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Comparative Studies on Antioxidant Capacity, Antimicrobial Activity, and Phytochemical Profile of Origanum majorana L. by Household Cooking Processes
ABSTRACT
Marjoram (Origanum majorana L.) is an aromatic herb rich in phenolic compounds, flavonoids and essential oils, traditionally utilized for managing gastrointestinal, respiratory, cardiac, rheumatologic, menstrual and neurological disorders. As domestic cooking practices may alter the nutritional and phytochemical composition of plant foods, the present study investigated the effects of five common household processing techniques i.e. boiling, pressure cooking, steaming, sautéing and microwave cooking on the antioxidant activity, vitamin C, β-carotene, antimicrobial activity and phytochemical profile of fresh marjoram leaves. Antioxidant activity was evaluated using the DPPH radical scavenging assay, while ascorbic acid and β-carotene contents were quantified through titrimetric and spectrophotometric methods, respectively. Phytochemical profiling involved both qualitative screening and quantitative estimation of total phenolics (TPC) and flavonoids (TFC). All processing treatments significantly (p≤0.05) influenced the nutrient and phytochemical composition of marjoram leaves. Enhanced antioxidant activity was observed following sautéing (77.16%), boiling (75.86%), and microwave cooking (73.92%), with sauteing exhibiting the highest radical scavenging capacity. Flavonoid retention was greatest in sautéed samples (114.73%) followed by microwave cooking (74.58%) in comparison to raw sample. Conversely, substantial reductions were recorded in ascorbic acid (87.42–92.81%) and β-carotene (31.14–71.49%) across treatments. Notably, total phenolic content increased markedly (205.43–351.53%) in processed samples. Extract of marjoram leaves demonstrated moderate antimicrobial activity against S. aureus and C. albicans, particularly in raw and pressure-cooked forms, while no activity was observed against E. coli.  Qualitative analysis confirmed the consistent presence of carbohydrates, proteins, amino acids, phenols, flavonoids and mucilage although with variations in intensity among treatments. Overall, sautéing were most effective in preserving the nutritional and functional attributes of marjoram leaves. These findings provide important insights for optimizing culinary practices to maximize the health-promoting potential of this traditional medicinal herb.
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1. INTRODUCTION 
Marjoram (Origanum majorana L.), a perennial herb belonging to the family Lamiaceae, is widely recognized for its diverse biological activities and therapeutic applications. Traditionally, it has been used in the treatment of allergies, fever, hypertension (Benali et al., 2019), management of rheumatism, headache, insomnia, and intestinal spasms (Hachi et al., 2015). It is also employed in the treatment of respiratory infections (Ennacerie et al., 2017), diabetes mellitus (Pereira et al., 2019), menstrual pain, stomach discomfort and cough (Bouayyadi et al., 2015). The broad pharmacological potential of O. majorana has been attributed to its rich phytochemical composition. The herb contains essential monoterpenes such as thymol, carvacrol, cis-sabinene hydrate, limonene, γ-terpinene, and camphene, in addition to tannins, hydroquinone, sitosterol and various flavonoids including diosmetin, quercetin, luteolin, and apigenin (Guerra-Boone et al., 2015). These bioactive constituents contribute to its reported antioxidant, antibacterial, antifungal, nephroprotective, antiproliferative, and anticancer activities (Hajlaoui et al. 2016, Amor et al., 2019).
Thermal processing, although indispensable in food preparation, has been shown to markedly influence the chemical integrity and biological activity of plant-derived compounds. Cooking techniques such as boiling, steaming, microwaving and sautéing may induce structural transformations in antioxidants and other phytochemicals through degradation, leaching, or oxidation (Lee et al., 2018). In certain instances, thermal processing may lead to loss of heat-sensitive antioxidants, however it may also enhance the release and bioavailability of bound phytochemicals, thereby modifying the overall phytochemical profile and antioxidant potential of the food matrix (Rana et al., 2021).
Despite the extensive documentation of the nutritional and medicinal value of vegetables, herbs and spices, specific studies examining the impact of domestic cooking techniques on the antioxidant capacity and phytochemical composition of marjoram remain limited.  Given its widespread medicinal relevance and dietary use, understanding how different processing techniques affect its functional properties is of considerable scientific and practical importance. Therefore, the present study aims to systematically evaluate the effects of selected cooking methods on the antioxidant activity and phytochemical profile of marjoram leaves. The findings are expected to contribute to a clear understanding of the relationship between food processing and functional quality, thereby guiding both consumers and the food industry in optimizing culinary practices to maximize the health benefits of marjoram.
2. MATERIALS AND METHODS
2.1 Sample procurement and Preparation
[image: ]
Fresh Marjoram (Origanum majorana L.) were collected from the kitchen garden of Kurukshetra University campus and washed thoroughly to remove dust and impurities. The leaves were air-dried to remove surface moisture before subjecting them to different processing treatments.
2.2 Processing Techniques
The marjoram leaves were divided into five batches: one unprocessed (raw) batch and four processed batches. Each processed batch was subjected to distinct processing technique. For each processing technique the parameters including sample quantity, volume of water, temperature and duration of treatment were standardized.  
· Boiling: 25 g leaves were boiled in 15 ml of water at 100°C for 7 minutes in a covered stainless-steel vessel.
· Pressure Cooking: 25 g leaves were pressure-cooked using 20 ml of water at 121°C (15 psi) for 4 minutes.
· Microwave Cooking: 25 g leaves were microwaved with 10 ml of water at 900 W for 4 minutes.
· Sautéing: 25 g leaves were sautéed in 6 ml oil for 10 minutes.
· Steaming: 25 g leaves were steamed for 15 minutes in a closed vessel.
Following each thermal processing, the leaf samples were cooled to room temperature and immediately used for subsequent extraction and analytical procedures.
2.3 Extraction of samples for further analysis
Raw and treated marjoram leaf samples were weighed accurately, manually grounded using pestle and mortar. The homogenized material was mixed with 80% methanol and acidified with 6N HCl. The mixture was transferred to a mechanical shaker and agitated for 30 minutes at room temperature to facilitate extraction. The resulting extract was centrifuged at 10,000 rpm for 10 minutes, after which the supernatant was carefully collected. The aliquot was then filtered through whatman no. 1 filter paper and concentrated by evaporating the solvent on a hot plate maintained at 60˚C.  
2.4 Nutritional analysis of control and processed samples
2.4.1 Phytochemical Screening:
Qualitative phytochemical analysis of both control and processed samples was conducted following standard protocols. The screening included the assessment of major bioactive groups like alkaloids (Trease and Evans, 1989), phenols (Evans 1997), saponins (Kokate, 1999) flavonoids (Harborne, 1998), gums and mucilages (Whistler and Bemiller, 1993) glycosides and carbohydrates (Ramakrishnan et al., 1994), proteins (Ruthmann, 1970).
Quantitative estimation of phytochemicals:
1. Total Phenolic Content (TPC): The concentration of total phenolic content of the methanolic extracts was determined by the modified Folin-Ciocalteau colorimetric method. Results were expressed as mg GAE/g FW (Singleton et al., 1999). 0.5 ml aliquot of samples was taken. To this, 2 ml of FC reagent was added and wait for 10 min. After that 4 ml of 7.5% Na2CO3 was added and incubated at 37˚C for 30 minutes. Resultant blue coloured complex was read at 765nm.The samples were prepared in triplicate for each analysis and the mean value of absorbance was obtained. The same procedure was repeated for the standard solution of Gallic acid and the calibration line was construed. 
2. Total Flavonoid Content (TFC): TFC was estimated using aluminum chloride colorimetric method as reported by Meda et al. (2004) and expressed as mg QE/g FW. One ml of aliquot of samples was taken and 3 ml methanol was added to it. AlCl3 0.2 ml, 0.2 ml potassium acetate and 5.6 ml water were added to above. The mixture was incubated on room temperature for 30 minutes. The absorbance was read at 415 nm.The same procedure was repeated for the standard solution of quercetin and the calibration line was construed.

2.4.2 Antioxidant activity:  
The antioxidant activity of the extract on the basis of the scavenging activity of the stable DPPH free radical was determined by the method followed by Chan et al. (2007). Absorbance was measured spectrophotometrically and the results were expressed μg/100g fresh weight (FW). Different known sample aliquots were taken in different concentration and their volume were made up to 1 ml with methanol. To this, 2 ml DPPH reagent was added, and the content were mixed properly and then incubated for 30 min at 37˚C.The absorbance of the resultant oxidized solution was read at 517 nm against methanol as blank. The same procedure was repeated for the standard solution of ascorbic acid and the calibration line was construed.
2.4.3 Estimation of Ascorbic Acid Content:
Ascorbic acid content was determined by the 2,6-dichlorophenolindophenol titrimetric method and expressed in mg/100g FW (AOAC, 2000). To each of 50 ml conical flask containing 5 ml metaphosphoric acetic acid solution transferred 5 ml aliquots of ascorbic acid standard solution. it was rapidly titrated with indophenol solution until light but distinct rose-pink colour persists. For blank, similarly 10 ml of HPO3- CH3COOH solution was taken in a conical flask in triplicate and titrate for blank. After subtracting average blanks from standard titration, calculated and expressed concentration of indophenol solution as mg ascorbic acid equal to 1 ml reagent. One ml sample aliquot was taken in a conical flask containing 5 ml HPO3- CH3COOH solution and titrated against the dye solution.
2.4.4 Estimation of β-Carotene Content
[bookmark: _Hlk198296467]β-carotene content was extracted using n-butanol and quantified spectrophotometrically at 440 nm (AOAC, 2000). Results were expressed in μg/100g FW. Dispersed 10g of sample in 50 ml water saturated n-butanol to made a homogenous suspension. Suspension was gently shaken and allowed to stand for 16 h at room temperature in dark. The suspension was gently shaken again and filtered through whatman no. 1 filter paper. Made the volume of filtrate to 100 ml. Measured the absorbance (Y) of the filtrate at 440 nm using saturated n-butanol as a blank. The standard curve of β- carotene was prepared by taking solution of 0.02, 0.06, 0.08, 0.1 and 0.12 mg/ml concentration.
2.5 Statistical analysis
Statistical analysis was performed using IBM SPSS version 20. Results were expressed as mean + standard deviation. Differences among treatment groups were evaluated using one-way analysis of variance (ANOVA) followed by Tukey’s HSD test for post-hoc comparisons. A significance level of p ≤ 0.05 was considered statistically significant. 
3. RESULT AND DISCUSSION
3.1 Phytochemical screening
The phytochemical screening of raw as well as cooked marjoram leaves subjected to various household cooking techniques was done to evaluate the influence of processing on their
Table 1: Impact of processing on phytochemical screening of Marjoram leaves
	
S.N.
	Phytochemical screening
	Raw
	Boiling 
	Pressure cooking
	Microwave 
Cooking
	Steaming
	Sautéing

	1.
	Detection of alkaloids

	A.
	Mayer’s test
	- 
	-
	-
	-
	-
	-

	B.
	Wagner’s test
	-
	-
	-
	-
	-
	-

	C.
	Hager’s test
	-
	-
	-
	-
	-
	-

	D.
	Dragendorff’s test
	-
	-
	-
	-
	-
	-

	2.
	Detection of carbohydrates 

	A.
	Molish’s test
	+
	+
	+
	+
	+
	+

	B.
	Fehling’s test
	+
	+
	+
	+
	+
	+

	C.
	Barfoed test 
	+
	+
	+
	+
	+
	+

	D.
	Benedict test
	+
	+
	+
	+
	+
	+

	3.
	Detection of glycosides

	A.
	Sulphuric acid test
	+
	+
	+
	+
	+
	+

	B.
	Borntrager’s test
	+
	+
	+
	+
	+
	+

	C.
	Legal’s test
	+
	+
	+
	+
	+
	+

	4.
	Detection of saponin  

	A
	Foam test
	-
	-
	-
	-
	-
	-

	5.
	Detection of proteins and amino acids

	A.
	Millon’s Test
	-
	-
	-
	-
	-
	-

	B.
	Biuret test
	-
	-
	-
	-
	-
	-

	C.
	Ninhydrin test
	-
	-
	-
	-
	-
	-

	6.
	Detection of fixed oil and fats

	A.
	Saponification test
	-
	-
	-
	-
	-
	-

	7.
	Detection of phenolic compound

	A.
	Ferric chloride test
	++
	++
	++
	++
	++
	++

	B.
	Lead acetate test
	++
	++
	++
	++
	++
	++

	C.
	Gelatin test
	++
	++
	++
	++
	++
	++

	8.
	Detection of flavonoids

	A.
	Alkaline reagents test
	++
	++
	++
	++
	++
	++

	B.
	Magnesium and Hydrochloric acid reduction
	++
	++
	++
	++
	++
	++

	9.
	Detection of gum and Mucilages
	-
	-
	-
	-
	-
	-


+Present moderately   ++ Present strongly   - Absent 
phytochemical content (Table 1). Findings revealed that phenol and flavonoids were consistently present across all the samples. Carbohydrates and glycosides also exhibited moderate presence in both raw and processed samples. Alkaloids, proteins, amino acids, saponin, fats, oils, gums & mucilages were not detected in any of the samples. It was further found that the phytochemical composition of marjoram leaves remained largely stable across different cooking treatments as no visible effect of cooking techniques on the phytochemical content of marjoram leaves was observed. The presence of flavonoids in all processed samples aligns with the previous findings reported by Ghudhaib and Khaleel (2024), while the absence of alkaloids and saponins corroborates findings reported by Ghudhaib and Khaleel (2024) and Deuschle et al. (2018) in marjoram leaves. 
3.2 Total Phenol
Phenolic compounds react with Folin–Ciocalteu reagent (FCR) only under basic conditions. Dissociation of a phenolic proton in basic medium leads to a phenolate anion, which is capable of reducing FCR in which the molybdate in the testing system is reduced forming blue colored molybdenum oxide with maximum absorption near 700nm (Huang et al., 2005). The total phenolic content (TPC) of raw and processed marjoram leaves is presented in Table 2. Fig 2. The phenolic content of marjoram leaves, both raw and processed, ranged from 146.21 to 660.19 mg/100g GAE. The highest phenolic content was observed in the sauteed sample, while the raw sample exhibited the lowest. Tukey’s HSD confirms a clear descending order in retention of phenolic content i.e. sautéed = Pressure Cooked > Boiled = Steamed = Microwave > Raw. Sautéing (660.19 mg) and pressure cooking (617.32 mg) showed the highest levels, significantly (p≤0.05) above all others. Microwave, boiling, and steaming resulted in improved phenolic content which was significant (p≤0.05) with raw but non-significant (p≤0.05) with each other. The observed increase in phenolic content following cooking may be explained by the liberation of bound phenolic compounds from the plant cell matrix during thermal processing. Heat treatment can disrupt cell wall structures and weaken phenolic–macromolecule interactions, thereby enhancing extractability (Adefegha and Oboh 2011). Similar findings have been reported by Hossain et al. (2017) after boiling, Zeb et al., (2024) following microwave cooking and de Lima et al. (2017) after steaming, all of whom documented elevated total phenolic contents in heat-treated samples.
3.3 Flavonoid content
Flavonoids, which are commonly found in many edible fruits, vegetables, and seeds, are heat-sensitive polyphenolic compounds. As a result, their levels in vegetables can be significantly (p≤0.05) affected by the heat exposure during cooking (Zhang et al., 2011).  Flavonoid content of marjoram leaves, both raw and processed, ranged from 32.25 to 76.96 mg QE/100g (Table 2 Fig 1). The sauteed marjoram leaves had the highest flavonoid content, while the steamed sample exhibited the lowest flavonoid content. Further Tukey post hoc test showed that sautéing resulted in the improved and highest flavonoid level, significantly (p≤0.05) different from all other treatments. Microwave cooking (74.58%) and steaming (49.10%) also significantly (p≤0.05) improved flavonoid content compared to raw. Boiling and steaming had slight negative effects i.e. 4.7% and 10%, respectively, which were non- significant (p≤0.05) from the raw sample. The enhanced flavonoid content observed across most cooking procedures may be attributed to improved extractability resulting from the more efficient release of polyphenolic and flavonoid compounds from intracellular protein complexes and modifications in the plant cell wall structure (Adefega and Oboh, 2011). The overall impact of cooking on phytochemical concentration is influenced by factors such as cooking conditions, the structure of the food matrix, and the chemical properties of the specific compounds involved (Palermo et al., 2014). Similar trends in some vegetables were also observed by Hossain et al., (2017), Geetha et al., 2018, Wu et al., 2019, Kim et al., 2021, Goyal and Tarvinder (2025) all of whom observed improved flavonoid content following the processing of various green leafy vegetables.
 

Fig: 1   Impact of different processing on antioxidant activity and flavonoids of Marjoram leaves    


Fig: 2   Impact of different processing on ascorbic acid, β-carotene and total phenol of Marjoram leaves  
3.4 Radical scavenging activity
The raw sample had lowest antioxidant activity (207.29 μg/mL), followed by the pressure-cooked (137.41 μg/mL), steamed (136.66 μg/mL), microwave-cooked (54.06 μg/mL), boiled (50.02 μg/mL) and sautéed samples (47.34 μg/mL) (Table 2, Fig 1). Tukey's post hoc analysis indicated that all cooking methods significantly improved (p≤0.05) antioxidant activity compared to the raw sample. Notably, sautéing, boiling, and microwave cooking showed 77.16%, 75.86% and 73.92% improvement, respectively and were significantly (p≤0.05) more effective than steaming and pressure cooking.
All the processing techniques enhanced the antioxidant activity of marjoram leaves. Increment after processing may be attributed to breaking down of cell walls and releasing bound phenolic compounds (Shahidi and Hossain, 2023).  Chin et al. (2022), Etu et al. (2024) and Suwanwong and Boonpangrak (2025)  reported that steaming, microwave cooking, and sautéing enhanced the antioxidant activity in various leafy vegetables, including Cassia auriculata and Centella asiatica, Chinese kale, and fluted pumpkin and garden egg leaves, respectively. Geetha et al. (2018) and Goyal and Tarvinder (2025) also observed an increase in antioxidant activity after boiling and pressure cooking of curry leaves. These findings are consistent with the results of the present study, supporting the positive impact of cooking methods on antioxidant potential. 
3.5 Ascorbic acid
The ascorbic acid content of marjoram leaves, both raw and processed, ranged from 0.12 to 1.67 mg/100g (Table 2). Raw sample had the highest ascorbic acid value (1.67 mg/100g), followed by pressure cooked (0.21 mg/100g), microwave cooked (0.17 mg/100g) and steamed & sautéed (0.15 mg/100g) and boiled (0.12 mg/100g) samples. Tukey post hoc analysis exhibited that all processing methods caused extreme loss (>87%), however there was statistically non-significant (p≤0.05) differences among them. All methods drastically reduced ascorbic acid while pressure cooking retained the most among them. The reduction can be mainly attributed to rapid oxidation, which transform ascorbic acid to dehydroascorbic acid, subsequently undergoing hydrolysis to 2,3-diketogulonic acid and polymerization. Furthermore, leaching of nutrients into boiling water contributes to the reduction in ascorbic acid levels (Nambi et al., 2016). The observed loss is 
Table 2: Impact of different processing techniques on antioxidant activity and phytochemical content of Marjoram Leaves
	Marjoram leaves
	Raw
	Boiling
	Pressure cooking
	Microwave Cooking
	Steaming
	 Sautéing

	Antioxidant activity (μg/100g)
	207.29±1.62a

	50.02±1.23c
(+75.86%)
	137.41±2.94b
(+33.71%)
	54.06±1.17c
(+73.92%)
	136.66±1.06b
(+34.07%)
	47.34±1.22c
(+77.16%)

	Flavonoid (mg QE/100g) 
	35.84±1.07d
	34.20±0.56d (-4.57%)
	53.44±2.35c (+49.10%)
	62.57±1.6b (+74.58%)
	32.25±1.66d 
(-10.01%)
	76.96±.2.01a (+114.73%)

	Phenolic content (mg/100g GAE) 
	146.21±4.04c
	446.57±3.35b
(+205.43%)
	617.32±25.32a
(+322.21%)
	515.88±1.92b
(+252.83%)
	456.85±3.51b
(+212.46%)
	660.19±30.27a
(+351.53%)

	 β-carotene (μg/100g) 
	1114.23±42.15a
	317.60±4.35c
(-71.49%)
	767.16±5.36b
(-31.14%)
	377.27±6.15c
(-66.14%)
	410.08±6.67c
(-63.19%)
	1141.40±30.27a
(+2.43%)

	Ascorbic acid (mg/100g) 
	1.67±0.0a
	0.12±0.25a
(-92.81%)
	0.21±0.0a
(-87.42%)
	0.17±0.25a
(-89.82%)
	0.15±0.0a
(-91.02%)
	0.15±0.0a
(-91.02%)


Mean value are presented as mean±SD and referred to the fresh weight 
Readings were taken in triplicate                                                     
The mean value having different alphabets are significantly different (p≤.05) using Tukey’s test for different processing treatments
The mean value having different alphabets are significantly different (p≤0.05) using Tukey’s test for different processing treatments               
consistent with previous reports indicating loss of vitamin C during different cooking technique (Kaur and Kochar, 2005, Kaur and Kochar 2008 Yang et al. 2019, Kinyi et al., 2022 Khatun et al., 2019, Shobham et al., 2017). Researchers have also shown that Vitamin C is a water-soluble and heat-sensitive, making it prone to degradation during cooking. High temperatures and extended cooking times promote significant (p≤0.05) losses in ascorbic acid during both thermal and water-based treatments (Tian et al., 2015). 
3.6 The β-carotene 
The β-carotene content of marjoram leaves, both raw and processed, ranged from 317.6 to 1114.23 μg/100g (Table 2 Fig 2). Tukey post hoc exhibited that sautéing technique (2.43%) slightly enhanced β-carotene content as compared to raw with significant (p≤0.05) difference from all the processing techniques. Pressure cooking (−31.14%) showed a significant (p≤0.05) decline from all the samples. Boiling (−71.49%), microwave (−66.14%), and steaming (−63.19%) treatments caused severe degradation, which non-significant (p≤0.05) difference from each other. Among all the processing techniques sautéing emerged as best technique for preserving β-carotene. The present study supports findings from previous researchers which showed reductions in carotenoid levels in cooked vegetables compared to their raw counterparts (Lee et al., 2018; Monalisa et al., 2020). The observed losses may be attributed to the differences in intracellular distributions of β-carotene, which is stored within crystalline chromoplasts surrounded by polar lipid-rich membranes in vegetables. Thermal processing can alter the physical state of carotenes, making them more soluble (Mazzeo et al., 2011). Additionally, some carotenoids are lost through leaching during cooking, contributing to the decrease in β-carotene retention. This change may likely a result of heat-induced isomerization, converting trans-carotenes into their more bioavailable cis forms, which have greater solubility in micelles, thereby enhancing their bio accessibility and bioavailability (Monalisa et al., 2020).
3.7 Antimicrobial activity
Figure 3 illustrates the impact of different processing treatments on the antimicrobial activity of marjoram leaf extracts against Candida albicans and Staphylococcus aureus and Escherichia coli. Against S. aureus, the raw sample showed significantly lower (p≤0.05) inhibitory activity with a zone of 7.8 mm than standard, while pressure cooking resulted in a slightly reduced zone of 7.5 mm. Microwave cooking showed the lowest inhibition among tested methods (5.7 mm), indicating reduced bioavailability of antimicrobial compounds due to heat exposure. Other cooking treatments (boiling, steaming, sautéing) did not possess antimicrobial activity. The positive control (ciprofloxacin) showed a substantially larger zone of inhibition (26.04 mm), confirming the validity of the assay. 
In the case of E. coli, the extract showed no detectable inhibitory activity by raw sample as well as across all treatments. Only the ciprofloxacin control demonstrated a clear inhibition zone of 22.54 mm. The lack of response to the extract could be attributed to the inherent resistance of Gram-negative bacteria, which possess an outer membrane that protects them from many antimicrobial compounds produced by plants. 
For C. albicans, the raw sample exhibited the highest antifungal activity with a zone of 8.3 mm, followed by pressure-cooked (6.4 mm), microwave-cooked (5.8 mm), steamed (5.4 mm), and boiled (2.3 mm) samples. Non- significant difference (p≤0.05) was found in zone of inhibition of pressure cooked, microwave cooked and steamed sample. This pattern suggests that some antifungal compounds are sensitive to thermal degradation, especially during boiling. The positive control (Amphotericin) recorded the highest activity with a zone of 15.25 mm. Overall highest retention of antimicrobial activity was observed in pressure cooked sample against C. albicans.

Fig 3: Impact of processing on antimicrobial activity of Marjoram leaves
The tested plant extract of marjoram leaves demonstrates moderate antimicrobial activity against S. aureus and C. albicans, particularly in raw and pressure-cooked forms, while no activity was observed against E. coli. Sauteing method reduced the antimicrobial activity completely. However, thermal processing particularly boiling and steaming significantly (p≤0.05) reduced these bioactivities. It is well established that the functional properties of phenolic compounds can be significantly (p≤0.05) diminished during thermal processing, leading to reduced antioxidant and antimicrobial activities (Nwaichi, 2013). The extent of reduction varied depending on factors such as the type of sample, duration of cooking and the temperature applied (Gunasena and Rajapakse, 2015). The absence of inhibitory effects against E. coli in processed samples further highlights the structural resistance of Gram-negative bacteria and the importance of processing on bioactive compound retention (Breijyeh et al., 2020). Similar results were reported by Sutradhar et al. (2020) for Emblica officinalis who observed reduced antimicrobial activity after five minutes of boiling. Bordoloi et al. (2017) also confirmed decreased effectiveness against S. aureus after boiling treatment. The data highlight the influence of cooking methods on antimicrobial efficacy and suggest that consumption in raw or minimally processed forms may help retain the functional properties of the plant.
4. CONCLUSION 
The present study demonstrates that different processing methods significantly (p≤0.05) influence the nutritional and bioactive composition of marjoram leaves. Although all cooking techniques led to some degradation of heat-sensitive compounds like ascorbic acid and β-carotene, certain methods enhanced the release and bioavailability of phenolic compounds and flavonoids. Among the evaluated common household cooking methods, Sautéing emerged as comparatively most favourable techniques, preserving antioxidant and phytochemical properties effectively. In contrast, boiling and pressure cooking despite their widespread use were associated to substantial losses in nutrient content. These observations highlight the impact of thermal intensity and processing conditions on the retention of functional constituents. Overall, these findings provide valuable insights for both culinary applications and industrial processing of marjoram leaves to retain their functional benefits. Selecting appropriate cooking methods is essential to optimize nutrient retention and maximize the potential health benefits associated with marjoram leaves.
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