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Abstract Fruit peel waste offers an eco-friendly alternative to synthetic pesticides for bacterial disease
management.This study evaluated Rokmelon (Cucumis melo L.), Orange (Citrus sinensis), and Banana
(Musa spp.) peels for their phytochemical composition, enzymatic activity such as amylase and lipase,
antioxidant capacity using Ferric Reducing Antioxidant Power (FRAP) assay, and antibacterial efficacy
against Burkholderia glumae, Bacillus cereus, and Bacillus subtilis using agar well diffusion, Minimum
Inhibitory Concentration (MIC) and Minimum Bactericidal Concentration (MBC) assays. Rockmelon
ecoenzyme (ER) showed the highest bioactivity with lipase (39.48 U/mL) and amylase (0.202 U/mL)
activity. Phytochemical screening showed that phenolic compounds were strongly present (++) only in
the rockmelon-based ecoenzyme (ER), but absent () in EO, ERO, and EROP samples. Meanwhile for
flavonoids and alkaloids, each sample shows (+) result. The mixed formulation of rockmelon, orange and
banana (EROP) exhibited peak antioxidant activity (17.992 umol Fe?*/L). Antibacterial assays revealed
rockmelon ecoenzyme (ER) as the most effective. ER demonstrated strongest activity against B. glumae
(19.67 mm ZOl, p=0.014; MIC=4.17% v/v, MBC=8.33% v/v). All treatments showed significant
antibacterial effects versus controls (p<0.05). The results demonstrate that single-fruit ecoenzymes,
particularly from rockmelon, outperform mixed formulations and exhibit reliable antibacterial activity
against key plantation pathogens. These findings support the use of fruit peel-derived ecoenzymes as
sustainable, effective alternatives to chemical pesticides in plantation management.

Keywords: Ecoenzyme, FRAP assay, phytochemical screening, Antibacteria activity, sustainable
agriculture.

Introduction

Plantation management is of great concern in food security around the globe but is subjected to major
threats of bacterial and fungal infections. Due to heavy reliance on chemical pesticides, some significant
ecological and economic issues have emerged, including soil deterioration and biodiversity loss, and the
global economic loss because of these chemicals is estimated to be around 8 billion dollars every year
[1]. Recent studies point to the use of ecoenzymes obtained in fruit peel as a satisfactory alternative to
these practices, as they could act as antimicrobials as well as soil enhancements. Research indicates
that orange peel eco- enzymes can inhibit Xanthomonas oryzae by 80% [2] and banana peel extracts
have a broad- spectrum effect against Staphylococcus aureus and E. coli [3]. Combinations of fruits have
been found to enrich soil nutrition by 30% [4]. Nevertheless, there are still considerable knowledge gaps
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concerning the comparative efficacy of single and mixed fruit peel formulations as well as their efficacies
against Gram-negative pathogens such as Burkholderia glumae [5]. Rockmelon (Cucumis melo L.), a
climbing Cucurbitaceae vine, produces nutrient-rich fruits with thick peels containing valuable bioactive
compounds. The peel contains significant phenolics (167.49 mg GAE/100g), flavonoids (79.16 mg
QE/100g), and antioxidants (56.92 mg TE/100g) [6], offering potent antimicrobial and antioxidant
properties. These phytochemicals make rockmelon peel ideal for developing ecoenzymes and functional
food ingredients, supporting sustainable agriculture through waste valorization [7]. Its genetic diversity
across cultivars enhances its commercial value in tropical regions while providing ecological benefits
through circular agricultural applications. Sweet Orange (Citrus sinensis), a Rutaceae family evergreen,
is a globally cultivated fruit tree prized for its nutrient-rich, leathery-rind hesperidium fruits. The peel
contains over 40 bioactive polyphenols, including potent flavonoids like hesperidin and naringenin [8],
delivering exceptional antioxidant and antimicrobial properties. These phytochemicals - phenolics,
carotenoids, and essential oils [9] make orange peel ideal for ecoenzyme production, offering dual
agricultural benefits as both plant protectants and soil enhancers [10].

Valorizing this abundant food industry byproduct supports sustainable waste management while
providing effective, natural alternatives for integrated pest management systems [11]. Banana (Musa
spp.), a fast-growing herbaceous perennial, produces nutrient-rich berries protected by thick peels with
remarkable phytochemical potential. The pseudostemmed plant reaches 3-7m height, bearing easily torn
leaves adapted to tropical storms [12]. While the starchy pulp provides vital carbohydrates and vitamins,
the peel - often discarded - contains exceptional phenolic (18 mg GAE/g), flavonoid (20.5 mg QE/g), and
carotenoid (1 mg/g) concentrations [13], [14], granting potent antioxidant and antimicrobial properties.
These bioactive compounds, including saponins and tannins [15], make banana waste ideal for
ecoenzyme production, serving as effective biopesticides and biofertilizers [16]. Valorizing banana
byproducts supports circular agriculture by transforming waste into plant protection agents and soil
amendments while enhancing food security in tropical regions.

Ferric Reducing Antioxidant Power (FRAP) quantifies a sample’s electron-donating capacity by
measuring its ability to reduce Fe3* to Fe2* [17]. Fruit peels demonstrate exceptional antioxidant potential,
with grapefruit peel showing the highest FRAP value (9.22 mg AA/g) among 20 studied fruits, followed
by pomegranate and citrus peels [18]. Notably, apple peels exhibit twice the FRAP activity of their flesh
[19], underscoring peels as concentrated antioxidant sources. These findings support the valorization of
fruit peel waste for sustainable applications as natural food preservatives, crop protectants, and
nutritional supplements [16] creating a circular economy that reduces environmental impact while
enhancing agricultural productivity [18].

Fruit peel extracts have excellent antibacterial properties because they contain a lot of bioactive
compounds. Such compounds as phenolic acids, flavonoids, and alkaloids affect membranes, enzyme
inhibition, and prevent bacterial DNA synthesis [20], [21]. The strong multispecies-specific activity
pomegranate peel is owed to the presence of ellagitannins [22], [23] and banana peel flavonoids also kill
both Gram-positive and Gram- negative bacteria in a dose-dependent fashion [24], Antimicrobial
properties are also improved by enzymes such as bromelain (pineapple), papain (papaya), and others
in combination with other phytochemicals [25].

To provide a concise overview of the current literature, Table 1 summarizes the antioxidant compounds
and antioxidant activities reported for selected fruit peels, while Table 2 presents the antibacterial
activities of ecoenzymes derived from different fruit peels. Collectively, these studies demonstrate that
fruit peel-derived ecoenzymes are rich sources of bioactive compounds with considerable potential for
sustainable agricultural applications. However, despite the increasing number of studies, direct
comparisons between single-fruit and mixed-fruit ecoenzyme formulations remain limited, particularly
with respect to their phytochemical composition, enzymatic activities, antioxidant capacity, and
antibacterial efficacy against agriculturally important bacterial pathogens. These knowledge gaps
warrant further investigation to identify the most effective fruit peel formulations for sustainable crop
protection.

This study investigated the phytochemical composition, enzymatic activities, antioxidant capacity, and
antibacterial activity of ecoenzymes derived from rockmelon, orange, and banana peels against B.
glumae, B. subtilis, and B. cereus. The selected bacterial strains represent agriculturally relevant Gram-
negative and Gram-positive bacteria, enabling a broader evaluation of the antibacterial potential of fruit
peel-derived ecoenzymes for potential applications in sustainable plantation management. The study
further compared the performance of single-fruit and mixed-fruit fermentation formulations, considering
differences in phytochemical composition and enzymatic activities. In particular, the enzymatic
characteristics of rockmelon peel-derived ecoenzyme were evaluated alongside its antibacterial activity.
Ultimately, this study aims to explore the potential of fruit peel-derived ecoenzymes as sustainable
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alternatives for bacterial management in plantation systems, thereby supporting the development of
environmentally friendly crop protection strategies.

Table 1. Overview of antioxidant compounds and antioxidant activities reported for selected fruit peels [26], [27], [28], [29], [30].

Fruit Peel Bioactive Compounds Antioxidant Activity (IC50,DPPH) Key Findings

Phenolics, flavonoids Weak activity, increases with
fermentation time.

Strong activity, high

Siamese orange 6,727 ppm (3 months)

Phenolics, flavonoids,

Promegranate tannins 42.52 pg/ml phenolic/flavonoid content.
Manao Phenolic acids, flavonoids Hiah scavending capacit Highest TPC and TFC among
9 9 ging capacity tested peels
Grapefruit Polyphenols, carotenoids 9.17 mg AAE/g Highest radical scavenging among

20 peels
Rich in bioactives, excellent
antioxidant activity.

, ascorbic acid, flavonoids

Citrus (various) High (varies by variety)

Table 2. Comparative antibacterial activities of ecoenzymes derived from selected fruit peels [31], [32], [33], [34], [35], [36].

Fruit Peel Family Antibacterial Properties
Rockmelon (C. melo) Cantaloupe Inhibits Escherichia coli and Staphylococcus aureus.
Pomegranate (Punica Lythraceae Inhibits Staphylococcus aureus, Salmonella enterica, Enterococcus faecalis and
granatum) Escherichia coli.
Orange (Citrus sinensis) Rutaceae Inhibits Escherichia coli and Staphylococcus aureus.
Banana (Musa spp.) Musaceae Inhibits Pseudomonas aeruginosa and Staphylococcus aureus.
Pineapple (Ananas comosus) Bromeliaceae Effective against Escherichia coli and Salmonella typhi
Papaya (Carica papaya) Caricaceae Inhibits Staphylococcus aureus and B. subtilis

Materials and Methods

Apparatus

UV-Vis Spectrophotometer (PerkinElmer, USA), cuvettes, water bath, Eppendorf micropipettes,
micropipette tips, measuring cylinders, beakers, falcon tube, Glass rode, pH meter (Jenway), Erlenmeyer
flask, magnetic stirrer, burette, retort stand, digital analytical balance, Schott bottles (Duran),
microcentrifuge tubes, cork borer, volumetric flask, aluminium foil, sterile petri dishes, incubator,
weighing boat, spatula, conical flask, dropper, Bunsen burner, inoculating loop, hockey stick, autoclave
(ALP), Biological Safety Cabinet (Thermo Fisher), fume hood, universal bottle, syringe, 96 well plates,
Parafilm.

Chemical and Sample

Starch solution, Ecoenzyme Rockmelon, Orange, Rockmelon + Orange, and Rockmelon

+ Orange + Banana sample, Phosphate buffer, 2,5- Dinitrosalicylic acid (DNS) reagent (Merck), Distilled
water, olive oil, Ethanol (Merck), acetone (R&M Chemicals), Phenolphthalein indicator solution, Sodium
hydroxide (NaOH) (Bendosen), Glacial Acetic Acid (R&M Chemicals), Sodium Acetate Trihydrate
(Bendosen), 2,4,6-Tripyridyl-s- triazine (TPTZ), Hydrochloric acid (HCI) (Merck), Ferric chloride (FeCls)
(ABMStore), nutrient agar (Oxoid), nutrient broth (Oxoid), Gram Positive Bacteria (B. subtilis, B. cereus),
Gram Negative (B. glumae), Streptomycin, Dragendorffs Reagent (Merck), Iron (lll) chloride
(ABMStore).

Ecoenzyme Preparation

Four ecoenzyme formulations were prepared using rockmelon (C. melo L.) peels (ER), orange (Citrus
sinensis) peels (EO), a combination of rockmelon and orange peels (ERO), and a combination of
rockmelon, orange, and banana (Musa spp.) peels (EROP). The preparation procedure is illustrated in
Figure 1. Fresh fruit peels were collected from Universiti Teknologi MARA (UiTM), Jasin Campus,
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Melaka, Malaysia. All ecoenzymes were prepared following a peel:molasses:water ratio of 3:1:10 (w/v/v).
For the single-fruit formulations (ER and EO), 600 g of either rockmelon or orange peels were mixed with
200 mL molasses and 2 L distilled water. The mixed-fruit formulation (ERO) consisted of 300 g rockmelon
peels and 300 g orange peels, whereas the three-fruit formulation (EROP) contained 200 g each of
rockmelon, orange, and banana peels. Both mixed formulations were prepared using 200 mL molasses
and 2 L distilled water. The mixtures were transferred into airtight plastic containers and allowed to
ferment for three months at room temperature. The containers were opened briefly on the tenth day to
release gases generated during fermentation before being resealed. Upon completion of the
fermentation period, the mixtures were filtered through cheesecloth to obtain the ecoenzyme filtrates for
subsequent analyses, following the method described by [37].

1 ratio of molasses
or brown sugar Ferment for 3
months in air- Ecoenzyme

\/ tight container

3 ratio of
organic waste

10 ratio of £ f\
water ﬁ

ECOENZYME PRODUCTION
Figure 1. Preparation process of fruit peel-derived ecoenzymes.

Lipase Test

Lipase activity was determined using a titrimetric method as described by [38], and the experimental
workflow is illustrated in Figure 2. Briefly, 1 g of olive oil was added to an Erlenmeyer flask containing 4
mL of phosphate buffer (pH 6.5) and 1 mL of ecoenzyme sample. The reaction mixture was homogenized
in a water bath at 45 °C for 10 min. Subsequently, an ethanol-acetone solution (1:1, v/v) and three drops
of phenolphthalein indicator were added before titration with 0.1 N NaOH to the endpoint. The volume of
NaOH consumed was recorded and used to calculate lipase activity according to Equation (1).

(Vs — Vb) X N x 1000
Ve Xt

Enzyme Activity (EA) =

where EA is the lipase activity (U mL™), V; is the volume of NaOH used for the sample titration (mL), Vg
is the volume of NaOH used for the blank titration (mL), N is the normality of NaOH, Ve is the volume of
enzyme extract (mL), and t is the reaction time (min).
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Figure 2. Experimental procedure for lipase activity determination using the titrimetric method.

Amylase Test

Amylase activity was determined using the 3,5-dinitrosalicylic acid (DNS) method as described by [38],
and the experimental procedure is illustrated in Figure 3. Briefly, 0.5 mL of 1% (w/v) starch, 0.5 mL of
ecoenzyme sample, and 1.0 mL of phosphate buffer were mixed and incubated for 10 min.
Subsequently, 0.5 mL of DNS reagent was added to terminate the reaction, followed by incubation in a
boiling water bath for 30 min. After cooling to room temperature, 2.5 mL of distilled water was added,
and the absorbance was measured spectrophotometrically using maltose as the standard. Amylase
activity (U mL™1) was calculated using Equation (2), where a and b represent the slope and y-intercept
of the maltose standard curve, respectively, V. is the total reaction volume (mL), t is the incubation time
(min), and Ve is the volume of enzyme extract (mL).

Absorbe;nce — b) % Vit

t X Ve

Enzyme Activity (U mL™1) =

' water bath 30 min
100°C

Vis

Figure 3. Experimental procedure for amylase activity determination using the DNS method.
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Phytochemical Screening

Alkaloid Test

1 ml of each of the soap samples will be reacted with 5 drops of Dragendorff's reagent in a test tube. A
positive result will be indicated if the formation of an orange color in the sample appears [39], [40].

Flavonoid Identification

In this analysis, alkaline reagent test was used. Two to three drops of sodium hydroxide NaOH were
added into 2 ml of samples. Initially, a mixture solution has a deep yellow colour appeared however it
was gradually becoming colourless after adding few drops of diluted HCI that indicating flavonoids were
present [41]

Phenolic Identification
A total of 2 mL of the samples will be added to 1-2 drops of 1% iron (lll) chloride solution. If a blue or
purple colour is formed, it indicates a phenolic compound [42]

Ferric Reducing Power Antioxidant (FRAP) Assay

The ferric reducing antioxidant power (FRAP) assay was performed according to the method described
by [43], and the experimental workflow is illustrated in Figure 4. The FRAP reagent was freshly prepared
by mixing acetate buffer, 2,4,6-tripyridyl-s-triazine (TPTZ) solution in HCI, and ferric chloride solution,
followed by incubation at 37 °C for 10 min. Briefly, 80 pL of ecoenzyme sample, 1.0 mL of distilled water,
and 600 uL of FRAP reagent were mixed in a cuvette. A reagent blank was prepared by replacing the
sample with distilled water. After incubation for 4 min, the absorbance was measured at 593 nm using a
UV-Vis spectrophotometer. All samples were analysed in triplicate, and FRAP values (umol Fe2* L)
were calculated using Equation (3).

SA — BA
Slope x 10
FRAP(umol Fe?*/L) = 5 % 1000

where SA is the sample absorbance, BA is the blank absorbance, and slope is the slope of the Fe2*
standard calibration curve.

Figure 4. Schematic workflow of the ferric reducing antioxidant power (FRAP) assay used for
antioxidant activity determination.

Antibacterial Screening

The antibacterial activity of the ecoenzyme formulations was evaluated using the agar well diffusion
method as described by [40], [44], and the experimental workflow is illustrated in Figure 5. Four
ecoenzyme formulations were tested at 100% (v/v) against B. glumae, B. subtilis, and B. cereus. B.
glumae was selected as an economically important Gram-negative phytopathogen, whereas B. subtilis
and B. cereus were included as representative Gram-positive bacteria commonly associated with
agricultural environments. Nutrient broth (13 g L™) and nutrient agar (28 g L™) (Oxoid, UK) were
prepared according to the manufacturer's instructions and sterilized by autoclaving at 121 °C for 15 min.
Each bacterial strain was subcultured on nutrient agar and incubated at 37 °C for 24 h. A single colony
was then inoculated into 10 mL nutrient broth and incubated overnight at 37 °C to obtain fresh bacterial
cultures. For the agar well diffusion assay, 100 pL of each bacterial suspension was evenly spread onto
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nutrient agar plates. Wells (6 mm diameter) were aseptically prepared using a sterile cork borer and filled
with 30 pL of ecoenzyme sample. Streptomycin and sterile distilled water served as the positive and
negative controls, respectively. Following incubation at 37 °C for 24 h, the diameter of the inhibition zone
was measured. All assays were performed in triplicate.

ANTIBACTERIA SCREENING

Figure 5. Schematic overview of the antibacterial screening procedure using the agar well diffusion
method.

Minimum Inhibitory Concentration (MIC) and Minimum Bactericidal
Concentration (MBC)

The minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC) of the
ecoenzyme formulations were determined using the broth microdilution method according to the Clinical
and Laboratory Standards Institute (CLSI) guidelines and the method described by [45]. The
experimental workflow is illustrated in Figure 6. For MIC determination, two-fold serial dilutions of each
ecoenzyme sample were prepared in sterile nutrient broth using 96-well microplates. A standardized
bacterial suspension (approximately 1 x 10° CFU mL™) was added to each well, while broth containing
bacteria only and sterile broth served as the negative and blank controls, respectively. Plates were
incubated at 37 °C for 18—-24 h, and the MIC was recorded as the lowest concentration showing no visible
bacterial growth. For MBC determination, 10 pL aliquots from wells showing no visible growth in the MIC
assay were spotted onto nutrient agar plates and incubated at 37 °C for 18—-24 h. The MBC was defined
as the lowest concentration at which no bacterial colonies were observed after incubation [45].
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MINIMUM INHIBITORY CONCENTRATION (MIC) and
MINIMUM BACTERICIDAL CONCENTRATION (MBC)

Figure 6. Schematic workflow of the broth microdilution assay for determining the minimum inhibitory
concentration (MIC) and minimum bactericidal concentration (MBC) of fruit peel-derived ecoenzymes.

Results and Discussion

Lipase Test

The lipase activities of the four ecoenzyme formulations are presented in Table 3. Among the tested
formulations, the rockmelon peel ecoenzyme (ER) exhibited the highest lipase activity (39.48 U mL™),
followed by the orange peel ecoenzyme (EO) (30.21 U mL™). In contrast, the mixed-fruit formulations,
ERO and EROP, showed lower lipase activities of 23.35 and 16.14 U mL™1, respectively, indicating a
progressive decline in enzyme activity with increasing substrate complexity. This indicates that the
ecoenzyme lipase generated by rockmelon peel (ER) indicates good biochemical and microbial
environment conducive to the production of lipase during fermentation. The composition of lipids,
proteins, and natural sugars that are conducive producers and provide nutrients to lipase- producing
microbes is probably well balanced in Rockmelon peel leading to better lipase activity [46], [47]. Though
orange peel (EO) exhibited lipase activity as well, its acidic nature of pH and varied phytochemical
composition might have reduced the microbial efficiency or lack the stability of enzyme activity [48]. The
lower enzymatic activity in the blending preparation like ERO and EROP could be linked either to dilution
of the substances or phytochemical interferences or antagonistic activities of micro-organisms and hence
interferes with an ideal enzyme fermentation condition [49]. Parallel results were attained in research
concerning the fermentation of mixed fruit waste, where no synergistic effect was always achieved by
mixes and enzyme expression was even impaired [50]. The results are congruent with literature that
single- substrate systems particularly those that are lipid precursor-laden ones such as rockmelon are
more adequate in maximizing the lipase yield in the process of ecoenzyme production [51], [52], [53],
[54].

Table 3. Lipase activity of ecoenzymes produced from different fruit peel formulations.

Samples v“gfuargeﬁ(rr]nall) Enzyme Activity (EA) (U/mL)
Ecoenzyme Rockmelon (ER) 3.8 39.48
Ecoenzyme Orange (EO) 2.9 30.21
Ecoenzyme Rockmelon + Orange (ERO) 2.3 23.35
Ecoenzyme Rockmelon + Orange + Banana (EROP) 1.6 16.14

Amylase Test

The amylase activities of the different ecoenzyme formulations are presented in Table 4. The rockmelon
peel ecoenzyme (ER) exhibited the highest amylase activity (0.202 U mL™?), followed by the rockmelon—
orange formulation (ERO) (0.179 U mL™). Lower activities were observed for the rockmelon—orange—
banana formulation (EROP) (0.127 U mL™) and the orange peel ecoenzyme (EO), which recorded the
lowest activity (0.095 U mL™1), respectively.
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The highest activity of amylase was observed in the rockmelon based ecoenzyme (ER) which shows
that this substrate contains the best carbon sources and fermentation conditions of starch degrading
microbial populations. The availability of easily breakdown polysaccharides and moderate acidity found
in the peel of rockmelon favor efficient growth of microbes and biosynthesis of enzymes [55]. Conversely,
there was less activity when using orange peel (EO) which could be attributed to the fact that EO is high
in citric acid that is known to inhibit the activity of microorganisms that produce enzymes or even denature
the amylase under low pH conditions [56], [57]. Combined mixtures of ERO and EROP did not increase
the activity of amylase production because of variable nutrient conditions or fermentation imbalances
[58], [59]. The results confirmed the results of the earlier reports that single-fruit substrates usually
perform better than mixtures in enzyme production because of the consistent biochemical composition
and stable behavior of fermentation [60], [61]. Thus, in the case of targeted food applications where the
target is starch degradation, the most effective strategy can be to use a single substrate (such as the
rockmelon peel) instead of a mixed peels.

Table 4. Amylase activity of ecoenzymes produced from different fruit peel formulations.

Samples Mean Absorbance (NM)  Enzyme Activity (EA) (U/mL)
Ecoenzyme Rockmelon (ER) 0.545 0.202
Ecoenzyme Orange (EO) 0.257 0.095
Ecoenzyme Rockmelon + Orange (ERO) 0.484 0.179
Ecoenzyme Rockmelon + Orange + Banana (EROP) 0.343 0.127

Phytochemical Screening Test

The qualitative phytochemical screening results are summarized in Table 5. Among the four ecoenzyme
formulations, only the rockmelon peel ecoenzyme (ER) showed a positive reaction (++) for phenolic
compounds, whereas phenolic compounds were not detected in the orange (EO), rockmelon + orange
(ERO), and rockmelon + orange + banana (EROP) formulations. Flavonoids and alkaloids showed weak
positive reactions (+) across all formulations. As the assay was qualitative, these findings indicate the
presence or absence of specific phytochemical groups rather than their concentrations. The exclusive
detection of phenolic compounds in ER suggests compositional differences among the fermented fruit
peel formulations that may contribute to their observed biological activities.

Previous studies have reported that rockmelon peel contains phenolic compounds, including gallic acid,
which are associated with antioxidant and antimicrobial activities [62], [63]. Consistent with these reports,
phenolic compounds were qualitatively detected only in the ER formulation. However, as the present
phytochemical screening was qualitative, no inference regarding phenolic concentration can be made.
Flavonoids and alkaloids were detected in all formulations, indicating that these phytochemical groups
remained detectable following fermentation. These compounds have been widely reported to exhibit
antioxidant, antimicrobial, and other biological activities, which may contribute, together with
fermentation-derived metabolites, to the overall bioactivity of the ecoenzymes. Nevertheless, quantitative
phytochemical analyses are required to establish the abundance of these compounds and their
relationship with the observed biological activities.

Table 5. Qualitative phytochemical screening of ecoenzymes produced from different fruit peel formulations.

Test/Samples ER EO ERO EROP
Flavonoids + + + +
Phenols ++ - - -
Alkaloids + + + +

Indicator: (-) absent, (+) weakly positive reaction, (++) positive reaction [64]

Ferric Reducing Antioxidant Power (FRAP)

The FRAP values of the different ecoenzyme formulations are presented in Figure 7. Among the tested
formulations, EROP exhibited the highest antioxidant capacity (17.992 uymol Fe?*/L), followed by ER
(13.9512 pmol Fe?*/L), whereas EO (5.9122 pymol Fe?*/L) and ERO (5.8742 pymol Fe?*/L) showed
considerably lower FRAP values. These findings demonstrate that antioxidant capacity varied markedly
among the ecoenzyme formulations, indicating that both substrate composition and formulation influence
the reducing capacity of the fermented products.
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The superior antioxidant capacity of EROP suggests that the combination of rockmelon, orange, and
banana peels produced a fermented formulation with greater reducing capacity than either the individual
substrate (ER and EO) or the binary formulation (ERO). In contrast, the lower FRAP value observed for
ERO indicates that combining fruit peel substrates does not necessarily enhance antioxidant activity.
This finding suggests that the antioxidant potential of ecoenzymes is formulation-dependent and may be
influenced by interactions occurring during the fermentation process rather than simply by increasing
substrate diversity.

These findings are consistent with previous reports demonstrating that the antioxidant capacity of
fermented fruit-derived products is influenced by substrate composition and fermentation conditions,
which collectively determine the phytochemical profile of the final product [64], [65], [66]. However, unlike
the general expectation that mixed substrates enhance antioxidant activity, the present study
demonstrated contrasting responses between the two mixed formulations, with EROP exhibiting the
highest FRAP value whereas ERO showed one of the lowest. This highlights that the effect of substrate
combination is not necessarily additive and may vary according to the specific formulation used.

It should be noted that the present study evaluated the overall antioxidant capacity using the FRAP assay
and did not identify or quantify individual antioxidant constituents. Therefore, the higher antioxidant
activity observed in EROP should be interpreted as the overall reducing capacity of the fermented
ecoenzyme rather than being attributed to specific phytochemical compounds. Further phytochemical
characterization is warranted to identify the bioactive constituents contributing to the observed
antioxidant activity and to better understand their contribution to the biological activities of fruit peel-
derived ecoenzymes.

1500 |

: . .
| - -

nmt
Rockmealon Onangs chkmeslon Orange Rockmelon Crange
Banana

Mean FRAP Valus

Sample

Ereor Bars: 95% £

Figure 7. Ferric reducing antioxidant power (FRAP) values of ecoenzymes produced from different fruit
peel formulations.

Antibacterial screening

Antibacterial activity for B. glumae

The antibacterial activities of the ecoenzyme formulations against B. glumae are presented in Figure 8.
The zone of inhibition (ZOIl) analysis revealed that all ecoenzyme formulations exhibited significantly
lower antibacterial activity against B. glumae than the streptomycin control. Among the tested
formulations, the orange peel-derived ecoenzyme (EO) produced the largest mean inhibition zone,
although its activity remained significantly lower than that of the positive control. Specifically, the
rockmelon-based ecoenzyme (ER) exhibited a mean ZOI difference of 19.67 mm (p = 0.008), while the
rockmelon—orange—banana formulation (EROP) showed a mean difference of 19.67 mm (p = 0.014)
relative to the control. Overall, all ecoenzyme formulations differed significantly from streptomycin (p <
0.05), indicating limited antibacterial activity against B. glumae under the conditions evaluated.

The comparatively lower antibacterial activity observed against B. glumae is consistent with the
characteristics of Gram-negative bacteria, whose outer membrane rich in lipopolysaccharides acts as an
effective permeability barrier that restricts the penetration of many antimicrobial agents [67]. Similar,
observations have been reported for plant-derived antimicrobial products, which generally exhibit lower
antibacterial activity against Gram-negative bacteria than Gram-positive bacteria because of this
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structural barrier [67].

Among the ecoenzyme formulations, EO exhibited the greatest antibacterial activity against B. glumae,
whereas the remaining formulations produced relatively smaller inhibition zones. These differences may
be associated with variations in fruit peel composition and fermentation characteristics, which influence
the overall antibacterial properties of fermented ecoenzymes. Similar variability among fruit peel-derived
fermented products has been reported in previous studies, where substrate selection and fermentation
conditions influenced antibacterial efficacy [68], [69]. Although the antibacterial activity remained lower
than that of the antibiotic control, the measurable inhibition observed suggests that optimization of
ecoenzyme formulation and fermentation conditions may further improve antibacterial performance
against phytopathogenic bacteria.

Treatment
000 B ECOENZYME_ZOI
M PoSTIVE_Z0I

40.00
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Mean ZO|

2000

1000
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Rockmelon Orange Rockmelon Rockmelen
Orange Orange Banana
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Emor Bars: 95% CI

Figure 8 : Antibacterial activity of ecoenzyme formulations against B. glumae determined using the
agar well diffusion assay.

Antibacterial activity for B. subtilis

The ecoenzymes demonstrated antibacterial activity against B. subtilis in Figure 9, although the inhibitory
effects were slightly lower compared to their activity against B. glumae and remained less effective than
the positive control. According to the agar well diffusion test, all ecoenzyme treatments produced
measurable zones of inhibition (ZOl) against B. subtilis, with rockmelon (ER) ecoenzymes exhibiting
relatively higher inhibitory effects among the tested treatments. Paired samples t-test confirmed
significant differences between each ecoenzyme treatment and streptomycin (positive control) (p<0.05).
Notably, the rockmelon peel extract showed the highest mean ZOI difference of 15.50 mm with a low
standard deviation of 1.00 (p<0.001), indicating consistent antibacterial performance across replicates.

The effect of ecoenzymes towards the B. subtilis can be explained by the fact that this Gram-positive
organism has no outer membrane as the Gram negative ones do, which serves as a protective layer.
This simplicity of structure enables the bioactive compounds, e.g., phenolics, flavonoids, and organic
acids to be developed in the fermentation process to penetrate more easily [70]. Fermentation may alter
the chemical composition of fruit peel substrates, resulting in the formation of organic acids and other
fermentation-derived metabolites that have been reported to contribute to the antimicrobial activity of
fermented products [71]. The robust and stable ZOls indicate that ecoenzyme, particularly that of
rockmelon peels or a particular combination, may emerge as encouraging Gram positive antimicrobial
agents. Even though they are still not as effective as positive control group, they have statistically
significant results with sustainability, which is enough motive that they may be good alternatives to the
chemical disinfectants or antibiotics where moderate antibacterial efficacy is required.
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Figure 9 Antibacterial Activity for B. subtilis

Antibacterial activity for B. cereus

Ecoenzyme treatments exhibited the strongest antibacterial effects against B. cereus among the three
tested bacteria, although still less effective than the streptomycin. The zone of inhibition (ZOI) results in
Figure 10 revealed that all treatments demonstrated significant and reproducible antibacterial activity.
The orange (EO) and rockmelon (ER) ecoenzymes produced the highest average ZOl, closely followed
by the rockmelon + orange (ERO) combination. Paired t-test analysis confirmed that each ecoenzyme
sample differed significantly from the streptomycin (positive control) with mean ZOI differences ranging
from 13.67 mm to 17.00 mm. The orange peel extract again showed strong consistency, recording a
standard deviation of 1.53 and a p-value of 0.002, highlighting its reliability in antibacterial performance.
Similarly, the rockmelon peel extract exhibited a comparable high inhibition zone, with a standard
deviation of 2.74 and a p-value of 0.004, indicating significant antibacterial activity despite slightly greater
variability than the orange peel extract.

A greater sensitivity of B. cereus to eco- enzymes is described by its Gram-positive property, since it
does not have the outer layer that Gram-negative bacteria must generally protect them against bioactive
substances, including tannins, flavonoids, and acids that were produced during fermentation, thus being
more vulnerable to the attacks of the bioactive products [72], [73]. These agents interfere with the
peptidoglycan layer of the bacteria, damage the integrity of the cell wall and make the interior contents
leak. Based on the increased activity of combination treatment, there appears to be synergism between
phytochemicals found in various fruit peels. Although there was a narrow difference in the standard
deviation of some formulations, especially the triple blend, all the formulations were relatively
reproducible to show that they can be usable in practice. Since B. cereus is one of the most used
foodborne pathogens, the capacity of ecoenzymes to arrest its development presents a prospect in
sustainable food hygiene, waste management procedures, and non-virtual disinfection manifestations.

Treatment

L B ECOENZYME _Z0
POSITIVE_201

5000

Mean Z01

Rockmelon Crange Rockmedon Rockmelon
Qrange COrange Eanana

Sample

Emtd Bars: 95%. C1

Figure 10 Antibacterial activity of ecoenzyme formulations against B. cereus.
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Minimum Inhibitory Concentration (MIC) and Minimum Bactericidal
Concentration (MBC)

Table 6 presents the antibacterial effects of different ecoenzyme treatments ER (rockmelon peel), EO
(orange peel), ERO (rockmelon + orange), and EROP (rockmelon + orange + banana) against B.
glumae, B. subtilis, and B. cereus. Both single-peel ecoenzymes, ER and EO, showed notable
antibacterial activity. ER had the lowest MIC (4.17% v/v) and MBC (8.33% v/v) against B. glumae, with
moderate effects against B. subtilis and B. cereus. Similarly, EO showed effective MIC and MBC values
against B. glumae and B. cereus. In contrast, the combined peel formulations (ERO and EROP)
displayed no antibacterial activity, with even 100% concentration showing no inhibition.

The apparent differences between the agar well diffusion and broth microdilution assays should be
interpreted with caution because these methods assess antibacterial activity using different principles.
Agar well diffusion is influenced by the diffusion characteristics of antimicrobial compounds through solid
media, whereas broth microdilution measures bacterial growth inhibition under direct liquid exposure.
Consequently, inhibition zones observed in agar diffusion do not necessarily correspond to low MIC or
MBC values, particularly for complex natural products such as ecoenzymes that contain multiple
constituents with different physicochemical properties.

The greater antibacterial activity of ER and EO may be associated with the combined effects of
fermentation-derived organic acids, the naturally acidic fermentation matrix, and bioactive
phytochemicals, including phenolic compounds, acting synergistically to inhibit bacterial growth [74], [75],
[76]. In contrast, the absence of detectable antibacterial activity in ERO and EROP under broth
microdilution conditions indicates that combining multiple fruit substrates did not improve antibacterial
performance. The mechanisms underlying this observation remain unclear but may involve differences
in fermentation-derived metabolites, substrate composition, or microbial interactions during mixed-
substrate fermentation [78], [79]. However, these possibilities were not investigated in the present study
and therefore require further verification.

Because pH-neutralized and acidity-matched controls were not included, the relative contributions of
acidity, organic acids, and phytochemical constituents could not be distinguished. Therefore, the
antibacterial activity observed in this study should be interpreted as the overall biological effect of the
native fermented ecoenzyme rather than being attributed to any single component. Future studies
incorporating pH-neutralized and acidity-matched controls, together with quantitative organic acid
profiling and metabolomic analyses, are warranted to elucidate the mechanisms underlying the observed
antibacterial activity.

Table 6 : Minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC) of ecoenzyme formulations against B.

glumae, B. subtilis, and B. cereus.

Samples Bacteria MIC (% viv) MBC (% v/v)
Ecoenzyme Rockmelon (ER) B. glumae 4.17 8.33
B. subtilis 16.67 16.67
B. cereus 8.33 22.22
Ecoenzyme Orange (EO) B. glumae 4.17 27.78
B. subtilis 16.67 16.67
B. cereus 7.29 16.67
Ecoenzyme Rockmelon + Orange B. glumae >100.00 >100.00
(ERO) B. subtilis >100.00 >100.00
B. cereus >100.00 >100.00
Ecoenzyme Rockmelon + Orange B. glumae >100.00 >100.00
+ Banana (EROP) B. subtilis >100.00 >100.00
B. cereus >100.00 >100.00

e-ISSN 2289-599X | DOI: https://doi.org/10.11113/mjfas.v22n4.5429

1013



MJFAS

(1]
[2]
(3]

[4]
(3]
(6]
(7]
(8]
[9]

[10]

Ghazali et al. | Malaysian Journal of Fundamental and Applied Sciences, Vol. 22 (2026) 1001-1017

Conclusions

This study demonstrated that ecoenzymes derived from rockmelon, orange, and banana peels exhibited
distinct phytochemical profiles, enzymatic activities, antioxidant capacities, and in vitro antibacterial
activities. Rockmelon peel ecoenzyme (ER) exhibited the highest enzymatic activities (amylase: 0.202
U/mL; lipase: 39.48 U/mL) and was the only formulation showing a strong positive reaction for phenolic
compounds in the qualitative phytochemical screening. ER also exhibited the greatest antibacterial
activity against the tested Gram-positive bacteria (B. subtilis: 15.50 mm ZOI; B. cereus: 17.00 mm ZOl),
whereas the mixed formulation containing rockmelon, orange, and banana peels (EROP) demonstrated
the highest antioxidant capacity (17.992 pmol Fe?**/L). However, the mixed formulations generally
exhibited lower antibacterial and enzymatic activities than the single-fruit formulations under the
conditions evaluated. The comparatively lower antibacterial activity observed against B. glumae
suggests that further optimization of ecoenzyme formulation may be required to improve activity against
Gram-negative bacteria. Overall, these findings provide a basis for further investigation of fruit peel-
derived ecoenzymes as biologically active fermented products. Future studies should include
comprehensive phytochemical characterization, optimization of fermentation conditions, and
greenhouse and field evaluations to validate their potential agricultural applications.

Conflicts of Interest

The author(s) declare(s) that there is no conflict of interest regarding the publication of this paper.

Acknowledgment

This research was funded by the Ministry of Higher Education, Malaysia, through the Fundamental
Research Grant Scheme (FRGS) (Grant No. FRGS/1/2024/WAS04/UITM/02/13). The authors would
also like to express their sincere gratitude to the Faculty of Plantation and Agrotechnology, Universiti
Teknologi MARA (UiTM), Melaka Branch, Jasin Campus; the MaReG Laboratory, Faculty of Pharmacy,
UiTM Selangor Branch, Puncak Alam Campus; and Big River Agrofarm, Sabak Bernam, Selangor, for
their technical support, research facilities, and provision of research materials.

References

M. Tudi et al., “Agriculture Development, Pesticide Application and Its Impact on the Environment,” Int. J. Environ.
Res. Public Health, vol. 18, no. 3, p. 1112, Jan. 2021, doi: 10.3390/ijerph18031112.

S. Raheem, A. Ali, M. Al-Saffar, Z. Ayad, and O. Hadi, “Antibacterial activity of orange peel extract against
Staphylococcus aureus in vitro,” Open Vet. J., vol. 15, no. 12, p. 6224, 2025, doi: 10.5455/0VJ.2025.v15.i12.6.

W. A. Abdel Wahab, S. A. Ahmed, A. M. M. Kholif, S. Abd EIl Ghani, and H. R. Wehaidy, “Rice straw and orange peel
wastes as cheap and eco-friendly substrates: A new approach in B-galactosidase (lactase) enzyme production by the
new isolate L. paracasei MK852178 to produce low-lactose yogurt for lactose-intolerant people,” Waste Management,
vol. 131, pp. 403-411, Jul. 2021, doi: 10.1016/j.wasman.2021.06.028.

R. Kaushik, S. Morya, O. Bashir, J. H. Bhadha, and L. M. Kasankala, “Valorization of Fruit Waste Through Reutilization
Approach: A Comprehensive Review,” eFood, vol. 6, no. 4, Aug. 2025, doi: 10.1002/efd2.70073.

Y. Du et al., “Whole Genome Sequencing Reveals Novel Insights about the Biocontrol Potential of Burkholderia
ambifaria  CF3 on Atractylodes lancea,” Microorganisms, vol. 12, no. 6, p. 1043, May 2024, doi:
10.3390/microorganisms12061043.

F. Saeed et al., “Comparative study of nutritional composition, antioxidant activity and functional properties of Cucumis
melo and Citrullus lanatus seeds powder,” Cogent Food Agric., vol. 10, no. 1, Dec. 2024, doi:
10.1080/23311932.2023.2293517.

R. Gémez-Garcia, D. A. Campos, C. N. Aguilar, A. R. Madureira, and M. Pintado, “Valorization of melon fruit (Cucumis
melo L.) by-products: Phytochemical and Biofunctional properties with Emphasis on Recent Trends and Advances,”
Trends Food Sci. Technol., vol. 99, pp. 507-519, May 2020, doi: 10.1016/j.tifs.2020.03.033.

N. Durmus, Z. Gulsunoglu-Konuskan, and M. Kilic-Akyilmaz, “Recovery, Bioactivity, and Utilization of Bioactive
Phenolic Compounds in Citrus Peel,” Food Sci. Nutr.,, vol. 12, no. 12, pp. 9974-9997, Dec. 2024, doi:
10.1002/fsn3.4570.

M. G. Shehata, T. S. Awad, D. Asker, S. A. El Sohaimy, N. M. Abd EI- Aziz, and M. M. Youssef, “Antioxidant and
antimicrobial activities and UPLC-ESI-MS/MS polyphenolic profile of sweet orange peel extracts,” Curr. Res. Food
Sci., vol. 4, pp. 326-335, 2021, doi: 10.1016/j.crfs.2021.05.001.

E. A. Ali, D. M. Mohammed, F. A. El Gawad, M. A. Orabi, R. K. Gupta, and P. P. Srivastav, “Valorization of food
processing waste byproducts for essential oil production and their application in food system,” Waste Management
Bulletin, vol. 3, no. 3, p. 100200, Sep. 2025, doi: 10.1016/j.wmb.2025.100200.

e-ISSN 2289-599X | DOI: https://doi.org/10.11113/mjfas.v22n4.5429 1014



MJFAS

[11]
[12]

[13]

[14]
[15]

[16]
[17]
(18]
[19]
[20]
[21]
[22]

[23]

[24]

[25]

[26]

[27]

(28]
[29]

[30]

(31]

(32]
(33]
[34]

[35]

[36]
[37]

(38]

Ghazali et al. | Malaysian Journal of Fundamental and Applied Sciences, Vol. 22 (2026) 1001-1017

P. C. Bhargava, N. Kamal, D. Chaurasia, S. Singh, and A. Singh, “Agro-Residues’ Waste to Wealth for a Circular
Economy and Sustainable Development,” in Waste-to-Wealth: Resource Recovery and Value-Added Products for
Sustainable Development, CRC Press, 2024, pp. 200-217. doi: 10.1201/9781003327646-14.

B. O. Oyeyinka and A. J. Afolayan, “Potentials of Musa Species Fruits against Oxidative Stress-Induced and Diet-
Linked Chronic Diseases: In Vitro and In Vivo Implications of Micronutritional Factors and Dietary Secondary
Metabolite Compounds,” Molecules, vol. 25, no. 21, p. 5036, Oct. 2020, doi: 10.3390/molecules25215036.

N. S. Mohd Zaini, N. Zainuddin, N. A. S. Ahmad Fauzi, M. A. R. Nor-Khaizura, and M. H. Abd Rahim, “Agricultural
Waste—Derived Biofertilizers for Sustainable Mushroom Cultivation: A Case Study Using Banana Peel,” Malaysian
Journal of Fundamental and Applied Sciences, vol. 21, no. 5, pp. 2747-2758, Nov. 2025, doi:
10.11113/mjfas.v21n5.3517.

W. A. Alhemaid, E. E. Babiker, |. A. Mohamed Ahmed, and F. Y. Al Juhaimi, “Optimization of Some Quality Parameters
of Functional Pumpkin Puree Enriched with Banana Peel Powder Using Response Surface Methodology,” Beverages,
vol. 11, no. 4, p. 106, Jul. 2025, doi: 10.3390/beverages11040106.

M. Hashim, A. Akbar, Z. Gul, M. Bilal Sadiq, J. Khan Achakzai, and N. Ahmad Khan, “Fermentation impact: A
comparative study on the functional and biological properties of Banana peel waste,” Heliyon, vol. 10, no. 16, p.
36095, Aug. 2024, doi: 10.1016/j.heliyon.2024.e36095.

T. F. Soares, R. C. Alves, and M. B. P. P. Oliveira, “Agri-Food Biowaste Bioactives for Biopesticides: A Circular
Economy Solution with Industry 4.0?,” Molecules, vol. 31, no. 6, p. 996, Mar. 2026, doi: 10.3390/molecules31060996.
M. Lobato-Gémez et al., “Valorization of transgenic Tomaffron-based products enriched in saffron apocarotenoids,”
Food Chem., vol. 488, p. 144828, Oct. 2025, doi: 10.1016/j.foodchem.2025.144828.

H. A. R. Suleria, C. J. Barrow, and F. R. Dunshea, “Screening and Characterization of Phenolic Compounds and Their
Antioxidant Capacity in Different Fruit Peels,” Foods, vol. 9, no. 9, p. 1206, Sep. 2020, doi: 10.3390/fo0ds9091206.
N. Nirmal et al., “Valorization of Fruit Waste for Bioactive Compounds and Their Applications in the Food Industry,”
Foods, vol. 12, no. 3, p. 556, Jan. 2023, doi: 10.3390/foods12030556.

K. Fisher and C. Phillips, “Potential antimicrobial uses of essential oils in food: is citrus the answer?,” Trends Food
Sci. Technol., vol. 19, no. 3, pp. 156-164, Mar. 2008, doi: 10.1016/j.tifs.2007.11.006.

J. Ribeiro et al., “Phenolic Compounds from Pyrus communis Residues: Mechanisms of Antibacterial Action and
Therapeutic Applications,” Antibiotics, vol. 14, no. 3, p. 280, Mar. 2025, doi: 10.3390/antibiotics14030280.

V. Sharma et al., “Flavonoids as Antimicrobial Agents: A Comprehensive Review of Mechanisms and Therapeutic
Potential,” Curr. Pharm. Biotechnol., vol. 26, Jul. 2025, doi: 10.2174/0113892010384002250628163849.

P. C. Dathan, D. Nallaswamy, S. Rajeshkumar, S. Joseph, S. Ismail, and N. Rashid, “Evaluation of Anti-inflammatory,
Antioxidant and Antimicrobial Activity of Pomegranate Peel Extract: An In-vitro Study,” Journal of Clinical and
Diagnostic Research, 2024, doi: 10.7860/JCDR/2024/69878.19463.

R. Suhag et al., “Fruit peel bioactives, valorisation into nanoparticles and potential applications: A review,” Crit. Rev.
Food Sci. Nutr., vol. 63, no. 24, pp. 6757-6776, Sep. 2023, doi: 10.1080/10408398.2022.2043237.

0.0V, 0O.F.L,0.B.l,S.D.M.,, and D. V. M., “Exploring the Therapeutic Potential of Bromelain from Pineapple Fruit
Peel: Enzymatic Activity and Antibiotic Synergy,” Int. J. Biochem. Res. Rev., vol. 34, no. 3, pp. 118-127, May 2025,
doi: 10.9734/ijbcrr/2025/v34i3991.

A. Abbasi et al., “Comparative Assessment of Phenolic Content and in Vitro Antioxidant Capacity in the Pulp and Peel
of Mango Cultivars,” Int. J. Mol. Sci., vol. 16, no. 6, pp. 13507-13527, Jun. 2015, doi: 10.3390/ijms160613507.

U. Y. Bandara, C. Witharana, and P. Soysa, “Extraction, Total phenol Content, Flavonoid content, Free Radical
Scavenging Capacity and phytochemical screening of the Parts of Sri Lankan Pomegranate (Punica granatum L.)
Fruit,” Curr. Trends Biotechnol. Pharm., vol. 14, no. 1, pp. 70-80, Jan. 2020, doi: 10.5530/ctbp.2020.1.8.

R. K. Saini et al., “Bioactive Compounds of Citrus Fruits: A Review of Composition and Health Benefits of Carotenoids,
Flavonoids, Limonoids, and Terpenes,” Antioxidants, vol. 11, no. 2, p. 239, Jan. 2022, doi: 10.3390/antiox11020239.
H. A. R. Suleria, C. J. Barrow, and F. R. Dunshea, “Screening and Characterization of Phenolic Compounds and Their
Antioxidant Capacity in Different Fruit Peels,” Foods, vol. 9, no. 9, p. 1206, Sep. 2020, doi: 10.3390/fo0ds9091206.
P. A. N. K. Permatananda, I. G. S. Pandit, D. P. C. Udiyani, and Wimpy, “Antioxidant Activity Of Kintamani Siamese
Orange Peel Extract (Citrus Nobilis) With Different Polar Solvent: An In Vitro Experimental Study,” Multidisciplinary
Science Journal, vol. 6, no. 2, p. 2024020, Aug. 2023, doi: 10.31893/multiscience.2024020.

S. A. S. Muhamad, B. Jamilah, A. R. Russly, and A. Faridah, “The antibacterial activities and chemical composition
of extracts from Carica papaya cv. Sekaki/Hong Kong seed,” 2017.

A. Sharma, L. Kumar, M. Malhotra, A. P. Singh, and A. P. Singh, “Ananas comosus (Pineapple): A Comprehensive
Review of Its Medicinal Properties, Phytochemical Composition, and Pharmacological Activities,” Journal of Drug
Delivery and Therapeutics, vol. 14, no. 5, pp. 148-157, May 2024, doi: 10.22270/jddt.v14i5.6557.

L. A. Sivasamugham, V. Nimalan, and G. Subramaniam, “Antibacterial effects of Musa sp. ethanolic leaf extracts
against methicillin-resistant and susceptible Staphylococcus aureus,” S. Afr. J. Chem. Eng., vol. 35, pp. 107-110,
Jan. 2021, doi: 10.1016/j.sajce.2020.09.007.

JD Buah, “Antibacteria Activities of Guava (Psidium guajava) and Orange (Citrus sinensis) Leaves Extracts on
Staphylococcus aureus and Escherichia coli,” Sahel Journal of Life Sciences FUDMA, vol. 1, no. 1, pp. 130-136, Dec.
2023, doi: 10.33003/sajols-2023-0101-014.

E. Scaglione et al., “Antimicrobial efficacy of Punica granatum Lythraceae peel extract against pathogens belonging
to the ESKAPE group,” Front. Microbiol., vol. 15, Apr. 2024, doi: 10.3389/fmicb.2024.1383027.

P. Rabiee, A. Faraz, S. Ajlouni, and M. A. Hussain, “Microbial Contamination and Disease Outbreaks Associated with
Rockmelons (Cucumis melo): Implications for Public Health Protection,” Foods, vol. 13, no. 14, p. 2198, Jul. 2024,
doi: 10.3390/foods13142198.

I. Nurlatifah, D. Agustine, and E. Puspasari, “Production and Characterization of Eco-Enzyme from Fruit Peel Waste,”
in Proceedings of the 1st International Conference on Social, Science, and Technology, ICSST 2021, 25 November
2021, Tangerang, Indonesia, EAI, 2022. doi: 10.4108/eai.25-11-2021.2318816.

J. Julinar, D. Uswati, F. Riyanti, and E. Musifa, “Ecoenzyme Characterization of Fruit Peel Waste Mixture and Test of
Antibacterial Activity against Bacteria Causing Dental Caries,” Indonesian Journal of Fundamental and Applied
Chemistry, vol. 10, no. 3, pp. 186-197, Oct. 2025, doi: 10.24845/ijfac.v10.i3.186.

e-ISSN 2289-599X | DOI: https://doi.org/10.11113/mjfas.v22n4.5429 1015



MJFAS

[39]
[40]
[41]
[42]
[43]
[44]

[45]
[46]

[47]

[48]
[49]

[50]

[51]

[52]

[53]

[54]
[55]
[56]
[57]
[58]
[59]
[60]
[61]

[62]

[63]

[64]

[65]

Ghazali et al. | Malaysian Journal of Fundamental and Applied Sciences, Vol. 22 (2026) 1001-1017

D. A. SetiyaNingrum, E. D. Nutfindiani, Z. Margaretha, and M. R. S. Efendi, “The Implementation of FT-IR Method for
Compound Detection in Eco-Enzyme Applied as Hydrogel Patch,” Indonesian Journal of Chemical Research, vol. 12,
no. 1, pp. 55-63, May 2024, doi: 10.30598/ijcr.2024.12-set.

A. H. Ramadani, R. Karima, and R. S. Ningrum, “Indonesian Journal of Chemical Research Antibacterial Activity of
Pineapple Peel (Ananas comosus) Eco-enzyme Against Acne Bacteria (Staphylococcus aureus and
Propionibacterium acnes),” J. Chem. Res, vol. 9, no. 3, pp. 201-207, 2022, doi: 10.30598//ijcr.

K. Godlewska, P. Pacyga, A. Najda, and |. Michalak, “Investigation of Chemical Constituents and Antioxidant Activity
of Biologically Active Plant-Derived Natural Products,” Molecules, vol. 28, no. 14, p. 5572, Jul. 2023, doi:
10.3390/molecules28145572.

A. ltam, M. S. Wati, V. Agustin, N. Sabri, R. A. Jumanah, and M. Efdi, “Comparative Study of Phytochemical,
Antioxidant, and Cytotoxic Activities and Phenolic Content of Syzygium aqueum (Burm. f. Alston f.) Extracts Growing
in West Sumatera Indonesia,” The Scientific World Journal, vol. 2021, pp. 1-9, Jun. 2021, doi: 10.1155/2021/5537597.
M. Spiegel et al., “Antioxidant Activity of Selected Phenolic Acids—Ferric Reducing Antioxidant Power Assay and
QSAR Analysis of the Structural Features,” Molecules, vol. 25, no. 13, p. 3088, Jul. 2020, doi:
10.3390/molecules25133088.

T. E. Tallei et al., “Antibacterial and Antioxidant Activity of Ecoenzyme Solution Prepared from Papaya, Pineapple,
and Kasturi Orange Fruits: Experimental and Molecular Docking Studies,” J. Food Process. Preserv., vol. 2023, pp.
1-11, Mar. 2023, doi: 10.1155/2023/5826420.

R. Hulankova, “Methods for Determination of Antimicrobial Activity of Essential Oils In Vitro—A Review,” Plants, vol.
13, no. 19, p. 2784, Oct. 2024, doi: 10.3390/plants13192784.

G. G. Gumilar, “Ecoenzyme Production, Characteristics, and Applications: A Review,” Jurnal Kartika Kimia, vol. 6, no.
1, Jun. 2023, doi: 10.26874/jkk.v6i1.186.

S. Sethi, “Agro waste based adsorbents: Application in cleaning of pharmaceuticals and personal care products from
wastewater,” in Development in Wastewater Treatment Research and Processes, Elsevier, 2024, pp. 115-140. doi:
10.1016/B978-0-443-19207-4.00006-9.

N. Benny, R. Shams, K. K. Dash, V. K. Pandey, and O. Bashir, “Recent trends in utilization of citrus fruits in production
of eco-enzyme,” J. Agric. Food Res., vol. 13, p. 100657, Sep. 2023, doi: 10.1016/j.jafr.2023.100657.

H. Triyatdipa, A. Agustien, and M. Marlina, “A Analysis of Ecoenzyme Characteristics from Combination of Fruit Peel
Waste,” Biospecies, vol. 18, no. 2, pp. 11-19, Jul. 2025, doi: 10.22437/biospecies.v18i2.44214.

L. Ode Sumarlin, D. Mulyadi, and Y. Asmara, “Identifikasi Potensi Enzim Lipase dan Selulase pada Sampah Kulit
Buah Hasil Fermentasi (Identification of Potential Lipase and Cellulase on Waste of Skin Fruit by Fermentation),”
2013.

S. A. S. Muhamad, B. Jamilah, A. R. Russly, and A. Faridah, “The antibacterial activities and chemical composition
of extracts from Carica papaya cv. Sekaki/Hong Kong seed,” 2017.

M. Venetikidou et al., “Proteolytic Enzyme Activities of Bromelain, Ficin, and Papain from Fruit By-Products and
Potential Applications in Sustainable and Functional Cosmetics for Skincare,” Applied Sciences, vol. 15, no. 5, p.
2637, Feb. 2025, doi: 10.3390/app15052637.

“Characterization and Enzymatic Evaluation of Ecoenzyme Derived from Fruit and Vegetable Waste: An Effort to
Achieve Zero Waste Concept,” Baghdad Science Journal, 2024, doi: 10.21123/bsj.2024.10707.

A. da S. Pereira, G. C. Fontes-Sant’Ana, and P. F. F. Amaral, “Mango agro-industrial wastes for lipase production
from Yarrowia lipolytica and the potential of the fermented solid as a biocatalyst,” Food and Bioproducts Processing,
vol. 115, pp. 68-77, May 2019, doi: 10.1016/j.fbp.2019.02.002.

M. Venetikidou et al., “Proteolytic Enzyme Activities of Bromelain, Ficin, and Papain from Fruit By-Products and
Potential Applications in Sustainable and Functional Cosmetics for Skincare,” Applied Sciences, vol. 15, no. 5, p.
2637, Feb. 2025, doi: 10.3390/app15052637.

A. Kiran et al., “Using fruit peel as a substrate for the isolation, biosynthesis, and optimization of glucoamylase
by Bacillus sp. under submerged fermentation,” Italian Journal of Food Science, vol. 37, no. 4, pp. 139-148, Oct.
2025, doi: 10.15586/ijfs.v37i4.3051.

B. Samantaray, S. Mohapatra, R. R. Mishra, B. C. Behera, and H. Thatoi, “Bioethanol production from agro-wastes:
a comprehensive review with a focus on pretreatment, enzymatic hydrolysis, and fermentation,” Int. J. Green Energy,
vol. 21, no. 6, pp. 1398-1424, May 2024, doi: 10.1080/15435075.2023.2253871.

B. Yilmaz et al., “The Impacts of Lactiplantibacillus plantarum on the Functional Properties of Fermented Foods: A
Review of Current Knowledge,” Microorganisms, vol. 10, no. 4, p. 826, Apr. 2022, doi:
10.3390/microorganisms10040826.

S. Safranko, D. Subarié, |. Jerkovi¢, and S. Joki¢, “Citrus By-Products as a Valuable Source of Biologically Active
Compounds with Promising Pharmaceutical, Biological and Biomedical Potential,” Pharmaceuticals, vol. 16, no. 8, p.
1081, Jul. 2023, doi: 10.3390/ph16081081.

H. Baati, M. Siala, C. Azri, E. Ammar, and M. Trigui, “Hydrolytic enzyme screening and carotenoid production
evaluation of halophilic archaea isolated from highly heavy metal-enriched solar saltern sediments,” Brazilian Journal
of Microbiology, vol. 53, no. 4, pp. 1893-1906, Dec. 2022, doi: 10.1007/s42770-022-00855-6.

B. Samantaray, S. Mohapatra, R. R. Mishra, B. C. Behera, and H. Thatoi, “Bioethanol production from agro-wastes:
a comprehensive review with a focus on pretreatment, enzymatic hydrolysis, and fermentation,” Int. J. Green Energy,
vol. 21, no. 6, pp. 1398-1424, May 2024, doi: 10.1080/15435075.2023.2253871.

M. E. S4 et al., “Compositional analysis of melon seeds: Insights into the development of sustainable value-added
products,” Bioresources, vol. 20, no. 4, pp. 10872-10892, Oct. 2025, doi: 10.15376/biores.20.4.10872-10892.

A. Hussain et al., “Physicochemical and phytochemical analysis of three melon fruit (canary melon, watermelon, and
muskmelon) peels, and their valorization in biscuits development,” Front. Sustain. Food Syst., vol. 8, Sep. 2024, doi:
10.3389/fsufs.2024.1444017.

N. Morsy, “Phytochemical analysis of biologically active constituents of medicinal plants,” Main Group Chemistry, vol.
13, no. 1, pp. 7-21, Feb. 2014, doi: 10.3233/MGC-130117.

Z. Liu et al., “Development of Phenolic-Rich Functional Foods by Lactic Fermentation of Grape Marc: A Review,” Food
Reviews International, vol. 40, no. 6, pp. 1756-1775, Aug. 2024, doi: 10.1080/87559129.2023.2230278.

e-ISSN 2289-599X | DOI: https://doi.org/10.11113/mjfas.v22n4.5429 1016



MJFAS

[66]
[67]
[68]
[69]

[70]

[71]
[72]

[73]
[74]

[75]
[76]

[77]

[78]

[79]

Ghazali et al. | Malaysian Journal of Fundamental and Applied Sciences, Vol. 22 (2026) 1001-1017

R. Gémez-Garcia, D. A. Campos, C. N. Aguilar, A. R. Madureira, and M. Pintado, “Valorization of melon fruit (Cucumis
melo L.) by-products: Phytochemical and Biofunctional properties with Emphasis on Recent Trends and Advances,”
Trends Food Sci. Technol., vol. 99, pp. 507-519, May 2020, doi: 10.1016/.tifs.2020.03.033.

P. Nannipieri, L. Giagnoni, L. Landi, and G. Renella, “Role of Phosphatase Enzymes in Soil,” 2011, pp. 215-243. doi:
10.1007/978-3-642-15271-9_9.

A. H. Ghazali, S. A. Ariffin, W. Z. Wan Mohd Zain, N. Windayani, and F. Salim, “HPLC quantification of bioactives and
antioxidant activity in whey kefir-enriched ecoenzyme from rockmelon (Cucumis melo) and orange (Citrus sinensis)
peels,” Asia Pacific Journal of Molecular Biology and Biotechnology, pp. 23-31, Jun. 2025, doi:
10.35118/apjmbb.2025.033.2(Special).03.

T. C. Vianna et al., “Incorporation of Limonene Oligomers into Poly(itaconic acid)/Starch Blend Films for Antimicrobial
and Antioxidant Packaging Applications,” ACS Sustain. Chem. Eng., vol. 12, no. 23, pp. 8752—-8764, Jun. 2024, doi:
10.1021/acssuschemeng.4c01406.

Z. Breijyeh, B. Jubeh, and R. Karaman, “Resistance of Gram-Negative Bacteria to Current Antibacterial Agents and
Approaches to Resolve It,” Molecules, vol. 25, no. 6, p. 1340, Mar. 2020, doi: 10.3390/molecules25061340.

V. Sharma, A. Sheershwal, and S. Bisht, “Rhizobacteria Revolution: Amplifying Crop Resilience and Yield in a
Changing Climate Through Plant Growth Promotion,” J. Basic Microbiol., vol. 65, no. 9, Sep. 2025, doi:
10.1002/jobm.70039.

W. Thongphichai, V. Pongkittiphan, A. Laorpaksa, W. Wiwatcharakornkul, and S. Sukrong, “Antimicrobial Activity
against Foodborne Pathogens and Antioxidant Activity of Plant Leaves Traditionally Used as Food Packaging,” Foods,
vol. 12, no. 12, p. 2409, Jun. 2023, doi: 10.3390/foods12122409.

M. Draveny and M. Masi, “Targeting of the Gram-Negative Outer Membrane for Antibiotic Discovery and Potentiation,”
ACS Infect. Dis., vol. 12, no. 3, pp. 1010-1023, Mar. 2026, doi: 10.1021/acsinfecdis.5c01108.

H. A. K. Mavani et al., “Antimicrobial Efficacy of Fruit Peels Eco-Enzyme against Enterococcus faecalis: An In Vitro
Study,” Int. J. Environ. Res. Public Health, vol. 17, no. 14, p. 5107, Jul. 2020, doi: 10.3390/ijerph17145107.

R. Oktiansyah and U. H. Habisukan, “The bioactivities of ecoenzymes derived from fruit peels and their secondary
metabolites,” International Journal of Secondary Metabolite, vol. 13, no. 1, pp. 263-272, Mar. 2026, doi:
10.21448/ijsm.1707893.

A. Mohammad, S. A. Ariffin, A. H. Ghazali, and W. Z. W. M. Zain, “Biological application of fruit peels fermentation: A
sustainable approach to biomedical,” Bioresource Technology Reports, vol. 33, Feb. 2026. doi:
10.1016/j.biteb.2026.102589.

N. Benny, R. Shams, K. K. Dash, V. K. Pandey, and O. Bashir, “Recent trends in utilization of citrus fruits in production
of eco-enzyme,” J. Agric. Food Res., vol. 13, p. 100657, Sep. 2023, doi: 10.1016/j.jafr.2023.100657.

J. Julinar, D. Uswati, F. Riyanti, and E. Musifa, “Ecoenzyme Characterization of Fruit Peel Waste Mixture and Test of
Antibacterial Activity against Bacteria Causing Dental Caries,” Indonesian Journal of Fundamental and Applied
Chemistry, vol. 10, no. 3, pp. 186-197, Oct. 2025, doi: 10.24845/ijfac.v10.i3.186.

S. C. Das et al., “Evaluating the biocatalytic potential of fruit peel-derived eco-enzymes for sustainable textile
wastewater treatment,” Results in Engineering, vol. 21, p. 101898, Mar. 2024, doi: 10.1016/j.rineng.2024.101898.

e-ISSN 2289-599X | DOI: https://doi.org/10.11113/mjfas.v22n4.5429 1017



