all main sensory
characteristics (e.g., odor, flavor, texture, and
overall acceptability)

[125]

C-PC from Spirulina
(Arthrospira platensis) 0.3–0.4% Ice cream Emulsifying and stabilizing activity; lower

consumer acceptance [126]

Spirulina (Arthrospira
platensis) powder 0.4–1.2% Bread

Higher moisture content; lower hardness;
highest consumer acceptance with 0.8%;
higher antioxidant activity

[127]

Spirulina (Arthrospira
platensis)
microencapsulated in
alginate

0.5% Yogurt Improved viscosity stability during storage;
better consumer acceptance [103]

Spirulina (Arthrospira
platensis) powder 0.5–1.5% Feta-type

cheese

A higher number of lactic acid bacteria after
60 days of storage; softer texture and sensory
characteristics (at 0.5 and 1%)

[128]

C-PC from Spirulina
(Arthrospira platensis) 0.5–2% Cow’s milk

Increased solid non-fat content; enhanced
antioxidant activity; improved sensory
characteristics

[129]

Spirulina maxima
biomass 0.5–2% Pasta

The color was relatively stable after cooking,
with increased firmness. Higher consumer
acceptance scores

[130]

Spirulina (Arthrospira
platensis) powder 0.5–3% Processed

cheese

Decrease in adhesiveness, cohesiveness,
springiness, chewiness; increase in hardness
and gumminess; deterioration in the overall
sensory acceptability

[131]

Spirulina (Arthrospira
platensis) powder 0.63–2.5% Fresh noodles

Increased antioxidant capacity; increased
hardness, cohesiveness, springiness,
gumminess, and chewiness; the highest
consumer acceptance with 1.25%

[132]

Spirulina (Arthrospira
platensis) powder 1% Yogurt

Higher antioxidant activity and number of
lactic acid bacteria; higher water holding
capacity and viscosity; lower syneresis;
decreased consumer acceptance

[133]

Spirulina (Arthrospira
platensis) biomass and
wheat germ

1% (both)

Pear–
cantaloupe-
based
beverage

Increased antioxidant capacity, total phenol,
and flavonoid content; good
organoleptic score

[134]

Spirulina (Arthrospira
platensis) powder 1.5–3.5% Yogurt spread

Increased viscosity and spreadability; lower
consumer acceptance with a higher Spirulina
concentration

[135]

Spirulina (Arthrospira
platensis) powder 1.6% Baguette bread Decreased hardness and gumminess; lower

sensory score [136]
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Table 3. Cont.

Protein Sample Concentration
(w/w) Food Type Major Food Product Characteristics Reference

Spirulina (Arthrospira
platensis) powder 1–15% Gluten-free

fresh pasta

Higher antioxidant activity, without affecting
product cooking and texture quality
properties; a favorable sensory evaluation

[137]

Spirulina (Arthrospira
platensis) biomass 1–2% Cookie Harder and darker product with increased

protein content; questionable sensory quality [138]

Spirulina (Arthrospira
platensis) extract 1–5% Chinese-style

pork-sausage

Small changes in pH; inhibition of lipid
oxidation; 2.5 and 5% retarded the decrease in
sensory acceptability (storage at 4 ◦C)

[139]

Spirulina (Arthrospira
platensis) biomass 2 or 6% Cookie

Color and texture stability over 8 weeks;
higher protein and total phenolic content and
in vitro antioxidant capacity; without in vitro
digestibility changes

[106]

Spirulina (Arthrospira
platensis) biomass 2% 3D-printed

cookie dough

All formulations were suitable for extrusion
and microbiologically stable; stable texture
after 30 days of storage; improved antioxidant
properties and color stability after extract
encapsulation in alginate microbeads

[140]

Spirulina (Arthrospira
platensis) powder 2.5–10% Pasta

Increased rheological parameters, color, and
cooking quality; decreased dough stability;
sensory acceptable up to 5%

[141]

Nano-liposomes
containing PBPs from
Gracilaria gracilis

2.5–5% Carp burger

Lower oxidative spoilage and microbial
deterioration; no significant loss of overall
consumer acceptability (18 days of
refrigerated storage)

[142]

Spirulina (Arthrospira
platensis F&M-C256)
biomass

2–10% Sourdough
bread

Higher antioxidant activity; highest consumer
acceptance with 2% [143]

Spirulina (Arthrospira
platensis) biomass 2–15% Pasta

Lower firmness, cut force, and consistency;
higher stickiness; highest consumer
acceptance for 12.5%

[104]

C-PC from Spirulina
(Arthrospira platensis) 2–8% Yogurt

Decreased syneresis; increased firmness and
viscosity; higher pH and color stability; no
pathogen growth during 21 days of storage;
overall acceptability not affected at 4%

[144]

Microencapsulated
Spirulina (Arthrospira
platensis) in alginate

3% Pasta Protection of antioxidant potential; higher
firmness; acceptable sensory characteristics [117]

Spirulina (Arthrospira
platensis) powder 4–6.5% Dry

noodles

Lower cooking loss; higher elongation and
tensile strength; highest consumer acceptance
with 6%

[145]

Spirulina (Arthrospira
platensis) powder 5% Beer

Slightly altered fermentation parameters;
typical beer-like product character; odor and
taste alteration compromising the consumer
acceptance

[107]

Microencapsulated
Spirulina sp. LEB-18 in
maltodextrin and soy
lecithin

5–8.75% Chocolate milk
Increased antioxidant activity; good
suspension stability and low hygroscopicity;
questionable consumer acceptance.

[146]

4.3. Challenges for Proper Phycobiliproteins Utilization as Alternative Proteins

Several challenges must be addressed and overcome to enable a broader utilization of
PBPs as natural colorants and alternative food proteins, mainly if the entire biomass or raw
extracts are to be used. These can be divided into issues considering biomass cultivation,
safety concerns, and bioavailability of PBPs, as well as their quantity and purity. Connected
with these are the economic aspects of the high prices of PBPs.

98



Int. J. Mol. Sci. 2024, 25, 7187

4.3.1. Cultivation of Cyanobacteria/Algae as Sources of Phycobiliproteins

Some considerations regarding the cultivation risks of cyanobacteria/algae also need
to be addressed. They include contamination risks and adverse effects on biodiversity.

Edible seaweed may contain several contaminants, including heavy metals, elevated
iodine content, anti-nutritional factors, radioactive isotopes, ammonium, dioxins, and
pesticides. However, the safety of seaweed largely depends on the cultivation environ-
ment [17,147]. Heavy metal contamination represents the highest risk factor. Biomasses
of cyanobacteria and microalgae are known to assimilate toxic heavy metals during their
growth due to the presence of alginic acid, proteins, and peptidoglycans present in the
extracellular matrix [17,148]. Commercially available seaweed samples were shown to
contain As, Cd, and Pb [149]. Cyanobacterial species like Microcystis aeruginosa can result
in biomass having toxic microcystins [150], which is a significant issue if larger quantities
of PBPs are to be used as alternative protein sources. Therefore, it is imperative to imple-
ment proper quality control measures that prevent the production of toxic biomass for
human nutrition.

Another concern that should be addressed is the potential allergenic properties of
cyanobacteria and algae as sources of phycobiliproteins. However, there are limited
findings regarding the allergenic properties of PBP-producing cyanobacteria, and only
a few case studies about Spirulina and C-PC allergenicity were reported and classified
as anaphylaxis [151]. Furthermore, studies addressing other health issues of PBPs in an-
imals and humans are quite scarce. Until now, it was demonstrated that the C-PC from
Galdieria sulphuraria [152] and Spirulina [153] did not induce any toxic effects in rats and
humans, respectively.

Growing particular algae species in large quantities can negatively affect marine
ecosystems [154], as they can compete with other species. There is a risk for extreme
proliferation and invasion of non-native species when conditions for their overgrowth
are met. For example, in the case with China in 2008, a massive green tide occurred,
covering about 600 km2 along the coast of Qingdao [155], which is one of the reasons
why algae cultivation needs to be strictly controlled. While macroalgae may enhance
biodiversity [156], their subsequent harvest, if not properly managed, may damage this
habitation and thus negatively affect other species living there [157]. Marine organisms
that live below the level of seaweed and are dependent on sunlight can also be negatively
affected by mass production of algae due to lower irradiance [154].

4.3.2. Isolation and Purification of Phycobiliproteins from Cyanobacterial/Algal Biomass

Once biomass that passes safety regulations for human consumption is obtained, the
next obstacle is getting PBPs in sufficient quantity and quality. The purity index of PBPs is
expressed as the ratio of absorbance at wavelengths of maximal adsorption in the visible
part of spectra and absorbance at 280 nm. In the case of C-PC, for example, food-grade
protein has an A620 nm/A280 nm ratio of 0.7, reagent grade has a ratio of 3.9, and analytical
grade has a ratio over 4 [158]. So far, several review papers and book chapters have already
covered many published papers about the isolation and purification of PBPs from many
algal sources [1,9,33,159,160]. After obtaining protein extracts by simple solvent extraction
from biomass or additional treatments, including sonication, nitrogen freezing, lyophiliza-
tion, or addition of enzyme(s), the next step is the purification of desired PBPs. While
standard chromatography techniques give highly purified PBPs, the yield is usually meager.
Additionally, they are expensive and complicated to implement for broader usage of PBPs
as alternative food proteins. Therefore, other cheaper methods that can be easily scaled up
to obtain sufficient quantity and quality PBPs are required. Promising methods are aque-
ous two-phase separations [161,162], membrane chromatography/technology [163,164],
expanded-bed adsorption chromatography [165], and ultrafiltration [166,167]. All of them
can yield more and provide sufficient purity of PBPs for food applications.
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4.3.3. Economic Aspects of Phycobiliproteins Production

One of the significant obstacles in positioning PBPs as competitive alternative proteins
is their high price, mainly due to the costly cultivation of PBP-containing cyanobacteria and
algae. The price of Spirulina is usually in the range of EUR 30–70 per kg in Europe [168],
but in the Asian market, the Spirulina prices could be much lower (EUR 5 per kg or higher).
The price of food-grade C-PC also exhibits significant variations on the market. Generally,
it is around EUR 100 per kg [169], which is still costly to establish as an alternative protein.
The second significant challenge, closely related to the high C-PC price, is the relatively low
production of Spirulina, which is around 50 thousand tons per year according to the report
of the Food and Agriculture Organization of the United Nations (FAO) for the 2019 year.
This amount may satisfy the market in the context of C-PC as food colorants, but translating
PBPs to alternative proteins requires much higher productivity. Therefore, the increase in
the Spirulina cultivation fields and the reduction in the price of cultivation are prerequisites
for positioning C-PC as a competitive alternative protein. The cheap alternative culture
media for growing Spirulina using industrial and processing wastes could be a promising
approach to decrease the cultivation costs [170]. Cultivating Spirulina maxima in wastewater
from the demineralization of cheese whey would lower production costs by 50% [171].
While utilizing the concept of the circulatory economy could significantly reduce the price of
the final products, some challenges, such as the uncertainty of nutrient content and toxicity,
should be addressed regarding Spirulina cultivation in wastewater [172]. The second,
circulatory economy-based approach utilizes the CO2 from flue gas of biomass power
plants and media recycling to reduce the cost of nutrients for Spirulina maxima cultivation
by up to 42% [173]. Moreover, the exploitation of the biorefinery approach, which comprises
the use of residual biomass after C-PC and high-value metabolites extraction as a potential
source for the production of low-value, high-volume biofuels, could also be a promising
approach for Spirulina and C-PC price reduction [174].

The most economically critical red macroalgae, such as Porphyra spp. and Gracilaria
spp., have substantially higher annual production than Spirulina, and over 5 million tons
of these algae are produced annually (FAO report). Although they have nearly one order of
magnitude lower PBP content, their high annual production can be a source of alternative
proteins [17]. Despite the high yearly production, the price of Porphyra spp. is still high,
ranging from around EUR 100 per kg in the European market. Meanwhile, in the Asian
market, the price starts at around EUR 5 per kg. The Gracilaria spp. has a similar price
on the European market [168], while the prices on the Asian market may decrease to
EUR 1 per kg for high-quantity purchases. However, these prices are still higher than those
of the plant protein source [17]. On the other hand, the vivid and strong bioactive effects of
PBPs could receive higher consumer acceptance compared to other sources of alternative
proteins. There are no food-grade PBPs from red algae on the market; they can only be
purchased as expensive research reagents for fluorescent labeling.

Contrary to C-PC from Spirulina, PBPs from red macroalgae are more challenging to
extract, representing the obstacles in delivering them to the food market as colorants and
alternative proteins [17]. Therefore, future studies are required to improve the extraction
yields of PBPs (and other proteins) in cost-effective and food-compatible manners from red
macroalgae and position them in the food market. Moreover, significant efforts could be
made to improve the flavor characteristics of red algae extracts.

5. Conclusions and Future Perspectives

To date, significant efforts and progress have been made in the context of PBP purifica-
tion and characterization. C-PC is currently the best-studied PBP, a natural and bioactive
colorant for various foods and beverages. However, enhancement of its application poten-
tial in terms of availability on the market and competitiveness requires additional steps:
(1) increase in Spirulina’s annual productivity, (2) improvement of C-PC stability using
approaches compatible with food safety, and (3) minimizing or completely removing the
unpleasant flavor characteristic arising from Spirulina. Considering the high abundance of
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C-PC in Spirulina, future studies should also focus on developing new, C-PC-based and
protein-rich foods. These products would significantly strengthen the potential of C-PC as
an alternative protein. Moreover, the vivid blue color of C-PC and its substantial bioactive
properties could give it a significant advantage in the alternative protein market compared
to other sources of alternative proteins.

Phycobiliproteins from other sources are much less explored compared to C-PC from
Spirulina. Considering the annual productivity of red macroalgae (such as Porphyra and
Gracilaria) is more than two orders of magnitude higher than Spirulina’s yearly yield, there
is a vast potential for these algae to be valorized as the source of PBPs for food application.
However, establishing the PBPs from red macroalgae as food colorants and alternative
proteins in the first place requires substantial research efforts to improve their extraction
yield and characterization and enhance their stability. The following steps should also
include the improvement of their sensory characteristics.

Based on the presented review, there are several obstacles for the food industry to
overcome if phycobiliproteins are to be used more effectively and significantly. The main
goals of the food industry regarding a particular product are customer satisfaction, safety,
providing product information, and the maintenance of commercial viability. Developing
high-quality (in terms of both nutritional and sensory characteristics, but also in terms
of their safety) PBP food products, either as novel foods or as fortification in existing
food products, would significantly improve consumer acceptance and satisfaction. This
achievement will trigger the high demand for PBPs in the food market, which could be
a motivation for the higher productivity of cyanobacteria and algae as sources of PBPs.
Implementing the concept of a circulatory economy in the production of cyanobacteria
and algae could enhance their productivity and decrease the cultivation price, creating
a stronger position for PBPs as alternative proteins in the competitive food market by
maintaining the commercial viability of PBP-based products.
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Abstract: Tannins, present in numerous plants, exhibit a binding affinity for proteins. In this study,
we aimed to exploit this property to reduce the concentration of allergenic egg white proteins. Tannins
were extracted, using hot water, from the lyophilized powder of underutilized resources, such as
chestnut inner skin (CIS), young persimmon fruit (YPF), and bayberry leaves (BBLs). These extracts
were then incorporated into an egg white solution (EWS) to generate an egg white gel (EWG). Allergen
reduction efficacy was assessed using electrophoresis and ELISA. Our findings revealed a substantial
reduction in allergenic proteins across all EWGs containing a 50% tannin extract. Notably, CIS and
BBL exhibited exceptional efficacy in reducing low allergen levels. The addition of tannin extract
resulted in an increase in the total polyphenol content of the EWG, with the order of effectiveness
being CIS > YPF > BBL. Minimal color alteration was observed in the BBL-infused EWG compared to
the other sources. Additionally, the introduction of tannin extract heightened the hardness stress, with
BBL demonstrating the most significant effect, followed by CIS and YPF. In conclusion, incorporating
tannin extract during EWG preparation was found to decrease the concentration of allergenic proteins
while enhancing antioxidant properties and hardness stress, with BBL being particularly effective in
preventing color changes in EWG.

Keywords: allergenic proteins; color; textural properties; egg white; polyphenol; tannin; chestnut
inner skin; young persimmon fruit; bayberry leaf

1. Introduction

Chicken eggs are a prevalent source of food allergies. The “National Survey on Imme-
diate Type Food Allergy” by Japan’s Consumer Affairs Agency in 2011 identified chicken
eggs as the leading source, constituting 39.0% of all reported food allergies. Notably, this
allergy affects a significant portion of the population, with 57.6% of 0-year-olds and 39.1%
of 1-year-olds reporting allergies to chicken eggs [1]. Eggs are widely utilized in cooking
due to their nutritional value and versatility. They are commonly used in various food
products such as bread, confectionery, processed meat (ham), and seasonings (mayonnaise).
The conventional approach to egg allergy management involves eliminating or significantly
reducing egg consumption from the diet. However, this restriction poses a substantial
challenge to daily life, and the risk of inadvertent exposure remains, potentially leading
to severe anaphylactic reactions. Several studies have explored methods to decrease the
allergenicity of chicken eggs. The primary allergens in eggs are ovomucoid (OVM) and
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ovalbumin (OVA), constituting approximately 11% and 54% of the egg white (EW) pro-
teins, respectively [2]. OVA is less allergenic and more degradable when the proteins are
denatured by heating [3]. However, OVM is thermostable and does not lose its allergenic
activity [4]. While heating can reduce the allergenicity of OVA, OVM remains thermostable
and allergenic even after cooking. Research has shown that removing OVM from EW
significantly reduces allergenic activity, highlighting its crucial role in egg allergies [5].
Various methods, such as pulsed electrolysis and electrolysis treatment, have been explored
to reduce the IgE-binding capacity of egg allergens [6,7]. However, these methods require
cost, labor, and effort, and are not systems that can be implemented immediately at process-
ing sites. As described above, egg allergy impacts many people, and hence, reducing the
allergenicity of chicken eggs is crucial. Although research is ongoing on this topic, the main
method for avoiding the effects of chicken egg allergy is the elimination diet [8]. However,
this places a heavy burden on the patient and their family. This study developed a new
hypoallergenic method to treat chicken egg allergy. Tsurunaga et al. conducted research on
chestnut peels discarded during food processing [9], persimmon fruits discarded during
picking and cultivation [10], and bayberry leaves (BBLs) discarded during pruning [11]. The
results showed that they contained large amounts of tannins, which are known for having
high protein-binding [12] and antioxidant activities, and polyphenols [13]. Tannins can be
divided into two fundamentally different chemical structures: hydrolyzable and condensed
tannins. Hydrolyzable tannins are polymers of gallic acid and ellagic acid covalently linked
to esters. Condensed tannins are ether-covalently bonded polymers of flavan-3-ol. Out
of these tannins, condensed tannins bind more strongly to proteins [14], and it has been
reported that condensed tannins are abundant in CIS, YPF, and BBLs [15–17]. In a previous
study, we developed a technique to reduce the allergenicity of processed wheat products
by adding tannins to wheat, taking advantage of their protein-binding properties [18].

In this study, we aimed to create a new and simple hypoallergenic method for treating
chicken egg allergy and used tannins found in chestnut peels, persimmon fruits, and BBLs
(pruned material) due to their known protein-binding and antioxidant properties. This
was performed by preparing an EWG by adding tannin extracts to an EWS and evaluating
allergen reduction, antioxidant properties, textural properties, and the impact of tannin
addition on the inherent coagulability of egg white.

2. Results and Discussion
2.1. Characteristics of EWS and Tannin Materials Solution

Table 1 presents the total polyphenol content (TPC), soluble tannin content (STC),
image, color, pH, and Brix results for raw EWS, CIS, YPF, and BBL solutions. TPC exhibited
the order YPF > CIS > BBL > EWS, with EWS surprisingly displaying a high value of
411.5 mg catechin (CTN) eq/100 mL, potentially attributed to the Folin–Ciocalteu reagent
reacting with tyrosine, tryptophan, and cysteine residues, resulting in a deep blue color.
The STC values were 391.3 ± 13.3, 331.5 ± 15.5, and 322.5 ± 27.9 CTN eq/100 mL for CIS,
YPF, and BBL, respectively, with smaller differences between materials than observed for
TPC. YPF had a higher L* value, and CIS had higher a* value than the other materials. BBL
showcased a higher b* value, indicating a yellowish color, and was more transparent than
the CIS and YPF solutions. The pH ranged from 4.0 to 4.8 for CIS, YPF, and BBL, and 7.2
for EWS, indicating neutrality. The Brix values followed the order YPF > CIS > EWS > BBL,
with YPF registering as high as 10.1, likely due to its known higher content of carbohydrates,
such as fructose, glucose, and sucrose [19].
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2.2. Evaluation of EW Allergen
2.2.1. Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis (SDS-PAGE) Analysis

SDS-PAGE was conducted to assess the interactions between EW proteins and tannins,
and bands of writing proteins were referenced from previous studies [20]. In the elec-
trophoretic pattern of EWS, distinct bands for ovotransferrin (OVT), OVA, OVM, lysozyme
(LYZ), and aggregates within the molecular weight range from 80 to 250 kDa were evident
(Figure 1A). No apparent differences were observed in the band patterns of EW proteins
with or without the presence of tannin extract. However, a faint band corresponding to
aggregates larger than 250 kDa was noticeable in the EWS containing CIS and YPF.

Figure 1. SDS-PAGE patterns of tannin-treated EW proteins. (A) EWS; (B) EWG. M, molecular mass
standards. 1, control; 2, 10% CIS; 3, 50% CIS; 4, 10% YPF; 5, 50% YPF; 6, 10% BBL; 7, 50% BBL. EW, egg
white; EWS, egg white solution; EWG, egg white gel; CIS, chestnut inner skin; YPF, young persimmon
fruit; BBL, bayberry leaf. OVT, ovotransferrin; OVA, ovalbumin; OVM, ovomucoid; LYZ, lysozyme.

The band patterns of the EWG varied depending on the concentration and type of
tannin extract (Figure 1B). Notably, the band intensity of OVT significantly decreased in
the EWGs with 10% tannin extracts compared to those without tannin, and no OVT band
was observed in the EWG with 50% tannin extracts. Furthermore, the band intensities of
OVA, OVM, and LYZ were lower in the EWGs containing 50% CIS and BBL than in those
with no tannins or 50% YPF. Specifically, the EWG with 50% BBL displayed no monomeric
bands, except for trace amounts of OVM.

Under these experimental conditions, the majority of non-covalent and disulfide
bonds were cleaved by the reagents present in the sample buffer. Hence, the observed band
attenuation was likely attributed to aggregation via covalent bonds rather than disulfide
bonds [20,21]. Some studies have explored the formation of covalent bonds between
proteins and tannins [22,23]. Typically, this reaction involves the conversion of the phenolic
hydroxyl group of tannins to quinone through alkaline or polyphenol oxidase treatment,
followed by addition to the amino acid residues of proteins [22]. According to Pizzi [23],
tannins and protein hydrolysates form covalent bonds when heated at 80 ◦C for 60 min in
a neutral solution [23], a condition nearly identical to that in this study. Other potential
bonds include lanthionine and lysinoalanine bonds formed between EW proteins during
gelation [20]. However, the beta elimination of cysteine, a key reaction for lanthionine or
lysinoalanine bonding, was unlikely to be affected by tannins. Thus, during heat-induced
gelation, tannins and EW proteins formed aggregates with covalent bonds, indicating a
process beyond mere mixing with tannin extracts. Notably, BBL served as a crosslinker that
effectively aggregated most EW proteins, including OVA.
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2.2.2. Enzyme-Linked Immunosorbent Assay (ELISA)

The protein content of the EWG samples, measured using the FASPEK ELISA II®

series for albumin (referred to as Faspek value) (Morinaga Institute of Biological Science,
Yokohama, Japan), is illustrated in Figure 2. In comparison to the controls, the Faspek
values were significantly reduced in all tannin-supplemented groups (except for the 10%
YPF) with more pronounced reductions observed with higher amounts of tannin extract
addition (p < 0.05). A comparative analysis of the three tannin extracts employed in
this study (CIS, YPF, and BBL) revealed that CIS and BBL were more effective than YPF.
Hence, the results of the ELISA were found to be consistent with the electrophoresis results.
Specifically, the 50% CIS sample demonstrated a value of 47.6 mg/g (62.8% reduction), and
the 50% BBL sample exhibited a value of 51.8 mg/g (59.5% reduction), in contrast to the
control Faspek value of 127.8 mg/g. Conversely, in the case of the 10% YPF (131.1 mg/g)
sample, there was no significant difference from the control value (127.8 mg/g). The 50%
YPF (80.5 mg/g), 10% CIS (92.8 mg/g), and 10% BBL (80.0 mg/g) samples displayed
comparable Faspek values with no significant differences. OVA constitutes the majority
(54% w/w) of EW [24], and is composed of 385 amino acids with a molecular weight of
45 kDa and a pI of 4.5 [25]. OVA undergoes three-dimensional structural changes through
various treatments, including heating [26]. Such changes involve the formation of new
disulfide bonds or the addition of side chains, resulting in irreversible modifications, such
as aggregation, which are commonly observed during the heat treatment of globular
proteins [27]. Conformational changes induced by heat treatment decrease the allergenicity
of food proteins by either destroying or shielding specific epitopes or altering protein
digestibility [28,29]. For instance, Jiménez-Saiz et al. [30] reported a reduction in the
amount of rabbit IgG and human IgE binding to OVA after heating at 90 ◦C for 15 min.
Claude et al. [31] also demonstrated that larger aggregates, when analyzed using sera
from egg-allergic patients or sera from OVA-sensitized mice, exhibited lower IgE- and
IgG-binding capacities compared to natural OVA. As mentioned, allergy reductions of OVA
in EWG through heat treatment have been widely reported. In addition, various other
hypoallergenic techniques for eggs have been reported [24]. It has been reported that when
egg albumin was treated under pressurized thermal conditions, SDS-PAGE staining spread
at 130 ◦C (0.3 MPa) and no specific bands were observed, and, above 150 ◦C (0.5 MPa),
the staining bands were fuzzy and shifted to the low-molecular-weight side [32], which
indicates that heating under normal pressure conditions (100 ◦C) does not change the OVA
content, making hypoallergenization difficult. Another report examined the reduction of
egg allergens in cakes containing gamma-irradiated egg whites [33]. It was found that
the OVA concentration without gamma radiation was 432.88 mg/g, whereas it was 14.27
and 8.78 mg/g in the 10 and 20 kGy-irradiated samples, respectively, indicating a very
high efficacy [33]. However, we believe that its practical application is challenging because
special irradiation equipment is required, and the use of radiation for food products may
be restricted. Furthermore, a study examined the immunogenic and structural properties of
OVA under pulsed-electric-field treatment; when the OVA samples were treated with a high
electric-field strength (>25 kV/cm, 180 µs) or for long durations (>60 µs, 35 kV/cm), the
results revealed that OVA aggregation significantly reduced the IgG-binding ability, and, in
particular, it decreased by approximately 30% after treatment at 35 kV/cm and 180 µs [6].
This technique also requires special equipment. However, we revealed the potential of a
new and simple allergen reduction technology for EW by adding tannin extracts. Moreover,
this technique facilitates the application of tannin-rich but underutilized resources. Based
on these points, the technique of adding tannin extracts is a promising approach; however,
further research is required to completely reduce allergens.
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Figure 2. Faspek values of tannin-treated egg white gels. All results were obtained using Tukey’s test
for multiple comparisons. Faspek, FASPEK ELISA II® series for egg white albumin. Different letters
indicate significant differences at p < 0.05. Data are expressed as the mean ± SE (n = 4). CIS, chestnut
inner skin; YPF, young persimmon fruit; BBL, bayberry leaf.

2.3. Fourier Transform Infrared Spectroscopy (FT-IR)

To investigate the structural changes of EWG caused by adding tannins, FT-IR spec-
troscopic analysis was carried out. Figure 3 depicts the IR absorbance spectra in the
2000–500 cm−1 region for three types of tannins. The band assignment for these tannins
is summarized in Table 2 [34–36]. The spectra show characteristic patterns owing to the
molecules with aromatic rings and phenol groups. The spectral variations of the EWG
caused by adding three types of tannins are shown in the upper column of Figure 4. The
absorbance spectrum of the pure EWG is defined as a control and was compared to the
spectra of the mixed samples of tannins at 10% and 50% concentrations. Spectral variations
caused by changes in the ratio of the two compositions were clearly observed. To uncover
the mechanisms of the intermolecular interactions between the EWG and tannins that
induce aggregations, the spectra were analyzed in detail. Namely, we investigated whether
the spectral variations could be explained simply by the spectral changes caused by mixing
two compositions, or by the further variations caused by the molecular structural changes
between the two compositions.

Table 2. Band assignment of FT-IR bands.

Wavenumber (cm−1) Functional Group

1750–1700 C=O str.

1650–1480 C=C str. of aromatic rings

1400–1300 C-OH def.

1300–1160 C-OH str.

1285 C-O str. of pyran ring

1200–950 C-H def.
FT-IR, fourier transform infrared spectroscopy; str., stretching; def., deformation.
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Figure 3. IR absorbance spectra in the 2000–500 cm−1 region of three types of tannin. IR, infrared
spectroscopy; CIS, chestnut inner skin; YPF, young persimmon fruit; BBL, bayberry leaf.

Figure 4. Upper column: comparison of IR absorbance spectra of pure EWG (control) and EWG with
CIS, YPF, and BBL at 10 and 50% concentrations. Bottom column: subtraction spectra resulting from
the subtraction of the pure EWG spectra from the spectra of the mixed EWG and tannin samples
at 50% concentration, and the pure tannins. IR, infrared spectroscopy; EWG, egg white gel; CIS,
chestnut inner skin; YPF, young persimmon fruit; BBL, bayberry leaf.

First, the spectrum of the pure EWG was subtracted from that of each mixed sam-
ple. The subtracted spectra were expected to show similar patterns to those of the pure
tannins added if the molecular structure not changes due to the interaction between the
EWG and the tannin molecule. Conversely, if the molecular structure changes due to the
interaction between the EWG and the tannin molecule, then the subtracted spectrum is
likely to have a different pattern to that of the pure tannin. The bottom column of Figure 4
compares the subtracted spectra for each tannin at 50% concentration with those of each
pure tannin. Overall, the subtracted spectra show similar spectral patterns to those of each
tannin. However, double bands appeared in the 1600–1500 cm−1 region, and the bands at
approximately 1320 and 1220 cm−1 had remarkably intensified. These variations in the
spectra of the mixed samples were highly similar to those observed for the transition of
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phenol into the quinone–phenolate structure [37]. That is, the results of the spectroscopic
analysis were found to be consistent with the electrophoresis results.

2.4. Total Polyphenol Content

Figure 5 depicts the TPC values of the EWG, which were significantly higher (p < 0.05)
in all tannin extract-supplemented treatments compared to the control. Specifically, the
TPC value of the 10% CIS sample (was 4.7 times (437.3 mg/g) higher than the control
(93.1 mg/g), while for the 50% CIS sample, an 8.2 times (760.8 mg/g) increase over the
control was recorded. The addition of tannin extract resulted in an EWG with elevated
TPC levels (Figure 5) and allergen reduction (Figures 1 and 2). CIS polyphenols are known
for their antioxidant and antibacterial effects [9], YPF polyphenols exhibit bile acid-binding
activity and hypoglycemic effects in mice [38], and BBL polyphenols have been reported to
demonstrate anti-obesity activity in a rat model of high-fat diet-induced obesity [39]. The
incorporation of tannin material extract imparts these health functionalities to the EWG,
enhancing its health benefits.

Figure 5. TPC of tannin-treated EWG. All results were obtained using Tukey’s test for multiple
comparisons. Different letters indicate significant differences at p < 0.05. Data are expressed as the
mean ± SE (n = 6). TPC; total polyphenol content; CIS, chestnut inner skin; YPF, young persimmon
fruit; BBL, bayberry leaf; EWG, egg white gel.

2.5. Appearance and Color

As depicted in the digital camera image in Figure 6, the addition of YPF and CIS
resulted in both the EWS and EWG adopting a darker reddish hue than the control, and
this effect became more pronounced with an increased tannin extract addition ratio. This
trend was particularly prominent in the case of the CIS sample. In contrast, the BBL sample
exhibited minimal change in appearance with the addition of the extract compared to the
YPF and CIS samples (Figure 6). The BBL solution, being more transparent than the CIS
and YPF solutions (Table 1), likely contributed to the subdued change in the appearance of
the EWG. This subtle impact on the EWG’s appearance is a crucial factor to consider when
assessing quality.
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Figure 6. Images of tannin-treated EWS and EWG. EWS, egg white solution; EWG, egg white gel;
CIS, chestnut inner skin; YPF, young persimmon fruit; BBL, bayberry leaf.

The L* value signifies lightness, a* indicates the color from green to red, and b*
indicates the intensity of the color from blue to yellow. The L*, a*, and b* values for the CIS
extract were 39.3 ± 0.0, 14.7 ± 0.0, and 11.6 ± 0.1, respectively; for the YPF extract, they
were 49.5 ± 0.1, 12.2 ± 0.1, and 8.9 ± 0.1; and, for the BBL extract, they were 36.6 ± 0.1,
12.9 ± 0.2, and 14.5 ± 0.2 (Table 1). Comparing the effects of adding tannin extract on the
L*, a*, and b* values, it was evident that the a* and b* values were conspicuously influenced
by the addition of the tannin extract. The broad trends of the L*, a*, and b* values for each
treatment were similar for the pre-heated EWS and post-heated EWG (Figure 7). The a*
value of the EWS was 4.47 and 13.2 in the 10% and 50% CIS samples, respectively, compared
to the control (0.12) (Figure 7B). In the EWG, the a* value was 12.15 and 16.33 in the 10%
and 50% CIS samples, respectively, compared to the control (−6.79) (Figure 7E). While
the control group showed a decrease in the a* value due to the transition from EWS to
EWG caused by heating, the CIS replacement group exhibited an increase in a*, resulting in
enhanced redness due to gelation (Figure 7B,E). A similar trend was observed with YPF,
although not as prominently as with CIS. The a* value of the BBL sample was least affected
by the addition of the tannin extract (Figure 7B,E). Given that the a* value of the CIS extract
was higher (Table 1), the reddish coloration of the EWS and EWG with CIS addition could
be attributed to the CIS solution as a raw material.
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Figure 7. (A) L*, (B) a*, and (C) b* of tannin-treated EWS, and (D) L*, (E) a*, and (F) b* of EWG. Dif-
ferent letters indicate significant differences at p < 0.05. Data are expressed as the mean ± SE (n = 10).
All results were obtained using Tukey’s test for multiple comparisons. EWS, egg white solution;
EWG, egg white gel; CIS, chestnut inner skin; YPF, young persimmon fruit; BBL, bayberry leaf.

The b* value of the EWG was 8.01 and 12.54 for the 10% and 50% CIS samples, −1.56
and 5.78 for the 10% and 50% YPF samples, and 11.39 and 14.95 for the 10% and 50%
BBL samples, compared to the control (−6.72), indicating that the CIS and BBL samples
produced more yellow gels (Figure 7F). The transition from EWS to EWG by heating
decreased the b* value of the control from 8.43 to −6.52, whereas the BBL-added sample
exhibited a remarkable increase in b* value, resulting in a more pronounced yellow color
due to gelatinization (Figure 7C,F). A similar trend was noted in the CIS sample, albeit to a
lesser extent than in the BBL sample. The higher b* values of the CIS and BBL solutions
(Table 1) suggest that the yellowish tint of the EWG in the CIS and BBL treatments was
attributed to the raw material tannin extracts.

To summarize, the BBL solution, while enhancing the yellowish color (Figure 7F),
had a noticeably smaller effect on the change in the appearance of the EWG (Figure 6).
Considering its effect on the change in color of the EWG, BBL stands out as a superior
tannin extract material compared to CIS and YPF, due to its minimal effect on appearance
(Figure 6).
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2.6. Textural Properties and Scanning Electron Microscopy (SEM)

Figure 8 presents the results of the physical property measurements of the EWG. The
hardness stress, an indicator of food hardness, was significantly higher (p < 0.05) in all
tannin extract addition treatments than in the control, except for in the 10% CIS sample. The
control registered at 4807 ± 135 Pa, while the 50% CIS sample exhibited 21,161 ± 372 Pa
(4.4 times that of the control), the 50% YPF sample recorded 10,059 ± 90 Pa (2.1 times that
of the control), and the 50% BBL substitution reached 25,077 ± 278 Pa (5.2 times that of the
control) (Figure 8A). When tannin extracts of the same material were added, the hardness
stress was significantly higher at the 50% addition amount than at the 10% amount for all
CIS, YPF, and BBL samples (p < 0.05). These results indicate that the higher the amount of
tannin extract added, the harder the EWG, with the effect being more pronounced in the
order of BBL > CIS > YPF (Figure 8A).

Figure 8. (A) Hardness stress, (B) cohesiveness, (C) gumminess stress, and (D) adhesion stress of
tannin-treated egg white gels. All results were obtained using Tukey’s test for multiple comparisons.
Different letters indicate significant differences at p < 0.05. Data are expressed as the mean ± SE
(n = 5). CIS, chestnut inner skin; YPF, young persimmon fruit; BBL, bayberry leaf.

Cohesiveness is a numerical value that indicates the percentage of elasticity remaining
after chewing. When compared with the control, CIS, YPF, and BBL were equivalent to or
higher than the control with a 10% addition, and the cohesiveness values were significantly
lower than the control with a 50% addition (Figure 8B) (p < 0.05).

Gumminess stress is the product of hardness stress and cohesiveness, indicating the
chewiness of the second bite. Compared to the control, all tannin extract addition treatments
resulted in significantly higher gumminess stress values (p < 0.05). Gumminess stress was
particularly high at 50% CIS and 50% BBL. The control registered at 2428 ± 63 Pa, whereas
CIS 50% was 6091 ± 149 Pa, and BBL 50% was 8741 ± 102 Pa, respectively, 2.5 and 3.6 times
higher than the control (Figure 8C).

The results of adhesion, indicating stickiness in the mouth, are shown in Figure 8D.
The 10% tannin extract addition showed no significant difference (p > 0.05) compared to the
control in CIS, YPF, and BBL, whereas the 50% addition showed significantly higher values
(p < 0.05) (Figure 8D). The adhesion value of the control was 783 ± 47 Pa, whereas that of
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the 50% CIS sample was 6188 ± 134 Pa (7.9 times that of the control), the 50% YPF sample
was 2827 ± 63 Pa (3.6 times that of the control), and the 50% BBL sample was 4297 ± 533 Pa
(5.5 times that of the control). These results suggest that the addition of 50% tannin extracts
makes the EWG firmer, more sticky in the mouth, and chewier the second time around.

Next, SEM observations were made of the microstructure of the EWG, which has a
crucial effect on the texture properties. In the control, a dense and regular network structure
of about 20–40 µm was observed, separated by a thin film (Figure 9). When the 10% tannin
extracts group was compared with the control, the network structure was larger and more
varied in size in the CIS sample than in the control, while a network structure similar to the
control was observed in the YPF and BBL samples. On the other hand, the addition of 50%
tannin extracts showed a remarkable difference compared to the control and 10% addition
samples. The membranous part forming the network was thicker with the 50% addition
of both CIS, YPF, and BBL than with the control and 10% additions. Differences in tannin
material were also observed; the 50% CIS addition EWG had a random network structure,
as did the 10% CIS EWG addition. The EWGs with 50% YPF and 50% BBL formed denser
networks compared to the respective 10% additions. The tannin material with the greatest
effect on textural properties was the 50% addition of CIS and BBL, but the microstructure of
the tannins was found to be different in this study. In other words, with 50% CIS addition,
the films forming the network were thicker and formed a random network, whereas, with
50% BBL addition, a regular and dense network was formed. Generally, gels with a dense
network become hard; however, it was not clear why the gel became strong at 50% CIS in
this case.

Tsurunaga [40] prepared jelly-like confections by adding astringent persimmon or
non-astringent persimmon to soy milk and found that astringent persimmon jelly had a
higher fracture stress than non-astringent persimmon jelly. This difference was attributed to
the complex formation between the tannins and soymilk proteins [40]. There have also been
reports on the binding properties of EW proteins to tannins; Chen et al. [41] observed the
characteristics of the complex of OVA and tannic acid using dynamic light scattering and
interfacial tension measurements. Shen et al. [42] reported that EW with tea polyphenols
decreased in α-helix content and increased in β-sheet content; Zhou et al. [43] stated that
the elastic modulus of fish surimi increased as the concentration of tea polyphenols bound
to EW increased. Xue et al. [44] also found that, in EW treated with tea polyphenols
followed by heat treatment, the stability of the gel structure improved with increasing
amounts of tea polyphenols. These results are consistent with the increase in hardness
stress and gumminess stress with the addition of the tannin extract in this experiment
(Figure 8A,C). Xue et al. [44] reported that the binding of tea polyphenols to EW proteins is
mainly maintained by ionic and disulfide bonds. However, we considered the binding of
tannins to the EW protein to be covalent based on the SDS-PAGE and FT-IR results in this
study. Since the molecular weights and structures of tea polyphenols and tannins are very
different, the binding mode of tannins to proteins is considered to be different.

From the above, it is suggested that the addition of tannin extracts (CIS, YPF, and BBL)
can reduce allergens in EWG and make EWG harder in textural properties. In particular, the
addition of the BBL solution caused little change in the appearance of the EWG, indicating
that BBL was the highest-performing material in terms of EW allergen reduction effect and
quality. Because tannins have an astringent taste, there is concern that their addition would
alter the taste. In a sensory evaluation, we have confirmed that the astringency disappears
in a small number of people. However, because the threshold for astringency varies greatly
from person to person, sensory testing must be conducted for a larger number of people.
Future investigation should include clinical trials on hypoallergenicity in humans and
taste evaluation on a larger number of people. In the future, we hope to expand the
application area of these gels by achieving hypoallergenicity while maintaining the quality
of egg whites.
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Figure 9. SEM image of tannin-treated EWG. SEM, scanning electron microscopy; EWG, egg white
gel; CIS, chestnut inner skin; YPF, young persimmon fruit; BBL, bayberry leaf.

3. Materials and Methods
3.1. Ingredients of EW and Tannin Extract, and Preparation

The EW sample was EW-type W (52870, Kewpie Tamago Co., Tokyo, Japan) consisting
of dried egg whites produced by a hygienic spray-drying method and subsequently stored
in a freezer until further analysis. Egg white powder produced by the spray-drying
method is widely used in industry and is of the same quality as that produced from raw
eggs. Chestnut (Castanea crenata) inner skin (CIS), young persimmon (Diospyros kaki) fruit
(YPF), and BBLs (Morella rubra) were selected for tannin extract production. To ensure
the exclusive collection of the CIS, the ‘Porotan’ cultivar (Tsukuba City, Ibaraki, Japan),
known for its superior peeling ability, was employed. The CIS underwent drying at 60 ◦C
for 12 h in a constant air temperature oven (DN-61, Yamato Scientific Co., Tokyo, Japan).
The YPF, sourced from the ‘Saijo’ cultivar of persimmon at the Shimane Agricultural
Technology Center (Izumo City, Shimane, Japan), was freeze-dried after the removal of
calyces and seeds. The BBLs, acquired from Shimane University (Matsue City, Shimane,
Japan), underwent freeze-drying before use. Each sample was crushed with an Oster
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blender (Osaka Chemical Co., Ltd., Osaka, Japan) and passed through a 1.0 mm sieve. The
processed samples were sealed in aluminum packs and stored at −25 ◦C.

3.2. Preparation of Tannin Extract

Subsequently, 45 g of the dried powder was placed in a 500 mL heat-resistant bottle,
and 300 mL of distilled water was added. Hot water extraction was carried out at 120 ◦C
for 20 min using an autoclave (LSX-300, Tommy Seiko, Tokyo, Japan). The centrifugation
process at 1000× g for 3 min (LCX-100; Tomy Seiko Co., Tokyo, Japan) removed the powder,
and the resulting supernatant served as the tannin extract.

3.3. EWG Production Method

The dried EW powder, weighing 5.5 g, was introduced into 94.5 g of distilled water,
with constant stirring to prevent lump formation. Following the dissolution of the EW
powder, the EWS was allowed to stand for 15 min. Subsequently, 15 g of the EW solution
was carefully pipetted into a stainless-steel dish (40 mm × 15 mm) (ST-40, Yamaden Co.,
Ltd., Tokyo, Japan) to avoid bubble formation. The dish was then placed in a steam oven
range (Panasonic Corporation, NE-BS1600-K, Tokyo, Japan) and heated at 90 ◦C for 15 min,
followed by an additional 3 min of residual heat to gelatinize the product. The resultant
samples were cooled in a refrigerator for 1 h before analysis. The EWGs obtained through
this procedure were considered controls, lacking any tannin extract. In the tannin extract-
supplemented group, either 10 (equivalent to 10% of the total weight) or 50 g (equivalent
to 50% of the total weight) of distilled water was substituted with the tannin extract.

3.4. Evaluation of Immunoreactivity of EW Proteins
3.4.1. SDS-PAGE Analysis

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS) was conducted
following the method outlined by Laemmli [45] with slight modifications. The sample
buffer, consisting of 2-mercaptoethanol added to commercially available 2x Laemmli sample
buffer (BIO RAD# 161-0737), was mixed in equal volumes with the protein solution and
heated at 95 ◦C for 5 min. Electrophoresis utilized 10–20% e PAGEL (ATTO Co., Tokyo,
Japan) and was carried out at 300 V. A total of 5.0 µL of molecular weight markers (XL-lader
broad; AproScience Co., Tokushima, Japan) and the loading samples were poured into
8.5 µL wells. One-step coomassie brilliant blue (CBB) (AproScience, Tokushima, Japan) was
employed for gel staining.

3.4.2. ELISA

ELISA kits from the FASPEK ELISA II® series for albumin (Morinaga Institute of
Biological Science, Kanagawa, Japan) were employed in this study to quantify EW albumin
content. ELISA was officially introduced as an analytical method in Japan in 2002 [46].
The FASPEK KIT II® utilizes polyclonal antibodies to detect specific purified proteins
or individual proteins of specific components, with a focus on albumin in the context
of eggs [46]. Analytical procedures were conducted in accordance with the instructions
provided in the kit [47], which required 19 mL of the extract to be added per gram of
sample; however, in our case, the protein content derived from the antigen in the sample
was substantially higher, which could lead to insufficient extraction. Therefore, we added
19.9 mL of extract to 0.1 g of the sample. The samples were appropriately diluted using
specified reagents to fall within the assay range. The sample solution was added to the
antibody-coated plate and allowed to stand at room temperature for 1 h. After washing, the
antibody solution was added and allowed to stand at room temperature for 30 min. After
the second washing operation, the enzyme–substrate solution was added and allowed
to stand for 20 min at room temperature under shielded light. The absorbances were
measured at 450 nm (650 nm was the reference wavelength). Four measurements were
taken for each treatment group.
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3.5. TPC and STC

The TPC was determined using the method described by Chung et al. [48], which is a
modification of the Folin–Ciocalteu method [49]. The CIS, YPF, and BBL extract samples
were appropriately diluted using distilled water for the TPC and STC analyses. The STC
was assessed using polyvinyl polypyrrolidone (PVPP), a tannin-complexing agent [50,51].
PVPP was introduced into the extract for TPC measurements to insolubilize the tannins.
The amount of PVPP (10, 20, 30, 60, 90, 120 mg) required to insolubilize the tannin was
preliminarily tested, and it was confirmed that the addition of over 30 mg of PVPP to
1000 µL of the extract diluted with water showed no further insolubilization. Therefore,
the amount of PVPP to be added was set at 30 mg per 1000 µL of diluted extract. The STC
was then calculated by deducting the TPC value of the extract post-PVPP addition from
the initial TPC value.

For the extraction of the EWG, 60% ethanol (v/v) was added to a 5.0 g sample, and
homogenization was performed using a homogenizer (AHG-160D, AS ONE Co., Osaka,
Japan) at 1000 rpm for 2 min. The supernatant was then centrifuged for 3 min (1000× g)
and diluted accordingly. The TPC and STC values were expressed using catechin (CTN) as
a standard, with six measurements taken for each treatment.

3.6. External Appearance and Color

The external appearance was captured with a digital camera (WG-40W; Ricoh, Tokyo,
Japan). To determine the color of the samples, a spectrophotometer (CR-13; Konica Minolta,
Tokyo, Japan) was employed. A disposable cell (optical path length 10 mm) was used to
measure the color of the EWS, CIS, YPF, and BBL extracts; the EWG was measured directly
on the gel surface. Each treatment underwent ten measurements.

3.7. SEM

The surface and cross-sectional structure of the EWG were examined through SEM.
The EWG samples were cut into cubes (5 × 5 × 5 mm3) and fixed in a 2.5% (v/v) glu-
taraldehyde solution (prepared in 0.1 M, pH 7.2 phosphate buffer) for 24 h [52]. Following
fixation, the samples underwent three washes with a phosphate buffer and were then
lyophilized. After lyophilization, the samples were affixed to a sample stand for SEM
(Nissin EM Corporation, Type-HM, Tokyo, Japan) using double-sided carbon tape (Nissin
EM Corporation, 8 mm × 20 m, Tokyo, Japan). Gold deposition was carried out, and SEM
observations (JSM-IT800SHL, JEOL Ltd., Tokyo, Japan) were conducted at an acceleration
voltage of 20 kV with a magnification of 600×.

3.8. pH

The pH values of the EWS, CIS, YPF, and BBL extracts were gauged using a pH
meter (LAQUA F-72, Horiba, Ltd., Kyoto, Japan). Each treatment group underwent five
measurements.

3.9. Textural Properties

To assess the textural properties of the EWG sample in a stainless-steel dish (40 × 15 mm)
(ST-40, Yamaden Co., Ltd., Tokyo, Japan), an RE2-33005B Creep Meter (Yamaden Co., Ltd.,
Tokyo, Japan) was employed. The measurement conditions included a 20 N load cell,
SPEED 10 mm/s, and a strain rate of 66.67% with a No. 56 (ϕ20 mm) acrylic resin plunger
attached to an L40 acrylic resin extension plunger. Measurements were conducted in a
stainless-steel petri dish, and the Texture Analysis software Ver. 2.2 (Yamaden) was used to
determine the hardness stress (Pa), cohesiveness, and adhesion (Pa) of each sample. Five
EWGs were measured for each treatment, and presented as mean ± SE.

3.10. FT-IR

For the FT-IR measurements, lyophilized EWG powder was utilized to eliminate the
impact of moisture [53]. FT-IR spectra were recorded on an A-Cary 630 FT-IR spectrometer

123



Int. J. Mol. Sci. 2024, 25, 4124

(Agilent Technologies, Los Angeles, CA, USA) with a wavenumber range of 4000–400 cm−1

and a resolution accuracy of 2 cm−1 [54]. A horizontally attenuated total reflectance device
(ATR) was employed to measure the spectra of the samples.

3.11. Statistical Analysis

Statistical analysis of the data was conducted using SPSS software (Version 28.0, SPSS,
Chicago, IL, USA), and the results were expressed as mean ± SE. For multiple comparisons,
data were assessed using a one-way analysis of variance (ANOVA) followed by Tukey’s
test, with the significance level set at 5%.
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CIS Chestnut inner skin
YPF Young persimmon fruit
CTN Catechin
SE Standard error
ANOVA One-way analysis of variance
ATR Attenuated total reflectance device
SEM Scanning electron microscopy
FT-IR Fourier transform infrared spectroscopy
TPC Total polyphenol content
STC Soluble tannin measurement
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Abstract: Nowadays, more and more researchers engage in studies regarding the extraction of
bioactive compounds from natural sources. To this end, plenty of studies have been published on
this topic, with the interest in the field growing exponentially. One major aim of such studies is to
maximize the extraction yield and, simultaneously, to use procedures that adhere to the principles
of green chemistry, as much as possible. It was not until recently that pulsed electric field (PEF)
technology has been put to good use to achieve this goal. This new technique exhibits many
advantages, compared to other techniques, and they have successfully been reaped for the production
of extracts with enhanced concentrations in bioactive compounds. In this advancing field of research,
a good understanding of the existing literature is mandatory to develop more advanced concepts
in the future. The aim of this review is to provide a thorough discussion of the most important
applications of PEF for the enhancement of polyphenols extraction from fresh food products and
by-products, as well as to discuss the current limitations and the prospects of the field.

Keywords: polyphenols; flavonoids; antioxidants; PEF; non-thermal technique; green extraction;
electroporation; fresh food products; food by-products

1. Introduction

Polyphenols are naturally present in plant-based foods and show an extensive variety
of complicated chemical structures [1–3]. They are composed of a phenolic ring which
serves as the fundamental monomer [4]. The primary classes of polyphenols include phe-
nolic acids, flavonoids, stilbenes, and lignans [5]. Flavonoids consist of flavones, flavonols,
flavanones, isoflavones, flavanols, and anthocyanins, whereas hydroxybenzoic and hydrox-
ycinnamic acids are types of phenolic acids [6]. These compounds are present in the human
diet and are mainly derived from plant sources, including fruits, vegetables, grains, and
coffee [7]. Polyphenols are a wide array of bioactive compounds that naturally occur in
food sources derived from plants [8]. They are recognized for their potential as preventive
agents against chronic illnesses, such as cardiovascular diseases and diabetes [9]. The four
major types of polyphenols are phenolic acids, flavonoids, stilbenes, and lignans [10,11].
A visual representation of these compounds is illustrated in Figure 1. Flavonoids are highly
prevalent in the context of dietary intake [12,13]. Catechin is found in a variety of fruits
and beverages, most notably in tea [14]. Citrus fruits are known for their high content
of hesperidin [15], whereas red fruits and berries are primarily characterized by their
cyanidin content [16]. Fruits, such as apples, are known to possess proanthocyanidins and
quercetin [17]. Proanthocyanidins are also present in grapes and cocoa [18], while quercetin
can be found in onions and tea [19]. Finally, it should be noted that the soybean plant is
primarily characterized by the presence of daidzein [20]. Polyphenolic compounds, such as
lignans, are predominantly found in grains and flaxseed [21]. Due to the significant impact
of polyphenols on human health, a multitude of research studies have been conducted to

Int. J. Mol. Sci. 2023, 24, 15914. https://doi.org/10.3390/ijms242115914 https://www.mdpi.com/journal/ijms127



Int. J. Mol. Sci. 2023, 24, 15914

examine the physiological effects displayed by these compounds [22–25]. The consumption
of foods rich in polyphenols has been demonstrated to contribute to a reduction in the inci-
dence of several health conditions, such as colon cancer, liver disorders [26], cardiovascular
diseases [27], and obesity [28].
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The investigation of diverse conventional methodologies has been conducted to extract
bioactive compounds from specific fresh food products or food waste materials [29–31].
Common extraction techniques include soaking, maceration, infusion, percolation, and
Soxhlet extraction [32]. The efficacy of these techniques is influenced by various factors,
including the choice of solvent, the solvent’s solvation capacity, the degree of agitation, and
the temperature [29]. Traditional extraction methods are associated with several challenges,
including extended processing durations, reduced extraction efficiencies, excessive solvent
usage, possible degradation of thermolabile bioactive compounds, and the utilization of
hazardous chemicals [32,33]. A selective extraction is not adequately served by conven-
tional extraction techniques [34,35]. Furthermore, the extracted products, such as proteins
and polysaccharides, may not be of high quality if these methods are used [36]. Pulsed
electric field (PEF) is a processing method that implies a higher polyphenol extraction [37].
The PEF treatment is a non-thermal technique employed for food preservation, which in-
volves the application of short bursts of electrical power to inactivate microorganisms while
minimizing any detrimental impact on the food’s quality [38]. This implies that the PEF
treatment aspires to enhance the accessibility of consumer-grade, polyphenol-abundant
food products of superior quality [39].
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The use of PEF to diffuse, osmose, press, and dry food waste and by-products has
gained popularity [40]. It reduces the negative effects of regular heating methods [41,42].
Since PEF can electroporate cell membranes, it is also used as a pretreatment to boost recov-
eries of bioactive compounds, such as polyphenols, carotenoids, and proteins [43,44]. When
applied to water, the PEF technique exhibited lower temperatures, lower solvent consump-
tion, and improved constituent extraction rates [45]. The extraction yield could be increased
with reduced energy costs, and heat-sensitive substances could be preserved; all of these by
also incorporating a “green” extraction method [46–48]. The PEF method exhibits greater
environmental sustainability and economic efficiency due to its reduced overall energy
consumption and lower energy requirements per unit of processed product [49]. For this
reason, various sectors of the food industry have experimented with PEF-based maceration
over the past decade [50]. Apart from fresh fruits and vegetables, biomass waste generated
in the agricultural and food industries is increasingly seen as a valuable bioresource that
can be converted into useful products. Large quantities of wastes, including processing
residues, are generated as a result of agro-industrial activity [51].

In the past few years, there has been a growing global interest among researchers
in the field of processing through PEF [52,53]. Ongoing research is being conducted to
investigate the impact of PEF processing on the nutritional characteristics of various food
products, including fruits and vegetables [54–56]. By conducting an extensive literature
review, our aim was to shed light on the potential impact of innovative technologies, such
as PEF, in several products of the food industry. The main focus of the current study on
PEF-assisted extraction was the investigation of polyphenols obtained from fresh foods
as well as their by-products. Specifically, the implementation of PEF and how they could
effectively enhance sustainable practices by optimizing the extraction of polyphenols was
explored. Given the pressing necessity for long-term strategies aimed at enhanced global
food production and waste management, this review aims to provide a comprehensive
perspective on the functionality of PEF technology. Furthermore, in this review, the existing
challenges and potential opportunities within this particular field were also analyzed.

2. Review Methodology

The study utilized three electronic databases, i.e., Google Scholar, Scopus, and Science
Direct, to conduct a comprehensive search for research studies associated with the recovery
of polyphenols from fresh fruits, vegetables, plants, crops, algae, as well as their byproducts,
using PEF technology. The following terms were used to find articles published between
2012 and 2023 that met the review’s criteria: (“polyphenols” OR “fruit” OR “vegetable” OR
“plants” OR “wheat” OR “cereal” OR “cereal grains” OR “algae” OR “food byproducts”
OR “antioxidant activity” AND “Pulsed Electric Field” OR “PEF” AND “polyphenols” OR
polyphenolic compounds AND “extraction” OR “isolation”).

3. The Impact of PEF Parameters

The most important factor in PEF is electric field strength [57]. In most cases, a
stronger electric field will result in a greater amount of electroporation and cell sub-
stance transfer [58]. The extraction efficiency is measured by employing the electric field
strength, which affects the targeted molecule’s surface tension, diffusivity, solubility, and
viscosity [59]. In the PEF treatment, electrical impulses with a large voltage amplitude
are applied. Items placed inside the chamber are exposed to electrical pulses with peak
voltages of up to 80 kV/cm and durations of only some µs [60]. Depending on the effects
desired and the characteristics of the food being processed, the process conditions can be
altered, such as the electric field strength, pulse frequency, pulse width, shape of the pulse
wave, and exposure time (which is affected by the flow rate and volume of fluid in the
electrode chamber) [61].

The effectiveness of cell disintegration in releasing intracellular substances is sig-
nificantly impacted by the pulse width. The membrane’s disruption is proportional to
the frequency and pulse width of the applied high-voltage pulses [62]. The duration of
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exposure to electrical field strength for food samples is between 100 µs and 10 ms, which
is sufficient to damage plant tissue at an electric field intensity of 0.5–5.0 kV/cm. The
flow/speed of the food sample, along with pulse width and pulse frequency, all have
an important part in calculating the total treatment time [63,64]. The specific energy of a
treatment also depends on the strength of the electrical field strength, the duration of the
treatment, and the electrical resistance of the treatment chamber. The treatment zone’s
dimensions and configuration, as well as the conductivity of the sample food, are used to
regulate the resistance [65,66].

The extraction of PEF is significantly impacted by temperature. The PEF extraction
method does not require high temperatures and can therefore typically be carried out at
room temperature. The extraction process is negatively impacted by temperatures above
90 ◦C because the viscosity of solvents decreases [67].

4. The Principle of Electroporation

Electroporation is a process where cells become more permeable to outside substances
after being subjected to PEF through the application of brief, powerful electric pulses [68].
Electroporation precise mechanism determination remains a challenging task [69]. Attempts
to explain the mechanism of reversible electroporation and electrical membrane breakdown
have been proposed using experiments performed on hypothetical structures [70,71]. As a
result of this imposing process at the membrane interfaces, the membrane potential rises
when a biological cell is subjected to an external electric field. In Figure 1, a fundamen-
tal situation of a spherical biological cell is illustrated. The emergence of reversible or
irreversible pore space in the membrane can be induced by exceeding a critical value (Ec)
of the electric field strength [72]. Permeabilization of the cell membrane can be either
temporary or permanent, depending on the strength of the external electric fields and the
frequency of the pulses [73]. Cell membranes undergo reversible permeabilization when
the applied electric field is below the critical value, or when only a small number of pulses
are applied [74]. However, irreversible electroporation occurs with stronger PEF treatment,
leading to cell membrane disruption and cell death [75]. The process of cell disintegration
is commonly acknowledged as a direct method for examining the structural characteristics
of samples that have undergone different processing techniques. The cell disintegration
index (Zp) is a metric used to measure the proportion of permeabilized cells in plant tissues
by examining the frequency-dependent conductivity of both intact and permeabilized
cells. The numerical value of Zp varies between zero, representing intact tissues, and one,
indicating tissues in which all cells have undergone permeabilization [76].

5. Applications of PEF in Fresh Food Products and By-Products
5.1. Fruits
5.1.1. Prunus Fruits

The extraction of polyphenol-rich compounds from defatted apricot (Prunus armeniaca)
kernel biomass was studied by Makrygiannis et al. [77]. To improve extraction efficiency,
the use of deep eutectic solvents (DES) and PEF integration were investigated. The samples
were subjected to PEF treatment for 15 min at an electric field strength of 1 kV/cm. The
pulses had a frequency of 1000 µs and lasted for 10 µs each. Samples were pretreated with
PEF for 15 min, and extracted for 3 h at 60 ◦C. The defatted apricot kernel biomass was
stirred with water or DES (glycerol: choline chloride 2:1 w/w) for 15 min. According to
the findings, a boost of 88% in total polyphenol content (TPC) was achieved by applying
PEF before the extraction process. In a similar way, DES employment led to roughly
a 70% improvement in TPC. When the two methods were combined, a 173% increase
(12 mg gallic acid equivalent (GAE)/g dw) was observed. The best method for extracting
bioactive compounds from defatted apricot kernels was found to be DES with PEF prior
to extraction. The levels of total flavonoid content (TFC), ferric-reducing antioxidant
power (FRAP), and antioxidant activity (AA) all followed a similar trend. As a result
of using the aforementioned values, values for TFC, FRAP, and AA were 10 mg rutin
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equivalent (RtE)/g dw, 18 mol ascorbic acid equivalent (AAE)/g dw, and 12 mol AAE/g
dw, respectively. When compared to water-only control extraction, the respective increases
were 150%, 80%, and 71%. This research showed that bioactive compound extraction could
be improved by using low-voltage PEF treatment in conjunction with a variety of green
solvents, including DES.

Recently, Prunus spinosa, commonly known as blackthorn or sloe, possesses numerous
health benefits attributed to the antioxidant and antibacterial properties present in the fruit.
The research by Kotsou et al. [78] aimed to investigate the impact of different extraction
parameters, such as extraction time, temperature, and solvent, on the extractability of
polyphenols in P. spinosa fruit through US and PEF treatments along with conventional
extraction (stirring). The electric field strength was set at 1.0 kV/cm with a pulse period
of 1 ms, and 10 µs pulse length. In order to enhance the parameters and evaluate their
impact on the antioxidant properties of the extracts, a response surface methodology was
employed. The results showed that PEF treatment along with US and stirring was the
most efficient way to recover a high quantity of total polyphenols. TPC was predicted
by response surface methodology at 23.5 mg GAE/g dw. PEF was observed to have
little to no impact on neochlorogenic acid and total anthocyanins recovery, where sole
stirring and US with stirring were more efficient, respectively. However, partial least
square analysis revealed that the combination of PEF along with US and stirring, with
extraction for 30 min utilizing 25% v/v aqueous ethanol as solvent at 80 ◦C, the polyphenol
extraction was enhanced. Indeed, the experimental values showed that TPC was measured
at 30.74 mg GAE/g, neochlorogenic acid at 4.13 mg/g, and total anthocyanins at 125 µg
cyanidin equivalent (CyE)/g. TPC was increased by 27% from a sole stirring extraction
extract and by 57% than US with stirring extract. This research provides important new
information about how to optimize the extraction process and how P. spinosa fruit could be
used in the future of food science and medicine.

Cherry (Prunus avium L.) is one of the widespread fruits owing to its sweet taste and
intense color associated with anthocyanins [79,80]. In addition to bolstering the immune
system and protecting against cancer, heart disease, and other oxidative stress-related dis-
eases, anthocyanins and polyphenols have also been shown to reduce inflammation [81,82].
To that end, PEF treatment was studied in order to examine whether the polyphenol
recovery would increase after its use.

Sotelo et al. [83] investigated the impact of low or moderate PEF processing on sweet
cherries, focusing on the release of anthocyanins and polyphenols. The electric field
strength ranged from 0.3–2.5 kV/cm with a pulse width of 20 µs, pulse frequency of 100 Hz,
and pulse number from 385–10,000 with water as solvent. The PEF-treated samples were
evaluated immediately and 24 h after treatment. The anthocyanin content, specifically
cyanidin glucoside, of the cherry samples was the highest when subjected to high-intensity
(2.5 kV/cm) PEF treatment. In addition, it was observed that samples measured 24 h
later exhibited a significantly higher content of cyanidin glucoside (~2.3 µg/g wet weight)
in comparison to the samples taken immediately after PEF treatment (~1.98 µg/g ww)
or untreated samples (~1.95 µg/g ww). This observation indicates that there is a time
delay required for the release of anthocyanins following electroporation by PEF. However,
an interesting finding was observed in polyphenol extraction, where the increasing PEF
intensity resulted in a decrease in recovered polyphenols. For instance, rutin was measured
at 7.77 µg/g ww which was much higher than both immediately after PEF measurement
(5.04 µg/g ww) and after 24 h of PEF (4.75 µg/g ww).

5.1.2. Grapes

Since 2012, there has been a notable increase in the number of investigations conducted
on grape and wine by-products, as well as on grapes and wines themselves. Regarding
winemaking, the majority of research studies have focused on investigating the relationship
between PEF treatment and the levels of polyphenols present.
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El Darra et al. [84] explored the most optimum pretreatment techniques PEF, ultra-
sound (US), and thermal pretreatment to recover polyphenols from red grapes (Cabernet
Franc) during fermentation. The color intensity was increased, the anthocyanins content
was raised, and the extraction of phenolic compounds was also increased when thermal
pretreatment (50 ◦C, 125 kJ/kg), US (5–15 min, 121–363 kJ/kg), and PEF (0.8 kV/cm,
treatment time of 100 ms, 42 kJ/kg and 5 kV/cm, treatment time of 1 ms, 42–53 kJ/kg)
were applied to Cabernet Franc grapes before, during, and after the alcoholic fermenta-
tion process. The most effective pretreatments were the moderate (0.8 kV/cm) and high
(5 kV/cm) intensity of PEF, which increased anthocyanin extraction yield by 51% and 62%,
respectively, from the untreated sample (186 mg/L) while the moderate thermal and US
pretreatments increased the yield by 20% and 7%, respectively. Throughout the ethanol
fermentation process, wines made from PEF-treated Cabernet Franc grapes maintain their
deepest color. It is of high importance that energy expenditure during PEF treatment was
the lowest, at 40–50 kJ/kg, while this technique was the most effective one. The phenolic,
anthocyanin, and tannin contents of wines could be increased through the US and thermal
treatments, and the wine color intensity could be increased in comparison to their untreated
counterparts.

A couple of years on, El Darra et al. [85] evaluated the extraction of primary polyphe-
nols and composition (co-pigmentation, non-discolored pigments) of recently fermented
model wine from the Cabernet Sauvignon variety using three pretreatments: PEF, en-
zymes treatment, and thermovinification The application of PEF pretreatment (electric
field strength at 5 kV/cm, treatment time of 1 ms, specific energy of 48 kJ/kg) resulted in
non-significant variations in the wine polyphenol concentration in the span of 16 days. The
untreated sample ranged from initially 130.9 to 305 mg/L, whereas the PEF-treated sample
polyphenol content ranged from 364.1 to 359.8 mg/L. Freshly fermented model wines ex-
posed to any of the pretreatments showed increased conversion of anthocyanins to derived
pigments. Getting a different profile of newly fermented model wines (color attributes and
polyphenol content) without adding additives like enzymes, and especially without heating
is the main attraction of PEF pretreatment. When comparing PEF to thermovinification, the
former uses less energy (W = 48 kJ/kg) and results in a smaller temperature swing (7 ◦C
compared to 50 ◦C). However, wines should be tested after months or years of bottling in
future studies to further in order for the results to be more valid.

Additional research related to winemaking was carried out by Delsart et al. [86],
where Cabernet Sauvignon red grapes were studied. The highest electric field strength
4 kV/cm with a treatment time of 1 ms altered the visual appearance of skin extract to
more reddish and led to greater extraction of the anthocyanins from ~480 to ~570 mg/L,
while the employment of a lower electric field strength at 0.7 kV/cm and longest treatment
duration at 200 ms led to a wine that was richer in tannins by 36% (from 2.5 mg/L) when
compared to untreated samples. The parietal tannins and skin cell walls were most affected
by the PEF treatment which was both the longest in duration and had the highest energy.
Consequently, PEF-treated grapes with low electric field strength for a short time affect
primarily anthocyanins, while treatment with a lower intensity but for a much longer time
affects mainly tannins.

An interesting research by Delsart et al. [87] examined the evolution of the total
polyphenolic index (TPI) at three stages of the vinification cycle (t = 1, 4, 7, and 210 days)
in Merlot grapes for both treated and untreated with PEF samples. The results proved
that the PEF-treated samples with conditions of an electric field strength of 0.7 kV/cm,
and a treatment duration of 40 ms, showed a higher TPC at 210 days. For instance, the
PEF-treated sample yielded >950 mg/L, whereas the untreated sample yielded ~870 mg/L
of anthocyanins. A similar pattern was observed in tannin concentration, where the PEF-
treated samples had a ~18% increase from the untreated samples (~2.7 g/L). However, it
was observed that increasing PEF intensity seemed to decrease the tannin concentration,
probably due to their diffusion. The pre-fermentative maceration times in winemaking
can be shortened as a result of PEF treatment, which accelerates the kinetics of phenolic
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compound extraction. PEF treatment at 0.7 kV/cm and 40 ms was most preferred based
on sensory evaluation. Extraction of intracellular components (total polyphenols, tannins,
anthocyanins) was consequently improved with an increase in both electric field strength
and pulse duration. However, the enhanced extraction process may compromise the final
product’s quality (sensory attributes). The findings also showed that PEF treatment affected
aroma composition, which could have significant consequences for the final product aroma
and style.

A research study conducted by Maza et al. [88] deals with the dependency of PEF on
polyphenol extraction in Grenache grapes. TPI extraction rates were modeled against elec-
tric field strength and energy input for each PEF treatment to identify optimal processing
parameters for maximizing TPI. All treatments used an optimal energy input of 4 kJ/kg
to achieve a TPI of 50, and they varied from high intensity and short time (8 kV/cm and
45 µs pulse duration) to low intensity and long time (1 kV/cm and 2800 µs). The best PEF
treatment conditions were 8 kV/cm and 6.7 kJ/kg where a TPI value of 73.15 was ensured
while in the control sample, the TPI was 61.15 (about a 19% increase). Maceration time
was decreased by 25–37% when these PEF treatments were applied compared to untreated
grape samples. The results of this study also suggest that wineries that want to shorten
maceration time and still produce high-quality red wines after fermentation and 12 months
of aging should apply PEF treatments of 4 kV/cm and 4–5 kJ/kg to the grapes before
maceration.

The same research team also conducted a study [89] on Grenache grapes. Garnacha
grapes were studied, and the results were compared after 3 and 6 days of maceration and
then after 6, 12, and 24 months of bottling. The flow rate was set at 2500 kg/h with a
residence time of 0.09 s in the processing area, whereas the PEF treatment amounted to
3.7 square pulses of 100 µs width at an electric field intensity of 4 kV/cm and total specific
energy of 6.2 kJ/kg. On day 0, grapes exposed to the PEF treatment and in which the
extraction period was the longest (6 days of extraction) showed the highest values of total
anthocyanin content (~500 mg/L), TPI (~60 AU at 280 nm), tannin content (~1.5 g/L of
epicatechin), as long as color intensity (~15 AU). In a 24-month stability study of flavonoids
(anthocyanins, hydroxycinnamic acids, flavonols, flavanols) it was shown that maceration
for 6 days was more efficient than maceration for 3 days and then the control sample,
measuring the highest flavonoid concentration. The results of this study suggest that
the application of PEF treatments has a significant impact on the extraction of various
polyphenols and individual polyphenols. Consequently, the wines produced from PEF-
treated grapes showed a higher concentration of these compounds compared to wines
made from untreated grapes, despite undergoing an equal duration of maceration.

Red wine varieties seem to have piqued the interest of Comuzzo et al. [90]. In Italy,
where PEF treatment was evaluated on the modifications of polyphenols in red grapes
(cv. Rondinella). Regarding the results, color intensity, TPI, anthocyanins, and total tannins
recorded the highest values using flow at 250 L/h, the electric field strength at 1.5 kV/cm,
pulse length 10 µs (total specific energy 20 kJ/kg) after both two and twelve months of
storage. Specifically, these values were found to be 4.3 (38.7% increase), 44.8 (41.3% increase),
78 mg/L (50% increase), and 2.4 g/L (50% increase) after twelve months of bottle storage
when compared to the untreated samples, respectively. The same pattern was observed in
the HPLC analysis of anthocyanins. This study revealed that PEF-pretreated grapes were
able to produce wines of the low-color red cv. Rondinella with significantly higher color
intensity and stability. After a year of storage, anthocyanin and tannin concentrations were
highest in treatments with a specific energy of 10–20 kJ/kg; however, when operating at
lower energy levels (2 kJ/kg), adverse consequences were observed. The utilization of PEF
technology holds promise in assisting winemakers in the production of consistent varietal
wines, without the need to incorporate other (colored) varieties for color correction, thus
safeguarding the unique flavor profiles of these wines.

A study [91] conducted in our laboratory proved that applying the PEF pretreatment
method is effective only under appropriate electric field intensity conditions. The fact
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that an increase in electric field strength failed to show a correlation with an improved
total polyphenol recovery was of high importance. For instance, upon a range of electric
field strength of 1.2–2.0 kV/cm, an intensity of 1.4 kV/cm, and short pulses of 10 µs in
a period of 1 ms to fresh grapes (Vitis vinifera) led to TPC value of ~110 mg GAE/g dw
(49.15% increase) and quercetin-3-rutinoside concentration of 0.083 mg/g dw (85% increase)
when compared to the untreated sample. Therefore, this research opens up new horizons
regarding the benefits of PEF pretreatment when the optimum conditions are chosen. In
the results, it was mentioned that in the same conditions, two more secondary metabolites
increased in large percentages after treatment with PEF, kaempferol-3-glucoside and gallic
acid which reached 0.153 mg/g dw (66% increase), and 0.124 mg/g dw (63% increase),
respectively.

Grape pomace is a by-product that has been extensively studied for the influence
of pulsed electric field on the concentration of polyphenols. A corresponding study by
Brianceau et al. [92] investigated the extraction kinetics and the level of polyphenols during
a hydroalcoholic extraction at different temperatures in fermented grape pomace. In
the current investigation, alongside the examination of PEF conditions, the variable of
densification pressure was also analyzed. For instance, it was found a PEF pretreatment
using electric field strength at 1.2 kV/cm, energy input at 18 kJ/kg, and density at 1.0 g/cm3

had a statistically significant (p < 0.05) increase in TPC, irrespective of the extraction
temperature. It was observed that this density value showed at least 7.5% higher TPC than
other values (0.6, 0.8, and 1.3 g/cm3). However, a further increase in extraction temperature
increased in a higher TPC. For example, gallic acid was increased from 4.53 mg/100 g (20 ◦C)
to 7.40 mg/100 g (50 ◦C) while, correspondingly, the TPC increase from 60.98 mg/100 g
to 113.58 mg/100 g. Total polyphenols extraction from fermented red grape pomace
can be improved by densification in conjunction with PEF treatment. Grape pomace
that has undergone fermentation can be treated with PEF to enable temperature-selective
extraction of total anthocyanins. For these reasons, PEF can be used in place of traditional
pre-treatments of raw material (like dehydration and grinding), achieving both goals of
lowering production costs and increasing extraction selectivity. This study also sheds light
on the possibility of extracting selective phytochemicals from a variety of foods.

The objective of the study by Barba et al. [93] was to assess and compare different
solvent-free extraction methods for high-value components in fermented grape pomace.
The grape pomace was treated with various physical methods, such as US, PEF, and high
voltage electric discharges (HVED), which have the potential to cause cellular damage.
These treatments were applied to aqueous suspensions of the pomace. PEF conditions
required an electric field strength of 13.3 kV/cm with frequency of 0.5 Hz. The effectiveness
of these technologies was evaluated in terms of phenolic compound extraction and, more
specifically, anthocyanin recovery while maintaining constant Zp. According to the results,
HVED was found to be the most efficient extraction method. With constant Zp set at
0.8, HVED reached ~300 mg GAE/L, almost twice the value of PEF and US. However,
in the same Zp value, PEF achieved greater anthocyanin recovery than HVED, 63.47 and
40.64 mg/L, respectively. The HVED method demonstrated the highest interest due to its
notable impact on polyphenol compound yield. Nevertheless, the selectivity of HVED in
terms of anthocyanin recovery was found to be lower compared to that of PEF and US.

To increase the efficiency of the seeds of red grapes (Vitis vinifera L.), rich in valuable
phenolic compounds, the study by Atanasov et al. [94] discussed the use of low PEF
intensity, with electric field strength at 0.86 kV/cm, frequency at 13 Hz, pulse duration
900 µs, pulse interval 75 ms, and treatment time 810 ms. By applying PEF to the red
grape samples, similar polyphenol yields could be achieved with lower concentrations
of ethanol. For instance, comparable results (~24 mg GAE/g) were measured when an
untreated sample was extracted for 120 min with 75% ethanol and a PEF-treated sample
was extracted with 20% ethanol. Therefore, it is possible to enhance the release of thermally
unstable bioactive compounds under mild processing conditions by optimizing electric
field strength in combination with an appropriate solvent system.
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Delso et al. [95] assessed the viability of PEF technology as a potential alternative
approach for the processing of red grape juice, so they studied the enhancement of juice
derived from grapes. The sample was treated with PEF (electric field strength at 5 kV/cm,
specific energy at 63.4 kJ/kg, and pulse width 40 µs) and had a TPC 1.5 times higher
than that of untreated grapes, 1434.30 mg GAE/L and 916.10 mg GAE/L, respectively.
The same pattern was observed in every antioxidant assay (TPI, CI, antioxidant capacity,
and 2,2-diphenyl-1-picrylhydrazyl, DPPH•). The study also contained a decontamination
process, in which the PEF conditions included electric field strength at 17.4 kV/cm, specific
energy at 173.6 kJ/kg, and pulse width of 10 µs. With PEF treatment, the current microbiota
was eliminated to an undetectable level (30 CFU/mL) of yeasts, molds, and vegetative
mesophilic bacteria. Furthermore, even at abusive refrigeration storage temperatures
(10 ◦C), PEF-treated juices were microbiologically stable for up to 45 days. The PEF
decontamination treatment and storage time/temperature did not affect the juice’s quality
or sensory characteristics, which were similar to those of fresh juice. This study highlights
the promising future of PEF as a sustainable, enzymatic and heat-free alternative for the
production of polyphenol-enriched and microbially stabilized red grape juice in the juice
industry.

In a study by Ricci et al. [96] the impact of PEF treatment was investigated on the
extractability of anthocyanins and polyphenols in Sangiovese red grapes. The grapes
underwent a pre-fermentative PEF treatment on a pilot scale, with electric field strengths
in the range of 0.9–3 kV/cm, generated by the application of short, high-voltage pulses,
and specific energies from 10.4–32.5 kJ/kg. The results showed that a PEF treatment with
dynamic maceration for 2 h, and static maceration for 12 h led to the highest polyphenol
recovery at 439 mg GAE/L, achieving ~55% increase from the untreated sample.

Ziagova et al. [97] focused on the recovery of polyphenols from grape leaves and marc
from cv. Xinomavro, which was examined for its antioxidant activity and TPC. PEF was
combined with US-assisted extraction. The most effective results were achieved when a
solid-to-liquid ratio of 1:20 of plant material and water as solvent were used, 5 min of PEF
at an electric field strength of 0.5–2 kV/cm, and 30 min of US. Comparing grape leaves and
marc, it was found that grape leaves were richer in polyphenols (97 and 31 mg GAE/g dw,
respectively). The same pattern was observed in the antioxidant capacity levels were 88%
was observed for grape leaves and 31% for grape marc.

The study conducted by Ntourtoglou et al. [98] examines the impact of PEF treat-
ment on stem grapes, specifically focusing on the increase of polyphenols and volatile
compounds. A PEF process with a relatively low electric field strength of 1 kV/cm, for
a brief duration of 30 min on the grape stems. When PEF was solely used as an extrac-
tion technique, the extracted TPC was measured at ~0.05 AU and showed a statistically
non-significant increase (only 4%) regardless of the solvent (50% v/v aqueous methanol
or water). With the implementation of US extraction, the samples with 50% v/v methanol
reached a 17% increase, whereas samples with water as a solvent had a 35% increase,
revealing the importance of extraction solvent. Regarding volatile compounds, the con-
trol sample showed an average concentration of 0.73 mg/Kg. However, when PEF was
applied before US extraction, the observed increase in concentration was as significant
as 234%. The fact that two more volatile compounds (Benzene, 1-methoxy-4-methyl, and
1,14-Tetradecanediol) were extracted is of high importance. In conclusion, the utilization of
PEF as a preliminary treatment method for extracting different volatile and polyphenolic
compounds shows significant potential for improving the efficiency of the extraction pro-
cess. On top of that, through the examination of additional factors related to the extraction
process, such as the selection of extraction solvents, duration, and temperature, it may be
possible to further optimize the extraction yield.

The most recent study was conducted by Carpentieri et al. [99]. Total polyphenols,
tannins, anthocyanins, and flavonoids were extracted from red grape pomace using PEF,
and response surface methodology was used to analyze the efficacy of this process in
improving the extraction of these crucial intracellular components. Results showed that
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grape pomace tissue permeability was significantly increased after PEF was applied under
optimal processing conditions (electric field strength of 4.6 kV/cm and energy input of
20 kJ/kg). In comparison to the control (PEF-untreated sample), this increased extraction
rates of TPC by 15%, TFC by 60%, total anthocyanin content (TAC) by 23%, and tannins
content (TC) by 42%. Additionally, it was observed that PEF treatment did not result in the
degradation of these compounds.

5.1.3. Apples

An apple is the fruit of the apple tree of the Rosaceae family. It is by far one of the
world’s most widespread and widely grown fruits since it represents 50% of deciduous
fruit trees, with a global yearly output of about 60 million tons. Apples are rich in polyphe-
nols and mainly flavanols (catechins and proanthocyanidins), which are also considered
the main category of polyphenols in apples (71−90%), followed by hydroxycinnamic
compounds (4−18%), flavonols (1−11%), dihydrochalcones (2−6%) and anthocyanins
(1−3%) [100].

The objective of the study from Wiktor et al. [101] was to investigate the impact of PEF
treatment on the concentration of particular bioactive compounds from apple tissue. The
range of specific energy input varied between 0–80 kJ/kg. Apple tissues were subjected to
PEF treatment at different electric field strengths of 0, 1.85, 3, and 5.0 kV/cm, and at varying
pulse numbers of 0, 10, 50, and 100. The results showed that at 3 kV/cm and 100 pulses,
a slight increase of ~10% in TPC of apple tissues was feasible compared to the untreated
sample (426.69 mg chlorogenic acid/100 g dm). The findings of the study suggest that
PEF has the potential to improve the efficiency of extracting bioactive compounds from
plant tissue.

In a study by Dziadek et al. [102], a PEF treatment with a number of cycles ranging
from 4, 6, and 8 (200, 300, and 400 pulses, correspondingly) was used in apple juice. The
concentration of polyphenols and antioxidant activity were all measured immediately after
the PEF process after 24, 48, and 72 h of refrigeration. The electric field strength was set at a
high value of 30 kV/cm. The untreated sample stored for 0 h yielded 337.51 mg/100 mL
and it was observed that the application of PEF treatment, irrespective of the pulse quantity,
did not yield a statistically significant impact on the overall polyphenol content found in
apple juice. Antioxidant activity was measured at 17.4 µmol Trolox/mL and was found to
be reduced both immediately after processing and after 24 h of storage, both of which were
affected by PEF treatment and the number of pulses. However, increasing PEF pulses were
observed to increase polyphenol concentration after 24, 48, and 72 h of refrigeration, from
~233 to 300.90, 280.88, and 295.66 mg/100 mL.

PEF treatment was also studied in apple by-products. A study by Pollini et al. [103]
in 2021 examined the effect of various non-conventional extraction methods, such as
PEF, ultrasound-assisted extraction (UAE), supercritical fluid extraction (SFE), microwave-
assisted extraction (MAE), and pressurized liquid extraction (PLE) on the polyphenol
content in apple pomace. Only two PEF pilot treatment experiments were performed to
benchmark a short-term, medium-intensity treatment (3 kV/cm and 9 pulses with 450 J
energy/pulse) against a longer, low-intensity treatment (2 kV/cm and 100 pulses with
200 J energy/pulse). Hydroethanolic solutions from 30–70% v/v were used as extraction
solvents. Regardless of the PEF treatment used, the values of polyphenols ranged from
181.4–223.5 µg GAE/g of fresh apple pomace. However, better values were obtained
using 30% v/v aqueous EtOH as a solvent in both PEF treatments. Nevertheless, it was
observed that the apple pomace samples treated with PEF had the lowest results in terms
of polyphenol values compared to other treatments.

Recent research on the apple fruit was carried out by Matys et al. [104] who combined
the MAE with PEF treatment to dry apples. The electric field strength was set at 1 kV/cm,
pulse frequency at 20 Hz, and pulse width at 7 µs. The total amount of rectangular
pulses had supplied energy of 1, 3.5, and 6 kJ/kg, whereas microwave power ranged from
100–300 W. The results showed that in high energy input (6 kJ/kg), the cell disintegration
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index was measured at 0.36. However, when specific energy was set at 3437 kJ/kg and
300 W of microwave power through response surface methodology, the results showed
that the desirability was found to be 0.624, whereas total polyphenols were predicted to be
1257 mg GAE/100 g dm.

5.1.4. Pomegranate

Punica granatum, the pomegranate’s scientific name, stems from the Latin for seeded
apple, Pomum granatus [105]. The pomegranate is a plant of the genus Punica, family
Punicaceae, and a source of high content of phenolic components with highly bioactive
characteristics [106].

PEF pretreatment was applied to the pomegranate peel in a study by Rajha et al. [107],
who used a variety of extraction techniques, such as infrared (IR), US, PEF, and high voltage
electric discharge (HVED). For all extractions, the temperature was held at 50 ◦C. The
electric field strength was maintained at 10 kV/cm, with the temperature rise during PEF
treatment being kept below 5 ◦C and the total input energy ranging from 90–100 kJ/kg.
The polyphenol extractable fraction by PEF showed a mean value of 39.2 mg GAE/g dm
after 7 min of extraction. When compared to the HVED treatment, this value was found
to be 15.22% lower. In comparison to other treatments, however, it was observed to be
168.97% more effective than the US, 387.5% more effective than IR, and 680% more effective
than a water bath treatment. Comparing this method to Ziagova et al. [97] who also used a
combination of PEF and US pretreatments, the latter authors measured 208 mg GAE/g dw
of pomegranate peels. This research shows that both the HVED and PEF treatments are
highly efficient at removing polyphenols from pomegranate peels. PEF is less efficient at
polyphenol recovery than HVED. In contrast to HVED, the treatment process in PEF is
more selective and causes less damage.

5.1.5. Citrus Fruits

Citrus fruits such as oranges (Citrus sinensis), lemons (Citrus limon), and pomelos
(Citrus maxima) are the most valuable fruit crops worldwide. The vibrant color, delicious
flavors, and refreshing aromas of citrus fruits have made them a global favorite. Antioxidant
bioactive compounds eliminate free radicals, halt lipid peroxidation reactions, and protect
against other forms of oxidative damage, all of which are essential to the proper functioning
of a cell. Moreover, their antioxidant activity may protect against a wide range of chronic
diseases like cancer, diabetes, and heart disease [108].

The processing of citrus fruits is of industrial significance because they are rich in
bioactive compounds (such as vitamins, antioxidants, carotenoids, and polyphenols). Juice
extraction from various citrus fruits could benefit from PEF being applied to whole fruits. In
addition, PEF-treated citrus peels at high electric field strength could significantly increase
the concentration of polyphenols in the extracted juice. To that end, a corresponding study
was conducted by El Kantar et al. [109], who intended to improve polyphenol extraction
and improve the juice. The experimental procedure involved subjecting unharmed fruits
and a pile of peels to PEF treatment, with electric field strengths of 3 kV/cm and 10 kV/cm,
respectively. The samples were then subjected to 1 h of extraction with 50% v/v aqueous
ethanol solution. The implementation of PEF increased extracted polyphenols in citrus fruit
juice. Orange, lemon, and pomelo TPC were measured at ~70 mg/100 mL (~49% increase),
~60 mg/100 mL (~50% increase), and ~80 mg/100 mL (~60% increase) when compared to
the untreated samples. Furthermore, PEF treatment affected major polyphenols concentra-
tion from orange (hesperidin) and pomelo (naringin) flavedo, which were increased from
4.852 to 5.073 mg/g of dried mass and from 7.354 to 10.366 mg/g of dm, respectively. An
interesting decrease of eriocitrin in lemon flavedo was observed from 3.064 to 1.440 mg/g
dm after PEF treatment.

Since orange peels (albedo and flavedo) contain ascorbic acid, carotenoids, and
polyphenols, Athanasiadis et al. [110] set out to investigate and optimize the factors
affecting the extraction process. They used US or PEF as a pretreatment step prior to
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extracting the bioactive compounds using an ethanol and water mixture. In this exper-
iment, the authors used an electric field strength of 1 kV/cm, pulse duration of 10 µs,
and treatment period of 1 ms (frequency: 1 kHz). The extraction time (15–180 min) and
temperature (20–80 ◦C) were optimized using a response surface methodology. Hesperidin
(16.26 mg/g dw) and TPC (34.71 mg GAE/g dw) were improved by PEF treatment. The
study may have flaws, such as its narrow focus on a single orange variety. For real-world,
large-scale applications, however, the proposed pretreatment methods involving PEF hold
much promise. These applications span numerous sectors, including the food and bever-
age industry, the cosmetics and pharmaceutical industries, and the movement to replace
synthetic pigments with natural ones.

Luengo et al. [111] conducted a study to investigate the PEF treatment on the extraction
of polyphenols from orange peel during the pressing process. The highest value of Zp was
obtained when various electric field strengths were tested, with a treatment time of 60 s
(consisting of 20 pulses, each lasting 3 s). Treatments with PEF consisted of 5–50 pulses of 3 s
each (15–150 s) at electric field strengths of 1–7 kV/cm. The treatments varied in the amount
of energy they provided, from 0.06–3.77 kJ/kg. Distilled water was used as the extraction
solvent. The frequency of the pulses was set to 1 Hz. Following exposure to PEF with an
electric field strength of 5 kV/cm, the concentrations of naringin and hesperidin exhibited a
significant increase, rising from 1 to 3.1 mg/100 g fw and 1.3 to 4.6 mg/100 g fw, respectively.
Furthermore, the extraction yield of polyphenols was determined to be 34.80 mg/100 g fw.
The application of PEF to orange peel resulted in a significant increase in the yield of
polyphenol extract. Specifically, at electric field strengths of 1, 3, 5, and 7 kV/cm, the yield
of polyphenol extract increased by 20, 129, 153, and 159% respectively. The application of
PEF treatments at intensities of 1, 3, 5, and 7 kV/cm resulted in a significant enhancement
of the antioxidant activity in the extract. Specifically, the antioxidant activity increased by
51, 94, 148, and 192% compared to the untreated sample, respectively. The utilization of
PEF technology presents numerous advantages in comparison to alternative techniques
employed for enhancing the extraction of polyphenols from orange peels via pressing.
These advantages include the elimination of the requirement to dehydrate the sample and
the utilization of water as the solvent. In addition, this method presents an environmentally
friendly and cost-effective alternative to conventional extraction techniques, such as initial
product dehydration and the utilization of substantial quantities of organic solvents.

The Interest of the researchers was also directed towards the peel of lemons. Total
polyphenols were extracted from lemon peel residues by pressing, and Peiró et al. [112]
studied the effect of different PEF intensities (3–9 kV/cm and 0–300 s treatment time
pulses). Since no statistically significant differences were found between 7 and 9 kV/cm,
Zp concluded that 30 pulses of 3 µs (total 90 µs) and an electric field strength of 7 kV/cm
are optimal for increasing permeability. Compared to the untreated samples, PEF did
not affect the polyphenol extraction yield regardless of the size of the lemon residue
(1, 2, or 3 cm). However, 3-cm lemon peels were chosen as the optimal size, and PEF
treatment significantly increased TPC, as an average of 160 mg GAE/100 g of dw was
up to a 150% increase from the control sample. Pressure and electric field strength were
found to significantly increase the concentrations of hesperidin and eriocitrin, the two most
abundant polyphenols in lemon residues. Applying the pulsed electric field with 30 pulses
of 30 µs and electric field intensity of 7 kV/cm, the extraction efficiency of polyphenols
showed a 300% increase, as well as hesperidin, reached 84 mg/100 g fw and the amount of
eriocitrin was 176 mg/100 g fw.

The purpose of the study by Chatzimitakos et al. [113] was to determine the most
efficient conditions for extracting bioactive compounds from lemon peel waste. Time,
temperature, and solvent composition were among the variables tested alongside a number
of different extraction methods like stirring, US, and PEF. The electric field strength was set
at 1.0 kV/cm with a pulse period of 1 ms, and 10 µs pulse length. The results revealed a
negative impact of PEF in TPC yield, rendering sole stirring as the optimum condition for
extraction with 50% v/v aqueous ethanol for 120 min at 50 ◦C. It was also observed that
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PEF with US had a deleterious effect on polyphenol extraction compared to conventional
extraction. However, PEF treatment prior to stirring with 100% ethanol for 60 min at 80 ◦C
resulted in the highest TFC yield at 7 mg RtE/g.

5.1.6. Quince

Leaves and peels are quince by-products. Recovery of bioactive compounds from
quince peels was investigated by Athanasiadis et al. [114]. Extraction parameters, such
as solvent, temperature, and time, as well as extraction techniques such as PEF and US,
were initially investigated for their effects. Then, these parameters were optimized using
response surface methodology to extract bioactive compounds more effectively. The PEF
used an electric field strength of 1 kV/cm, had a pulse duration of 10 µs, a pulse period
of 1 ms, and a frequency of 1 kHz. Using a frequency of 3 kHz and a bath temperature of
30 ◦C, US was applied for 20 min. The best extraction conditions were achieved by stirring
at 65 ◦C for 120 min. Using techniques like principal component analysis and partial
least squares analysis, authors were able to establish that quince peels contain a large
number of bioactive compounds. TPC (43.99 mg GAE/g dw), TFC (3.86 mg RtE/g dw),
and chlorogenic acid (2.12 mg/g dw) were some of these. Using FRAP and DPPH• assays,
they found that the quince peels had 627.73 and 699.61 mol AAE/g dw, respectively, of
antioxidant activity.

5.1.7. Berry Fruits

Lončarić et al. [115] aimed to determine the specific conditions of PEF that would result
in a higher concentration of polyphenols and flavonoids in blueberry pomace. Applying
PEF-assisted extraction, where ethanol was used as a solvent, with 100 pulses and an
intensity of 20 kV/cm, which equals a specific energy input of 41.03 kJ/kg, a vast amount of
TPC was extracted (10.52 mg GAE/g dw). Additionally, with the previous PEF conditions,
phenolic acid and flavonol concentrations displayed their highest values (625.47 µg/g dw
and 157.54 µg/g dw, correspondingly). On the contrary, when methanol was used as
a solvent, anthocyanin and flavanol best amount of field noted (1757.32 µg/g dw and
297.86 µg/g dw, respectively). Upon comparison of other green extraction methods, it was
evident that the total phenolic content (TPC) of PEF-treated extracts exhibited higher values
in comparison to those obtained through HVED (~5 mg GAE/g dw) and US methods
(~6 mg GAE/g dw).

The nutritional properties of red raspberry (Rubus strigosus var. Meeker) and blueberry
(Vaccinium corymbosum var. Bluejay) purees after US and PEF exposure were investigated by
Medina-Meza et al. [116]. When PEF-assisted extraction was applied with a high electric
field strength of 25 kV/cm, and flow rate at 300 mL/min along with US treatment, no
deleterious effects were observed. In relation to red raspberry, solely PEF treatment resulted
in non-significant differences (p < 0.05) in TFC, whereas when combined with US led to an
increase of ~20% from an initial ~150 µg/mL of quercetin. In PEF-increased anthocyanin
concentration from ~125 to ~145 mg/L, however, a deleterious effect and decrease of at
least 66% was observed with US treatment, which requires further investigation. Regarding
TPC content, PEF increased the recovery from ~430 to ~470 µg/mL. In blueberry samples,
PEF treatment had roughly any impact on the extraction of flavonoids (~310 µg/mL)
but increased the anthocyanins recovery from ~650 to ~750 mg/L. However, another
deleterious effect was observed in TPC, where a decrease of ~6% was measured from an
initial ~520 µg/mL.

Ozkan et al. [117] investigated non-thermal processing methods of high-pressure
processing (HPP) and PEF to preserve polyphenols in cranberrybush (Viburnum opulus)
puree. This investigation required PEF conditions, including 20 µs pulse width, an elec-
tric field strength of 3 kV/cm, pulse frequency of 2 Hz, and specific energy input of
15 kJ/kg. The application of PEF or HPP resulted in enhanced preservation of bioactive
compounds, as evidenced by a significant increase in TPC, ranging from 4.1–14% (from
~400 mg GAE/100 g fw). Additionally, both treatments demonstrated improved antioxi-
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dant activity in CUPRAC (~7% increase from 1500 mg TE/100 g fw). The results of this
study suggested that the PEF process was successful in non-thermal treatments for the
extraction of polyphenols from cranberry bushes.

The objective of the study from Gagneten et al. [118] was to enhance the extraction
of polyphenols from blackcurrants through the utilization of PEF treatment. The study
aimed to analyze the effects of electroporation on biological samples at two different initial
temperatures, specifically 10 and 22 ◦C. A small quantity of the natural fruit juice is used to
hydrate the sample. The optimal PEF conditions for achieving the greatest benefits were
found to be an electric field strength of 1318 V/cm and a total of 315 pulses. The study
examined the influence of electric field strength and treatment duration on the TPC and
AA. Under optimum conditions, notable improvements were observed, including a 19%
increase in TPC (from 3.18 mg GAE/g extract), a 45% increase in antioxidant activity (AA)
(from 1.12 mg GAE/g extract), and a 6% increase in total monomeric anthocyanins (from
1.30 mg cyanidin-3-glucoside/g extract). The application of PEF treatment to blackcurrant
juices resulted in a higher efficiency in extracting bioactive compounds, making them a
promising choice for incorporation as functional food ingredients.

In light of the demonstrated beneficial health effects of polyphenols, Stübler et al. [119]
examined the impact of various processing methods (thermal, PEF, HPP) as well as the
incorporation of a vegetable juice (kale) with a relatively high protein content on the
stability and bioaccessibility of polyphenols in strawberry puree. PEF conditions required
an electric field strength of 11.9 kV/cm with 20 µs pulse width and energy input of
120 kJ/kg. As for the results, it was found that anthocyanins showed an increase both in
the strawberry–kale mix and in the puree. Specifically, anthocyanins content increased
from almost 32 (control) to 35 mg pelargonidin-3-glucoside/L (PEF-treated) in the mix and
40 (control) to 45 mg pelargonidin-3-glucoside/L (PEF-treated) in the strawberry puree.
The industrial significance of the current trend towards healthier eating habits and fast-
paced lifestyles is evident in the increased demand for convenient and nutritious food
options centered around fruits and vegetables. Insufficient data exists regarding the effects
of alternative processing methods on multi-component juice systems, wherein interactions
between various components may transpire. Nevertheless, these methods are regarded as
a promising means of producing nutritionally rich products. Strawberries, being the berry
with the highest consumption rate, offer a substantial quantity of polyphenols and serve as
an exemplary system abundant in polyphenolic compounds.

The effects of PEF on tomato juice and fruit were studied. Firstly, the purpose of
the study by Vallverdú-Queralt et al. [120] was to examine the impact of using moderate
(MIPEF) and high-intensity PEF (HIPEF) treatments in succession on the polyphenol profile
of tomato juices. A variety of intensities in the electric field were used to test the effects of
different nutrients on tomato fruits. MIPEF conditions required 1 kV/cm of electric field
strength and 16 pulses of 4 µs at a frequency of 0.1 Hz, whereas HIPEF included 35 kV/cm
and 4 µs pulses with a frequency of 100 Hz. Tomato juices made from untreated tomatoes
had an initial TPC of ~148 µg/g fw, while juices from MIPEF- and HIPEF-treated tomatoes
had an initial TPC of ~180 and ~155 µg/g fw. The polyphenol amount that was gained
was enhanced by 44% with the addition of 30 pulses at 1.2 kV/cm. Therefore, it may be
possible to propose the use of MIPEFs and HIPEFs together as a method for increasing
the phenolic content of tomato juices. The same research team [121] studied the impact
of PEF on TPC and the antioxidant capacity of tomato fruit. Electric field strength from
0.4–2.0 kV/cm and the number of pulses from 5–30 were investigated. At 1.2 kV/cm and
30 pulses, TPC achieved 144.61% relative TPC (44% increase). With the same electric field
strength (1.2 kV/cm) but with fewer pulses (18), a higher % relative hydrophilic antioxidant
capacity was achieved (131.75%).

5.1.8. Red Prickly Pear

Surano et al. [122] studied the use of PEF in a multiple-needle chamber to enhance
the extraction of bioactive compounds from raw Opuntia ficus-indica (red prickly pear)
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fruits. The high concentration of natural pigments and bioactive compounds in prickly
pear fruit contributes to its antioxidant capacity and health-promoting properties. In order
to accomplish polyphenol recovery with a non-thermal technique, a novel electroporation
chamber was designed and implemented, to identify the optimal pulse parameters that
would maximize both juice yield and the extraction of bioactive compounds. To achieve
optimum PEF conditions, it was necessary to apply pulses with an electric field strength of
1200 V/cm and a frequency of 10 Hz. A mean value of specific energy input at 11.44 kJ/kg
was utilized, resulting in a temperature rise of less than 10 ◦C. PEF-treated samples resulted
in a significant increase in juice yield by a factor of 3.3 (from 16.69%) and betalain extraction
by a factor of 1.48 (from 19.5 mg/100 g), as compared to the samples that did not undergo
PEF treatment. The extracted juice exhibited a notable enhancement in its antioxidant
capacity, with an increase of approximately 1.4–1.5 times, measured with three different
methods (DPPH•, ABTS, FRAP). Similarly, the TPC of the juice experienced a proportional
increase of 1.4 times (from 9.49 mg GAE/100 g). The chamber could accommodate sizable
samples without necessitating the inclusion of a conductive medium or the removal of fruit
peels. This simplifies the procedure and leads to cost reduction, thereby positioning it as
a viable option for industrial applications. The application of PEF treatment on prickly
pear fruits results in the production of juice that exhibits enhanced nutritional content
and a greater abundance of naturally occurring pigments compared to juice derived from
untreated fruits. Table 1 provides a concise summary of the above research on fresh fruits
and by-products.

Table 1. Application of PEF on fresh fruit and by-products with the treatment effects.

Sample PEF Conditions Treatment Effect Ref.

Apricot 1 kV/cm, pulse frequency 1000 µs, 10 µs pulse
duration

Increases by 88% in TPC (from ~3.5 to ~6.5 mg GAE/g dw)
and 100% in TFC (from 3.78 to ~7.5 mg RtE/g dw) [77]

Blackthorn 1.0 kV/cm, 1 ms pulse period, 10 µs pulse length Increased TPC value by 27% (from 24.20 to 30.74 mg GAE/g)
when compared to stirring, [78]

Cherry 2.5 kV/cm, 20 µs, 100 Hz, pulse number 385–10,000 Rutin concentration increased by 54% (from 5.04 to
7.77 µg/g ww) [83]

Grape

5 kV/cm, 1 ms pulse duration, 42–53 kJ/kg Increase in anthocyanin content by 62% (from 186 to
~301 mg/L) [84]

0.7 kV/cm, 200 ms treatment duration ~19% increase in anthocyanins (from ~480 to ~570 mg/L),
36% increase in tannins (from 2.5 to 3.4 mg/L) [86]

0.7 kV/cm, 40 ms treatment duration ~10% increase in TPC (from~870 to ~970 mg/L), ~18%
increase in tannins (from ~2.7 to ~3.2 g/L) [87]

8 kV/cm, 6.7 kJ/kg, 45 µs pulse duration TPI increased by ~19% from 61.15 to 73.15 [88]

4 kV/cm, 3.7 pulses of 100 µs width, 6.2 kJ/kg
High values of TPI (~60 AU compared to ~45 AU from

untreated samples), anthocyanins (from ~480 to ~500 mg/L),
and tannins (from ~1 to ~1.5 g/L) were achieved

[89]

1.5 kV/cm, 10 µs pulse length, 20 kJ/kg, 250 L/h
TPI: 41.3% increase (from 26.3 to 44.8),

anthocyanins: 50% increase (from 39 to 78 mg/L),
tannins 50% increase (from 1.2 to 2.4 g/L)

[90]

1.4 kV/cm, 10 µs pulse duration, 1 ms treatment time

Increases in TPC from to ~56 to ~110 mg GAE/g dw (49.15%),
Quercetin-3-rutinoside from 0.012 to 0.083 mg/g dw (85%),

Kaempferol-3-glucoside from 0.052 to 0.153 mg/g dw (66%),
Gallic acid from 0.045 to 0.0124 mg/g dw (63%)

[91]

0.9–3 kV/cm, 10.4–32.5 kJ/kg TPC increased by ~55% (from 197 to 439 mg GAE/L) [96]

Grape juice 5 kV/cm, 63.4 kJ/kg, 40 µs pulse width TPC increased by ~56% (from 916 to 1434 mg GAE/L) [95]

Wine 5 kV/cm, 1 ms treatment duration, 48 kJ/kg TPC increased by 17–178% (from 130.9 and 305 to 364.1 and
359.8 mg/L) [85]

Grape stem 1 kV/cm, treatment duration 30 min PEF only: 4% increased TPC (from 0.048 to 0.05 AU) [98]

Grape leaf 0.5–2 kV/cm High TPC value (97 mg GAE/g dw) [97]
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Table 1. Cont.

Sample PEF Conditions Treatment Effect Ref.

Grape
pomace/seed

1.2 kV/cm, 18 kJ/kg
Increases in gallic acid from 4.53 to 7.40 mg/100 g (63%) and
TPC from 60.98 to 113.58 mg/100 g (86%) when increasing

temperature from 20 to 50 ◦C
[92]

13.3 kV/cm, 0.5 Hz At Zp 0.8, PEF (63.47 mg/L) achieved greater anthocyanin
recovery than HVED (40.64 mg/L) [93]

0.86 kV/cm, 13 Hz, pulse duration 900 µs, 75 ms
pulse interval, 810 ms treatment time

Comparable TPC (~24 mg GAE/g) with the control sample,
which was extracted with 75% ethanol, whereas the
PEF-treated sample was extracted with 20% ethanol

[94]

4.6 kV/cm, 20 kJ/kg

Increases in TPC from 8.30 to 9.51 mg GAE/g dm (15%), TFC
from 36.68 to 58.53 mg QE/g dm (60%), TAC from 0.84 to

1.03 mg C3G/g dm (23%), and in TC from 3.84 to
5.45 mg TC/g dm

[99]

0.5–2 kV/cm High TPC value (31 mg GAE/g dw) [97]

Apple tissue 3 kV/cm, 100 pulses TPC increased by ~10% from 426.69 to 472.05 mg chlorogenic
acid/100 g dm [101]

Apple juice 30 kV/cm Non-significant differences in TPC (from 337.51 to 340.70
mg/L), reduction in AA from 17.40 to 16.74 µmol Trolox/mL) [102]

Apple pomace 30 kV/cm, 17 kJ/kg or20 kV/cm, 100 kJ/kg
TPC: the lowest concentration (220 µg GAE/g) when PEF

with 30% v/v EtOH was used as extraction solvent compared
to UAE (800 µg GAE/g), and ASE (~420 µg GAE/g)

[103]

Apple 1 kV/cm, 20 Hz pulse frequency, and 7 µs pulse
width

Dry the sample efficiently, TPC measured 1257 mg
GAE/100 dm [104]

Pomegranate
peel

10 kV/cm, 90–100 kJ/kg
TPC through PEF measured at 39.2 mg GAE/g dm, ~15%
lower by HVED, ~169% higher than the US, ~388% higher

than IR, ~680% higher than water bath treatment
[107]

0.5–2 kV/cm High TPC value (208 mg GAE/g dw) [97]

Citrus juice 3 kV/cm
TPC increased by ~49%(orange) from ~36 to ~70 mg/100 mL,
~50% (lemon) from ~30 to ~60 mg/100 mL, ~60% (pomelo)

from ~32 to ~80 mg/100 mL
[109]

Citrus peel 10 kV/cm

Increase in major polyphenols in orange (hesperidin, ~5%)
from 4.85 to 5.07 mg/g dm, pomelo (naringin, ~41%) from
7.35 to 10.36 mg/g dm, a decrease in major polyphenol of

lemon (eriocitrin, ~112%) from 3.06 to 1.44 mg/g dm

Orange peel

1 kV/cm, 10 µs pulse duration, 1 ms treatment
period

TPC increase by 25% (from 27.70 to 34.71 mg GAE/g dw) and
hesperidin content by 19% (from 13.67 to 16.26 mg/g dw) [110]

1–7 kV/cm, 5–50 pulses of 3 s each Increased concentrations of naringin from 1 to 3.1 mg/100 g
fw (210%), hesperidin from 1.3 to 4.6 mg/100 g fw (253%) [111]

Lemon peel
7 kV/cm, 90 µs pulse duration

TPC increased by 150% from ~64 to 160 mg GAE/100 g dw,
eriocitrin concentration from 30.39 to 176.35 mg/100 g fw,

and hesperidin concentration from 15.90 to 84.44 mg/100 g
dw both increased by above 400%

[112]

1.0 kV/cm, 1 ms pulse period, 10 µs pulse length Negative impact in TPC (277% decrease) compared to
conventional extraction from 51.24 to 13.56 mg GAE/g [113]

Quince peel 1 kV/cm, 1000 Hz, 10 µs pulse duration, 1 ms pulse
period

Initial increase through RSM in TPC by 8% (from 32.78 to
35.43 mg GAE/g dw), and a further increase by 34% through

the PLS model as TPC reached 43.99 mg GAE/g dw
[114]

Blueberry
pomace 20 kV/cm, 41.03 kJ/kg, 100 pulses Higher values of TPC (10.52 mg GAE/g dw) than HVED

(~5 mg GAE/g dw) and US methods (~6 mg GAE/g dw) [115]

Red raspberry
puree

25 kV/cm, 300 mL/min

Non-significant impact on TFC (~150 µg/mL), but increased
~16% total anthocyanin content (from ~125 to ~145 mg/L)

and ~9% TPC (from ~430 to ~470 mg/L) [116]

Blueberry puree
Non-significant impact on TFC (~310 µg/mL), increased

~15% total anthocyanin content (from ~650 to ~750 mg/L)
but decreased ~6% TPC (from ~520 µg/mL)

Cranberrybush
puree 3 kV/cm, 2 Hz, 20 µs pulse width

TPC increased by ~4–14% (from initially ~400 mg
GAE/100 g fw), CUPRAC antioxidant activity by ~7% (from

1500 mg TE/100 g fw)
[117]
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Table 1. Cont.

Sample PEF Conditions Treatment Effect Ref.

Blackcurrants 1318 V/cm, 315 pulses

19% increase in TPC (from 3.18 mg GAE/g extract), 45%
increase in AA (from 1.12 mg GAE/g extract), and 6%

increase in monomeric anthocyanins content (from 1.30 mg
cyanidin-3-glucoside/g extract)

[118]

Strawberry puree
and juice (kale) 11.9 kV/cm, 120 kJ/kg, 20 µs pulse width

Increase in anthocyanins content from almost ~32 to 35 mg
pelargonidin-3-glucoside/L in kale mix by 9%, and from 40

to 45 mg pelargonidin-3-glucoside/L (PEF-treated) in the
strawberry puree by 12.5%

[119]

Tomato juice MIPEF: 1 kV/cm, 0.1 Hz, 16 pulses of 4 µs
HIPEF: 35 kV/cm, 100 Hz, 4 µs pulses

MIPEF: TPC increased by 25% from ~148 to ~180 µg/g fw,
HIPEF: TPC increased by 5% from ~148 to ~155 µg/g fw [120]

Tomato fruit 1.2 kV/cm, 30 pulses TPC increased by 44%, as it had 144.61% relative TPC [121]

Red prickly pear
fruit 1200 V/cm, 11.44 kJ/kg, 10 Hz

PEF-treated samples increased in juice yield by 3.3 (from
16.69%) and betalain extraction by 1.48 (from 19.5 mg/100 g)

compared to untreated samples
[122]

5.2. Vegetables
5.2.1. Potato

The fourth most important food grown and consumed in the world, potatoes are
a staple that can be found in almost every region of the country [123]. They are rich in
carbohydrates and have a small amount of fat. They are also known to contain various
nutrients such as vitamins, proteins, and fiber. Bioactive compounds such as anthocyanins
and polyphenols are commonly found in the skin and flesh of potatoes [124].

To improve the extraction of polyphenols with significant antioxidant properties from
potato peels, Frontuto et al. [125] studied the optimal PEF-assisted extraction conditions.
To verify this, they applied electric field strength from 1–5 kV/cm and total specific energy
inputs from 1–10 kJ/kg. Total polyphenol yield from PEF pretreated sample extracts was
1295 mg GAE/kg fw (+10% from the control) when using 5 kV/cm fields strength and
10 kJ/kg specific energy output, 52% ethanol as a solvent, 230 min of extraction time, and
50 ◦C for the subsequent solid-liquid extraction. The HPLC-DAD analysis revealed that
the predominant polyphenolic compounds detected were chlorogenic, caffeic, syringic,
protocatechuic, and p-coumaric acids. There was no indication of substantial degradation
of these individual polyphenols as a result of the application of PEF.

5.2.2. Asparagus

Beneficial bioactive compounds have been found in Asparagus officinalis root. The
primary goal of the research conducted by Symes et al. [126] was to improve the efficiency
with which polyphenol and flavonoid extraction was accomplished from the roots of
green asparagus by combining PEF and ionic liquids. Antioxidant activity (oxygen radical
absorbance capacity, ORAC), FRAP and DPPH•), TPC, and TFC were all measured in this
study. When compared to the standard solvent extraction method, the extraction yield
was higher when PEF was used under the optimum conditions of electric field strength at
1.6 kV/cm, pulse width of 20 µs, and frequency of 200 Hz. All assays, except for ORAC,
showed improvements in PEF-treated samples compared to untreated samples. Extraction
yield was increased by 23%, TPC by 5%, TFC by 6%, and FRAP by 4%. Ionic liquids, on
the other hand, were discovered to be more efficient than PEF treatment. For instance,
ionic liquids were found to have a TFC of 122 mg RE/g. This value was ~80 times greater
than the TFC achieved by PEF treatment. While ionic liquids performed better than PEF in
asparagus root samples, more research is needed to determine their safety for use in the
food industry.

5.2.3. Mushroom

Mushrooms are frequently consumed as a staple in vegetarian diets. They are recog-
nized for their wide variety of health advantages, including their anti-carcinogenic and
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anti-infectious attributes. Furthermore, the abundant presence of polyphenols in these
substances renders them highly versatile for utilization as pharmaceutical agents or dietary
supplements [127,128]. The only type of mushroom that was applied to the PEF system
with the purpose of greater extraction of polyphenols was Agaricus bisporus.

The utilization of chemical or thermal methods for the extraction of valuable com-
pounds is widely employed across various disciplines. The utilization of PEF during the
extraction process reduces the likelihood of nutrient damage in the extracted product.
To that end, the study by Xue et al. [129] aimed to investigate the impact of continuous
PEF treatment on the extraction process of a white button mushroom suspension with a
concentration of 9% w/w. PEF with intensities ranging from 12.4–38.4 kV/cm were applied
using bipolar square pulses lasting 2 µs. The mushroom suspension was exposed to electric
pulses with a field intensity of 38.4 kV/cm for a duration of 272 µs at 85 ◦C. Based on
estimations, it was determined that the optimal extraction yields would be 98% (7.9 mg/g
mushroom) of polysaccharide, 51% (1.6 mg GAE/g mushroom) of total polyphenols, and
49% (2.7 mg/g mushroom) of proteins. However, traditional mushroom extraction meth-
ods yielded only 56% (6.4 mg/g of mushroom) polysaccharide, 25% of total polyphenols
(1.3 mg GAE/g of mushroom), and 45% (2.6 mg/g of mushroom) proteins after processing
the 9% w/w mushroom suspension at 95 ◦C for 1 h. For all of these substances, the yield
from conventional extraction carried out at the same temperature and for a similar amount
of time was negligible. This indicates that a synergistic effect of electric pulses and tem-
perature on the extraction performance is responsible for the improvement in extraction
performance observed with PEF and that this improvement cannot be attributed solely to
ohmic heat generated during PEF treatment.

5.2.4. Olives

Olives of several cultivars are key in Mediterranean dishes and an essential agricultural
crop for European countries such as Greece, Spain, and Italy. Olives are the fruit of the
olive tree with the scientific name Olea europaea, which means “European olive”. They
are cultivated throughout the Mediterranean basin as well as in South America, South
Africa, India, China, Australia, New Zealand, Mexico, and the United States. Antioxidant
compounds, such as polyphenols and flavonoids, are characteristic in olives, especially
oleuropein. The content of extra virgin olive oil in polyphenols is 500 mg/L [130]. It
has been claimed that the health benefits of olives and olive oil can protect the human
organism from a variety of illnesses [131]. For this reason, the effect of PEF pretreatment
on the increase of their polyphenol content was evaluated for all parts of the olive plant
as well as for extra virgin olive oil. For instance, in the previously mentioned study by
Ziagova et al. [97], PEF-treated leaves and unripe fruit yielded TPC of 105 and 12 mg
GAE/g dw, respectively.

Andreou et al. [132] improved the recovery of high value-added compounds from
olive pomace as a result of the combined use of PEF. Pretreatments with PEF (1.0–6.5 kV/cm,
0.9–51.1 kJ/kg, and 15 µs pulse width) were applied to olive pomace (cv Tsounati). Solid-
liquid extraction of intracellular compounds with 50% v/v aqueous ethanol solution for 1 h
at 25 ◦C was then used for analysis. At electric field strengths over 3 kV/cm, the polyphenol
concentration increased significantly, reaching as high as 91.6% from the untreated sample
(~1500 mg GAE/L). This method may be useful in conjunction with traditional solvent
extraction. With PEF pretreatment, olive pomace can be valorized by increasing the yields
of intracellular compounds with high antioxidant properties.

The same research team [133] investigated the application of non-thermal processing
techniques to maximize the production and quality of virgin olive oil. Different PEF condi-
tions (electric field strength of 0.5–2.0 kV/cm, 0–2500 pulses, energy input of 0.5–57.5 kJ/kg)
were applied to olive paste. Quality, bioactive compounds, oxidative stability, and sensory
evaluation of olive oils generated under optimum conditions (electric field strength of
1.5 kV/cm, 100 pulses) were assessed using response surface methodology. The olive
oil yield from the PEF-pretreated sample was ~3% higher (25.4%), had ~57% more α-
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tocopherol (66.9 mg/kg oil), and had ~7% more polyphenols (822.3 mg GAE/kg oil) than
the yielded oil from the untreated control sample. Consequently, PEF seeks to increase the
production of a sustainable and cost-effective product in the olive oil industry.

Extracting polyphenols from olive leaves using the PEF method was evaluated by
Pappas et al. [134]. Water, ethanol, and various mixtures thereof were used across a
gradient of 25% in this study. The optimal conditions for PEF extraction took 30 min and
required an electric field strength of 1 kV/cm. In addition, they explored a range of pulse
durations, from 10–100 ns. Results obtained from PEF-treated extracts were compared
to those obtained from untreated extracts. With a pulse duration of 10 µs and a 25% v/v
ethanol aqueous solution, PEF was found to have the greatest effect. Significant increases
of 31.85% in total polyphenols and 265.67% in specific metabolites were observed when
comparing pre- and post-harvest samples. Differential scanning calorimetry revealed that
569 ◦C was the highest temperature at which oxidation occurred. The higher the oxidation
temperature, the more resistant to oxidation the sample. This remarkable temperature was
achieved by subjecting the samples to pulses with a duration of 100 µs and a period of
1000 µs. When the above PEF parameters were applied, the main metabolite luteolin-7-O-
glucoside showed a significant increase of 71.87%, amounting to a total of 0.82 mg/g dw.
Under a 100 µs pulse, however, oleuropein alone showed the highest extraction yield.

The same research team conducted an investigation [135] into the efficacy of PEF
in concentrating polyphenol extracts, thereby evaluating the potential worth of olive
leaves. The researchers thoroughly investigated the optimal methods for enhancing the
PEF process in order to improve the extraction of olive leaf compounds. A comprehensive
investigation was conducted to examine various parameters of the extraction chamber,
including its geometric configuration, electric field intensity, pulse duration, pulse period
(and frequency), and extraction duration. The authors employed experimental methods
to ensure the optimal duration of PEF-assisted solid-liquid extraction of olive leaves. The
implementation of PEF resulted in a significant increase of 38% in the extractability of
total polyphenols compared to the untreated control sample. The TPC reached a value
of 25.35 mg GAE/g dw. Furthermore, it is noteworthy to mention the remarkable 117%
increase observed in the concentration levels of certain specific metabolites. The optimum
conditions required a 15-min extraction with 25% v/v ethanol conducted in a rectangular
extraction chamber, an electric field strength of 0.85 kV/cm, a pulse period of 100 µs, and
a pulse duration of 2 µs. Regarding oxidative stability, the samples subjected to a pulse
duration of 10 µs, pulse period of 1000 µs, electric field of 0.85 kV/cm, and extraction
time of 30 min exhibited the most pronounced oxidation peak at 488 ◦C. This value was
found to be 16% higher than the control sample when assessed using differential scanning
calorimetry. The findings of this study indicate that the use of PEF treatment has a notable
impact on enhancing extraction efficiency and improving the physicochemical properties.
Table 2 provides a concise summary of the above research conducted on fresh vegetables
and their by-products.

Table 2. Application of PEF on fresh vegetables and by-products with the treatment effects.

Sample PEF Conditions Treatment Effect Ref.

Potato peel 5 kV/cm, 10 kJ/kg Increased TPC by ~10% (from ~1160 to 1295 mg
GAE/kg fw) [125]

Asparagus root 1.6 kV/cm, 200 Hz, 20 µs
pulse width

Increased values of extraction yield from 47.7 to
58.8% (23%), TPC from 32.6 to 34.4 mg GAE/g

extract (5%), TFC from 0.16 to 0.17 mg RE/g
extract (6%), and FRAP from 1363 to 1418 mM

FeSO4 E/g extract (4%)

[126]

Mushrooms 38.4 kV/cm, 272 µs duration Estimated ~26% or 1.6 mg GAE/g higher
polyphenol extraction yield [129]
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Table 2. Cont.

Sample PEF Conditions Treatment Effect Ref.

Olive 0.5–2 kV/cm High TPC value (12 mg GAE/g dw) [97]

Olive pomace 3 kV/cm, 15 µs pulse width Notable increase in TPC (91.6%) from ~1500 to
~2900 mg/L [132]

Olive paste 1.5 kV/cm, 100 pulses Increased recovery yield to 25.4% (by ~3%), TPC
(by ~7%) from ~760 mg GAE/Kg oil [133]

Olive leaf

1 kV/cm, 10 ns pulse duration Increased TPC (by 31.85%) from 15.74 to
20.75 mg GAE/g dw [134]

0.85 kV/cm, 100 µs pulse
period, 2 µs pulse duration

TPC increase by 38.5% (from 18.30 to
25.35 mg GAE/g dw) [135]

0.5–2 kV/cm High TPC value (105 mg GAE/g dw) [97]

5.3. Various Plants, Herbs, Nuts and Seaweeds

A variety of aromatic plants, herbs, nuts, plant parts, and seaweeds were utilized in
the process of PEF-assisted extraction. The analysis of all the samples revealed a notable
increase in their polyphenol levels, with certain samples exhibiting a more pronounced
increase compared to others.

5.3.1. Borage

The objective of the study by Segovia et al. [136] was to evaluate the efficacy of PEF
in enhancing the aqueous extraction of polyphenols and antioxidant compounds from
borage (Borago officinalis) leaves. The range of the applied electric field strength ranged
from 0–5 kV/cm. Extractions were exposed to different temperatures (10, 25, and 30 ◦C)
for varying durations (10–60 min), whereas water was used as a solvent. The application
of PEF treatments resulted in a significant increase in the TPC and ORAC values of the
extracts. Specifically, TPC values were enhanced by a factor ranging from 1.3–6.6 (from
0.3 mg GAE/g fw), while the ORAC values were enhanced by a factor ranging from
2.0–13.7 (from ~10 mg TE/g fw). This procedure enhances the efficiency of the extraction
process while concurrently increasing the antioxidant potency of the extracts. Furthermore,
it reduces the duration of the extraction process. The correlation between the rise in pulse
intensity and the quantity of extracted polyphenols indicates that this technology holds
promise for effectively managing this byproduct within the food industry.

5.3.2. Flaxseed

Boussetta et al. [137] investigated the polyphenol extraction from flaxseed hulls using
PEF as part of an effort to identify potential uses for oil-seed byproducts. The study exam-
ined the influence of various factors, including PEF treatment time, electric field strength,
composition of solvent, and duration of rehydration, on the extraction of polyphenols.
The extraction efficiency of polyphenols (~314 mg GAE/100 g dm) was achieved by 50%
v/v ethanol, reaching an increase of 42% compared to extraction with 20% v/v ethanol.
However, this ethanol level (20% v/v) was used as optimal because the authors stated that
industrial PEF applications should not exceed this level. After 40 min of rehydration at
150 rpm, the study found that the optimal conditions for a PEF treatment were 20 kV/cm
for 10 ms with an energy output of 300 kJ/kg. While 270 mg GAE/100 g of dm was
recovered using 0.3 M citric acid, 1000 mg GAE/100 g of dm was recovered using 0.3 M
sodium hydroxide. The sodium hydroxide-free sample yielded about 200 mg GAE/100 g
dm. Consequently, the use of PEF in conjunction with alkaline hydrolysis gave encouraging
results in polyphenol recovery.
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5.3.3. Rapeseed

Yu et al. [138] examined the utilization of PEF for the extraction of polyphenols from
the stems and leaves of rapeseed (Brassica napus L.). The leaves were exposed to a PEF
ranging from 0.2–20 kV/cm. The study involved the analysis of rapeseed tissue to assess
the extent of Zp resulting from the application of PEF ranging from 5–20 kV/cm. Different
temperatures (20–70 ◦C), solvent concentrations (5–100% v/v ethanol), and pH values
(2–12) were examined. It was found that the most recovered polyphenols were acquired
through exposure to an electric field strength of 5 kV/cm. In both stems and leaves, the
optimum extraction conditions required 20 min extraction with 100% ethanol, at pH 7 and
70 ◦C, achieving 0.17 and 1.25 g/100 g dm, respectively. This study provides evidence to
support the potential efficacy of PEF treatment as a novel approach for the valorization of
rapeseed stems and leaves. This treatment selectively extracted polyphenols from the plant
material, while preserving the proteins in the remaining residues.

A year later, the same research team with Yu et al. [139] investigated the impact
of applying PEF before pressing rapeseed green biomass (stems) on the efficiency of
polyphenol extraction. The impact of pressure, electric field strength, and pulse number
on the overall polyphenol content and juice expression yield were examined. The optimal
experimental conditions required electric field strength at 8 kV/cm, a total PEF time of
2 ms, with water as the solvent resulting in a significant increase in the juice expressed
yield, from 34% to 81%. The press cake underwent successful dehydration, resulting in
an increase in its dry matter content from 8.8% to 53.0% upon recovery. Similarly, TPC
demonstrated a significant increase, surging from 0.10 to 0.48 g GAE/100 g dm after PEF
pretreatment.

5.3.4. Canola

Teh et al. [140] investigated four parameters, namely ethanol concentration, time,
frequency, and voltage, for PEF treatment through Box–Behnken response surface method-
ology. These parameters were utilized to identify the most effective method for extracting
polyphenols from defatted canola seed cake. PEF-assisted extraction yielded maximum
results when performed at an electric field strength of 1.1 kV/cm, frequency of 30 Hz, with
10% v/v ethanol concentration for 10 µs. After PEF and MAE, the defatted canola seed cake
was subjected to US. The measured responses included total phenolics, flavonoids, DPPH•

scavenging, and FRAP. The highest polyphenol yields (2624.18 mg GAE/100 g fw) were
obtained in the optimum PEF conditions. Consequently, PEF is an economically feasible
way to extract polyphenols by using low electroporation voltage which resulted in reduced
solvent usage and shorter extraction time.

5.3.5. Coffee and Cocoa

In order to maximize polyphenol recovery from cocoa bean shell (CBS) and coffee
silver skin (CSS), the study by Barbosa-Pereira et al. [141] explored the use of PEF as a
novel treatment technique. The PEF conditions were examined through response surface
methodology (electric field strength 1.93–3 kV/cm, 9–16 µs pulse duration). The optimized
methodology was used to analyze multiple CBS and CSS samples, after which they were
separated according to their country of origin, crop type, and industrial processing. Com-
pared to conventional extraction methods, PEF-assisted extraction resulted in roughly ~12
to 22% greater recovery yields for polyphenols (from ~26–54 mg GAE/g dw) in CBS and
in ~25 to 13% recovery yields (from ~8–12 mg GAE/g dw) in CSS. Finally, the results
demonstrated that the composition of bioactive compounds from various extracts of CBS
and CSS, as well as their antioxidant properties, were affected by the origin, variety, and
industrial processing of the raw material. These by-products of natural compounds have
potential applications in agriculture, medicine, and the health sector.
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5.3.6. Saffron

The study from Neri et al. [142] investigated the feasibility of PEF at an electric field
strength of 2 kV/cm and 1.5 kJ/kg as a pretreatment alternative to the hot air drying process
to improve the quality and functional properties of saffron (Crocus sativus L.). TPC and
antioxidant activity were measured after processing and during room-temperature aging.
The application of PEF did not result in any significant alteration in TPC of fresh stigmas,
averaging ~4 mg GAE/g dm. However, the highest TPC value was observed after the
drying and aging process for 10 months, specifically with the application of PEF treatment
and drying process (~10 mg GAE/g dm). Although the impact of PEF on the antioxidant
activity of fresh stigma was found to be negative, resulting in a decrease of 24% (from an
initial ~90 mmol/g dm), it was observed that the application of PEF had a positive influence
on the antioxidant activity as the stigma underwent the drying process (~100 µmol/g dm).
Regardless of the method of data processing, there was a significant decrease in antioxidant
activity of up to 86% associated with aging after 10 months (~18 µmol/g dm). Based on the
results of this investigation, it can be suggested that PEF-treated saffron exhibits promising
characteristics that make it a suitable candidate for incorporation as a premium component
in food applications. This is primarily attributed to the increased extraction yield, which
enables the utilization of smaller quantities of the ingredients in food formulations and
products. Consequently, this leads to notable cost and time savings. These concepts apply
to various domains and commodities, excluding food production.

5.3.7. Wheat Plants

In a study conducted by Ahmed et al. [143], an investigation was conducted to exam-
ine the impact of US and PEF on the juice derived from wheat plantlets. The treatments that
involved the combination of US and PEF demonstrated elevated levels of TPC, TFC, ORAC
assay, and DPPH• activities in comparison to the treatments conducted separately. PEF con-
ditions required 1 kHz of pulse frequency, 80 µs pulse width, 9 kV/cm electric field strength,
335 µs treatment time, 30 ◦C temperature, and 50 mL/min flow rate. The corresponding
increases were 5.35% (from 305.23 µg GAE/g) for TPC, 5.51% (from 178.34 µg CE/g) for
TFC, 4.91% (from 1.63 mmol TE/L) for DPPH• assay, and 1.36% (from 5.12 mmol TE/L) for
ORAC assay. When both treatments were employed, the increases were 8.59, 14.06, 6.74,
and 2.34%, respectively.

5.3.8. Sage

Sage (Salvia officinalis L.) leaf phytochemicals were the primary focus of the research
conducted by Athanasiadis et al. [144], which aimed to evaluate the efficiency of PEF-
assisted extraction. Among the variables tested was the pulse duration of PEF, which
varied from 10–100 µs over the course of 30 min. They also investigated the efficacy of
several “green” extraction solvents, including ethanol, water, and their respective 25–75%
v/v mixtures. The obtained extracts were evaluated against those obtained without PEF as
a standard of comparison. Total polyphenols, isolated polyphenols, volatile compounds,
and oxidation resistance were measured to assess extraction efficacy. The highest PEF
contribution to total and individual polyphenols, as well as rosmarinic acid extractability,
was achieved under conditions of a 25% v/v aqueous ethanol solvent, a pulse duration of
100 µs, and an electric field strength of 1 kV/cm. The result was an increase of 73.2% in
TPC (from ~24 mg GAE/g dm) and 403.1% in rosmarinic acid (from 0.37 mg/g) over the
control extract. Differential scanning calorimetry was also able to confirm the results. The
oxidation temperature of the PEF-treated extracts was on average 61.5% higher than that of
the reference extracts (182 ◦C). The primary compounds, which accounted for roughly the
same percentage of the total composition (65.51 and 67.58%, respectively), were ultimately
detected in both the PEF-treated and the reference extracts. These findings indicated that
the application of low energy intensities through PEF may result in subtle changes to the
odor of the tested extracts.
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5.3.9. Drumstick Tree

Freeze-dried leaves of the drumstick tree (Moringa oleifera) were the subject of an
investigation by Bozinou et al. [46]. The effectiveness of PEF extraction was compared to
that of several other methods, such as MAE and UAE, as well as boiling water extraction
and plain maceration (the control). The control sample was made using the same volume
of freeze-dried leaves that were submerged in the same volume of double-distilled water at
room temperature for 40 min. A 7 kV/cm electric field strength was required with pulse
duration (PD) between 10 and 100 ms, and pulse interval (PI) between 25 and 100 µs. The
PEF-treated sample with 20 ms PD and 100 µs PI achieved the highest TPC (40.24 mg
GAE/g dw), at a rate that was 45% higher than that of the control sample. Other assays
measuring antioxidant capacity showed the expected pattern, including % scavenging
activity and ferric reducing antioxidant power (FRAP). TPC decreased in other PEF-treated
samples with long PI (100 µs) and growing PD (50–100 ms). Therefore, it is important to
emphasize that the optimal condition for extracting total polyphenols from freeze-dried
M. oleifera leaves is a combination of low PD and high PI.

5.3.10. Almond

Due to their high nutrient content, almonds are widely regarded as one of the world’s
most valuable fruits. Additionally, in recent years, there has been a shift in focus toward
almond by-products such as skins, shells, and hulls, which are abundant but underutilized.
In particular, this technology was employed to create a workable valorization strategy
by providing a more environmentally friendly alternative to conventional methods of
polyphenols extraction. Considering this, Salgado-Ramos et al. [145] studied the innovative
PEF method to valorize almond hull biomass. An electric field strength of 3 kV/cm,
frequency of 2 Hz, and pulse duration of 100 ms were used to apply a specific energy
of 100 kJ/kg. When compared to the traditional maceration method, PEF resulted in an
extraction of Trolox equivalent antioxidant capacity (TEAC) values. In relation to the TEAC
results, it was observed that the PEF-treated sample exhibited higher values in comparison
to the control sample. Specifically, the PEF-treated sample displayed a value of 13.71 µM
TE, while the control sample had a value of 7.78 µM TE. However, the results revealed
statistically non-significant differences (p < 0.05). Specifically, TPC values in PEF-treated
samples recorded 2.72 mg GAE/mL and were marginally higher than those of the control
group 2.27 mg GAE/mL. In addition, results in ORAC revealed that PEF had a negative
effect on samples, as the control sample exhibited a higher ORAC result (47.74 mM TE)
compared to the PEF-treated sample (33.28 mM TE).

5.3.11. Hemp

The research by Teh et al. [146] aimed to assess whether the impact of PEF treatment
could improve polyphenol extraction yields from defatted hemp seed (Cannabis sativa)
cake. A Box–Behnken design of response surface methodology was used to optimize the
extraction parameters. Four independent variables, including ethanol concentration (0, 5,
and 10% v/v), time (10, 20, and 30 s), frequency (30, 40, and 50 Hz), and voltage (30, 40, and
50 V), were used in a Box–Behnken design to create a model for the observed response. The
900 burst pulses, 20 µs pulse width, and 10 kJ energy were all predetermined values for the
PEF process. The results showed that the optimum PEF conditions were from design point
16 which required 5% v/v ethanol concentration, 20 s treatment time, 30 Hz frequency, and
30 V. TPC ranged from 467.5–1013.0 mg GAE/100 g fw, total flavonoids from 6.36–15.13 mg
luteolin equivalents (LUE)/100 g fw, DPPH• % inhibition from 12.65–22.06, and FRAP
from 5.54–12.22 µmol Fe+2/g fw. However, by incorporating the composite desirability,
optimum PEF conditions required 10% v/v ethanol concentration, 10 s treatment time,
30 Hz frequency, and 30 V. The corresponding values were 1025.57 mg GAE/100 g fw,
15.76 mg LUE/100 g fw, 22.84%, and 12.75 µmol Fe+2/g fw.
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5.3.12. Sesame

There is a growing demand in the industry for extraction processes that employ
reduced or zero quantities of organic solvents and operate at lower temperatures. The
extraction process facilitated by PEF induces cellular damage, which subsequently enhances
the diffusion of the product into the solvent. As such, a study by Sarkis et al. [147] examined
the impact of PEF on the extraction of sesame cake compounds. The electric field for PEF
was 13.3 kV/cm. The pulse lasted 10 µs and occurred at a rate of 0.5 Hz. By employing 10%
v/v ethanol as extraction solvent, PEF recorded a TPC value of ~400 mg GAE/100 g dm,
whereas the untreated sample recorded ~320 mg GAE/100 g dm. The results of this study
demonstrated that polyphenol extraction using ethanol as a solvent can be reduced when
the PEF method is used, as can the need for increased temperatures to enhance diffusion.

5.3.13. Rice

The brown rice bran extraction with the PEF process has been studied for the first
time by Quagliariello et al. [148]. PEF conditions had electric field strength of 2 kV/cm,
1000 pulses, and specific energy of 64 kJ/kg increased the brown rice’s antioxidant activity
by 50% (from ~260 to ~390 µg AAE/g). In addition, several phenolic acids, such as
chlorogenic acid and ferulic acid, were increased from 53.5 to 65.7 µg/g and from 16.4
to 20.9 µg/g, respectively. Therefore, it appears that including PEF pretreatment in the
solvent extraction process of polyphenols from brown rice is a promising practice that will
significantly increase their biological activity.

5.3.14. Spruce

Bouras et al. [149] studied the effect of PEF treatment in polyphenol extraction from
Nordic spruce bark (Picea abies L.). Norway spruce was used to isolate several polyphenols,
including phenylpropanoids, tannins, flavonoids, lignans, and stilbenes. Two PEF treat-
ment protocols at an electric field strength of 20 kV/cm and 1–400 number of pulses and
pulse duration of 10 µs were tested to determine the feasibility of PEF treatment. Sodium
hydroxide solution (0.01 M) was used as an extraction solvent. The results showed that
samples had TPC boosted by PEF treatment. For instance, TPC has increased by over a
factor of 8 (from 0.96 to 8.52 g GAE/100 g dm). The PEF treatment did not result in any
visible degradation of bark tissue, suggesting it could be a viable alternative to milling
that saves energy. The obtained results are promising and open up new avenues for the
valorization of wood bark.

5.3.15. Barberry

Barberry is a useful plant in treating various diseases, containing valuable compounds
in its pruned waste. The study conducted by Sarraf et al. [150] investigated the quantity
of berberine, polyphenols, and antioxidant activity present in barberry fruits, leaves, and
stems of varying species, including Berberis integerrima and Berberis thunbergia. This study
used a central composite design of RSM to examine the effects of variables on the extraction
of berberine from the stem of B. integerrima (time: 2–24 h, temperature: 24–70 ◦C, and
ethanol concentration: 50–90% v/v). Berberine concentration, DPPH• scavenging capacity,
and TPC were used as evaluation criteria. Additionally, pretreatment with PEF-assisted
was used prior to extraction with electric field strengths of 250, 1000, and 1250 V/cm,
pulse numbers of 50 and 100, and frequency of 1 Hz. The berberine concentration with
PEF treatment rose dramatically. The stem of B. integrrima was chosen for further study
because it had the highest levels of antioxidant activity and berberine content. The ideal
maceration conditions were 90% ethanol, 70 ◦C, and 3.36 h (141.6 min). Among the various
techniques, maceration with 100 pulses and a field strength of 1 kV/cm was the most
effective. Berberine concentration was 1.86 mg/g, TPC was measured at 11.11 mg GAE/g,
and antioxidant activity was 71.84% in the optimal maceration condition. The PEF-assisted
method increased berberine content to 2.78 mg/g, TPC to 14.57 mg GAE/g, and antioxidant
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activity to 78.6%, respectively. The results showed that the stem extract from B. integrrima
is rich in berberine and antioxidants and could be used in a number of different sectors.

5.3.16. Other Plants

Extracts from medicinal and aromatic plants are widely used for their health benefits to
humans. However, it is difficult because the success of the process of extracting polyphenols
from plants is highly dependent on the technique used and the operating conditions
that are imposed. Ziagova et al. [97] investigated the impact of PEF on several plants
and herbs. By implementing an electric field strength of 0.5–2 kV/cm, they measured
TPC (mg GAE/g dw) in several samples, such as Melissa officinalis L. leaves (155), Cistus
incanus L. creticus leaves (148), and Aronia melanocarpa L. fruit (67), and Crocus sativus L.
petals (147). High extraction yields and the biological stability of bioactive compounds
are achieved using the combined process of PEF and US proposed in this study. It has
advantages compared to the conventional or the most advanced extraction methods due
to the application of short extraction time moderate temperatures and the use of water as
the solvent.

Extracting polyphenols from the plants Rosa canina, Calendula officinalis, and Castanea
sativa using PEF treatment was the objective of the study by Lakka et al. [151]. Tradition-
ally, these plants have been used not only to make medicinal decoctions but also to add
flavor to drinks of all kinds. Electric field strength was applied at intensities between
1.2–2.0 kV/cm in pulses of 10 µs duration. The samples were extracted for 20 min, during
which time the PEF period was set to 1 ms. In order to track and assess the extracts, their
TPC and individual polyphenolic compounds were calculated in comparison to untreated
samples. The PEF process appeared to increase polyphenols extraction from all three plant
materials tested. TPC in R. canina fruits increased to 63.79% (from ~42 mg GAE/g dw)
and eriodictyol-7-O-rutinoside recovery increased to 84% (from 0.032 mg/g dw) when
1.4 kV/cm was employed, respectively. Regarding C. officinalis the corresponding TPC
and isorhamnetin-3-O-rutinoside increase were 55.02% (from ~35 mg GAE/g dw) and 73%
(from 7.868 mg/g dw) through electric field strength of 1.2 kV/cm. Finally, by employ-
ing the same electric field strength (1.2 kV/cm) C. sativa, the TPC increase was 48.41%
(from ~115 mg GAE/g dw), whereas quercetin 3-O-glucoside was increased by 82% (from
1.153 mg/g dw). Understanding the potential of PEF will allow the development of more
potent extracts that can be used to fortify medicinal herbal teas, traditional beverages, and
even alcoholic beverages.

This study by Carpentieri et al. [152] compared the efficiency of hydroethanolic ex-
traction (0–50% v/v ethanol in water) for up to 4 h following PEF treatment or US on
the cell disintegration of two Mediterranean herb tissues (Origanum vulgare L., Thymus
serpyllum L.). The extraction rate of polyphenols decreased over time, as predicted by
Peleg’s model (R2 = 0.898–0.989). When applied before solid-liquid extraction, either PEF
or US treatment had the potential to shorten the extraction time and lower the ethanol
concentration required to recover the same amount of phenolic compounds. Increased
values in TPC of O. vulgare (36% from ~100 mg GAE/g dw) and T. serpyllum (36% from
~40 mg GAE/g dw). The corresponding values in antioxidant activity (FRAP) were also
found to increase (29% from 103.9 µmol Fe+2/g dw) and (47% from 31.1 µmol Fe+2/g dw)
of extracts obtained from PEF-pretreated herb samples under optimum PEF conditions
(3 kV/cm, 10 kJ/kg). No measurable degradation of individual polyphenols from PEF
treatment, as determined by GC-MS analysis.

5.3.17. Algae/Microalgae

Microalgae contain polyphenols and coloring compounds that exhibit antioxidant,
antibacterial, and anti-inflammatory properties [153,154]. It is worth mentioning that the
PEF system was even applied to four species of these algae. To investigate the effects
of various treatments on the brown alga Laminaria digitata, crude aqueous extracts were
prepared using PEF-assisted extraction in a study by Einarsdóttir et al. [155]. Biomass
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concentration (0.17–3.28% dw), number of pulses during PEF treatment (12–268 pulses),
and initial temperature of algae suspension (12–48 ◦C) were the three factors used for
response surface methodology. An electric field of 7.5 kV/cm and a frequency of 1.2 Hz
were applied to the samples. The extraction yield was 15%, and the supernatant yield
was 70%. TPC was measured at 4 mg GAE/100 g dw. The lowest biomass concentration
also had the highest supernatant yield, polyphenol content, and carbohydrate content. A
positive relationship between the temperature rises and the total number of PEF pulses
was observed. This research demonstrates that valuable compounds in L. digitata can
be extracted using PEF-assisted extraction rather than extreme temperatures or organic
solvents.

Recovery of polyphenols from the microalgae Tetraselmis chuii and Phaeodactylum
tricornutum was tested using PEF-assisted extraction in combination with aqueous or
dimethyl sulfoxide (DMSO) solvents. The study by Kokkali et al. [156] investigated several
PEF parameters. The specific energy input was 100 kJ/kg, whereas two PEF treatments
were administered (1 kV/cm with 400 pulses and 3 kV/cm with 45 pulses). PEF treatment
at 3 kV/cm and 4 h of extraction yielded the highest value regardless of the solvent (water
yielded 6.42 GAE/g dw, and DMSO 50% in water yielded 6.70 mg GAE/g dw) for T. chuii,
DMSO was only effective at enhancing polyphenol extraction from P. tricornutum. In
P. tricornutum, PEF pretreatment with DMSO 50% in water as extraction solvent resulted
in the highest extraction yield, with values of ~8 mg GAE/g dw. Finally, PEF shows
promise as a potential tool for improving the selective extraction of antioxidant bioactive
compounds from microalgae.

Research conducted by Castejón et al. [157] presented three Icelandic species of algae,
Ulva lactuca, Alaria esculenta, and Palmaria palmata, and the effect of extraction with a heated
water bath, PEF, and the combination of these methods. The PEF conditions required an
electric field strength of 8 kV/cm at 1.2 Hz for 10 min with 3 pulses. Several advantages
of PEF were revealed, including its non-thermal nature and shorter extraction time (10 vs
45 min), and PEF showed results that were comparable to the conventional method. How-
ever, the PEF-treated Alaria esculenta sample had the highest TPC of 9.37 mg GAE/g dw
when compared to the heat water process (+4.8%) and TFC of 12.43 mg 1QE/g dw, along
with the greatest antioxidant capacities. PEF had a negative impact on P. palmata, as PEF
declined TPC (1.8 mg GAE/g dw, –2.43%) but increased TFC (0.94 mg QE/g dw, +16%).
In U. lactuca, PEF had a mostly deleterious effect in both TPC (1.59 mg GAE/g dw, –22%)
and TFC (3.43 mg QE/g dw, –32%). Therefore, this exploratory research indicates that
PEF-produced extracts of Icelandic Alaria esculenta may be useful as ingredients in natural
cosmetic and cosmeceutical formulations. However, the deleterious impact of PEF should
be further investigated.

The last microalgae studied was Spirulina, which is listed by the European Commission
as a new type of food for daily nutrition. Three different extraction methods were studied
by Zhou et al. [158] for the Spirulina samples, namely PEF, pressurized liquid extraction
(PLE), and a combination of PEF and PLE, with water as extraction solvent. The PEF
condition required an electric field strength of 3 kV/cm, 44 pulses, specific energy 99 kJ/kg.
In comparison to the conventional control technique of Folch extraction, the combination of
PEF and PLE resulted in a significant reduction in extraction time (~165 min) and a signifi-
cant increase (p < 0.05) in TPC values of Spirulina extracts, from ~2 to ~20 mg/g dw. Table 3
provides a summary of the above studies on various plants, herbs, nuts, and seaweeds.
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Table 3. Application of PEF on various plants, herbs, nuts, seaweeds, and by-products with the
treatment effects.

Sample PEF Conditions Treatment Effect Ref.

Borage leaf 0–5 kV/cm, 10–60 min
treatment duration

TPC: 1.3–6.6 times increase (from 0.3 mg GAE/g fw),
ORAC: 2.0–13.7 times increase (from ~10 mg TE/g fw) [136]

Rapeseed stem
5 kV/cm

High TPC value (0.17 g/100 g dm)
[138]

Rapeseed leaf High TPC value (0.25 g/100 g dm)

Rapeseed stem 8 kV/cm, 2 ms treatment
duration

TPC increased by 380% (from 0.10 to 0.48 g
GAE/100 g dm) [139]

Canola seed cake 1.1 kV/cm, 30 Hz, 10 s
exposure time

High TPC (2624.18 mg GAE/100 g fw) yielded in a short
time [140]

Cocoa bean shell 1.93–3 kV/cm, 9–16 µs pulse
duration

Up to 22% increase in TPC (from ~26–54 mg GAE/g dw)
[141]

Coffee silver skin Up to 13% increase in TPC (from ~8–12 mg GAE/g dw)

Saffron 2 kV/cm, 1.5 kJ/kg
Non-significant increase in TPC compared to untreated
samples (~4 mg GAE/g dm), significant decrease in AA
to ~18 µmol/g dm (~86%) when aging after 10 months

[142]

T. chuii 3 kV/cm, 45 pulses, 100 kJ/kg High TPC yield (~6.7 mg GAE/g dw)
[156]

P. tricornutum 1 kV/cm, 400 pulses,
100 kJ/kg High TPC yield (~8 mg GAE/g dw)

Wheat plantlet 9 kV/cm, 1 kHz, 80 µs pulse
width, 335 µs treatment time

Increase in TPC from 305.23 µg GAE/g (5.35%), in TFC
from 178.34 µg CE/g (5.51%), in DPPH from 1.63 mmol

TE/L (4.91%), and in ORAC from 5.12 mmol TE/L
(1.36%)

[143]

Sage leaf 1 kV/cm, 100 µs pulse
duration

Increase in TPC by 73.2% from ~24 mg GAE/g dm) and
in rosmarinic acid concentration by 403.1% from

0.37 mg/g
[144]

Almond hull 3 kV/cm, 2 Hz, 100 kJ/kg,
100 ms pulse duration

Slight increase in TPC (~19%) from 2.27 to
2.72 mg GAE/mL [145]

Hemp seed 30 V, 30 Hz, 10 s treatment
time

High TPC (1025.57 mg GAE/100 g fw) and TFC
(15.76 mg LUE/100 g fw) [146]

Sesame cake 13.3 kV/cm, 0.5 Hz, 10 µs TPC increased by ~25% from ~320 to ~400 mg
GAE/100 g dm [147]

Rice 2 kV/cm, 64 kJ/kg, 1000
pulses TPC increased by ~50% from ~260 to ~390 µg AAE/g [148]

Spruce bark 20 kV/cm, 10 µs pulse
duration, 1–400 pulses

TPC increased 8 times (from 0.96 to 8.52 g
GAE/100 g dm) [149]

Barberry 1.0 kV/cm, 100 pulses Increase in TPC by 30% (from 11.11 to 14.57 mg GAE/g)
and berberine content by 49% (from 1.86 to 2.78 mg/g) [150]

R. canina 1.4 kV/cm, 10 µs pulse
duration

Increase in TPC by 63.79% (from ~42 mg GAE/g dw)
and in eriodictyol-7-O-rutinoside concentration by 84%

(from 0.032 mg/g dw)

[151]C. officinalis
1.2 kV/cm, 10 µs pulse

duration

Increase in TPC by55.02% (from ~35 mg GAE/g dw)
and in isorhamnetin-3-O-rutinoside concentration by

73% (from 7.868 mg/g dw)

C. sativa
Increase in TPC by 48.41% (from ~115 mg GAE/g dw)
and isorhamnetin-3-O-rutinoside concentration by 82%

(from 1.153 mg/g dw)

L. digitata 7.5 kV/cm, 1.2 Hz High extraction yield (15%), supernatant yield (70%),
TPC (4 mg GAE/100 g dw) [155]
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Table 3. Cont.

Sample PEF Conditions Treatment Effect Ref.

O. vulgare
3 kV/cm, 10 kJ/kg

Increase in TPC by 36% from ~100 mg GAE/g dw and
in FRAP by 29% from 103.9 µmol Fe+2/g dw

[152]

T. serpyllum Increase in TPC by 36% from ~40 mg GAE/g dw and in
FRAP by 47% from 31.1 µmol Fe+2/g dw

M. officinalis L. leaf

0.5–2 kV/cm

High TPC value (155 mg GAE/g dw)

[97]

C. incanus L. spp. creticus
leaf High TPC value (148 mg GAE/g dw)

C. sativus L. petal High TPC value (147 mg GAE/g dw)

A. melanocarpa L. fruit High TPC value (67 mg GAE/g dw)

Mixture of C. sativus L.
petal and V. vinifera L. cv.

Xinomavro fruit
High TPC value (54 mg GAE/g dw)

Flaxseed hull 20 kV/cm, treatment duration
10 ms, 300 kJ/kg.

PEF: High TPC (1000 mg GAE/100 g) with alkaline
hydrolysis compared to acidic hydrolysis

(270 mg GAE/100 g dm)
[137]

Drumstick tree leaves 7 kV/cm, 20 ms pulse
duration, 100 µs pulse interval Increased TPC by ~45%, achieving 40.24 mg GAE/g dw [46]

A. esculenta

8 kV/cm, 1.2 Hz, 10 min
treatment duration, 3 pulses

Both TPC and TFC were slightly increased (by ~5% and
~1.5%) from 8.94 mg GAE/g dw and 12.23 mg QE/g dw,

respectively

[157]P. palmata TPC after PEF decreased by 2.43% (1.8 mg GAE/g dw),
TFC increased by 16% (0.94 mg QE/g dw)

U. lactuca
Both TPC (1.59 mg GAE/g dw) and TFC

(3.43 mg QE/g dw) dramatically decreased after PEF
treatment (by –22% and –32%, respectively)

Spirulina 3 kV/cm, 99 kJ/kg, 44 pulses Significant TPC increase (by ~900%) from ~2 to
~20 mg/g dw [158]

6. Current Challenges and Limitations

PEF technology has many applications in waste valorization, but its widespread adop-
tion has been hampered by a number of challenges [159]. The initial cost of the PEF system
is the major issue for PEF-assisted waste valorization [160]. Treatment chamber electrodes
undergo electrochemical changes, so durable and low-cost electrodes are required as well.
In addition, food waste mainly exists in solid, semi-solid, and liquid states, so the PEF treat-
ment chamber should be redesigned to maximize extraction efficiency [161]. The utilization
of PEF in the context of solid waste is currently in its early stages. Due to the variability in
electrical resistivity observed in solid waste, and the outcomes of PEF treatment can be less
repeatable, leading to instances of untreated regions alongside areas that may be subjected
to excessive treatment [162].

Utilizing food waste is crucial for the sustainability of food industry [163]. At the
moment, the food industry is mainly concerned with recycling waste and reducing energy
and water consumption [164]. A huge challenge would be a large-scale utilization of these
several food by-products for increased collaboration between academia and industry. The
application of PEF technique for the recovery of compounds from these wastes could create
a high value-added product despite its relatively low market value [165,166]. According to
the available literature, more research is needed into the effectiveness of PEF pre-treatment
for food wastes before it can be used consistently in industrial scale [49].

The majority of scientific investigations have been carried out using laboratory-scale
apparatus, employing small sample volumes and batch flow configurations. Consequently,
engineering difficulties exist in scaling up PEF processes for fresh fruits, vegetables, and
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their corresponding byproducts. Due to the need to consider variations in treatment
uniformity, and residence times, the use of such data to pilot-scale or full commercial-scale
production is frequently unfeasible [167]. Nevertheless, there has been significant progress
in the development of PEF equipment specifically designed for industrial applications.
This equipment has demonstrated successful implementation in Europe, where it has been
utilized to effectively enhance the shelf life of fruit juices at a remarkable rate of up to
8000 L/h [168]. According to Toepfl et al. [169], the estimated cost range for processing PEF
is between 0.02–0.03 USD/L.

Finally, extraction yield, extraction time, and specific energy consumption are three param-
eters that have been compared across studies of modern pretreatment PEF methods [170,171].
However, several cutting-edge techniques could be combined with PEF in order to enhance
polyphenol extraction, therefore they need further investigation. Although, it is of high im-
portance to emphasize that the combination of PEF and US led to deleterious effects on the
final product, since less polyphenols were measured in a sample where both methods were
performed than in a control sample. The quality standards of the final product should be taken
into account when deciding which pretreatment method to use [172].

7. Conclusions and Future Perspectives

Numerous studies have been conducted to investigate the impact of applying PEF
on the polyphenol extraction of different samples. The application of PEF extends to
a variety of agricultural products, including fruits, vegetables, aromatic and medicinal
plants, as well as wine and algae. In the majority of instances, the utilization of PEF-assisted
extraction resulted in a substantial increase in the extraction of polyphenols in the examined
sample. Also, the lack of evidence supporting the view that PEF is a destructive technique
for the specific bioactive compounds under investigation is of high importance. This
finding suggests that the adoption of PEF is not only environmentally and economically
sustainable, but also provides access to a variety of food options that are abundant in
antioxidant compounds.

The PEF pretreatment technique still presents several obstacles that necessitate future
resolution. Firstly, extraction kinetics models should be developed and tested, and the
mechanisms by which PEF is extracted should be confirmed. Future practical applications
will necessitate further research into the mechanism and the creation of a scientific model
of mass transfer. Also, PEF applications in the food industry offer a chance to implement
large-scale energy-efficient processes that would result in minimally processed products
with a higher concentration of bioactive compounds. Despite PEF being a non-destructive
method for bioactive compounds, a deleterious effect of PEF with other pretreatment or
extraction methods was observed, thus, a thorough investigation of the reason behind
that incidence is of high importance. Juice production has been significantly enhanced
through the use of PEF on fruits. However, it should be noted that the release of enzymes
has caused a general decline in the quality of fruit juices as a result of PEF usage. Further
investigation is also needed to determine if and how these treatments can be used to
produce safe and stable products that retain their fresh-like bioactive potential. In addition,
PEF technology can be used to extract bioactive compounds from wastewater discharged
from the dairy, meat, and seafood processing industries, allowing these businesses to
maximize the value of this water resource with minimal additional expense. Society and
the scientific community would benefit from optimizing PEF treatment conditions for
extracting bioactive compounds from the above residues. To fully accomplish the objectives
above, it is imperative that the PEF technique be implemented on a large-scale within the
industrial sector. Finally, it is crucial that authors provide all relevant experimental details
to enable replication and comparison of results.
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Abstract: The formulation of eco-friendly biodegradable packaging has received great attention
during the last decades as an alternative to traditional widespread petroleum-based food packaging.
With this aim, we designed and tested the properties of polyhydroxyalkanoates (PHA)-based bioplas-
tics functionalized with phloretin as far as antioxidant, antimicrobial, and morpho-mechanic features
are concerned. Mechanical and hydrophilicity features investigations revealed a mild influence of
phloretin on the novel materials as a function of the concentration utilized (5, 7.5, 10, and 20 mg)
with variation in FTIR e RAMAN spectra as well as in mechanical properties. Functionalization of
PHA-based polymers resulted in the acquisition of the antioxidant activity (in a dose-dependent
manner) tested by DPPH, TEAC, FRAR, and chelating assays, and in a decrease in the growth of
food-borne pathogens (Listeria monocytogenes ATCC 13932). Finally, apple samples were packed in
the functionalized PHA films for 24, 48, and 72 h, observing remarkable effects on the stabilization
of apple samples. The results open the possibility to utilize phloretin as a functionalizing agent for
bioplastic formulation, especially in relation to food packaging.

Keywords: phloretin; Listeria monocytogenes; active packaging; food contact materials; bioplastics

1. Introduction

The formulation of eco-friendly biodegradable packaging produced from bio-based
resources has received great attention during the last decades as an alternative to traditional
widespread petroleum-based food packaging. In addition to their passive protective
function, they can also play a pivotal role as a delivery system for bioactive compounds
able to increase the mechanical characteristics of the materials and supply protection
to packed foods against oxidative damage and bacterial contamination [1,2]. Among
biodegradable and biobased polymers, polyhydroxyalkanoates (PHA) are one of the most
investigated molecules. They are polyesters of 3-hydroxyalkanoic acids, synthesized by
numerous classes of microorganisms as intracellular carbon and energy storage granules,
usually under nutrient-limiting conditions [3]. Different bacterial species are known as
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PHA producers, displaying diversity in the type of polymer produced and the metabolic
pathways that channel 3-hydroxyalkanoic acid precursors in the synthesized polymer. As a
fact, PHA has been classified according to its monomer chain length into short chain length
(scl)-PHA (C4 and C5), medium chain length (mcl)-PHA (C≥ 6), and long chain length (lcl)-
PHA (C > 14). Among them, polyhydroxybutyrate (PHB), a scl-PHA, is by far the most well-
known PHA polymer, accumulated to up to 90% of cell dry weight by native (Cupriavidus
necator as the workhorse) and recombinant microorganisms. On the other hand, most mcl-
PHA are produced from Pseudomonas sp., whilst scl-mcl copolymers are produced by many
bacterial species. The introduction of other monomeric units in the PHB backbone allows
to improve polymer properties in favor of a reduced stiffness, higher elongation to break,
and lower melting point. Although up to 13 different routes allowing channeling0specific
precursors into PHA have been described, three main pathways related to sugar catabolism,
fatty acids oxidation, and synthesis are responsible for the synthesis of scl-PHA, scl-mcl
copolymers, and mcl-PHA, depending on the supplied C-source (sugars or lipids) [4]. Being
totally produced by various bacterial species through microbial fermentation of different
C-sources (both carbohydrate and lipid ones), PHA origin is properly renewable. The
formulation of a plethora of PHA-based materials, i.e., copolymers, physical and/or melt-
reactive blending with tailored polymers, and the addition of organic and inorganic fillers
and plasticizers, has led to the improvement of mechanical features, wide processability
windows, and enhanced stability and permeability performances [2]. So far, owing to its
special polymer features, PHA with diverse structures and properties has been exploited in
several application fields, i.e., as bioplastics for food packaging [3], in tissue engineering
for biomedical implants and drug delivery carriers [5], and in the agriculture sector for the
controlled delivery of herbicides [6].

Phloretin (dihydronaringenin or phloretol) is a dihydrochalcone, belonging to the
class of flavonoids and found in many fruits and vegetables, and it is the most abun-
dant compound identified in apples and in apple-derived products as well as in the
kumquat in its glycosylated forms, characterized by the presence of the pharmacophore
2,6-dihydroxyacetophenone, which is responsible for its biological potential. Moreover, the
two aromatic phenol rings A and B, the hydroxyl groups in positions 2, 4, 4′, and 6, and the
carbonyl group in position 1′′ supply its specific functions. Recently, the broad spectrum of
beneficial properties of phloretin for human health, such as anti-inflammatory, antimicro-
bial, anti-hypertensive, antioxidant, anti-cancer, and other biological activities, have been
reported by the authors [7–9]. It is also able to induce change in ion transport across lipid
bilayer membranes, to regulate glucose uptake at the intestinal level exhibiting potential
food–drug interactions by inhibiting human UDP-glucuronosyltransferases in vitro and
anti-metabolic syndrome [10,11].

In this scenario, the aim of this work was to manufacture novel active packaging based
on PHAs functionalized with phloretin able to act against food-borne pathogen bacteria and
to prevent food spoilage. Amongst food-borne bacteria, Listeria monocytogenes, responsible
for listeriosis, ranks third in the total number of deaths, exceedingly even Salmonella spp.
and Clostridium botulinum (“Campylobacter and Listeria infections still rising in the EU—
say EFSA and ECDC—European Food Safety Authority”, www.efsa.europa.eu, accessed
on 17 December 2015). Some of its virulence factors include the ability to grow at 4 ◦C and
reproduce inside the host’s cells. On the other hand, biodegradable packaging materials
endowed with antioxidant activity are widely searched by the food industry to prevent
food losses while addressing the circularity criteria [12].

Hence, in this paper phloretin-functionalized PHA materials were prepared for their
potential application as food contact materials. The films were characterized in terms of
functional as well as biological properties. Furthermore, their positive effect on fruit quality
was investigated in apple samples. A summary of the experiment was performed and the
aims obtained are depicted in Scheme 1.
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2. Results and Discussion
2.1. Evaluation of the Antimicrobial Activity of Phloretin

Determination of the MIC and MBC values of phloretin against several food-borne
pathogens was carried out (Table 1). Gram-negative bacteria were overall more resistant
compared with the positive ones. The tested dehydrochalcone was particularly effective
against L. monocytogenes ATCC 13932 and all the L. monocytogenes food isolates. The activity
reported for L. monocytogenes strains was always bacteriostatic rather than bactericidal.
These data confirmed our previous results [7] and led us to test phloretin for the subsequent
film functionalization.

Table 1. MICs and MBCs of phloretin. Values are expressed as µg mL−1 and represent the mean of
three determinations.

MIC MBC

Enterococcus hirae ATCC 10541 250 >1000
Salmonella enterica serovar Typhimurium ATCC 13311 500 500

S. enterica serovar Typhimurium (clinical isolate) >1000 >1000
S. enterica (clinical isolate) 500 500

Escherichia coli ATCC 25922 >1000 >1000
E. coli ATCC 10536 >1000 >1000

Listeria monocytogenes ATCC 13932 125–62.5 >1000
L. monocytogenes A241 (1/2a) 125 >1000
L. monocytogenes A216(1/2a) 125 >1000
L. monocytogenes A149 (1/2b) 125–62.5 >1000
L. monocytogenes A240 (1/2b) 250–125 >1000
L. monocytogenes G197 (1/2c) 250–125 >1000
L. monocytogenes G193 (1/2c) 125 >1000
L. monocytogenes G152 (4b) 125–62.5 >1000
L. monocytogenes A222 (4b) 62.5 >1000

L. monocytogenes A256 (1/2a) 250 >1000
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Table 1. Cont.

MIC MBC

L. monocytogenes A84(1/2b) 125 >1000
L. monocytogenes A223 (1/2c) 125 >1000
L. monocytogenes G259 (1/2b) 125–250 >1000
L. monocytogenes G171 (1/2a) 125 >1000

L. monocytogenes G282 (4b) 125 >1000

We have previously demonstrated the efficacy of polyphenols against L. monocyto-
genes strains: A bactericidal effect against a food isolate was detected using an extract of
Hibiscus sabdariffa L., rich in anthocyanins (cyanidin-3-O-sambubioside and delphinidin-
3-O-sambubioside), whereas a bacteriostatic and bactericidal effect was obtained with
polyphenols-rich extracts from nuts [13–15]. Due to the dangerous effects of L. monocyto-
genes infections, which can cause listeriosis often with severe outbreaks, and the possibility
of contamination during food chain production, packing, and distribution, the obtained
results show phloretin as a promising functionalizing agent for the production of bioplastic
in food packaging industrial applications, and this may help control contamination in the
food chain, from production to end consumers.

2.2. Preparation and Characterization of Phloretin-Functionalized PHA Films

The films were produced by casting 200 mg of PHA polymer blend (90:10 PHB/mcl-
PHA) in the absence and in the presence of different concentrations of phloretin
(5–7.5–10–20 mg/film). They appeared macroscopically very similar, whitish, and very
homogeneous. Their functional and biological characterization is described in the following
paragraphs.

2.2.1. Mechanical Properties

The mechanical properties reported in Figure 1 indicate that the tensile strength (TS)
of PHA films significantly increased when the films contain 5 and 7.5 mg of phloretin
compared to the neat PHA film. However, TS progressively decreased in the presence of
a higher amount of this phenolic molecule (10 and 20 mg). The film’s Young’s modulus
(YM) showed a similar behavior, increasing after phloretin grafting in the film with the
lower concentration and decreasing at higher amounts of phloretin. However, it should
be mentioned that the elongation at break (EAB) of all the films is lower than 2% and the
thickness was not affected by different concentrations of phloretin remaining similar for
all the films. Similar mechanical behaviors were reported by Figueroa–Lopez et al. [16]
and Rubini et al. [17], who demonstrated that the presence of low contents of eugenol and
quercetin incorporated in poly(3-hydroxybutyrate-co-3-hydroxyvalerate) and gelatin films
were able to improve all the mechanical properties following by worsening this property
at higher concentrations. This behavior could be mostly related to the not homogeneous
distribution of the additives in the film matrix that should be overcome by means of
dispersant agents (e.g., surfactants and plasticizers produced from epoxidized oils) [18].

2.2.2. Water Sensitivity and Opacity

The results reported in Table 2 indicate that moisture content and swelling ratio values
of the films decreased as a function of phloretin at a lower concentration, which was
significantly lower than the control film and slightly lower than the films containing the
higher amount of phloretin. The reduction in moisture content and swelling ratio at lower
concentrations of phloretin most likely is due to the hydrophobic properties of this phenol
that limited the water retention in the film matrix [19]. However, all the films have low
moisture content (less than 6%) and swelling ratio (less than 4%). Although there is not a
clear trend as a function of phloretin amount, the addition of molecule to PHA-based films
determines an increase in film hydrophobicity as depicted by the increase in contact angle
values. This effect can be attributed to the hydrophobic nature of phloretin which positively
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contributes to the change wettability of the surface. Another important film property is
film opacity, as it is one of the key factors that affect the food quality of a packed food and
consumers’ willingness to choose a certain type of product [20]. From Table 2 it is clear that
the films become opaquer as a function of enhancement of the phloretin content.
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Figure 1. Mechanical properties of PHA-based films as a function of phloretin amount/film matrix
(mg/film). Different small letters (a–e) indicate significant differences among the values reported in
each bar (p < 0.05).

Table 2. Moisture content, swelling ratio, contact angle, and opacity of PHA-based films either
incorporated or not with phloretin. Different small letters (a–d) indicate significant differences among
the values reported in each bar (p < 0.05).

Phloretin
(mg)

Moisture
Content (%)

Swelling Ratio
(%)

Contact Angle
(θ)

Opacity
(mm−1)

0 5.51 ± 0.24 d 3.88 ± 0.09 d 95.2 ± 1.6 d 31.06 ± 2.31 a

5 2.77 ± 0.12 a 1.90 ± 0.12 a 106.3 ± 0.7 b 33.88 ± 3.12 ab

7.5 3.42 ± 0.27 b 2.15 ± 0.10 b 110.9 ± 0.1 a 36.22 ± 2.45 bc

10 4.42 ± 0.19 c 3.56 ± 0.12 c 97.4 ± 1.2 d 39.09 ± 2.18 cd

20 4.68 ± 0.22 c 3.48 ± 0.07 c 100.7 ± 0.6 c 43.91 ± 2.56 d

2.2.3. FTIR Characterization

The ATR-FTIR spectra obtained for phloretin, PHA-based film, and PHA/phloretin
film (the film loaded with 7.5 mg of phloretin was chosen as an example) are reported in
Figure 2. In particular, the spectra of PHA and PHA/phloretin films show peaks between
2973–2962 cm−1 that can be assigned to the stretching vibration due to asymmetric CH2 of
the lateral monomeric chains and to the symmetrical methyl group of the polymer matrix.
The sharp intense band at 1716 cm−1 is typical of ester carbonyl groups (C=O) of polymers.
However, a broad but less intense shoulder peak at about 1744 is detectable. This can be
attributed to the greater vibration energy of the amorphous ester carbonyl group domain.
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Moreover, in the region 1500–1650 cm−1 of the PHA/phloretin sample, the characteristic
stretching vibration of the ester carbonyl group of phloretin is clearly detectable. However,
the spectrum revealed no real interaction among components but rather the dispersion of
active compounds into the polymer matrix (Figure 2).
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2.2.4. Raman Spectroscopy of PHA and PHA/Phloretin Film

Figure 3a compares the Raman response of PHA and PHA/phloretin films, which put
in evidence a slight increase in fluorescence background for both excitation wavelengths,
even if the fluorescence intensities are much higher at 638 nm (Figure 3b). Moreover, it
is worth noting that PHA film shows a significant fluorescence emission even without
phloretin when the excitation wavelength is set at 638 nm (black line in Figure 3b). However,
the shape of the fluorescence emission is different when phloretin is also inside the film,
pointing out its contribution to the total emission (red line in Figure 3b) even when the
excitation line is matching only the tail of the absorption band [21].

In order to highlight the vibrational modes of the PHA/phloretin with respect to
pure PHA, the fluorescence background was subtracted from the spectra and they were
normalized to the vibrational mode of PHA at 1723 cm−1 (Figure 4a). Figure 4b is showing
the vibrational Raman modes of phloretin obtained by subtracting the Raman contributions
of PHA (black line in Figure 3a) from the Raman spectrum of PHA/phloretin (red line
in Figure 4b), which is compatible with what reported from other studies [21,22]. In the
high frequency region, it is clearly visible the aromatic ring (C–H) stretching vibration of
phloretin at around 2930 and 3060 cm−1 or C–O stretching bands at around 1622 cm−1 [23].
On the other side, the bands at 737 and 1200 cm−1 are ascribed to the O-C-C and C-C-C
bending modes, respectively [23]. Finally, in the range between 250 and 650 cm−1 we can
detect other Raman peaks due to the torsional modes of phloretin [23].
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2.3. Release Assay

The analysis of the PHA/phloretin films upon incubation for different times with
methanol, revealed the presence of the bioactive molecule released from the bioplastic.
In fact, reverse-phase high-performance liquid chromatography with diode-array detec-
tion (RP-HPLC-DAD) analysis of the phloretin released from the material, detected at
278 nm, revealed the presence of a well-defined peak corresponding to the dihydrochalcone
(Figure 5). The identification of the compound was also confirmed by the analysis of
the same separation performed with the authentical standard and by spiking the starting
material with the same compound. The results show that the release is independent of
the concentration of phloretin present in the functionalized bioplastic and followed the
same pattern. After approximately 24 h, the 80 ± 2% of phloretin was released, and in
the following 24 h, a further 4–8% of the molecule was found in methanol. In the next 48,
72, and 96 h, the release did not change. The mechanical fragmentation led to a further
release of phloretin of about 5–7%, reaching a total amount of phloretin incorporated in the
film ranging between 92–95% of the starting concentration utilized for the preparation of
the functionalized bioplastic. Using phosphate saline buffer (PBS), as release medium, no
release was found.
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Figure 5. Representative RP-HPLC-DAD chromatogram obtained from the assay of the release of
phloretin from PHA-films. In the inset, the UV spectrum of phloretin is reported.

Using PBS as a release medium, no release was reported.

2.4. Antioxidant Assay

In vitro biological assays (DPPH, TEAC, FRAP, ferrozine assay) were performed to
evaluate the antioxidant activity of PHA films functionalized with different amounts of
phloretin. Reactive oxygen species are dangerous molecules that can drastically change
the quality of the food and its half-life, beyond being dangerous for living organisms that
consume these matrices. Almost all tests showed that the free radical scavenging activity of
PHA films was due exclusively to the presence of phloretin. The bioactive role of phloretin
was first highlighted by using the DPPH assay (Figure 6A). It was observed that the free
radical scavenging activity of PHA film was due exclusively to the presence of phloretin,
considering that the film not functionalized did not show any activity. The reduction in
the radical levels was found to be in a dose-dependent manner, reaching the maximum
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activity in the samples prepared with 10 mg of phloretin. Using the TEAC assay, it was
observed that the films not functionalized did not show any activity (Figure 6B); instead,
the films functionalized with 5 mg promoted about 80% of residual absorbance reduction
and it increased to 90% when the amount of phloretin used for the functionalization was
higher (7.5–10 and 20 mg). The same assumption was obtained with the FRAP assay, given
that the ability of the films to reduce the ferric ion (Fe3+)–ligand complex to the intensely
blue-colored ferrous (Fe2+) complex was observed only with the PHA film functionalized
with 7.5, 10, and 20 mg of phloretin and a certain dose-dependent activity was observed
increasing the amount of phloretin. While no activity is reported for the PHA film without
functionalization or with an amount of flavonoid of 5 mg (Figure 6C). The ferrozine assay
showed the chelating capacity of all the PHA films, and this activity increased in a dose-
dependent manner with the presence of the flavonoid (Figure 6D). The different antioxidant
tests let us shed some light on the antioxidant potentials of the functionalized films and,
in particular, for the presence of phloretin. This latter is a natural antioxidant derived
from plant sources and it plays an important role by directly scavenging free radicals or
increasing antioxidant defenses and decreasing, in general, the process of oxidation due to
the presence of reactive oxygen species (ROS). The film functionalized with phloretin is able
to perform antioxidant activity in both types of categories based on the chemical reaction
for the scavenging of ROS: electron transfer (ET) reaction-based assays and hydrogen atom
transfer (HAT) reaction-based assays. Thus, the functionalized films are able to scavenge
radicals that require both the electron or hydrogen atom donating capacity due to the
versatility of phloretin and of its pharmacophore (2,6-dihydroxyacetophenone). This is of
particular interest because different kinds of ROS can be produced during food process
transformation, conservation, and commercialization, decreasing its quality and shelf-life.
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Figure 6. Evaluation of antioxidant activity of PHA films in the absence or in the presence of phloretin
at different amounts (0, 5, 7.5, 10, and 20 mg) utilizing four antioxidant assays. (A) DPPH assay;
(B) TEAC assay; (C) FRAP assay and (D) Ferrozine assay. B, below the histogram of each panel
represents the sample blank performed in different assays.
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2.5. Evaluation of Phloretin-PHA Antimicrobial Activity

The diffusion assay showed no inhibition zone for PHA films at all concentrations
used. However, no growth was observed under all the films regardless of the presence of
phloretin. The lack of inhibition halo was in accordance with the release test, which did
not report phloretin release in the water solvent and explains the reason for the lack of
antimicrobial properties around the film. The PHA films have been tested by incubation
in 1 mL of the microbial liquid culture at the concentration of 5 × 105 CFU mL−1. In
line with our previous results on phloretin [7], the best activity was observed against
L. monocytogenes, with a reduction of about 3-log compared with the control. Moreover,
a dose-dependent effect was observed (Figure 7). It has been found that the antibacterial
activity of phloretin may be attributable mainly to the ability to increase cell membrane
permeability and aggregate nuclear acid materials [24]. No activity was reported for E. coli,
but antagonism activity was observed using the films functionalized with 10 and 20 mg of
phloretin, showing an increase in the microorganism growth. A negligible antimicrobial
activity was, instead, detected for S. enterica serovar Typhimurium ATCC 13311. These
results should be analyzed, taking into account that the phloretin was not released in the
culture medium and the antimicrobial activity was limited to the microorganisms near the
films. Moreover, the lack of activity against E. coli correlates with the MIC determination
(Table 1), where no effect was detected at the maximum tested concentration. On the
other hand, the high MIC and MBC values obtained with S. enterica serovar Typhimurium
ATCC 13311 could explain the lack of activity of the functionalized films against these
strains, given the phloretin concentration in the films did not reach the MIC values. The
severity of L. monocytogenes disease indicates that safe handling of food is of paramount
significance to ensure public health. Analyzing these data, it is important to mention
that listeriosis was the fifth most reported zoonosis in the EU in 2021, with an increase
in notification rate of 14% compared with 2020 in the EU as reported in “The European
Union One Health 2021 Zoonoses Report” edited by EFSA and ECDC (available at https:
//efsa.onlinelibrary.wiley.com/doi/epdf/10.2903/j.efsa.2022.7666, accessed on 14 July
2023). Listeria monocytogenes contamination can be found in different foods (such as raw
vegetables, cheeses, especially soft cheeses, meats, and smoked fish). The functionalized
films can decrease the growth of L. monocytogenes, especially at the maximum tested
concentrations, creating an interesting new active food packaging bioplastic. Taking into
account that cooking at high temperatures kills the bacteria, but contamination of foods can
happen also after production before it is packaged, the creation of active food packaging
materials able to reduce the growth of L. monocytogenes can be an important step to reduce
its proliferation. Moreover, even with the forming biofilm ability, new strategies to control
the growth of Listeria monocytogenes are warranted. Regarding the biofilm formation, the
phloretin-functionalized PHA films showed an inhibitory effect against L. monocytogenes.
In particular, a biomass reduction compared to neat films of about 13%, 20%, and 33%
was found with PHA films containing 7.5, 10, and 20 mg of phloretin, respectively. A
negligible activity was instead detected against E. coli and S. enterica serovar Typhimurium
ATCC 13311.
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Figure 7. Growth reduction (i.e., decrease in log CFU/mL) of tested microorganisms. Initial inoculum
of 5 × 105 CFU/mL; error bars represent standard deviation.

2.6. Food Fresh-Keeping Test

In order to study their fresh-keeping performance, the prepared films were used
to pack fresh apple samples, as shown in Figure 8. These representative images of the
apple samples were digitalized with a photo-camera and elaborated with the program
Image J in function of their quality change due to browning reaction after different days of
incubation (Figure 8a). It can be seen that apple samples exposed to air showed a browning
phenomenon evident after 24 h, but marked after 48 and 72 h. The apple samples packed
with a PHA bag functionalized with 20 mg of phloretin showed only limited color change
after 24 and 48 h, but an obvious slight browning phenomenon can be observed after 72 h.
In the presence of neat PHA, the samples packed show browning effects similar or superior
to the samples not packed. To have a more accurate measure of the browning reaction we
have monitored the changes in absorbance at 420 nm. As can be seen in the graph (Figure 8b)
the changes in absorbance are almost completely superimposable with the data obtained
by computer elaboration of the images. The changes in quality of the apple samples were
also analyzed as a function of weight loss, change in antioxidant activity, and sugar content
as a function of brix degrees. Figure 8c shows the weight loss of the apple samples after
24, 48, and 72 h. As can be seen, the PHA pack functionalized with 20 mg of phloretin
showed a lower weight loss than those without a pack or with only a PHA bag for up to
48 h. After 72 h, the weight loss was the same for all the tested samples. A similar trend
can be seen also in the monitoring of brix degrees changes with the samples packed in the
functionalized PHA film showing the best performance (Figure 8d). The influences of the
presence of phloretin in the functionalization of the PHA film are evident in the monitoring
of antioxidant activity with the DPPH assay. As can be seen in the graph (Figure 8e), the
apple samples packed in the PHA functionalized with phloretin maintained almost the
same antioxidant activity also after 72 h of incubation, while in the other two samples, there
is a decrease in this potentiality that is most marked in the samples not packed, that after
72 h lost about the half of its activity. The apple samples packed only with PHA film showed
a decrease in this activity but are inferior to the ones not bagged and clearly superior to the
ones fortified with phloretin. The analysis of the obtained results in the different tests shows
that PHA-phloretin functionalized films may have food-preservation performance superior
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to the only film in agreement with the data characterization data obtained in the above
section. In particular, the data obtained in the antioxidant determinations are in line with
the one obtained in this section and are correlated with the ability of phloretin to scavenge
radicals based on ET and HAT mechanism, preserving the endogenous antioxidant of the
food and decreasing the browning reactions.
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Figure 8. Analysis of the changes in apple samples packed or not packed after different intervals of
time (0, 24, 48, and 72 h). (a) Representative images of the samples after incubation at different time
intervals and their computer and graphic elaboration. (b) Changes in the browning of the samples
monitored at 420 nm. (c) Weight loss after different times of incubation (blue line apple samples not
packed; red line apple sample packed with PHA film; grey line apple samples bagged with PHA plus
phloretin). (d) Changes in the brix grade of the samples. (e) Changes in the antioxidant potentials
monitored by DPPH assay. The letters in the graph indicate: A, apple samples not packed; B, apple
sample packed with PHA film; C, apple samples packed with PHA plus phloretin (20 mg). The
** indicates significant changes with respect to the control at p > 0.05.
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3. Materials and Methods
3.1. Reagents and Standard Solutions

HPLC-grade acetonitrile and methanol were supplied by Sigma-Aldrich (St. Louis,
MO, USA), dimethylformamide (DMF) by Carlo Erba (Milano, Italy). Phloretin (≥99%)
was supplied by Sigma-Aldrich (St. Louis, MO, USA) and was used as standard. Mueller–
Hinton broth and agar were supplied by Oxoid (Sigma, Milano, Italy).

3.2. Production and Characterization of Polyhydroxyalkanoates Based-Films
3.2.1. Polymer Production

For the production of poly(3-hydroxybutyrate) (PHB), microbial fermentation of Cupri-
avidus necator DSM 428 was carried out in a 5L BioFlo/CelliGen®115 (Eppendorf New
Brunswick) following a two-step growth protocol as described in Mirpoor et al. [6]. Briefly,
to induce polymer accumulation, the first step of growth in rich medium (TSB, Tryptic Soy
Broth) for 24 h at 30 ◦C was followed by an additional 24 h in minimal medium MMCn
(Budde, 2011) containing 20 g/L fructose. Fermentation parameters were set as follows:
inoculum at 0.1 OD600, agitation rate 220 rpm, and the DO concentration maintained at
30% of air saturation. After 72 h the cells were harvested by centrifugation (6000 rpm,
20 min), lyophilized, and the polymer extracted according to Turco et al. [25]. Medium
chain length PHA (mcl-PHA) was produced by microbial fermentation of Pseudomonas
resinovorans NRL B-2649 in minimal medium E supplemented with 0.6% v/v oleic acid
as C-source [6]. Fermentation parameters were set as follows: inoculum at 0.1 OD600,
agitation rate 220 rpm, and the DO concentration maintained at 30% of air saturation. The
cells were harvested after 48 h, and the polymer was extracted according to Turco et al. [25].

3.2.2. Film Preparation

PHA-based films were obtained by the solvent-casting method. PHA solutions were
prepared by dissolving the polymers in chloroform at a concentration of 20 mg/mL. The
binary blend was formulated at a 90:10 PHB/mcl:PHA ratio, for a total amount of 200 mg
of polymers in a volume of 20 mL. Phloretin was dissolved in acetone and added to the
polymer solutions to rich a final amount of 5, 7.5, 10, and 20 mg/film. The solutions were
cast into glass Petri dishes (diameter of 10 cm), which were kept at room temperature until
complete solvent evaporation occurred. Slow solvent evaporation was performed in a
saturated chloroform atmosphere to avoid the formation of cracks and non-selective voids
in the films and to guarantee their homogeneity.

3.2.3. Characterization of PHA-Based Films

• Mechanical properties

Mechanical properties of the films were determined by measuring tensile strength (TS),
Young’s modulus (YM), and elongation at break (EAB) according to ASTM standard method
D882-12 (Testing & Materials–ASTM, 2012) using an Instron universal testing instrument
(Model 5543 A, Instron Engineering Corp., Norwood, MA, USA). The film strips were cut
into the dimension of 1 × 8 cm2 and placed between the grips of the machine. The initial
grip separation and cross-head speed were set to 40 mm and 5 mm/min, respectively.

• Moisture content, swelling ratio, and contact angle

Moisture content, swelling ratio, and contact angle of the films were measured accord-
ing to the method described by Mirpoor et al. [26] with slight modification. The moisture
content of the films (3 × 3 cm2) was calculated by weighing the films before and after oven
drying at 105 ◦C and dividing the weight loss due to oven drying by the film’s initial
weight. In order to measure the film swelling ratio, the initial weight (Wi) of the film
samples (3 × 3 cm2) was recorded and then immersed in 30 mL distilled water at 25 ◦C for
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1 h. After that, films were removed and weighed after drying the surface water of the films
with absorbent paper (Ws). The swelling ratio was calculated as follows:

Swelling ratio (%) = (Ws−Wi)× 100/Wi (1)

The contact angle was measured by using a homemade contact angle goniometer.
The film strip was placed on the horizontal stage and then 10 µL of distilled water was
deposited on both sides of each film at different points. The image of the water drop was
captured at the moment that the drop was in contact with the film surface. The mean value
of the contact angle was measured with ImageJ software. Five measurements were reported
as the average contact angle value.

• Opacity

To measure the film opacity, the absorbance of the four strips of each film (1 × 4 cm)
was measured at a wavelength of 600 nm by using a UV–Vis spectrophotometer (SmartSpec
3000 Bio-Rad, Segrate, Milan, Italy) according to the method of Jahed, Khaledabad, Bari,
and Almasi [27]. Then, the film opacity was calculated by dividing the obtained absorbance
value by the film thickness (mm).

• Fourier transform infrared spectroscopy (FTIR-ATR)

FTIR analysis was performed in ATR (attenuated total reflection) modality. All the
samples were analyzed at room temperature with an FTIR Nicolet 5700 spectrometer
(Thermo Fisher Scientific, Waltham, MA, USA). Spectra were recorded as an average in a
range of 4000–600 cm−1, with a spectral resolution of 2 cm−1. Spectra analysis was done
with OMNIC 9 software (Thermo Fisher Scientific, Inc., Waltham, MA, USA).

• Raman spectroscopy of PHA and PHA/Phloretin film

Raman spectroscopy was carried out with an Xplora Plus microspectrometer (Horiba
Scientific, Singapore) equipped with 638 and 785 nm diode lasers. The incident light
was focused onto the sample surface using a 100× objective (laser power was set at 38
and 10.2 mW for 785 and 638 nm, respectively). The Raman signal was collected in a
backscattering configuration through the same objective and dispersed by a 1200 L/mm
diffraction grating onto a CCD detector (Sincerity–Horiba Scientific) using an integration
time of 10 s.

3.3. Antimicrobial Assays
3.3.1. Microbial Strains and Culture Conditions

The Gram-positive bacteria used were Enterococcus hirae ATCC 10541, Listeria mono-
cytogenes ATCC 13932, and 14 food isolates of L. monocytogenes belonging to serotypes
1/2a (4 strains), 1/2b (4 strains), 1/2c (3 strains) and 4b (3 strains). The Gram-negative
bacteria used were Escherichia coli ATCC 10536, Salmonella enterica serovar Typhimurium
ATCC 13311, and two clinical isolates of S. enterica serovar Typhimurium and S. enterica.
All bacteria were grown in Mueller–Hinton broth (MHB, Oxoid, CM0405, Sigma, Italy)
except for L. monocytogenes strains, which were grown on tTyptic Soy broth (TSB; CM0129,
Oxoid, Sigma, Italy) at 37 ◦C (18–20 h).

3.3.2. Susceptibility Studies of Phloretin

The minimum inhibitory concentration (MIC) and the minimum bactericidal concen-
tration (MBC) of phloretin were determined by the broth microdilution method according
to CLSI for bacteria [28]. The MIC value was considered as the lowest concentration of
phloretin giving a complete inhibition of visible bacterial growth after incubation for 24 h.
The MBC value was defined as the lowest concentration of phloretin able to kill 99.9% of
the inoculum after 24 h. The antimicrobial activity of PHA films was evaluated using both
an adapted diffusion test and a broth microdilution assay for bacteria that grow aerobically,
as recommended by the CLSI [28,29].
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3.3.3. Disc Diffusion Assay of PHA Films

The PHA films were sterilized under a UV lamp before each assay. The diffusion
test was performed as recommended by the CLSI 2018 [29]. Briefly, each film (1 cm2),
functionalized with 5, 7.5, 10, and 20 mg of phloretin, was deposed on plates of Mueller–
Hinton Agar (MHA, Oxoid, CM0405, Sigma, Italy) or tryptic soy agar (TSA; CM0131, Oxoid,
Sigma, Italy) previously swabbed with the standardized inoculum (5 × 108 CFU/mL).
The susceptibility of bacteria to the functionalized films was measured as the clear area
that appeared around and/or under the piece of film. Neat PHA films were included
as controls.

3.3.4. Antibacterial Activity of PHA Films and Biofilm Biomass Measurement

Each PHA film (1 cm2) functionalized with 5, 7.5, 10, and 20 mg of phloretin was
incubated in a medium (1 mL) containing a standardized bacterial load at the concentration
of 5 × 105 CFU/mL. The bacterial growth was evaluated after 24 h at 37 ◦C by plating
serial dilutions. Plates were incubated at 37 ◦C for 24–48 h, and the number of colonies
was reported as CFU mL−1. Neat PHA films were included as controls. In addition, for
the investigation of anti-biofilm properties, after 24 h-incubation the biofilm formed by
the tested bacteria on the PHA films was evaluated by biomass measurement. The films
were washed with PBS, dried, and stained with 0.1% safranin, as previously reported [30].
The stained biofilms were suspended in 30% acetic acid aqueous solution and the mean
optical density at 492 nm (OD492) was measured. The reduction percentage of biofilm was
calculated using the following equation:

Bio f ilm Reduction (%) = 100− (OD492 PHA with phloretin)/(OD492 neat PHA)× 100 (2)

3.4. Identification of Phloretin Release

Prior to analysis, 1 mL of solvent (methanol or PBS) was added to each PHA film
(1 cm2) and incubated at room temperature. The solvent was then filtered through an
Iso-Disc P-34, 3 mm diameter PTFE membrane, 0.45 µm pore size (Supelco, Bellefonte, PA,
USA). The evaluation of the active molecule released from PHA films was performed by
reverse-phase HPLC-DAD detection, using a Shimadzu HPLC system equipped with a UV–
Vis photodiode array detector (DAD; Shimadzu, Kyoto, Japan) and a fluorescence detector
(Hewlett Packard) according to Barreca et al. [31] at different intervals of time. Finally, the
samples were mechanically homogenated with a mortal in the solvent utilized for release to
obtain the maximum amount of phloretin present in the films. The column was a Discovery
C18 (250 × 4.6 mm i.d., 5 µm) supplied by Supelco (Bellefonte, PA, USA), equipped with a
20 × 4.0 mm guard column, and held in a column oven set at 30 ◦C. The injection loop was
20 µL, and the flow rate was 1.0 mL/min. The mobile phase consisted of a linear gradient of
acetonitrile/H2O as follows: 5–20% (0–15 min), 20–30% (15–20 min), 30–100% (20–35 min),
100% (35–40 min), 100–5% (40–45 min), and 5% (45–55 min). UV spectra were recorded
between λ 200 and 450 nm, and simultaneous detection by diode array was performed at λ
278 nm. Nitrogen was used as a sheath gas with a flow of 50 arbitrary units. Peak identity
was confirmed by comparing the retention time and absorption spectra with the one of
pure (≥99%) commercially available standard (concentration range 1–50 ug/mL). Each
sample was tested three times and gave superimposable chromatograms.

3.5. Antioxidant Assays

2,2-Diphenyl-1-picrylhdrazyl (DPPH) and 2,2′-azino-bis (3-ethylbenzothiazoline-6-
sulfonic acid) (ABTS) radical scavenging assays, ferric reducing power (FRAP), and the
ferrozine assay were used to investigate the in vitro antioxidant efficacy of PHA films.

3.5.1. DPPH Assay

The free radical method was performed according to Barreca et al. [31], in short,
by using the stable free radical 2,2-diphenyl-1-picrylhydrazyl (DPPH•). Briefly, each

178



Int. J. Mol. Sci. 2023, 24, 11628

1 cm2 PHA film was mixed with 80 µM DPPH• in methanol in a final volume of 1 mL.
The variations in absorbance at 517 nm were monitored over 30 min with a Varian Cary
50 UV–Vis spectrophotometer. The concentration of DPPH radical in the cuvette (1.0 cm
path length) was chosen to give absorbance values less than 1.0. The inhibition (%) of
radical scavenging activity was calculated by the following equation:

I (%) = [(Ac− As)/Ac]× 100 (3)

where Ac is the absorbance of the control and As is the absorbance of the sample. All tests
were run in triplicate and the results were expressed as means ± standard deviation (SD).

3.5.2. ABTS Radical Scavenging Assay

The 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid ABTS free radical-scavenging
activity was carried out by a decolorization assay according to Smeriglio et al. [32]. The
radical cation ABTS•+ was added to each 1 cm2 film, and the absorbance changes at 734 nm
were recorded in a spectrophotometer after 6 min.

3.5.3. Ferric Reducing Antioxidant Power (FRAP)

The FRAP assay was performed according to Barreca et al. [31]. The fresh working
FRAP reagent was prepared daily by mixing 25 mL of acetate buffer (300 mM, pH 3.6),
2.5 mL of 2,4,6-Tris(2-pyridyl)-S-triazina (TPTZ) solution (10 in 40 mM HCl), and 2.5 mL of
FeCl3 (20 mM). The reagent was warmed up to 37 ◦C; and then 1500 µL were placed in a
cuvette (1.0 cm path length) and the initial absorbance was read. Each 1 cm2 PHA film was
added to the cuvette and the absorbance was measured after 4 min at wavelength 593 nm
with a Varian Cary 50 UV–Vis spectrophotometer. All tests were run in triplicate and the
results were expressed as means ± standard deviation (SD).

3.5.4. Ferrozine Assay

The potential chelating activity of 1 cm2 PHA films toward ferrous ions was analyzed
according to Papalia et al. [33] with little modifications. EDTA (0.1 mM final concentration)
was used as a reference compound. PHA films were added to a solution of 0.5 mM FeSO4
(0.01 mL). After the addition of 5.0 mM ferrozine (0.4 mL) solution, the samples were
shaken and left for 10 min at room temperature (RT). Finally, the absorbance at 562 nm of
the solution was measured with a spectrophotometer. The inhibition (%) of ferrozine Fe2+

complex formation was found using the following equation:

% Inhibition = [(Ac− As)/Ac]× 100 (4)

where Ac is the absorbance of the control and As is the absorbance of the samples where
the phloretin should be released.

3.6. Analysis of Food Preservatives Properties
3.6.1. Apple Samples Design

We selected apples (Malus domestica, variety Pink Lady) that were consistent in size
(medium fruit), color, and maturity and free from pests, diseases, and mechanical damage
purchased from the local market. At room temperature, the apples were denied of the
peel and cut in to pieces of 1.2 × 1.2 × 0.6 (L × W × H) cm with a professional cutter
stainless steel with 1/2- and 1/4-inch blades, obtaining a weight of 1.5 ± 0.12 g for each
apple sample. Each operation was performed under a biological fume hood to work under
sterile conditions and all the following procedures were performed in the same conditions.
Each sample of apple was packaged in a single-layer film, and the film was sealed and
closed manually. In this study, two groups of self-made biodegradable plastic films were
used to pack the apple samples, and filmless packaging was used as the control. The tests
were carried out for several consecutive hours, maintaining the samples at a controlled
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room temperature of 25 ◦C, and every 0, 24, 48, and 72 h, three samples from each group
were withdrawn and utilized for the following analysis.

3.6.2. Computer and Graphic Elaboration

The changes in the appearance of the apple samples were obtaining digitalizing
the images of the samples, after the different intervals of time, by a professional digital
camera. The digital images have been analyzed by ImageJ software (available at https:
//imagej.nih.gov/ij/download.html, accessed on 10 June 2023).

3.6.3. Browning Reaction and Determination of Brix Degree

The browning reaction was determined by monitoring the absorbance changes at
420 nm with UV–Vis spectrophotometry according to Xu et al. [34]. Each sample was
diluted with distilled water in the ratio 1:1 (w:v), homogenated with a mortal pre-chilled,
and centrifuged at 10,000 rpm, 4 ◦C for 10 min. The supernatant of each sample was utilized
to monitor the changes at 420 nm. Distilled water was used as a blank control. The same
samples were also utilized to analyze brix degree with a brix refractometer and changes in
the antioxidant activity with the DPPH assay. For the DPPH assay, 10 µL of the samples
has been withdrawn and tested as described in Section 3.5.1.

3.6.4. Weight Loss

The weight loss rates were calculated by the following equation:

Weight loss(%) =
mo −m

mo
× 100 (5)

where mo and m are the initial weight and weight after different intervals of time (0, 24, 48,
96 h) of apple samples [35]. The experiments were triply repeated to get the average value.

4. Conclusions

In this paper, the manufacture of films made of PHA as renewable sources for the
production of novel bioplastics was reported. Such materials for the first time were further
functionalized with different amounts of phloretin, a dihydrochalcone, belonging to the
class of flavonoids found in different fruits and vegetables endowed with interesting bio-
logical properties, that significantly increased the antioxidant potential and antimicrobial
properties of the produced films without drastically changing mechanical and hydrophilic-
ity features. As a fact, the phloretin-grafted materials were also able to preserve apple
samples’ freshness envisaging their potential application as bio-based packaging systems
to be applied for the extension of food shelf-life.
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Abstract: Traditional medicine claims that various components of the Phoenix dactylifera (date plant)
can be used to treat memory loss, fever, inflammation, loss of consciousness, and nerve disorders.
The present study aims to evaluate the effectiveness of Phoenix dactylifera fruit extracts (PDF) against
rat sickness behaviour caused by lipopolysaccharide (LPS) by assessing behavioural and biochemical
parameters. PDF was prepared by extracting dry fruits of P. dactylifera with a methanol:water (4:1, v/v)
mixture. The PDF was evaluated for phenolic and flavonoid content and HPLC analysis of quercetin
estimation. Adult Wistar rats were treated with LPS, PDF + LPS and dexamethasone + LPS. Water
and food intake, behavioural tests such as locomotor activity, tail suspension and forced swim
tests were conducted. Furthermore, alanine transaminase (ALT) and aspartate transaminase (AST)
were estimated in plasma and malondialdehyde (MDA), reduced glutathione (GSH), nitrite, tumor
necrosis factor-α (TNF-α) and interleukin-6 (IL-6), were estimated in the brain. PDF ameliorated
LPS-induced sickness behaviour by reducing MDA, nitrite, IL-6, and TNF-α levels and improving
GSH, behavioural alteration, water and food intake in the treated rats. In the plasma of the treated
rats, PDF also decreased the levels of ALT and AST. The outcomes demonstrated the efficacy of PDF
in reducing the sickness behaviour caused by LPS in rats. The authors believe that this study will
provide the groundwork for future research to better understand the underlying mechanisms of
action and therapeutic efficacy.

Keywords: Ajwa date fruits; sickness behaviour; antioxidants; quercetin; cytokines

1. Introduction

Dates (Phoenix dactylifera L., family—Arecaceae) are widely grown as a food and
commercial crop in countries including India and Pakistan [1]. Ajwa dates are a unique
variety of date fruit grown in Al-Madina Al-Munawwarah, Saudi Arabia and they have
medicinal properties [1,2]. The carb-rich Ajwa date is a fantastic source of proteins, vita-
mins, high dietary fibre, minerals, and lipids [3]. They contain typical minerals such as
iron, copper, zinc, calcium, potassium, cobalt, fluorine, sulphur, magnesium, manganese,
phosphorus, selenium, and boron [2]. A variety of phytochemicals of Ajwa date include
glycosides, polyphenols, flavonoids, and sterols. Ajwa dates have hepatoprotective [4],
cardioprotective [5], nephroprotective [6], antioxidant [7,8], antihyperlipidemic [7], anti-
inflammatory [8], antibacterial [2] and anti-cancer [1] properties.

In the Middle East, dates have been used as a staple meal for thousands of years [9].
Various religions give high importance to date fruits [10]. In Islam, to break the daylong
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fast during the holy month of Ramadan, dates are used [10]. Date palms are the best assets,
according to the Prophet Muhammad, who also advised consuming dates and developing
a preference for date palms [11]. Jews celebrate Palm Sunday and consider dates to be
one of the seven holy fruits [11]. Many people in the Middle East believe that eating date
fruits on an empty stomach can counteract the poisonous effects of any substances to which
the individual may have been exposed [6]. In traditional medicine, the date plant is used
to treat fever, inflammation, paralysis, nerve disorders, and memory loss [2,6]. All these
overlap with the signs and symptoms of sickness behaviour [12]. The impact of dates
on the CNS is extensively documented [6], on the other hand, there are no reports of its
advantageous benefits on sickness behaviour.

A sophisticated and coordinated adaptive change brought on by tissue damage or
acute infections is known as sickness behaviour [13–15]. The sickness behavioural pattern
includes malaise, hyperalgesia, fever, lethargy, social retreat, inhibition, decreased locomo-
tor activity, exploration, grooming, loss of libido, anhedonia, sleepiness, anorexia weight
loss, disrupted concentration, and anxiety [14,16]. Even while sick behaviour is a normal
immune response for faster recovery from an infection or damage, it nonetheless causes
discomfort in the victims if it lasts for a longer period [12]. So, it is important to address
sickness behaviour to reverse the patients’ altered social, cognitive, and mental functioning.

The effect of medications on sickness behaviour is preclinically evaluated using a
variety of animal models. Preclinical research uses lipopolysaccharide (LPS)-induced
sickness behaviour in rodents the most frequently among others [12,17].

Based on the aforementioned information, the current investigation was carried out to
determine the effectiveness of date fruit extracts against LPS-induced illness behaviour in
rats by evaluating behavioural and biochemical markers.

2. Results
2.1. Standardisation of PDF

Total phenolic content in PDF was found to be 5.57 ± 0.31 mg/g of gallic acid
equivalent weight (mean ± SEM, n = 3) and total flavonoid content was found to be
171.2 ± 1.15 mg/g of quercetin equivalent weight (mean ± SEM, n = 3).

The HPLC fingerprint profile of PDF was standardised with biomarker and it served
as a standard for comparison in the subsequent preparation of PDF. HPLC chromatogram
of the extract was found to contain constituents eluting between 2.0 min and 7.0 min. The
presence of Quercetin in PDF at RT 6.171 min was confirmed by comparing its retention
time and UV spectra with that of the standard Quercetin. The amount of Quercetin present
in PDF was found to be 56.9 µg/mg. HPLC Chromatogram of PDF and quercetin is shown
in Figure 1.
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2.2. Effect of PDF on Water and Food Intake in LPS-Treated Rats

Treatment with LPS leads to reduced water and food intake in the rats by 63.77%
and 55.66%, respectively, when compared to the vehicle control group. Administration
of PDF 250 and PDF 500 mg/kg to LPS-challenged animals restored the water and food
intake by 84.04% and 134.66%, respectively, when compared to the LPS control animals.
Animals administered with PDF 500 mg/kg (15.3 ± 0.56 and 4.66 ± 0.33, respectively)
consumed almost the same amount of water and food as animals treated with 1 mg/kg of
dexamethasone (15.6 ± 0.59 and 4.83 ± 0.40, respectively). The effect of PDF on water and
food intake in LPS-treated rats is shown in Table 1.

Table 1. Effect of PDF on water and food intake in LPS treated rats.

Parameters Vehicle Control LPS Control PDF-250
mg/kg + LPS

PDF-500 mg/kg +
LPS

Dex-1 mg/kg +
LPS

Water intake (mL/6 h) 18.0 ± 0.60 6.52 ± 0.57 12.0 ± 0.46 15.3 ± 0.56 15.6 ± 0.59
Food intake (g/6 h) 6.00 ± 0.57 2.66 ± 0.16 4.50 ± 0.34 4.66 ± 0.33 4.83 ± 0.40

All the values are expressed in mean ± SEM. (n = 6). Where, LPS—lipopolysaccharide, PDF—Phoenix dactylifera
fruit extracts and Dex—dexamethasone.

2.3. Effect of PDF on Behavioural Outcomes
2.3.1. Locomotor Activity Scores

Compared to the vehicle control group, the locomotor score in LPS control rats was
drastically decreased (p < 0.001). Treatment with both doses of PDF improved (p < 0.05
and p < 0.01, respectively) the locomotor score in LPS-treated rats when compared to LPS
control rats. The improvement in locomotor score in a higher dose of PDF was comparable
with the scores of the standard drug dexamethasone (p < 0.001). The effect of PDF on
locomotor score in LPS-treated rats is shown in Figure 2.
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* p < 0.05, ** p < 0.01 and *** p < 0.001.
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2.3.2. Tail Suspension Test

In the tail suspension test, compared to the vehicle control rats LPS control rats had
significantly (p < 0.001) higher periods of immobility. Treatment of both the doses of
PDF and the standard drug dexamethasone significantly reduced the immobility in LPS-
treated rats when compared to the LPS-control rats. The effect of PDF on tail suspension
test-induced immobility in LPS-treated rats is shown in Figure 3.
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Figure 3. Effect of Phoenix dactylifera fruit extracts on tail suspension test induced-immobility
in lipopolysaccharide treated rats. Numerical values are represented as mean ± SEM (n = 6),
*** p < 0.001.

2.3.3. Despair Behaviour Test

The despair behaviour of rats was measured by the forced swim-induced immobility
in the rats. Compared to the vehicle control rats the immobility time and the number
of immobility states are significantly (p < 0.001) greater in LPS-control rats. Treatment
with PDF at the dose of 250 mg/kg and 500 mg/kg drastically (p < 0.01 and p < 0.001,
respectively) reduced the immobility time and number of immobility states in LPS-treated
rats. The higher dose of PDF administration gives almost equivalent results to that of the
standard control drug dexamethasone (p < 0.001). The results of the effect of PDF on forced
swim test-induced immobility in LPS-treated rats are shown in Figure 4.
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Figure 4. Effect of Phoenix dactylifera fruit extracts on forced swim test-induced immobility in
lipopolysaccharide treated rats, (A) Immobility time and (B) Number of immobility state. Numerical
values are represented as mean ± SEM (n = 6), ** p < 0.01 and *** p < 0.001.

2.4. Effect of PDF on ALT and AST Levels in Serum

The administration of LPS elevated the levels of liver marker enzyme ALT and AST
in the serum when compared to the vehicle control rats and the values are found to
be statistically significant with a p-value less than 0.001. The administration of PDF to
LPS-treated rats significantly reduced the levels of ALT and AST when compared to the
LPS control rats. The result of PDF-treated rats is comparable with the dexamethasone
(p < 0.001) treated rats. The results of the effect of PDF on serum ALT and AST levels are
shown in Figure 5.
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2.5. Tissue Biochemical Parameters
2.5.1. Effect of PDF on Oxidative and Nitrative Stress

The administration of LPS significantly elevated the levels of LPO (p < 0.001) and
nitrite (p < 0.001) and reduced GSH (p < 0.01) in the rat brain tissue when compared to
the vehicle control group. Treatment with both doses of PDF to LPS-treated rats restored
the levels of LPO (p < 0.001), nitrite (p < 0.001) and GSH (p < 0.001) when compared to the
LPS-control rats. These results are comparable with the dexamethasone (p < 0.001) treated
rats. The effect of PDF on oxidative and nitrative stress in LPS-treated rats is shown in
Figure 6.
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Figure 6. Effect of Phoenix dactylifera fruit extracts on oxidative and nitrative stress parameters in
lipopolysaccharide treated rats, (A) Lipid peroxidation, (B) Reduced glutathione and (C) Nitric oxide
metabolite. Numerical values are represented as mean ± SEM (n = 6), ** p < 0.01 and *** p < 0.001.

2.5.2. Effect of PDF on TNF-α and IL-6 Levels

The inflammatory markers TNF-α and IL-6 levels were significantly (p < 0.001) el-
evated in the brain tissue homogenate when compared to the vehicle control rats. The
administration of PDF to LPS-treated rats reduced the levels of TNF-α and IL-6. The values
of PDF at the dose of 250 mg/kg and 500 mg/kg found statistically significant TNF-α
(p < 0.001 and p < 0.01) and IL-6 (p < 0.05 and p < 0.05) when compared to the LPS-control
rats. Dexamethasone treatment also significantly (p < 0.01) reduced the levels of TNF-α
and IL-6 when compared to the LPS control rats. The results of the effect of PDF on TNF-α
and IL-6 levels are shown in Figure 7.
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Pro‐inflammatory cytokines connect with the brain to alter behaviour in addition to 
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ment of pro‐inflammatory cytokines IL‐1, IL‐6 and TNF‐α in sickness behaviour [21,22]. 
Data from the current study convincingly confirm the aforementioned conclusions, show‐
ing that the brain tissue of LPS control mice has higher concentrations of IL‐6 and TNF‐α. 
These findings are consistent with the previously published reports on LPS‐induced sick‐
ness behaviour in animals [22–24]. PDF attenuated IL‐6 and TNF‐α levels in LPS‐treated 
rats. Moreover, a decrease in food and water intake is one of the primary signs of immune 
system activation, which is the result of raised cytokine levels [23]. These conclusions are 
supported by the findings of the current investigation. There was a drastic reduction in 
water and food intake in the LPS‐treated rats compared to the vehicle control. PDF treat‐
ment restored the water and food intake in the LPS‐treated rats. This may be due to re‐
duced cytokine levels in the treated rats.   

The  brain  creates  significant  quantities  of  peroxides  and  reactive  oxygen  species 
(ROS) as a result of a rapid inflammatory response to LPS [25,26]. The production of ROS 
is the primary cause of oxidative stress and is a significant risk factor for a variety of neu‐
ropsychiatric diseases [22]. In the present study, increased levels of MDA and nitrite and 
reduced levels of GSH in the LPS‐treated animals support the above findings. Both doses 
of PDF reduced the restored GSH levels and attenuated the increased levels of MDA and 
nitrite  in  the LPS‐treated  rat brain. These  results support  the previously published  re‐
search data on the antioxidant properties of Ajwa dates [7,8].   

Figure 7. Effect of Phoenix dactylifera fruit extracts on (A) Tumor necrosis factor α and (B) Interleukin-
6 in lipopolysaccharide treated rats. Numerical values are represented as mean ± SEM (n = 6),
* p < 0.05, ** p < 0.01 and *** p < 0.001.
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3. Discussion

In sickness behaviour, the soluble proteins secreted at the site of infection or injury
make endocrine, autonomic, and behaviour changes in the victims [17–19]. The soluble
proteins, interleukin (IL)-1, IL-6, and tumour necrosis factor-α (TNF-α) are essential pro-
inflammatory cytokines that are released by activated immune cells such as macrophages
and dendritic cells [9,17]. Controlling the immune system and coordinating cell-mediated
immune responses depends heavily on the secreted soluble proteins [17].

Pro-inflammatory cytokines connect with the brain to alter behaviour in addition to
controlling the localised inflammation [18,19]. Moreover, it stimulates the brain to release
additional pro-inflammatory cytokines [18–20]. Mounting evidence suggests the involve-
ment of pro-inflammatory cytokines IL-1, IL-6 and TNF-α in sickness behaviour [21,22].
Data from the current study convincingly confirm the aforementioned conclusions, show-
ing that the brain tissue of LPS control mice has higher concentrations of IL-6 and TNF-α.
These findings are consistent with the previously published reports on LPS-induced sick-
ness behaviour in animals [22–24]. PDF attenuated IL-6 and TNF-α levels in LPS-treated
rats. Moreover, a decrease in food and water intake is one of the primary signs of immune
system activation, which is the result of raised cytokine levels [23]. These conclusions
are supported by the findings of the current investigation. There was a drastic reduction
in water and food intake in the LPS-treated rats compared to the vehicle control. PDF
treatment restored the water and food intake in the LPS-treated rats. This may be due to
reduced cytokine levels in the treated rats.

The brain creates significant quantities of peroxides and reactive oxygen species
(ROS) as a result of a rapid inflammatory response to LPS [25,26]. The production of ROS
is the primary cause of oxidative stress and is a significant risk factor for a variety of
neuropsychiatric diseases [22]. In the present study, increased levels of MDA and nitrite
and reduced levels of GSH in the LPS-treated animals support the above findings. Both
doses of PDF reduced the restored GSH levels and attenuated the increased levels of MDA
and nitrite in the LPS-treated rat brain. These results support the previously published
research data on the antioxidant properties of Ajwa dates [7,8].

Reduced mobility and depressed behaviours are the characteristic features of LPS-
induced illness behaviour [22]. Administration of LPS resulted in decreased locomotor
activities, altered despair behaviour and increased immobility in tail suspension test in rats.
Treatment with PDF at both the tested doses attenuated the behavioural alteration in the
LPS-treated rats. These results support the protective effect of PDF against LPS-induced
behavioural changes in animals. These results are in agreement with the recent study on
the neuroprotective activities of Ajwa seed extract in toxin-induced neuronal insults in
animals [27].

LPS is also known to cause hepatic injury in rodents, hepatocytes contain the liver en-
zymes AST and ALT, which are released from the hepatocytes when the liver is injured [28].
It was discovered that abnormalities in cerebral neurotransmission that lead to sickness
behaviours are connected to inflammatory liver injury [29,30]. In line with the aforemen-
tioned findings, higher levels of ALT and AST were seen in the serum of LPS-treated rats in
the current investigation. Nevertheless, giving PDF to LPS-treated rats reduced the levels
of ALT and AST in the treated rat serum, showing that PDF had a protective effect against
the hepatic damage that LPS had caused in the rats. This demonstrates how PDF protected
the rats from LPS-induced sickness behaviour.

According to the behavioural and biochemical parameters of the current study find-
ings, PDF protects rats from LPS-induced sickness behaviour. It was evident by its atten-
uation of behavioural changes, restoration of antioxidant levels, reduction of oxidative
and nitrative stress, reduction of proinflammatory cytokines, restoration of water and food
intake and attenuation of ALT and AST in LPS-treated animals. These findings are in
agreement with research data published on Ajwa dates as neuroprotective and beneficial in
memory improvement in neuro-compromised animals [27,31].
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The standardisation of PDF revealed that it has a considerable amount of total phenolic
and flavonoid content and quercetin. The positive effects of PDF on LPS-induced sickness
behaviour in rats could be attributed to these active ingredients.

4. Material and Methods
4.1. Drug and Chemicals

Ajwa dates were purchased from the local market of Al Dawadmi, Kingdom of Saudi
Arabia. Lipopolysaccharide (Product No-L2630, CAS No. 93572-42-0) and 5′-dithiobis-2-
nitrobenzoic acid (Product No-D218200 CAS Number: 69-78-3) (Sigma–Aldrich, St. Louis,
MI, USA), dexamethasone (Cadila Healthcare Ltd., Ahmedabad, India). Trichloroacetic
acid and thiobarbituric acid were purchased from Loba Chemical Pvt. Ltd. in Mumbai,
India. The remaining substances, including solvents, were all of the analytical grade.

4.2. Animals

Male adult Wistar rats (200–250 g) were purchased from King Abdul Aziz University’s,
Faculty of Pharmacy’s Animal Centre, Jeddah, Saudi Arabia. The rats were housed on a
12-h light/dark cycle at 26 ◦C, and unlimited access to water and food. All animals were
handled and cared for according to the guidelines of research on living organisms and its
regulations and the rules governing ethics of scientific research at the University of Shaqra,
Kingdom of Saudi Arabia. The Scientific Research Ethics Committee (ERC SU 20220071) of
Shaqra University in Shaqra, Saudi Arabia, gave its approval to the study.

4.3. Extract Preparation

The fruits of Ajwa date were stripped of their pits, allowed to dry at room temperature,
and then powdered in a stainless-steel blender. The powder of Ajwa date fruits was
extracted with methanol and water (4:1, v/v) for 5 h using an orbital shaker. The obtained
extract was filtered and centrifuged for 10 min at 4000× g. Then the supernatant was
concentrated at 40 ◦C under reduced pressure for 3 h using a rotary evaporator. The crude
extract of Ajwa date fruits (PDF) was stored in a freezer in a dark glass bottle until its use.

4.4. Standardisation of PDF
4.4.1. Total Phenolic Content and Flavonoid Content Determination

Total phenolics were determined in extract using the Folin-Ciocalteu method [32]. The
amount of phenolic contents in each gram of extract was represented as mg gallic acid. The
AlCl3 method was used for the determination of the total flavonoid content in the extracts [33].
The amount of flavonoid in each gramme of extract was represented as mg quercetin.

4.4.2. Estimation of Quercetin Using HPLC

The HPLC chemo profiling of methanolic extract of Ajwa date was carried out using
the Shimadzu HPLC system (Kyoto, Japan) equipped with dual pump LC-20AD binary
system, photodiode array (PDA) detector SPD-M20A, RP C18 column (5 µm, 4.6 × 250 mm).
Standard quercetin (10 mg) was taken in a 50 mL volumetric flask, dissolved, and diluted
(standard stock). Further, 5.0 mL of the above solution was diluted to 10 mL with diluent.
Exactly 10.54 mg of methanolic extract of Ajwa date was weighed, taken in a 50 mL
volumetric flask (0.2108 mg/mL), dissolved and diluted to volume with diluent and filtered
through a 0.45-micron syringe filter.

Isocratic elution was performed using 70% methanol, 30% milli-q water and 0.1%
trifluoroacetic acid. The flow rate and the injection volume were set at 1.0 mL/min and
20 µL, respectively. The chromatograms at 254 nm were analysed and compared.

4.5. Experimental Grouping and Treatment

The male adult Wistar rats were weighed and randomised into five groups contain-
ing six animals each (n = 6). Group-1 (vehicle control) and Group-2 (LPS control) were
orally administered with distilled water. Group-3 and Group-4 were orally treated with
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PDF (250 and 500 mg/kg, respectively) and Group-5 was injected with dexamethasone
(1 mg/kg, i.p.). All these treatments were given daily for 14 days.

On the 14th day 1 h after the above-mentioned treatment animals from Group-1
were intraperitoneally injected with normal saline and Groups 2–5 were challenged with
1 mg/kg of LPS (i.p.).

After 24 h of saline or LPS injection, animal food, and water consumption was mon-
itored. The behavioural parameters such as locomotor activity, tail suspension test, and
forced swim test, were conducted. Blood samples were collected by retroorbital plexus and
used for the estimation of ALT and AST levels. Following a cervical dislocation, rats were
killed and their complete brains were collected for biochemical analysis.

4.6. Behavioural Parameters
4.6.1. Locomotor Activity Scores

The locomotor activity scores of the animals were recorded as per the method described
by Shaikh et al. (2016). To record the locomotor activity scores each animal was separately
placed in the activity cage for 5 min and the score displayed on the box was recorded [23].

4.6.2. Tail Suspension Test

In the tail suspension test, individual rats were hung 50 cm from the ground for 6 min
from the tip of their tails using adhesive tape. Immobility time was measured during the
last 5 min by a video camera and recorded in seconds [34].

4.6.3. Despair Behaviour Test

The despair behaviour of the rats was measured by the forced swim test. Rats were
individually placed into the open cylindrical transparent plastic container (diameter 30 cm,
height 50 cm) filled with water (25–27 ◦C) to a depth of 30 cm. Rats were made to swim for
6 min, then were returned to their plastic cages. The duration of immobility during the test
was videotaped as the absence of movement required to keep the head above the water or
climb up against the wall during the last five min [35].

4.7. Estimation of ALT and AST Levels in Serum

The blood samples were centrifuged at 4500 rpm for 15 min, serum was separated and
used for the estimation of ALT and AST by using commercially available diagnostic kits
(Quimica Clinica Aplicada S.A. QCA, Tarragona, Spain).

4.8. Biochemical Estimations in Brain Tissue
4.8.1. Tissue Preparation

Brain tissues were dissected, and the hippocampus was separated on an ice-cold
surface. Using a tissue homogenizer, a 10% homogenate was prepared in 0.1 M of ice-cold,
pH 7.4 phosphate-buffered saline, and centrifuged at 10,000 rpm for 15 min at 4 ◦C [36,37].
The resulting supernatant was used to estimate biochemical parameters such as lipid
peroxidation (LPO), reduced glutathione (GSH), nitrite, IL-6 and TNF-α.

4.8.2. Oxidative and Nitrative Stress Parameters

Lipid peroxide formation was analysed by measuring the thiobarbituric-acid reactive
substances in the form of malondialdehyde (MDA) content in the homogenate. The MDA
contents are expressed in nmoles/g tissue [38]. GSH levels were determined by Ellman (1959)
method and expressed as mmol/mg of tissue [39]. The nitrite content in the supernatant was
estimated using Griess reagent by recording the absorbance at 540 nm using a microplate
reader (Biotek, Shoreline, WA, USA). The nitrite levels are expressed in nmol/g tissue.

4.8.3. Estimation of IL-6 and TNF-α Levels

TNF-α and IL-6 were estimated using specific ELISA kits (GENLISA, Rat IL-6 ELISA
Cat: KB3068, Lot No RI60921; GENLISA, Rat TNF-α ELISA Cat: KB3145, Lot No RTA0122;
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(Krishgen BioSystems, Mombai, India) as per the instructions of the kit manufacturer. The
absorbance is recorded at 450 nm using a microplate reader (Biotek, USA).

4.9. Statistical Analyses

Graphpad Prism 8.0 (Graphpad Software Inc., Boston, MA, USA) was used for all
Statistical analyses. All data were represented as mean ± standard error of the mean. One-
way ANOVA followed by Tukey’s test was used for analysis and p < 0.05 was considered
statistically significant.

5. Conclusions

The results of the current study suggest that Ajwa dates have a protective effect against
LPS-induced sickness behaviour in rats. Ajwa dates are thought to have health benefits
because of their anti-inflammatory and antioxidant properties, and the presence of active
ingredients such as quercetin. To clarify its molecular mechanism and validate its effects
on human patients, more research is necessary.
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