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Abstract

This study systematically evaluated the extraction efficiency, phytochemical content, antioxidant activity, matrix
metalloproteinase inhibition, cytotoxicity, stability, and safety of Syzygium cumini L. seed extracts using various solvents.
Extraction yields were highest with 50 %v/v ethanol (19.19% =+ 0.44%), while the 70 %v/v ethanol extract exhibited the
greatest total phenolic (488.51 + 3.60 mg GAE/g) and flavonoid (88.45 + 1.61 mg QE/g) contents. Antioxidant assays
revealed that the water extract (SC100W) had the strongest DPPH and ABTS radical scavenging activities. In contrast,
the 70 %v/v ethanol extract (SC70ET) demonstrated superior ferric reducing antioxidant power, correlating with higher
phenolic content. Matrix metalloproteinase inhibition assays identified the 50 %v/v ethanol extract (SCSOET) as the most
effective, showing the lowest ICso for strong collagenase, elastase, and tyrosinase inhibition. All Syzygium cumini L. seed
extracts showed over 90% cell viability within a concentration range of 1 - 250 pg/mL, demonstrating that it is safe for
skincare application. The active ingredients and efficacy have not significantly decreased, even when stored at high
temperatures under accelerated conditions. Microbiological and heavy metal analyses confirmed the extract’s safety for
use as an active ingredient in cosmetic products. Collectively, these results highlight the influence of extraction solvent
on bioactivity and identify optimal conditions for maximizing cosmeceutical properties of Syzygium cumini L. seed
extracts.
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Introduction
Java plum (Syzygium cumini L.), commonly iron), and bioactive phytochemicals including

known as Jamun, is a tropical evergreen tree belonging anthocyanins, flavonoids  (quercetin, myricetin,

to the family Myrtaceae. Native to South and Southeast
Asia, including India, Myanmar, Malaysia, Indonesia,
and the Philippines, it has spread widely across the
tropics and subtropics, including Thailand, where it is
cultivated both edible and medicinal uses [1]. In
Thailand, S. cumini is found in various regions and is
valued for its resilience in diverse environmental
conditions. The fruit and seeds are rich in nutrients such

as carbohydrates, proteins, vitamins, minerals (notably

kaempferol), phenolic acids (gallic, caffeic, ellagic
acids), and tannins. These compounds contribute to its
nutritional value and are involved in various metabolic
processes, notably its anti-diabetic and antioxidant
activities [2,3].

Extensive research has highlighted the potent
antioxidant properties of Syzygium cumini L., attributed
to its high content of phenolic compounds,

anthocyanins, and flavonoids [4,5]. These antioxidants
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effectively scavenge free radicals, reduce oxidative
stress, and may play a role in anti-aging by inhibiting
matrix metalloproteinases (MMPs) such as MMP-1,
which are involved in skin aging and tissue remodeling
[6]. Studies on leaf and seed extracts have demonstrated
significant free radical-scavenging activity, with
methanolic seed extracts showing particularly high
antioxidant capacity, sometimes surpassing standard
antioxidants like ascorbic acid [4,7]. Toxicological
evaluations indicate that S. cumini extracts generally
exhibit low cytotoxicity and negligible acute toxicity in
in vitro and in vivo models, supporting their safety for
further pharmaceutical and cosmeceutical applications
[8].

Given the abundance of bioactive compounds in
Syzygium cumini L., researchers are increasingly
interested in utilizing these seeds, often a by-product of
juice production, for the extraction of cosmetic bioactive
compounds. Consequently, water and ethanol, both safe
and widely accepted in the cosmetic industry, were
commonly chosen as solvents for basic plant extraction.
In this context, seeds sourced from the Wabellas
community enterprise in Wang Wa sub-district, Taphan
Hin district, Phichit province, Thailand, were subjected
to maceration extraction. The resulting crude extracts
were investigated for their potential in cosmetic
applications, focusing on activities such as matrix
metalloproteinase  inhibition, antioxidant effects,
fibroblast cytotoxicity, thermal stability, and safety
assessments. This approach not only adds value to
agricultural by-products but also supports the
development of natural, multifunctional ingredients for

the cosmetic industry.

Plant materials

The study utilized seeds of Syzygium cumini L.,
sourced as a by-product from a local juice factory. These
materials were generously provided by the Wabellas
community enterprise, located in Wang Wa sub-district,
Taphan Hin district, Phichit province, Thailand.

Chemicals

Folin-Ciocalteu reagent, gallic acid, quercetin,
kojic acid, L-ascorbic acid, epigallocatechin gallate
(EGCQG), 3,4-dihydroxyphenylalanine  (L-DOPA),
tyrosinase from mushroom (E.C. 1.14.18.1, Sigma no.
T3824), collagenase from Clostridium histolyticum

(E.C. 3.4.24.3, Sigma no. C0130), elastase from porcine
pancreas (E.C. 3.4.21.36, Sigma no. E1250), 2,2-
diphenyl-1-picrylhydrazyl (DPPH), 2,2’-azino-bis (3-
ethylbenzthiazoline-6-sulphonic acid) (ABTS), 2,4,6-
Tris(2-pyridyl)-s-triazine (TPTZ), N-[3-(2-
Furyl)acryloyl]-Leu-Gly-Pro-Ala  (FALGPA), N-
Succinyl-Ala-Ala-Pro-Phe p-nitroanilide
(AAAPVN) were purchased from Merck KGaA
(Darmstadt, Germany). Ethanol was purchased from
RCI Labscan Ltd. (Bangkok, Thailand). Sodium
carbonate, aluminum chloride, and sodium acetate were
purchased from KemAus (Cloisters Cherrybrook,
Australia). 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl-
2H-tetrazolium bromide (MTT) was acquired from
Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan).
Crystal violet was purchased from Riedel-de Haen

(Munich, Germany).

Methods

Preparation of Syzygium cumini L. seed extract

Syzygium cumini L. seeds were first oven-dried at
60 °C for 48 h to remove moisture, then ground into a
fine powder (60-mesh) using a commercial grinder
(Powder Grinder PG500, Spring Green Evolution Co.
Ltd., Bangkok, Thailand). In brief, the powdered
material was subjected to maceration in distilled water
(SC100W), 30 %v/v ethanol (SC30ET), 50 %v/v
ethanol (SC50ET), and 70 %v/v ethanol (SC70ET), with
continuous agitation at 150 rpm for 24 h on an orbital
shaker (Stuart SSL1, Fisher Scientific, Leicestershire,
England). After that, the mixture was filtered through
Whatman No. 1 filter paper, and the liquid extract was
concentrated under reduced pressure using a rotary
evaporator (BUCHI Rotavapor R-300, Fisher Scientific,
Leicestershire, England) to eliminate ethanol. The
resulting crude extract was weighed to determine the
extraction yield and stored at —20 °C for further

phytochemical analysis [9].

Total phenolic content (TPC)

The total phenolic content of the extracts was
determined using the Folin-Ciocalteu method. Briefly,
the sample solutions were aliquoted (20 pL) into a 96-
well plate, followed by the addition of 100 pL of 0.25 N
Folin-Ciocalteu reagent and 80 pL of 7.5 %w/v sodium

carbonate solution. Then, the mixture was incubated in
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the dark at ambient temperature for 2 h, and absorbance
was measured at 765 nm using a microplate reader
(CLARIOstar®, BMG LABTECH, Ortenberg,
Germany). Gallic acid was used as a standard (5 - 100
pg/mL) to generate a calibration curve, and results were
expressed as milligrams of gallic acid equivalents per
gram of extract (mg GAE/g extract) [10]. The total
phenolic content was calculated according to the
following equation:

TPC (mg GAE/g extract) = (CxV)/m, (1)

where C is the concentration of gallic acid obtained from
the standard curve (mg/mL), V is the volume of extract
used in the assay (mL), and m is the weight of the extract

used (g).

Total flavonoid content (TFC)

The total flavonoid content of the extracts was
determined using the aluminum chloride colorimetric
assay [11]. Briefly, the sample solutions were aliquoted
(30 pL) into a 96-well plate. Subsequently, 50 puL of 5
%w/v sodium nitrite and 35 pL of 10 %w/v aluminum
chloride were added to each well. After that, the
mixtures were incubated in the dark at ambient
temperature for 5 min, and 85 pL of 1 N sodium
hydroxide was added. The mixtures were incubated in
the dark at ambient temperature for 6 min, after which
absorbance was measured at 520 nm using a microplate
reader (CLARIOstar®, BMG LABTECH, Ortenberg,
Germany). Quercetin was used as a standard (5 - 100
pg/mL) to generate a calibration curve, and results were
expressed as milligrams of quercetin equivalent per
gram of extract (mg QE/g extract) [12]. The total
flavonoid content was calculated according to the

following equation:
TFC (mg QE/g extract) = (CxV)/m )

where C is the concentration of quercetin obtained from
the standard curve (mg/mL), V is the volume of extract
used in the assay (mL), and m is the weight of the extract

used (g).

2,2-diphenyl-1-picrylhydrazyl (DPPH) assay
The antioxidant activity was evaluated using the
DPPH radical scavenging assay. Briefly, 20 uL of each

sample was pipetted into a 96-well plate. Subsequently,
180 pL of 0.2 mM DPPH solution was added. After that,
the mixture was incubated in the dark at ambient
temperature for 30 min, and the absorbance was
measured at 520 nm using a microplate reader
(CLARIOstar®, BMG LABTECH, Ortenberg,
Germany) [13]. The percentage of DPPH radical
scavenging was calculated according to the following

equation:
DPPH radical scavenging (%) = [(A — B)/A] x100 (3)

where A refers to the absorbance of the reaction without
the extracts, and B refers to the absorbance of the
reaction with the extracts. Ascorbic acid was used as a
standard. The inhibition was expressed as the half-
maximal inhibitory concentration (ICsp), which was
determined using GraphPad Prism Version 10
(GraphPad Software, San Diego, USA).

2,2'-azinobis-(3-ethylbenzothiazoline-6-sulfonic
acid) (ABTS) assay

The antioxidant activity was evaluated using the
ABTS radical scavenging assay. In brief, 7 mM ABTS
solution was mixed with 2.45 mM potassium persulfate

solution in a 1:1.5 ratio and incubated in the dark for 12

h to generate ABTS®" radicals. The resulting ABTS
mixture was diluted with distilled water to achieve an
absorbance of 0.70 + 0.02 at 750 nm. For the assay, 20
pL of extract was added to a 96-well plate, followed by
the addition of 180 uL of the prepared ABTS solution.
After that, the mixture was incubated at ambient
temperature in the dark for 6 min, and the absorbance
was measured at 750 nm [14]. Ascorbic acid was used
as the standard. The percentage of ABTS radical
scavenging was calculated according to the following

equation:
ABTS radical scavenging (%) = [(A — B)/A] x100 (4)

where A refers to the absorbance of the reaction without
the extracts, and B refers to the absorbance of the
reaction with the extracts. Antioxidant activity was
expressed as the half-maximal inhibitory concentration
(ICs0), which was determined using GraphPad Prism
Version 10 (GraphPad Software, San Diego, USA).
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Ferric reducing antioxidant power (FRAP)
assay

The antioxidant activity of the extracts was
evaluated using the FRAP assay with some
modifications from a previous study [15,16]. Briefly, the
FRAP reagent was freshly prepared by mixing 300 mM
acetate buffer, 10 mM TPTZ solution in 40 mM HCI,
and 20 mM ferric chloride solution at a ratio of 10:1:1
(v/v), followed by warming at 37v °C in a water bath.
Subsequently, 25 pL of extract was added to 175 pL of
FRAP solution in a 96-well microplate. The mixture was
incubated at ambient temperature in the dark for 30 min,
and the absorbance was measured at 595 nm using a
microplate reader (CLARIOstar®, BMG LABTECH,
Ortenberg, Germany). Ascorbic acid (5 - 20 mmol)
solutions were used to construct the standard curve. The
FRAP values were expressed in millimolar ascorbic acid
equivalent per gram of extract (mmol AAE/g extract).
The ferric reducing antioxidant power was calculated

according to the following equation:
FRAP (mM Fe?" equivalents) = (BxD)/V 5)

where B is the amount of Fe?" (mmol) determined from
the standard calibration curve, D is the dilution factor,

and V is the volume of the sample used in the assay.

Tyrosinase inhibitory determination

The tyrosinase inhibitory assay was conducted by
a modified method from a previous study [17]. In brief,
the tyrosinase enzyme solution was freshly prepared at
a concentration of 500 units/mL in 0.1 M phosphate
buffer, pH 6.8. Then, 20 pL of extract solution was
mixed with 20 uL of tyrosinase solution, followed by the
addition of 100 pL of phosphate buffer (pH 6.8). After
that, the mixture was incubated in the dark at ambient
temperature for 15 min. Subsequently, 60 pL of 2.5 mM
L-DOPA solution in phosphate buffer was added and
incubated for another 15 min under the same conditions.
The absorbance of the resulting mixture was measured
at 475 nm, and the percentage of tyrosinase inhibition
was calculated using the following equation:

Tyrosinase inhibition (%) = [(A — B)/A] x100 (6)

where A refers to the controlled absorbance of the
mixture that consists of PBS, tyrosinase, and L-DOPA,

and B refers to the absorbance of the reaction of the
mixture that consists of extract, tyrosinase, and L-
DOPA.The tyrosinase inhibitory activity of extracts was
expressed as the half-maximal inhibitory concentration
(ICs0), which was calculated by using the program
GraphPad Prism Version 10 (GraphPad Software, San
Diego, USA).

Collagenase inhibitory determination

The inhibition of collagenase activity was
determined by measuring the product from the reaction
of collagenase and FLAGPA, using the
spectrophotometric method [18]. Briefly, collagenase
solution was prepared at a concentration of 5 units/mL
in 50 mM tricine buffer pH 7.4. Subsequently, 20 pL of
the extract was incubated with 20 pL of collagenase
solution for 15 min. After that, 120 uL of 2 mM
FLAGPA solution in 50 mM tris-HCI buffer (pH 7.5)
was added. The absorbance of the mixture was
immediately measured and tracked continuously for 20
min at a wavelength of 340 nm using a multimode
detector (CLARIOstar®, BMG Labtech, Offenburg,
Germany). The inhibition of collagenase was calculated

according to the following equation:
Collagenase inhibition (%) = [(A — B)/A] x100 @)

where A refers to the controlled reaction rate of the
mixtures containing collagenase, tricine buffer, and
FLAGPA solution, and B refers to the reaction rate of
the mixtures containing the sample, collagenase, tricine
buffer, and FLAGPA solution. EGCG was used as a
positive collagenase inhibitor. The collagenase
inhibition activity was expressed as the half-maximal
inhibitory concentration (ICso), which was calculated by
using the program GraphPad Prism Version 10
(GraphPad Software, San Diego, USA).

Elastase inhibitory determination

The inhibition of elastase activity was determined
by measuring the reaction of elastase and AAAVPN,
using the spectrophotometric method [19]. Briefly, an
elastase solution was prepared at a concentration of
0.042 units/mL in 200 mM Tris-HCI buffer, pH 8.0.
After that, 40 puL of extract was incubated with 40 pL of
elastase solution for 15 min. Subsequently, 120 pL of
1.33 mM AAAVPN in tris-HCI buffer (pH 8.0) was
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added. The absorbance of the mixture was immediately
measured and tracked continuously for 20 min at a
wavelength of 410 nm using a multimode detector
(CLARIOstar®, BMG Labtech, Offenburg, Germany).
The inhibition of elastase was calculated by using the

following equation:
Elastase inhibition (%) = [(A — B)/A] X100 (®)

A refers to the controlled reaction rate of the
mixtures containing elastase, tris-HCI buffer, and
AAAVPN solution, and B refers to the reaction rate of
the mixtures containing the sample, elastase,
tris-HC1 buffer, and AAAVPN solution. EGCG was
used as a positive elastase inhibitor. The elastase
inhibition activity was expressed as the half-maximal
inhibitory concentration (ICso), which was calculated by
using the program GraphPad Prism Version 10
(GraphPad Software, San Diego, USA).

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-
tetrazolium bromide (MTT) assay

The cytotoxicity of extracts was evaluated on
normal human dermal fibroblast (NHDF) cells using the
MTT assay adapted from the method of Ala et al. [20].
NHDF cells were trypsinized at 1x10* cells/well in 96-
well plates and cultured in DMEM-F12 medium
supplemented  with 10% FBS and 1%
penicillin/streptomycin under standard conditions (37
°C, 5% CO.) for 24 h. After that, the medium was
removed, and cells were treated with medium containing
extract at concentrations ranging from 1 to 500 pg/mL,
alongside a control, which consisted of medium without
any extracts, for 24 h. After 24 h of treatment, media
were replaced with PBS-washed wells, followed by
incubating with MTT solution for 2 h, at 37 °C, in the
dark. The resulting formazan crystals were solubilized
with DMSO, and absorbance was measured at 570 nm
by using a microplate reader (CLARIOstar®, BMG
LABTECH, Ortenberg, Germany). Cell viability
percentages were calculated using the following

equation:

Cell viability (%) = (A/B) x100 9)

where A is the absorbance of the reaction with the
extract at 570 nm, and B is the absorbance of the control

without the extract.

Crystal violet staining

The crystal violet stain assay was used to confirm
the cytotoxicity of the crude extracts, followed by
morphology observation [21,22]. The NHDF cells were
cultured and treated with different concentrations of the
crude extract compared with the control for 24 h, similar
to the MTT assay. After the treatment duration, the
supernatant was removed, the cells were washed with
PBS pH 7.4 and fixed with 4 %w/v paraformaldehyde
for 1 h at room temperature. After fixation, the cells
were stained with 0.5 %w/v crystal violet solution and
incubated for 30 min. Then, the cells were rinsed with
tap water to remove excess stain and air dried. Cell
morphology was visualized under a light microscope
(EVOS® XL Core Imaging System, Thermo Fisher
Scientific Inc., Waltham, MA, USA).

Syzygium cumini L. liquid extract formulation

Syzygium cumini L. seed extract obtained with 50
%v/v ethanol (SC50ET) was selected for its superior
matrix metalloproteinase inhibition and potent
bioactivity relevant to skin aging and cosmeceutical
applications. Notably, SC50ET demonstrated high
safety, maintaining over 90% cell viability. Based on
preliminary efficacy and safety assessments, a
concentration of 5 %w/w SCSOET was chosen to
achieve optimal cosmetic performance. Since the study
focused on evaluating the stability of the liquid extract
based on its antioxidant activity, no additional
antioxidants were added. For formulation, SC50ET was
dissolved in distilled water at 5 %w/w, with PEG-40
hydrogenated castor oil (10 %w/w) as a solubilizer,
glycerin (20 %w/w) as a humectant, and DMDM
hydantoin (1 %w/w) as a preservative. This combination
ensures optimal solubility, stability, and safety of the
active ingredient within the cosmetic product.

Stability of Syzygium cumini L. liquid extract
evaluation

The formulation was stored under varying
temperature conditions (4, 25, and 50 °C) and evaluated
over 8 weeks at intervals of 0, 2, 4, 6, and 8 weeks to
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assess the bioactive stability and antioxidant properties.
Total phenolic content (TPC), total flavonoid content
(TFC), ferric reducing antioxidant power (FRAP), and
free radical scavenging activities via DPPH (2,2-
diphenyl-1-picrylhydrazyl) and ABTS (2,2’-azino-bis
(3-ethylbenzothiazoline-6-sulfonic acid)) assays were
quantified at each time point under all storage
conditions. The results from all antioxidant activities of
the liquid extract were expressed as milligrams of
ascorbic acid equivalent antioxidant capacity per
milliliter of extract (mg AAEAC/mL), providing a
comprehensive analysis of temperature and time
dependent degradation effects on bioactive compounds
and antioxidant capacity.

Microbial and heavy metal contamination test

The Syzygium cumini L. liquid extract formulation
was evaluated according to the criteria of Thai Industrial
Standard in the issue of cosmetics: General specification
(TIS 152 - 2555), as outlined in the Ministry of Industry
Notification, which specifies general requirements for
cosmetic products [23]. The total aerobic colony count
was assessed using the methodology described in
USP41/NF36:2018, Chapter 61. Furthermore, the
detection of specific pathogens, including Pseudomonas
aeruginosa, Staphylococcus aureus, Candida albicans,
and Clostridium spp., was conducted in accordance with
USP41/NF36:2018 [24]. The quantification of heavy
metals, e.g., total arsenic, cadmium, lead, and mercury
compounds, was performed using Atomic Absorption
Spectroscopy (AAS), with analyses carried out by the
Institute of Chemical Technology (Chemlab Services,
Thailand).

Statistical analysis

The results are presented as mean =+ standard
deviation (SD). All experimental data were analyzed
using Analysis of Variance (ANOVA), followed by
Tukey’s post hoc test for multiple comparisons between
the treatment and control groups. A p-value < 0.05 was
considered statistically significant. Statistical analyses
were conducted using GraphPad Prism version 10
(version 10.0, San Diego, CA, USA).

Results and discussion

The result of Syzygium cumini L. extraction

The extraction results of Syzygium cumini L. seeds
using distilled water, 30, 50, and 70 %v/v ethanol
revealed that the highest extraction yield was obtained
with 50 %v/v ethanol (SC50ET) and 30 %v/v ethanol
(SC30ET), yielding 19.19% + 0.44% and 18.40% +
0.39%, respectively, as shown in Table 1. This aligns
with previous studies that have demonstrated the
efficiency of hydroalcoholic solvents, particularly
ethanol at intermediate concentrations, for extracting
bioactive compounds from plant materials. The findings
indicate that ethanol at 50 %v/v concentration provides
optimal extraction efficiency for bioactive constituents,
likely due to its ability to dissolve both polar and non-
polar metabolites, which enhances the release of
chemical compositions from the plant matrix. Analysis
of variance confirmed that the type of solvent
significantly influenced extraction yield (p < 0.05). The
Tukey test further indicated significant differences
between the extraction yields of 50 %v/v ethanol
(19.19%+0.44%) and 70 %v/v ethanol (16.15%
+0.51%), while the distilled water extraction (SC100W)
demonstrated the lowest yield (13.41% + 0.73%). These
results are consistent with reports that hydroalcoholic
mixtures are more effective than water alone for
extracting a broad spectrum of phytochemicals from

Syzygium cumini L. [25-27].

Total phenolic and flavonoid content

The analysis of total phenolic and flavonoid
content in Syzygium cumini L. seed extracts
demonstrated that the 70 %v/v ethanol extract
(SC70ET) contained the highest phenolic (488.51 & 3.60
mg GAE/g extract) and flavonoid (88.45 + 1.61 mg
QE/g extract) contents, followed by the 50 and 30 %v/v
ethanol extracts, respectively. In contrast, the distilled
water extract (SC100W) exhibited the lowest phenolic
and flavonoid contents, as shown in Table 1. These
results were consistent with previous research, which
found that ethanol-based solvents yield higher amounts
of phenolic and flavonoid compounds from Syzygium
cumini L. compared to water-based solvents [26,28].
The higher extraction efficiency of ethanol was
attributed to the polarity of phenolic compounds, such
as phenolic acids and flavonoids, which possess benzene

rings in their structures, making them more soluble in
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highly polar organic solvents like ethanol than in water.
Thus, ethanol extraction yields a higher amount of
phenolic and flavonoid content compared to water
extraction, supporting the use of ethanol as an effective
solvent for recovering antioxidant compounds from
Syzygium cumini L. [25]. Although the 50% and 30%
ethanol extracts (SC50ET and SC30ET) of Syzygium
cumini L. seeds provided the highest overall extraction
yields, the 70% ethanol extract (SC70ET) exhibited the
highest total phenolic and flavonoid contents. This
apparent discrepancy arises because extraction yield
reflects the total mass of all solubilized compounds,
including sugars, proteins, and other non-phenolic
substances, while phenolic and flavonoid content

specifically measures the concentration of these
bioactive compounds. Higher ethanol concentrations,
such as 70%, are more effective at selectively extracting
phenolic and flavonoid compounds due to their
intermediate polarity, which better matches the
solubility characteristics of these compounds compared
to more polar solvents or lower ethanol concentrations.
As a result, even though SC70ET yields less total crude
extract, it is richer in the desired bioactive constituents.
This distinction underscores the importance of
optimizing solvent composition not just for maximum
yield, but for the targeted recovery of functional
phytochemicals [29-31].

Table 1 Total phenolic and flavonoid contents of Syzygium cumini L. seed extracts obtained using different solvents.

Total Phenolic content

Total Flavonoid content

Syzygium cumini L. % Yield (mg GAE/ g extract) (mg QE/ g extract)
SC100W 13.41 £0.73¢ 288.51 + 1.65¢ 49.50 + 1.20¢
SC30ET 18.40 +0.39? 383.55 + 4.60° 70.79 £ 1.35°
SC50ET 19.19 £ 0.44° 448.84 +£2.18° 86.71 £ 0.34*
SC70ET 16.15+0.51° 488.51 + 3.60° 88.45+1.617

Note: Data are expressed as mean =+ standard deviation; GAE = gallic acid equivalent, QE = quercetin equivalent.

Different letters in the same column indicate significant differences (p < 0.05), n= 3.

The result analysis of antioxidant activities

The DPPH assay results shown in Table 2
demonstrated that SC70ET (70% ethanol extract)
exhibited the highest radical scavenging activity with an
ICso value of 13.26 + 0.27 pg/mL, significantly
outperforming the water extract (SC100W) which
showed the highest ICso value of 17.28 + 0.30 pg/mL,
indicating the lowest antioxidant activity among all
extracts. The other ethanol extracts (SC30ET and
SC50ET) showed intermediate ICso values of 14.45 +
0.26 pg/mL and 13.33 + 0.25 pg/mL, respectively. The
DPPH radical scavenging mechanism involved multiple
pathways, including hydrogen atom transfer (HAT),
single electron transfer followed by proton transfer
(SET-PT) Do et al. [32], Chen et al. [33], and sequential
proton-loss electron transfer (SPLET). Research
indicates that the DPPH assay primarily operates
through HAT and SET-PT mechanisms, where

antioxidants donate hydrogen atoms or electrons to the

stable DPPH radical, converting it from a purple-colored
radical to a yellow-colored DPPH-H compound [34,35].
The superior performance of ethanol extraction may be
attributed to its ability to extract more phenolic
compounds with optimal polarity that are particularly
effective in hydrogen donation, as the DPPH reaction is
influenced by the number and position of hydroxyl
groups on phenolic compounds [36].

Moreover, the ABTS assay results shown in Table
2 reveal that SC70ET demonstrated the highest
antioxidant activity (ICse = 36.73 £+ 0.30 pg/mL),
followed by SCS0ET (39.10 + 1.54 pg/mL) and
SC30ET (41.63 + 0.56 ug/mL), while SC100W showed
the lowest activity (ICso = 53.03 + 0.59 pg/mL). The
ABTS assay operates through a more complex

mechanism than DPPH, involving the scavenging of
ABTS®" radical cations generated by potassium

persulfate [37]. Research has demonstrated that the
ABTS assay preferentially reacts via the SPLET



Trends Sci. 2025; 22(11): 10833

8 of 19

mechanism in aqueous solutions, and some antioxidants
can form coupling adducts with ABTS, leading to
secondary reactions that contribute to the total
antioxidant capacity [32]. The ABTS assay can
accommodate both  hydrophilic and lipophilic
antioxidants and is less dependent on steric hindrance
compared to DPPH. The consistently higher ICso values
observed in the ABTS assay compared to DPPH suggest
that the Syzygium cumini L. seed extracts contain
compounds that are more effective at hydrogen atom
donation (DPPH-preferred) than electron transfer
(ABTS-preferred) [38].

Additionally,
demonstrated by FRAP values as represented in Table
2, which showed a distinct trend where SC70ET
demonstrated the highest reducing power (4.17 + 0.08
mmol AAE/g extract), followed closely by SCS50ET
(4.11 £ 0.01 mmol AAE/g extract), while SCI00W
showed significantly lower activity (3.00 £ 0.08 mmol
AAE/g extract). The FRAP assay measured the ferric
reducing ability through the reduction of Fe**-TPTZ

antioxidant  capacities  were

complex to the intensely blue-colored Fe*-TPTZ
complex at low pH, operating primarily through the
SPLET mechanism [39]. This electron transfer-based
mechanism was fundamentally different from the
radical scavenging approaches of DPPH and ABTS
assays, as it measured the ability of antioxidants to
donate electrons for metal ion reduction rather than
neutralizing free radicals [40]. The superior
performance of ethanol extracts in the FRAP assay
suggested that these extracts contain compounds with
enhanced electron-donating capacity, possibly due to
the extraction of less polar phenolic compounds that
were more effective at reducing metal ions [40,41]. The
mechanistic differences between assays explain why

antioxidant rankings varied across different evaluation

methods. While DPPH and ABTS assays primarily
measure hydrogen atom transfer and single electron
transfer mechanisms, respectively. FRAP specifically
evaluates reducing power through metal ion reduction,
which may favor different classes of antioxidant
compounds. This mechanistic diversity accounts for the
observed variations in extract performance across
assays, as different phenolic compounds exhibit varying
efficiencies in different antioxidant mechanisms. The
correlation analysis revealed that FRAP and ABTS
assays showed a strong positive correlation (R?=0.8006),
indicating that extracts with higher reducing power
generally demonstrated better radical scavenging
activity in the ABTS system [38]. This strong
correlation suggests that both assays may be influenced
by similar antioxidant compounds, particularly those
capable of both electron donation and radical
neutralization. In contrast, DPPH correlations with other
assays were notably weaker, likely due to its specific
mechanism requiring direct hydrogen donation and its
limitation to detecting antioxidants that can reduce the
DPPH radical in methanol solution. In conclusion, based
on the comprehensive analysis of all 3 assays, SC7TO0ET
demonstrated the most consistent and superior
antioxidant activities across multiple parameters. While
SC30ET showed optimal performance in the ABTS
assay, SC70ET exhibited the highest FRAP activity
combined with excellent antioxidant performance in
both DPPH and ABTS assays. The superior
performance of ethanol extracts could be attributed to
the enhanced extraction of phenolic compounds and
flavonoids, which were more effectively solubilized in
ethanol-water mixtures, leading to improved antioxidant
capacity through multiple mechanisms, including
hydrogen donation, electron transfer, and metal
chelation [33].

Table 2 Antioxidant activities of Syzygium cumini L. seed extracts using different solvents, as determined by DPPH,

ABTS, and FRAP assays.

] o DPPH ABTS FRAP
Syzygium cumini L.
(ICs0 ng/mL) (ICs0 pg/mL) (mmol AAE/ g extract)
L-ascorbic acid 11.13 £ 0.06% 37.53 £0.86% -
SC100W 17.28 = 0.304 53.03 £ 0.59¢ 3.00 £ 0.08°¢
SC30ET 14.45 + 0.26° 41.63 £ 0.56° 3.41 +£0.03%
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. . DPPH ABTS FRAP
Syzygium cumini L.
(ICs0 ng/mL) (ICs0 ng/mL) (mmol AAE/ g extract)
SC50ET 13.33£0.25° 39.10 + 1.54° 4.11+0.012
SC70ET 13.26 £0.27° 36.73 £ 0.30° 4.17 +£0.08°

Note: Data were expressed as mean + standard deviation; ICso = half-maximal inhibitofy concentration, AAE = Ascorbic

acid equivalent. Different letters in the same column indicated significant differences between groups (p < 0.05)

Tyrosinase inhibition activity of Syzygium
cumini L. extract

The tyrosinase inhibitory activities are presented
in Table 3, demonstrating significant differences in
inhibitory efficacy among the various Syzygium cumini
L. extracts. SCI00W exhibited the lowest activity with
an ICso value of 3.89 + 0.33 mg/mL, while SC30ET and
SCS0ET showed superior inhibitory activities with ICso
values of 1.78 = 0.14 mg/mL and 1.84 + 0.07 mg/mL,
respectively. The positive control, kojic acid,
demonstrated exceptional activity at an ICso value of
0.04 £ 0.01 mg/mL, establishing the benchmark for
comparison. The study by Junlatat et al. [42]
investigated the effects of ethanolic extracts from
Syzygium cumini L. leaves and branches on tyrosinase
inhibition and melanogenesis in B16-F10 murine
melanoma cells. Results showed Syzygium cumini L.
leaves (SLE) exhibited superior antioxidant activity and
melanin suppression compared to Syzygium cumini L.
branches (SBE), with both extracts containing high
phenolic content correlated to these effects. RT-PCR
analysis revealed dose-dependent inhibition of
tyrosinase, TRP-1, and TRP-2 gene expression by both
extracts, while demonstrating no cytotoxicity at the
tested concentrations. In a related study, Lema et al. [43]
evaluated the anti-aging potential of Syzygium cumini L.
leaf ethanol extract, focusing Limaon in vitro tyrosinase
inhibition. The extract showed < 50% tyrosinase
inhibitory activity compared to kojic acid (positive
control). The inhibition mechanisms of tyrosinase
involve multiple pathways, including competitive
inhibition where inhibitors bind to the free enzyme,
preventing substrate binding, and mixed-type inhibition
where compounds can bind to both the enzyme and
enzyme-substrate complex [43,44]. Copper chelation
represents another significant mechanism, as tyrosinase
is a metalloenzyme requiring copper ions for catalytic

activity. The differential activities observed among

extracts likely result from varying concentrations of
phenolic compounds and their specific binding affinities
to the enzyme’s active site [45,46].

Matrix metalloproteinases inhibition analysis
of Syzygium cumini L. extract

The collagenase inhibition activities were revealed
in Table 3, which showed that SC50ET demonstrated
the most potent inhibitory activity among the tested
extracts with an ICso value of 0.41 + 0.01 mg/mL,
significantly outperforming other extracts. EGCG
served as an effective positive control with an ICso of
0.03 £ 0.01 mg/mL. A study by Ashmawy et al. [48]
demonstrated that essential oil from Syzygium cumini L.
seeds, analyzed via GC/MS and multivariate methods
(PCA/HCA), exhibited potent collagenase inhibition
alongside anti-elastase and anti-hyaluronidase activities,
outperforming other plant parts. Moreover, including a-
pinene, B-pinene, and caryophyllene oxide, were linked
to these anti-aging enzyme inhibitory effects.
Concurrently, methanol seed extracts showed
significant suppression of gelatinase-B (MMP-9), a
collagen-degrading enzyme, in high glucose-stimulated
cardiac cells in vitro. Molecular docking analyses by
Atale et al. [49] revealed that polyphenols (e.g., gallic
acid, ellagic acid) in the extract competitively bind to
MMP-9’s active site, explaining its mechanism.
Comparative studies confirmed seeds’ superior
collagenase inhibition over leaves and bark, with
PCA/HCA highlighting distinct chemical profiles in
seed-derived essential oils. These findings position
Syzygium cumini L. seeds as a promising source of
bioactive compounds for skincare and therapeutic
applications targeting age-related tissue degradation.
The inhibition mechanisms of bacterial collagenases
involve zinc-binding groups (ZBGs) that interact with
the catalytic zinc ion in the enzyme’s active site.

Diphosphonate and hydroxamate compounds have been
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identified as potent collagenase inhibitors, with their
efficacy depending on their ability to form stable
complexes with the zinc ion. The superior performance
of SCS0ET suggested that optimal extraction conditions
that preserve bioactive compounds capable of effective
zinc chelation and active site binding. Structure-activity
relationships indicate that the presence of hydroxyl
groups and aromatic systems enhances binding affinity
to collagenase enzymes [50].

Moreover, the elastase inhibition results shown in
Table 3 indicate that extracts showed a relatively
narrow range of ICso values, with SC50ET exhibiting the
highest activity, ranging from 1.60 £ 0.06 mg/mL
(SC50ET) to 1.73 £ 0.01 mg/mL (SC100W). EGCG
demonstrated excellent control activity at 0.03 £ 0.01
mg/mL. FElastase inhibition mechanisms primarily
involve competitive binding to the enzyme’s active site,
where inhibitors act as substrate mimics [47,48]. Natural
polypeptides and phenolic compounds can form
hydrogen bonds with key amino acid residues in the
enzyme’s binding pocket [47]. The relatively narrow

range of ICso values among extracts suggests that

elastase inhibition may be less sensitive to extraction
conditions compared to tyrosinase and collagenase
activities. This consistency implies that the structural
features of bioactive constituents — particularly
quinoline derivatives and phenolic compounds — play a
dominant role in elastase inhibition. These compounds
have shown mixed-type inhibition patterns, indicating
multiple binding sites on the elastase enzyme [51,52].
In summary, based on the comprehensive matrix
metalloproteinase inhibition analysis, SCS0ET extract
demonstrated the optimal overall performance across all
3 enzymatic assays. This extract exhibited the lowest
ICso value for collagenase inhibition (0.41 = 0.01
mg/mL), tyrosinase inhibition (1.84 + 0.07 mg/mL), and
superior elastase inhibition (1.60 = 0.06 mg/mL). The
balanced inhibitory profile of SCS50ET suggests that 50
%v/v ethanol extraction conditions effectively preserve
and concentrate the bioactive compounds responsible
for matrix metalloproteinase inhibition, making it the
most promising candidate for cosmetic applications

requiring broad-spectrum enzymatic inhibition.

Table 3 Inhibitory effects of Syzygium cumini L. seed extracts on tyrosinase, collagenase, and elastase activities using

different extraction solvents.

Syzygium cumini L. Tyrosinase inhibition

Collagenase inhibition

Elastase inhibition

extract (ICs0 mg/mL) (ICs0 mg/mL) (ICs0 mg/mL)
Kojic acid 0.04 £0.01* - -
EGCG - 0.03+£0.01? 0.03£0.01?
SC100W 3.89 +£0.33¢ 1.20+0.27¢ 1.73+£0.014
SC30ET 1.78 £0.14° 0.93+0.19¢ 1.61 £ 0.05%¢
SC50ET 1.84 +£0.07° 0.41£0.012° 1.60 £ 0.06°
SC70ET 2.36+0.14¢ 0.77 £0.16%>¢ 1.70 £ 0.02¢¢

Note: Data were expressed as mean + standard deviation (SD). Different lowercase letters within the same column

indicated significant differences between groups (p < 0.05), n = 3.

Syzygium cumini L. seed extracts effect on cell
viability

The cytotoxicity test results of Syzygium cumini L.
seed extracts (Figure 1) demonstrated excellent
biocompatibility across a broad concentration range.
Human dermal fibroblasts maintained over 90% cell
viability at concentrations from 1 to 250 pg/mL across
all extract types (SC100W, SC30ET, SCS0ET, and
SC70ET), indicating the high safety profile of the

extracts for skin cells. However, when the concentration

was increased to 500 ug/mL, cell viability decreased to
30.2% - 53.6%. Importantly, this reduction in cell
viability at 500 pg/mL tested concentration does not
necessarily indicate cytotoxicity concerns for topical
applications, as the concentrations typically employed
in cosmetic formulations are substantially lower than
those evaluated in vitro. The MTT assay findings align
with morphological analyses via crystal violet staining
(Figure 2), where higher cell viability corresponded to
normal cell growth, robust adhesion to the culture
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surface, and darker staining intensity. Morphological
observations confirmed preserved cell shape and typical

spatial organization, particularly in control and low-

concentration groups, with progressive changes in cell
density and morphology becoming apparent only at the
higher concentrations of 250 - 500 pg/mL.

120 — 1 1 B Control
10 — T ; . I : - o I "M g Yy ) l I | |.I.g|r|:|'|J
E L I | L 10 pgml
ﬁ - _ = %0 pgiml
= &l — 1 . = 100 pg'ml
:" i II
= 40 . 1 250 pg'ml
1 5300 pgiml
) —
- | |
SC100W SCMET SCS0ET SCTOET

Figure 1 Cytotoxicity of Syzygium cumini L. seed extracts on human dermal fibroblasts. Percentages of HNDF cell
viability after 24 h treated with different concentrations of extract, water (SC100W), 30% v/v ethanol (SC30ET), 50 %v/v
ethanol (SCS50ET), and 70 %v/v ethanol (SC70ET). Values were expressed as mean + SD. Different letters indicated

significant differences between groups (p < 0.05).

The results corroborated previous studies
indicating that extracts from the seeds of Syzygium
cumini L. at concentrations ranging from 6.25 to 100
pug/mL can maintain the viability of human skin cells,
including  fibroblasts [53].
Additionally, the results from Prasathkumar et al. [54]
showed that the extract (5 - 75 pg/mL) kept 99.33% =+
0.26% of mouse fibroblasts viable. More than that,

previous studies on Syzygium cumini L. toxicity in

and  keratinocytes

animal models and biological systems further support

these results, reporting that hydroalcoholic and
methanol extracts from its leaves and fruits exhibit high
safety when administered orally to mice and rats, with
lethal dose (LDso) values exceeding 3,000 - 5,000
mg/kg. Long-term administration revealed no adverse
body

hematological/biochemical parameters, or histology of

effects on behavior, weight,

vital organs [55].
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control

1 pg/mL

10 pg/mL

50 pg/mL

100 pg/mL

250 pg/mL

Figure 2 Cell morphology and density of human dermal fibroblast (NHDF) cells after 24 h exposure to Syzygium cumini
L. seed extracts; water extract (SC100W), 30 %v/v ethanol extract (SC30ET), 50 %v/v ethanol extract (SC50ET), and 70
%v/v ethanol extract (SC70ET) at concentrations (1 to 500 pg/mL) compared to untreated control cells. Cells stained with

crystal violet and visualized at 200% magnification, with a scale bar of 100 pm.

Evaluation of Syzygium cumini L. liquid
extract stability

The stability evaluation of Syzygium cumini L.
liquid extract over 8 weeks at 3e storage temperatures
(4, 25, and 50 °C). The result from the stability study
was interpreted by 1 mL of liquid extract, which was
prepared at a concentration of 5 %w/w of SC50ET. The
result revealed a consistent decline in total phenolic
content across all conditions. At 4 °C, the total phenolic
content decreased from 28.77+0.43mg GAE/mL
initially to 21.43+0.37mg GAE/mL at week 8,
representing the most substantial reduction among the
tested temperatures. Storage at 25 °C resulted in a more
moderate decrease, with values dropping to
26.13 +£0.25 mg GAE/mL, while storage at 50 °C led to
a final concentration of 25.59 + 0.23 mg GAE/mL. The

data indicate that 25 °C provided the best retention of
total phenolic content, as the final value at this
temperature was higher than that observed at 50 °C.
Generally, high temperature conditions can degrade
polyphenols. This highlights that moderate temperature
storage (25°C) was more effective in preserving
phenolic compounds than both refrigeration (4 °C) and
elevated temperature (50 °C) storage over the 8-week
period. Interestingly, higher temperature storage
appeared to provide better phenolic compound stability
compared to refrigerated conditions. Additionally, total
flavonoid content displayed variable stability patterns
depending on storage temperature. The initial
concentration of 4.49 + 0.14 mg QE/mL decreased most
significantly at 25 °C, reaching 3.25 + 0.01 mg QE/mL
by week 8. Storage at 4 °C resulted in intermediate
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losses (3.43 £ 0.02 mg QE/mL), while 50 °C storage
showed the best flavonoid retention (3.67 = 0.09 mg
QE/mL). Recent studies indicate that elevated
temperatures may suppress the enzymatic activity of
polyphenol oxidase, which is responsible for the
oxidation and degradation of phenolic and flavonoid
compounds. As a result, increased temperatures during
storage both improve the stability of these valuable
phytochemicals and help preserve their bioactive
properties [56]. Moreover, DPPH radical scavenging
activity demonstrated relatively stable performance
across all storage conditions. The activity decreased
modestly from 28.03 + 0.18 mg AAEAC/mL initially to
approximately 26 - 27 mg AAEAC/mL after 8 weeks,
with 50 °C storage showing the smallest reduction
(27.11 = 0.05 mg AAEAC/mL). The 25 °C storage
condition resulted in the greatest activity loss (26.03 +
0.07 mg AAEAC/mL), while 4 °C storage showed
intermediate stability. In addition, ABTS radical
scavenging activity exhibited the most pronounced
degradation among all measured parameters. The
Syzygium cumini L. liquid extract started at 57.95 £2.24
mg AAEAC/mL and declined significantly over the 8-
week storage period at all tested temperatures. The most
pronounced decrease was observed at 25 °C, where the
activity dropped to 46.53 £ 0.82 mg AAEAC/mL. In
comparison, storage at 4 °C resulted in a final value of
48.73 + 0.62 mg AAEAC/mL, indicating better
retention of antioxidant activity. Notably, storage at
50 °C exhibited the highest retention among the tested
conditions, with the ABTS activity remaining at 51.74 +
0.31 mg AAEAC/mL at week 8. Furthermore, ferric
reducing antioxidant power showed the most stable
profile among all tested parameters. Ferric reducing
antioxidant power demonstrated remarkable stability
throughout the storage period. The initial activity of
220.82 + 1.68 mg AAEAC/mL extract showed minimal
degradation across all storage conditions, with final
values at week 8 ranging from 210.56 = 2.03 mg
AAEAC/mL extract (25 °C) to 214.15 + 0.83 mg
AAEAC/mL extract (50 °C). Notably, statistical
analysis revealed no significant differences between
storage temperatures at the final time point (p > 0.05),
indicating that FRAP activity was maintained
consistently regardless of the thermal stress conditions

applied, as shown in Table 4. The relatively small
decreases suggest this antioxidant mechanism is
particularly robust under various storage conditions.
Conclusion, the stability study revealed that Syzygium
cumini L. liquid extract demonstrates time- and
temperature-dependent  degradation patterns, with
statistically significant differences observed for most
parameters (p < 0.05). Generally, phenolic compounds
are relatively stable at moderate temperatures, but
prolonged exposure to high temperatures or other
conditions can lead to degradation and a decrease in
their antioxidant activity. The findings of this study
align with those of previous research. After storing
grape stem extract solutions at 40 °C for 2 months,
approximately 80% of the phenolic compounds were
retained [57]. Contrary to conventional expectations,
storage at 50 °C generally provided superior retention of
bioactive compounds and antioxidant activities
compared to refrigerated storage at 4 °C. In comparison,
room temperature storage at 25 °C typically resulted in
the greatest losses. According to the experimental
results, it appeared that storing the aqueous extract at
high temperatures showed higher amounts of phenolic
compounds than at low temperatures. The explanation
regarding high-temperature conditions is the solubility
of the bioactive compound. The mechanism may be that
increasing storage temperature enhances both diffusion
coefficients and the solubility of polyphenol content
[58]. The exceptions were total flavonoid content,
ABTS radical scavenging activity, and ferric reducing
antioxidant power, which showed no statistically
significant differences between extract amounts under
different storage conditions. These findings suggest that
the extract possesses inherent thermal stability
properties that may be leveraged for optimal
preservation of its bioactive components. In conclusion,
it is notable that after 8 weeks, the percentage retention
of total phenolic content ranged from 74.5% at 4 °C to
90.8% at 25 °C, while DPPH radical scavenging activity
remained above 92% across all temperatures, indicating
high antioxidant stability. These findings highlight that
most bioactive compounds and antioxidant activities
retained over 70 - 97% of their initial values,
demonstrating substantial stability of Syzygium cumini

L. liquid extract under various storage conditions.
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Table 4 Stability of SC50ET extract, changes in bioactive compound content and antioxidant activities under different

storage temperatures over 8 weeks.

Time (week)

Parameter Temperature °C
0 2 4 6 8
. 4 28.77 +0.43*B 20.57 +0.26% 2042+0.64%  20.10 £0.64% 2143 £0.57%
Total Phenolic
Content 25 28.77+£0 43P 20.13 £ 0.30%* 21.84+£0.18®  28.48 +£0.20°P 26.13 £ 0.25°C
(mg GAE/mL) 50 28.77 £ 0.43*P 25.18 £ 0.43>8 2375+£0.13%%  27.50 £0.23°C 25.59 +0.23>8
. 4 4.49 £ 0.14°P 4264 0.14%CP 40440105 379 +£0.17>4B 3.43 +£0.02%
Total Flavonoid
Content 25 4.49 & 0.14>C 3.78 +0.19B 3.55 4 0.08%B 3.19 +0.20% 3.25+0.01%
E/ mL
(mg QE/mL) 50 4.49 +0.14°C 3.69 + 0.07%* 4.01 +0.08"® 3.83 + 0.04°A8 3.67 + 0,095
+ a,B + a,A + b,B + b,B + b.A
DPPH radical 4 28.03 £0.18 2635 £ 0.09 27.68+0.17 27.80 036 26.49 % 0.10
scavenging activity 25 28.03 £0.18C 26.22 £ 0.07% 271240208 2623 £0.45% 26.03 £ 0.07%
(mg AAEAC/mL) 50 28.03 £0.18C 26.84 £ 0.09>8 26.02+£026%  27.46+0.34>BC 27.11 £ 0.058
+ a,C + a,A + c,B + c,B + b,A
ABTS radical 4 57.95+224 4713+031 52.94+031 53.34+0.54 48.73 +0.62
scavenging activity 25 57.95 +2.24°C 47.53 +0.31% S1.74£031°  49.13 + 0.54%AB 46.53 4 0.82%
(mg AAEAC/mL) 50 57.95 +£ 2248 50.13 £ 031> 4953 +£031%  51.94+£031% 51.74+0.31%A
. . 4 220.82 + 1.68%C 215.90 + 2.34% 20759 +£3.02*B 21836+ 136"  214.05+ 0.97%
Ferric Reducing
Antioxidant Power 25 22082+ 1.68°C  208.62+ 0284 21672+ 0.69%® 21190+ 1048 210.56 £ 2.03%A
(mg AAEAC/ mL) 50 220.82 + 1.68 213.64 £ 2,03+ 213.64+2.03%4 21733 +£0.84%  214.15+0.83%A

Note: GAE; Gallic Acid Equivalent, QE; Quercetin Equivalent, AAEAC; Ascorbic Acid Equivalent Antioxidant Capacity. Different lowercase

superscript  letters

within  the same

column

indicate

statistically

significant

differences

between

storage

temperatures

(p <0.05), n= 3. Different uppercase superscript letters within the same row indicate statistically significant differences between time points (p < 0.05),

n=3.

Microbiological assessment and heavy metal

contamination in the extract

The results presented in Table 5 demonstrate that
the liquid extract passed the microbiological and heavy

1000 CFU/mL, indicating minimal
contamination. Additionally, specific
microorganisms,  including
Staphylococcus —aureus, Candida

microbial

pathogenic

Clostridium  spp.,

albicans, and

metal safety requirements specified by the TIS 152 -
2555 standard for cosmetics. None of the tested heavy
metals arsenic, cadmium, lead, or mercury were
detected in the extract, indicating that their
concentrations were below the detection limits and well
within the permissible thresholds (< 5 mg/kg for arsenic,
< 3 mg/kg for cadmium, < 20 mg/kg for lead, and < 1
mg/kg for mercury). This absence of detectable heavy
metals suggests a low risk of toxicity from these
contaminants in the extract. Microbiological analysis
further confirms the safety and quality of the liquid
extract. The total colony count was less than 10

CFU/mL, significantly lower than the standard limit of

Pseudomonas aeruginosa, were not detected in the
sample. The absence of these pathogens was critical for
ensuring product safety, as their presence could pose
health risks to consumers. In summary, the liquid extract
complies with the TIS 152 - 2555 standard for both
heavy metal and microbiological safety. The extract
contains no detectable levels of arsenic, cadmium, lead,
or mercury, and shows no evidence of contamination by
harmful microorganisms. These findings confirm that
the extract is safe for use in cosmetic applications, as it
meets all relevant regulatory requirements for heavy

metal and microbial contamination.
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Table 5 Microbial and heavy metal contamination analysis of the liquid extract according to TIS 152 - 2555 Standard.

Test list (Units) liquid extract TIS 152 - 2555 standard Result
Arsenic (mg/kg) Not detected <5 mg/kg Passed
Cadmium (mg/kg) Not detected <3 mg/kg Passed
Lead (mg/kg) Not detected <20 mg/kg Passed
Mercury (mg/kg) Not detected <1 mg/kg Passed
Total colony count (CFU/mL) <10 CFU/mL <1000 CFU/mL Passed
Clostridium spp. (in 1 g) Not detected Not detected Passed
Staphylococcus aureus (in 1 g) Not detected Not detected Passed
Candida albicans (in 1 g) Not detected Not detected Passed
Pseudomonas aeruginosa (in 1 g) Not detected Not detected Passed

Note: CFU = colony forming unit; not detected = analyte was below the detection limit; Passed = meets the specified

safety standard.

Conclusions

The findings demonstrated that the extraction
solvent significantly impacts the yield, bioactive
compounds, and cosmeceutical bioactivity of Syzygium
cumini L. seed extracts. The 50 %v/v ethanol extract
achieved the highest extraction efficiency and matrix
metalloproteinase inhibition, while the 70 %v/v ethanol
extract exhibited the greatest phenolic content and
antioxidant reducing power. Water extracts provided
superior radical scavenging activity. Syzygium cumini L.
seed extracts exhibited excellent biocompatibility with
skin cells and can be considered as a cosmetic
ingredient. Stability assessments revealed that higher
storage temperatures better preserved key bioactive
compounds and antioxidant activities. The extracts met
stringent microbiological and heavy metal safety
standards, confirming their suitability for cosmetic
applications. Overall, 50 %v/v ethanol extraction offers
the best balance of yield, bioactive compounds,
cosmeceutical bioactivity, and stability, making it the
most promising approach for the cosmeceutical active
ingredient for cosmetic products.
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