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Abstract Conventional physicochemical pretreatments (ultrasound, microwave, mild-acid hydrolysis) can require
high energy/heat and lack specificity, risking degradation of heat-sensitive phytochemicals and uncontrolled
alterations in composition. To address these limitations, we evaluated microbial bioconversion—specifically
Lentilactobacillus kefiri DH5, a phenolic-transforming LAB that remains underexplored relative to commonly used
L. plantarum—to enhance polyphenols/antioxidant capacity in Cucumis melo L. byproducts (whole residue vs. juice-
derived sludge). We compared sonication, microwave, and citric-acid pretreatments—each with/without subsequent
fermentation—to bioconversion alone. Fermentation of untreated whole residues (NB) produced the largest gains in
total polyphenols and the highest DPPH scavenging activity, outperforming physicochemical pretreatments and even
sonication-assisted fermentation; citric-acid pretreatment showed no benefit. Representative values include NB
DPPH 82.56% vs. 66.6% in untreated controls; citric-acid—treated samples failed to improve even after
bioconversion. Sludge (juice residues) showed limited responsiveness, consistent with substrate depletion after
juicing. In conclusion, selective, enzyme-driven L. kefiri DH5 bioconversion resolves prior extraction limitations and
maximizes bioactivity without harsh processing, positioning Cucumis melo L. byproducts as promising prebiotic-
oriented ingredients.
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1. Introduction

Fruits and vegetable processing generates substantial
amounts of byproducts rich in bioactive compounds such
as polyphenols, flavonoids, and dietary fibers. According
to the Food and Agriculture Organization (FAO), food
loss and waste account for up to 60% of total horticultural
production, with 25-30% arising from processing alone.
These byproducts, typically seed, skins, and pomace are
often  discarded  despite  containing  valuable
phytochemicals and secondary metabolites. Developing
cost-effective strategies to recover and utilize these
compounds is essential for both sustainable food
production of functional ingredients [1].

Cucumis melo L. (melon) is widely consumed for its
refreshing taste and nutritional value, but melon
processing produces a considerable volume of waste.

FAOSTAT reported that global melon production reached
approximately 29 million tons in 2023, generating 8-15
million tons of byproducts, corresponding to 28-51% of
the fruit’s weight [2]. These non-edible parts, particularly
the peel and pulp residues, represent a promising raw
material for bioactive-rich functional food ingredients [3].

Conventional extraction and pretreatment methods,
such as ultrasound- and microwave-assisted extraction, are
frequently employed to disrupt plant cell walls and
enhance the release of intracellular compounds [4,5].
Ultrasound improves solvent penetration through
cavitation, while microwave irradiation rapidly disrupts
cellular structures. Acid hydrolysis using mild acids such
as citric acid can further cleave glycosidic bonds,
increasing the concentration of free phenolics [6,7,8].
However, these conventional physicochemical approaches
have limitations: they require high energy or heat, often
operate at elevated temperatures or under strong acidic
conditions, and risk degradation of heat-sensitive
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compounds. Moreover, their non-specificity may lead to
uncontrolled alterations of phytochemicals, reducing
nutritional quality.

Microbial fermentation has emerged as an eco-friendly
and selective alternative for valorizing plant byproducts
[9]. Lactic acid bacteria (LAB) possess enzyme such as -
glucosidases, esterases, and phenolic acid decarboxylases
that release bound phenolics and generate novel
metabolites with enhanced bioactivity, providing higher

reaction specificity while avoiding heat-induced losses [9].

Fermentation not only  improves  polyphenol
bioavailability and antioxidant potency but also produces
short-chain fatty acids and other prebiotic metabolites,
thereby increasing the functional value of agro-industrial
byproducts [10]. Previous studies have shown that
ultrasonication-assisted fermentation with Lactobacillus
plantarum enhanced phenolic release and antioxidant
activity in fruit matrices [11,12].

Within LAB, species of Lentilolactobacillus exhibit
particularly strong enzymatic capabilities for hydrolyzing
glycosides and converting phenolics into metabolites with
antioxidant, anti-inflammatory, and even anticancer
potential [9,13,14,15]. While previous studies have
predominantly used L. plantarum or L. acidophilus for
fruit byproduct fermentation, the use of L. kefiri is
relatively unexplored despite its strong phenolic-
transforming capacity, offering a novel avenue for
bioconversion strategies.

Given the abundance of polyphenolic and fermentable
substrates in Cucumis melo L. byproducts, a prebiotic-
oriented bioconversion strategy is particularly attractive.
Therefore, the objective of this study was to compare
conventional pretreatments (ultrasound, microwave, and
citric acid) with microbial fermentation using L. kefiri
DH5 to enhance the polyphenol content and antioxidant
activity of melon byproducts. Two types of melon
residues, whole and juice-derived sludge, were evaluated
to determine which treatment yields the greatest
functional improvement. By integrating physicochemical
pretreatments with LAB fermentation, this study aims to
determine the optimal pretreatment-bioconversion strategy
for melon byproducts and to highlight their potential as
next-generation, prebiotic-oriented functional ingredients.

2. Materials and Methods

2.1. Sample Preparation and Pretreatment

Cucumis melo L. whole was crushed with peel, pulp,
and seed and sludge was the residues crushed with peel,
pulp, and seed after juicing. Cucumis melo L. whole and
sludge were mixed with distilled water (100g : 160ml w/v)
and subjected to microwave treatment (200W or 400W for
10 min) or sonication (37 kHz, 150W, 10 min at 50°C).
The mixtures were inoculated with Lentilolactobacillus
kefiri DH5 (1.0 x 10® CFU/mL) after pH adjustment (pH
7.0) and fermented for 24 h at 37°C in shaking incubator.
Afterward, the mixtures were pasteurized at 85°C for 10
minutes and subsequently cooled to 37°C (Table 1).

Table 1. Pretreatment groups

Group Pretreatment condition klgﬁ?it'g) Lz’gt(ocbéﬁlllr::f)
Non-treatment - 1x10°
Microwave 200W or 400W, 10 min 1x10°
Sonication 37kHz, 150W, 10 min, 50°C 1x10°
Citric acid citric acid (0.1M solution) 1x10®

Cucumis melo L. whole and sludge were used after pasteurization at
80°C for 30min for pretreatments. Lentilolactobacillus kefiri was
inoculated after pH adjustment (pH 7.2). L. kefiri was used after
activation in MRS broth at 37°C for 72h in shaking bath.

For citric acid treatment, citric acid (0.1M solution) was
then added to adjust the pH to 2. The pH-adjusted samples
were incubated in a water bath at 80°C for 2 hours.
Following incubation, the samples were centrifuged at
3,000 g for 10 minutes and filtered through filter paper.
The filtrates were precipitated overnight at 4°C. Ethanol
(95%, v/v) was added to achieve a final ethanol
concentration of 80% (v/v). and the mixtures were
centrifuged again at 3,000 g for 15 minutes. The resulting
pellets were redissolved in distilled water and washed
sequentially with 80% and 100%. Finally, all samples
were frozen at -80°C and freeze-dried at -50°C under 0.3
mbar [16,17,18,19].

2.2. pH and Brix Measurement

pH was measured using a pH meter (Ohaus,
Starter3100) after calibration using standard buffer (pH
4.0, 7.0 and 10.0). Brix was measured using a digital
refractometer (Hanna, HI 96801 refractometer) after
calibration the with distilled water. 200 pL of samples
were added to the well and the Brix value is measured.

2.3. Total Phenol Content

Based on the research of Kwaw et al. (2018), total
phenolic content was measured with minor modifications.
Samples were incubated with 500 pL of 10% Folin &
Clocalteu’s phenol reagent (2N) at room temperature for 5
min. Then, 0.4 mL of 7.5% Na,COj; solution was added
and vortexed. The mixture was subsequently incubated in
the dark for 10 min at 50°C, and the absorbance was
measured at 765 nm by a microplate reader (Multiskan
GO, Thermo Scientific, Waltham, MA, USA). The results
were calculated by the standard curve of gallic acid and
expressed as gallic acid equivalents (GAE) [20].

The total phenolic content = mg gallic acid equivalent
(GAE) in mg per g (mg GAE/g) of sample

2.4. DPPH Radical Scavenging Activity

The DPPH radical scavenging activity was measured as
described previously with slight modifications. Briefly,
500 pL of diluted sample was mixed with 3 mL of 0.2
mM DPPH solution (in methanolic solution) and
incubated in the dark at 37°C for 20 min. Absorbance was
measured at 517 nm. The DPPH radical scavenging rate
was calculated according to following equation [21].



Journal of Food and Nutrition Research 423

DPPH radical scavenging activity (%) = {(Ac-As-
Ab)/Ac}x100

2.5. HPLC Analysis of Phenolic Compounds

The DPPH radical Phenolic compound profiling was
conducted using high-performance liquid chromatography
(HPLC). Lyophilized melon byproduct samples (100 mg)
were extracted with 1 mL of 70% methanol by vortexing
for 1 min and sonicating for 30 min at room temperature.
The mixture was centrifuged at 12,000 x g for 10 min, and
the supernatant was filtered through a 0.45 um syringe
filter prior to injection. The HPLC system was equipped
with a C18 column (250 x 4.6 mm, 5 um particle size) and
a UV detector set at 280 nm. The mobile phase consisted
of solvent A (0.1% formic acid in water) and solvent B
(methanol) using a linear gradient from 10% to 90% B
over 30 minutes at a flow rate of 1.0 mL/min. The
injection volume was 20 uL. Standard solutions of gallic
acid, caffeic acid, and chlorogenic acid were prepared in
the range of 5-100 pg/mL for calibration. Peak
identification was achieved by comparing retention times
with those of authentic standards, and quantification was
based on external calibration curves (Rz > 0.99 for all
compounds). The limits of detection (LOD) ranged from
0.3 to 0.6 pg/mL and limits of quantification (LOQ) from
1.0 to 2.0 pg/mL, depending on the compound.

2.6. Statistical Analysis

Data were analyzed by one-way ANOVA and Duncan’s
multiple range test using SPSS software (p<0.05).

3. Results and Discussion

In this study, we compared the effects of various
pretreatment strategies (sonication, microwave, citric acid
treatment) and subsequent bioconversion by L. kefiri DH5
on the antioxidant properties of Cucumis melo L.
byproducts. Our data demonstrated that microbial
bioconversion (fermentation) significantly enhanced the
antioxidant activity compared to other physicochemical
methods. This suggests that microbial fermentation may
be a more effective strategy for unlocking the functional
potential of fruit-derived bioactive components than
conventional solvent extraction methods.

3.1. pH and Brix

Successful fermentation was confirmed in all Cucumis
melo L. byproducts samples (both whole and sludge) by
notable changes in pH and brix (sugar content). After 24h
of fermentation with L. kefiri DH5, the pH dropped to
approximately 4.0 in both substrates, accompanied by a
significant decrease in brix relative to the non-fermented
controls (Figure 1, p<0.05). This indicates active lactic
acid bacterial metabolism, as the LAB converted available
sugars into organic acids. The reduction in pH and brix is
strong evidence of fermentation progress and corresponds
with the production of lactic acid and other metabolites by
L. kefiri, which can influence the antioxidant activity of
the substrate [22,23]. In essence, the Cucumis melo L.

byproducts provided fermentable nutrients that L. kefiri
rapidly consumed, lowering the pH and setting the stage
for subsequent changes in polyphenol content and
antioxidant capacity [15].

3.2. Polyphenol Contents

The total polyphenol content of the Cucumis melo L.
byproducts was significantly influenced by both the type
of sample and the pretreatment applied. The Cucumis
melo L. whole showed a higher polyphenol content (14.14
mg GAE/g) compared to the sludge (10.35 mg GAE/g).
Figure 2 and 3 shows the changes in DPPH scavenging
activity and polyphenol content of the byproducts with
different pretreatments and bioconversion. In the Cucumis
melo L. whole, microwave pretreatment (200W or 400W)
decreased polyphenol content compared to the untreated
control (N), suggesting that microwave heating may have
caused some phenolic degradation or loss. In contrast,
bioconversion markedly enhanced polyphenol levels, with
the non-treatment (NB) showing the highest increase.
Sonication combined with bioconversion (SB) also
enhanced polyphenol contents, though to a lesser extent
than NB. In the sludge samples, these trends were less
evident.  Neither  sonication nor  bioconversion
substantially increased polyphenols, and microwave
treatment had minimal impact.
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Figure 1. Changes in pH and brix of Cucumis melo L. whole and sludge
after bioconversion. A) pH of Cucumis melo L. B) Brix of Cucumis melo
L. pH was measured at 0 h and 24 h after bioconversion. Brix was
measured at 0 h and 24 h after bioconversion. N, non-treatment; NB,
non-treatment + bioconversion; S, sonication; SB, sonication +
bioconversion. Data are expressed as mean+SEM. Values with different
letters differ significantly at p<0.05

This indicates that the sludge matrix, already depleted
in phenolics due to juicing, provides limited substrates for
either mechanical disruption or microbial bioconversion.
Overall, the whole samples with bioconversion,
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particularly NB, vyielded significantly higher polyphenol
contents and antioxidant activity than all other groups,
underscoring the effectiveness of microbial fermentation
compared to physicochemical pretreatments. The superior
performance of NB and SB groups highlights the role of
microbial enzymes in phenolic bioconversion. Lactic acid
bacteria such as L. kefiri are known to produce
glycosidases, esterases, and decarboxylases that hydrolyze
bound phenolics into free forms and may generate novel
metabolites with enhanced antioxidant activity [10].
Unlike ultrasound or microwave pretreatments, which rely
on mechanical or thermal disruption but risk degradation
of heat- or oxygen-sensitive compounds, microbial
fermentation provides a mild, selective, and enzymatically
driven transformation [6,7]. These results aligned with
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previous studies showing that LAB fermentation enhances
the release and activity of polyphenols in plant matrices.
For example, ultrasonic-assisted fermentation of jujube
juice with L. plantarum significantly increased both total
flavonoids (16.8%) and phenolic content (17.95%)
compared to the control [11]. The present results suggest
that the strain-specific enzymatic activity of L. kefiri may
further contribute to efficient phenolic release and
antioxidant enhancement. Taken together, the data support
that microbial bioconversion, especially  without
physicochemical pretreatments, maximizes polyphenol
yield and activity in Cucumis melo L. whole byproducts.
This highlights fermentation as a promising strategy for
valorizing fruit processing residues into functional
ingredients with improved bioactivity.
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after bioconversion

250.0
oy 200.0 a
2 200,
= 1500
i b
£ 100.0
S
. 50.0

0.0

NB M2B M4B SB

D)

Polyphenol contents of Cucumis melo L. sludge
after bioconversion

104.0
102.0 a

100.0
98.0

96.0 3
94.0
920
90.0
88.0
86.0
NB M2B

% compared to NB

‘

M4B SB

Figure 2. Polyphenol contents of Cucumis melo L. whole and sludge before and after bioconversion. A) Polyphenol contents of Cucumis melo L. whole
before bioconversion B) Polyphenol contents of Cucumis melo L. whole after bioconversion. C) Polyphenol contents of Cucumis melo L. sludge before
bioconversion. D) Polyphenol contents of Cucumis melo L. sludge after bioconversion. N, non-treatment; M2, microwave treatment (200W); M4,
microwave treatment (400W); S, sonication treatment; NB. non-treatment + bioconversion; M2B, microwave treatment (200W) + bioconversion; M4B,
microwave treatment (400W) + bioconversion; SB, sonication treatment + bioconversion. Data are expressed as mean + SEM. Data are expressed
compared to N and NB, respectively. Values with different letters differ significantly at p<0.05
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Figure 3. DPPH scavenging activity and polyphenol content of melon whole before and after bioconversion. A) DPPH scavenging activity of Cucumis
melo L. whole B) Polyphenol contents of Cucumis melo L. whole. N, non-treatment; S, sonication; NB. non-treatment + bioconversion; SB, sonication
+ bioconversion; NCA, non-treatment + citric acid treatment; SCA, sonication + citric acid treatment. Data are expressed as mean + SEM. Values with
different letters differ significantly at p<0.05
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3.3. DPPH Radical Scavenging Activity

The antioxidant capacity of Cucumis melo L.
byproducts, measured by DPPH radical scavenging
activity, seemed to be similar trends observed in
polyphenol content. In the whole samples, bioconversion
markedly increased antioxidant activity, with the NB
group showing the highest DPPH radical scavenging
activity (82.56%) compared to the untreated control
(66.6%). The SB group also showed strong activity (80%),
and both NB and SB were significantly higher than
other treatments (Figure 3, p<0.05). In contrast,
physicochemical pretreatments without bioconversion had
negligible effects: microwave or sonication without
bioconversion produced only modest changes, while citric
acid treatment failed to enhance antioxidant activity. Citric
acid-treated samples (NCA) or sonication and citric acid-
treated samples (SCA) showed no improvement over the
fermented groups, both NB and SB (Figure 4, p<0.05).
These results confirm that fermentation-derived enzymatic
release or transformation of phenolics was the primary
driver of antioxidant enhancement. Enzymatic activity of
L. kefiri including B-glucosidases, esterases, and phenolic
acid decarboxylases may act on a broader pool of bound
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phenolics and generate more bioactive metabolites [24,25].
This explains the strong correlation between polyphenol
levels and DPPH radical scavenging activity in the
fermented groups. These findings are consistent with
previous studies on LAB-mediated enhancement of
antioxidant activity in fruit- and vegetable-based matrices
and further underscore fermentation as a low-energy,

sustainable strategy for wvalorizing agro-industrial
byproducts.
In contrast, the sludge showed only marginal

improvements in polyphenol content and antioxidant
activity across treatments. This limited response can be
explained by the depletion of soluble phenolics and
fermentable sugars during juicing, leaving insufficient
substrates for microbial metabolism (Table 2).

Furthermore, sludge is composed mainly of fibrous
residues with reduced bioactive precursors, restricting
both phenolic release and enzymatic transformation by L.
kefiri. In previous study, antioxidant activity was higher in
blackcurrent fruits compared to pomace [26]. These
substrate-related limitations are consistent with previous
findings on juice-derived residues, highlighting the critical
role of raw material composition in determining
bioconversion efficiency.
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Figure 4. DPPH scavenging activity and polyphenol content of Cucumis melo L. whole after sonication and bioconversion. A) DPPH scavenging
activity of Cucumis melo L. whole B) Polyphenol contents of Cucumis melo L. whole. NCA, non-treatment + citric acid treatment; NCB, non-treatment
+ citric acid treatment + bioconversion; SCA, sonication + citric acid treatment; SCB, sonication + citric acid treatment + bioconversion. Data are
expressed as mean+SEM. Values with different letters differ significantly at p<0.05

Table 2. Composition of Cucumis melo L. whole and sludge

Cucumis melo L. whole Cucumis melo L. sludge
Sugars (g/100g) 7.21 5.49
Total dietary fiber (g/100g) 1.38 3.21
IDF+HMWSDF (g/100g) 0.73 3.13
LMWSDF (g/100g) 0.65 0.08

Cucumis melo L. whole and sludge were used as raw materials. Cucumis melo L. whole was crushed with peel, pulp, and seed, while sludge was the
residue crushed with peel, pulp, and seed after juicing. IDF, insoluble dietary fiber; HMWSDF, high molecular weight soluble dietary fiber; LMWSDF,
low molecular weight soluble dietary fiber.
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Beyond antioxidant ~ enhancement, microbial
fermentation of melon byproducts may provide additional
functional benefits. Momordica charantia, an edible fruit
commonly known as bitter melon fermented with
Leuconostoc mesenteroides is a non-dairy probiotic plant
extract used to achieve beneficial multi-health functional
activities, such as anti-diabetic, antioxidant activities,
preventing metabolic complications associated insulin
resistance, increase of white adipose tissue, and hepatic
triglyceride [27,28]. L. kefiri is known to produce
metabolites such as short-chain fatty acids, y-aminobutyric
acid (GABA), and exopolysaccharides, which exert
prebiotic, immunomodulatory, and gut microbiota-
modulating effects. Incorporating these functional
dimensions into future research through metabolomic
profiling, microbiome interaction studies, and in vivo
validation would broaden the nutritional relevance of
melon byproduct fermentation and strengthen its potential
as a next-generation functional food ingredient.
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3.4. Identification of Bioactive Compounds

High-performance liquid chromatography (HPLC)
analysis was performed to characterize the phytochemical
profile of Cucumis melo L. byproducts before
bioconversion. As shown in Figure 5, the unfermented
whole contained notable bioactive compounds, including
tryptophan, isovitexin, and robinin, as the predominant
components. Minor peaks corresponding to other
flavonoids such as naringenin were also detected. The
detection of tryptophan and multiple flavonoids indicates
that melon byproducts retain a distinct spectrum of
bioactive compounds. Tryptophan, as a precursor of
serotonin and melatonin, is linked to mood regulation and
sleep health [29]. Flavonoid glycosides such as isovitexin,
saponarin, robinin, and naringenin are well-documented
for  their antioxidant, anti-inflammatory,  and
hepatoprotective effects, while naringenin has been
associated with cardiovascular and metabolic benefits [29].

30 40 S0 min

N ) a0 50 T Tmin

Figure 5. Representative HPLC chromatogram showing phenolic compounds identified in Cucumis melo L. byproduct extract

The predominance of polyphenolic constituents aligns
with the strong antioxidant activity observed in fermented
samples, suggesting that these compounds serve as key
substrates for microbial bioconversion. Fermentation may
not only increase their bioavailability but also generate
novel metabolites with enhanced bioactivity. This
highlights the potential of Cucumis melo L. residues as
functional ingredients, particularly in prebiotic or
metabolic health applications. Further studies are needed
to profile the transformed metabolites after bioconversion,
which could provide mechanistic insight into the enhanced
antioxidant effects observed.

4. Conclusion

This study demonstrated that microbial bioconversion
using L. kefiri DH5 significantly enhanced the polyphenol
content and antioxidant activity of Cucumis melo L.
byproducts. Among all treatments, microbial fermentation
of the untreated whole (NB) yielded the greatest increases
in both total polyphenol content and DPPH radical
scavenging activity, highlighting the pivotal role of
microbial metabolism in unlocking bioactive potential.

The predominance of flavonoids and other phytochemicals
detected by HPLC further supports the capacity of
fermentation to improve the functional value of melon
byproducts. Overall, L. kefiri DH5—driven bioconversion
represents an eco-friendly and value-adding strategy for
upcycling melon byproducts into functional food
ingredients. This sustainable approach not only addresses
agro-industrial waste challenges but also provides
opportunities to develop next-generation prebiotic
materials with potential benefits for metabolic health and
gut microbiome modulation. To advance their practical
application, future studies should integrate metabolomic
profiling, gut microbiota analyses, and in vivo validation
to elucidate the mechanisms underlying the enhanced
bioactivity and to evaluate their feasibility in functional
food development.
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