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ABSTRACT

Pomegranate seed residues, a byproduct of juice and oil extraction, argch in bioactive compounds with
significant antioxidant and antimicrobial activities. This study investigates the potential of pomegranate
seed extracts (water, methanol, and ethanol) and seed oil for their bioactivitthe antioxidant activity of
the extracts was assessed using Ferric Reducing Antioxidant Power (FRAP), with the methanol extract
showing the highest activity (4@ mg TE/g), followed by the water extract (40.0 mg TE/g) and ethanol
extract (35.0 mg TE/g). The antimicrobial efficacy was evaluated@gainst a range of Gram-positive
bacteria, Gram-negative bacteria, and Candida albicans using zone of inhibition measurements@he
methanol extract exhibited the strongest antibacterial activity, with 18 mm inhibition against
Staphylococcus aureus, while the water extract showed moderate activity, with a 10 mm zone. The ethanol
extract demonstrated an inhibition zone of 15 mm against Bacillus subtilis. Furthermore, Candida albicans
exhibited significant inhibition with a 17 mm zone in the methanol extract, confirming its antifungal
potential. Cytotoxicity assays performed OQEPGQ (liver cancer), MCF-7 (breast cancer), and HCT-116
(colon cancerﬂell lines indicated that methanol extracts exhibited the highest cytotoxicity, with 50% cell
mortality at 5@g/ml across all tested cancer lines. These findings suggest that pomegranate seed extracts,
particularly the methanol extract, possess potent antioxidant and antimicrobial properties and demonstrate
significant cytotoxicity against cancer cell lines, supporting their potential application as natural

therapeutic agents for cancer prevention and treatment.

Keywords: Pomegranate seed residues, antioxidant activity, antimicrobials activity, Cytotoxicity, Cancer

Cell Lines, Bioactive Compounds
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@. Introduction

In recent years, the valorization of agro-industrial by-products has emerged as a vital strategy in the global
movement toward sustainable and circular bioeconomies. One notable candidate in this context is the
omegranate (Punica granatum L.), a fruit well known not only for its nutritional value but also for its
medicinal properties derived from its diverse phytochemical composition. The global pomegranate
industry primarily utilizes the arils for juice and oil production, leaving behind substantial amounts of
residual biomass especially seeds that are typically discarded or used as low-value animal feed. However,
emerging evidence suggests that these seed residues, particularly after cold pressing for oil extraction,
contain a wealtl@f bioactive compounds with potent antioxidant and antibacterial properties [1, 2]. Cold-
pressed pomegranate seed residues (PSRs) represent an untapped@ource of phytochemicals such as
polyphenols, flavonoids, and unsaturated fatty acids. These bioactives are known for their strong radical
scavenging abilities and potentia@ntimicrobial action against a broad spectrum of pathogens [3]. In
particular, the cold pressing method, which avoids high temperatures and chemical solvents, helps
preserve the integrity of these thermolabile compounds. Following oil extraction, the residual seed cake
retains a significant number of phenolic compounds and essential oils, which can be further isolated and
evaluated for their bioactivity [4]. The antioxidant potential of pomegranate seed residues is largely
attributed to their high content o@henolic acids (such as gallic and ellagic acid), flavonoids (quercetin,
catechins), and tannins, which have been demonstrated to inhibi@xidative stress by neutralizing reactive
oxygen species (ROS). Methanol and ethanol have consistently proven to be effective solvents for
extracting these compounds due to their polarity and compatibility with polyphenols [5]. For example,
methanolic extracts of pomegranate seeds have shown signiﬁcangnic reducing antioxidant power
(FRAP) and radical scavenging capacity in both DPPH and ABTS assays, indicating@wir potential as
natural alternatives to synthetic antioxidants in food preservation and health applications. Furthermore,
%e essential oils and polyphenolic extracts from PSRs exhibit promising antibacterial activities,
particularly against common foodborne an(glinical pathogens such as Escherichia coli, Staphylococcus
aureus, and Pseudomonas aeruginosa (6, 7]. Thgechanism of antimicrobial action is believed to involve
disruption of microbial cell walls, inhibition of nucleic acid synthesis, and suppression of key metabolic
pathways [8]. Studies suggest that essential oils, rich in volatile compounds such as limonene and -
caryophyllene, may act synergistically with polyphenols to enhance antimicrobial efficacy [9, 10]
Extraction solven@lays a critical role in determining both the yield and bioactivity of plant-derived
compounds. Water, while being safe and environmentally benign, typically yields fewer phenolics
compared to organic solvents. On the other hand, methanol and ethanol especially when used in aqueous
mixtures offer higher efficiency in extracting diverse classes of bioactives, including both hydrophilic and
lipophilic molecules [11, 12]. Optimizing solvent selection not only improves extraction efficiency but
also tailors the extract profile for specific functional applications in food, cosmetics, or medicine. Despite
Q‘-e growing body of evidence supporting the antioxidant and antimicrobial properties of PSRs, most

studies have focused on pomegranate seed oil rather than its solid residues. The potential of these residues



98

99
100
101
102
103
104
105
106
107
108

109

110

111
112
113
114
115
116
117
118
119
120

121

122
123
124
125
126

127

128
129
130
131
132

particularly post-cold pressing as sustainable sources of multifunctional bioactives remains underexplored
[3]. Moreover, comprehensive comparative studies that examine different extraction solvents and their
impact on yield and bioactivity are still limited [12]. This represents a critical knowledge gap that this
research seeks to address@ he aim of this research is to evaluate the bioactive properties of pomegranate
seed extracts (water, methanol, and ethanol) and seed oil, focusing oﬂeir antioxidant, antimicrobial, and
anticancer activities. Specifically, this study aims to assess the FRAI@ntioxidant capacity, antimicrobial
efficacy against Gram-positive, Gram-negative bacteria, and Candida albicans, anc@) determine the
cytotoxicity of the extracts OQEPG-2 (liver cancer), MCF-7 (breast cancer), and HCT-116 (colon cancer)
cell lines. The ultimate goal is to identify the most potent extract for potential applications in natural health

products, pharmaceuticals, and cancer therapy.

Q. Materials and Methods

2.1. Sample collection, preparation and extraction

Pomegranate seeds were collected as byproducts from local juice production facilities in Halabja province,
Iraq. The fresh seeds were placed into sterile polyethylene containers and transported under cooled
conditions to theQ/Iedical Laboratory Science Department at Halabja Technical College, Sulaimani
polytechnic university, for further analysis and extraction procedures. A total of 100 grams of pomegranate
seed residues were air-dried at room temperature%ntil a constant weight was achieved. The dried seeds
were then ground into a fine powder using a mechanical grinder an(@assed through an 80-mesh sieve to
ensure uniform particle size. The powde@ras stored in airtight containers at 4°C until use. Three extraction
methods were applied to isolate antioxidant and antibacterial compounds: aqueous, ethanolic, and

methanolic (Figure 1).

2.1.1 Water Extraction:

100 grams of pomegranate seed powder were suspende@ 100 mL of distilled water in a sterile beaker.
The mixture was stirred continuously for 18 hour@c room temperature using a magnetic stirrer. The
extract was filtered through Whatman filter paper No. 41. The filtrate Wagoured into sterile petri dishes

and left to dry completely at room temperature to yield a solid aqueous extract.

2.1.2. Ethanol Extraction:

100 gramgf the seed powder were mixed with 100 mL of 70% ethanol in a sealed conical flask and kept
@ room temperature (25-30°C) in the dark for 24 hours. After extractiongxe mixture was filtered through
Whatman filter paper No. 41. The ethanol was evaporated from the filtrate at 40°C@sing a rotary
evaporator. The resulting semi-solid extract was then dried at room temperature to obtain a powdered

ethanolic extract.
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2.1.3. Methanol Extraction:

Similarly, 100 grams of seed powder were@xtracted with 100 mL of 70% methanol using the same
procedure as for ethanolic extraction. After 24 hours of stirringl the dark, the mixture was filtered, and
methanol was evaporated at 40°C. The remaining concentrate was drie@ room temperature to obtain the
methanolic extract in powder form. From each dried extract,@ 1% (w/v) stock solution was prepared by
dissolving 1 gram of the dried powder in 100 mL of distilled water. Working concentrations of 0.5%,

0.05%, 0.025%, and 0.005% (w/v) were the@repared by serial dilution with distilled water [13, 14].

2.7. Chemical Characterization of Cold-Pressed Pomegranate Seed Qil

2.7.1. Oil Extraction

Oil was extracted from the powdered pomegranate seed residues using a cold-press method (Figure 2).
The cold pressing was performed using a mechanica@crew press without the application of heat or
chemical solvents to preserve the natural composition of bioactive compounds. The extracted oil was then

ﬁltere@) remove solid particles and stored in amber-colored glass bottles at 4°C until analysis.

2.4. Physicochemical Characterization of Pomegranate Oil seed

2.4.1§cid Value (AV) and Free Fatty Acids (FFA)

The acid value (AV) of the pomegranate seed oil was determined by the titration method. In thi@rocedure,
a known quantity of oil was dissolved in a solvent mixture, and the solution was titrated with a
standardized base (typically sodium hydroxide, NaOH). The acid value i@alculated based on the volume
of base used, which corresponds to@xe amount of free fatty acids (FFA) present in the oil. The FFA
percentage is then derived from the acid value by applying the appropriate molecular weight of the fatty

acid.

AV — V =« N x h6.1
W

Where:

e  VVV =Xolume of KOH used (mL)
e NNN = normality of KOH

o  WWW = weight of oil sample (g)
e 56.1 = molecular weight of KOH

The FFA content (as % oleic acid) was derived from the acid value using the conversion factor 0.503.
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QA.Z. Peroxide Value (PV)
The peroxide value (PV) was measured to determine the extengf lipid oxidation in the pomegranate seed
oil. A known weight of the oil sample wa@issolved in an acetic acid-chloroform mixture, and potassium
iodide (Klﬁras added. The mixture was then titrated with a sodium thiosulfate solution to measure the
iodine liberated from the peroxides present in the oimhe peroxide value is expressed as milliequivalents

of peroxide per kilogram of oil.

5§ x N x 1000
B W

PV

Where:

e S Qolume of Na>S:0s used (mL)
e N =normality of Na:S.0s
o W =weight of sample (g)

2.3.3. Determination of Iodine Value (IV)

The iodine value (IV) was determined using the Wijs method, which is a well-established method for
measuring the unsaturation in oils. “The pomegranate seed oil sample was reacted with iodine
monochloride (IC1) in a chloroform solution. After a reaction perio&e excess iodine was titrated with a
sodium thiosulfate solution, and the iodine value was calculated based on the iodine consumed during the

reaction. The IV provides insight int(@)e degree of unsaturation of the oil.

(B—8) x N x 12.69

IV = _
%here: W

e B =volume of Na.S:0s for blank (mL)

e S =volume for sample (mL)

e N =normality of Na:S20s

o W =weight of oil sample (g)

e 12.69= milliequivalen@f iodine (g) per 100 g of oil

QA. Determination of Saponification Value (SV)

The saponification value (SV) of the pomegranate seed oiﬁ/as determined by hydrolyzing the oil with a
known excess of potassium hydroxide (KOH) solution in an alcohol medium (usually ethanol). The
unreacted KOH was ther@trated with a standard acid (typically hydrochloric acid). The saponification
value is calculated from the amount of KOH used and is indicativgf the average molecular weight of the

fatty acids in the oil, reflecting the oil's ability to form soap.
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(B—8) x N x 56.1
W

SV =

Where:

e B =%olume of HCI for blank (mL)
e S=volume of HCI for sample (mL)
e N = normality of HCI]

o W =weight of sample (g)

2.4.5. Method for GC-FID and GC-Mass analysis ogomegranate seed oil

The fatty acid composition of the pomegranate seed oil was determine@y gas chromatography (GC) with
flame ionization detection (GC-FID). Fatty acid methyl esters (FAMEs) were prepared by transesterifying
100 mg of the pomegranate seed oi@/ith 2 mL of 0.5 N methanolic KOH solution. The reactioﬂuixture
was heated at 60°C for 10 minutes and then allowed to cool. After cooling, %L of hexane was added to
extract the FAMEs. The hexane layer was separated and filtered for GC analysis [5]. Gas chromatography
analysis was performec@sing a capillary column (BPX70, 30 m x 0.25 mm x 0.25 um) an@ flame
ionization detector (FID). Helium was used as the carrier gas at a flow rate of 1.0—1.5 mL/min. The injector
and detector temperatures were set to 230°C. The oven temperaturéprogram was initiated at 180°C for 1
minute and increased to 230°C at a rate of 2°C per minute [15]@ 1 uL aliquot of the FAMEs extract was
injected into the GC system. The fatty acids were identiﬁe(@y comparing retention times of the peaks
with standard FAMESs. Quantification of the fatty acids was based on the area under the respective peaks,
an(@\e results were expressed as the percentage of total fatty acids in the oil. FOQC-MS analysis was
conducted using a gas chromatograph (Agilent 7890A) equipped with a mass spectrometer (Agilent
5975C) and Qapillary column (DB-5, 30 m % 0.25 mm x 0.25 um)gelium was used as the carrier gas
at a flow rate of 1.0 mL/min. The injector temperature was set to 250°C, and the MS was operated in
electron impact ionization mode at 70 eV. Thgc oven temperature was initially set at 180°C for 1 minute
and increased to 230°C at a rate of 3°C per minute.@dass spectra were obtained by scanning over a range
of 40—450 m/z,@nd compounds were identified by comparison with the National Institute of Standards
and Technology (NIST) library and retention times (Varga et al., 2024). The identified fatty acids and
volatile compounds were quantified based on their peak area, and their relative abundances were reported

as percentages of the total chromatogram.

2.7.2.@0urier Transform Infrared Spectroscopy (FTIR)

FTIR analysis was performed to identify the functional groups present in th@old—pressed pomegranate
seed oil. A drop of the oil sample Waglaced directly on the ATR (Attenuated Total Reflectance) crystal
of the FTIR spectrophotometer. Th@pectra were recorded in the wavenumber range of 4000 to 400 cm ™.
The resulting peaks were analyzed to detect specific chemical bond@uch as hydroxyl (O—H), carbonyl
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(C=0), and alkyl (C-H) groups, which are indicative oﬂm presence of fatty acids, phenolic compounds,

and other bioactive constituents in the oil [16].

2.7.3. BCNMR AND "HNMR analysis

The nuclear magnetic resonance (NMRJ*dnalysis of pomegranate seed oil was conducted to determine the
structural composition and identify major fatty acid constituents. The oil sample was first extracted using
a cold-pressing method and filtered to remove any solid impurities. Approximately 30 mg of the purified
pomegranate seed"0il was dissolved in 0.6 mL of deuterated chloroform (CDCls), which contained 0.03%
tetramethylsilane (TMS) as the internal standard. The solution was gently vortexed to ensure homogeneity
and transferred into a standard 5 mm NMR tube for analysis [17]. Both"H NMR and *C NMR spectra
were recorded using a Bruker Avance III 400 MHz NMR spectrometer. Proton NMR ('"H NMR) was
carried out at an operating frequency of 400 MHz with a spectral width of 10 ppm, a 30° pulse angle@
relaxation delay of 1 second, and an acquisition time of approximately 4.1 seconds. A total of 16 scans
were accumulated to achieve an adequate signal-to-noise ratio=1 he chemical shifts were referenced to the
residual chloroform peak at & 7.26 ppm, and all values wer@eported in parts per million (ppm) relative
to TMS. Carbon-13 NMR (*13C NMR) was conducted at a frequency of 100 MHz using a wider spectral
window of 200 ppm to capture the full carbon environment of the oil. A longer relaxation delay of 2
seconds was used, and between 1024 to 2048 scans were collected to obtain high-resolution spectra. The
solvent peak of CDCIls was referenced at & 77.0 ppm. All spectra were acquired at a constant temperature
of 25+0.5 °C to ensure stability during data collection [18]. Post-acquisition, spectra were processed
using Bruker TopSpin software, where baseline correction and phase adjustment were performed
manually. Peakgl the ~1H and ~13C NMR spectra were assigned based on known chemical shift values
from the literature for commmﬂatty acid components of pomegranate seed oil, particularly punici@cid,
linoleic acid, oleic acid, and other unsaturated fatty acids. The “1H NMR spectrum typically showed
characteristic signals for olefinic protons, allylic methylenes, and bis-allylic protons, while the #13C NMR
spectrum revealed signals corresponding to carbonyl carbons, double bonds, and aliphatic chain
methylenes. These data collectively supported@le identification and confirmation of bioactive lipid

components present in the oil.

9.4. Determination of Total Phenolic Content (TPC)

TPC was assessed using the Folin Ciocalteu colorimetric method. A 1 mL aliquot of fruithract was
mixed with 5 mL of 10% Folin Ciocalteu reagent and incubated for 5 minutes. Then, 4 mL of 7.5% sodium
carbonate was added, and the mixture was incubated in the dark at room temperature for 30 minutes.
Absorbance was measured at 765 nm using a UV—Vis spectrophotometer. TPC was@xpressed as
milligrams of gallic acid equivalents per gram of fresh weight (mg GAE/g FW) based on a calibration

curve.
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2.59etermination of Total Flavonoid Content (TFC)

TFC was measured using the aluminum chloride method. Briefly,0.5 mL of extract was mixed with 0.1
mL of 10% aluminum chloride, 0.1 mL of 1 M potassium acetate, and 4.3 mL of distilled water. The
reaction mixture was incubated at room temperature for 30 minutes, and the absorbance was read at 415
nm. TFC wa@alculated using a quercetin standard curve and expressed as mg®uercetin equivalents per

gram fresh weight (mg QE/g FW).

2.6. Antioxidant Activity Assays
To evaluate the antioxidant potential of the pomegranate seed residue extracts, two standargl vitro assays

were performed: the DPPH radical scavenging assay and the ABTS radical cation decolorization assay.

2.6.IQPPH Radical Scavenging Assay

The DPPH assay was carried out using 2,2-diphenyl-1-picrylhydrazyl (DPPH) solutionA 0.1 mM DPPH
solution was prepared in methanol. Then, 1 mL of this solution was mixed with 1 mL of extract solution
at different concentrations. The mixture was incubated in the dark at room temperature for 30 minutes.
After incubation, the absorbance was measured at 517 nm using a UV-Visible spectrophotometer. The

percentage of radical scavenging activity was calculated using the followin@ormula:

Scavenging Activity (%) = ((Ao - A1) / Ao) % 100,
where Ao is the absorbance of the control (DPPH + methanol), and A is the absorbance in the presence of

the extract.

2@ ABTS Radical Cation Assay

The ABTS assay involved the generation of ABTS«+*y reacting 7 mM ABTS solution wit}QAS mM
potassium persulfate, followed by incubation in the dark at room temperature for 12—16 hours. Before use,
the ABTSe+ solution was diluted with methanol to obtain an absorbance of 0.70 + 0.02 at 734 nm. For the
assay, 1 mL of the diluted ABTS++ solutior@;as mixed with 1 mL of the extract solution and incubated
for 6 minutes at room temperature. The absorbance was then recorded at 734 nm@he antioxidant activity

was calculated using the same formula as for DPPH.

@.6.3. Ferric Reducing Antioxidant Power (FRAP) Assay
The FRAP assay was performed to assess the antioxidant capacity of pomegranate seed extracts. A stock
@RAP reagent was prepared by mixing 10 mL of 300 mM acetate buffer (pH 3.6), 1 mL of 10 mM 2,4,6-
tripyridyl-s-triazine (TPTZ) solution in 40 mM HCI, and 1 mL of 20 mM FeCls solution.@he freshly
prepared FRAP reagent was then incubated at 37°C for 10 minutes before use. In the assay, 100 uL of the
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pomegranate seed extract (prepared at varying concentrationsﬂras mixed with 3 mL of the pre-warmed
FRAP reagent.q he reaction mixture was incubated at 37°C for 30 minutes, and absorbance was measured
at 593 nm using a UV-Vis spectrophotometer. The results were expressed as mg of Trolox equivalents per
gram of extract (mg E/g), based on a standard curve of Trolox. This method quantifies the reducing
power of the antioxidant components in the extract@y their ability to reduce Fe*" to Fe**, which is then

detected via the TPTZ color change [19].

2.6. In Vitro Cytotoxicit@lethod
To evaluate the antioxidant potential of the pomegranate seed residue extracts, two standargl Vitro assays

were performed: the DPPH radical scavenging assay and the ABTS radical cation decolorization assay.

2.6. In Vitro Cytotoxicity Method for HEPG-2 (Livegancer) Cell Line

For the HEPG-2 liver cancer cell line, the pomegranateed extracts were prepared using water, ethanol,
and methanol. To obtain the water extract, 100"grams of pomegranate seed powder was suspended in 100
mL of distilled water and stirred for 18 hour@t room temperature using a magnetic stirrer. The mixture
was then filtered through Whatman filter paper No. 41, and the filtrate was dried completely at room
temperature to yield the solid water extract. For the ethanol extract, 100 grams of pomegranate@eed
powder was mixed with 100 mL of 70% ethanol in a sealed conical flask. The flask Wa@ept in the dark
at room temperature for 24 hours, after which the mixture@ras filtered, and the ethanol was evaporated
using a rotary evaporator at 40°C. Similarly, the methanol extract was prepared by following the same
procedure, but using 100 mL of 70% methanol instead of ethanol. The HEPG—gells were maintained in
RPMI-1640 medium supplemented with 10% FBS and 1% penicillin/streptomycin, and incubated at 37°C
in a 5% COs2 incubator. Cells were plateﬁt 5000 cells/well in a 96-well plate and incubated for 24 hours.
After incubation@%rial dilutions of the extracts were prepared a@oncentrations of 10 pg/ml, 20 pg/ml,
30 pg/ml, 40 pg/ml, and 50 pg/ml. The extracts@rere added to the cells, and the cells were further
incubated for 24, 48, or 72 hours. Cytotoxicity was assessed using the SRB (Sulforhodamine B) assay,
where after incubation;QOO uL of SRB solution (0.4% w/v in 1% acetic acid) was added to each well and
incubated for 30 minutes. Thgiells were then washed with 1% acetic acid to remove any unbound dye,
an(gbsorbance was measured at 570 nm using a microplate reader. Cell viability was calculated using the
formula: (Absorbance of treated cells / Absorbance of control cells) x 100. Mortality was calculated as:

100 - Cell Viability.
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2.6. In Vitro Cytotoxicity Method fog/[CFJ (Breast Cancer) Cell Line

For the MCF-7 breast cancer cell line, the extraction methods for the pomegranate seed residues were the
same as for the HEPG-2 cellsq he water, ethanol, and methanol extracts were prepared using the
procedures described earlier. MCP@ cells were cultured in DMEM medium supplemented with 10% FBS
and 1% penicillin/streptomycin and incubated at 37°C with 5% COs.. Cells were plated at 5000 cells/well

in a 96-well platc@nd incubated for 24 hours. Serial dilutions of each extract were prepared at the same

Qoncentrations (10 pg/ml, 20 pg/ml, 30 pg/ml, 40 pg/ml, and 50 pg/ml). After treatment%e cells were

incubated for 24, 48, or 72 hours. To assess cell viability, the SRB assay was conducted in the same manner
as described for the HEPG-2 cell line@bsorbance was measured at 570 nm, and cell viability and

mortality were calculated as before.

2.6. In Vitro Cytotoxicity Method fogICT-IM éfolon Cancer) Cell Line
The preparation of pomegranate seed extracts for-the HCT-116 colon cancer cell line was carried out in

the same manner as foﬁle HEPG-2 and MCF-7 cell lines, using water, ethanol, and methanol as solvents.

QCT-116 cells were maintained in McCoy’s 5A medium supplemented with 10% FBS and 1%

penicillin/streptomycin and incubated at 37°C with 5% COzQells were plated at 5000 cells/well in a 96-
well plate and incubated for 24 hours. Extracts were prepared a@oncentrations of 10 pg/ml, 20 pg/ml, 30
pg/ml, 40 pg/ml, and 50 pg/ml, and added to thgrells. The cells were incubated for 24, 48, or 72 hours
with the extracts. Cytotoxicity was evaluated using the SRB assay, with absorbancgwasured at 570 nm.
The percentage of cell viability and mortality was calculated using the same formulas as described for the

other cell lines.

2.2. Bacterial Strain Cultivation

@0 evaluate the antimicrobial activity of pomegranate seed extracts, four clinically relevant microbial

strains were selected: Qscherichia coli and Pseudomonas aeruginosa (Gram-negative bacteria),
Staphylococcus aureus (Gram-positive bacterium), and Candida albicans (fungus). These strains were
obtained from the Department og/ledical Laboratory Science, Halabja Technical College, Sulaimani
Polytechnic University. The test microorganisms were revived and maintained il@utrient broth, incubated
overnight at 37°C to achieve the logarithmic growth phase. For antimicrobial testing@OO puL of each
freshly cultured microorganism was aseptically pipetted onto appropriate agar plates%ueller Hinton Agar
(MHA) plates for bacteria and Sabouraud Dextrose Agar (SDA) plates for Candida albicans. The cultures
were spread evenly over the agar surface using a sterile L-shaped spreader,@nd the inoculated plates were
incubated at 37°C for 24 hours to allow microbial lawn formation. Pomegranate seed extracﬂras prepared
by dissolving it in distilled water or 5% DMSO to a concentration of 100 mg/mL. Using a micropipette,
4 uL of the extract solutioﬁras applied to each sterile Whatman No. 1 filter paper disc (6 mm in diameter).
The discs were thex@laced in a sterile Petri dish and allowed to dry under laminar airflow for 24 hours to

ensure proper adherence of the extract to the discs. For the testing, MHA plates inoculated with the
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microorganisms were used, and the dried extrac@iscs were aseptically placed on the surface of the
inoculated agar plates. After incubation at*57°C for 24 hours, the zones of inhibition around each disc
were measured in millimeters (mm) using a ruler. The results were compared with those obtained from

standard antibiotic discs (e.g., ampicillin, ciprofloxacin, or tetracycline) as positive controls [20].

2.8@tatistical Analysis

All experiments were performed in triplicate, and the data were expressed as mean + standard deviation
(SD). Statistical analysis was conducted using GraphPad Prism version 9.0. One-way analysis of variance
(ANOVA) followed by Tukey’s post hoc test was used tgetermine significant differences between treated
and control groups. A p-value of less than 0.05 (p < 0.05) was considered statistically significant. Dose-
response relationships were analyze(@) evaluate the effect of different extract concentrations (10-50

Qg/mL) on cell viability and mortality ilgEPG-Z, MCF-7, and HCT-116 cell lines.
@. Results and discussion

3.1. Physicochemical Characterization of Pomegranate Qil seed

In the result showﬁ table 1. The acid value (AV) is a critical parameter indicatingﬁ: level of free fatty
acids in oils, which correlates with the oil's quality and suitability for consumption. The AV*0f
pomegranate seed oil in this study was 3.@)g KOH/g, which is within the acceptable range for edible
oils. According to literature, an acid value of less than 4 mg KOH/g is considered typical for high-quality
edible oils [21]. Higher acid values, on the other hand, can indicate spoilage or improper processing [22].
The low acid value suggests that the pomegranate see@il maintains its quality and stability, making it
suitable for use in both culinary and therapeutic applications@he free fatty acids (FFA) content of 1.75%
in this study reflects the degree of hydrolysis that the oil has undergone. Free fatty acids are often
associated with the breakdown of triglycerides and their higher concentration may lead to reduced stability
and nutritional quality of the oil. In comparison, high-quality oils typically contain FFAs below 2% [23].
Research has shown that oils with FFA content above this threshold might lead to a bitter taste and a
decrease in shelf life due to increased oxidation [24]. The relatively low FFA value in pomegranate seed

oil suggests its stability and suitability for use in functional food products.

@he peroxide value (PV) is a measure of the oxidative stability of oil, indicating the presence of primary
oxidation products such as peroxides@he PV of 8.2 meq O2/kg in this study suggests a moderate level of
oxidative degradation. This value is relatively low compared to more highly oxidized oils, which can have
PVs exceeding 20 meq O2/kg [25]. Pomegranate seed oil's moderate PV indicates that the oil is relatively
fresh, with some exposure to oxidation, but not to an extent that would render it unsuitable for use. The
moderate peroxide value aligns with previous studies indicating that the oil has a shelf life that can be
extended with appropriate packaging and storage [26]@he iodine value (IV), which measures the degree
of unsaturation in an oil, was found to be 120 g 12/100g in pomegranate seed oil. This Valu% consistent

with the findings of other studies on polyunsaturate(gils such as pomegranate seed oil [27]. The iodine
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value of 120 g 12/100g indicates that the oil igch in polyunsaturated fatty acids, particularly punicic acid,
a conjugated linolenic acid. This unsaturatiorg linked to the potential health benefits of pomegranate
seed oilch as anti-inflammatory, antioxidant, and cardioprotective effects [28]. The relatively high
iodine value also suggests the oil’s suitability for use in cosmetics and nutraceuticalS*due to its beneficial
effects on skin and cardiovascular health. Finally, thé'Saponification value (SV) of 194 mg KOH/g reflects
the oil's potential for soap-making and indicates the totaﬂontent of fatty acids and the chain length of
fatty acid molecules. The SV is within the typical range for oils and fats, suggesting that pomegranate seed
oil could be an effective ingredient for cosmetic formulations. The higher saponification value is indicative
0@16: oil’s ability to form emulsions, which is crucial for its role in skincare and dermatological products
[29]. Moreover, the high SV reflects that pomegranate seetgil has a substantial amount of medium and
long-chain fatty acids, contributing to its bioactive properties. In conclusion, the¥dcid value (AV), free
fatty acids (FFA), peroxide value (PV), iodine value (IV), and saponification value (SV) of pomegranate
seed oil indicatc@'lat the oil is of high quality, relatively fresh, and suitable for various applications in
food, cosmetics, and therapeutics. The oil’s polyunsaturated profile and moderate oxidative stabilitﬂ)ake
it a promising candidate for use in functional food products, as well as in nutraceuticals aimed at improving

health outcomes, such as reducing inflammation and supporting cardiovascular health.

Table 1 Physicochemical Characterization of Pomegranat@eed Oil

Parameter Value
@cid Value (AV) (mg KOH/g) 3.5
ree fatty acids (ffa) (%) 1.75
Peroxide Value (P3) (meq O2/kg) 8.2
lodine Value (1V) 9 12/1009) 120
Saponification Value (SV) (mg KOH/qg) 194

2.4.5@C-MS and GC-FID Analysis of Fatty Acids in Pomegranate Seed Extracts

The¥esults of the GC-MS and GC-FID analysis of pomegranate seed residues after, extracted oil using
n-hexaneﬁowed a diverse composition of fatty acids in the water@lethanol, and ethanol extracts. The
most significant fatty acids identified in all three extracts wergalmitic acid (C16:0), oleic acid (C18:1n9),
linoleic acid (C18:2n6Cis), and stearic acid (C18:0). These fatty acids are known for their biological
activities and are significant in determining the nutritional, therapeutic, and industrial applications of
pomegranate seed oil. The water extract contained agch profile of saturated and monounsaturated fatty
acids (MUFA). Among the most prominent compounds werg]yristic acid (C14:0), palmitic acid (C16:0),
palmitoleic acid (C16:1n7), stearic acid (C18:0), and oleic acid (C18:1n9). Palmitic acid, a saturated fatty
acid (SFA), was the dominant compound in this extract. Thi@ltty acid is one of the most common SFAs
in plant oils and hageen associated with both positive and negative health effects. While some studies

suggest that palmitic acid contributes to an increase il@)w-density lipoprotein (LDL) cholesterol and the
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development of cardiovascular diseases (CVD), others argue that its role is more complex, with potential
benefits when consumed in moderate amounts (Clemente & Toche, 2009; Salas-Salvad(gt al., 2015). The
presence of oleic acid in the water extract is notable because i@ a monounsaturated fatty acid (MUFA)
that has been extensively studied for its heart-healthy benefits. Oleic acid has been show% reduce LDL
cholesterol, raise high-density lipoprotein (HDL) cholesterol, and exer@nti-inﬂammatory effects (Miinch
et al., 2016). The monounsaturation in the fatty acid chain is what imparts these beneficial effects, making
it a favorable component in edible oils. Additionally, the presence of palmitoleic acid, a MUFA, supports
the bioactive potential of the oil. Research has shown that palmitoleic acid can have anti-inflammatory
éroperties and contribute to insulin sensitivity, making it a key component in metabolic health (Jandacek

tal., 2011).

The methanol extract exhibited a broader variety ogltty acids, with higher concentrations of palmitic
acid and linoleic acid (C18:2n6Cis)@inoleic acid, a polyunsaturated fatty acid (PUFA), is one of the
@ssential fatty acids and has been linked to numerous health benefits, including reducing inflammation,
improving cardiovascular health, and regulating blood sugar levels (Haug et al., 2015). This extract also
contained significant levels of oleic acid, confirming its role as a valuable source of MUFAs with the same
heart-protective@nd anti-inflammatory properties (Miinch et al., 2016)@he higher concentration of
linoleic acid in the methanol extract compared to the water extrac%ay contribute to its potential as an
anti-inflammatory agent, making this extract particularly suitable for therapeutic applications targeting
inflammation and oxidative stress. The methanol extract also contained vaccenic acid (C18: 1n7)ghich
is a trans-fatty acid found in some plant oils. Vaccenic acid has been studied for its potential to improve
insulin sensitivity and may have application@l the management of type 2 diabetes (Jandacek et al., 2011).
This further strengthens the potential of the methanol extract for metabolic health and its application in

nutraceuticals aimed at improving insulin sensitivity and glucose metabolism.

The ethanol extrac@f pomegranate seed oil exhibited a fatty acid profile similar to the methanol extract,
with a high concentration o@leic acid (C18:1n9) and linoleic acid (C18:2n6Cis). However, it also
contained vaccenic acid@gnoceric acid (C24:0), and myristic acid (C14:0). Lignoceric aci(,@ long-chain
saturated fatty acid, is a major component of plant waxes and has been shown to exhibi@nti-inﬂammatory
properties, suggesting that it could be beneficial for skin health and as an ingredient in cosmetic
formulations (Kaur et al., 2019). The ethanol extract’s high content of oleic acid again positions i@s an
excellent source of heart-healthy fatty acids, aligning with the findings from the other extracts.The ethanol
extract also displaye(g)wer concentrations of myristic acid compared to the water and methanol extracts,
but its presence is still signiﬁcan@ue to its antimicrobial and anti-inflammatory properties, which have
Qeen demonstrated in multiple studies (Akinmoladun et al., 2012). Myristic acid hagpplications in both
food and pharmaceutical industries due to its ability to modulate the immune response. The GC-MS and
GC-FID analyse@f pomegranate seed oil extracts highlighted the presence of several bioactive fatty acids
with known health benefits, such agleic acid, linoleic acid, and palmitic acid. The diversity of fatty acids

in the methanol and ethanol extracts make them especially promising for applications in heart health, anti-
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inflammatory therapies, and skin-care products. With its beneficial fatty acid profile, pomegranate seed
oil can be considered a functional ingredien@\ various industries, including food, pharmaceuticals, and

cosmetics.

Table %C-MS Analysis of Fatty Acids in Water, Methanol, and Ethanol Extracts of Pomegranate Seed

Residues after extracted Oil by n-Hexane.
@eak #

Type Retention Time Area % Compound Identified
Extract (min)
1 5.981 15.333 Myristic Acid
2 9.754 18.706 Myristoleic Acid
Water 3 10.143 17.185 Palmitic Acid
Extract 4 13.05 15.246 Palmitoleic Acid
5 21.284 16.417 Stearic Acid
6 24.346 17.112 Oleic Acid
1 3.551 13.493 Myristic Acid
Methanol 2 10.364 15.754 Myristoleic Acid
Extract 3 20.751 44.088 Palmitic Acid
4 24.746 26.665 Palmitoleic Acid
1 24.712 12.188 Myristic Acid
Ethanol 2 27.021 10.96 Myristoleic Acid
Extract 3 27.098 8.132 Palmitic Acid
4 28.885 68.72 Palmitoleic Acid

Table 3 GC-FID Analysis of Fatty Acids il%ater, Methanol, and Ethanol Extracts of Pomegranate Seed
Residues after extracted Oil by n-Hexane.

Retention Compound
Type Extract Peak # Time Area % e Common Name
. Identified
(min)
3 3.857 15.75611 C16:0 Palmitic Acid
5 5.429 5.65879 C18:0 Stearic Acid
6 5.632 14.44737 18:1n9 Oleic Acid
Water Extract 7 5.689 1.14771 18:1n7 Vaccenic Acid
8 6.079 31.93912 C18:2n6Cis Linoleic Acid
10 7.835 1.54126 C20:0 Arachidic Acid
16 10.643 28.06209 C22:0 Behenic Acid
1 2.89 0.28793 C14:0 Myristic Acid
2 3.041 0.08736 C14:1n5 Myristoleic Acid
3 3.855 21.90009 C16:0 Palmitic Acid
4 4.036 0.30066 C16:1n7 Palmitoleic Acid
5 5.428 47277 C18:0 Stearic Acid
6 5.632 14.44985 18:1n9 Oleic Acid
Methanol 7 5.689 1.40227 018:1n7_ Va_lccer_lic Agid
Extract 8 6.075 51.81405 C18:2n6Cis Lmo_lelc Aqd _
9 6.711 1.4238 C18:3n3 Alpha-Linolenic Acid
10 7.851 0.85504 C20:.0 Arachidic Acid
11 8.146 0.96051 C20:1n9 Gadoleic Acid
12 8.813 0.27267 C20:2n6 Eicosadienoic Acid
13 9.412 0.18279 C20:4n6 Arachidonic Acid
16 11.184 0.54593 C22:.0 Behenic Acid
20 15.403 0.78934 C24:1n9 Nervonic Acid
1 2.881 0.39845 C14:0 Myristic Acid
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3 3.848 18.64482 C16:0 Palmitic Acid

5 5.413 8.05227 C18:0 Stearic Acid

6 5.62 22.41533 C18:1n9 Oleic Acid
Ethanol 7 5.688 1.9149 018:1n7' Va_lccer_lic Agid
Extract 8 6.065 33.25934  C18:2n6Cis Lmo_lelc Aqd _

9 6.732 3.76271 C18:3n3 Alpha-Linolenic Acid

10 7.821 1.04373 C20:0 Arachidic Acid

11 8.116 2.12907 C20:1n9 Gadoleic Acid

19 15.388 8.37939 C24.0 Lignoceric Acid

3.4gourier Transform Infrared Spectroscopy (FTIR)

One of the most prominent regions in the FTIR spectra is between 3700 cm™ and SOO@m‘l, which is
typically assigned to O—H stretching vibrations. These peaks are broad and strong in all three extracts,
with the methanol extract displaying the most intense and well-defined peak, followed closely by the water
extract. The strong O—H absorption signifies a high presence of hydroxyl-containing compounds such as
polyphenols, flavonoids, and alcohols. Methanol, being a highly polar solvent with strong hydrogen
bonding capabilities, is well known to extract a wide variety of hydroxyl-rich compounds. This supports
studies like those by Varga et al. (2024), which confirmed that methanol-extracted pomegranate seeds
yielded rich phenolic and flavonoid profiles identifiable by similar broad O—H bands [30]. Figure 6 shows

e FTIR spectra of water, methanol, and ethanol extracts, highlighting the key absorption regions
corresponding tcg—H, C-H, C=0, and aromatic C=C bonds. In contrast, the ethanol spectrum shows a
somewhat narrower O—H band, indicating that while ethanol is still effective at extracting hydroxylated
compounds, it may yield slightly fewer or different classes of phenolics compared to methanol. Water’s
O-H band is broad but of slightly lower intensity, which can be due to the extraction of more hydrophilic,
potentially less complex phenolic structures. Moving toward the 2900—-2800 cm™! region, the spectra show
C-H stretching vibrations, particularly visible in the ethanol and methanol extracts. These peaks are
typically associated with the presence of aliphatic hydrocarbons and lipophilic structures such as fatty
acids or sterols. The presence of these bands suggests that ethanol and methanol are capable of co-
extracting a limited amount of non-polar or semi-polar bioactives alongside phenolics. The absence or
weakness of these peaks in the water extract supports water’s lower ability to dissolve non-polar
compounds. The region from 1750 cm™ to 1600 cm™ features C=0O stretching vibrations, indicative of
carboxylic acids, esters, and aldehydes. A sharp peak around 1700 cm™ is most prominent in the methanol
spectrum, less so in ethanol, and barely visible in water. This confirms methanol’s superior extraction of
carbonyl-containing phenolic acidglch as ellagic acid and gallic acid, compounds well-documented in
pomegranate seed extracts. The literature supports this finding: Setlhodi et al. (2023) identified distinct
carbonyl peaks in methanol extracts of pomegranate peel due to high ellagitannin and flavonoid content
[31]. Around 1600-1500 cm™, the spectra exhibit C=C stretching vibrations of aromatic rings, clearly

visible in all three extracts but particularly strong in methanol and ethanol. These peaks conﬁer'-e
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presence of aromatic phenolic compounds, such as flavonoids and tannins, which are known for their
antioxidant potential. The higher intensity of these peaks in the methanol and ethanol extracts indicates a
richer presence of such bioactive compounds. Water, again, shows weaker absorption in this range,
suggesting a lower yield of aromatic-rich antioxidants. Between 1450-1000 cm™, there is a complex
mixture of bands correspondingto C—O stretching, O—H bending, and C—H bending vibrations. These
functional groups are associated with alcohols, ethers, esters, and polysaccharides, and their presence
further supports the existence of complex polyphenolic structures. Methanol shows strong, well-resolved
bands in this region, which is consistent with its ability to extract structurally diverse compounds. Ethanol
follows with moderate band intensities, while water’s signals remain relatively subdued. This pattern
mirrors results from studies by Hadrich et al. (2014), which demonstrated higher chemical complexity in
methanol and ethanol extracts of pomegranate compared to aqueous extracts [32]. In the 900—-600 cm™
region, often referred to as the fingerprint region, each extract shows a unique set of peaks. This area
includes out-of-plane bending vibrations from aromatic rings and complex structures. Methanol again
displays the richest and most complex pattern, reflecting a broader range of extracted compounds. This
complexity corresponds well with the diverse phytochemical profile of methanol extracts reported in
multiple FTIR-based studies. In summary, the FTIR spectra provide strong evidenceﬁla‘[ methanol is the
most efficient solvent for extracting a diverse array of functional groups from pomegranate seeds. Its
spectrum reveals strong"O—H, C=0, C—H, and aromatic C=C bonds—indicators of phenolics, flavonoids,
and related antioxidant compounds. Ethanol, while slightly less intense, still extracts a substantial profile
of bioactives and provides a safer alternative for food and pharmaceutical use. Water, although effective
for hydrophilic phenolics, shows weaker spectral features and a narrower functional group range,
supporting its lower chemical diversity. These FTIR findings not only validate your quantitative results
on TPC, TFC, and antioxidant activity but also align with the broader scientific consensus on solvent-

based phytochemical extraction from pomegranate seeds.
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Figure 1 FTIR spectra of pomegranate seed extractS®sing methanol, ethanol, and water as solvents. The spectra highlight key
functional groups including broa®®-H stretching vibrations around 3200-3600 cm S®€—H stretching near 2900 cm™!, and C=0
and C=C vibrations in the 1700-1500 cm™ region.

3.5. 13CNMR AND hNMR

The Q NMR spectrum of pomegranate seed oil reveals characteristighemical shifts corresponding to
various carbon environments present in triglycerides and unsaturated fatty acids. The most notable peaks
appear in the 173—172 ppm region, specifically at 173.12 ppm and 172.7ﬂpm, which are attributed to
the carbonyl (C=0) carbons of esterified fatty acids in triglyceride structures. These signals are a hallmark
of the acyl glycerol backbone found in plant oils and confirm that the PSO consists primarily of
triacylglycerol molecules. Figure 6 shows the Q NMR spectrum of pomegranate seed oil, highlighting
the key peaks for ester carbonyls, olefinic double bonds, glycerol carbons, and aliphatic chain groups. In
the 132—127 ppm range, a series of peaks (132.62, 132.37, 129.99, 129.68, 128.87, 128.76, 127.96, 127.81
ppm) represent the olefinic (C=C) carbons typical of conjugated and isolated double bonds found in
unsaturated fatty acids. These signals are particularly significant in PSO because they indicate the presence
Qf punicic acid, a conjugated linolenic acid isomer that is unique to pomegranate oil. The abundance of
these olefinic carbon peaks supports literature findings tha@unicic acid is the dominant component in

PSO, often comprising over 70% of total fatty acids [33]. The presence of oxygenated carbons is reflected
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irmle peaks at 68.94 ppm and 62.09 ppm, corresponding to the glycerol backbone of triglycerides—
specifically the methine (CH) and methylene (CH:) carbons bonded to oxygen. These signals further
confirm that the oil is composed of glycerides rather than free fatty acids or other lipid derivatives. Signals
in the 34-22 ppm range (34.16, 34.00, 31.91, 31.85, 31.56, 31.51, 29.68, 29.60, 29.33, 29.25, 29.10, 22.65,
22.30 ppm) are typical of methylene (-CH2-) groups in the long aliphatic chains of fatty acids. These peaks
are common ilgaturated and unsaturated fatty acids and form the main hydrophobic region of the lipid
molecules. Additionally, the peaks at 14.06 ppm and 13.90 ppm represent terminal methyl (-CHs) groups
of fatty acids. The relative intensity and number of these aliphatic signals are consistent with a rich
composition@f long-chain fatty acids, further supporting the identification of PSO as a natural
triglyceride-rich oil. Comparing these result@) other cold-pressed seed oils, the spectral profile of PSO
is distinct due to its abundance of conjugated double bonds. While many vegetable oils show unsaturation
peaks near 128—130 ppm, the clustering and intensity of peaks in this region in PSO is unusually rich.
This confirms the unique chemical fingerprint of punicic acid, conjugated triene system produces multiple
overlapping C=C signals due to its specific geometry. Importantly, the absence of sharp peaks in the
aromatic region (above 140 ppm) and the lack of significant downfield signals beyond 173 ppm suggests
minimal oxidation products or aromatic contaminants, indicating that the oil sample is relatively pure and
unoxidized. In summary, the Q NMR spectrum of pomegranate seed oil confirms the presence of major
structural components typical of triacylglycerols, including ester carbonyl groups, glycerol backbone
carbons, long-chain methylene units, and distinctive olefinic carbons attributable to punicic acid. The
pattern and intensity of these peaks are consistent with previously published spectral profiles of PSO and

validate the oil’s rich content of conjugated fatty acids. This structural insight not only highlights the
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functional quality of pomegranate oil but also supports its potential therapeutic and antioxidant

applications due to the bioactivity of its unsaturated fatty acid profile.
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172.72 ppm), olefinic carbons from conjugated double bonds (132.62 to 127.81 ppm), glycerol backbone carbons (68.94
and 62.09 ppm), aliphatic methylene chains (34.16 to@_?Oppm), and terminal methyl groups (14.06 and 13.90 ppgm The
spectrum confirms the presence of triacylglycerols¥ich in punicic acid and other unsaturated fatty acids typica®0f
pomegranate seed oil.

For hNMR the 'H NMR spectrum of pomegranate seed oil displays distinct proton resonances that
correspond to the functional moieties of triglyceride-bound unsaturated fatty acids. One of the most
notable features of the spectrum is the set of multiplet peaks in the range of 6.46—-6.07 ppm, specifically
at 6.46 ppm (multiplet), 6.41 ppm, 6.15 ppm, 6.07 ppm (triplet), and 6.04 ppm. These chemical shifts are
characteristic of olefinic protons (—-CH=CH-), particularly from conjugated double bonds, which are
highly abundanﬂl punicic acid, the dominant fatty acid in PSO. The conjugated triene system of punicic
acid contributes to complex splitting patterns and multiple closely spaced signals in this region. These
peaks are generally absent or less prominent in common vegetable oils like olive or sunflower oil,
highlighting the unique composition of pomegranate oil. Figure 8 displays the '"H NMR spectrum of
pomegranate seed oil, showing characteristic regions for olefinic protons, glycerol backbone signals, bis-
allylic methylene protons, and terminal methyl groups. Another important region is 5.44-5.27 ppm, where
multiplets are observed. These signals are attributed to vinylic protons attached to non-conjugated double
bonds or those adjacent to ester groups. The presence of such protons further supports the identification
of othegolyunsaturated fatty acids like linoleic acid and oleic acid, which commonly co-exist with

punicic acid in natural oils. The chemical shift and splitting pattern in this range confirm that the oil is not
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saturated, and that its bioactive potential comes from multiple unsaturated fatty acid species. The peaks
appearing around 4.13 to 4.34 ppm are consistent with the glycerol backbone protons of triacylglycerides.
These are usually observed as doublets of doublets or multiplets corresponding to the -CH>—O— and —-CH—
O-— groups of glycerol units esterified with fatty acids. These signals confirm that the oil is largelﬁl the
form of triacylglycerols, not free fatty acids or monoacylglycerols. This is in agreement with prior studies
on pomegranate oil's lipid profile using NMR, such as those by El-Hadary and Taha (2020), which showed
comparable glycerol proton environments in cold-pressed PSO. In the 2.77-2.00 ppm region, a series of
peaks appear due to allylic methylene protons (-CH2— adjacent to C=C), as well as bis-allylic protons (—
CHz— between two C=C groups), particularly around 2.33 ppm (triplet), 2.21 ppm (doublet of quartets),
and 2.17-2.08 ppm (multiplets). These signals are strongly indicative of polyunsaturated fatty acids and
are especially prominent in oils rich in conjugated linolenic acids like punicic acid [34]. The presence and
intensity of bis-allylic proton peaks reflect the oxidative sensitivity of the oil and are often used as markers
for bioactive unsaturation in functional foods. The 1.61-1.31 ppm range includes signals from methylene
protons in the fatty acid chains that are more distant from the unsaturation. These multiplets represent the
saturated segments of the fatty acid chains and contribute to the bulk hydrophobic structure of the
triglyceride molecules. Also within this region, a sharp doublet at 1.31 ppm may be attributed to terminal
methyl groups of branched chains or overlapping —CHs groups adjacent to unsaturation, though most
terminal methyls are expected further upfield. The characteristic terminal methyl groups (—~CHs) resonate
around 0.91 ppm (quartet) and neighboring signals from 0.88 to 0.71 ppm. These signals are common in
all long-chain fatty acids and help confirm the intact nature of the triglyceride molecules. The upfield
region is relatively clean, suggesting minimal contamination by short-chain fatty acids, cholesterol, or
other lipid derivatives. A small singlet is observed around 7.28 ppm, corresponding to the residual solvent
peak of CDCl;s (deuterated chloroform), which serves as the internal reference standard for chemical shift
calibration. The signal near 1.66 ppm, labeled H-0, likely corresponds to residual water in the solvent or
oil, often seen as a minor contaminant in NMR spectra of natural oils. In conclusion, the% NMR spectrum
of pomegranate seed oil clearly demonstrates the presence of a triglyceride structure rich irgnsaturated
fatty acids, including the unique and bioactive punicic acid. The diagnostic regions—6.4—6.0 ppm for
conjugated olefinic protons, 5.4—5.3 ppm for isolated olefins, 4.3—4.1 ppm for glycerol backbone protons,
and 2.3-2.0 ppm for bis-allylic and allylic protons—are all consistent with published profiles of high-
quality PSO. These features differentiate pomegranate oil from other vegetable oils and validate its
nutritional and therapeutic value. The clean, well-resolved spectrum also indicates a pure and stable oil
sample with minimal degradation or oxidation, which is essential for further application in nutraceutical

formulations.
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Figure 3 '"H NMR spectrum of pomegranate seed oil showing characteristic peaks for conjugated olefinic protons (6.46—
6.04 ppm) indicative of punicic acid, vinylic protons (5.44-5.27 ppm), glycerol backbone methylene protons (4.13—
4.34 ppm). Signals at 2.353%7.

3.2. Determination of Total Flavonoid Content (TFC) and Total Phenolic Content (TPC)

In the analysis of pomegranate seed extracts revealed shown (Figure 4) significant difference@ Total
Flavonoid Content (TFC) and Total Phenolic Content (TPC) depending on the solvent used water, ethanol,
methanol, and seed oil. The methano@xtract showed the highest TFC (37.20 mg QE/g), followed by
ethanol (26.08 mg QE/g), water (20.80@@ QE/g), and oil (11.64 mg QE/g). This pattern is widely
supported by other studies, as methanol is frequently identified a@le most effective solvent for flavonoid
extraction due to its high polarity and efficiency in breaking down plant cell walls. For example, Varga et
al. (2024) found methanol to yield the highest TFC ™16 pg QE/g) in pomegranate seed extract,
significantly surpassing ethanol@6 pg QE/g) and water (57 pg QE/g) [35]. Likewise, Kumar et al. (2020)
observed that methanol extracted significantly higher flavonoid levels (9.13 mg/g) from freeze-dried
pomegranate seed powder compared to ethanol and water [36]. In contrast, TPC results in your data
showed a different trend, with water extract yielding@‘le highest phenolic content (49.05 mg GAE/g),
followed by oil (23.20 mg GAE/g), ethanol (21.80 mg GAE/g), and methanol (17.90 mg GAE/g). This
contradicts common findings where methanol and ethanol typically extract the most phenolics. However,
this anomal)@nay be explained by the extraction conditions. High temperatures and extended contact
times often improve the ability of water to extract hydrophilic phenolics%ang etal. (2011) demonstrated
that hot water (at 95°C) could extract up to 11.15% phenolics from pomegranate peel—higher than cold
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methanol or ethanol under the same conditions [37]. Similarly@1 a study by Sweidan et al. (2023), aqueous
extracts of pomegranate peel had higher TPC compared to methanol and ethanol under specific extraction
conditions [38]. Although seed oil is not typically used for polyphenol extraction, your results showed it
contained a moderate amount of phenolics (23.20 mg GAE/g). This finding aligns with research showing
that seed oils can retain some lipophilic phenolic compounds. For example, pomegranatgeed oil has been
reported to contain measurable levels of tocopherols and other antioxidant molecules despite having low
TFC and TPC compared to methanol or ethanol extracts [39]. In ethanol extracts, both TFC and TPC were
moderate, which is consistent with ethanol’s intermediate polarity. Ethanol is frequently reported to be
less effective than methanol but safer for food and pharmaceutical applications. Studies have confirmed
ethanol’s ability to extract a good balance of phenolics and flavonoids. For example, in a comparative
analysis of pomegranate extracts, ethanol consistently yielded moderatgvels of phenolic and flavonoid

compounds, making it a practical choice for natural antioxidant sourcing [40].

Total Phenol and Flavonoid Content of Pomegranate Seed Extracts
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Figure g)tal phenolic content (TPC) and total flavonoid content (TFC) in pomegranate seed extracts. The brown line shows
'PC expressed in mg gallic acid equivalent (GAE) per gram extract, while the purple line showSFC expressed in mg quercetin

equivalent (QE) per gram extract

Q.S. Antioxidant Activity Assays

The antioxidant activity of pomegranate seed extracts, as measured by DPPH , ABTS and FRAP radical
scavenging assays, shown in (Figure 5) revealed significant differences based on the type oﬁxtraction
solvent used. Among the tested solvents water, ethanol, methanol, and seed oil methanol extract exhibited
the highest antioxidant activity with DPPH at 39.6@% TE/g and ABTS at 15.63 mg TE/g, confirming
methanol’s superior ability to solubilize antioxidant compounds. These resultge in strong agreement

with previous studies. For instance, Kumar et al. (2020) demonstrated that methanol extracts from
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pomegranate seed powder showed the highest antioxidant activity (89.39% scavenging) among several
tested solvents [41]. Similarly, Setlhod@[ al. (2023) reported that methanol extraction of pomegranate
peel provided strong DPPH and ORAC antioxidant performance due to high ellagic acid and tannin
content [42]. The water extract, while not as potent as methanol, still showed respectable antioxidant
activity (DPPH: 29.80 mg TE/g, ABTS: 13 .6@@ TE/g), which may be attributed to its high total phenolic
content. Although water is a less efficient solvent for lipophilic antioxidants, it can extract hydrophilic
phenolics and tannins that contribute to radical scavenging. Thig supported by Varga et al. (2024), who
found that water extracts from pomegranate seeds showed significantly higher ABTS activity (9.15 pg/ml)
than ethanol or methanol extracts in some conditions [15]. Likewise, Wang et al. (2011) noted that hot
water extraction could yield strong antioxidant activity if extraction time and temperature were optimized
[43]. The ethanol extract in your study presented lower antioxidant capacity than methanol and water, with
DPPH at 33.83 mg TE/g and ABTS at 10.35 mg TE/g™*This is consistent with findings from Hadrich et al.
(2014), where ethanol extracts of pomegranate peel showed moderate antioxidant performance—Iess than
methanol but more than acetone or oil-based extracts [44]. Ethanol’s intermediate polarity allowg to
extract both polar and non-polar antioxidant compounds, making it a practical choice for food-safe
applications, even if it does not yield the highest radical scavenging activity. The seed oil extract, as
expected, showed the lowest antioxidant activity (DPPH: 19.95 mg TE/g, ABTS: 12.54@|g TE/g). The
FRAP (Ferric Reducing Antioxidant Power) values of pomegranate seed oil extracts, including water,
ethanol, and methanol extracts, provide valuable insight into@xe antioxidant capacity of the oil. The
methanol extract,@dth a FRAP value of 45.0 mg TE/g, exhibited the highest antioxidant potential,
indicating%at methanol is an efficient solvent for extracting polyphenolic compounds, which are
primarily responsible for antioxidant activity. Previous studies have shown that methanol extraction is
effective in extracting polyphenolic compounds, including punicalagins and ellagic acid, which contribute
significantly to antioxidant activity (Gupta et al., 2019). These compounds have been widely recognized
QOI‘ their potent antioxidant and anti-inflammatory properties, which play a key role in reducing oxidative

stress and supportingardiovascular health (Boudet et al., 2016).

The water extract, with a FRAP value of 40.0 mg TE/g, also showed substantial antioxidant activity,
although slightly lower than the methanol extract. Water is a common extraction solvent for plant-based
antioxidants, and research has highlighted that water-soluble polyphenols, such as flavonoids and tannins,
contribute significantly*®to the antioxidant capacity of pomegranate seed oil (Khan et al., 2019). While
water extraction may not extract as many lipophilic antioxidants compared to organic solvents, it remains
a viable option for producing antioxidant-rich extracts, especially in food and cosmetic formulations
where water-based products are required.Qhe ethanol extract exhibited a FRAP value of 35.0 mg TE/g,
indicating moderathtioxidant activity. Ethanol is a versatile solvent capable of extractinﬁoth polar and
non-polar compounds, including flavonoids, phenolic acids, and vitamin E [45]. However, the slightly
lowe@ntioxidant activity in the ethanol extract, compared to the methanol extract, could be due to

differences in the efficiency of extraction for specific bioactive compounds. Despite this, the ethanol
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extract still holds significant value, particularly for applications where ethanol-based formulations are
preferred, such as in nutraceuticals and skincare products. The seed oil, with the lowest FRAP value of
20.0 mg TE/g, showed the least antioxidant capacity. This is expected, as oils are primarily compose(gf
fatty acids and generally contain fewer bioactive compounds compared to extracts obtained with solvents.
However, the oil still offers valuable nutritional benefits due to its"igh content of oleic acid and linoleic
acid, both of which contribute to heart health and anti-inflammatory effects (Miinch et al., 2016). This
outcome reflects the general limitation of non-polar solvents in extracting hydrophilic antioxidant
compounds like polyphenols and flavonoids. Although pomegranate seed oil is known for its high punicic
acid and tocopherol content, which are beneficial for health, these compounds contribute less to free
radical scavenging in hydrophilic assays like DPPH and ABTSgtudies by Jing et al. (2012) and Koh et
al. (2005) confirm that while pomegranate seed oil contains some antioxidant molecules, its DPPH and

ABTS scavenging activities are significantly lower than those of methanol and ethanol extracts [39, 46].

Antioxidant Activity of Pomegranate Seed Extracts
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Figure gntioxidant activity of pomegranate seed extracts determined by DPPH and ABTS assays. The green line represents
DPPH radical scavenging activity (mg TE/g), while the blue line indicates ABTS antioxidant capacity (mg TE/g)

2.6. In Vitro Cytotoxicit@lethod
To evaluate the antioxidant potential of the pomegranate seed residue extracts, two standargi vitro assays

were performed: the DPPH radical scavenging assay and the ABTS radical cation decolorization assay.

2.6. In Vitro Cytotoxicit@[EPG-Z (Liver Cancer) Cell Line
The data obtained from the cytotoxicity assays on HEPG-2 live@ancer cells show a clear dose-dependent
relationship between the concentration of pomegranate seed extracts and cell viability, which is consistent

with man}@rudies on the anticancer effects of pomegranate seed extracts. Methanol and ethanol extracts
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exhibited significant cytotoxicit)@gainst the HEPG-2 cell line, with the methanol extract showing the
highest effectiveness, as reflected in%e lowest cell viability and highest mortality at higher
concentrationsgt a concentration of 50 pg/ml, the methanol extract induced 70% mortality, whilg'le

water extract and ethanol extract had lower mortalities (65% and 75%, respectively).

@he water extract of pomegranate seed oil showed a moderate cytotoxic effect, with a viability of 95% at
10 pg/ml, reducing to 35% at S0%ig/ml. This suggests that the water extract, while effective, is not as
potent as the methanol extract,@rhich could be due to the lower concentration of bioactive compounds in
water compared to methanol (Gupta et al., 2019). Water extracts, although still beneficial, tend to have
lower yields of polyphenols and other bioactive compounds, which may explain the comparatively lower
mortality rates at higher concentrations. The ethanol extract demonstrated moderate cytotoxicity, with
80% viability 3@0 pg/ml and 25% at 50 pg/ml. Ethanol is a polar solvent that can extrac@ variety of
compounds, including flavonoids and tannins, which are known for their anticancer properties. However,
it seems that ethanol extracts are slightly less effective compared to methanol extracts in this context,
possibly due to differences in solvent extraction efficiency and the specific bioactive compounds extracted
(Amin et al., 2017). The dose-dependent cytotoxicity observed in all three extracts aligns with findings in
othe@[udies on the anticancer effects of pomegranate extracts, which have shown that pomegranate seed
oi@nd its bioactive compounds, such as punicalagins and ellagic acid, exert potenﬂytotoxic effects on
various cancer cell lines (Boudet et al., 2016). Ellagic acid, in particular, ha@een reported to induce
apoptosis in cancer cells by regulating oxidative stress and modulating cell cycle progression (Gupta*tt
al., 2019). In conclusion, the methanol extract of pomegranate seed oil exhibited the highest cytotoxicity

@gainst HEPG-2 liver cancer cells, followed by the water extract and ethanol extract, indicating@‘ne
potential of pomegranate seed extracts as natural anticancer agents.Qhese findings suggest that
pomegranate seed oil could serve as a valuable therapeutic agent in the treatment of liver cancer, with

methanol extract being the most promising in terms of efficacy.

Q.6. In Vitro Cytotoxicity Method for MCF-7 (Breast Cancer) Cell Line

The cytotoxicity data foélCFJ breast cancer cells exposed to pomegranate seed extracts shows a dose-
dependent effect, Witl@ethanol extract exhibiting the highest cytotoxicity, followed by ethanol extract
and water extract.q hese findings suggest that the methanol extract of pomegranate seed oil has the greatest
potential for use in therapeutic applications aimed at treating breast cancer, due to its abilit@) significantly
reduce cell viability and increase mortality at higher concentrations.“At the lowest concentration of 10
pg/ml, the water extract exhibited 90% viability and only 10% mortality, indicatin@lat the extract had a
relatively low cytotoxic effect at this concentrationgs the concentration increased to 50 pg/ml, the water
extract induced 30% viability and 70% mortality, demonstrating a clear dose-dependent relationship in
the cell viability and mortality. This suggests that, although water extracts are effective, their cytotoxicity

is lower compared to thgethanol and ethanol extracts, likely due to the lower concentration of bioactive

compounds that are water-soluble (Amin et al., 2017). In comparison, the methanol extract showed
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significantly higher cytotoxicity, with 88% viability at 10 pg/ml, which dropped to 28% viability at 50
pg/ml and 72% mortality. The methanol extract is particularly effective because methanol is an organic
solvent that extracts a wide Variet@f bioactive compounds, including ellagic acid, punicalagins, and other
polyphenolic compounds, which are known for their anticancer properties (Gupta et al., 2019). Previous
studies have suggested that ellagic acid induces apoptosis il@reast cancer cells by modulating oxidative
stress and interfering with cell cycle progression, leading to the inhibition of tumor growth (Boude@t al.,
2016). The ethanol extract showed a moderate cytotoxic effect, with 85% viability at 10 pg/ml, which
decreased to 25% viability and 75% mortality at 50 pg/ml. This indicates that while ethanol extraction is
effective, it may not extract as many potent bioactive compounds as the methanol extract, thus explaining
the slightly lower mortality rates compared to the methanol extract. Ethanol is also a polar solvent and
may extract a broader range of antioxidants and polyphenolic compounds, but the exact composition of
the extract may influence it@aility to induce apoptosis in MCF-7 cells (Amin et al., 2017). These findings
are in line with the literature on pomegranate seed extracts, where the methanol extract has consistently
demonstrated higher anticancer activity due to its superior extraction oﬁolyphenolic compounds such as
ellagic acid, which play a crucial role in inducing cell deat@l cancer cells (Gupta et al., 2019). The dose-
dependent nature of the cytotoxicity across all extracts supports the idea that pomegranate seed oi@an be

a promising therapeutic agent for cancer treatment, particularly in breast cancer..

2.6. In Vitro Cytotoxicity Method f0@[€T—116 (Colon Cancer) Cell Line

The cytotoxicity data for HCT-116 colon cancer cells exposed to pomegranate seed extracts demonstrated
@ear dose-dependent relationship between extract concentration and cell viability. All three extracts—
water, methanol, and ethanol—induced increased mortality in HCT-116 cellgs the concentration of the
extracts increased. Among these extracts@w methanol extract exhibited the highest cytotoxicity, followed
by ethanol extract and water extract, consistent with findings from other studies that suggesmethanol as
an effective solvent for extracting bioactive compounds from plant materials:“At a low concentration of
10 pg/ml, the water extract exhibited 92% viability, resulting in only 8% mortality. However,@s the
concentration increased to 50 pg/ml, the water extract induced 40% mortality and reduced cell viability
to 60%. This indicates that water extracts have a lower cytotoxic effect compared to methanol and ethanol
extracts, likely*tiue to the limited solubility of bioactive compounds in water (Amin et al., 2017). Despite
this, the water extract still showed significant effects, suggesting that water-soluble polyphenols in
pomegranate seeds have potential anticancer activity. The methanol extrac@f pomegranate seed oil
showed the strongest cytotoxic effect. At 10 pg/ml, the methanol extract induced 13% mortality with 87%
viability, but at 50 pg/ml, the mortality rate increased to 45% and the cell viability decreased to 55%.
Methanol, being a strong solvenﬁor both polar and non-polar compounds, is capable of extracting a broad
spectrquf bioactive components, including ellagic acid and punicalagins, which are known for their
antioxidant and anticancer properties (Gupta et al., 2019)@tudies have shown that these compounds can

induce apoptosis itgancer cells by regulating oxidative stress and affecting cell cycle progression (Boudet
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et al., 2016). Therefore, the methanol extract could be particularly beneficial in therapeutic applications
targeting colon cancer. The ethanol extract also exhibited moderate cytotoxicity, with 89% viability at 10
pg/ml, which decreased to 50% viability at 50 pg/ml. At this concentration, ethanol extract induced 50%
mortality. Ethanol, as a polar solvent, is capable of extracting bioactive phenolics, flavonoids, and other
antioxidants, although it may not extract the full spectrun@f compounds present in the methanol extract.
The slightly lower cytotoxicity compared to methanoﬂould be due to differences in solvent extraction
efficiency, resulting in a less potent extract (Amin et al., 2017). Nonetheless, the ethanol extract still
exhibited notable anticancer effects, particularl@ue to the presence of flavonoids and other antioxidants.
Overall, the dose-dependent cytotoxicity across all extracts suggests that pomegranateeed oil has
potential as a therapeutic agent for colon cancer. The methanol extract showed the most promise,
consistent with research indicating that methanol extracts of pomegranate seed oil possess superior
anticancer properties due to their high concentration of polyphenolic compounds (Gupta et al., 2019).
Further researchﬁto the specific bioactive components and their mechanisms of action could help

optimize pomegranate seed oil for cancer therapy.

@.1. Antimicrobial Activity Results

The antimicrobial efficacy of various pomegranate seed extracts against selected microbial strains is
summarized in (Tabl@). Among the tested extracts, the ethanol extract exhibited the highest antimicrobial
activity, producing inhibition zones of 42.8 mm against Escherichia coli, 3@ mm against Pseudomonas
aeruginosa, 40 mm against Staphylococcus aureus, 33 mm against Streptococcus pneumonia, and 32.1
mm against Candida albicans. Similarly, the methanol extract demonstrated strong inhibitory effects, with
inhibition zones of 31.5 mm, 35.7 mm, 44 mm, 22 mm, and 28.8 mm, respectively, against the same
strains.ql contrast, the water extract showed only moderate@ctivity against Gram-negative bacteria
(Escherichia coli 12.8 mm, Pseudomonas aeruginosa 15.3 mm) and fungi (Candida albicans 20.5 mm),
Gram-positive bacteria (Streptococcus pneumonia 22 mm), but no inhibition was observed against
Staphylococcus aureus. The oil extract displayed limited antimicrobial potential, showing activity only
against Escherichia coli (32.6 mm) and Pseudomonas aeruginosa (15.2 mm), with no observable zones

of inhibition against Staphylococcus aureus Streptococcus pneumonia, and Candida albicans.



883  Table 4 Antimicrobial activity (inhibition zone in mm) of different pomegranat@eed extracts against
884  selected Gram-negative, Gram-positive bacteria, and fungi.

. . Water Methanol Ethanol .
Edefelila/Fung] Extract (mm) Extract (mm) Extract (mm) Seed Oil (mm)

Qtaphylococcus aureus 10 18 15 12

Bacillus subtilis 12 20 17 14

Listeria monocytogenes 8 16 14 11

Escherichia coli 7 15 13 10

Pseudomonas aeruginosa 6 14 12 9

Salmonella enterica 5 13 11 8

Candida albicans 9 17 14 10
885
886
887
894
895
896
897
898

Figure 6. Antimicrobial activity assay showing a clea@one of inhibition @md the tested sample on an agar plate
S

inoculated with a microbial strain. This image demonstrates effectivenesS®igainst Gram-positive, Gram-negative
bacteria, or fungi, based on the observed inhibition zone.

901 4. Conclusion

902 @1 conclusion, the results of this study demonstrate the promising bioactive properties of pomegranate
903  seed extracts, particularlﬂle methanol extract, which exhibited the highest antioxidant and antimicrobial
904  activity. The FRAP assay confirmed the significant antioxidant capacitﬂf the extracts, with the methanol
905  extract showing the highest values. The antimicrobial tests revealed that pomegranate seed extracts,
906  especially the methanol extract, exhibited strong activit@gainst both Gram-positive and Gram-negative

907 Dbacteria as well as Candida albicans, suggesting their potential as natural antimicrobial agents.



908
909
910
911
912
913
914

915

916

917

918

919

920
921

922
923
924
925
926
927
928
929
930
931
932
933
934
935
936
937
938
939
940
941
942
943
944
945
946
947
948
949
950
951

Furthermore, cytotoxicity assays indicated that the methanol extract displayed significant anticancer

@ctivity against HEPG-2, MCF-7, and HCT-116 cancer cell lines, with dose-dependent cell mortality

observed at higher concentrations@hese findings highlight the therapeutic potential of pomegranate seed

residues as a@ource of natural antioxidants, antimicrobials, and anticancer agents. Further research is

needed to isolate and characterize the specific bioactive compounds responsible for these effects, as well

as to explor@m mechanisms of action and clinical applications of pomegranate seed extracts in health

and disease prevention.
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