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Summary
Lemongrass (Cymbopogon citratus) essential oil plays a crucial 
role in managing digestion, blood cholesterol levels, inflammation, 
and the immune system. It also has a calming effect on the mind 
and body in aromatherapy. Among its constituents, β-myrcene has 
been reported as a potent analgesic, antidiabetic, antioxidant, anti-
inflammatory, and anticancer agent. This study aimed determine the 
optimum leaf development stage for extracting essential oil enriched 
with therapeutic phytochemicals such as citral, β-myrcene, and  
perillaldehyde. In lemongrass, essential oil is produced by glandular 
trichomes.
Microscopic analysis revealed the presence of capitate-stalked 
trichomes on the abaxial epidermis of the leaves. GC-MS analy-
sis identified key phytochemicals such as citral and β myrcene in 
significant amounts across all leaf growth stages, with essential 
oil yields of 52.03% (lag phase), 64.26% (log phase), and 69.27% 
(stationary phase). Antioxidant activity was evaluated at 50 μL/mL, 
with the highest value (84.42 ± 0.03%) observed in the lag phase. 
Total phenolic content was also highest in the lag phase (1123.61 
± 16.71 μg GAE/g), whereas total antioxidant capacity reached its 
maximum in the stationary phase (0.7 ± 0.15).  The stationary phase 
exhibited the  highest  anti-inflammatory potential (82.12  ±  0.04%). 
Both the stationary and lag phases demonstrated the  highest anti-
diabetic potential  compared to  the commercial drug sitagliptin- 
metformin. The stationary phase exhibited the highest biofilm inhibi-
tory potential against S. aureus (38.78 ± 0.12%) and R. solanacearum 
(91.00 ± 0.07%), while the lag phase showed the strongest inhibi-
tion against X. oryzae (89.57 ± 0.01%). GC-MS analysis identified 
citral, β myrcene,  and perillaldehyde. These findings suggest that 
Cymbopogon citratus is a valuable source of citral, β-myrcene, and 
perillaldehyde, particularly in the log and stationary phases of leaf 
development.
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Introduction
The recent development of functional foods and pharmaceutical 
products based on medicinal and edible plants, particularly fruits and 
vegetables, has led to significant improvements in various aspects 
of life (Raina et al., 2022). Traditional plant-based medicines are 
widely used in developing countries due to their easy accessibility 
and fewer side effects compared to modern medicine (Sandhya et al., 
2011). Approximately 30-50% of drugs originate from plants, high-
lighting the significance of plant biodiversity in medicine (Anand  
et al., 2019). Therefore, studying plant-based medicines or pharma-
cognosy is crucial for modern drug development (Mohanty et al., 

2014). With the global population expected to reach 9.6 billion by 
2050, there is an increasing need for sustainable solutions, including 
plant-based medicines and natural products.
Plant diseases caused by phytopathogens affect 10% of global food 
production, especially in developing countries (Daulagala, 2021). 
Over two hundred different bacterial phytopathogens have been iden-
tified including Xanthomonas, Ralstonia, Erwinia, Pseudomonas, 
and Pectobacterium species (de Kraker et al., 2016). Biofilms, 
complex structures formed by bacteria, are  a major contributor to 
antibiotic resistance (Jamal et al., 2019). It is recognized that plants 
have significant medicinal properties (Sharma et al., 2021; Velu  
et al., 2021). Essential oils (EOs) derived from plants can be used as 
natural pest control agents, replacing harmful chemical insecticides 
(Duarte et al., 2016). EOs contain diverse chemical compounds 
(Perczak et al., 2019), which are known for their significant biologi-
cal properties (Falleh et al., 2020). While thousands of EOs exist, 
only around 300 are commercially available (Sil et al., 2020). 
In recent years, there has been a surge in interest regarding EOs 
derived from species of the Cymbopogon genus (Olayemi et al., 
2018). This taxonomically diverse genus comprises over one hundred 
species primarily distributed across tropical regions (Zigene et al., 
2018). The genus Cymbopogon, a member of the Poaceae family, 
has traditionally been used for its potent therapeutic effects (Avoseh  
et al., 2015). Cymbopogon citratus (DC.) Stapf commonly referred 
to lemongrass, is a potential source of essential oils (Ekpenyong 
and Akpan, 2017).  The lemongrass essential oil exhibits a range of 
biological properties including antioxidant (Widelska et al., 2018), 
antibacterial (Shendurse et al., 2021), antifungal, and biofilm inhibi-
tion activities (Martinazzo et al., 2019).
The aerial parts of the plant, particularly the leaves, contain two 
types of trichomes: glandular and non-glandular (Sawant et al., 
2023). Trichomes are hair-like structures on the epidermis that ex-
hibit a wide range of morphological and functional variations (Choi 
and Kim, 2013). The metabolites secreted through glandular tri-
chomes contribute to the characteristic aroma observed in the foliage 
of many plant species. Notably, these phytochemicals often possess 
antimicrobial properties, as observed in the foliage of  Cymbopogan 
species (Happyana et al., 2013; Schuurink et al., 2020). This study 
aims to optimize the leaf development stages of Cymbopogon citra-
tus (lemongrass) to extract essential oils enriched with therapeutic 
phytochemicals such as citral, β-myrcene, and perillaldehyde. This 
research seeks to identify the stages that yield the highest concen-
trations of these bioactive compounds, providing insight into their 
potential as natural remedies.

Plant material collection
Fresh leaves of C. citratus were collected at different growth stages 
(February to April, 2024) from Botanical garden (coordinates: lati-
tude: 31.5437°N and longitude: 74.320°E), Lahore college for Women 
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University, Lahore. Leaves were harvested from each selected stage 
(lag, log, and stationary) (Fig. 1).

Leaf epidermal anatomy
Leaves were dipped in 60% ammonia solution for 4 h. After re- 
moving from ammonia solution, leaves were boiled in a water bath 
(Model No. HH-S2) for about 10 min and subsequently placed in 88% 
lactic acid. The leaf epidermal layer was peeled off using a sharp  
razor blade. Through scrapping, mesophyll and epidermis layer were 
removed and stained with safranine for 5 min. Excessive stain was 
removed by using distilled water and ethanol solution and examined 
under a light microscope (Olson and Clark, 2021). Photographs 
were recorded, and different anatomical characters such as trichomes 
length, width, and area were calculated using MOTIC IMAGES 
PLUS 2.0 software (Karanović et al., 2022). Scanning microscope 
imaging was done using fresh leaf samples washed with distilled  
water and then ethanol to remove any debris and air dried for 4 h and 
put on stubs to observe under SEM (Gul et al., 2019).

Essential oil extraction
The essential oils of selected stages were extracted by hydro-dis-
tillation method using a modified Clevenger-type apparatus (Abed, 
2007). Fresh plant material was prepared by rinsing and chopping 
lemongrass into 1 cm pieces, which were partially dried at room  
temperature for 72 h. About 1000 g of partially dried leaves were 
placed in hydro-distillation for a minimum of 3 h (Bagheri et al., 
2014). To remove water, anhydrous sodium sulfate was used and the 
extracted oil was aliquot in amber glass vials stored at 4 °C in a 
refrigerator to reduce susceptibility (Ranitha et al., 2014; Bistgani  
et al., 2018). After extracting the essential oil from selected leaf 
growth phases, the oil was serially diluted in 5% DMSO, and vary-
ing concentrations were prepared ranging 50, 25, 12.5, 6.25, to  
3.125 μl/mL and stored till further use (Sawant et al., 2023).

Estimation of phytochemicals composition at different leaf 
growth stages
Gas chromatography-mass spectrometry (GC-MS) was applied for 
the chemical characterization of lemongrass essential oil (Gao et al.,  
2020). GC TRACE-1300 chromatography coupled with mass spec-
trometry, single quadruple, and autosampler (AI-1310; Thermo  
Scientific, Waltham, MA, USA) were applied. A Capillary column 
of TR-35 MS GC Column 30 mx, 25 mm IDx, and 25 μm was used. 
The injector temperature was set at 280 °C, column temperature 
was initially maintained at 50 °C for 5 min and then programmed at  
3 °C/min to 240 °C and 5 °C/min to 300 holds for 3 min. The initial 
sample delay time was 3.5 min. The transfer line temperature was 
set at 300 °C, while the ion source temperature was 250 °C. Helium 
(He) (99.99%) was used as the carrier gas with a linear gas flow of  
1.5 mL/min through split-less injection. The injected volume was 
kept at 1 μL, and mass spectra were taken at 70 eV (Shamsheer  
et al., 2022). The individual volatile constituents of essential oil sam-
ples were analyzed by their retention indices (Adams et al., 2017), 
and a comparison with reference spectra (Wiley and NIST (https://
webbook.nist.gov/chemistry/) databases) (Van Den Dool and 

Kratz, 1963). The percentages of identified compounds exceeding 
0.1% were then calculated based on their respective GC peak areas 
(Valková et al., 2021).

Antioxidant activity
The antioxidant potential of essential oil of selected leaf growth  
stages was evaluated by following three essays:

DPPH Free radical scavenging assay
Briefly, 0.6 M solution of DPPH in ethanol was prepared. 0.5 ml of 
DPPH solution was added to test tubes, followed by 0.5mL of es-
sential oil of varying concentrations. The mixture was stirred tho- 
roughly and stored in the dark for 30 min. Then, the absorbance was 
measured at 517 nm. Alpha-tocopherol was used as positive control, 
while DPPH acted as the negative control (Kalpoutzakis et al., 
2023; Aftab et al., 2020). The scavenging activity was calculated 
through 

	 A517 of control − A517 of sample
% Scavenging activity =   		   × 100.
	 A517 of control

Determination of total phenolic content
Concisely, 0.5 mL of essential oil was mixed with 1.25 mL of 10% 
(w/v) Folin–Ciocalteu reagent. After 5 min, 1 mL of Na2CO3 (75%) 
was added to the mixture and incubated at 50 °C for 10 min with 
occasional stirring. Then the sample was cooled and absorbance 
was measured at 765 nm by using a UV Spectrophotometer (UV-
6000). A standard curve was prepared using gallic acid. The results 
obtained were expressed as μg/g of gallic acid equivalence (GAE) 
(Thummajitsakul et al., 2020; Aftab et al., 2019). 

Total antioxidant capacity
Briefly, 0.1 ml aliquot of various concentrations of the essential oil 
(50, 25, 12.5, 6.25, and 3.125 μl/ml) were mixed with 1 ml of re-
agent solution (600 mM sulfuric acid, 28 mM sodium phosphate, and  
4 mM ammonium molybdate). The test tubes were covered with 
aluminum foil and incubated in a water bath (Model No. HH-S2) at  
95 ℃ for 90 min. Then extracts were cooled at room temperature, 
and absorbance of the reaction mixture was determined at 765 nm 
compared with Butylated hydroxyl toluene (BHT) (Aftab et al., 
2023). 

Anti-inflammatory activity
Firstly, 1 ml essential oil of concentrations (50, 25, 12.5, 6.25, and 
3.125 μl/ml) was mixed with, 1.4 ml Phosphate buffer saline (PBS) 
and 0.1 ml egg albumin. The reaction mixture was incubated for  
30 min at 37 °C. Then the reaction mixture was heated at 70 °C for 
15 min. The absorbance was measured at 680 nm. Standard drug 
dicloran (diclofenac sodium @Novartis) was used as positive control 
whereas distilled water served as negative control. The percentage 
inhibition was calculated through

	 Abs of Control − Abs of sample
% Percentage inhibition =
	 Abs of control

Fig. 1: 	 Length a) lag phase b) log phase c) stationary phase of C. citratus leaves
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Anti-diabetic activity
The inhibition of carbohydrate hydrolyzing enzymes such as 
α-amylase can be an important strategy to lower postprandial blood 
glucose levels. Sitagliptin and metformin help manage blood sugar 
levels, which in turn may reduce the body’s need for alpha amylase, 
potentially improving blood glucose control (Kim et al., 2017). For 
this, 50 μl of alpha amylase solution was mixed with 50 μl of es-
sential oil and incubated at 30 ℃ for 10min. Then 50 μl of 1% starch 
solution was added and incubated for 3 min. Then reaction was 
stopped by adding 50 μl of DNSA reagent and were incubated for  
10 min in a water bath (Model No. HH-S2) at 85-90 ℃. (Miller,  
1959). The absorbance was measured at 540 nm in UV-spectro- 
photometer (U-6000) (Jaber, 2023). Sitaglumet (Hilton Pharma Pvt 
Ltd), a standard drug, was employed as positive control (Kim et al., 
2017). The % amylase inhibition was calculated using the following 
formula:

	 100 × Abs100%control − AbsSample
% α − amylase inhibition =
	 Abs100%control

Antibacterial profile of C. citratus essential oil
The antibacterial profile of essential oils was evaluated through the 
agar well diffusion method, minimum inhibitory concentration, mini- 
mum bactericidal concentration assay and biofilm inhibition assay. 
Pure bacterial cultures were obtained from Institute of Agriculture 
Sciences (IAGS), university of the Punjab, Lahore Pakistan. Bacteria 
used in the following experiments were Xanthomonas oryzae (FCBP-
PB-0133), Staphylococcus aureus (ATCC 6539) and Ralstonia sola-
naceaerum (FCBP-PB-0407) (Sharma et al., 2024).

Agar-well diffusion assay
Bacterial strain was diluted to attain optical density (OD595) of 0.1. 
The inoculum was smeared on nutrient agar media plates and wells 
of 6 mm utilizing aseptic cork borer. Essential oil (50, 25 to 3.125 μl/
ml) were transmitted to the wells. The agar plates were left to stand 
at room temperature for about 15 min and incubated at 37 °C. After 
24 hours, the zone of inhibition was measured in mm (Kaur and 
Sharma, 2015; Sharma et al., 2024). 

Determination of minimum inhibitory concentration (MIC) and 
minimum bactericidal concentration (MBC) assay
In a 96-well microtitre plate, 100 μl of diluted pathogenic bacterial 
strains and 5 μl of the plant essential oil were added. The plate was 
incubated for 24 hours at 37 °C, and the turbidity of the plate was 
checked visually. MIC was calculated as the reciprocal of the low-
est concentration at which turbidity was absent. Minimum bacteri-
cidal concentration (MBC) was evaluated by adding MIC broth and 
incubating for 24 h at 37 °C. MBC was considered the minimum 
concentration at which no bacterial growth was visible (Ibrahim and 
Al-Mizraqchi, 2024; Parvekar et al., 2020)).

Bacterial biofilm inhibition assay
A 96-well plate was prepared by adding 100 μL essential oil, 100 μL 
of autoclaved nutrition broth, and 20 μl of overnight grown indicator 
pathogenic bacterial culture to each well (OD595 of 0.1). The reaction 
mixture was incubated at 37 °C to promote the production of biofilm 
in the wells. After fixing the adhering cells in 200 μl of methanol for 
15 min, the wells were removed and allowed to air dry. 200 μl of 2% 
crystal violet was used to stain the fixed biofilm for 5 min. The exces-
sive stain was removed by washing with distilled water. The dye from 
adhering cells was extracted using 100 μl of 33% Glacial acetic acid. 

The OD595 was then measured. Gentamycin was used as the positive 
control (Sharma et al., 2018). The percentage (%) biofilm inhibition 
was calculated through

	 OD of sample × 100
Biofilm inhibition (%) = 100 –
	 OD of control

Hemolytic activity
The fresh human blood was taken and washed at least 3 times by 
centrifugation in isotonic PBS solution. The 2% Erythrocyte solution 
with PBS was prepared after removing the buffy coat of the pellet. 
Then a mixture of 0.1 ml of plant extract, 0.1 ml of 2% erythrocyte 
solution was prepared in test tubes. The reaction mixture was in-
cubated at 37 ℃ for 3 h. Then absorbance value was measured at 
540 nm in a UV spectrophotometer (UV-6000). The 0.1% solution 
of Triton X was used as a positive control (Rodríguez-Garza et al., 
2023; Atta and El-Shabasy, 2022). The % Hemolysis was calcu-
lated through

	 Abssample
% hemolysis =                    × 100
	 Abscontrol

Statistical analysis
All experiments were conducted in triplicate, and the data were 
analyzed using Excel. Results were presented as mean ± standard 
deviation, by using Analysis of variance (ANOVA) (Atta and El-
Shabasy, 2022).

Results
Leaf morphology and distribution of glandular trichomes
The lengths of leaves at the three developmental stages were as fol-
lows: lag phase (20-30 cm), log phase (50-60 cm),  and stationary 
phase (100-120 cm) (Fig. 1). Leaves of C. citratus exhibited paral-
lel venation, a glabrous surface with a dentate cuticle. The study re-
vealed that the composition and size of trichomes varied across leaf 
developmental stages,  showing  notable differences in density and 
morphology (Tab. 1). In the intercostal zone, long cells were inter-
spersed with shorter ones, along with dumbbell-shaped stomata and 
a layer of glandular microhairs. In the coastal zone, both long and 
short epidermal cells were observed, along with prickle hairs (Fig. 2).
On the abaxial surface, the density of trichomes was higher during 
the lag and log phases than in the stationary phase, as observed in 
microscopic analysis. The trichomes in lemongrass were glandular 
capitate-stalked. The glandular trichomes consisted of a bulb-shaped 
trichome head joined to the stalk by a narrow, short segment. The 
glandular trichomes were located close to the stomata, which could 
explain the plant’s strong aroma (Fig. 3).

Scanning electron microscope (SEM)
Leaf specimens were examined under SEM (Fig. 4) and capitate-
stalked trichomes were identified in all leaf stages at the abaxial epi-
dermis.

Tab. 1:	 Number of trichomes on abaxial surface and abaxial leaf surface of 
selected leaf growth stages (lag, log and stationary)

	Growth stage	 No. of	 Length	 Width (μm)	 Area
		  trichomes (n)	 (μm)	 (μm)	 (μm2)

	 Lag	 11	 121.36±3.12	 28.1±2.22	 3410.216
	 Log	 10	 132.16±2.14	 33.53±3.1	 4431.325	
	 Stationary	 9	 155.6±4.59	 42.43±5.9	 6299.308
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Gas Chromatography-Mass Spectrometry analysis of C. citratus 
essential oil
The essential oil extracted from the leaf growth stages i.e. lag, log 
and stationary characterized 8, 8 and 12 compounds respectively. 
The yields of essential oils were 0.15%, 0.14%, and 0.12% (V/W) 
from the lag, log, and stationary phases, respectively, using 1000 g 
of leaves. The most common compounds present in the essential oils 
at all three developmental stages were geranial, neral and β myrcene 
(Tab. 2). The lag phased showed the presence of 2-Methyl Pentane, 
3-methylpentane, Butane, 2,2,3- Trimethyl, Methylcyclopentane,  
cyclohexane, β-Myrcene, Neral and Geranial, log phase Butryic acid 
hydrazide, β-Myrcene, Perrillaldehyde, geraniol, Neral, Geranial, 
N-Pentacontanol, 2-Hexyl-1-Decanol and β-Myrcene, β-ocimene 
(3Z), 3-carene, Linalool, Verbenol, Citronellol, Neral, Perillaldehyde, 
geranial, geranyl acetate, ledol and cyclohexanol.
The GC–MS analysis displayed an increase in the percentage of 
monoterpene, β myrcene from 3.13% (lag phase) (Fig. 5a) to 5.3% 
(stationary phase) (Fig. 5c). Citral (neral+geranial) present in all leaf 
growth stages exhibited an increasing trend in peak % area; lag phase 
52.03%  (22.34+29.69), log phase 64.26%  (25.86+38.4), and sta-
tionary phase 69.27%  (29.35+39.92). Accordingly, the highest citral  
content was observed in the stationary phase of lemongrass leaves. 
These data demonstrated significant qualitative and quantitative dif-
ferences in essential oil composition across the three developmental 
stages of lemongrass leaves. 
 

Tab. 2: 	Comparative analysis of C. citratus essential oil at three leaf growth 
stages through GC-MS

Compound	 Lag phase 	 Log phase	 Stationary phase
	 (%)	 (%)	 (%)

β Myrcene	 3.13	 3.75	 5.3
Neral	 22.34	 25.86 	 29.35
Geranial	 29.69	 38.4  	 39.92
Perillaldehyde	 -	 1.61	 3.4

Antioxidant activity
DPPH radical scavenging activity
Data showed that as the concentration increased, the absorbance de-
creased. The lag phase  exhibited the highest  value (84.42±0.03%), 
followed by the log phase (60.03±0.05%) and  the  stationary phase 
(54.62±0.13%) at 50 μl/ml. The standard showed the highest value 
of 94.45±0.96% at 50 μl/ml (Fig. 6a).

 

    

Fig. 2: 	 Adaxial and abaxial epidermises of C. citratus leaf. A1, abaxial 
epidermis of lag phase; A2, adaxial epidermis of lag phase; B1, ab-
axial epidermis of log phase; B2, adaxial epidermis of log phase; 
C1, abaxial epidermis of stationary phase; C2, adaxial epidermis of 
stationary phase, st., stomata; lc., long cell; pr.h., prickle hair; co.z., 
costal zone; int.z., intercostal zone; gt., glandular trichome

Fig. 3: 	 Glandular trichrome located near stomata 

Fig. 4: 	 High magnification SEM micrographs of Cymbopogan citratus trichomes of selected leaves growth phases, a-c capitate trichomes (microhair) of lag, 
log and stationary phase 
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Total phenolic content estimation
The essential oils were analyzed using a standard curve of gallic acid 
(50–3.125 μg/mL). The total phenolic content at 50 μl/ml was highest 
in the lag phase (1123.61±16.71 μg GAE/g), followed by the log phase 
(847.97±16.71 μg GAE/g) and the stationary phase (526.46±16.71 μg 
GAE/g).  (Fig. 6b).

Total Antioxidant Capacity Assay
The results were calibrated using butylated hydroxyl toluene (BHT) 
as the standard. Results showed that all leaf growth stages of C. ci-
tratus at all concentrations exhibited significant total antioxidant ca-
pacity (p < 0.05). At 50 μL/mL, the total antioxidant capacity was 
highest in the stationary phase (0.7±0.15%), followed by the lag and 
log phases (both 0.69±0.15%) (Fig. 6c).  
              

Fig. 5: 	 GC-MS spectrum of C. citratus essential oil (a) Lag phase, (b) Log phase (c) Stationary phase

Fig. 6: 	 Antioxidant Evaluation of C. citratus essential oil at varying concentrations (a) DPPH Radical scavenging potential, (b) Total phenolic contents, (c) 
Total antioxidants

Anti-inflammatory activity
For anti-inflammatory potential, values were compared with the 
standard drug dicloran (Fig. 7). The values exhibited by lag phase 
(75.53±0.45%), log phase (79.71±0.04%) and stationary phase were 
(82.12±0.04%) at 50 μl/ml. Dicloran displayed the highest value 
(85.23±0.58%) at 50 μl/ml.  C. citratus at all concentrations displayed 
significant anti-inflammatory activity (p< 0.05).

Anti-diabetic activity
The α-amylase inhibitory assay was assessed to evaluate anti-
diabetic potential of selected leaf growth stages (lag, log and sta-
tionary) of C. citratus essential oil and values were compared with 
standard drug Sitaglu-Met (Fig. 8). The value exhibited by lag phase 
(90.06±0.08%), log phase (89.14±0.14%) and stationary phase were 
(92.56±0.03%) at 50 μl/ml. The standard exhibited highest value 
(88.87±1.06%) at 50 μl/ml. 
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Tab. 3:  GC-MS analysis of C. citratus essential oil at lag phase

Compound Molecular  Molecular Structural Retention Similarity Peak
 Weight Formula Formula Time Index Area %

2-Methyl pentane 86 C6H14  1.59 93  3.28

3-Methylpentane 86 C6H14  1.635 94  4.7

Butane, 2,2,3-Trimethyl 100 C7H16  1.688 91  11.63

Methylcyclopentane 84 C6H12  1.823 96  5.46

Cyclohexane 84 C6H12  2.002 87 1.05 

β Myrcene 136 C10H16  8.662 86 3.13 

Neral 152 C10H16O  16.65 90 22.34 

Geranial 152 C10H16O  17.558 96 29.69

Tab. 4:  GC-MS analysis of C. citratus essential oil at log phase

Compound Molecular Molecular Structural Retention Similarity Peak   
Weight Formula Formula Time Index Area%

Butyric acid hydrazide 102 C4H10N2O  2.07 82 0.48

β Myrcene 136 C10H16  12.293 91 3.75

Perillaldehyde 150 C10H14O  25.669 91 1.6

Geraniol 152 C10H18O  24.893 91 1.9

Neral 152 C10H16O  25.575 96 25.86

Geranial 152 C10H16O  26.363 96 38.4

N-Pentacontanol 718 C50H102O  48.428 88 0.23

2-Hexyl-1-Decanol 242 C16H34O  51.42 89 0.26

A
nt

in
fla

m
m

at
or

y

0

1,1

2,2

3,3

4,4

IC50

2,8
3,27

4,4

2,7

lag phase log phase stationery phase
sodium diclofenac

A
nt

id
ia

be
tic

 

0

1,75

3,5

5,25

7

IC50

2,7

4,9

6,82

4,7

lag phase log phase stationery phase
Sitaglumet

Fig. 7:  IC50 of C. citratus essential oil of three leaf growth stages and diclo-
fenac standard for anti-infl ammatory assay 

Fig. 8:  IC50 of C. citratus essential oil of three leaf growth stages and Sita-
glumet standard for α-amylase inhibition assay 
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Antibacterial potential of C. citratus essential oil at selected 
growth stages
Agar-well diffusion method
The antimicrobial activity of essential oil obtained from the selected
leaf growth stages (lag, log and stationary) of C. citratus essential oil 
were investigated at different concentrations (50-3.125 μl/ml). The ef-
fi cacy of oils was assessed against pathogenic bacteria Xanthomonas 
oyrzae, Staphylococcus aureus and Ralstonia solanaceaerum. The 
zones of inhibition (mm) were measured on agar well containing dif-
ferent concentration of EOs after 24 hours (Tab. 5a. The results re-
ported that highest zone of inhibition against Staphylococcus aureus
of lag phase (17±1.31), log phase (20.1±0.36) while stationary phase 
(37±1.39) at 50 μl/ml was observed (Tab. 5a).  The highest value for 
the zone of inhibition (mm) against R. solanacearum of lag phase 
(29.5±0.71), log phase (21±1.41) whereas stationary phase (27.5±1.19) 
at 50 μl/ml. (Fig. 9b). Zone of inhibition against X. oryzae was ana-
lyzed by, lag phase (23.5±1.68), log phase (31±1.49) while stationary 
phase (28±1.31) at 50 μl/ml Tab. 5a. 

Minimum Inhibition Concentration (MIC) and Minimum 
Bactericidal Concentration (MBC) Assay
Tab. 5b showed MIC of S. aureus, X. syringae and R. solanceae-
rum treated with C. citratus essential oil of three leaf growth stages. 
Results revealed that lag and stationary phase both exhibited highest 
MIC. Tab. 6 reported the MBC of three leaf growth stages against 
pathogenic bacterial strains. These data demonstrated that all lag, 
log, and stationary phases displayed considerable antibacterial acti-
vity. 

Effect of C. citratus essential oil on biofi lm formation
In the current study, (%) biofi lm inhibition potential of C. citratus es-
sential oil of three leaf growth stages (lag, log and stationary) at sub-
MIC values was evaluated against S. aureus, R. solanaceaerum and 
X. oyrzae pathogenic bacterial strains (Fig. 9-10). Results reported 
that maximum (%) biofi lm inhibition potential value against S. au-
reus was observed by lag phase (34.59±0.07), log phase (38.29±0.12) 
and stationary phase (38.78±0.12) at 50 μl/ml. Gentamycin displayed 
highest value (41.3±7.78) at 50 μl/ml (Fig. 9a). Results reported that 
maximum (%) biofi lm inhibition potential value against R. solanceae-
rum was observed by lag phase (64.00±0.07), log phase (56.89±0.11) 
and stationary phase (91.00±0.00)  at 50 μl/ml. Gentamycin displayed 
(64.32±0.07) at 50 μl/ml) (Fig. 9b). Results reported that maximum 
(%) biofi lm inhibition potential value against X. oyrzae was observed 
by lag phase (89.57±0.03), log phase (89.53±0.01) and stationary 
phase (89.37±0.01) at 50 μl/ml. Gentamycin displayed (89.32±0.01) 
at 50 μl/ml (Fig. 9c). 
                 

Hemolytic activity
Hemolytic potential of three leaf growth stages (lag, log and sta-
tionary) of C. citratus essential oil was determined and values were 
compared with 0.1% Triton X-100. The hemolytic percentage of 
H2O2 (negative control) was calculated as 5% and 100% for Triton 
X-100 (positive control).  Results displayed that maximum value was 
observed by log phase (6.02±0.02), lag phase (5.36±0.01) and sta-
tionary phase (3.97±0.03) at 50 μl/ml. As the concentration of plant 
decreases, its hemolytic activity also reduces (Fig. 10). The higher 

Tab. 5:  GC-MS analysis of C. citratus essential oil at stationary phase

Compound Molecular Molecular Structural Retention Similarity Peak
Weight Formula Formula Time Index Area%

β Myrcene 136 C10H16  12.315 95 5.3

Beta-ocimene (3Z) 136 C10H16  14.713 87 0.57

3-Carene 136 C10H16  15.229 79 0.33

Linalool 154 C10H18O  18.102 83 0.84

Verbenol 152 C10H16O 22.155 83 1.06

Citronellol 156 C10H20O  24.527 89 1.07

Neral 152 C10H16O  24.954 92 29.35

Perillaldehyde 150 C10H14O  25.669 91 3.4

Geranial 152 C10H16O  26.457 97 39.92

Geranyl acetate 196 C12 H20O2  31.515 88 1.38

Ledol 222 C15H26O  32.946 77 0.4

Cyclohexanol 334 C6H12O  33.652 77 0.48
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EO concentration resulted hemolysis degradation, whereas, lower 
EO dilutions exhibited higher hemolysis degradation, likely due to 
increased DMSO concentrations. The DMSO had significant effect 
on human red blood cells affecting osmotic fragility and increasing 
hemolysis (Yi et al., 2017). IC50 value s for the haemolysis at lag, 
log and stationary phases were noted as 2.5. 2.2 and 1.6 respectively.
Pearson correlation of lag phase: An inverse relation is established 
between concentration and DPPH (%) radical scavenging activity 

Tab. 5a:	 Zone of inhibition (mm) produced by various concentration of selected leaf growth stages of C. citratus essential oil against (a) Staphylococcus 
aureus (b) Ralstonia solanacearum (c) Xanthomonas oryzae

		  Staphylococcus aureus			   Ralstonia solanacearum			   Xanthomonas oryzae		
Conc. (μL/mL)	 lag	 log	 stationery	 lag	 log	 stationery	 lag	 log	 stationery

50	 17±0.1e	 20.1±0.1e	 37±0.1e	 29.5±0.1e	 21±0.1e	 27.5±0.1e	 23.5±0.1e	 28±0.1e	 31.5±0.1e

25	 15±0.2d	 15±0.2d	 23±0.1d	 28.5±0.1d	 17.5±0.1d	 26±0.1e	 23.5±0.1d	 27.5±0.1d	 29.5±0.1d

12.5	 13.5±0.3c	 14.5±0.3c	 19±0.1c	 24.5±0.2c	 14±0.1c	 25±0.1e	 23±0.1c	 26±0.1c	 27.5±0.1c

6.25	 11±0.3b	 14±0.2b	 17±0.3b	 21±0.1b	 10.5±0.3b	 23±0.1e	 19.5±0.1b	 25±0.1b	 24.5±0.1b

3.125	 10.5±0.1a	 12±0.1a	 13±0.2a	 13±0.2a	 67±0.1e	 17.5±0.1a	 15.5±0.1a	 16.5±0.1a	 20.5±0.1a

Tab. 5b: 	Minimum Inhibitory Concentration of C. citratus against S. aureus, 
X. oyrazae and R. solanceaerum isolates at lag, log and stationary 
phases 

MIC 	 Staphylococcus	 Xanthomonas	 Ralstonia
(μl/ml)	 aureus	 oyrazae	 solanceaerum 

lag phase	 6.25	 25	 50
log phase	 12.5	 50	 50
stationary phase	 50	 50	 50
gentamycin	 25	 50	 50

Tab. 6: 	Minimum Bactericidal Concentration of C. citratus against S. aureus, 
X. oyrazae and R. solanceaerum  isolates at lag, log and stationary 
phases 

MBC	 Staphylococcus 	 Xanthomonas	 Ralstonia
(μl/ml)	 aureus	 oyrazae	 solanceaerum 

lag phase	 3.125	 12.5	 12.5
log phase	 3.125	 6.25	 6.25
stationary phase	 12.5	 12.5	 12.5
gentamycin	 3.125	 50	 6.25

Fig. 9: 	 Biofilm inhibition potential of C.citratus essential oil at three selected leaf growth stages against (a) S. aureus (b) R. solanceaerum (c) Xanthomonas 
oryzae

Fig. 10:	Hemolytic activity of three leaf growth stages of C. citratus at dif-
ferent concentration
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(R2=-0.89009) indicated that increasing concentration caused not- 
able inhibition DPPH (%) radical scavenging activity. On the other 
hand, a striking positive correlation between biofilm formation of 
S. aureus and biofilm formation of R. solanceaerum (R2=0.97859) 
implies that biofilm formation in S. aureus and R. solanceaerum 
are strongly associated. Pearson correlation of log phase: A strong 
negative correlation between concentration and total antioxidant 
capacity (R2=-0.805) indicates that increasing concentration leads 
to a marked decrease in total antioxidant capacity. Strong positive 
correlation between DPPH (%) radical scavenging activity and anti-
diabetic activity (R2=0.924) indicating relation that higher DPPH 
(%) radical scavenging activity is correlated with higher anti-diabetic 
activity. Pearson correlation of stationary phase: A striking negative 
correlation of concentrations with anti-diabetic (R2=-0.933), inhibi-
tion zone of S. aureus (R2=-0.951), and biofilm inhibition of S. au-
reus (R2=-0.977) indicating that with the increase in concentrations 
all these activities showed inhibition. However, remarkable positive 
relation of DPPH (%) radical scavenging activity with anti-diabetic 
(R2=0.913) (Fig. 11).

Discussion
Essential oils are complex mixtures of volatile compounds with  
fragrance and defensive properties derived from plants (Erminawati 
et al., 2019). To ensure the safety and effectiveness of essential oil 
preparation, quality uniformity  must be maintained (Żukowska  
et al., 2024). This comprehensive investigation aims to assess the 
chemical makeup and biological activity of essential oils from C. ci-
tratus leaves obtained at different leaf growth stages. Cymbopogon 
plants have a diverse range of pharmacological benefits, including  

anti-inflammatory, antibacterial, antidiabetic, and other advantageous 
qualities, making them potential sources for both culinary and me-
dicinal purposes (Zhao et al., 2024; Niazi et al., 2024). According to 
the literature, the plant Cymbopogon citratus, known as lemongrass, 
is abundant in bioactive constituents (Oldaeji et al., 2019). The  
principal phytochemical compounds from its leaves are flavonoids, 
alcohols, aldehydes, alkaloids, esters, ketones, tannins, terpenes, 
and phenolics (Karpagam et al., 2016). These constituents are well-
known for their substantial potential in the domains of pharmaco- 
logy, food science, and agriculture (Hasim et al., 2015).
The leaf surface of C. citratus is glabrous (Yeşil et al., 2015). A 
wide range of glandular trichomes may be the result of several evo-
lutionary processes. These differences include shape, cell quantity, 
and types of released metabolites (Singh et al., 2019). Many meta- 
bolites are stored and released by glandular trichomes at the leaf 
surface (Shi et al., 2018). The density of  plant trichomes  can also 
be impacted by environmental stressors such as excessive salt, low  
temperatures, drought stress, heavy metal exposure, severe photo- 
period, and UV light exposure (Hauser et al., 2014; Tian et al., 
2017; Wang et al., 2021). Lewinsohn et al.  (1998) conducted a 
study on localized oil cells in lemongrass leaves. They reported that 
individual oil cells within the leaf tissues are the site of citral for-
mation. Similarly, Madi et al.  (2022) performed an experiment to 
obtain  a  comprehensive evaluation of morphological and anatomi-
cal characters of lemongrass leaf. They reported the presence of oil 
cells on the abaxial surface of  the  leaf. Differences in adaxial and 
abaxial leaf epidermis were observed by examining the presence of 
numerous micro-hairs and graminaceous stomata on the abaxial sur-
face only. Our study also affirmed the abundance of micro-hairs and 
graminaceous stomata in the abaxial epidermis. The capitate-stalked 

Fig. 11: 	Pearson Correlation of (a) lag phase, (b) log phase, (c) Stationary phase
	 Key: conc., concentration; TPC, total phenolic content; TAA, total antioxidant capacity assay; Inhibition zone B1, S. aureus; Inhibition zone B2, R. 

solanacearum; Inhibition zone B3, X. oyrazeae; Biofilm B1, S. aureus; Biofilm B2, R. solanacearum; Biofilm B3,1X. oyrazeae; MIC B1, minimum 
inhibitory concentration of S. aureus; MIC B2, minimum inhibitory concentration of R. solanacearum; MIC B3, minimum inhibitory concentration 
of X. oyrzae; MBC B1, minimum bactericidal concentration of S. aureus; MBC B2, minimum bactericidal concentration of R. solanacearum; MBC 
B3, minimum bactericidal concentration of X. oyrzae.
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trichome structure was described by Guimarães et al.  (2008) as  
having a spherical head made of a layer of secretory cells enclosing a 
central cell, a stalk cell, and a base cell.
Punja et al.  (2023) identified capitate-stalked trichomes in their 
study. They documented that as the plant reaches maturation, its tri-
chome length increases, which was also noted in our current study. 
Based on these studies,  it was concluded that in  the current inves-
tigated plant,  glandular trichomes reached their  maximum length 
from 121.36±3.12  μm (lag phase), 132.16±2.14 (log phase),  and 
195.6±4.59 (stationary phase). Only capitate-stalked glandular tri-
chomes have been observed on the abaxial epidermis in this investi-
gation. Analysis of the essential oils produced during the lag, log, and 
stationary phases identified, oxygenated monoterpenes, monoterpene 
aldehydes, and alcohols. The details of these compounds are shown 
in Tab. 1. It was observed that as the plant matures, its oil yield de-
creased,  i.e.,  lag (0.15%), log (0.14%),  and stationary (0.12%). The 
increase in fiber content of the leaf could be a reason for the decrease 
in oil yield.
Citral (3,7-dimethyl-2,6-octadien-2-al) is an isomer of two acyclic 
monoterpene aldehydes, geranial and neral (Ha et al., 2008). Citral 
was found to be a major component in all leaf growth stages of  
C. citratus essential oils. Citral inhibits oxidative stress and alters  
enzyme activity involved in drug metabolism (Li et al., 2018). Citral 
content of essential oil varied when lemongrass was collected at 
various stages. The finding was in accordance with Tajidinet et al.  
(2012), who documented the trend of harvesting lemongrass at 5.5, 
6.5, and 7.5 months intervals. Variation was observed in citral con-
tent, and the highest content was extracted after lemongrass was har-
vested at 7.5 months. These observations were further affirmed 
by an experiment conducted by Bekele et al. (2019) that lemongrass 
produces maximum citral as the plant reaches its maturity stage.
Perillaldehyde, Verbenol,  and citronellol were recognized as the 
main compounds only in  the  stationary phase of oil. The phyto-
chemical makeup of the essential oils is thought to be influenced 
by the developmental processes that take place throughout leaf 
growth, as evidenced by the observed variations in color and scent 
of the oils produced at different leaf stages as well as the absence 
of some chemicals in the early developmental stage. Valková et al.  
(2022) reported that the essential oil extracted from C. citratus 
leaves is high in oxygenated monoterpenes like citral, which is in 
accordance with the information shown in Tab. 1. Antioxidants are 
substances  that  inhibit or neutralize the oxidative reactions caused 
by atmospheric oxygen. They are fundamental to an organism’s de-
fensive mechanism against illnesses brought about by  the negative 
effects of free radicals (Aziz et al., 2022). Since plant-derived anti- 
oxidants can counteract oxidative stress and protect the neurologi- 
cal system from age-related deterioration, plants are often researched 
for their antioxidant qualities (Naseer et al., 2019; Cui et al., 2020; 
Riaz et al., 2021). In the current study, the  antioxidant potential 
of C. citratus was investigated by 2,2-diphenyl-2-picrylhydrazil 
(DPPH) free radical scavenging activity, total phenolic content 
(TPC), and total antioxidant capacity (TAC). The DPPH radical is 
stable and is assessed to evaluate the antioxidant potential of plants. 
Compounds demonstrating potent DPPH scavenging activity can be 
assessed as potential therapeutic agents for oxidative stress-related 
diseases (Gulcin and Alwasel, 2023). C. citratus essential oil of  
the lag phase displayed the highest value (84.42±0.03) DPPH (%) free 
radical scavenging activity (Bärlocher and Graça, 2020).
The microbial colonies known as biofilms, which are encased in 
an extracellular matrix that they manufacture on their own, play a 
major role in persistent bacterial infections (Gautam et al., 2020). 
Reversible and irreversible attachment, microcolony production, 
maturation, and ultimately biofilm dispersal are all steps in the pro-
cess of biofilm formation. Many illnesses linked to tissues, such as 
kidney infections, meningitis, endocarditis,  and persistent wounds 

that do not heal, have been linked to biofilms (Khatoon et al., 2018; 
Rather et al., 2021). A potential approach to treating infections is 
the use of antimicrobial drugs that possess both antibacterial and 
antibiofilm qualities. This study evaluated the C. citratus essential 
oil’s  ability to prevent biofilms against S. aureus, R. solanaceae-
rum, and X. oyrzae at sub-minimum inhibitory concentrations using 
leaf growth stages (lag, log, and stationary). Numerous latent, acute, 
and chronic diseases have been linked to these pathogenic bacte-
rial species by their ability to create biofilms (Harrell et al., 2021; 
Schulze et al., 2021; Rather et al., 2021). C. citratus essential oil 
of leaf growth stages (lag, log, and stationary) displayed significant 
biofilm inhibitory potential against all pathogenic strains.  The 
results  reported that  the  stationary phase showed  the  highest (%) 
biofilm inhibitory potential against S. aureus (38.78±0.12), R. sola- 
nacearum (91.00±0.07),  and  the  lag phase against X. oryzae 
(89.57±0.01).
Toxicological evaluations may determine a range of negative con-
sequences related to the ingestion of therapeutic plants or herbs, 
particularly in people who are susceptible (Kauser et al., 2018). 
Hemolysis, also known as erythrocyte rupture, is an indicator of a 
substance’s adverse impact on red blood cells (Velika et al., 2012). 
These substances or extracts would not be deemed appropriate for  
ingestion by humans as therapeutic agents (Hussain et al., 2023).  
The maximum (%) hemolytic value was evaluated from the station-
ary phase of lemongrass leaf essential oil (0.25±0.03). However, all 
of the leaf growth stages (lag, log, and stationary) showed hemolytic 
activity within the range of (0.25-0.64%), suggesting that they might 
be used safely by humans. The higher EO concentration resulted  
hemolysis degradation, whereas, lower EO dilutions exhibited higher 
hemolysis degradation, likely due to increased DMSO concentra-
tions. According to Yi et al. (2017), DMSO has a profound impact on 
human red blood cells, increasing osmotic fragility and significantly 
enhancing hemolysis (Yi et al., 2017).

Conclusion
In the present study microscopic analysis of C. citratus leaves re- 
vealed the presence of capitate-stalked trichomes on the abaxial 
epidermis. GC-MS analysis of essential oils obtained from leaves 
at various growth stages identified distinct phytochemical profiles. 
The lag phase exhibited the highest oil yield and antioxidant acti-
vity, while the stationary phase demonstrated strong anti-inflamma-
tory and anti-diabetic properties. Both phases exhibited significant 
antibacterial and biofilm inhibition potential. Additionally, citral 
and β-myrcene were consistently present, suggesting their potential  
roles in the observed pharmacological activities. These compounds, 
known for their antioxidant, anti-inflammatory, anti-diabetic, anti-
bacterial and anti-biofilm properties, highlight the therapeutic po-
tential of C. citratus leaf essential oil. Toxicological assessments 
confirmed the safety of this essential oil for human consumption, 
supporting its potential application in various health-related fields.
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