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            Abstract

            
               
Background: Lemongrass (Cymbopogon citratus) is widely used in traditional medicine, with growing interest in its pharmacological properties. This study aims to systematically
                  investigate the phytochemical composition and biological activities of lemongrass extracts, focusing on optimizing extraction
                  methods and evaluating their therapeutic potential.
               

               Materials and Methods: Various extraction techniques were employed, including solvent-based methods (ethanol, methanol, and water) and green extraction
                  approaches (ultrasound-assisted and microwave-assisted extraction). Phytochemical profiling was conducted using qualitative
                  and quantitative techniques, including gas chromatography-mass spectrometry (GC-MS) and liquid chromatography-mass spectrometry
                  (LC-MS). The biological activities of the extracts were assessed through in vitro assays for antioxidant (DPPH, ABTS), antimicrobial
                  (agar diffusion), anti-inflammatory (COX inhibition), and cytotoxicity activities (on HeLa, MCF-7, and HEK-293 cell lines).
               

               Results: Ethanol extracts showed the highest yield of bioactive compounds, including flavonoids, terpenoids, and phenolic acids. These
                  extracts also exhibited significant antioxidant activity with DPPH and ABTS assays. The antimicrobial tests revealed strong
                  activity against Staphylococcus aureus and Candida albicans, while the COX inhibition assay indicated notable anti-inflammatory
                  effects. Cytotoxicity studies demonstrated selective toxicity toward cancer cell lines (HeLa, MCF-7) with minimal effects
                  on normal cells (HEK-293).
               

               Conclusion: Lemongrass extracts, particularly those obtained via ethanol extraction, exhibit promising antioxidant, antimicrobial, anti-inflammatory,
                  and anticancer properties. These findings highlight its potential for pharmaceutical and therapeutic applications, warranting
                  further investigation in vivo and in clinical trials.
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               Introduction

            
                  Overview of lemongrass: Botanical classification, geographical distribution, and its significance in traditional and modern
                  medicine
               

               Lemongrass (Cymbopogon citratus), belonging to the Poaceae family, is a widely cultivated plant known for its aromatic properties and therapeutic benefits.
                  Native to tropical and subtropical regions, particularly Southeast Asia and Africa, it thrives in warm climates and is commonly
                  grown in countries such as India, Thailand, and Brazil.1  Traditionally, lemongrass has been used in various medicinal systems, including Ayurvedic and traditional Chinese medicine,
                  for treating digestive issues, fever, and inflammation.2  Its essential oil, rich in citral, has long been valued for its soothing and antimicrobial effects.
               

               In modern medicine, lemongrass is gaining attention due to its rich phytochemical content, which includes flavonoids, phenolic
                  acids, and terpenoids. These compounds contribute to its growing use in nutraceuticals, cosmetics, and pharmaceuticals. Its
                  essential oil is also a key ingredient in aromatherapy and is widely used in alternative medicine for stress relief and enhancing
                  immune function. 3 
               

            

            
                  Importance of lemongrass in pharmacology: Antioxidant, antimicrobial, and anti-inflammatory properties

               Lemongrass has demonstrated significant pharmacological potential, particularly due to its antioxidant, antimicrobial, and
                  anti-inflammatory activities. The high content of phenolic compounds and flavonoids in lemongrass contributes to its potent
                  antioxidant properties, which are crucial for neutralizing free radicals and preventing oxidative stress-related diseases.4  Studies have shown that extracts from lemongrass exhibit strong radical scavenging activity, making it a promising candidate
                  for developing antioxidant-rich formulations.5 
               

               Additionally, lemongrass is widely recognized for its antimicrobial activity. The essential oil, particularly its major component
                  citral, has shown efficacy against a broad spectrum of bacterial and fungal strains, including Staphylococcus aureus and Candida
                  albicans.6  This makes it a valuable natural preservative and an alternative to synthetic antimicrobials in pharmaceutical and food
                  industries. 
               

               The anti-inflammatory effects of lemongrass are also well-documented. It has been reported to inhibit the activity of cyclooxygenase
                  (COX), a key enzyme in the inflammatory process. The inhibition of COX activity by lemongrass extracts suggests its potential
                  in managing conditions associated with inflammation, such as arthritis and asthma.7 
               

            

            
                  Objectives of the study

               Given the diverse pharmacological properties of lemongrass, this study aims to:

               
                     
                     	
                        Conduct a phytochemical analysis of lemongrass extracts to identify key bioactive compounds

                     

                     	
                        Evaluate the biological activities of these extracts, focusing on their antioxidant, antimicrobial, and anti-inflammatory
                           properties.
                        

                     

                     	
                        Compare different extraction methods to determine the most efficient technique for maximizing bioactive compound yield and
                           biological activity.
                        

                     

                  

               

               These objectives will help clarify the therapeutic potential of lemongrass and explore its applications in pharmaceutical
                  and nutraceutical formulations.
               

            

         

         
               Materials and Methods

            
                  Plant material collection and preparation

               
                     Description of the collection site and conditions for lemongrass cultivation or procurement

                  Lemongrass (Cymbopogon citratus) was collected from herbal garden of Maharana Pratap School of Pharmacy, Lucknow, Uttar Pradesh, India. The soil in this
                     region is sandy loam, ideal for lemongrass growth, with an average annual temperature of 25–30°C and rainfall of 1,200 mm.
                     The plants were harvested during their vegetative stage, ensuring optimal levels of bioactive compounds 
                  

               

               
                     Methods for drying, powdering, and storing plant material before extraction

                  The collected lemongrass samples were washed thoroughly with distilled water and air-dried at room temperature (25 ± 2°C)
                     for 7–10 days in a shaded, well-ventilated area to prevent photodegradation of sensitive compounds. After drying, the samples
                     were ground into a fine powder using a mechanical grinder and passed through a 40-mesh sieve. The powdered material was stored
                     in air-tight glass containers at 4°C until extraction.
                  

               

            

            
                  Extraction methods

               
                     Solvent extraction

                  Solvent extraction was performed using three different solvents: ethanol, methanol, and water, chosen based on polarity to
                     maximize the extraction of both polar and non-polar compounds.8  For ethanol and methanol extractions, 50 g of powdered lemongrass was subjected to maceration at room temperature for 72
                     hours, with intermittent stirring. The solvent-to-plant ratio was maintained at 5:1 (v/w). The mixture was filtered through
                     Whatman No. 1 filter paper, and the filtrate was concentrated using a rotary evaporator at 40°C under reduced pressure.8  Aqueous extraction was performed similarly by boiling 50 g of plant material in 500 mL of distilled water for 30 minutes
                     and then filtering and concentrating the extract.
                  

                  In Soxhlet extraction, 50 g of lemongrass powder was packed into the extraction chamber of the Soxhlet apparatus, and the
                     solvent (ethanol or methanol) was used for continuous extraction over 6 hours. The extracts were then concentrated and stored
                     at 4°C for further analysis).9 
                  

               

               
                     Green extraction techniques

                  Eco-friendly methods were also employed, including:

                  
                        
                        	
                           Ultrasound-Assisted Extraction (UAE): 50 g of plant material was mixed with ethanol in a 5:1 solvent-to-plant ratio and sonicated
                              for 30 minutes at 40°C. Ultrasonic waves enhanced the cell wall disruption, facilitating the release of bioactive compounds.10  
                           

                        

                        	
                           Microwave-Assisted Extraction (MAE): 50 g of lemongrass powder was extracted with ethanol using a microwave extractor at 500
                              W for 10 minutes. The microwave radiation caused rapid heating, leading to faster extraction times and reduced solvent usage.11 
                           

                        

                        	
                           Supercritical Fluid Extraction (SFE): CO₂ was used as the supercritical fluid at 30 MPa and 40°C for 2 hours to extract volatile
                              and non-volatile compounds). 12 
                           

                        

                     

                  

               

               
                     Comparison of extraction efficiencies based on yield and phytochemical content

                  The yield of the extracts was calculated using the formula:

                  
                        Figure 1
[image: https://s3-us-west-2.amazonaws.com/typeset-prod-media-server/55e3b51b-aafa-49ad-bd3f-148d6263b205image1.png]

                  The phytochemical content was assessed by determining the total phenolic and flavonoid content, as well as specific compounds
                     identified by GC-MS. Results were tabulated (Table  1).
                  

                  
                        
                        Table 1

                        Extractionyields and phytochemical content of lemongrass extracts

                     

                     
                           
                              
                                 	
                                    
                                 
                                 
                                    Extraction Method
                                    
                                 

                                 
                              
                              	
                                    
                                 
                                  Solvent

                                 
                              
                              	
                                    
                                 
                                  Yield (%)

                                 
                              
                              	
                                    
                                 
                                  Total Phenolic Content (mg GAE/g)

                                 
                              
                              	
                                    
                                 
                                  Total Flavonoid Content (mg QE/g)

                                 
                              
                           

                           
                                 	
                                    
                                 
                                 Maceration

                                 
                              
                              	
                                    
                                 
                                  Ethanol

                                 
                              
                              	
                                    
                                 
                                  12.5

                                 
                              
                              	
                                    
                                 
                                  85.6 ± 1.5

                                 
                              
                              	
                                    
                                 
                                  42.3 ± 2.1

                                 
                              
                           

                           
                                 	
                                    
                                 
                                 Maceration

                                 
                              
                              	
                                    
                                 
                                  Methanol

                                 
                              
                              	
                                    
                                 
                                  11.2

                                 
                              
                              	
                                    
                                 
                                  78.4 ± 1.3

                                 
                              
                              	
                                    
                                 
                                  39.8 ± 1.7

                                 
                              
                           

                           
                                 	
                                    
                                 
                                 Soxhlet Extraction

                                 
                              
                              	
                                    
                                 
                                  Ethanol

                                 
                              
                              	
                                    
                                 
                                  15.7

                                 
                              
                              	
                                    
                                 
                                  94.2 ± 1.9

                                 
                              
                              	
                                    
                                 
                                  47.1 ± 2.3

                                 
                              
                           

                           
                                 	
                                    
                                 
                                  Soxhlet Extraction

                                 
                              
                              	
                                    
                                 
                                  Methanol

                                 
                              
                              	
                                    
                                 
                                  13.8

                                 
                              
                              	
                                    
                                 
                                  88.3 ± 1.8

                                 
                              
                              	
                                    
                                 
                                  45.2 ± 2.0

                                 
                              
                           

                           
                                 	
                                    
                                 
                                  Ultrasound-Assisted Extraction

                                 
                              
                              	
                                    
                                 
                                  Ethanol

                                 
                              
                              	
                                    
                                 
                                  16.3

                                 
                              
                              	
                                    
                                 
                                  101.5 ± 2.0

                                 
                              
                              	
                                    
                                 
                                  52.5 ± 2.4

                                 
                              
                           

                           
                                 	
                                    
                                 
                                  Microwave-Assisted Extraction

                                 
                              
                              	
                                    
                                 
                                  Ethanol

                                 
                              
                              	
                                    
                                 
                                  14.9

                                 
                              
                              	
                                    
                                 
                                  98.2 ± 1.7

                                 
                              
                              	
                                    
                                 
                                  50.6 ± 2.3

                                 
                              
                           

                           
                                 	
                                    
                                 
                                  Supercritical Fluid Extraction

                                 
                              
                              	
                                    
                                 
                                  CO₂

                                 
                              
                              	
                                    
                                 
                                  10.1

                                 
                              
                              	
                                    
                                 
                                  67.4 ± 1.2

                                 
                              
                              	
                                    
                                 
                                  31.5 ± 1.6

                                 
                              
                           

                        
                     

                  

               

            

            
                  Phytochemical analysis

               
                     Qualitative analysis

                  The presence of various phytochemicals was determined using the following standard tests:

                  
                        
                        	
                           Alkaloids: Dragendorff’s test

                        

                        	
                           Flavonoids: Shinoda test

                        

                        	
                           Phenolic compounds: Ferric chloride test

                        

                        	
                           Terpenoids: Salkowski test These tests were performed following the protocols.13  
                           

                        

                     

                  

               

               
                     Quantitative analysis

                  
                        
                        	
                           Total Phenolic Content (TPC): Total phenolic content was measured using the Folin-Ciocalteu reagent method. (Singleton et
                              al., 1999).
                           

                        

                        	
                           Total Flavonoid Content (TFC): Total flavonoid content was determined using aluminum chloride colorimetry. Quercetin was used
                              as a standard, and the results were expressed as mg quercetin equivalents per gram of extract (mg QE/g).14 
                           

                        

                        	
                           Gas Chromatography-Mass Spectrometry (GC-MS) or Liquid Chromatography-Mass Spectrometry (LC-MS): The chemical composition
                              of the extracts was analyzed using GC-MS and LC-MS to identify the main bioactive compounds. The GC-MS analysis was performed
                              with a column temperature of 60–280°C, and the compounds were identified by comparing their mass spectra with the NIST library.15 
                           

                        

                     

                  

               

            

         

         
               Results

            
                  Extraction yield

               
                     Presentation of extraction yields for different solvents and techniques

                  The extraction yields varied significantly depending on the solvent and extraction technique used. Ethanol extraction via
                     ultrasound-assisted extraction (UAE) provided the highest yield at 16.3%, followed by Soxhlet extraction with ethanol at 15.7%.
                     Methanol-based Soxhlet extraction gave a yield of 13.8%, while the lowest yield was obtained from supercritical fluid extraction
                     (SFE) at 10.1%.
                  

                  
                        
                        Table 2

                        Extraction yields of lemongrass extracts using different solvents and techniques

                     

                     
                           
                              
                                 	
                                    
                                 
                                 
                                    Extraction Method
                                    
                                 

                                 
                              
                              	
                                    
                                 
                                  Solvent

                                 
                              
                              	
                                    
                                 
                                  Yield (%)

                                 
                              
                           

                           
                                 	
                                    
                                 
                                 Maceration

                                 
                              
                              	
                                    
                                 
                                  Ethanol

                                 
                              
                              	
                                    
                                 
                                  12.5

                                 
                              
                           

                           
                                 	
                                    
                                 
                                 Maceration

                                 
                              
                              	
                                    
                                 
                                  Methanol

                                 
                              
                              	
                                    
                                 
                                  11.2

                                 
                              
                           

                           
                                 	
                                    
                                 
                                 Soxhlet Extraction

                                 
                              
                              	
                                    
                                 
                                  Ethanol

                                 
                              
                              	
                                    
                                 
                                  15.7

                                 
                              
                           

                           
                                 	
                                    
                                 
                                 Soxhlet Extraction

                                 
                              
                              	
                                    
                                 
                                  Methanol

                                 
                              
                              	
                                    
                                 
                                  13.8

                                 
                              
                           

                           
                                 	
                                    
                                 
                                 Ultrasound-Assisted Extraction

                                 
                              
                              	
                                    
                                 
                                  Ethanol

                                 
                              
                              	
                                    
                                 
                                  16.3

                                 
                              
                           

                           
                                 	
                                    
                                 
                                 Microwave-Assisted Extraction

                                 
                              
                              	
                                    
                                 
                                  Ethanol

                                 
                              
                              	
                                    
                                 
                                  14.9

                                 
                              
                           

                           
                                 	
                                    
                                 
                                 Supercritical Fluid Extraction

                                 
                              
                              	
                                    
                                 
                                  CO₂

                                 
                              
                              	
                                    
                                 
                                  10.1

                                 
                              
                           

                        
                     

                  

               

               
                     Comparative discussion of the effectiveness of each method

                  Ultrasound-assisted extraction yielded the highest amount of bioactive compounds due to the enhanced cavitation effect, which
                     facilitates the release of cellular contents.16  Ethanol consistently outperformed methanol and aqueous solvents across extraction methods, likely due to its intermediate
                     polarity, which efficiently extracts both polar and non-polar compounds.8  Soxhlet extraction, while highly effective, required longer processing times, whereas supercritical fluid extraction, despite
                     its eco-friendly nature, resulted in the lowest yield due to limitations in extracting high-molecular-weight compounds.12 
                  

               

            

            
                  Phytochemical composition

               
                     Results from qualitative and quantitative phytochemical analyses

                  Qualitative phytochemical screening indicated the presence of alkaloids, flavonoids, phenolics, terpenoids, and saponins across
                     all extracts. Quantitative analysis using the Folin-Ciocalteu and aluminum chloride methods showed that the ethanol extracts
                     contained the highest total phenolic content (101.5 mg GAE/g) and flavonoid content (52.5 mg QE/g), particularly in the ultrasound-assisted
                     extraction method.14 
                  

                  
                        
                        Table 3

                        Total phenolic and flavonoid contents of lemongrass extracts

                     

                     
                           
                              
                                 	
                                    
                                 
                                 
                                    Extraction Method
                                    
                                 

                                 
                              
                              	
                                    
                                 
                                  Solvent

                                 
                              
                              	
                                    
                                 
                                  Total Phenolic Content (mg GAE/g)

                                 
                              
                              	
                                    
                                 
                                  Total Flavonoid Content (mg QE/g)

                                 
                              
                           

                           
                                 	
                                    
                                 
                                  Maceration

                                 
                              
                              	
                                    
                                 
                                  Ethanol

                                 
                              
                              	
                                    
                                 
                                  85.6 ± 1.5

                                 
                              
                              	
                                    
                                 
                                  42.3 ± 2.1

                                 
                              
                           

                           
                                 	
                                    
                                 
                                  Maceration

                                 
                              
                              	
                                    
                                 
                                  Methanol

                                 
                              
                              	
                                    
                                 
                                  78.4 ± 1.3

                                 
                              
                              	
                                    
                                 
                                  39.8 ± 1.7

                                 
                              
                           

                           
                                 	
                                    
                                 
                                  Soxhlet Extraction

                                 
                              
                              	
                                    
                                 
                                  Ethanol

                                 
                              
                              	
                                    
                                 
                                  94.2 ± 1.9

                                 
                              
                              	
                                    
                                 
                                  47.1 ± 2.3

                                 
                              
                           

                           
                                 	
                                    
                                 
                                  Soxhlet Extraction

                                 
                              
                              	
                                    
                                 
                                  Methanol

                                 
                              
                              	
                                    
                                 
                                  88.3 ± 1.8

                                 
                              
                              	
                                    
                                 
                                  45.2 ± 2.0

                                 
                              
                           

                           
                                 	
                                    
                                 
                                  Ultrasound-Assisted Extraction

                                 
                              
                              	
                                    
                                 
                                  Ethanol

                                 
                              
                              	
                                    
                                 
                                  101.5 ± 2.0

                                 
                              
                              	
                                    
                                 
                                  52.5 ± 2.4

                                 
                              
                           

                           
                                 	
                                    
                                 
                                  Microwave-Assisted Extraction

                                 
                              
                              	
                                    
                                 
                                  Ethanol

                                 
                              
                              	
                                    
                                 
                                  98.2 ± 1.7

                                 
                              
                              	
                                    
                                 
                                  50.6 ± 2.3

                                 
                              
                           

                           
                                 	
                                    
                                 
                                  Supercritical Fluid Extraction

                                 
                              
                              	
                                    
                                 
                                  CO₂

                                 
                              
                              	
                                    
                                 
                                  67.4 ± 1.2

                                 
                              
                              	
                                    
                                 
                                  31.5 ± 1.6

                                 
                              
                           

                        
                     

                  

               

               
                     GC-MS/LC-MS Data highlighting major bioactive compounds

                  GC-MS and LC-MS analyses identified several major bioactive compounds across the extracts, with citral being the predominant
                     component (29.8%), followed by geraniol (12.7%), and limonene (8.4%) in the ethanol extracts. These compounds are known for
                     their antioxidant, antimicrobial, and anti-inflammatory activities.15   Ultrasound-assisted extraction showed the highest concentration of citral, corroborating the higher antioxidant and antimicrobial
                     activities of these extracts.
                  

               

            

            
                  Antioxidant activity

               The antioxidant activity of the lemongrass extracts was evaluated using DPPH and ABTS radical scavenging assays. The ethanol
                  extract obtained from ultrasound-assisted extraction exhibited the highest radical scavenging activity, with IC50 values of
                  45.6 µg/mL for DPPH and 32.1 µg/mL for ABTS (Table  3). Methanol and water extracts demonstrated lower antioxidant activity, which correlates with their lower phenolic and flavonoid
                  contents. 
               

               
                     
                     Table 4

                     Antioxidant activity of lemongrass extracts (IC50 Values in µg/mL)

                  

                  
                        
                           
                              	
                                 
                              
                              
                                 Extraction Method
                                 
                              

                              
                           
                           	
                                 
                              
                               Solvent

                              
                           
                           	
                                 
                              
                               DPPH IC50 (µg/mL)

                              
                           
                           	
                                 
                              
                               ABTS IC50 (µg/mL)

                              
                           
                        

                        
                              	
                                 
                              
                               Maceration

                              
                           
                           	
                                 
                              
                               Ethanol

                              
                           
                           	
                                 
                              
                               56.2 ± 2.1

                              
                           
                           	
                                 
                              
                               39.8 ± 1.7

                              
                           
                        

                        
                              	
                                 
                              
                               Maceration

                              
                           
                           	
                                 
                              
                               Methanol

                              
                           
                           	
                                 
                              
                               61.5 ± 2.3

                              
                           
                           	
                                 
                              
                               45.2 ± 1.9

                              
                           
                        

                        
                              	
                                 
                              
                               Soxhlet Extraction

                              
                           
                           	
                                 
                              
                               Ethanol

                              
                           
                           	
                                 
                              
                               49.3 ± 1.8

                              
                           
                           	
                                 
                              
                               36.4 ± 1.6

                              
                           
                        

                        
                              	
                                 
                              
                               Soxhlet Extraction

                              
                           
                           	
                                 
                              
                               Methanol

                              
                           
                           	
                                 
                              
                               54.7 ± 2.0

                              
                           
                           	
                                 
                              
                               41.7 ± 1.5

                              
                           
                        

                        
                              	
                                 
                              
                               Ultrasound-Assisted Extraction

                              
                           
                           	
                                 
                              
                               Ethanol

                              
                           
                           	
                                 
                              
                               45.6 ± 1.9

                              
                           
                           	
                                 
                              
                               32.1 ± 1.4

                              
                           
                        

                        
                              	
                                 
                              
                               Microwave-Assisted Extraction

                              
                           
                           	
                                 
                              
                               Ethanol

                              
                           
                           	
                                 
                              
                               48.8 ± 2.1

                              
                           
                           	
                                 
                              
                               35.5 ± 1.8

                              
                           
                        

                        
                              	
                                 
                              
                               Supercritical Fluid Extraction

                              
                           
                           	
                                 
                              
                               CO₂

                              
                           
                           	
                                 
                              
                               69.4 ± 2.6

                              
                           
                           	
                                 
                              
                               51.3 ± 2.0

                              
                           
                        

                     
                  

               

            

            
                  Antimicrobial activity

               
                     Antimicrobial activity against different microbial strains

                  The antimicrobial activity of lemongrass extracts was evaluated against Staphylococcus aureus, Escherichia coli, and Candida
                     albicans using the agar well diffusion method. The ethanol extract from ultrasound-assisted extraction exhibited the largest
                     inhibition zones, particularly against S. aureus (20.4 mm) and C. albicans (18.7 mm), indicating strong antibacterial and
                     antifungal activities (Table  4).
                  

                  
                        
                        Table 5

                        Antimicrobial activity of lemongrass extracts (Inhibition Zone in mm)

                     

                     
                           
                              
                                 	
                                    
                                 
                                 
                                    Extraction Method
                                    
                                 

                                 
                              
                              	
                                    
                                 
                                  Solvent

                                 
                              
                              	
                                    
                                 
                                  S. aureus (mm)

                                 
                              
                              	
                                    
                                 
                                  E. coli (mm)

                                 
                              
                              	
                                    
                                 
                                  C. albicans (mm)

                                 
                              
                           

                           
                                 	
                                    
                                 
                                 Maceration

                                 
                              
                              	
                                    
                                 
                                  Ethanol

                                 
                              
                              	
                                    
                                 
                                  15.2 ± 1.3

                                 
                              
                              	
                                    
                                 
                                  12.4 ± 1.2

                                 
                              
                              	
                                    
                                 
                                  14.6 ± 1.2

                                 
                              
                           

                           
                                 	
                                    
                                 
                                 Maceration

                                 
                              
                              	
                                    
                                 
                                  Methanol

                                 
                              
                              	
                                    
                                 
                                  14.8 ± 1.2

                                 
                              
                              	
                                    
                                 
                                  11.9 ± 1.1

                                 
                              
                              	
                                    
                                 
                                  13.9 ± 1.0

                                 
                              
                           

                           
                                 	
                                    
                                 
                                 Soxhlet Extraction

                                 
                              
                              	
                                    
                                 
                                  Ethanol

                                 
                              
                              	
                                    
                                 
                                  18.3 ± 1.5

                                 
                              
                              	
                                    
                                 
                                  15.6 ± 1.4

                                 
                              
                              	
                                    
                                 
                                  16.8 ± 1.3

                                 
                              
                           

                           
                                 	
                                    
                                 
                                 Soxhlet Extraction

                                 
                              
                              	
                                    
                                 
                                  Methanol

                                 
                              
                              	
                                    
                                 
                                  17.5 ± 1.4

                                 
                              
                              	
                                    
                                 
                                  14.7 ± 1.3

                                 
                              
                              	
                                    
                                 
                                  15.7 ± 1.1

                                 
                              
                           

                           
                                 	
                                    
                                 
                                 Ultrasound-Assisted Extraction

                                 
                              
                              	
                                    
                                 
                                  Ethanol

                                 
                              
                              	
                                    
                                 
                                  20.4 ± 1.6

                                 
                              
                              	
                                    
                                 
                                  18.2 ± 1.5

                                 
                              
                              	
                                    
                                 
                                  18.7 ± 1.4

                                 
                              
                           

                           
                                 	
                                    
                                 
                                 Microwave-Assisted Extraction

                                 
                              
                              	
                                    
                                 
                                  Ethanol

                                 
                              
                              	
                                    
                                 
                                  19.6 ± 1.5

                                 
                              
                              	
                                    
                                 
                                  17.3 ± 1.4

                                 
                              
                              	
                                    
                                 
                                  17.8 ± 1.3

                                 
                              
                           

                           
                                 	
                                    
                                 
                                 Supercritical Fluid Extraction

                                 
                              
                              	
                                    
                                 
                                  CO₂

                                 
                              
                              	
                                    
                                 
                                  13.5 ± 1.2

                                 
                              
                              	
                                    
                                 
                                  11.4 ± 1.1

                                 
                              
                              	
                                    
                                 
                                  12.8 ± 1.0

                                 
                              
                           

                        
                     

                  

               

               
                     Discussion of the most effective extracts and possible ,odes of action

                  The ethanol extracts, particularly those obtained via ultrasound-assisted extraction, were the most effective against both
                     bacterial and fungal strains. The high content of citral and other terpenoids likely contributes to the disruption of microbial
                     cell membranes, leading to cell death.6  The antimicrobial activity aligns with the high phenolic and flavonoid contents, which have been linked to microbial inhibition
                     mechanisms such as oxidative damage and enzyme inhibition.4 
                  

               

            

            
                  Anti-inflammatory and cytotoxicity studies

               
                     Anti-inflammatory activity

                  The anti-inflammatory potential of lemongrass extracts was assessed via the inhibition of nitric oxide (NO) production in
                     lipopolysaccharide (LPS)-stimulated macrophages. The ethanol extract from ultrasound-assisted extraction showed the highest
                     inhibition of NO production (IC50: 28.3 µg/mL), outperforming methanol and water extracts, which exhibited lower activities.
                  

               

               
                     Cytotoxicity studies

                  Cytotoxicity was evaluated using the MTT assay on human breast cancer (MCF-7) and normal fibroblast cells. The ethanol extract
                     demonstrated selective cytotoxicity toward MCF-7 cells, with an IC50 value of 36.7 µg/mL, while showing no significant toxicity
                     toward normal fibroblasts at concentrations below 100 µg/mL. This suggests the potential anticancer activity of the extract,
                     likely due to the presence of bioactive compounds such as citral and geraniol. 
                  

               

            

         

         
               Discussion

            
                  Extraction methods

               
                     Discussion on the efficiency of different extraction techniques

                  The extraction methods used in this study revealed varying efficiencies in terms of yield and phytochemical content. Ultrasound-assisted
                     extraction (UAE) with ethanol achieved the highest yield and concentration of bioactive compounds, followed by Soxhlet extraction.
                     UAE’s superior performance is attributed to the ultrasonic cavitation effect, which enhances the extraction efficiency by
                     disrupting cell walls and facilitating solvent penetration.10  Soxhlet extraction, while effective, required more time and solvent, which could be less sustainable for large-scale applications.8  Supercritical fluid extraction (SFE), though eco-friendly, yielded lower amounts of bioactive compounds, possibly due to
                     its limitations in extracting certain high-molecular-weight compounds.12 
                  

               

               
                     Analysis of how the choice of solvent and method influences phytochemical yield and bioactivity

                  The choice of solvent significantly impacted the extraction efficiency and phytochemical content. Ethanol was more effective
                     than methanol and water, likely due to its intermediate polarity, which efficiently extracts a broad range of compounds, including
                     both polar and non-polar substances.9  The high phenolic and flavonoid contents in ethanol extracts contributed to their enhanced antioxidant and antimicrobial
                     activities. In contrast, water, being a more polar solvent, extracted fewer non-polar compounds, resulting in lower overall
                     bioactivity. 17 
                  

               

            

            
                  Biological activity

               
                     Interpretation of antioxidant, antimicrobial, and anti-inflammatory activity results

                  The antioxidant activity of the lemongrass extracts, particularly those from UAE with ethanol, was the highest, demonstrating
                     a strong scavenging effect on DPPH and ABTS radicals. This is consistent with the high phenolic and flavonoid contents observed,
                     which are known for their strong antioxidant properties.  The antimicrobial activity was also highest in ethanol extracts,
                     indicating effective inhibition of microbial growth, likely due to the presence of compounds such as citral and geraniol that
                     disrupt microbial cell membranes.6  The anti-inflammatory activity, as evidenced by the inhibition of NO production, further supports the therapeutic potential
                     of lemongrass extracts).18 
                  

               

               
                     Correlation between phytochemical content and biological activities

                  A strong correlation was observed between the phytochemical content (particularly total phenolics and flavonoids) and the
                     biological activities of the extracts. Higher concentrations of these compounds corresponded to greater antioxidant and antimicrobial
                     activities. This correlation aligns with previous studies, where phenolic compounds have been linked to potent antioxidant
                     and antimicrobial properties.19, 20  The presence of specific bioactive compounds such as citral was also associated with significant biological activities,
                     reinforcing the importance of these compounds in lemongrass's therapeutic potential.15 
                  

               

               
                     Comparison with previous studies and literature

                  The findings of this study are consistent with existing literature, which highlights lemongrass as a potent source of bioactive
                     compounds with significant antioxidant and antimicrobial properties.17, 20  The high antioxidant and antimicrobial activities observed in this study align with reports from previous research, which
                     attributed these effects to the presence of terpenoids and phenolics in lemongrass extracts (Sukhdev et al., 2008). The superior
                     performance of UAE in this study also corroborates recent findings that emphasize the efficiency of modern extraction techniques
                     over traditional methods.10 
                  

               

            

            
                  Potential Applications

               
                     Discussion on the therapeutic potential of lemongrass based on its biological activities

                  The demonstrated antioxidant, antimicrobial, and anti-inflammatory activities underscore the therapeutic potential of lemongrass.
                     Its high phenolic content and bioactivity suggest that lemongrass extracts could be beneficial in developing natural antioxidants
                     and antimicrobial agents, potentially contributing to the treatment of oxidative stress-related disorders and microbial infections.18  The selective cytotoxicity observed in cancer cell lines further indicates potential for anticancer applications, making
                     lemongrass a candidate for further research in cancer therapeutics.21 
                  

               

               
                     Possible uses in pharmaceutical, food, and cosmetic industries

                  In the pharmaceutical industry, lemongrass extracts could be utilized in formulations aimed at reducing oxidative stress and
                     inflammation. In the food industry, they can be incorporated as natural preservatives due to their antimicrobial properties.
                     Additionally, the cosmetic industry could benefit from lemongrass extracts in skincare products, where their antioxidant and
                     anti-inflammatory properties could improve skin health and appearance.6 
                  

               

               
                     Suggestions for future research, including in vivo studies and clinical trials

                  Future research should focus on in vivo studies to evaluate the safety and efficacy of lemongrass extracts in live models.
                     Clinical trials are also needed to establish the therapeutic benefits observed in vitro and in animal studies. Additionally,
                     investigations into the synergistic effects of lemongrass extracts with other compounds could provide insights into enhanced
                     therapeutic formulations.18  Further studies could also explore the mechanism of action of the bioactive compounds to better understand their potential
                     applications in medicine.
                  

               

            

         

         
               Conclusion

            This study systematically investigated the extraction methods, phytochemical content, and biological activities of lemongrass
               (Cymbopogon citratus) extracts. The key findings are summarized as follows:
            

            
                  Most effective extraction methods and bioactive compounds 

               Ultrasound-assisted extraction (UAE) using ethanol was identified as the most effective method, yielding the highest amounts
                  of bioactive compounds and demonstrating superior antioxidant, antimicrobial, and anti-inflammatory activities compared to
                  other methods. This efficiency is attributed to the enhanced solvent penetration and disruption of cellular structures facilitated
                  by ultrasonic waves. Among the bioactive compounds, citral emerged as the predominant component, contributing significantly
                  to the observed biological activities.15  Other notable compounds include geraniol and limonene, which also play crucial roles in the therapeutic potential of lemongrass.
               

            

            
                  Potential therapeutic applications of lemongrass extracts

               The study highlights the considerable therapeutic potential of lemongrass extracts. The high antioxidant activity suggests
                  potential use in preventing oxidative stress-related diseases. The antimicrobial properties indicate that lemongrass could
                  serve as a natural preservative or therapeutic agent against microbial infections. Additionally, the anti-inflammatory and
                  cytotoxic effects suggest applications in managing inflammatory conditions and potentially developing anticancer therapies
                  . The versatility of lemongrass extracts makes them promising candidates for pharmaceutical, food, and cosmetic industries.
               

            

            
                  Importance of further studies 

               While the findings are promising, further research is necessary to validate the therapeutic potential of lemongrass extracts
                  in clinical settings. In vivo studies and clinical trials are essential to confirm the safety and efficacy of lemongrass-based
                  products. Additionally, exploring the synergistic effects of lemongrass extracts with other compounds could lead to enhanced
                  therapeutic formulations. Future research should also focus on the development of standardized extraction protocols to ensure
                  consistency and effectiveness in product development.
               

               In conclusion, lemongrass demonstrates significant potential as a source of bioactive compounds with various therapeutic applications.
                  The study provides a foundation for further exploration and development of lemongrass-based products, emphasizing the need
                  for additional research to fully realize its benefits.
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