


Phytochemical Profiling of Zingiber officinale, Allium sativum and Curcuma longa and Combinatorial-Optimization of the Extracts for In-vitro Fe2+ Ions Chelation 
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ABSTRACT
This research investigated the bioactive compounds of Zingiber officinale (ginger), Allium sativum (garlic)and Curcuma longa (turmeric) and the combinatorial capacity of the extracts to chelate ferrous (Fe2+) ions. Phytochemicals were determined by gas chromatography equipped with a flame ionization detector and metal chelating capacity was evaluated by the in-vitro ferrous (Fe2+) ions Chelating power. This involved preparation of standardized ginger-garlic-turmeric extract combinations in predetermined ratios to evaluate their in vitro synergistic effects. The phytochemical profile of ginger presented appreciable values for catechin (192.06 μg/mL), kaempferol (61.97 μg/mL) and genistein (39.85 μg/mL) among other. Garlic recorded catechin (145.05 μg/mL), quercetin (101.60 μg/mL) and isorhamnetin (24.52 μg/mL) and genistein (19.25 μg/mL). Turmeric showed kaempferol (29.60 μg/mL), maricetin (18.28 μg/mL). catechin (18.19 μg/mL) and reveratrol (5.25 μg/mL). The chelating power of different ginger, garlic and turmeric extracts and their combinations on ferrous (Fe2+) ions presented increasing inhibition capacity with rising concentrations across all the groups.  The best combinatorial extract for chelating ferrous (Fe²⁺) ions was the 60% Tumeric, 30% Garlic, 10% Ginger, which achieved a maximum inhibition of 84.75% at 80 mg/mL. This combination showed a steady rise in activity across concentrations, starting from 45.39% at 10 mg/mL and progressively increasing to its peak at 80 mg/mL. The results recorded in this study showed distinct but overlapping phytochemical profiles of ginger, garlic and turmeric and their remarkable potential in ameliorating oxidative stress and metal-mediated toxicity in exposed animals.
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Introduction
In environmental perspective metal (or metalloid) species are regarded as pollutant if it occurs where it is unwanted, or in a form or concentration that causes a detrimental human or environmental effect. Heavy metals are considered as natural occurring elements which expresses high atomic weights and densities at least five times greater than that of water (Ali and Khan, 2018; Alengebawy, et al., 2021). Heavy metals/metalloids include lead, cadmium, mercury, arsenic, chromium, copper, selenium, nickel, silver, zinc among others. While some metals, such as zinc, copper, and iron, are essential for biological processes at trace concentrations, others lack any known biological function and can be highly toxic even at low concentrations (Abojassim and Munim, 2020; Bánfalvi, 2011). The advent of industrial revolution and technological advancements have created significant increase in the environmental levels of these metals, leading to widespread environmental and health concerns (Abojassim and Munim, 2020; Ali, Khan and Ilahi, 2019; Vardhan et al., 2019). Human exposure to heavy metals occurs majorly through drinking water and food sources (Pandey and Tiwari, 2021). Human activities are the primary contributors to heavy metal pollution. Industrial emissions from factories and plants release heavy metals into the air, water, and soil (Hu, et al., 2013; Mishra et al., 2019; Zhang et al., 2021; Adetuyi et al., 2023; Ouassila et al., 2023). Many crops have capacities to absorb metals from contaminated soil while meat and fish products may contain bio-accumulated metals (Ujowundu et al, 2014a). Agricultural and animal husbandry activities including the use of pesticides, fertilizers, and sewage sludge, have shown varying capacities to introduce heavy metals like cadmium and arsenic into the soil and crops (Alengebawy et al., 2021, Ujowundu et al., 2014b). Also, improper disposal of industrial and household wastes contributes to heavy metal leaching into groundwater and surrounding environments serving as source of water for human and animals (Kumar et al., 2023, Ujowundu, et al., 2016).
Oxidative stress is an important mechanism used by heavy metals to exert toxic effects on biological systems. Heavy metals disrupt cellular homeostasis through generation of reactive oxygen species (ROS) and depleting antioxidant defences, leading to oxidative damage of cellular components including lipids, proteins, and DNA (Flora et al., 2012; Alsherbiny et al., 2019; Charkiewicz et al., 2023).  The consequential accumulation of oxidative damage can result in cell death, tissue injury, and the initiation of chronic diseases such as cancer, cardiovascular diseases, and neurodegenerative disorders (Halliwell, 2007). Antioxidants counteract harmful effects of oxidative stress by neutralizing ROS, chelating metal ions, and upregulating endogenous antioxidant defences (Pisoschi and Pop, 2015). Antioxidants instigate protective role by preventing and alleviating damages/lesions induced by heavy metals. Cellular integrity and functions are maintained by the capacity of antioxidants to scavenge free radicals. The role of antioxidants in mitigating oxidative damage is, therefore, of paramount importance in counteracting the deleterious effects of heavy metal exposure. 
Phytochemicals are naturally occurring bioactive compounds present in plants with many of them expressing antioxidant activities. Plant phytochemicals can neutralize reactive oxygen species (ROS) and ameliorate oxidative stress, an important mechanism in heavy metal toxicity. These  plant-derived compounds can chelate (bind) toxic metals, such as arsenic, lead, and mercury, and scavenge harmful reactive oxygen species, thereby protecting cells and organs from damage. Plants contain a vast array of bioactive compounds (including alkaloids, flavonoids, phenolic acids, terpenoids, and glycosides) which contribute to the plant's medicinal properties (Crozier, et al., 2006). Phytochemical analysis elucidates the precise identification and quantification of phytocompounds, facilitating the development of effective and standardized herbal remedies (Parekh and Chanda, 2007). As the active compounds are identified, their biological activities can be studied to establish a correlation between these compounds and their protective effects (Balunas and Kinghorn, 2005). Currently, plant foods with rich constituent phytochemicals are regarded as functional foods and the concentrated form of phytochemicals (nutraceuticals) are used as a preventive measure or cure for many diseases. Studies have shown that Ginger (Zingiber officinale), Garlic (Allium sativum) and Turmeric (Curcuma longa) are rich in antioxidants (El-Kholy et al., 2015; Ratan et al., 2020; Khalid et al., 2023)
Ginger (Zingiber officinale) presents diverse pharmacological properties, which include anti-inflammatory, antioxidant, antimicrobial, anti-cancer, gastroprotective, cardiovascular, and neuroprotective effects (Zhukovets and Özcan, 2020; Zhang et al., 2021). Ginger bioactive potency is attributed to the rich content of gingerols, shogaols, paradols, and zingerone. Ginger expresses potent antioxidant activity, with the capacity to neutralize ROS and protecting cells from oxidative damage. Gingerols, shogaols, and zingerone in ginger are capable of directly scavenging free radicals, thereby preventing oxidative damage to lipids, proteins, and DNA (Ma et al., 2021). This scavenging activity helps in maintaining cellular integrity and function. Garlic (Allium sativum) therapeutic benefits are attributed to its rich and complex phytochemical composition. Garlic compounds include sulfur-containing compounds, flavonoids, saponins, and other minor constituents (Toscano and Guilarte, 2005; Lidiková et al., 2022; Tudu et al., 2022). The sulfur-containing compounds such as allicin, diallyl disulfide (DADS), and diallyl trisulfide (DATS) (Li et al., 2015) in garlic are the most studied and contribute significantly to its medicinal properties (Palani et al., 2024). The antioxidant effect of garlic is primarily due to its ability to scavenge free radicals and enhance the activity of endogenous antioxidant enzymes such as superoxide dismutase (SOD), catalase, and glutathione peroxidase (Borek, 2001). Turmeric (Curcuma longa), a perennial herb with a distinctive yellow hue, used as a spice, dye, and medicinal purposes (Prasath et al., 2018; Kaliyadasa and Samarasinghe, 2019). Turmeric bioactive compounds are the curcuminoids, which include curcumin, demethoxycurcumin, and bisdemethoxycurcumin (Kocaadam and Şanlier, 2017; Sharifi-Rad et al., 2020). These polyphenolic compounds and a variety of essential oils contribute to turmeric distinctive yellow colour and therapeutic potential. Turmeric’s antioxidant properties contribute in the mitigate oxidative stress, protecting cellular components from damage. Curcumin exhibits strong free radical scavenging activity, neutralizing ROS and reactive nitrogen species (RNS) such as superoxide anions, hydroxyl radicals, and peroxynitrite (Menon and Sudheer, 2007; Lin et al., 2019; Meshkibaf et al., 2019; Paultre et al., 2021).
This research seeks to determine the bioactive compounds of Zingiber officinale (ginger), Allium sativum (garlic)and Curcuma longa (turmeric) and the combinatorial approach to optimizing the three plants extracts chelation power on ferrous (Fe2+) ions with a view to providing scientific evidence to support their use in mitigating oxidative stress and preventing oxidative stress-related diseases.

MATERIALS AND METHODS
Procurement and authentication of plant samples
The selected plants samples of garlic, ginger and turmeric were purchased from a local market in Ihiagwa in Owerri West Local Government Area of Imo State Nigeria. The plants were identified by a plant taxonomist in the Department of Biology of the Federal University of Technology Owerri. The plant samples were deposited at the herbarium of the Department  with voucher numbers FUTO/H21142, FUTO/H21143, FUTO/H21144 for garlic, ginger and turmeric respectively. The plants samples were cleaned, air dried under shade for four weeks in the Laboratory of the Department of Biochemistry, Federal University of Technology Owerri. The plant samples were pulverized  separately using an Electric blender, sieved and stored in separate airtight containers.
Sample Extraction 
Into 1g of the pulverized sample in a test tube, 15ml of ethanol was added and placed in a water bath at 600C for 1 hr. Afterward the mixture was transferred to a separatory funnel. The tube was thoroughly washed using 20ml ethanol, 10ml cold water, 10ml hot water and 3ml hexane and all transferred to the separatory funnel. The extracts were pooled together and washed three times with 10ml of 10%v/v ethanol aqueous solution. The solution was dried with anhydrous sodium sulfate and the solvent was evaporated. A solution of recovered filtrate was prepared in 1000ul of hexane and 200µl of it was stored in a vial for analysis.

Evaluation of Phytochemicals using Gas Chromatography
Gas chromatography is based on the principle of partition of solute between a stationary liquid phase and gaseous mobile phase as described by Kelly & Nelson (2014). Briefly: One gram (1 g) of sample was weighed and transferred to a test tube and 15 ml ethanol and 10% of 50%w/v potassium hydroxide was added. The test tube was allowed to react in a bath for 60mins. After the reaction time, the reaction product contained in the tube was transferred to a separation funnel. The tube was washed successfully with 20 ml of ethanol, 10 ml of hot water and 3 ml of hexane, which was all transferred to the funnel. The solution was dried with anhydrous sodium sulfate and the solvent evaporated. The sample was solubilized in 1000 ul of pyridine of which 200 ul was transferred to a vial for analysis.
Quantification using GC-FID
The phytochemical quantification of each plant extract of was performed on a BUCK M910 Gas chromatography equipped with a flame ionization detector (Bezerra, & Filho, 2014). A RESTEK 15meter MXT-1 column (15 m x 250 um x 0.15 um) was used. The injector temperature was 280oC with splitless injection of 2ul of sample and a linear velocity of 30cm- 1, Helium 5.0 pa.s was the carrier gas with a flow rate of 40mlmin-1. The oven operated initially at 200oC, it was heated to 330oC at a rate of 3oC min-1 and was kept at this temperature for 5min. The detector operated at a temperature of 320oC. Phytochemicals were determined by the ratio between the area and mass of internal standard and the area of the identified phytochemicals. The concentration of the different phytochemicals expressed in µg/mL.
[bookmark: _Hlk177835103]Chelation Power on Ferrous (Fe2+) Ions 
The chelating effect on ferrous ions of the prepared extracts was determined by the method of Dinis et al. (1994) with slight modifications. Briefly, 100 μL of each test sample (1 mg/mL) was taken and raised to 3 mL with methanol. 740 μL of methanol was added to 20 μL of 2 mM FeCl2. The reaction was initiated by the addition of 40 μL of 5 mMferrozine into the mixture, which was then left at room temperature for 10 minutes and then the absorbance of the mixture was determined at 562 nm.

Statistical Analysis
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All the data generated were analyzed using analysis of variance (ANOVA) SPSS program (version 20.0 SPSS Inc., Chicago, IL, USA). The results were expressed as mean ± standard deviation (SD). P -value less than 0.05 was considered as significant (P< 0.05).
RESULTS
The gas chromatographic analysis of ginger (Table 1 and Figure 1) identified twenty one compounds with total concentration of 456.04 μg/mL. Catechin recorded the highest concentration at 192.06 μg/mL, contributing 42.11% of the total composition. The next most abundant compound was Kaempferol at 61.97 μg/mL (13.59%), this id followed by Genistein with a concentration of 39.85 μg/mL (8.74%), Daidzein at 28.82 μg/mL (6.32%), Epicatechin at 25.66 μg/mL (5.63%), Vanillic at 29.67 μg/mL (6.50%), and Hesperidin at 21.90 μg/mL (4.80%). Other compounds including Luteolin (11.18 μg/mL, 2.45%), Reveratrol (11.44 μg/mL, 2.51%), and Ellagic acid (12.79 μg/mL, 2.80%) contributed appreciable amounts. Ginger also presented minor constituents such as Quercetin, Artemetin, Naringin, Retusin, Myricetin, Isorhamnetin, and Apigenin, each contributing less than 1%. The lowest concentrations were recorded for Naringenin (0.19 μg/mL, 0.04%), Apigenin at 11.661 min (0.24 μg/mL, 0.05%), Maricetin (0.35 μg/mL, 0.08%), and Lunamarin (0.23 μg/mL, 0.05%).
[bookmark: _Hlk209550153]Twenty two compounds were recorded for garlic (Table 2 and Figure 2) with varying concentrations and percentage compositions, amounting to a total concentration of 310.31 μg/mL. Catechin was the most abundant compound at 145.05 μg/mL, recording 46.73% of the total composition. This was followed by Quercetin with a concentration of 101.60 μg/mL, representing 32.74% of the sample. Isorhamnetin showed significant concentration at 24.52 μg/mL (7.90%), while Genistein recorded 19.25 μg/mL (6.21%). Moderate concentrations Epicatechin at 4.27 μg/mL (1.37%) and Artemetin at 4.70 μg/mL (1.52%) were detected. Lower levels were recorded for Luteolin, Reveratrol, Apigenin, and Kaempferol, with each contributing less than 1%. Other compounds that presented minor concentrations include Naringin, Retusin, Myricetin, Ellagic acid, Vanillic, Maricetin, Naringenin, Tangeretein, Hesperidin, and Silymarin appeared in trace amounts, all below 1% of the total composition.
[bookmark: _Hlk209550459]The GC-FID phytochemical analysis results of turmeric (Table 3 and Figure 3) showed a total of twenty five compounds with a combined concentration of 91.05 μg/mL. The result showed that Kaempferol as the most abundant with a concentration of 29.60 μg/mL, contributing 32.51% of the total composition. This was followed by Maricetin with 18.28 μg/mL (20.08%), and Catechin at 18.19 μg/mL (19.98%). Reveratrol recorded 5.25 μg/mL (5.76%), and Hesperidin 3.98 μg/mL (4.37%). Retusin (2.04 μg/mL, 2.24%) and Epicatechin at 13.903 minutes (2.42 μg/mL, 2.66%) provided additional minor but notable contributions. The other compounds, include Quercetin, Artemetin, Luteolin, Isorhamnetin, Myricetin, and Naringenin, aprecording appreciable quantities, each below 2% of the total. Trace constituents such as Apigenin, Daidzein, Genistein, Lunamarin, Gallocatechin, Tangeretein, and Vanillic were each less 1% of the total.
The results of the chelating power of different ginger, garlic and turmeric extracts and their combinations on ferrous (Fe2+) ions is presented in Table 5. Varying concentrations (10-10 mg/ml) of the extracts showed increasing inhibition with rising concentrations across all the groups.  The single extracts such as 100% G presented strong inhibition activity ranging from 78.73% at 10 mg/mL to a maximum of 85.47% at 40 mg/mL. 100% A presented a steady increase, achieving the highest inhibition of 87.94% at 80 mg/mL. For 100% T a consistent inhibition activity reaching 87.24% at 80 mg/mL. Among the combinations, Group 4 (60%A, 30% G, 10% T) showed strong inhibition, increasing from 70.21% at 10 mg/mL to 84.04% at 80 mg/mL. Group 5 (40% A, 30% G, 30% T) and Group 8 (60% T, 30% A, 10% G) presented high chelating effects, both achieving 84.75% inhibition at 80 mg/mL. Furthermore, Group 7 (40% G, 30% A, 30% T) and Group 9 (40% T, 30% A, 30% G) displayed good activity but with a slight decline at higher concentrations. Based on the results recorded, the best combinatorial extract for chelating ferrous (Fe²⁺) ions was Group 8 (60% T, 30% A, 10% G), which achieved a maximum inhibition of 84.75% at 80 mg/mL. This combination showed a steady rise in activity across concentrations, starting from 45.39% at 10 mg/mL and progressively increasing to its peak at 80 mg/mL.
Table 1: GC-FID Phytochemical composition of Z. officinale 
	S/n
	Retention Time (min)
	Area (pA·s)
	Amt/Area
	Components
	Conc (μg/mL)
	% Composition

	1
	3.836
	440.63547
	0.140634
	Kaempferol
	61.97
	13.59

	2
	4.267
	1366.32178
	0.140567
	Catechin
	192.06
	42.11

	3
	5.176
	19.69657
	0.140131
	Quercetin
	2.76
	0.61

	4
	5.951
	155.78708
	0.140546
	Hesperidin
	21.9
	4.8

	5
	6.358
	79.55717
	0.140476
	Luteolin
	11.18
	2.45

	6
	6.936
	81.52502
	0.140383
	Reveratrol
	11.44
	2.51

	7
	7.405
	15.36688
	0.140064
	Artemetin
	2.15
	0.47

	8
	7.687
	29.87473
	0.139931
	Naringin
	4.18
	0.92

	9
	8.287
	8.48381
	0.139549
	Retusin
	1.18
	0.26

	10
	8.7
	11.82533
	0.1398
	Myricetin
	1.65
	0.36

	11
	9.283
	91.0334
	0.140499
	Ellagic acid
	12.79
	2.8

	12
	9.467
	211.10522
	0.140564
	Vanillic
	29.67
	6.5

	13
	10.309
	12.30047
	0.139866
	Isorhamnetin
	1.72
	0.38

	14
	10.68
	1.38894
	0.133965
	Naringenin
	0.19
	0.04

	15
	11.661
	1.83412
	0.128852
	Apigenin
	0.24
	0.05

	16
	13.007
	2.55276
	0.136693
	Maricetin
	0.35
	0.08

	17
	13.444
	182.52982
	0.140555
	Epicatechin
	25.66
	5.63

	18
	14.061
	205.02066
	0.140594
	Daidzein
	28.82
	6.32

	19
	14.723
	284.4025
	0.140132
	Genistein
	39.85
	8.74

	20
	15.064
	43.12519
	0.140343
	Apigenin
	6.05
	1.33

	21
	15.73
	1.69993
	0.134219
	Lunamarin
	0.23
	0.05

	Total
	 
	 
	 
	 
	456.04
	100
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Figure 1: GC-FID chromatographic profile of phytochemical constituents detected in Zingiber officinale extract. Major peaks correspond to identified compounds such as catechins, kaempferol, quercetin, myricetin and other flavonoids and phenolic derivatives based on retention times and reference standard


Table 2: GC-FID Phytochemical composition of Allium sativum 
	S/n
	Retention Time (min)
	Area (pA·s)
	Amt/Area
	Components
	Conc (μg/mL)
	% Composition

	1
	3.925
	6.6648
	0.139409
	Kaempferol
	0.93
	0.3

	2
	4.447
	1031.88184
	0.140565
	Catechin
	145.05
	46.73

	3
	5.439
	722.854
	0.140548
	Quercetin
	101.60
	32.74

	4
	6.254
	15.20751
	0.140017
	Luteolin
	2.13
	0.69

	5
	6.646
	13.46197
	0.13971
	Reveratrol
	1.88
	0.61

	6
	7.004
	33.50598
	0.140371
	Artemetin
	4.70
	1.52

	7
	7.219
	4.36695
	0.136238
	Naringin
	0.60
	0.19

	8
	7.695
	1.11425
	0.132346
	Retusin
	0.15
	0.05

	9
	8.149
	6.22715
	0.139026
	Myricetin
	0.87
	0.28

	10
	8.401
	3.44543
	0.137925
	Ellagic acid
	0.48
	0.15

	11
	9.016
	3.89771
	0.138217
	Vanillic
	0.54
	0.17

	12
	9.515
	174.46471
	0.140564
	Isorhamnetin
	24.52
	7.9

	13
	10.156
	3.09193
	0.137611
	Naringenin
	0.43
	0.14

	14
	10.695
	1.39242
	0.125085
	Apigenin
	0.17
	0.06

	15
	11.907
	2.37106
	0.136392
	Maricetin
	0.32
	0.1

	16
	12.738
	30.4084
	0.140268
	Epicatechin
	4.27
	1.37

	17
	14.607
	137.45218
	0.140053
	Genistein
	19.25
	6.21

	18
	15.115
	12.05351
	0.139709
	Apigenin
	1.68
	0.54

	19
	17.312
	1.613
	0.1343
	Tangeretein
	0.22
	0.07

	20
	17.398
	1.19933
	0.131972
	Epicatechin
	0.16
	0.05

	21
	18.351
	1.31555
	0.135061
	Hesperidin
	0.18
	0.06

	22
	18.617
	1.55022
	0.131233
	Silymarin
	0.20
	0.07

	Total
	 
	 
	 
	 
	310.31
	100
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Figure 2: GC-FID chromatographic profile of phytochemical constituents detected in Allium sativum extract. Major peaks correspond to identified compounds such as catechins, kaempferol, quercetin, myricetin and other flavonoids and phenolic derivatives based on retention times and reference standard


Table 3: GC-FID Phytochemical composition of curcumin longa 
	S/n
	Retention Time (min)
	Area (pA·s)
	Amt/Area
	Components
	Conc (μg/mL)
	% Composition

	1
	2.617
	210.53412
	0.140613
	Kaempferol
	29.60
	32.51

	2
	3.055
	129.44804
	0.14051
	Catechin
	18.19
	19.98

	3
	4.567
	5.96399
	0.139145
	Quercetin
	0.83
	0.91

	4
	4.768
	6.57157
	0.13906
	Hesperidin
	0.91
	1

	5
	6.16
	7.40762
	0.13942
	Luteolin
	1.03
	1.13

	6
	6.379
	37.41651
	0.140226
	Reveratrol
	5.25
	5.76

	7
	6.845
	8.70205
	0.13963
	Artemetin
	1.22
	1.33

	8
	7.069
	4.36262
	0.138328
	Myricetin
	0.60
	0.66

	9
	7.282
	1.61948
	0.128901
	Naringin
	0.21
	0.23

	10
	7.63
	14.59382
	0.140005
	Retusin
	2.04
	2.24

	11
	8.01
	2.6272
	0.137091
	Ellagic acid
	0.36
	0.4

	12
	8.517
	1.12811
	0.132348
	Vanillic
	0.15
	0.16

	13
	8.88
	9.34233
	0.139628
	Isorhamnetin
	1.30
	1.43

	14
	9.11
	2.83327
	0.137339
	Naringenin
	0.39
	0.43

	15
	9.618
	1.03318
	0.119645
	Apigenin
	0.12
	0.14

	16
	9.905
	130.06775
	0.140545
	Maricetin
	18.28
	20.08

	17
	10.295
	9.28244
	0.139486
	Epicatechin
	1.29
	1.42

	18
	10.659
	3.65834
	0.137726
	Daidzein
	0.50
	0.55

	19
	11.168
	4.5033
	0.135525
	Genistein
	0.61
	0.67

	20
	11.769
	2.89167
	0.13692
	Apigenin
	0.40
	0.44

	21
	12.31
	3.36374
	0.137405
	Lunamarin
	0.46
	0.51

	22
	12.804
	3.22722
	0.137319
	Gallocatechin
	0.44
	0.49

	23
	13.483
	3.2372
	0.137461
	Tangeretein
	0.44
	0.49

	24
	13.903
	17.29846
	0.140071
	Epicatechin
	2.42
	2.66

	25
	14.31
	28.59438
	0.139296
	Hesperidin
	3.98
	4.37

	Total
	 
	 
	 
	 
	91.05
	100
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Figure 3: GC-FID chromatographic profile of phytochemical constituents detected in Curcuma longa extract. Major peaks correspond to identified compounds such as catechins, kaempferol, maricetin and other flavonoids and phenolic derivatives based on retention times and reference standard


[bookmark: _Hlk209556246]Table 4. Relative Antioxidant and Chelation Potential of Samples Ginger, Garlic and Turmeric
	Sample
	Dominant Compounds
	[bookmark: _Hlk209556360]Expected Antioxidant Potential
	[bookmark: _Hlk209556372]Expected Chelation Potential
	Supporting Literature

	Ginger
	Catechin (42.11%), Kaempferol (13.59%), Genistein, Epicatechin, Daidzein
	High – strong radical scavenging from catechins; kaempferol supports ROS neutralization
	Moderate–High – catechins and kaempferol chelate Fe²⁺/Cu²⁺ effectively
	Sheng et al. (2023); Simůnková et al. (2021)

	Garlic
	Catechin (46.73%), Quercetin (32.74%), Isorhamnetin (7.90%)
	Very High – quercetin + catechin combination maximizes ROS scavenging
	High – quercetin’s strong Fe³⁺/Cu²⁺ chelation plus catechin’s binding
	[bookmark: _Hlk209556453]Mirza (2023); Ramzan et al. (2025)

	Turmeric
	Kaempferol (32.51%), Maricetin (20.08%), Catechin (19.98%), Reveratrol, Hesperidin
	High – mixture of flavonols/flavanols ensures sustained scavenging
	Moderate – less quercetin, but kaempferol + hesperidin contributes
	Aalikhani et al. (2022); Simůnková et al. (2021)




Table 5: Result of chelating power of different extracts of ginger, garlic and turmeric 
	% Concentration of Plant extract used
	Concentration of samples mg/dl
	% Inhibition

	Group 1- 100%G
	 
	 

	0mg/ml
	7.231
	-0.001

	10mg/ ml
	1.538
	78.73

	20mg/ml
	1.282
	82.271

	40mg/ml
	1.051
	85.465

	80mg/ml
	1.308
	81.911

	Group 2 -100% A
	 
	 

	0mg/ml
	7.231
	0

	10mg/ ml
	2.615
	63.836

	20mg/ml
	2.256
	68.801

	40mg/ml
	1.692
	76.601

	80mg/ml
	0.872
	87.941

	Group 3 - 100% T
	 
	0

	0mg/ml
	7.231
	-0.001

	10mg/ ml
	1.513
	79.076

	20mg/ml
	1.282
	82.271

	40mg/ml
	1.103
	84.746

	80mg/ml
	0.923
	87.236

	Group 4 - 60%G 30%A 10%T
	 
	 

	0mg/ml
	7.231
	0

	10mg/ ml
	4
	44.683

	20mg/ml
	3.154
	56.382

	40mg/ml
	2.256
	68.801

	80mg/ml
	1.41
	80.501

	GROUP 5- 40%G 30%A 30%T
	 
	 

	0mg/ml
	7.231
	0

	10mg/ ml
	3.154
	56.382

	20mg/ml
	2.256
	68.801

	40mg/ml
	1.949
	73.047

	80mg/ml
	2.179
	69.866

	GROUP 6 -60%A 30%G 10%T
	 
	 

	0mg/ml
	7.231
	0

	10mg/ ml
	2.154
	70.212

	20mg/ml
	1.872
	74.111

	40mg/ml
	1.641
	77.306

	80mg/ml
	1.154
	84.041

	GROUP 7 -40%A 30%G 30%T
	 
	 

	0mg/ml
	7.231
	 

	10mg/ ml
	3.154
	56.382

	20mg/ml
	2.308
	68.082

	40mg/ml
	1.897
	73.766

	80mg/ml
	1.103
	84.746

	GROUP 8- 60%T 30%A 10%G
	 
	 

	0mg/ml
	7.231
	0

	10mg/ ml
	3.949
	45.388

	20mg/ml
	2.641
	63.477

	40mg/ml
	1.692
	76.601

	80mg/ml
	1.103
	84.746

	GROUP 9 -40%T 30%A 30%G
	 
	 

	0mg/ml
	7.231
	0

	10mg/ ml
	3.154
	56.382

	20mg/ml
	2.308
	68.082

	40mg/ml
	1.718
	76.241

	80mg/ml
	1.897
	73.766


[bookmark: _Hlk177889403]Key: G- ginger, A – garlic, T- Turmeric


Discussion
[bookmark: _Hlk209632301]The phytochemical profiling of Zingiber officinale, Allium sativum and Curcuma longa demonstrated distinct but overlapping profiles of flavonoids and related phenolics, presenting many established antioxidant and metal-chelating properties. The mechanism of action of these compounds includes free radical scavenging, stabilization of reactive intermediates, and binding of transition metals involved in the catalysis of oxidative reactions. These activities are very important with respect to human exposure to toxic metals, where oxidative stress and Fenton chemistry play vital roles in tissue injury.
The compounds expressed by Z. officinale was dominated by catechin (42.11%) and kaempferol (13.59%). Z. officinale also presented significant concentrations  of genistein, epicatechin, daidzein, and vanillic acid. Catechins, with emphasis on catechin and epicatechin expressed by Z. officinale, are polyphenols with capacity to scavenge radicals, donate hydrogen, and inhibit lipid peroxidation (Sheng et al., 2023). Catechin and epicatechin also exhibit metal-chelating capacity, reducing Fe²⁺ and Cu²⁺ availability for Fenton reactions (Ramzan et al., 2025). Kaempferol and genistein can reinforce antioxidant action, as both compounds possess ortho-dihydroxyl and keto-hydroxyl motifs that enable electron delocalization and transition metal coordination (Simůnková et al., 2021).
However, Allium sativum expressed remarkable different phytoconstituent profile, with catechin (46.73%) and quercetin (32.74%) making up approximately 80% of the composition. This combination suggests strong antioxidant potential, because quercetin demonstrates superior radical scavenging efficiency due to the content of  3′,4′-dihydroxy structure and 4-oxo/3-hydroxy configuration (Mirza, 2023). Quercetin readily forms complexes with Fe³⁺ and Cu²⁺, reducing their catalytic role in hydroxyl radical formation (Ramzan et al., 2023). A. sativum recorded Isorhamnetin in notable amounts (7.90%), contributes similar activities, like quercetin though with slightly reduced potency due to methylation of hydroxyl groups. The presence of significant concentrations of Catechin at 145.05 μg/mL (46.73%) and Quercetin at 101.60 μg/mL (32.74%) indicate A. sativum as a strong candidate for both radical scavenging and chelation efficacy.
Curcuma longa, by contrast, showed kaempferol as the most abundant with a concentration of 29.60 μg/mL (32.51%) and maricetin with 18.28 μg/mL (20.08%), and Catechin at 18.19 μg/mL (19.98%). Kaempferol and maricetin are flavonols known to exert radical scavenging effects through their hydroxyl substitution patterns, whereas catechin presents robust antioxidant support. Reveratrol and hesperidin, present at 5.76% and 4.37% respectively, add to antioxidant and chelation potential. Hesperidin, in particular, has been shown to attenuate metal-induced oxidative neurotoxicity (Aalikhani et al., 2022). Similarly, ethanol extracts of Combretum zenkeri Leaf have shown remarkable capacity for Free Radicals Scavenging and Neuroprotective Effects (Ujowundu et al., 2015).
The in vitro assay of the chelating power of ginger, garlic and turmeric extracts showed that both single‐plant extracts and combinations of fractions of the three different plant extracts presented strong ferrous (Fe²⁺) ion chelation, with percent inhibition generally increasing with concentration from 10 to 80 mg/mL. Single extracts of 100% garlic and 100% Turmeric achieved the highest inhibition of close to 87.9% and  87.2% respectively at 80 mg/mL, indicating strong chelating potential. However, combinations with higher proportions of garlic and Turmeric, especially group 8 (60% T + 30% A + 10% G) presented  high inhibition levels of 84.7%, approaching that of the best single extracts. This was supported by the results obtained on the evaluation of  expected antioxidant and chelation potential (Table 4), which indicated very high and high respectively (Mirza 2023; Ramzan et al., 2025). These actions can be attributed to the content of the extracts phenolics, flavonoids, and tannins, which are capable of binding transition metals (Pham-Huy et al., 2008). Such phytochemicals not only chelate metals but also scavenge free radicals directly, enhancing their antioxidant defense potential. Also, studies have indicated that plant extracts could protect biological systems by two mechanisms by firstly reducing free metal ions through chelation, and secondly neutralizing ROS through antioxidant activity (Valko et al., 2016). Some of combinations used in this study showed minor declines at the highest concentrations, suggesting possible saturation or antagonistic effects among components. These results align with previous studies which presented strong concentration‐dependent ferrous ion chelation by plant extracts (Sudan, 2014). Furthermore, studies such as on Phragmites australis confirms that plant derivatives can achieve >80% Fe²⁺ chelation in vitro using similar assays (Abdelhakim et al., 2019).

Conclusion
[bookmark: _Hlk209632129]This study has shown vital phytochemical profile of Z. officinale, A. sativum and C. longa with proven radical scavenging and metal-chelating properties. Allium sativum, with its high quercetin and catechin content, was the most potent in both capacities, whereas Z. officinale and C. longa also demonstrate strong phytochemical profiles dominated by catechins, flavonols, and supportive phenolics. The results generated from this study highlight Z. officinale, A. sativum and C. longa potential role in ameliorating oxidative stress and metal-mediated toxicity in exposed humans and animals. The chelating power of different plant extracts and their combinations on ferrous (Fe²⁺) ions showed a general trend of increasing inhibition with rising concentrations across all groups, though some extracts displayed slight fluctuations at higher doses.
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