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Abstract: Orange processing generates peel by-products rich in phenolic compounds, particularly
flavanones like hesperidin and narirutin, offering potential health benefits. Utilizing these by-
products is of significant interest in supporting Spain’s circular bioeconomy. Therefore, the aim
of this study was to investigate the fermentation of orange peels by different lactic acid bacteria
(LAB) strains and its impact on phenolic composition and antioxidant activity. Three different LAB
strains, two Lactiplantibacillus plantarum, and one Levilactobacillus brevis were utilized. The phenolic
compounds were measured by HPLC-ESI-TOF-MS, and antioxidant activity was assessed using
DPPH and ABTS methods. The growth of the LAB strains varied, showing initial increases followed
by gradual declines, with strain-specific patterns observed. Medium acidification occurred during
fermentation. A phenolic analysis revealed an 11% increase in phenolic acids in peels fermented by
La. plantarum CECT 9567-C4 after 24 h, attributed to glycosylation by LAB enzymes. The flavonoid
content exhibited diverse trends, with Le. brevis showing an 8% increase. The antioxidant assays
demonstrated strain- and time-dependent variations. Positive correlations were found between
antioxidant activity and total phenolic compounds. The results underscore the importance of bacterial
selection and fermentation time for tailored phenolic composition and antioxidant activity in orange
peel extracts. LAB fermentation, particularly with La. plantarum CECT 9567 and Le. brevis, holds
promise for enhancing the recovery of phenolic compounds and augmenting antioxidant activity in
orange peels, suggesting potential applications in food and beverage processing.

Keywords: pomaces; HPLC-ESI-TOF-MS; submerged fermentation; food by-products

1. Introduction

In 2022/2023, the worldwide orange production amounted to 47.77 million metric tons,
with orange juice production reaching 1.64 million metric tons [1]. The leading producers
of orange juice in the year 2021/2022 were Brazil, the United States, and Mexico, with the
European Union occupying the fourth position [1]. This means that around 3.8% of worldwide
orange juice production originated from the European Union, amounting to 62,000 metric
tons [1]. Moreover, Sapin is the main orange producer in the European Union, with oranges
being the primary citrus fruit produced in the country [1]. Therefore, leveraging all aspects of
orange production is of huge importance for the circular bioeconomy of the country.

During the processing of oranges to obtain their juice, by-products are generated,
mainly consisting of the peel composed by the flavedo and albedo, a source of bioactive
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compounds. These compounds include phenolic acids, flavonoids, lignans, and antho-
cyanins [2]. Among the flavonoid phenolic family, especially the flavanones hesperidin
and narirutin—hesperetin and naringenin metabolites, respectively—naturally present
in the orange peel, have been attributed several bioactivities such as anti-inflammatory,
antioxidant, anti-cancer, anti-diabetic, anti-rheumatic, and cardio-protective properties [3].

Fermentation is a fundamental biological process that has been harnessed by humans
for millennia to transform raw materials into a wide array of valuable products, from
food and beverages to pharmaceuticals and biofuels. This process involves the conversion
of organic compounds, typically sugars or other carbohydrates, by microorganisms into
various metabolites, such as alcohol, acids, or gases, often accompanied by the generation
of energy. It plays a pivotal role in a broad range of applications, with profound implica-
tions for food production, industrial biotechnology, and environmental sustainability. The
scientific understanding of fermentation has evolved over time, and, today, it encompasses
a diverse array of microbial and enzymatic activities. Microorganisms, including bacte-
ria, yeasts, and molds, are the primary agents responsible for carrying out fermentative
processes [4]. Previously, orange peel has been submitted to solid-state fermentation by
different Aspergillus species to produce citric acid (Aspergillus niger) [5,6], D-galacturonic
acid (Aspergillus oryzae [7] and Aspergillus niger [8]), succinic acid (Fibrobacter succino-
genes) [9], or other organic acids (Aspergillus awamori) [10]. Moreover, protein production
from orange peel has been reported with Aspergillus niger and Chaetomium Spp. [11] and
Trichoderma reesei and Trichoderma viride [12]. The production of industrially important
volatile aroma esters from orange peels by yeast has been also reported [13]. Producing
pigments using fungal strains (Monascus purpureus and Penicillium purpurogenum) from
oranges’ processing waste has been reported by other authors [14]. Submerged fermenta-
tion by Aspergillus fumigatus for improving the content of ellagic acid in orange peels was
reported by Sepúlveda et al. (2020) [15]. Ahmed et al. (2021) [16] optimized the pectinase
of orange peel waste by Penicillium chrysogenum MF 318506.

Lactic acid bacteria (LAB) are a diverse and versatile group of Gram-positive microor-
ganisms with a rich history of use in the food industry [17]. These bacteria play a pivotal
role in food preservation, with their traditional role being the fermentation of carbohydrates
to produce lactic acid at an industrial scale [18]. However, their significance extends far
beyond this primary function. LAB have been found to produce a wide array of valuable
by-products during their metabolic processes, including bacteriocins, vitamins, amines,
short-chain fatty acids, and exopolysaccharides. Furthermore, the influence of LAB goes
beyond their direct metabolic activities. When used in food fermentation, LAB have been
shown to enhance the nutritional quality of the final products. In animal products such as
milk [19] and meat [20], this enhancement is characterized by increased protein digestibility,
improved mineral availability, and the release of peptides and amino acids, contributing to
the overall nutritional value of the food [21,22]. Additionally, LAB can boost the antimicro-
bial and antioxidant properties of the fermented foods. In the context of specific food items,
such as apple juice, mulberry juice, soy milk, and wheat dough, LAB-driven fermentation
has been observed to elevate the levels of antioxidants and phenolic compounds [23,24].
LAB enzymes also play a key role in breaking down cell walls, which not only improves the
release of phenolic acids and flavonoids but also converts them into simpler forms, enhanc-
ing their bioavailability [25]. This versatility makes LAB a cost-effective and sustainable
technology for maintaining or improving the nutritional quality of food while preserving
its sensory properties. The application of LAB in fruit and by-product fermentation can
occur spontaneously in suitable conditions, thanks to the presence of naturally occurring
lactic acid microbiota. Alternatively, it can be controlled and directed using specific lactic
acid bacteria starter cultures to achieve various specific objectives, such as improved di-
gestibility [26]. Lactiplantibacillus plantarum and Levilactobacillus brevis are LAB that share
similarities as Gram-positive, facultative anaerobes, but they differ in several aspects [17].
La. plantarum exhibits greater acid and alcohol resistance, prefers warmer temperatures,
produces a wide range of enzymes, and forms biofilms, whereas Le. brevis can grow at
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lower temperatures, has a more limited enzymatic capacity, and its biofilm-forming ability
may vary. Although both species are part of the human intestinal microbiota and may
have beneficial effects on health, they can interact differently with the immune system and
intestinal epithelial cells. These interactions can influence the inflammatory response and
the modulation of the immune system. Furthermore, different strains of La. plantarum and
Le. brevis may vary in their susceptibility to antimicrobial agents. This is important in terms
of food safety and the ability of these bacteria to compete with pathogenic microorganisms
in fermented environments. Otherwise, genome sequencing has revealed a great genetic
diversity within each species, which can influence their phenotypic characteristics and
adaptability to different environments and substrates [27].

Despite their significant role in food science and nutrition, there remain intriguing
avenues of research involving LAB, such as their potential to enhance the bioactivities of
unique agro-industrial waste products, like orange peels. LAB can offer significant advan-
tages in the valorization of food by-products. One key benefit is their remarkable ability to
bioconvert the carbohydrates present in these by-products into valuable metabolites such
as lactic acid and organic acids. This process not only stabilizes the pH of the substrate,
prolonging its shelf life, but also transforms it into a more valuable resource for further
processing. LAB fermentation can enhance the nutritional profile of food by-products by
enriching them with bioactive compounds like polyphenols, vitamins, amino acids, and
peptides, thereby increasing their overall nutritional value. Additionally, LAB-produced
antimicrobial compounds can contribute to the preservation of these by-products, inhibit-
ing the growth of spoilage microorganisms and pathogens. Furthermore, LAB fermentation
could enhance the sensory characteristics of food by-products, imparting desirable flavors
and aromas, which can enhance their market appeal. Overall, the utilization of LAB in the
valorization of food by-products represents a sustainable approach that not only minimizes
waste but also adds value to underutilized resources in the food industry [17].

LAB have been previously studied in orange peel with different purposes. Huang et al.
(2017) [28] reported that orange peel fiber powder promotes growth, exopolysaccharide
production, and antibacterial activity against the spoilage bacteria of Lactobacillus plantarum
SLC 13, suggesting its potential for industrial applications as an economic prebiotic. In ad-
dition, de la Torre et al. (2020) [18] explored the use of Lactobacillus delbrueckii sp. delbrueckii
for D-lactic acid production using orange peel as the substrate. Ricci et al. (2023) also
studied the production of lactic acid from orange waste using a combination of Aspergillus
awamori and Lacticaseibacillus casei and Lacticaseibacillus rhamnosus [29]. However, as far as
we are concerned, LAB have still a wide range of applications in orange peels to be studied.

Therefore, the aim of this study was to develop industrially scalable biotechnological
processes to revalorize and reuse orange peels. This was achieved through a combination of
fermentation and ultrasound technologies for extracting bioactive compounds, especially
phenolic acids and flavonoids.

2. Materials and Methods
2.1. Reagents and Samples

Gallic acid, DPPH, and ABTS were procured from Sigma-Aldrich (St. Louis, MO, USA).
Water underwent purification through a Milli-Q system (Millipore, Bedford, MA, USA).
Vanillic acid, chlorogenic acid, ferulic acid, quercetin, and rutin were likewise sourced from
Sigma-Aldrich (St. Louis, MO, USA). HPLC-grade water and various other reagents were
acquired from Merck KGaA (Darmstadt, Germany).

Orange by-products (variety Navelina) were secured after juice production. These
by-products consisted of the albedo, flavedo, and the remaining pulp of the orange, with a
moisture content of 70 ± 1.5%. For the experiments, the samples were subjected to drying at
60 ◦C with an air flow of 1.6 m/s for 315 min, achieving a moisture < 10%, as modeled and
optimized previously by Razola-Díaz et al. (2023) [30]. The dried samples were grounded
and stored in a frozen state at −18 ◦C until submitted to fermentation. The samples will be
referred to as orange peels throughout the manuscript.
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2.2. Lactic Acid Bacteria Strains and Culture Media

Lactic acid bacteria (LAB) strains were obtained from the Spanish Collection of Type
Cultures (CECT): Levilactobacillus brevis CECT 5354, Lactiplantibacillus plantarum subsp.
plantarum CECT 748T, and Lactiplantibacillus plantarum CECT 9567 (formerly, strain C4). The
strains were grown in MRS medium at 26 ◦C for 24–48 h and preserved in glycerol stocks
at −20 ◦C. Le. brevis CECT 5354 and La. plantarum CECT 748T were originally isolated from
silage and pickled cabbage. In addition, La. plantarum CECT 9567 previously isolated from
kefir was also used [31]. They all have demonstrated good results in previously published
papers on the fermentation of avocado leaves and seeds [32,33].

2.3. Fermentation of Orange Peels

Orange peel fermentation with LAB strains was conducted in accordance with the
protocols outlined by De Montijo-Prieto et al. (2023) [32]. Briefly, the bacteria were
grown in MRS broth for 24 and 48 h at 26 ◦C, and the inocula were prepared in sterile
saline and adjusted for each strain by turbidimetry, equivalent to a concentration between
107 and 108 colony-forming units (CFU)/mL. The viable bacterial counts in the inocula
were determined by plating on MRS agar. The fermentation process involved the following
steps: 1 g of orange peels was immersed in 8 mL of sterile water at 90 ◦C for 10 min to
eliminate any microorganism present on the peels. After cooling, microbial counts were
performed on Tryptic Soy agar (a nutrient-rich medium for a wide range of bacteria, in-
cubated at 37 ◦C for 24–48 h), MacConkey agar (a selective medium for enterobacteria,
incubated at 37 ◦C for 24 h), and Sabouraud agar (a medium for fungi, incubated at 30 ◦C for
7 days). Subsequently, the mixtures were inoculated with the previously prepared inocula
to achieve a bacterial concentration ranging between 106 and 107 CFU/mL, followed by
incubation at 26 ◦C. The CFU/mL were counted on MRS agar, and the pH values were
measured and recorded after 24 and 48 h of incubation. A control group, prepared without
the addition of lactic bacteria, was included in this study. The samples and control were
each processed in duplicate. After incubation, both the samples and the control group were
stored at −20 ◦C and subsequently freeze-dried for further analysis.

2.4. Extraction of Phenolic Compounds

The extraction of phenolic compounds from the fermented orange peels was carried
out with an ultrasound sonotrode (UP400St ultrasonic processor, Hielscher, Germany) that
works at 400 W and 24 kHz in the conditions previously optimized by Razola-Díaz et al.
(2018) [2]. Briefly, 0.5 g of freeze-dried sample was subjected to extraction using 100 mL of
ethanol–water at a ratio of 45:55 v/v and sonicated for 35 min at room temperature at an
amplitude of 90% and a pulse 100%. Following this, the samples underwent centrifugation
at 9840× g for 15 min. Subsequently, the supernatants were subjected to drying in a rotary
evaporator under vacuum at 40 ◦C. The dried residue was then dissolved in 1 mL of
methanol–water at a ratio of 50:50 v/v. The solutions were meticulously filtered through a
0.45 µm syringe filter and stored at −20 ◦C in amber bottles to prevent degradation until
the time of analysis. It is important to note that each extraction was carried out in duplicate.

2.5. Determination of Phenolic Compounds by HPLC-ESI-TOF-MS

The extraction of the phenolic compounds in the orange peels fermented by selected
LAB and a non-fermented control was analyzed in duplicate using the ACQUITY Ultra
Performance LC system (Waters Corporation, Milford, MA, USA) linked to an electrospray
ionization (ESI) source operating in a negative mode and a time-of-flight (TOF) mass detector
(Waters Corporation, Milford, MA, USA). The desired compounds were separated on an
ACQUITY UPLC BEH Shield RP18 column (1.7 µm, 2.1 mm × 100 mm; Waters Corporation,
Milford, MA, USA) maintained at 40 ◦C, employing a gradient method previously described
by Verni et al. [34]. This involved utilizing water with 1% acetic acid as mobile phase A
and acetonitrile as mobile phase B. The obtained data were processed using the MassLynx
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4.1 software (Waters Corporation, Milford, MA, USA). The compounds were identified by
comparing the m/z and molecular formula with standards and previous research [2].

2.6. Antioxidant Assays: DPPH and ABTS

Antioxidant activity was assessed in all the samples using two distinct methods,
and each method was performed in duplicate. The DPPH assay followed a procedure
previously outlined by various researchers [35]. Specifically, 100 µL of each extract was
combined with 2.9 mL of DPPH. The solution was vigorously stirred, and the fading of the
extract’s color was monitored over a 30 min interval at 517 nm. The ABTS method, based
on the method described by Re et al. (1999) [36], involved the generation of monocation
ABTS•+ by oxidizing ABTS with potassium persulfate in darkness at room temperature for
12–24 h. For each extract, 1 mL of the ABTS solution was mixed with 0.01 mL of the extract,
and the reduction in absorbance was recorded for 30 min at 734 nm.

3. Results and Discussion
3.1. Growth of LAB Strains in Orange Peels

As previously outlined, orange peels were supplemented with dextrose and yeast
extract to encourage the growth of lactic acid bacteria (LAB). Viable microorganism counts
were carried out after 24 and 48 h of incubation on MRS agar. The counts on MacConkey,
Tryptic Soy, and Sabouraud agar confirmed that the heat treatment applied to the orange
peels before lactic acid bacteria inoculation was effective in eliminating the microorganisms
present on the peels, which could have interfered with the biotransformation of the phenolic
compounds by lactic acid bacteria.

As indicated in Table 1, the orange peels demonstrated limited support for the growth
of the LAB strains used for inoculation. The viable bacterial numbers increased in the first
24 h of incubation, persisting in a gradual decline throughout fermentation, except for
Le. Brevis, which exhibited increased counts also after 48 h. Both La. plantarum strains
achieved their peak growth after 24 h (8.18 ± 0.13 and 8.60 ± 0.03 log CFU/mL for strains
CECT 748T and CECT 9567, respectively), while the exponential growth phase of Le. brevis
was extended over 48 h, reaching comparable counts (8.21 ± 0.03 log CFU/mL). Our results
are comparable to those obtained by Ricci et al. (2019) [37], who analyzed the growth of
lactic acid bacteria on orange peel every 24 h for 5 days during a study which aimed to
explore the feasibility of using orange peel as a raw material for the production of lactic acid
by solid-state fermentation. Their results showed that Lactiplantibacillus plantarum strain
285 was able to grow well in the orange peels at different pH values (initial pH values of
5 and 6.5 and initial pH of 6.5 with CaCO3), increasing their cell number by 2 log cycles. This
concentration remained unchanged during the subsequent days, without being affected by
the pH. Regarding the pH values during the fermentation of the orange peels in our study,
the growth of all the strains led to medium acidification (Table 1). After 24 h, the pH was
reduced from 5.83 to 3.4 with La. plantarum CECT 9567 and to 3.7 with La. plantarum CECT
748T and Le. brevis CECT 5354. After 48 h, both pH values stabilized around 3.5.

Table 1. Log CFU/mL and pH of lactic acid bacteria in orange peels expressed with average
± standard deviation.

0 h 24 h 48 h

Log10
(CFU/mL) pH Log10

(CFU/mL) pH Log10
(CFU/mL) pH

Le. brevis CECT 5354 7.92 ± 0.03 5.8 8.09 ± 0.09 3.7 8.21 ± 0.03 3.5
La. plantarum CECT 748T 7.94 ± 0.02 5.8 8.18 ± 0.13 3.7 8.01 ± 0.02 3.5
La. plantarum CECT 9567 7.90 ± 0.03 5.8 8.60 ± 0.03 3.4 8.51 ± 0.01 3.2
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3.2. Quantification of Phenolic Compounds by HPLC-ESI-TOF-MS and Biotransformation during
Fermentation in Orange Peels

The orange peels fermented by the three strains for 24 and 48 h were submitted to
extraction by sonotrode and analyzed by HPLC-ESI-TOF-MS.

As shown in Table 2, the major phenolic compounds in the orange peels were phe-
nolic acids (hydroxycinnamic acids). Looking at the phenolic acid profile, there were no
detected differences between the samples, and the phenolic acid profile was composed by
68% ferulic acid derivatives, 23% caffeic acid derivatives, and 9% sinapic acid derivatives.
Phenolic acids have been previously reported to be the phenolic compounds most found
in citrus peels, being ferulic acids the major one followed by caffeic acids [3], in agree-
ment with the proportions found here. The bioactivities of these compounds have been
extensively demonstrated [3]. In plants, hydroxycinnamic acids are found both esterified,
covalently attached to the cell wall, and in soluble form [38,39]. The antibacterial effect of
hydroxycinnamic acids, specifically in their action against lactobacilli, shows a relatively
minor dependence on substitutions with hydroxyl or methoxy groups in the aromatic
ring. However, it exhibits a pronounced reliance on the presence of a double bond in
the side chain [40]. However, in our study, hydroxycinnamic acids, the phenolic group
found in major concentrations in orange peels, were not in their aglycone form but in their
conjugated form, which is much less toxic for LAB.

As shown in Figure 1, looking to the sum of phenolic acids, a significant increment
of 11% in the peels fermented by La. plantarum CECT 9567 can be seen after 24 h, with
significant increments of 14.5, 6.8, and 14.4% for ferulic acid, caffeic acid, and sinapic acid
derivatives, respectively, compared to the non-fermented orange peel. However, after
48 h of incubation, these hydroxycinnamic acid derivatives were decreased compared to the
amounts found in the non-fermented orange peel. These differences when fermenting with
La. plantarum CECT 9567 between 24 and 48 h of incubation could be related to biotransfor-
mation processes, such as the deglycosylation and hydrolysis of phenolic compounds, led
by this bacterium during the incubation time. Phenolic compounds can be toxic to lactic
acid bacteria. Even though La. plantarum has been widely studied for its adaptation to
plant habits and capability to metabolize phenolics [41], it can be affected by some phenolic
compounds via changes in the membrane’s fatty acid composition [42]. Thus, the phenolic
compounds released during the incubation time could have had an antibacterial effect on
the growth of this bacterium. In addition, the amount of 2-(E)-O-feruloyl-D-galactaric acid
decreased significantly during fermentation with La. plantarum CECT 748T and Le. brevis
CECT 5354 after 24 h of incubation.
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Table 2. Phenolic acids quantified in the fermented orange peels and a control by HPLC-ESI-TOF-MS, expressed as the average ± standard deviation in µg/g d.w.

Compound Le. brevis CECT 5354 La. plantarum CECT 748T La. plantarum CECT 9567
Control24 h 48 h 24 h 48 h 24 h 48 h

Caffeic acid 3-O-glucuronide
isomer I 247.31 ± 6.16 b 292.08 ± 4.35 c 299.02 ± 8.16 b 291.53 ± 7.42 b 344.24 ± 10.58 a 331.17 ± 10.82 a 324.25 ± 2.11 a

Caffeic acid 3-O-glucuronide
isomer II 1013.41 ± 9.26 b 1086.94 ± 2.52 a 962.02 ± 35.99 c 926.84 ± 9.88 c 1136.69 ± 9.70 a 835.58 ± 1.85 d 1031.70 ± 26.31 b

Caffeoylglycolic acid methyl ester 566.91 ± 4.51 d 586.10 ± 0.43 d 699.64 ± 32.07 a 609.64 ± 6.84 c,d 658.41 ± 20.12 a,b 672.53 ± 11.32 a,b 643.56 ± 4.80 b,c

Caffeoylmalic acid isomer I 784.93 ± 16.56 c 822.56 ± 21.66 b,c 913.38 ± 32.92 a 816.35 ± 12.40 b,c 925.70 ± 33.03 a 939.33 ± 12.71 a 878.32 ± 20.35 a,b

Caffeoylmalic acid isomer II 358.13 ± 10.94 c 365.61 ± 11.82 c 432.31 ± 20.23 a,b 362.31 ± 4.25 c 460.45 ± 9.25 a 440.02 ± 10.83 a,b 426.22 ± 4.97 b

2-(E)-O-Feruloyl-D-galactaric acid
isomer I 535.18 ± 25.98 e 618.73 ± 3.04 c 602.65 ± 25.53 c,d 561.19 ± 7.69 d,e 785.52 ± 19.31 a 582.45 ± 27.15 c–e 682.90 ± 15.40 b

2-(E)-O-Feruloyl-D-galactaric acid
isomer II 959.38 ± 30.16 c,d 1013.35 ± 9.56 b,c 923.94 ± 45.24 d 907.83 ± 17.36 d 1217.10 ± 37.75 a 890.69 ± 8.30 d 1081.95 ± 11.02 b

2-(E)-O-Feruloyl-D-galactaric acid
isomer III 1114.06 ± 12.43 c,d 1176.40 ± 48.97 b,c 1040.48 ± 50.14 d,e 993.00 ± 42.88 e,f 1578.57 ± 47.40 a 913.48 ± 24.26 f 1253.86 ± 9.81 b

2-(E)-O-Feruloyl-D-galactaric acid
isomer IV 2660.23 ± 110.54 c 2834.30 ± 2.67 b 2447.51 ± 88.72 d 2370.97 ± 22.84 d,e 3395.69 ± 25.11 a 2261.85 ± 46.95 e 2882.53 ± 33.35 b

2-(E)-O-Feruloyl-D-galactaric acid
isomer V 1435.76 ± 67.27 c,d 1503.91 ± 32.86 b,c 1388.00 ± 49.60 c,d 1307.67 ± 31.65 d 1984.38 ± 90.00 a 1288.17 ± 11.13 d 1603.01 ± 65.47 b

Feruloyl isocitric acid isomer I 322.02 ± 15.04 c,d 309.86 ± 12.00 d 342.57 ± 13.62 b,c 313.79 ± 8.48 c,d 403.49 ± 5.95 a 391.67 ± 8.09 a 354.75 ± 4.66 b

Feruloyl isocitric acid isomer II 1122.62 ± 24.61 c,d 1112.85 ± 8.54 c,d 1187.72 ± 53.48 b,c 1102.26 ± 32.63 d 1383.98 ± 34.79 a 1361.08 ± 1.97 a 1232.35 ± 9.59 b

Feruloyl isocitric acid isomer III 485.96 ± 9.92 b,c 450.20 ± 2.54 c 535.49 ± 19.92 a 466.59 ± 15.53 c 536.72 ± 16.04 a 512.50 ± 10.84 a,b 507.51 ± 6.34 a,b

Ferulic acid O-glucoside 302.87 ± 5.65 a 277.48 ± 1.75 b 259.58 ± 2.74 b,c 253.43 ± 6.73 c,d 240.32 ± 9.06 d 194.82 ± 6.28 e 252.46 ± 9.04 c,d

Sinapic acid O-glucoside 241.00 ± 6.57 a 224.12 ± 0.18 b 215.36 ± 2.51 b,c 203.23 ± 0.98 c 211.73 ± 6.59 b,c 142.59 ± 5.61 d 211.80 ± 4.18 b,c

Sinapinic acid-O-glucuronide
isomer I 811.12 ± 27.33 c 805.08 ± 18.41 c 795.88 ± 34.20 c 703.32 ± 23.89 d 1070.21 ± 14.86 a 726.92 ± 17.21 d 873.06 ± 0.10 b

Sinapinic acid-O-glucuronide
isomer II 138.55 ± 5.43 b,c 130.91 ± 5.17 c 158.04 ± 7.84 a 129.10 ± 3.20 c 154.65 ± 6.99 a 145.25 ± 0.07 a,b 147.95 ± 1.46 a,b

Different letters (a–f) in the same line indicate significant differences (p < 0.05).
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Depending on the chemical structure and concentration of phenolic compounds, the
growth and viability of lactic acid bacteria can be affected by affecting the cell wall and
membrane [43]. Thus, lactic acid bacteria show several mechanisms for detoxification and
tolerance to high concentrations of phenolics in plant niches high in phenolics for optimal
growth and survival [43]. The metabolism of phenolic acids by lactobacilli, involving pro-
cesses such as decarboxylation and/or reduction, is likely a predominant mechanism for
detoxifying harmful compounds present in plant substrates encountered by lactobacilli [40].
The mentioned reductions in phenolic acids could be attributed to enzymes such as fer-
uloyl esterases, which have been studied in many microorganisms, including lactic acid
bacteria [38]. For example, the Est_1092 esterase from La. plantarum not only breaks down
hydroxycinnamic esters (as a feruloyl esterase) and hydroxybenzoic esters (as a tannase)
but is also a broad-range inducible esterase active on numerous esters of other phenolic
acids [44]. Feruloyl esterases have also been studied for their activity in removing feruloyl
residues that are esterified in pectin [32]. Since the pectin content in orange peel waste
is between 20 and 40% [33], this enzyme could also de-esterify some residues as a part
of the degradation process of the complex molecular structure of pectin together with
polygalacturonase enzymes [34].

In contrast, the increment in some phenolic acid derivatives during fermentation
with La. plantarum CECT 9567 could also be attributed to the glycosyltransferases that
have been reported in lactic acid bacteria for their importance in exopolysaccharide pro-
duction [45]. Glycosyltransferases (GTs) catalyze the formation of the glycosidic bond
by transferring sugar moieties from donor molecules to a specific aglycon, with strict
stereo/regioselectivities. The acceptors can be either sugars or other molecules such as
polyphenols [46]. Due to the high availability of sugar naturally present in orange peels, it
could activate the LAB production of exopolysaccharides. Previously, this action has been
reported in some fungal strains [47–49]. Kralj et al. [50] reported, for the first time, the pres-
ence of a glucosyltransferase from a Lactobacillus strain. Thus, in this study, the increment
in sinapic acid glucoside and glucuronide could be attributed to the action of the enzyme
sinapate glucosyltransferase from sinapic acid, and the increase in caffeic acid glucuronide
could be due to the action of the enzyme uridine-5′-diphosphate-glucuronosyltransferase
from caffeic acid. This enzyme has been previously reported in Arabidopsis [51] and, a
similar one, in Bacillus subtilis [52]. Also, some similar reactions have been reported in LAB.
For example, a levansucrase from Leuconostoc mesenteroides B-512FMC can catalyze glyco-
syl transfer from sucrose to produce hydroquinone-β-fructoside [53]. A β-galactosidase
from Lactobacillus bulgaricus L3 is able to catalyze galactosyl transfer, resulting in caffeic
acid galactosidase [54]. The efficacy of phenolic acids’ glycosides is contingent upon the
type of biological activity, the aglycone’s identity, and the specific identity and location
of the glycone moiety. Observations from studies examining both glycosides and their
corresponding aglycones suggest that phenolic glycosides generally serve as a storage or
reserve pool for precursors of more bioactive compounds. Glycosylated compounds are
likely to exhibit a higher bioavailability compared to their aglycone forms, attributed to the
presence of sugar moieties. In the in vivo environment, hydrolysis of the glycoside would
liberate the free aglycone, potentially enhancing its biological activity [55].

The flavonoids identified and quantified in fermented and non-fermented orange
peels are presented in Table 3.

Regarding the flavonoid profile, there were no detected significant differences be-
tween the samples, and the profile was composed by 33% hesperetin derivatives, 27%
naringenin derivatives, 23% apigenin derivatives, and other minor compounds. Regarding
the amounts, there were no significant differences in the case of the two Le. plantarum
bacteria compared to the control, but Le. brevis was the most abundant, with a significative
increment of 8% (Figure 2).
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Table 3. Flavonoids quantified in the fermented orange peels and a control by HPLC-ESI-TOF-MS, expressed as the average ± standard deviation in µg/g d.w.

Compound Le. brevis CECT 5354 La. plantarum CECT 748T La. plantarum CECT 9567
Control24 h 48 h 24 h 48 h 24 h 48 h

Quercetin-3-O-rutinoside-7-O-Glucoside 27.64 ± 1.17 a,b 25.46 ± 0.88 c,d 25.44 ± 0.77 c,d 23.84 ± 0.76 d 28.64 ± 0.72 a 23.97 ± 0.05 d 26.23 ± 0.20 b,c

Luteolin 7-O-glucoside 62.27 ± 0.95 a,b 61.33 ± 2.26 a,b 57.68 ± 1.99 a,b 52.04 ± 1.93 c 62.68 ± 1.65 a 57.29 ± 2.35 b 59.21 ± 0.77 a,b

Prunin 149.44 ± 1.35 a 141.97 ± 2.65 b 138.38 ± 2.75 b 120.88 ± 1.30 c 124.48 ± 1.71 c 137.31 ± 0.14 b 123.74 ± 2.72 c

Isorhamnetin-3-O-rutinoside isomer I 95.29 ± 3.24 a 91.70 ± 0.63 a,b 85.68 ± 2.65 c 88.01 ± 0.35 b,c 95.80 ± 1.46 a 84.86 ± 1.59 c 92.54 ± 1.41 a,b

Isorhamnetin-3-O-rutinoside isomer II 45.12 ± 2.14 a 43.67 ± 1.40 a,b 40.22 ± 1.72 b,c 38.48 ± 0.79 c 43.74 ± 1.51 a,b 38.71 ± 1.74 c 42.46 ± 1.14 a–c

Vitexin-O-pentoside 128.65 ± 0.81 a 125.94 ± 0.01 a,b 121.50 ± 3.51 b,c 116.85 ± 0.21 c 125.34 ± 4.05 a,b 121.79 ± 0.52 b,c 122.45 ± 0.45 b,c

Naringin hydrate 18.83 ± 0.48 b,c 19.03 ± 0.90 a-c 17.68 ± 0.68 c,d 16.71 ± 0.81 d 20.67 ± 0.72 a 16.97 ± 0.41 d 19.49 ± 0.06 a,b

Apigenin-di-C-hexoside (Vicenin-2) isomer I 490.70 ± 6.40 a 481.67 ± 0.88 a 473.24 ± 9.59 a,b 431.92 ± 3.21 c 448.12 ± 15.82 b,c 470.90 ± 1.79 a,b 444.48 ± 19.28 b,c

Apigenin-di-C-hexoside (Vicenin-2) isomer II 28.47 ± 0.89 b 27.58 ± 0.02 b 27.71 ± 1.17 b 28.48 ± 0.84 b 32.04 ± 0.79 a 27.40 ± 0.91 b 30.84 ± 0.35 a

Apigenin-di-C-hexoside (Vicenin-2) isomer III 17.27 ± 0.72 d 17.88 ± 0.49 c,d 17.30 ± 0.02 d 18.77 ± 0.48 b,c 21.41 ± 0.30 a 17.44 ± 0.75 c,d 20.03 ± 0.49 a,b

Apigenin 7-O-neohesperidoside 28.46 ± 0.58 a 27.64 ± 0.78 a 26.48 ± 0.96 a–c 23.68 ± 0.67 d 27.31 ± 0.99 a,b 24.98 ± 0.57 c,d 25.38 ± 0.10 b–d

Narirutin 621.47 ± 8.42 a 610.59 ± 5.64 a,b 585.25 ± 2.80 b,c 558.30 ± 15.65 c,d 537.37 ± 18.90 d 588.76 ± 12.61 a–c 560.05 ± 16.29 c,d

Rutin isomer I 97.43 ± 2.67 a,b 92.69 ± 2.28 b,c 86.39 ± 2.88 c,d 84.59 ± 3.54 d 100.77 ± 0.51 a 89.37 ± 0.85 c,d 91.25 ± 3.82 b–d

Rutin isomer II 63.38 ± 2.13 a,b 63.58 ± 2.20 a,b 60.96 ± 2.48 b 57.69 ± 1.75 b 68.30 ± 3.12 a 58.31 ± 1.47 b 63.48 ± 1.21 a,b

Hesperidin 960.16 ± 31.76 a 907.31 ± 23.27 a,b 924.52 ± 5.57 a,b 863.24 ± 25.80 b,c 873.10 ± 26.05 b,c 833.32 ± 4.76 c 868.09 ± 23.69 b,c

Neohesperidin 17.48 ± 0.12 b,c 18.85 ± 0.59 a 17.79 ± 0.36 a,b 15.84 ± 0.03 d 16.24 ± 0.12 d 16.51 ± 0.48 c,d 16.09 ± 0.79 d

Alpha-Glucosyl Hesperidin isomer I <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ
Alpha-Glucosyl Hesperidin isomer II <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ

Kaempferol 3-O-[3′′,6′′-di-O-(E)-cinnamoyl]-b-D-
glucopyranoside isomer I 14.98 ± 0.60 b,c 16.14 ± 0.66 a,b 15.62 ± 0.72 b,c 14.80 ± 0.56 b,c 17.41 ± 0.87 a 14.41 ± 0.15 c 16.00 ± 0.06 a–c

Kaempferol 3-O-[3′′,6′′-di-O-(E)-cinnamoyl]-b-D
glucopyranoside isomer II 19.89 ± 0.57 a,b 20.46 ± 0.52 a 19.45 ± 0.83 a–c 17.98 ± 0.70 c 20.54 ± 0.90 a 18.36 ± 0.52 b,c 19.82 ± 0.05 a,b

Kaempferol
3-[2′′-glucosyl-6′′-acetyl-galactoside]7-glucoside

isomer I
28.58 ± 1.10 c,d 29.77 ± 0.75 b,c 28.32 ± 0.89 c,d 27.95 ± 0.69 c,d 33.89 ± 1.22 a 26.92 ± 0.20 d 31.60 ± 0.10 b

Kaempferol
3-[2′′-glucosyl-6′′-acetyl-galactoside]7-glucoside

isomer II
31.98 ± 1.25 b 30.58 ± 1.48 b,c 29.27 ± 0.56 c 28.92 ± 0.73 c 37.23 ± 0.96 a 25.95 ± 0.08 d 32.48 ± 0.98 b

Kaempferol-dihexosyl acetate 10.52 ± 0.50 c,d 11.33 ± 0.05 c 11.04 ± 0.30 c,d 10.41 ± 0.19 d 15.19 ± 0.38 a 8.99 ± 0.22 e 12.74 ± 0.17 b

Kaempferol 3-O-(6′′-O-acetyl)
glucoside-7-O-rhamnoside <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ

Kaempferol
3-apiosyl-(1->4)-rhamnoside-7-rhamnoside 2.50 ± 0.08 d,e 2.81 ± 0.11 c 2.67 ± 0.13 c,d 2.13 ± 0.10 f 4.79 ± 0.15 a 2.24 ± 0.08 e,f 3.15 ± 0.12 b

Kaempferol 3-O-sinapoyl-caffeoyl-sophoroside
7-O-glucoside isomer I 5.80 ± 0.06 b 5.72 ± 0.21 b 4.61 ± 0.20 c 4.63 ± 0.18 c 8.97 ± 0.23 a 4.88 ± 0.12 c 6.25 ± 0.28 b

Kaempferol 3-O-sinapoyl-caffeoyl-sophoroside
7-O-glucoside isomer II 4.17 ± 0.07 c 3.59 ± 0.15 d 3.11 ± 0.13 f 3.47 ± 0.10 d,e 6.45 ± 0.09 a 3.13 ± 0.10 e,f 4.71 ± 0.22 b

3′,4′-Didemethylnobiletin <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ
LOQ: Limit of quantification. Different letters (a–f) in the same line indicate significant differences (p < 0.05).
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The major flavonoids detected were hesperidin, narirutin, and vicenin-2. Significant
increments were observed mostly for the peels fermented by Le. brevis compared to the
control: these increments were 11% for the sum of naringenin derivatives and 7.3% for
the apigenin derivatives. Looking to the minor flavonoids quantified, that were quercetin
derivatives, kaempferol derivatives, a luteolin derivative, and an isorhamnetin derivative;
the tendency was similar, with the best results for La. plantarum C4 and Le. brevis measured
after 24 h. There was a clear tendency of reducing the flavonoid content after 48 h for
all three of the tested bacteria compared to 24 h of fermentation. The significant increase
obtained could be attributed to the synergistic effect between fermentation and ultrasound
extraction. Moreover, the increments in prunin, narirutin, and hesperidin could be due to
the individual or combines action of the enzymes flavanone-7-O-glucosyltrasnferase and
rahmnosyltransferase from the aglycones forms of hesperetin and naringenin [56]. Among
the lactobacilli genera, La. plantarum and Le. brevis have been reported to have the capability
to metabolize these two citrus flavanones [57]. Regarding the other minor flavonoids, the
mechanisms have also been similarly reported [32,33].

No previous references were found regarding the fermentation of orange peel, focusing
on its effect on the peel’s phenolic composition. Just recently, Deba-Rementeria et al.
(2023) [58] proved the acceptability of fermented orange peel-based beverage and snacks,
fermented using La. plantarum CECT 749 for 10 days, with the addition of sucrose with
2% NaCl. However, they had a significative reduction of about 50% in the total flavonoid
contents but with improvements in the color of the fermented orange peels, which seemed
to be more luminous, having a higher color intensity and more yellowness, probably
associated with a greater transformation of the peels because of higher microbial activity
during the process, with a higher lactic acid content and a less bitter taste than beverages
and snacks created from non-fermented orange peels.

Thus, the selection of the fermenting bacteria and fermenting time for orange peels is
a determining factor and should be based on the final purpose of the extract.

3.3. Antioxidant Activity in Fermented Orange Peel

DPPH and ABTS antioxidant assays were performed on the fermented samples and a
control, and the obtained results are presented in Figure 3.
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The results obtained ranged from 2214.4 to 2625.0 µg TE/g d.w. for DPPH and from
9604.9 to 11,807.8 µg TE/g d.w. for ABTS. These results are in the same range of magnitude
as previous research [30,59]. It is a fact that the polar fractions containing phenolics and
flavonoids from lime, lemon, sweet orange, and grapefruit peels have been extensively
reported to display a greater antioxidant potential than the volatile fractions containing
essential oils from the peels [3].

As it can be seen, different tendencies were obtained, but with significant increments
compared to the control for some bacteria. In the two La. plantarum strains tested, there
were reductions after 48 h compared to 24 h of fermentation, but, for Le. Brevis, it seemed to
be the opposite. For the DPPH assay, the orange peel fermented using La. plantarum CECT
9657, after 24 or 48 h, reported the highest results, with a significant (p < 0.05) increment
compared to the control. Moreover, the orange peel fermented using Le. Brevis, after 48 h,
or the other La. plantarum strain, after 24 h, did not present significant reductions in terms
of its antioxidant activity in comparison with the non-fermented peel. In the ABTS assay,
orange peel fermented using the three tested bacteria exhibited a higher antioxidant activity
than the control. Among them, the orange peel fermented using Le. brevis (both after
24 and 48 h) and La. plantarum CECT 748T (after 24 h) had the highest radical scavenging
activity against ABTS cations. Some authors reported increases in antioxidant activity when
fermenting avocado seeds [33,60] and apple juice [61] with La. plantarum. Also, a higher
antioxidant activity in litchi juice [62] and mulberry juice [63] was found when fermenting
them with Le. brevis.

Furthermore, a Pearson’s correlation test was performed (Figure 4). Both methods of
analysis showed a significant positive correlation with the sum of total phenolic compounds.
DPPH had a higher correlation with the sum of phenolic acids (r = 0.7861, p < 0.05),
especially caffeic acid derivatives (r = 0.8056, p < 0.05). As previously noted, caffeic acid-O-
glucuronide exhibits antioxidant activity comparable to its parent compound, caffeic acid.
The significance of a 4′-hydroxyl group on the aromatic ring appears to be pivotal for its
antioxidant activity, particularly in the context of the DPPH assay [64]. ABTS had a higher
correlation with the sum of flavonoids (r = 0.7725, p < 0.05) and especially with hesperidin
(r = 0.8943, p < 0.05). Previously, Abdallah et al. reported a higher correlation between
hesperidin and ABTS than with a DPPH antioxidant assay in orange by-products [65].
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4. Conclusions

This study investigated the impact of LAB fermentation on orange peels’ phenolic
composition and antioxidant properties. While the orange peels showed limited support
for LAB growth, the different strains exhibited varied growth patterns and acidification
during fermentation. The phenolic acids increased by 11% in the peels fermented using
La. plantarum CECT 9567 after 24 h, possibly due to glycosylation by LAB enzymes. The
flavonoid content remained stable, except for an 8% increase in the peels fermented using
Le. brevis. The DPPH and ABTS antioxidant assays revealed significant activity increments,
particularly with La. plantarum CECT 9567 after 24 h and Le. brevis after 48 h. Antioxidant
activity correlated positively with the total phenolic compounds. These findings underscore
the importance of selecting appropriate bacteria and fermentation durations to tailor
phenolic composition and antioxidant activity, suggesting that LAB fermentation enhances
phenolic compounds’ recovery by up to 20%. These results emphasize LAB fermentation’s
potential to enhance orange peel applications in food and beverage processing.
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