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 30 

ABSTRACT 31 

Pomegranate seed residues, a byproduct of juice and oil extraction, are rich in bioactive compounds with 32 

significant antioxidant and antimicrobial activities. This study investigates the potential of pomegranate 33 

seed extracts (water, methanol, and ethanol) and seed oil for their bioactivity. The antioxidant activity of 34 

the extracts was assessed using Ferric Reducing Antioxidant Power (FRAP), with the methanol extract 35 

showing the highest activity (45.0 mg TE/g), followed by the water extract (40.0 mg TE/g) and ethanol 36 

extract (35.0 mg TE/g). The antimicrobial efficacy was evaluated against a range of Gram-positive 37 

bacteria, Gram-negative bacteria, and Candida albicans using zone of inhibition measurements. The 38 

methanol extract exhibited the strongest antibacterial activity, with 18 mm inhibition against 39 

Staphylococcus aureus, while the water extract showed moderate activity, with a 10 mm zone. The ethanol 40 

extract demonstrated an inhibition zone of 15 mm against Bacillus subtilis. Furthermore, Candida albicans 41 

exhibited significant inhibition with a 17 mm zone in the methanol extract, confirming its antifungal 42 

potential. Cytotoxicity assays performed on HEPG-2 (liver cancer), MCF-7 (breast cancer), and HCT-116 43 

(colon cancer) cell lines indicated that methanol extracts exhibited the highest cytotoxicity, with 50% cell 44 

mortality at 50 µg/ml across all tested cancer lines. These findings suggest that pomegranate seed extracts, 45 

particularly the methanol extract, possess potent antioxidant and antimicrobial properties and demonstrate 46 

significant cytotoxicity against cancer cell lines, supporting their potential application as natural 47 

therapeutic agents for cancer prevention and treatment. 48 

Keywords: Pomegranate seed residues, antioxidant activity, antimicrobials activity, Cytotoxicity, Cancer 49 

Cell Lines, Bioactive Compounds 50 
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1. Introduction  61 

In recent years, the valorization of agro-industrial by-products has emerged as a vital strategy in the global 62 

movement toward sustainable and circular bioeconomies. One notable candidate in this context is the 63 

pomegranate (Punica granatum L.), a fruit well known not only for its nutritional value but also for its 64 

medicinal properties derived from its diverse phytochemical composition. The global pomegranate 65 

industry primarily utilizes the arils for juice and oil production, leaving behind substantial amounts of 66 

residual biomass especially seeds that are typically discarded or used as low-value animal feed. However, 67 

emerging evidence suggests that these seed residues, particularly after cold pressing for oil extraction, 68 

contain a wealth of bioactive compounds with potent antioxidant and antibacterial properties [1, 2]. Cold-69 

pressed pomegranate seed residues (PSRs) represent an untapped source of phytochemicals such as 70 

polyphenols, flavonoids, and unsaturated fatty acids. These bioactives are known for their strong radical 71 

scavenging abilities and potential antimicrobial action against a broad spectrum of pathogens [3]. In 72 

particular, the cold pressing method, which avoids high temperatures and chemical solvents, helps 73 

preserve the integrity of these thermolabile compounds. Following oil extraction, the residual seed cake 74 

retains a significant number of phenolic compounds and essential oils, which can be further isolated and 75 

evaluated for their bioactivity [4]. The antioxidant potential of pomegranate seed residues is largely 76 

attributed to their high content of phenolic acids (such as gallic and ellagic acid), flavonoids (quercetin, 77 

catechins), and tannins, which have been demonstrated to inhibit oxidative stress by neutralizing reactive 78 

oxygen species (ROS). Methanol and ethanol have consistently proven to be effective solvents for 79 

extracting these compounds due to their polarity and compatibility with polyphenols [5]. For example, 80 

methanolic extracts of pomegranate seeds have shown significant ferric reducing antioxidant power 81 

(FRAP) and radical scavenging capacity in both DPPH and ABTS assays, indicating their potential as 82 

natural alternatives to synthetic antioxidants in food preservation and health applications. Furthermore, 83 

the essential oils and polyphenolic extracts from PSRs exhibit promising antibacterial activities, 84 

particularly against common foodborne and clinical pathogens such as Escherichia coli, Staphylococcus 85 

aureus, and Pseudomonas aeruginosa [6, 7]. The mechanism of antimicrobial action is believed to involve 86 

disruption of microbial cell walls, inhibition of nucleic acid synthesis, and suppression of key metabolic 87 

pathways [8]. Studies suggest that essential oils, rich in volatile compounds such as limonene and β-88 

caryophyllene, may act synergistically with polyphenols to enhance antimicrobial efficacy [9, 10] 89 

Extraction solvent plays a critical role in determining both the yield and bioactivity of plant-derived 90 

compounds. Water, while being safe and environmentally benign, typically yields fewer phenolics 91 

compared to organic solvents. On the other hand, methanol and ethanol especially when used in aqueous 92 

mixtures offer higher efficiency in extracting diverse classes of bioactives, including both hydrophilic and 93 

lipophilic molecules [11, 12]. Optimizing solvent selection not only improves extraction efficiency but 94 

also tailors the extract profile for specific functional applications in food, cosmetics, or medicine. Despite 95 

the growing body of evidence supporting the antioxidant and antimicrobial properties of PSRs, most 96 

studies have focused on pomegranate seed oil rather than its solid residues. The potential of these residues 97 
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particularly post-cold pressing as sustainable sources of multifunctional bioactives remains underexplored 98 

[3]. Moreover, comprehensive comparative studies that examine different extraction solvents and their 99 

impact on yield and bioactivity are still limited [12]. This represents a critical knowledge gap that this 100 

research seeks to address.  The aim of this research is to evaluate the bioactive properties of pomegranate 101 

seed extracts (water, methanol, and ethanol) and seed oil, focusing on their antioxidant, antimicrobial, and 102 

anticancer activities. Specifically, this study aims to assess the FRAP antioxidant capacity, antimicrobial 103 

efficacy against Gram-positive, Gram-negative bacteria, and Candida albicans, and to determine the 104 

cytotoxicity of the extracts on HEPG-2 (liver cancer), MCF-7 (breast cancer), and HCT-116 (colon cancer) 105 

cell lines. The ultimate goal is to identify the most potent extract for potential applications in natural health 106 

products, pharmaceuticals, and cancer therapy. 107 

. 108 

2. Materials and Methods 109 

2.1. Sample collection, preparation and extraction  110 

Pomegranate seeds were collected as byproducts from local juice production facilities in Halabja province, 111 

Iraq. The fresh seeds were placed into sterile polyethylene containers and transported under cooled 112 

conditions to the Medical Laboratory Science Department at Halabja Technical College, Sulaimani 113 

polytechnic university, for further analysis and extraction procedures. A total of 100 grams of pomegranate 114 

seed residues were air-dried at room temperature until a constant weight was achieved. The dried seeds 115 

were then ground into a fine powder using a mechanical grinder and passed through an 80-mesh sieve to 116 

ensure uniform particle size. The powder was stored in airtight containers at 4°C until use. Three extraction 117 

methods were applied to isolate antioxidant and antibacterial compounds: aqueous, ethanolic, and 118 

methanolic (Figure 1). 119 

 120 

2.1.1 Water Extraction: 121 

100 grams of pomegranate seed powder were suspended in 100 mL of distilled water in a sterile beaker. 122 

The mixture was stirred continuously for 18 hours at room temperature using a magnetic stirrer. The 123 

extract was filtered through Whatman filter paper No. 41. The filtrate was poured into sterile petri dishes 124 

and left to dry completely at room temperature to yield a solid aqueous extract. 125 

 126 

2.1.2. Ethanol Extraction: 127 

100 grams of the seed powder were mixed with 100 mL of 70% ethanol in a sealed conical flask and kept 128 

at room temperature (25–30°C) in the dark for 24 hours. After extraction, the mixture was filtered through 129 

Whatman filter paper No. 41. The ethanol was evaporated from the filtrate at 40°C using a rotary 130 

evaporator. The resulting semi-solid extract was then dried at room temperature to obtain a powdered 131 

ethanolic extract. 132 
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 133 

2.1.3. Methanol Extraction: 134 

Similarly, 100 grams of seed powder were extracted with 100 mL of 70% methanol using the same 135 

procedure as for ethanolic extraction. After 24 hours of stirring in the dark, the mixture was filtered, and 136 

methanol was evaporated at 40°C. The remaining concentrate was dried at room temperature to obtain the 137 

methanolic extract in powder form. From each dried extract, a 1% (w/v) stock solution was prepared by 138 

dissolving 1 gram of the dried powder in 100 mL of distilled water. Working concentrations of 0.5%, 139 

0.05%, 0.025%, and 0.005% (w/v) were then prepared by serial dilution with distilled water [13, 14]. 140 

 141 

 142 

2.7. Chemical Characterization of Cold-Pressed Pomegranate Seed Oil 143 

2.7.1. Oil Extraction 144 

Oil was extracted from the powdered pomegranate seed residues using a cold-press method (Figure 2). 145 

The cold pressing was performed using a mechanical screw press without the application of heat or 146 

chemical solvents to preserve the natural composition of bioactive compounds. The extracted oil was then 147 

filtered to remove solid particles and stored in amber-colored glass bottles at 4°C until analysis. 148 

 149 

2.4. Physicochemical Characterization of Pomegranate Oil seed 150 

2.4.1. Acid Value (AV) and Free Fatty Acids (FFA) 151 

The acid value (AV) of the pomegranate seed oil was determined by the titration method. In this procedure, 152 

a known quantity of oil was dissolved in a solvent mixture, and the solution was titrated with a 153 

standardized base (typically sodium hydroxide, NaOH). The acid value is calculated based on the volume 154 

of base used, which corresponds to the amount of free fatty acids (FFA) present in the oil. The FFA 155 

percentage is then derived from the acid value by applying the appropriate molecular weight of the fatty 156 

acid. 157 

 158 

Where: 159 

 VVV = volume of KOH used (mL) 160 

 NNN = normality of KOH 161 

 WWW = weight of oil sample (g) 162 

 56.1 = molecular weight of KOH 163 

The FFA content (as % oleic acid) was derived from the acid value using the conversion factor 0.503. 164 
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2.4.2. Peroxide Value (PV) 165 

The peroxide value (PV) was measured to determine the extent of lipid oxidation in the pomegranate seed 166 

oil. A known weight of the oil sample was dissolved in an acetic acid-chloroform mixture, and potassium 167 

iodide (KI) was added. The mixture was then titrated with a sodium thiosulfate solution to measure the 168 

iodine liberated from the peroxides present in the oil. The peroxide value is expressed as milliequivalents 169 

of peroxide per kilogram of oil. 170 

 171 

Where: 172 

 S = volume of Na₂S₂O₃ used (mL) 173 

 N = normality of Na₂S₂O₃ 174 

 W = weight of sample (g) 175 

2.3.3. Determination of Iodine Value (IV) 176 

The iodine value (IV) was determined using the Wijs method, which is a well-established method for 177 

measuring the unsaturation in oils. The pomegranate seed oil sample was reacted with iodine 178 

monochloride (ICl) in a chloroform solution. After a reaction period, the excess iodine was titrated with a 179 

sodium thiosulfate solution, and the iodine value was calculated based on the iodine consumed during the 180 

reaction. The IV provides insight into the degree of unsaturation of the oil. 181 

 182 

Where: 183 

 B = volume of Na₂S₂O₃ for blank (mL) 184 

 S = volume for sample (mL) 185 

 N = normality of Na₂S₂O₃ 186 

 W = weight of oil sample (g) 187 

 12.69 = milliequivalent of iodine (g) per 100 g of oil 188 

 189 

2.4.4. Determination of Saponification Value (SV) 190 

The saponification value (SV) of the pomegranate seed oil was determined by hydrolyzing the oil with a 191 

known excess of potassium hydroxide (KOH) solution in an alcohol medium (usually ethanol). The 192 

unreacted KOH was then titrated with a standard acid (typically hydrochloric acid). The saponification 193 

value is calculated from the amount of KOH used and is indicative of the average molecular weight of the 194 

fatty acids in the oil, reflecting the oil's ability to form soap. 195 
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 196 

 197 

Where: 198 

 B = volume of HCl for blank (mL) 199 

 S= volume of HCl for sample (mL) 200 

 N = normality of HCl 201 

 W = weight of sample (g) 202 

2.4.5. Method for GC-FID and GC-Mass analysis of pomegranate seed oil 203 

The fatty acid composition of the pomegranate seed oil was determined by gas chromatography (GC) with 204 

flame ionization detection (GC-FID). Fatty acid methyl esters (FAMEs) were prepared by transesterifying 205 

100 mg of the pomegranate seed oil with 2 mL of 0.5 N methanolic KOH solution. The reaction mixture 206 

was heated at 60°C for 10 minutes and then allowed to cool. After cooling, 2 mL of hexane was added to 207 

extract the FAMEs. The hexane layer was separated and filtered for GC analysis [5]. Gas chromatography 208 

analysis was performed using a capillary column (BPX70, 30 m × 0.25 mm × 0.25 μm) and a flame 209 

ionization detector (FID). Helium was used as the carrier gas at a flow rate of 1.0–1.5 mL/min. The injector 210 

and detector temperatures were set to 230°C. The oven temperature program was initiated at 180°C for 1 211 

minute and increased to 230°C at a rate of 2°C per minute [15]. A 1 µL aliquot of the FAMEs extract was 212 

injected into the GC system. The fatty acids were identified by comparing retention times of the peaks 213 

with standard FAMEs. Quantification of the fatty acids was based on the area under the respective peaks, 214 

and the results were expressed as the percentage of total fatty acids in the oil. For GC-MS analysis was 215 

conducted using a gas chromatograph (Agilent 7890A) equipped with a mass spectrometer (Agilent 216 

5975C) and a capillary column (DB-5, 30 m × 0.25 mm × 0.25 µm). Helium was used as the carrier gas 217 

at a flow rate of 1.0 mL/min. The injector temperature was set to 250°C, and the MS was operated in 218 

electron impact ionization mode at 70 eV. The GC oven temperature was initially set at 180°C for 1 minute 219 

and increased to 230°C at a rate of 3°C per minute. Mass spectra were obtained by scanning over a range 220 

of 40–450 m/z, and compounds were identified by comparison with the National Institute of Standards 221 

and Technology (NIST) library and retention times (Varga et al., 2024). The identified fatty acids and 222 

volatile compounds were quantified based on their peak area, and their relative abundances were reported 223 

as percentages of the total chromatogram. 224 

 225 

2.7.2. Fourier Transform Infrared Spectroscopy (FTIR) 226 

FTIR analysis was performed to identify the functional groups present in the cold-pressed pomegranate 227 

seed oil. A drop of the oil sample was placed directly on the ATR (Attenuated Total Reflectance) crystal 228 

of the FTIR spectrophotometer. The spectra were recorded in the wavenumber range of 4000 to 400 cm⁻¹. 229 

The resulting peaks were analyzed to detect specific chemical bonds such as hydroxyl (O–H), carbonyl 230 
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(C=O), and alkyl (C–H) groups, which are indicative of the presence of fatty acids, phenolic compounds, 231 

and other bioactive constituents in the oil [16]. 232 

 233 

2.7.3. 13CNMR AND 1HNMR analysis 234 

The nuclear magnetic resonance (NMR) analysis of pomegranate seed oil was conducted to determine the 235 

structural composition and identify major fatty acid constituents. The oil sample was first extracted using 236 

a cold-pressing method and filtered to remove any solid impurities. Approximately 30 mg of the purified 237 

pomegranate seed oil was dissolved in 0.6 mL of deuterated chloroform (CDCl₃), which contained 0.03% 238 

tetramethylsilane (TMS) as the internal standard. The solution was gently vortexed to ensure homogeneity 239 

and transferred into a standard 5 mm NMR tube for analysis [17]. Both 1H NMR and 13C NMR spectra 240 

were recorded using a Bruker Avance III 400 MHz NMR spectrometer. Proton NMR (1H NMR) was 241 

carried out at an operating frequency of 400 MHz with a spectral width of 10 ppm, a 30° pulse angle, a 242 

relaxation delay of 1 second, and an acquisition time of approximately 4.1 seconds. A total of 16 scans 243 

were accumulated to achieve an adequate signal-to-noise ratio. The chemical shifts were referenced to the 244 

residual chloroform peak at δ 7.26 ppm, and all values were reported in parts per million (ppm) relative 245 

to TMS. Carbon-13 NMR (^13C NMR) was conducted at a frequency of 100 MHz using a wider spectral 246 

window of 200 ppm to capture the full carbon environment of the oil. A longer relaxation delay of 2 247 

seconds was used, and between 1024 to 2048 scans were collected to obtain high-resolution spectra. The 248 

solvent peak of CDCl₃ was referenced at δ 77.0 ppm. All spectra were acquired at a constant temperature 249 

of 25 ± 0.5 °C to ensure stability during data collection [18]. Post-acquisition, spectra were processed 250 

using Bruker TopSpin software, where baseline correction and phase adjustment were performed 251 

manually. Peaks in the ^1H and ^13C NMR spectra were assigned based on known chemical shift values 252 

from the literature for common fatty acid components of pomegranate seed oil, particularly punicic acid, 253 

linoleic acid, oleic acid, and other unsaturated fatty acids. The ^1H NMR spectrum typically showed 254 

characteristic signals for olefinic protons, allylic methylenes, and bis-allylic protons, while the ̂ 13C NMR 255 

spectrum revealed signals corresponding to carbonyl carbons, double bonds, and aliphatic chain 256 

methylenes. These data collectively supported the identification and confirmation of bioactive lipid 257 

components present in the oil. 258 

 259 

2.4. Determination of Total Phenolic Content (TPC) 260 

TPC was assessed using the Folin Ciocalteu colorimetric method. A 1 mL aliquot of fruit extract was 261 

mixed with 5 mL of 10% Folin Ciocalteu reagent and incubated for 5 minutes. Then, 4 mL of 7.5% sodium 262 

carbonate was added, and the mixture was incubated in the dark at room temperature for 30 minutes. 263 

Absorbance was measured at 765 nm using a UV–Vis spectrophotometer. TPC was expressed as 264 

milligrams of gallic acid equivalents per gram of fresh weight (mg GAE/g FW) based on a calibration 265 

curve. 266 

 267 
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2.5. Determination of Total Flavonoid Content (TFC) 268 

TFC was measured using the aluminum chloride method. Briefly, 0.5 mL of extract was mixed with 0.1 269 

mL of 10% aluminum chloride, 0.1 mL of 1 M potassium acetate, and 4.3 mL of distilled water. The 270 

reaction mixture was incubated at room temperature for 30 minutes, and the absorbance was read at 415 271 

nm. TFC was calculated using a quercetin standard curve and expressed as mg quercetin equivalents per 272 

gram fresh weight (mg QE/g FW). 273 

 274 

2.6. Antioxidant Activity Assays 275 

To evaluate the antioxidant potential of the pomegranate seed residue extracts, two standard in vitro assays 276 

were performed: the DPPH radical scavenging assay and the ABTS radical cation decolorization assay. 277 

 278 

2.6.1. DPPH Radical Scavenging Assay 279 

The DPPH assay was carried out using 2,2-diphenyl-1-picrylhydrazyl (DPPH) solution. A 0.1 mM DPPH 280 

solution was prepared in methanol. Then, 1 mL of this solution was mixed with 1 mL of extract solution 281 

at different concentrations. The mixture was incubated in the dark at room temperature for 30 minutes. 282 

After incubation, the absorbance was measured at 517 nm using a UV-Visible spectrophotometer. The 283 

percentage of radical scavenging activity was calculated using the following formula: 284 

 285 

Scavenging Activity (%) = ((A₀ - A₁) / A₀) × 100,  286 

where A₀ is the absorbance of the control (DPPH + methanol), and A₁ is the absorbance in the presence of 287 

the extract. 288 

 289 

2.6.2. ABTS Radical Cation Assay 290 

The ABTS assay involved the generation of ABTS•+ by reacting 7 mM ABTS solution with 2.45 mM 291 

potassium persulfate, followed by incubation in the dark at room temperature for 12–16 hours. Before use, 292 

the ABTS•+ solution was diluted with methanol to obtain an absorbance of 0.70 ± 0.02 at 734 nm. For the 293 

assay, 1 mL of the diluted ABTS•+ solution was mixed with 1 mL of the extract solution and incubated 294 

for 6 minutes at room temperature. The absorbance was then recorded at 734 nm. The antioxidant activity 295 

was calculated using the same formula as for DPPH. 296 

 297 

2.6.3. Ferric Reducing Antioxidant Power (FRAP) Assay 298 

The FRAP assay was performed to assess the antioxidant capacity of pomegranate seed extracts. A stock 299 

FRAP reagent was prepared by mixing 10 mL of 300 mM acetate buffer (pH 3.6), 1 mL of 10 mM 2,4,6-300 

tripyridyl-s-triazine (TPTZ) solution in 40 mM HCl, and 1 mL of 20 mM FeCl₃ solution. The freshly 301 

prepared FRAP reagent was then incubated at 37°C for 10 minutes before use. In the assay, 100 µL of the 302 
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pomegranate seed extract (prepared at varying concentrations) was mixed with 3 mL of the pre-warmed 303 

FRAP reagent. The reaction mixture was incubated at 37°C for 30 minutes, and absorbance was measured 304 

at 593 nm using a UV-Vis spectrophotometer. The results were expressed as mg of Trolox equivalents per 305 

gram of extract (mg TE/g), based on a standard curve of Trolox. This method quantifies the reducing 306 

power of the antioxidant components in the extracts by their ability to reduce Fe³⁺ to Fe²⁺, which is then 307 

detected via the TPTZ color change [19]. 308 

 309 

 310 

2.6. In Vitro Cytotoxicity Method 311 

To evaluate the antioxidant potential of the pomegranate seed residue extracts, two standard in vitro assays 312 

were performed: the DPPH radical scavenging assay and the ABTS radical cation decolorization assay. 313 

 314 

2.6. In Vitro Cytotoxicity Method for HEPG-2 (Liver Cancer) Cell Line 315 

For the HEPG-2 liver cancer cell line, the pomegranate seed extracts were prepared using water, ethanol, 316 

and methanol. To obtain the water extract, 100 grams of pomegranate seed powder was suspended in 100 317 

mL of distilled water and stirred for 18 hours at room temperature using a magnetic stirrer. The mixture 318 

was then filtered through Whatman filter paper No. 41, and the filtrate was dried completely at room 319 

temperature to yield the solid water extract. For the ethanol extract, 100 grams of pomegranate seed 320 

powder was mixed with 100 mL of 70% ethanol in a sealed conical flask. The flask was kept in the dark 321 

at room temperature for 24 hours, after which the mixture was filtered, and the ethanol was evaporated 322 

using a rotary evaporator at 40°C. Similarly, the methanol extract was prepared by following the same 323 

procedure, but using 100 mL of 70% methanol instead of ethanol. The HEPG-2 cells were maintained in 324 

RPMI-1640 medium supplemented with 10% FBS and 1% penicillin/streptomycin, and incubated at 37°C 325 

in a 5% CO₂ incubator. Cells were plated at 5000 cells/well in a 96-well plate and incubated for 24 hours. 326 

After incubation, serial dilutions of the extracts were prepared at concentrations of 10 µg/ml, 20 µg/ml, 327 

30 µg/ml, 40 µg/ml, and 50 µg/ml. The extracts were added to the cells, and the cells were further 328 

incubated for 24, 48, or 72 hours. Cytotoxicity was assessed using the SRB (Sulforhodamine B) assay, 329 

where after incubation, 100 µL of SRB solution (0.4% w/v in 1% acetic acid) was added to each well and 330 

incubated for 30 minutes. The wells were then washed with 1% acetic acid to remove any unbound dye, 331 

and absorbance was measured at 570 nm using a microplate reader. Cell viability was calculated using the 332 

formula: (Absorbance of treated cells / Absorbance of control cells) × 100. Mortality was calculated as: 333 

100 - Cell Viability. 334 

 335 

 336 

 337 

 338 
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2.6. In Vitro Cytotoxicity Method for MCF-7 (Breast Cancer) Cell Line 339 

For the MCF-7 breast cancer cell line, the extraction methods for the pomegranate seed residues were the 340 

same as for the HEPG-2 cells. The water, ethanol, and methanol extracts were prepared using the 341 

procedures described earlier. MCF-7 cells were cultured in DMEM medium supplemented with 10% FBS 342 

and 1% penicillin/streptomycin and incubated at 37°C with 5% CO₂. Cells were plated at 5000 cells/well 343 

in a 96-well plate and incubated for 24 hours. Serial dilutions of each extract were prepared at the same 344 

concentrations (10 µg/ml, 20 µg/ml, 30 µg/ml, 40 µg/ml, and 50 µg/ml). After treatment, the cells were 345 

incubated for 24, 48, or 72 hours. To assess cell viability, the SRB assay was conducted in the same manner 346 

as described for the HEPG-2 cell line. Absorbance was measured at 570 nm, and cell viability and 347 

mortality were calculated as before. 348 

 349 

2.6. In Vitro Cytotoxicity Method for HCT-116 (Colon Cancer) Cell Line 350 

The preparation of pomegranate seed extracts for the HCT-116 colon cancer cell line was carried out in 351 

the same manner as for the HEPG-2 and MCF-7 cell lines, using water, ethanol, and methanol as solvents. 352 

HCT-116 cells were maintained in McCoy’s 5A medium supplemented with 10% FBS and 1% 353 

penicillin/streptomycin and incubated at 37°C with 5% CO₂. Cells were plated at 5000 cells/well in a 96-354 

well plate and incubated for 24 hours. Extracts were prepared at concentrations of 10 µg/ml, 20 µg/ml, 30 355 

µg/ml, 40 µg/ml, and 50 µg/ml, and added to the wells. The cells were incubated for 24, 48, or 72 hours 356 

with the extracts. Cytotoxicity was evaluated using the SRB assay, with absorbance measured at 570 nm. 357 

The percentage of cell viability and mortality was calculated using the same formulas as described for the 358 

other cell lines. 359 

 360 

2.2. Bacterial Strain Cultivation 361 

To evaluate the antimicrobial activity of pomegranate seed extracts, four clinically relevant microbial 362 

strains were selected: Escherichia coli and Pseudomonas aeruginosa (Gram-negative bacteria), 363 

Staphylococcus aureus (Gram-positive bacterium), and Candida albicans (fungus). These strains were 364 

obtained from the Department of Medical Laboratory Science, Halabja Technical College, Sulaimani 365 

Polytechnic University. The test microorganisms were revived and maintained in nutrient broth, incubated 366 

overnight at 37°C to achieve the logarithmic growth phase. For antimicrobial testing, 100 µL of each 367 

freshly cultured microorganism was aseptically pipetted onto appropriate agar plates: Mueller Hinton Agar 368 

(MHA) plates for bacteria and Sabouraud Dextrose Agar (SDA) plates for Candida albicans. The cultures 369 

were spread evenly over the agar surface using a sterile L-shaped spreader, and the inoculated plates were 370 

incubated at 37°C for 24 hours to allow microbial lawn formation. Pomegranate seed extract was prepared 371 

by dissolving it in distilled water or 5% DMSO to a concentration of 100 mg/mL. Using a micropipette, 372 

4 µL of the extract solution was applied to each sterile Whatman No. 1 filter paper disc (6 mm in diameter). 373 

The discs were then placed in a sterile Petri dish and allowed to dry under laminar airflow for 24 hours to 374 

ensure proper adherence of the extract to the discs. For the testing, MHA plates inoculated with the 375 
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microorganisms were used, and the dried extract discs were aseptically placed on the surface of the 376 

inoculated agar plates. After incubation at 37°C for 24 hours, the zones of inhibition around each disc 377 

were measured in millimeters (mm) using a ruler. The results were compared with those obtained from 378 

standard antibiotic discs (e.g., ampicillin, ciprofloxacin, or tetracycline) as positive controls [20]. 379 

2.8. Statistical Analysis 380 

All experiments were performed in triplicate, and the data were expressed as mean ± standard deviation 381 

(SD). Statistical analysis was conducted using GraphPad Prism version 9.0. One-way analysis of variance 382 

(ANOVA) followed by Tukey’s post hoc test was used to determine significant differences between treated 383 

and control groups. A p-value of less than 0.05 (p < 0.05) was considered statistically significant. Dose-384 

response relationships were analyzed to evaluate the effect of different extract concentrations (10–50 385 

µg/mL) on cell viability and mortality in HEPG-2, MCF-7, and HCT-116 cell lines. 386 

3. Results and discussion  387 

3.1. Physicochemical Characterization of Pomegranate Oil seed 388 

In the result shown in table 1. The acid value (AV) is a critical parameter indicating the level of free fatty 389 

acids in oils, which correlates with the oil's quality and suitability for consumption. The AV of 390 

pomegranate seed oil in this study was 3.5 mg KOH/g, which is within the acceptable range for edible 391 

oils. According to literature, an acid value of less than 4 mg KOH/g is considered typical for high-quality 392 

edible oils [21]. Higher acid values, on the other hand, can indicate spoilage or improper processing [22]. 393 

The low acid value suggests that the pomegranate seed oil maintains its quality and stability, making it 394 

suitable for use in both culinary and therapeutic applications. The free fatty acids (FFA) content of 1.75% 395 

in this study reflects the degree of hydrolysis that the oil has undergone. Free fatty acids are often 396 

associated with the breakdown of triglycerides and their higher concentration may lead to reduced stability 397 

and nutritional quality of the oil. In comparison, high-quality oils typically contain FFAs below 2% [23]. 398 

Research has shown that oils with FFA content above this threshold might lead to a bitter taste and a 399 

decrease in shelf life due to increased oxidation [24]. The relatively low FFA value in pomegranate seed 400 

oil suggests its stability and suitability for use in functional food products. 401 

The peroxide value (PV) is a measure of the oxidative stability of oil, indicating the presence of primary 402 

oxidation products such as peroxides. The PV of 8.2 meq O2/kg in this study suggests a moderate level of 403 

oxidative degradation. This value is relatively low compared to more highly oxidized oils, which can have 404 

PVs exceeding 20 meq O2/kg [25]. Pomegranate seed oil's moderate PV indicates that the oil is relatively 405 

fresh, with some exposure to oxidation, but not to an extent that would render it unsuitable for use. The 406 

moderate peroxide value aligns with previous studies indicating that the oil has a shelf life that can be 407 

extended with appropriate packaging and storage [26]. The iodine value (IV), which measures the degree 408 

of unsaturation in an oil, was found to be 120 g I2/100g in pomegranate seed oil. This value is consistent 409 

with the findings of other studies on polyunsaturated oils such as pomegranate seed oil [27]. The iodine 410 
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value of 120 g I2/100g indicates that the oil is rich in polyunsaturated fatty acids, particularly punicic acid, 411 

a conjugated linolenic acid. This unsaturation is linked to the potential health benefits of pomegranate 412 

seed oil, such as anti-inflammatory, antioxidant, and cardioprotective effects [28]. The relatively high 413 

iodine value also suggests the oil’s suitability for use in cosmetics and nutraceuticals due to its beneficial 414 

effects on skin and cardiovascular health. Finally, the saponification value (SV) of 194 mg KOH/g reflects 415 

the oil's potential for soap-making and indicates the total content of fatty acids and the chain length of 416 

fatty acid molecules. The SV is within the typical range for oils and fats, suggesting that pomegranate seed 417 

oil could be an effective ingredient for cosmetic formulations. The higher saponification value is indicative 418 

of the oil’s ability to form emulsions, which is crucial for its role in skincare and dermatological products 419 

[29]. Moreover, the high SV reflects that pomegranate seed oil has a substantial amount of medium and 420 

long-chain fatty acids, contributing to its bioactive properties. In conclusion, the acid value (AV), free 421 

fatty acids (FFA), peroxide value (PV), iodine value (IV), and saponification value (SV) of pomegranate 422 

seed oil indicate that the oil is of high quality, relatively fresh, and suitable for various applications in 423 

food, cosmetics, and therapeutics. The oil’s polyunsaturated profile and moderate oxidative stability make 424 

it a promising candidate for use in functional food products, as well as in nutraceuticals aimed at improving 425 

health outcomes, such as reducing inflammation and supporting cardiovascular health. 426 

 427 

Table 1 Physicochemical Characterization of Pomegranate Seed Oil 428 

Parameter Value 

Acid Value (AV) (mg KOH/g) 3.5 

Free fatty acids (ffa) (%) 1.75 

Peroxide Value (PV) (meq O2/kg) 8.2 

Iodine Value (IV) (g I2/100g) 120 

Saponification Value (SV) (mg KOH/g) 194 

 429 

 430 

2.4.5. GC-MS and GC-FID Analysis of Fatty Acids in Pomegranate Seed Extracts 431 

The results of the GC-MS and GC-FID analysis of pomegranate seed residues after, extracted oil  using 432 

n-hexane, showed a diverse composition of fatty acids in the water, methanol, and ethanol extracts. The 433 

most significant fatty acids identified in all three extracts were palmitic acid (C16:0), oleic acid (C18:1n9), 434 

linoleic acid (C18:2n6Cis), and stearic acid (C18:0). These fatty acids are known for their biological 435 

activities and are significant in determining the nutritional, therapeutic, and industrial applications of 436 

pomegranate seed oil. The water extract contained a rich profile of saturated and monounsaturated fatty 437 

acids (MUFA). Among the most prominent compounds were myristic acid (C14:0), palmitic acid (C16:0), 438 

palmitoleic acid (C16:1n7), stearic acid (C18:0), and oleic acid (C18:1n9). Palmitic acid, a saturated fatty 439 

acid (SFA), was the dominant compound in this extract. This fatty acid is one of the most common SFAs 440 

in plant oils and has been associated with both positive and negative health effects. While some studies 441 

suggest that palmitic acid contributes to an increase in low-density lipoprotein (LDL) cholesterol and the 442 
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development of cardiovascular diseases (CVD), others argue that its role is more complex, with potential 443 

benefits when consumed in moderate amounts (Clemente & Toche, 2009; Salas-Salvadó et al., 2015). The 444 

presence of oleic acid in the water extract is notable because it is a monounsaturated fatty acid (MUFA) 445 

that has been extensively studied for its heart-healthy benefits. Oleic acid has been shown to reduce LDL 446 

cholesterol, raise high-density lipoprotein (HDL) cholesterol, and exert anti-inflammatory effects (Münch 447 

et al., 2016). The monounsaturation in the fatty acid chain is what imparts these beneficial effects, making 448 

it a favorable component in edible oils. Additionally, the presence of palmitoleic acid, a MUFA, supports 449 

the bioactive potential of the oil. Research has shown that palmitoleic acid can have anti-inflammatory 450 

properties and contribute to insulin sensitivity, making it a key component in metabolic health (Jandacek 451 

et al., 2011). 452 

 The methanol extract exhibited a broader variety of fatty acids, with higher concentrations of palmitic 453 

acid and linoleic acid (C18:2n6Cis). Linoleic acid, a polyunsaturated fatty acid (PUFA), is one of the 454 

essential fatty acids and has been linked to numerous health benefits, including reducing inflammation, 455 

improving cardiovascular health, and regulating blood sugar levels (Haug et al., 2015). This extract also 456 

contained significant levels of oleic acid, confirming its role as a valuable source of MUFAs with the same 457 

heart-protective and anti-inflammatory properties (Münch et al., 2016). The higher concentration of 458 

linoleic acid in the methanol extract compared to the water extract may contribute to its potential as an 459 

anti-inflammatory agent, making this extract particularly suitable for therapeutic applications targeting 460 

inflammation and oxidative stress. The methanol extract also contained vaccenic acid (C18:1n7), which 461 

is a trans-fatty acid found in some plant oils. Vaccenic acid has been studied for its potential to improve 462 

insulin sensitivity and may have applications in the management of type 2 diabetes (Jandacek et al., 2011). 463 

This further strengthens the potential of the methanol extract for metabolic health and its application in 464 

nutraceuticals aimed at improving insulin sensitivity and glucose metabolism. 465 

The ethanol extract of pomegranate seed oil exhibited a fatty acid profile similar to the methanol extract, 466 

with a high concentration of oleic acid (C18:1n9) and linoleic acid (C18:2n6Cis). However, it also 467 

contained vaccenic acid, lignoceric acid (C24:0), and myristic acid (C14:0). Lignoceric acid, a long-chain 468 

saturated fatty acid, is a major component of plant waxes and has been shown to exhibit anti-inflammatory 469 

properties, suggesting that it could be beneficial for skin health and as an ingredient in cosmetic 470 

formulations (Kaur et al., 2019). The ethanol extract’s high content of oleic acid again positions it as an 471 

excellent source of heart-healthy fatty acids, aligning with the findings from the other extracts.The ethanol 472 

extract also displayed lower concentrations of myristic acid compared to the water and methanol extracts, 473 

but its presence is still significant due to its antimicrobial and anti-inflammatory properties, which have 474 

been demonstrated in multiple studies (Akinmoladun et al., 2012). Myristic acid has applications in both 475 

food and pharmaceutical industries due to its ability to modulate the immune response. The GC-MS and 476 

GC-FID analyses of pomegranate seed oil extracts highlighted the presence of several bioactive fatty acids 477 

with known health benefits, such as oleic acid, linoleic acid, and palmitic acid. The diversity of fatty acids 478 

in the methanol and ethanol extracts make them especially promising for applications in heart health, anti-479 
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inflammatory therapies, and skin-care products. With its beneficial fatty acid profile, pomegranate seed 480 

oil can be considered a functional ingredient in various industries, including food, pharmaceuticals, and 481 

cosmetics. 482 

 483 

Table 2 GC-MS Analysis of Fatty Acids in Water, Methanol, and Ethanol Extracts of Pomegranate Seed 484 
Residues after extracted Oil by n-Hexane. 485 

Type 
Extract 

Peak # Retention Time 
(min) 

Area % Compound Identified 

Water 
Extract 

1 5.981 15.333 Myristic Acid 

2 9.754 18.706 Myristoleic Acid 

3 10.143 17.185 Palmitic Acid 

4 13.05 15.246 Palmitoleic Acid 

5 21.284 16.417 Stearic Acid 

6 24.346 17.112 Oleic Acid 

Methanol 
Extract 

1 3.551 13.493 Myristic Acid 

2 10.364 15.754 Myristoleic Acid 

3 20.751 44.088 Palmitic Acid 

4 24.746 26.665 Palmitoleic Acid 

Ethanol 
Extract 

1 24.712 12.188 Myristic Acid 

2 27.021 10.96 Myristoleic Acid 

3 27.098 8.132 Palmitic Acid 

4 28.885 68.72 Palmitoleic Acid 

 486 

 487 

Table 3 GC-FID  Analysis of Fatty Acids in Water, Methanol, and Ethanol Extracts of Pomegranate Seed 488 
Residues after extracted Oil by n-Hexane. 489 

Type Extract Peak # 
Retention 

Time 
(min) 

Area % 
Compound 
Identified 

Common Name 

Water Extract 

3 3.857 15.75611 C16:0 Palmitic Acid 

5 5.429 5.65879 C18:0 Stearic Acid 

6 5.632 14.44737 C18:1n9 Oleic Acid 

7 5.689 1.14771 C18:1n7 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 

Methanol 
Extract 

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 4.7277 C18:0 Stearic Acid 

6 5.632 14.44985 C18:1n9 Oleic Acid 

7 5.689 1.40227 C18:1n7 Vaccenic Acid 

8 6.075 51.81405 C18:2n6Cis Linoleic Acid 

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 

50
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Ethanol 
Extract 

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 

7 5.688 1.9149 C18:1n7 Vaccenic Acid 

8 6.065 33.25934 C18:2n6Cis Linoleic Acid 

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 

 490 

 491 

 492 

3.4. Fourier Transform Infrared Spectroscopy (FTIR) 493 

One of the most prominent regions in the FTIR spectra is between 3700 cm⁻¹ and 3000 cm⁻¹, which is 494 

typically assigned to O–H stretching vibrations. These peaks are broad and strong in all three extracts, 495 

with the methanol extract displaying the most intense and well-defined peak, followed closely by the water 496 

extract. The strong O–H absorption signifies a high presence of hydroxyl-containing compounds such as 497 

polyphenols, flavonoids, and alcohols. Methanol, being a highly polar solvent with strong hydrogen 498 

bonding capabilities, is well known to extract a wide variety of hydroxyl-rich compounds. This supports 499 

studies like those by Varga et al. (2024), which confirmed that methanol-extracted pomegranate seeds 500 

yielded rich phenolic and flavonoid profiles identifiable by similar broad O–H bands [30]. Figure 6 shows 501 

the FTIR spectra of water, methanol, and ethanol extracts, highlighting the key absorption regions 502 

corresponding to O–H, C–H, C=O, and aromatic C=C bonds. In contrast, the ethanol spectrum shows a 503 

somewhat narrower O–H band, indicating that while ethanol is still effective at extracting hydroxylated 504 

compounds, it may yield slightly fewer or different classes of phenolics compared to methanol. Water’s 505 

O–H band is broad but of slightly lower intensity, which can be due to the extraction of more hydrophilic, 506 

potentially less complex phenolic structures. Moving toward the 2900–2800 cm⁻¹ region, the spectra show 507 

C–H stretching vibrations, particularly visible in the ethanol and methanol extracts. These peaks are 508 

typically associated with the presence of aliphatic hydrocarbons and lipophilic structures such as fatty 509 

acids or sterols. The presence of these bands suggests that ethanol and methanol are capable of co-510 

extracting a limited amount of non-polar or semi-polar bioactives alongside phenolics. The absence or 511 

weakness of these peaks in the water extract supports water’s lower ability to dissolve non-polar 512 

compounds. The region from 1750 cm⁻¹ to 1600 cm⁻¹ features C=O stretching vibrations, indicative of 513 

carboxylic acids, esters, and aldehydes. A sharp peak around 1700 cm⁻¹ is most prominent in the methanol 514 

spectrum, less so in ethanol, and barely visible in water. This confirms methanol’s superior extraction of 515 

carbonyl-containing phenolic acids such as ellagic acid and gallic acid, compounds well-documented in 516 

pomegranate seed extracts. The literature supports this finding: Setlhodi et al. (2023) identified distinct 517 

carbonyl peaks in methanol extracts of pomegranate peel due to high ellagitannin and flavonoid content 518 

[31]. Around 1600–1500 cm⁻¹, the spectra exhibit C=C stretching vibrations of aromatic rings, clearly 519 

visible in all three extracts but particularly strong in methanol and ethanol. These peaks confirm the 520 
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presence of aromatic phenolic compounds, such as flavonoids and tannins, which are known for their 521 

antioxidant potential. The higher intensity of these peaks in the methanol and ethanol extracts indicates a 522 

richer presence of such bioactive compounds. Water, again, shows weaker absorption in this range, 523 

suggesting a lower yield of aromatic-rich antioxidants. Between 1450–1000 cm⁻¹, there is a complex 524 

mixture of bands corresponding to C–O stretching, O–H bending, and C–H bending vibrations. These 525 

functional groups are associated with alcohols, ethers, esters, and polysaccharides, and their presence 526 

further supports the existence of complex polyphenolic structures. Methanol shows strong, well-resolved 527 

bands in this region, which is consistent with its ability to extract structurally diverse compounds. Ethanol 528 

follows with moderate band intensities, while water’s signals remain relatively subdued. This pattern 529 

mirrors results from studies by Hadrich et al. (2014), which demonstrated higher chemical complexity in 530 

methanol and ethanol extracts of pomegranate compared to aqueous extracts [32]. In the 900–600 cm⁻¹ 531 

region, often referred to as the fingerprint region, each extract shows a unique set of peaks. This area 532 

includes out-of-plane bending vibrations from aromatic rings and complex structures. Methanol again 533 

displays the richest and most complex pattern, reflecting a broader range of extracted compounds. This 534 

complexity corresponds well with the diverse phytochemical profile of methanol extracts reported in 535 

multiple FTIR-based studies. In summary, the FTIR spectra provide strong evidence that methanol is the 536 

most efficient solvent for extracting a diverse array of functional groups from pomegranate seeds. Its 537 

spectrum reveals strong O–H, C=O, C–H, and aromatic C=C bonds—indicators of phenolics, flavonoids, 538 

and related antioxidant compounds. Ethanol, while slightly less intense, still extracts a substantial profile 539 

of bioactives and provides a safer alternative for food and pharmaceutical use. Water, although effective 540 

for hydrophilic phenolics, shows weaker spectral features and a narrower functional group range, 541 

supporting its lower chemical diversity. These FTIR findings not only validate your quantitative results 542 

on TPC, TFC, and antioxidant activity but also align with the broader scientific consensus on solvent-543 

based phytochemical extraction from pomegranate seeds. 544 

 545 

 546 
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 547 

Figure 1 FTIR spectra of pomegranate seed extracts using methanol, ethanol, and water as solvents. The spectra highlight key 548 

functional groups including broad O–H stretching vibrations around 3200–3600 cm⁻¹, C–H stretching near 2900 cm⁻¹, and C=O 549 

and C=C vibrations in the 1700–1500 cm⁻¹ region. 550 

3.5. 13CNMR AND hNMR  551 

The ¹³C NMR spectrum of pomegranate seed oil reveals characteristic chemical shifts corresponding to 552 

various carbon environments present in triglycerides and unsaturated fatty acids. The most notable peaks 553 

appear in the 173–172 ppm region, specifically at 173.12 ppm and 172.72 ppm, which are attributed to 554 

the carbonyl (C=O) carbons of esterified fatty acids in triglyceride structures. These signals are a hallmark 555 

of the acyl glycerol backbone found in plant oils and confirm that the PSO consists primarily of 556 

triacylglycerol molecules. Figure 6 shows the ¹³C NMR spectrum of pomegranate seed oil, highlighting 557 

the key peaks for ester carbonyls, olefinic double bonds, glycerol carbons, and aliphatic chain groups. In 558 

the 132–127 ppm range, a series of peaks (132.62, 132.37, 129.99, 129.68, 128.87, 128.76, 127.96, 127.81 559 

ppm) represent the olefinic (C=C) carbons typical of conjugated and isolated double bonds found in 560 

unsaturated fatty acids. These signals are particularly significant in PSO because they indicate the presence 561 

of punicic acid, a conjugated linolenic acid isomer that is unique to pomegranate oil. The abundance of 562 

these olefinic carbon peaks supports literature findings that punicic acid is the dominant component in 563 

PSO, often comprising over 70% of total fatty acids [33]. The presence of oxygenated carbons is reflected 564 
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in the peaks at 68.94 ppm and 62.09 ppm, corresponding to the glycerol backbone of triglycerides—565 

specifically the methine (CH) and methylene (CH₂) carbons bonded to oxygen. These signals further 566 

confirm that the oil is composed of glycerides rather than free fatty acids or other lipid derivatives. Signals 567 

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, 568 

22.30 ppm) are typical of methylene (-CH₂-) groups in the long aliphatic chains of fatty acids. These peaks 569 

are common in saturated and unsaturated fatty acids and form the main hydrophobic region of the lipid 570 

molecules. Additionally, the peaks at 14.06 ppm and 13.90 ppm represent terminal methyl (-CH₃) groups 571 

of fatty acids. The relative intensity and number of these aliphatic signals are consistent with a rich 572 

composition of long-chain fatty acids, further supporting the identification of PSO as a natural 573 

triglyceride-rich oil. Comparing these results to other cold-pressed seed oils, the spectral profile of PSO 574 

is distinct due to its abundance of conjugated double bonds. While many vegetable oils show unsaturation 575 

peaks near 128–130 ppm, the clustering and intensity of peaks in this region in PSO is unusually rich. 576 

This confirms the unique chemical fingerprint of punicic acid, conjugated triene system produces multiple 577 

overlapping C=C signals due to its specific geometry. Importantly, the absence of sharp peaks in the 578 

aromatic region (above 140 ppm) and the lack of significant downfield signals beyond 173 ppm suggests 579 

minimal oxidation products or aromatic contaminants, indicating that the oil sample is relatively pure and 580 

unoxidized. In summary, the ¹³C NMR spectrum of pomegranate seed oil confirms the presence of major 581 

structural components typical of triacylglycerols, including ester carbonyl groups, glycerol backbone 582 

carbons, long-chain methylene units, and distinctive olefinic carbons attributable to punicic acid. The 583 

pattern and intensity of these peaks are consistent with previously published spectral profiles of PSO and 584 

validate the oil’s rich content of conjugated fatty acids. This structural insight not only highlights the 585 
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Figure 2 ¹³C NMR spectrum of pomegranate seed oil showing characteristic peaks for ester carbonyl carbons (173.12 and 

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 22.30 ppm), and terminal methyl groups (14.06 and 13.90 ppm). The 

spectrum confirms the presence of triacylglycerols rich in punicic acid and other unsaturated fatty acids typical of 

pomegranate seed oil. 

functional quality of pomegranate oil but also supports its potential therapeutic and antioxidant 586 

applications due to the bioactivity of its unsaturated fatty acid profile. 587 

 588 

 589 

 590 

 591 

For hNMR the ¹H NMR spectrum of pomegranate seed oil displays distinct proton resonances that 592 

correspond to the functional moieties of triglyceride-bound unsaturated fatty acids. One of the most 593 

notable features of the spectrum is the set of multiplet peaks in the range of 6.46–6.07 ppm, specifically 594 

at 6.46 ppm (multiplet), 6.41 ppm, 6.15 ppm, 6.07 ppm (triplet), and 6.04 ppm. These chemical shifts are 595 

characteristic of olefinic protons (–CH=CH–), particularly from conjugated double bonds, which are 596 

highly abundant in punicic acid, the dominant fatty acid in PSO. The conjugated triene system of punicic 597 

acid contributes to complex splitting patterns and multiple closely spaced signals in this region. These 598 

peaks are generally absent or less prominent in common vegetable oils like olive or sunflower oil, 599 

highlighting the unique composition of pomegranate oil. Figure 8 displays the ¹H NMR spectrum of 600 

pomegranate seed oil, showing characteristic regions for olefinic protons, glycerol backbone signals, bis-601 

allylic methylene protons, and terminal methyl groups. Another important region is 5.44–5.27 ppm, where 602 

multiplets are observed. These signals are attributed to vinylic protons attached to non-conjugated double 603 

bonds or those adjacent to ester groups. The presence of such protons further supports the identification 604 

of other polyunsaturated fatty acids like linoleic acid and oleic acid, which commonly co-exist with 605 

punicic acid in natural oils. The chemical shift and splitting pattern in this range confirm that the oil is not 606 
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saturated, and that its bioactive potential comes from multiple unsaturated fatty acid species. The peaks 607 

appearing around 4.13 to 4.34 ppm are consistent with the glycerol backbone protons of triacylglycerides. 608 

These are usually observed as doublets of doublets or multiplets corresponding to the –CH₂–O– and –CH–609 

O– groups of glycerol units esterified with fatty acids. These signals confirm that the oil is largely in the 610 

form of triacylglycerols, not free fatty acids or monoacylglycerols. This is in agreement with prior studies 611 

on pomegranate oil's lipid profile using NMR, such as those by El-Hadary and Taha (2020), which showed 612 

comparable glycerol proton environments in cold-pressed PSO. In the 2.77–2.00 ppm region, a series of 613 

peaks appear due to allylic methylene protons (–CH₂– adjacent to C=C), as well as bis-allylic protons (–614 

CH₂– between two C=C groups), particularly around 2.33 ppm (triplet), 2.21 ppm (doublet of quartets), 615 

and 2.17–2.08 ppm (multiplets). These signals are strongly indicative of polyunsaturated fatty acids and 616 

are especially prominent in oils rich in conjugated linolenic acids like punicic acid [34]. The presence and 617 

intensity of bis-allylic proton peaks reflect the oxidative sensitivity of the oil and are often used as markers 618 

for bioactive unsaturation in functional foods. The 1.61–1.31 ppm range includes signals from methylene 619 

protons in the fatty acid chains that are more distant from the unsaturation. These multiplets represent the 620 

saturated segments of the fatty acid chains and contribute to the bulk hydrophobic structure of the 621 

triglyceride molecules. Also within this region, a sharp doublet at 1.31 ppm may be attributed to terminal 622 

methyl groups of branched chains or overlapping –CH₃ groups adjacent to unsaturation, though most 623 

terminal methyls are expected further upfield. The characteristic terminal methyl groups (–CH₃) resonate 624 

around 0.91 ppm (quartet) and neighboring signals from 0.88 to 0.71 ppm. These signals are common in 625 

all long-chain fatty acids and help confirm the intact nature of the triglyceride molecules. The upfield 626 

region is relatively clean, suggesting minimal contamination by short-chain fatty acids, cholesterol, or 627 

other lipid derivatives. A small singlet is observed around 7.28 ppm, corresponding to the residual solvent 628 

peak of CDCl₃ (deuterated chloroform), which serves as the internal reference standard for chemical shift 629 

calibration. The signal near 1.66 ppm, labeled H₂O, likely corresponds to residual water in the solvent or 630 

oil, often seen as a minor contaminant in NMR spectra of natural oils. In conclusion, the ¹H NMR spectrum 631 

of pomegranate seed oil clearly demonstrates the presence of a triglyceride structure rich in unsaturated 632 

fatty acids, including the unique and bioactive punicic acid. The diagnostic regions—6.4–6.0 ppm for 633 

conjugated olefinic protons, 5.4–5.3 ppm for isolated olefins, 4.3–4.1 ppm for glycerol backbone protons, 634 

and 2.3–2.0 ppm for bis-allylic and allylic protons—are all consistent with published profiles of high-635 

quality PSO. These features differentiate pomegranate oil from other vegetable oils and validate its 636 

nutritional and therapeutic value. The clean, well-resolved spectrum also indicates a pure and stable oil 637 

sample with minimal degradation or oxidation, which is essential for further application in nutraceutical 638 

formulations. 639 
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 640 

 641 

3.2. Determination of Total Flavonoid Content (TFC) and Total Phenolic Content (TPC) 642 

In the analysis of pomegranate seed extracts revealed shown (Figure 4) significant differences in Total 643 

Flavonoid Content (TFC) and Total Phenolic Content (TPC) depending on the solvent used water, ethanol, 644 

methanol, and seed oil. The methanol extract showed the highest TFC (37.20 mg QE/g), followed by 645 

ethanol (26.08 mg QE/g), water (20.80 mg QE/g), and oil (11.64 mg QE/g). This pattern is widely 646 

supported by other studies, as methanol is frequently identified as the most effective solvent for flavonoid 647 

extraction due to its high polarity and efficiency in breaking down plant cell walls. For example, Varga et 648 

al. (2024) found methanol to yield the highest TFC (416 µg QE/g) in pomegranate seed extract, 649 

significantly surpassing ethanol (46 µg QE/g) and water (57 µg QE/g) [35]. Likewise, Kumar et al. (2020) 650 

observed that methanol extracted significantly higher flavonoid levels (9.13 mg/g) from freeze-dried 651 

pomegranate seed powder compared to ethanol and water [36]. In contrast, TPC results in your data 652 

showed a different trend, with water extract yielding the highest phenolic content (49.05 mg GAE/g), 653 

followed by oil (23.20 mg GAE/g), ethanol (21.80 mg GAE/g), and methanol (17.90 mg GAE/g). This 654 

contradicts common findings where methanol and ethanol typically extract the most phenolics. However, 655 

this anomaly may be explained by the extraction conditions. High temperatures and extended contact 656 

times often improve the ability of water to extract hydrophilic phenolics. Wang et al. (2011) demonstrated 657 

that hot water (at 95°C) could extract up to 11.15% phenolics from pomegranate peel—higher than cold 658 

Figure 3 ¹H 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), and glycerol backbone methylene protons (4.13–

4.34 ppm). Signals at 2.33–2. 
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methanol or ethanol under the same conditions [37]. Similarly, in a study by Sweidan et al. (2023), aqueous 659 

extracts of pomegranate peel had higher TPC compared to methanol and ethanol under specific extraction 660 

conditions [38]. Although seed oil is not typically used for polyphenol extraction, your results showed it 661 

contained a moderate amount of phenolics (23.20 mg GAE/g). This finding aligns with research showing 662 

that seed oils can retain some lipophilic phenolic compounds. For example, pomegranate seed oil has been 663 

reported to contain measurable levels of tocopherols and other antioxidant molecules despite having low 664 

TFC and TPC compared to methanol or ethanol extracts [39]. In ethanol extracts, both TFC and TPC were 665 

moderate, which is consistent with ethanol’s intermediate polarity. Ethanol is frequently reported to be 666 

less effective than methanol but safer for food and pharmaceutical applications. Studies have confirmed 667 

ethanol’s ability to extract a good balance of phenolics and flavonoids. For example, in a comparative 668 

analysis of pomegranate extracts, ethanol consistently yielded moderate levels of phenolic and flavonoid 669 

compounds, making it a practical choice for natural antioxidant sourcing [40]. 670 

 671 
 672 
 673 
 674 
 675 
 676 
 677 
 678 
 679 
 680 
 681 
 682 
 683 
 684 
 685 
 686 
 687 
 688 
 689 
 690 
 691 
 692 
 693 
 694 
 695 
 696 
 697 
 698 
 699 
 700 
 701 
 702 

Figure 4 Total phenolic content (TPC) and total flavonoid content (TFC) in pomegranate seed extracts. The brown line shows 703 

TPC expressed in mg gallic acid equivalent (GAE) per gram extract, while the purple line shows TFC expressed in mg quercetin 704 

equivalent (QE) per gram extract 705 

3.3. Antioxidant Activity Assays 706 

The antioxidant activity of pomegranate seed extracts, as measured by DPPH , ABTS and FRAP radical 707 

scavenging assays, shown in (Figure 5) revealed significant differences based on the type of extraction 708 

solvent used. Among the tested solvents water, ethanol, methanol, and seed oil methanol extract exhibited 709 

the highest antioxidant activity with DPPH at 39.68 mg TE/g and ABTS at 15.63 mg TE/g, confirming 710 

methanol’s superior ability to solubilize antioxidant compounds. These results are in strong agreement 711 

with previous studies. For instance, Kumar et al. (2020) demonstrated that methanol extracts from 712 
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pomegranate seed powder showed the highest antioxidant activity (89.39% scavenging) among several 713 

tested solvents [41]. Similarly, Setlhodi et al. (2023) reported that methanol extraction of pomegranate 714 

peel provided strong DPPH and ORAC antioxidant performance due to high ellagic acid and tannin 715 

content [42]. The water extract, while not as potent as methanol, still showed respectable antioxidant 716 

activity (DPPH: 29.80 mg TE/g, ABTS: 13.68 mg TE/g), which may be attributed to its high total phenolic 717 

content. Although water is a less efficient solvent for lipophilic antioxidants, it can extract hydrophilic 718 

phenolics and tannins that contribute to radical scavenging. This is supported by Varga et al. (2024), who 719 

found that water extracts from pomegranate seeds showed significantly higher ABTS activity (9.15 μg/ml) 720 

than ethanol or methanol extracts in some conditions [15]. Likewise, Wang et al. (2011) noted that hot 721 

water extraction could yield strong antioxidant activity if extraction time and temperature were optimized 722 

[43]. The ethanol extract in your study presented lower antioxidant capacity than methanol and water, with 723 

DPPH at 33.83 mg TE/g and ABTS at 10.35 mg TE/g. This is consistent with findings from Hadrich et al. 724 

(2014), where ethanol extracts of pomegranate peel showed moderate antioxidant performance—less than 725 

methanol but more than acetone or oil-based extracts [44]. Ethanol’s intermediate polarity allows it to 726 

extract both polar and non-polar antioxidant compounds, making it a practical choice for food-safe 727 

applications, even if it does not yield the highest radical scavenging activity. The seed oil extract, as 728 

expected, showed the lowest antioxidant activity (DPPH: 19.95 mg TE/g, ABTS: 12.54 mg TE/g). The 729 

FRAP (Ferric Reducing Antioxidant Power) values of pomegranate seed oil extracts, including water, 730 

ethanol, and methanol extracts, provide valuable insight into the antioxidant capacity of the oil. The 731 

methanol extract, with a FRAP value of 45.0 mg TE/g, exhibited the highest antioxidant potential, 732 

indicating that methanol is an efficient solvent for extracting polyphenolic compounds, which are 733 

primarily responsible for antioxidant activity. Previous studies have shown that methanol extraction is 734 

effective in extracting polyphenolic compounds, including punicalagins and ellagic acid, which contribute 735 

significantly to antioxidant activity (Gupta et al., 2019). These compounds have been widely recognized 736 

for their potent antioxidant and anti-inflammatory properties, which play a key role in reducing oxidative 737 

stress and supporting cardiovascular health (Boudet et al., 2016). 738 

The water extract, with a FRAP value of 40.0 mg TE/g, also showed substantial antioxidant activity, 739 

although slightly lower than the methanol extract. Water is a common extraction solvent for plant-based 740 

antioxidants, and research has highlighted that water-soluble polyphenols, such as flavonoids and tannins, 741 

contribute significantly to the antioxidant capacity of pomegranate seed oil (Khan et al., 2019). While 742 

water extraction may not extract as many lipophilic antioxidants compared to organic solvents, it remains 743 

a viable option for producing antioxidant-rich extracts, especially in food and cosmetic formulations 744 

where water-based products are required. The ethanol extract exhibited a FRAP value of 35.0 mg TE/g, 745 

indicating moderate antioxidant activity. Ethanol is a versatile solvent capable of extracting both polar and 746 

non-polar compounds, including flavonoids, phenolic acids, and vitamin E [45]. However, the slightly 747 

lower antioxidant activity in the ethanol extract, compared to the methanol extract, could be due to 748 

differences in the efficiency of extraction for specific bioactive compounds. Despite this, the ethanol 749 
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extract still holds significant value, particularly for applications where ethanol-based formulations are 750 

preferred, such as in nutraceuticals and skincare products. The seed oil, with the lowest FRAP value of 751 

20.0 mg TE/g, showed the least antioxidant capacity. This is expected, as oils are primarily composed of 752 

fatty acids and generally contain fewer bioactive compounds compared to extracts obtained with solvents. 753 

However, the oil still offers valuable nutritional benefits due to its high content of oleic acid and linoleic 754 

acid, both of which contribute to heart health and anti-inflammatory effects (Münch et al., 2016). This 755 

outcome reflects the general limitation of non-polar solvents in extracting hydrophilic antioxidant 756 

compounds like polyphenols and flavonoids. Although pomegranate seed oil is known for its high punicic 757 

acid and tocopherol content, which are beneficial for health, these compounds contribute less to free 758 

radical scavenging in hydrophilic assays like DPPH and ABTS. Studies by Jing et al. (2012) and Koh et 759 

al. (2005) confirm that while pomegranate seed oil contains some antioxidant molecules, its DPPH and 760 

ABTS scavenging activities are significantly lower than those of methanol and ethanol extracts [39, 46]. 761 

 762 

Figure 5 Antioxidant activity of pomegranate seed extracts determined by DPPH and ABTS assays. The green line represents 763 

DPPH radical scavenging activity (mg TE/g), while the blue line indicates ABTS antioxidant capacity (mg TE/g) 764 

 765 

 766 

2.6. In Vitro Cytotoxicity Method 767 

To evaluate the antioxidant potential of the pomegranate seed residue extracts, two standard in vitro assays 768 

were performed: the DPPH radical scavenging assay and the ABTS radical cation decolorization assay. 769 

 770 

2.6. In Vitro Cytotoxicity HEPG-2 (Liver Cancer) Cell Line 771 

The data obtained from the cytotoxicity assays on HEPG-2 liver cancer cells show a clear dose-dependent 772 

relationship between the concentration of pomegranate seed extracts and cell viability, which is consistent 773 

with many studies on the anticancer effects of pomegranate seed extracts. Methanol and ethanol extracts 774 
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exhibited significant cytotoxicity against the HEPG-2 cell line, with the methanol extract showing the 775 

highest effectiveness, as reflected in the lowest cell viability and highest mortality at higher 776 

concentrations. At a concentration of 50 µg/ml, the methanol extract induced 70% mortality, while the 777 

water extract and ethanol extract had lower mortalities (65% and 75%, respectively). 778 

The water extract of pomegranate seed oil showed a moderate cytotoxic effect, with a viability of 95% at 779 

10 µg/ml, reducing to 35% at 50 µg/ml. This suggests that the water extract, while effective, is not as 780 

potent as the methanol extract, which could be due to the lower concentration of bioactive compounds in 781 

water compared to methanol (Gupta et al., 2019). Water extracts, although still beneficial, tend to have 782 

lower yields of polyphenols and other bioactive compounds, which may explain the comparatively lower 783 

mortality rates at higher concentrations. The ethanol extract demonstrated moderate cytotoxicity, with 784 

80% viability at 10 µg/ml and 25% at 50 µg/ml. Ethanol is a polar solvent that can extract a variety of 785 

compounds, including flavonoids and tannins, which are known for their anticancer properties. However, 786 

it seems that ethanol extracts are slightly less effective compared to methanol extracts in this context, 787 

possibly due to differences in solvent extraction efficiency and the specific bioactive compounds extracted 788 

(Amin et al., 2017). The dose-dependent cytotoxicity observed in all three extracts aligns with findings in 789 

other studies on the anticancer effects of pomegranate extracts, which have shown that pomegranate seed 790 

oil and its bioactive compounds, such as punicalagins and ellagic acid, exert potent cytotoxic effects on 791 

various cancer cell lines (Boudet et al., 2016). Ellagic acid, in particular, has been reported to induce 792 

apoptosis in cancer cells by regulating oxidative stress and modulating cell cycle progression (Gupta et 793 

al., 2019). In conclusion, the methanol extract of pomegranate seed oil exhibited the highest cytotoxicity 794 

against HEPG-2 liver cancer cells, followed by the water extract and ethanol extract, indicating the 795 

potential of pomegranate seed extracts as natural anticancer agents. These findings suggest that 796 

pomegranate seed oil could serve as a valuable therapeutic agent in the treatment of liver cancer, with 797 

methanol extract being the most promising in terms of efficacy. 798 

 799 

2.6. In Vitro Cytotoxicity Method for MCF-7 (Breast Cancer) Cell Line 800 

The cytotoxicity data for MCF-7 breast cancer cells exposed to pomegranate seed extracts shows a dose-801 

dependent effect, with methanol extract exhibiting the highest cytotoxicity, followed by ethanol extract 802 

and water extract. These findings suggest that the methanol extract of pomegranate seed oil has the greatest 803 

potential for use in therapeutic applications aimed at treating breast cancer, due to its ability to significantly 804 

reduce cell viability and increase mortality at higher concentrations. At the lowest concentration of 10 805 

µg/ml, the water extract exhibited 90% viability and only 10% mortality, indicating that the extract had a 806 

relatively low cytotoxic effect at this concentration. As the concentration increased to 50 µg/ml, the water 807 

extract induced 30% viability and 70% mortality, demonstrating a clear dose-dependent relationship in 808 

the cell viability and mortality. This suggests that, although water extracts are effective, their cytotoxicity 809 

is lower compared to the methanol and ethanol extracts, likely due to the lower concentration of bioactive 810 

compounds that are water-soluble (Amin et al., 2017). In comparison, the methanol extract showed 811 
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significantly higher cytotoxicity, with 88% viability at 10 µg/ml, which dropped to 28% viability at 50 812 

µg/ml and 72% mortality. The methanol extract is particularly effective because methanol is an organic 813 

solvent that extracts a wide variety of bioactive compounds, including ellagic acid, punicalagins, and other 814 

polyphenolic compounds, which are known for their anticancer properties (Gupta et al., 2019). Previous 815 

studies have suggested that ellagic acid induces apoptosis in breast cancer cells by modulating oxidative 816 

stress and interfering with cell cycle progression, leading to the inhibition of tumor growth (Boudet et al., 817 

2016). The ethanol extract showed a moderate cytotoxic effect, with 85% viability at 10 µg/ml, which 818 

decreased to 25% viability and 75% mortality at 50 µg/ml. This indicates that while ethanol extraction is 819 

effective, it may not extract as many potent bioactive compounds as the methanol extract, thus explaining 820 

the slightly lower mortality rates compared to the methanol extract. Ethanol is also a polar solvent and 821 

may extract a broader range of antioxidants and polyphenolic compounds, but the exact composition of 822 

the extract may influence its ability to induce apoptosis in MCF-7 cells (Amin et al., 2017). These findings 823 

are in line with the literature on pomegranate seed extracts, where the methanol extract has consistently 824 

demonstrated higher anticancer activity due to its superior extraction of polyphenolic compounds such as 825 

ellagic acid, which play a crucial role in inducing cell death in cancer cells (Gupta et al., 2019). The dose-826 

dependent nature of the cytotoxicity across all extracts supports the idea that pomegranate seed oil can be 827 

a promising therapeutic agent for cancer treatment, particularly in breast cancer.. 828 

 829 

2.6. In Vitro Cytotoxicity Method for HCT-116 (Colon Cancer) Cell Line 830 

The cytotoxicity data for HCT-116 colon cancer cells exposed to pomegranate seed extracts demonstrated 831 

a clear dose-dependent relationship between extract concentration and cell viability. All three extracts—832 

water, methanol, and ethanol—induced increased mortality in HCT-116 cells as the concentration of the 833 

extracts increased. Among these extracts, the methanol extract exhibited the highest cytotoxicity, followed 834 

by ethanol extract and water extract, consistent with findings from other studies that suggest methanol as 835 

an effective solvent for extracting bioactive compounds from plant materials. At a low concentration of 836 

10 µg/ml, the water extract exhibited 92% viability, resulting in only 8% mortality. However, as the 837 

concentration increased to 50 µg/ml, the water extract induced 40% mortality and reduced cell viability 838 

to 60%. This indicates that water extracts have a lower cytotoxic effect compared to methanol and ethanol 839 

extracts, likely due to the limited solubility of bioactive compounds in water (Amin et al., 2017). Despite 840 

this, the water extract still showed significant effects, suggesting that water-soluble polyphenols in 841 

pomegranate seeds have potential anticancer activity. The methanol extract of pomegranate seed oil 842 

showed the strongest cytotoxic effect. At 10 µg/ml, the methanol extract induced 13% mortality with 87% 843 

viability, but at 50 µg/ml, the mortality rate increased to 45% and the cell viability decreased to 55%. 844 

Methanol, being a strong solvent for both polar and non-polar compounds, is capable of extracting a broad 845 

spectrum of bioactive components, including ellagic acid and punicalagins, which are known for their 846 

antioxidant and anticancer properties (Gupta et al., 2019). Studies have shown that these compounds can 847 

induce apoptosis in cancer cells by regulating oxidative stress and affecting cell cycle progression (Boudet 848 
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et al., 2016). Therefore, the methanol extract could be particularly beneficial in therapeutic applications 849 

targeting colon cancer. The ethanol extract also exhibited moderate cytotoxicity, with 89% viability at 10 850 

µg/ml, which decreased to 50% viability at 50 µg/ml. At this concentration, ethanol extract induced 50% 851 

mortality. Ethanol, as a polar solvent, is capable of extracting bioactive phenolics, flavonoids, and other 852 

antioxidants, although it may not extract the full spectrum of compounds present in the methanol extract. 853 

The slightly lower cytotoxicity compared to methanol could be due to differences in solvent extraction 854 

efficiency, resulting in a less potent extract (Amin et al., 2017). Nonetheless, the ethanol extract still 855 

exhibited notable anticancer effects, particularly due to the presence of flavonoids and other antioxidants. 856 

Overall, the dose-dependent cytotoxicity across all extracts suggests that pomegranate seed oil has 857 

potential as a therapeutic agent for colon cancer. The methanol extract showed the most promise, 858 

consistent with research indicating that methanol extracts of pomegranate seed oil possess superior 859 

anticancer properties due to their high concentration of polyphenolic compounds (Gupta et al., 2019). 860 

Further research into the specific bioactive components and their mechanisms of action could help 861 

optimize pomegranate seed oil for cancer therapy. 862 

 863 

 864 

3.1. Antimicrobial Activity Results 865 

The antimicrobial efficacy of various pomegranate seed extracts against selected microbial strains is 866 

summarized in (Table 1). Among the tested extracts, the ethanol extract exhibited the highest antimicrobial 867 

activity, producing inhibition zones of 42.8 mm against Escherichia coli, 38.6 mm against Pseudomonas 868 

aeruginosa, 40 mm against Staphylococcus aureus, 33 mm against Streptococcus pneumonia, and 32.1 869 

mm against Candida albicans. Similarly, the methanol extract demonstrated strong inhibitory effects, with 870 

inhibition zones of 31.5 mm, 35.7 mm, 44 mm, 22 mm, and 28.8 mm, respectively, against the same 871 

strains. In contrast, the water extract showed only moderate activity against Gram-negative bacteria 872 

(Escherichia coli 12.8 mm, Pseudomonas aeruginosa 15.3 mm) and fungi (Candida albicans 20.5 mm), 873 

Gram-positive bacteria (Streptococcus pneumonia 22 mm), but no inhibition was observed against 874 

Staphylococcus aureus. The oil extract displayed limited antimicrobial potential, showing activity only 875 

against Escherichia coli (32.6 mm) and Pseudomonas aeruginosa (15.2 mm), with no observable zones 876 

of inhibition against Staphylococcus aureus Streptococcus pneumonia, and Candida albicans. 877 
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Table 4 Antimicrobial activity (inhibition zone in mm) of different pomegranate seed extracts against 883 
selected Gram-negative, Gram-positive bacteria, and fungi. 884 

Bacteria/Fungi 
Water 

Extract (mm) 

Methanol 

Extract (mm) 

Ethanol 

Extract (mm) 
Seed Oil (mm) 

Staphylococcus 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 

 888 

 889 

 890 

 891 

 892 

 893 

 894 

 895 

 896 

 897 

 898 

 899 

 900 

4.  Conclusion 901 

In conclusion, the results of this study demonstrate the promising bioactive properties of pomegranate 902 

seed extracts, particularly the methanol extract, which exhibited the highest antioxidant and antimicrobial 903 

activity. The FRAP assay confirmed the significant antioxidant capacity of the extracts, with the methanol 904 

extract showing the highest values. The antimicrobial tests revealed that pomegranate seed extracts, 905 

especially the methanol extract, exhibited strong activity against both Gram-positive and Gram-negative 906 

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

Figure 6. Antimicrobial activity assay showing a clear zone of inhibition around the tested sample on an agar plate 

inoculated with a microbial strain. This image demonstrates effectiveness against Gram-positive, Gram-negative 

bacteria, or fungi, based on the observed inhibition zone. 
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Furthermore, cytotoxicity assays indicated that the methanol extract displayed significant anticancer 908 

activity against HEPG-2, MCF-7, and HCT-116 cancer cell lines, with dose-dependent cell mortality 909 

observed at higher concentrations. These findings highlight the therapeutic potential of pomegranate seed 910 

residues as a source of natural antioxidants, antimicrobials, and anticancer agents. Further research is 911 

needed to isolate and characterize the specific bioactive compounds responsible for these effects, as well 912 

as to explore the mechanisms of action and clinical applications of pomegranate seed extracts in health 913 

and disease prevention. 914 
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