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Abstract

Skin aging is driven by intrinsic factors, such as the accumulation of reactive oxygen species,
and extrinsic factors, including ultraviolet (UV) radiation, which accelerate oxidative stress
and extracellular matrix degradation. Strategies to mitigate skin aging often focus on
antioxidant and anticollagenase activities. Several studies have shown that Pomegranate
(Punica granatum L.) peel is an underutilized by-product rich in ellagitannins, which can be
hydrolyzed into ellagic acid, a compound with well-documented bioactivity. Therefore,
this study aims to investigate the effect of microbial fermentation using Lactiplantibacillus
plantarum and Saccharomyces cerevisiae on the physicochemical properties and bioactivity
of pomegranate peel juice. Non-fermented juice (NFJ), L. plantarum-fermented juice (LFJ),
and S. cerevisiae-fermented juice (SFJ) were used for comparative evaluation. The results
showed that fermentation (LFJ and SFJ) led to decreased pH and sugar content, along with
significant increases in ellagic acid concentration, antioxidant activity, and collagenase
inhibition compared to NFJ. After 168 h, ellagic acid levels increased to 329.87 µg/mL in
LFJ and 341.41 µg/mL in SFJ, compared to 263.86 µg/mL in NFJ. Antioxidant activity also
increased to 73.82%, 83.25%, and 82.70% for NFJ, LFJ, and SFJ, respectively. Meanwhile,
collagenase inhibition was 67.43%, 71.81%, and 73.66% for NFJ, LFJ, and SFJ, respectively.
These results provide scientific evidence that microbial fermentation enhances the bioac-
tivity of pomegranate peel juice, showing its potential as a sustainable source of natural
ingredients for future cosmetic applications. Further studies on formulation, stability, and
safety are needed to translate the results into practical skincare products.

Keywords: antioxidant activity; anticollagenase; ellagic acid; fermentation; pomegranate
(Punica granatum L.) peel

1. Introduction
The skin is the largest organ of the human body and serves as a protective barrier

against environmental stressors such as ultraviolet (UV) radiation, pollution, and dust.
Continuous exposure to these factors has been reported to accelerate skin aging, character-
ized by oxidative stress and degradation of extracellular matrix components. UV radiation
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induces the expression of matrix metalloproteinases (MMPs). According to previous stud-
ies, MMPs are enzymes that degrade collagen and elastin, leading to loss of elasticity and
the appearance of wrinkles [1,2]. Therefore, preventing premature aging requires strategies
that combine antioxidant and anticollagenase activities to protect the skin structure.

Natural products have attracted considerable attention as sources of bioactive com-
pounds for cosmetic applications. Pomegranate (Punica granatum L., family Lythraceae) has
been reported to be rich in ellagitannins, especially punicalagin, which can be hydrolyzed
to release ellagic acid [3–5]. In addition, ellagic acid is a polyphenolic compound with
well- documented antioxidant and anticollagenase properties, making it a promising can-
didate for skin health applications [6]. While pomegranate juice and seed extracts have
been widely studied and utilized in cosmetic formulations, the peel remains underutilized
despite being a major by-product of fruit processing and a rich source of hydrolyzable tan-
nins [4,7]. This represents a study gap, as peel fermentation has received limited attention
compared to juice or seed extracts, particularly in relation to its cosmetic relevance.

Microbial fermentation represents a sustainable and effective strategy to enhance the
bioavailability of ellagic acid from pomegranate peel. Enzymes, such as tannase and β-
glucosidase, produced by microorganisms can hydrolyze ellagitannins, thereby increasing
ellagic acid yield [8]. Previous studies have demonstrated that Lactiplantibacillus plantarum
and Saccharomyces cerevisiae are capable of converting ellagitannins into ellagic acid, with
significant improvements in antioxidant activity compared to unfermented substrates [9,10].
However, direct comparisons of different microbial strains in peel fermentation under
identical conditions remain scarce. Addressing this gap provides novelty, as it allows
systematic evaluation of fermentation kinetics and bioactivity outcomes, clarifying the role
of microbial species in enhancing cosmetic-relevant properties.

In this study, pomegranate peel was fermented separately using L. plantarum and
S. cerevisiae to investigate changes in ellagic acid content, reducing sugar levels, pH, and mi-
crobial growth over 7 days. The antioxidant and anticollagenase activities of the fermented
extracts were then evaluated in vitro using the 2,2-diphenyl-1-picrylhydrazyl (DPPH) assay
and a collagenase inhibition kit. By providing scientific evidence of the bioactivity of fer-
mented pomegranate peel, the results show its potential as a sustainable natural ingredient
for future cosmetic formulations, in line with current trends in green cosmetics and the
circular economy [11].

2. Materials and Methods
2.1. Materials

Fresh pomegranate (Punica granatum L., family Lythraceae) fruits at the commer-
cially mature stage (red peel) were obtained from local gardens in Situbondo, East Java,
Indonesia. The following materials were used, including Lactiplantibacillus plantarum
ATCC 8014 (Microbiologics®, St. Cloud, MN, USA), Saccharomyces cerevisiae ATCC 9763
(Microbiologics®, St. Cloud, MN, USA), de Man Rogosa and Sharpe (MRS) agar (Merck,
Rahway, NJ, USA), potato dextrose agar (PDA, Merck), ellagic acid standard (Merck Su-
pelco, Darmstadt, Germany), and ascorbic acid (Indonesia Pharmacopeia Reference Stan-
dards/BPFI). Others included (-)-epigallocatechin gallate (EGCG, Abcam, Cambridge, UK),
methanol (HPLC grade, Merck Supelco), acetonitrile (HPLC grade, Merck Supelco), sodium
hydroxide (NaOH, Merck), O-phosphoric acid (Merck), 2,2-diphenyl-1-picrylhydrazyl
(DPPH, Himedia, Mumbai, India), collagenase assay kit (Abcam), 3,5-dinitrosalicylic acid
(DNSA, Sigma Aldrich, St. Louis, MO, USA), D(+)-glucose anhydrous (Merck), and sodium
sulfite anhydrous (Merck).

https://doi.org/10.3390/cosmetics13020073

https://doi.org/10.3390/cosmetics13020073


Cosmetics 2026, 13, 73 3 of 10

2.2. Preparation of Pomegranate Peel Juice

Pomegranate fruits were washed with tap water, then the peel was separated from
the flesh, and cut into small pieces. A 20% (w/v) suspension of pomegranate peel was
prepared in 1 L of distilled water and homogenized using a juicer. The juice was filtered
sequentially through cotton cloth and Whatman filter paper. The pH of the filtrate was
adjusted to 6.2 using 2 M NaOH, followed by sterilization in an autoclave at 121 ◦C for
15 min (1 atm pressure) [12].

2.3. Microbial Preparation and Fermentation Conditions

Fermentation was carried out with modifications of previously reported meth-
ods [12,13]. L. plantarum ATCC 8014 was cultured in MRS broth for 18 to 24 h at 37 ◦C. The
culture was centrifuged at 10,000 rpm for 10 min, and the cell pellets were resuspended in
sterile saline to an OD600 of 1.0 ± 0.1 (≈108 CFU/mL). S. cerevisiae ATCC 9763 was cultured
on PDA for 48 h at 28 ◦C, and colonies were resuspended in sterile saline to an OD600 of
1.0 ± 0.1.

Sterilized pomegranate peel juice was inoculated separately with each microbial
suspension (1% v/v inoculum) and incubated at 37 ◦C for L. plantarum and 28 ◦C for
S. cerevisiae. Samples were collected at 0, 24, 48, 72, 96, 120, 144, and 168 h to measure OD600,
reducing sugar, pH, and ellagic acid content. Antioxidant activity was assessed at 0, 2, 4,
and 7 days, while collagenase inhibition was measured at day 4. Cultures were centrifuged
at 6000 rpm for 10 min, and the supernatants were used for analysis. Non-fermented juice
(NFJ), L. plantarum-fermented juice (LFJ), and S. cerevisiae-fermented juice (SFJ) were used
for comparative evaluation.

2.4. Determination of Reducing Sugar Content

Reducing sugar was quantified using a modification of the DNSA method with glucose
as the standard [14,15]. Briefly, 1 mL of sample or glucose standard (100–500 µg/mL) was
mixed with 3 mL distilled water and 2 mL DNSA reagent, homogenized, and heated at 80 ◦C
for 10 min. After cooling to room temperature (20 ◦C), absorbance was measured at 540 nm
using a UV-Vis spectrophotometer (Halo DB, Southbank, Australia). Reducing sugar content
was calculated from the calibration curve y = 0.0016x − 0.1444, R2 = 0.9963 (Figure S1).

2.5. Determination of Ellagic Acid Content

Ellagic acid content was quantified by HPLC (Agilent, Santa Clara, CA, USA) as
previously reported [10,16]. A Zorbax Eclipse Plus C18 column (4.6 × 150 mm, 5 µm) was
used with a mobile phase of acetonitrile and 0.1% phosphoric acid (18:82, v/v), flow rate
1 mL/min, column temperature 25 ◦C, injection volume 20 µL, and detection wavelength
254 nm. Standard ellagic acid (20–100 µg/mL) was used to construct a calibration curve
y = 250.3x − 1272; R2 = 0.9995 (Figure S2). The limit of detection (LOD) and limit of
quantification (LOQ) values were 2.046 µg/mL and 6.819 µg/mL, respectively (Table S1).
Samples were centrifuged at 6000 rpm for 10 min, and supernatants were filtered through
0.22 µm syringe filters before injection.

2.6. Phytochemical Screening

Phytochemical screening was performed to identify major groups of bioactive com-
pounds (alkaloids, anthraquinones, flavonoids, glycosides, saponins, and tannins) using
standard qualitative methods [17,18].

2.7. Determination of Antioxidant Activity

Antioxidant activity was measured using the DPPH radical scavenging assay [19].
A 240 µg/mL DPPH solution in methanol was prepared. Subsequently, 1 mL of DPPH
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solution was mixed with 3 mL of ethanol and 1 mL of the sample or ascorbic acid standard
(1–5 µg/mL). The mixtures were incubated in the dark for 30 min, and absorbance was
measured at 517 nm. Radical scavenging activity was calculated as:

% Inhibition =
Absorbance blank − Absorbance sample

Absorbance blank
× 100%

2.8. Determination of Anticollagenase Activity

Collagenase inhibition was measured using a colorimetric collagenase activity assay
kit (Abcam, ab196999, Cambridge, UK) according to the manufacturer’s instruction. The
substrate N-[3-(2-Furyl)acryloyl]-Leu-Gly-Pro-Ala (FALGPA) was used to mimic collagen
structure. Collagenase from Clostridium histolyticum served as the positive control, and
1,10-phenanthroline was used as the inhibitor control. Reactions were carried out at 37 ◦C
in the dark for 30 min, and absorbance was measured at 345 nm.

2.9. Statistical Analysis

All quantitative data were conducted in triplicate and analyzed statistically using
1-way ANOVA, followed by Tukey post hoc, using Minitab 21.4.1 software. A value of
p < 0.05 was considered statistically significant. Data were presented as mean ± SD. Graphs
were generated using OriginPro® 2024.

3. Results and Discussion
3.1. Fermentation

Microbial fermentation is widely recognized as a sustainable bioprocess to enhance the
bioavailability and bioactivity of plant-derived compounds [20]. In this study, pomegranate
peel juice was fermented using L.plantarum and S. cerevisiae to investigate changes in
physicochemical parameters and bioactivity relevant to cosmetic applications.

The growth profiles of L. plantarum ATCC 8014 and S. cerevisiae ATCC 9763 in
pomegranate peel juice are shown in Figure 1a. At 0 h, both strains exhibited a lag phase,
reflecting adaptation to the new substrate. Between 24 and 72 h, cultures entered the expo-
nential phase, with OD600 values increasing significantly, showing active cell division. After
72 to 96 h, growth slowed and entered a stationary phase, in which cell proliferation bal-
anced cell death. Beyond 96 h, OD600 values declined slightly, consistent with the onset of
the death phase due to nutrient depletion and accumulation of acidic metabolites. However,
NFJ showed negligible changes in OD600, confirming the absence of microbial growth.

These growth dynamics were consistent with previous reports on lactic acid bacteria
and yeast fermentation in fruit substrates, where exponential growth typically occurred
within the first 48 h, followed by stabilization [21,22]. The stationary phase observed at
~96 h suggested this time point as optimal for harvesting bioactive metabolites, aligning
with a previous study, which reported a maximum ellagic acid yield after ~72 to 96 h of L.
plantarum fermentation of pomegranate juice [10].

Initial pH values of all samples were ~5.4 (Figure 1c). During fermentation, pH
decreased progressively, reaching 5.18 ± 0.06 in LFJ and 4.86 ± 0.04 in SFJ after 168 h, while
NFJ remained stable. Based on this study, the acidification reflected microbial metabolism.
L. plantarum produced lactic acid through carbohydrate fermentation, while S. cerevisiae
generated organic acids as secondary metabolites during sugar utilization [22,23]. The
lower final pH in SFJ compared to LFJ suggested stronger acidification by yeast metabolism,
consistent with reports that S. cerevisiae could produce acetic acid and other organic acids
in addition to ethanol [24].
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Figure 1. Fermentation profile of pomegranate peel juice by L. plantarum and S. cerevisiae. (a) OD600,
(b) reducing sugar content, (c) pH. NFJ = non-fermented pomegranate peel juice, LFJ = L. plantarum-
fermented pomegranate peel juice, SFJ = S. cerevisiae-fermented pomegranate peel juice. n = 3.
Statistical analysis used 1-way ANOVA followed by the Tukey post hoc test. Different letters indicate
a significant difference (p < 0.05).

Reducing sugar content decreased markedly in fermented samples (Figure 1b). LFJ
declined from 1008.02 µg/mL to 569.75 µg/mL, while SFJ decreased from 961.58 µg/mL
to 229.06 µg/mL after 168 h. NFJ showed only a minor reduction (1089.22 µg/mL to
944.56 µg/mL), likely due to natural juice instability during storage. The sharper decline
in SFJ indicated more efficient sugar utilization by yeast compared to lactic acid bacteria,
consistent with yeast’s rapid glycolytic metabolism [24].

These results were consistent with previous studies showing that L. plantarum prefer-
entially metabolized glucose and fructose to lactic acid, while S. cerevisiae rapidly consumed
sugars to support ethanol and acid production [22–24]. The observed sugar depletion and
pH reduction confirmed active microbial metabolism and provided biochemical evidence of
fermentation progress. Importantly, these changes establish the foundation for subsequent
increases in ellagic acid release and bioactivity, as microbial hydrolysis of ellagitannins was
facilitated under acidic conditions [10,25].

3.2. Determination of Ellagic Acid in Pomegranate Peel Juice Fermentation with HPLC

Fermentation conditions facilitated ellagic acid release from ellagitannins, and HPLC
analysis was conducted to evaluate changes in ellagic acid levels during the process [10,16].
Ellagic acid was successfully detected in pomegranate peel juice using validated HPLC
conditions, with retention times consistent between the ellagic acid standard and fermented
samples (Figure 2a,b). The calibration curve (20–100 µg/mL) showed excellent linearity
(R2 = 0.9995), with LOD and LOQ values of 2.046 µg/mL and 6.819 µg/mL, respectively,
confirming the sensitivity and reliability of the method. No interference was observed at
the ellagic acid retention time, indicating good selectivity.
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Figure 2. Ellagic acid content in the samples. (a) Chromatogram of standard ellagic acid,
(b) chromatogram of fermented pomegranate peel juice, (c) ellagic acid content of samples.
NFJ = non-fermented pomegranate peel juice, LFJ = L. plantarum-fermented pomegranate peel juice,
SFJ = S. cerevisiae-fermented pomegranate peel juice. Ellagic acid content was measured using HPLC.
n = 3. Statistical analysis used one-way ANOVA followed by the Tukey post hoc test. Different letters
mean a significant difference (p < 0.05).

Ellagic acid levels increased significantly after fermentation (Figure 2c). In LFJ, ellagic
acid content increased from 263.61 µg/mL to 329.87 µg/mL (24.96% increase), while SFJ
reached 341.41 µg/mL (29.51% increase) after 168 h. However, NFJ remained unchanged
(~263 µg/mL), confirming that microbial activity was responsible for the enhanced release
of ellagic acid. Statistical analysis (ANOVA, Tukey post hoc) showed significant differences
(p < 0.05) between fermented and non-fermented samples.

The increase in ellagic acid could be attributed to microbial hydrolysis of ellagitannins,
particularly punicalagin, into ellagic acid. L. plantarum produced tannase and β-glucosidase,
which facilitated ellagitannin breakdown, while S. cerevisiae contributed through enzymatic
hydrolysis and acidic conditions generated during sugar metabolism [10,22,25,26]. The
higher ellagic acid yield in SFJ than in LFJ suggested that yeast metabolism could be more
efficient at liberating ellagic acid under the tested conditions.

These findings were consistent with a previous study, which reported enhanced ellagic
acid production from pomegranate juice fermented with L. plantarum [10], and S. cerevisiae
fermentation of pomegranate peel by-products yielded tannin-rich extracts with increased
ellagic acid content [22]. The observed increase emphasized the potential of microbial
fermentation as a sustainable strategy to valorize pomegranate peel waste into bioactive
compounds relevant for cosmetic applications.

3.3. Phytochemical Content of Fermented Pomegranate Peel Juice

Phytochemical screening of red pomegranate peel juice revealed the presence of several
secondary metabolites, including alkaloids, flavonoids, tannins, phenolics, triterpenoids,
glycosides, anthraquinones, and saponins. This result was consistent with several previous
reports [27,28]. Previous studies have shown that pomegranate peel is a rich source of
hydrolyzable tannins, especially punicalagin, which can be hydrolyzed into ellagic acid
with strong bioactivity [4,26]. The detection of diverse phytochemicals supported the
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multifunctional potential of fermented pomegranate peel juice as a natural source of
cosmetic bioactives.

3.4. Antioxidant Activity

The antioxidant activity of fermented pomegranate peel juice was evaluated using the
DPPH assay, which reflected the ability of phenolic compounds to neutralize free radicals
through electron or hydrogen donation. The reduction in DPPH absorbance at 517 nm corre-
sponded to the scavenging effect of bioactives such as flavonoids, tannins, and ellagic acid
released during fermentation [28,29]. As shown in Figure 3, antioxidant activity increased
significantly in fermented samples compared to NFJ. At 0 h, all samples exhibited similar
inhibition (~74%). After 168 h, LFJ and SFJ showed marked increases, reaching 83.25%
and 82.70%, respectively, while NFJ remained unchanged (73.81%). Statistical analysis
confirmed significant differences (p < 0.05) between fermented and non-fermented samples.

Figure 3. DPPH Inhibition by Fermented Pomegranate Peel Juice. NFJ = non-fermented pomegranate
peel juice, LFJ = L. plantarum-fermented pomegranate peel juice, SFJ = S. cerevisiae-fermented
pomegranate peel juice. n = 3. Statistical analysis used one-way ANOVA followed by the Tukey post
hoc test. Different letters mean a significant difference (p < 0.05).

The enhancement of antioxidant activity could be attributed to the release of ellagic
acid and other phenolic compounds during fermentation. These findings were consistent
with previous studies. Microbial metabolism, particularly by L. plantarum and S. cerevisiae,
facilitated the hydrolysis of ellagitannins and conversion into more bioavailable phenolics,
which contributed to radical scavenging activity [22,30]. The results showed microbial fer-
mentation as an effective strategy to improve the functional properties of pomegranate peel
juice, supporting its potential as a natural ingredient for cosmetic formulations targeting
oxidative stress and skin aging.

3.5. Anticollagenase Activity

Collagenase inhibition assays demonstrated that fermentation enhanced the anticolla-
genase activity of pomegranate peel juice compared to the non-fermented control (Figure 4).
NFJ exhibited the lowest inhibition (67.43%), while LFJ and SFJ showed significantly higher
activities (71.81% and 73.66%, respectively). Statistical analysis confirmed that each group
differed significantly (p < 0.05).
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Figure 4. Inhibition of Collagenase Enzyme. NFJ = non-fermented pomegranate peel juice,
LFJ = L. plantarum-fermented pomegranate peel juice, SFJ = S. cerevisiae-fermented pomegranate
peel juice. n = 3. Statistical analysis used one-way ANOVA followed by the Tukey post hoc test.
Different letters indicate a significant difference (p < 0.05).

These findings suggested that fermented pomegranate peel juice, especially its el-
lagic acid content, not only functioned as a potent antioxidant but also exhibited potential
collagenase-inhibitory properties, thereby protecting the extracellular matrix from enzy-
matic degradation. These multifunctional properties were consistent with previous studies,
which reported increased collagen and elastin production in dermal fibroblasts treated with
ellagic acid, emphasizing its promise in topical formulations for skin health [6,11]. Recent
findings also showed its anti-inflammatory and antimicrobial roles in fibroblast cultures,
reinforcing its potential as a multifunctional cosmetic bioactive [31]. Based on the results of
this study, these insights suggested that fermentation-derived ellagic acid could be further
developed into stable, bioavailable formulations targeting oxidative damage, extracellular
matrix preservation, and skin rejuvenation.

4. Conclusions
In conclusion, this study demonstrates that microbial fermentation of pomegranate

peel juice using L. plantarum and S. cerevisiae alters its physicochemical properties and
enhances its bioactivity. Fermentation leads to a decrease in pH and reducing sugar content,
accompanied by a significant increase in ellagic acid concentration, antioxidant activity, and
collagenase inhibition compared to NFJ. The findings confirm that microbial metabolism
facilitates the release of ellagic acid and other phenolic compounds from pomegranate peel,
thereby improving its functional properties. While this study did not extend to product
formulation, the results provide scientific evidence supporting fermented pomegranate peel
as a promising raw material for future development of natural-based cosmetic ingredients.
Further studies focusing on formulation, stability, and safety evaluation will be necessary
to translate these findings into practical applications.
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