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A B S T R A C T 

This study examines the antioxidant, antimicrobial, and anticancer properties of 
methanol, chloroform, and n-hexane extracts from Rhynchostegium megapolitanum, a 

moss species collected in Aydın, Türkiye. Total phenolic, flavonoid, and tannin contents 

were quantified. Antioxidant activity was evaluated using DPPH and ABTS assays, 
yielding 76.0%, 71.4% and 7.93% DPPH and 59.1%, 21.3% and 4.44% ABTS radical 

scavenging activities for methanol, chloroform and hexane extracts, respectively. 

Antimicrobial activity was tested against 17 bacteria and 4 yeasts, showing significant 
efficacy, particularly against Gram-positive bacteria. Methanol extracts of R. 

megapolitanum exhibited notable antibacterial effects. Anticancer activity was evaluated 

on PC-3 and MCF-7 cancer cell lines. Cytotoxicity was assessed using Hoechst/PI 
double staining, and paclitaxel (1 µM) served as a positive control. The extracts, in 

apoptosis mechanism demonstrated concentration-dependent antiproliferative effects 

(5–40 µM), supporting their potential as natural therapeutic agents in cancer research. 

I NT RO DUCTI O N  

Bryophytes (Bryophyta), the simplest land plants, are widely distributed across diverse climates and habitats, including 

dunes, arid regions, wetlands, moist walls, and rocks. They are non-vascular, seedless plants lacking true roots, stems, and 

leaves, and typically remain small in size. Instead of roots, they attach to substrates such as soil, stones, or tree trunks via 

rhizoids, which may be unicellular or multicellular. Reproduction occurs through sporangia located at the tip of the stem, 

releasing homosporic spores that can generate new plants (Alataş 2006; Simpson 2012). Rhynchostegium megapolitanum is 

a moss species distributed throughout Eurasia, North Africa, Macaronesia, and South America, and is particularly abundant 

in Mediterranean regions but becomes rare toward northern Europe (Dierßen 2001; Johnsen 2014). Although mainly 

terrestrial, bryophytes also inhabit aquatic environments, where they play key ecological roles in nutrient cycling, providing 

food, shelter, and spawning grounds for other organisms (Glime 2007; Abay and Kamer 2010; Monteiro and Vieira 2017).  

In freshwater ecosystems, the presence and composition of bryophyte assemblages are heavily shaped by water ecological 

and chemistry gradients, substrate stability, and land-use patterns within catchment areas. Recent comprehensive surveys 

have confirmed that while some pristine-stream specialists possess narrow ecological niches, widespread species like 

Rhynchostegium riparioides exhibit a broader ecological tolerance toward nutrient enrichment (nitrogen and phosphorus 

loads) and organic pollution, reflecting high microevolutionary plasticity across different hydrographic networks. Beyond 

their structural role, aquatic mosses within the Rhynchostegium complex are globally recognized as exceptionally potent 

biomonitors for tracking trace element pollution and micro-contamination (such as heavy metals and radionuclides) in 

freshwaters due to the dense presence of anionic exchange sites on their cell walls. For instance, mechanistic models like 

S.TR.E.A.M. (System for Trace Element Assessment with Mosses) have successfully utilized Rhynchostegium species to 
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retroactively estimate low-level mercury contaminations that often fall below instrumental detection limits (Cesa et al. 2009; 

Rimac et al. 2022).  

Pharmacological studies have shown that bryophytes produce secondary metabolites with antibacterial, antifungal, antiviral, 

antioxidant, anti-inflammatory, and anticancer properties. Terpenoids and bibenzyl derivatives are among the most important 

of these compounds, inducing apoptosis through caspase activation and NF-κB inhibition (Dey and Mukherjee, 2015). These 

sophisticated chemical profiles also govern complex ecological interactions; for example, members of the Brachytheciaceae 

family, such as Rhynchostegium pallidifolium, are known to secrete allelopathic growth inhibitors like 3-hydroxy-β-ionone 

into their surrounding rhizosphere to suppress competing neighboring plants, facilitating the formation of large, pure 

colonies. However, evaluating these biological activities across the Rhynchostegium genus is frequently challenged by the 

"Linnean shortfall," where substantial evolutionary divergence is masked by extreme morphological intergradation. Deep 

polyphyletic patterns resolved by recent nuclear microsatellite (SSR) and cpDNA sequencing indicate that wide phenotypic 

variations in the Rhynchostegium riparioides s.l. complex correspond more accurately to geographical differentiation than 

traditional gametophytic traits, which are heavily blurred by size gradients (Kato-Noguchi et al. 2010; Hutsemékers et al. 

2012). Traditional Chinese medicine has long employed bryophytes for treating cardiovascular, respiratory, and skin 

diseases, while modern studies confirm their role in wound healing and antimicrobial protection (Canli et al. 2015). While 

the morphological variations and biomonitoring capacities of aquatic allies within this genus have been thoroughly explored, 

a significant literature gap remains regarding the comprehensive bioactive and pharmacological profiling of Rhynchostegium 

megapolitanum. To date, research has predominantly focused on its baseline ecological distribution, leaving its specific 

antioxidant, antimicrobial, and anticancer potential largely uncharacterized. The present study investigates the antioxidant, 

antimicrobial, and anticancer activities of methanol, chloroform, and n-hexane extracts of R. megapolitanum collected from 

Aydın, Türkiye, providing a comparative insight into how solvent polarity influences the recovery of its therapeutic 

phytochemical constituents (Cesa et al. 2009; Hutsemékers et al. 2012; Rimac et al. 2022; Inoue et al. 2023).  

The present study investigates the antioxidant, antimicrobial, and anticancer activities of methanol, chloroform, and n-

hexane extracts of R. megapolitanum. According to the literature, studies on the biological activity of R. megapolitanum are 

quite limited, therefore it was included in our study. The aim of our study is to investigate the antioxidant, antimicrobial, 

and anticancer properties of methanol, chloroform, and n-hexane extracts of Rhynchostegium megapolitanum, an algal 

species collected in Aydın province of Türkiye. 

M AT ERI ALS AND M ET HO DS  

Study area and experimental material 

Folin Ciocalteu’s phenol reagent, HCl, methanol, gallic acid, ethanol, 2,2-diphenyl-1-picrylhydrazyl (DPPH), butylated 

hydroxytoluene (BHT), chloroform, hexane and 2,2'-azinobis-(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) were 

supplied from Sigma-Aldrich (Steinheim, Germany). Na2CO3, AlCl3.6H2O and rutin trihydrate was purchased from Riedel-

de Häen (Seelze, Germany). K2S2O8 and ±6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox) were from 

Fluka (Buchs, Switzerland) and vanillin was from Merck (Darmstadt, Germany). Ultrapure water (18.2 MΩ cm) obtained 

by a water purification equipment (Millipore, Simplicity UV, France) was used. 

Collection of plant material and identification 

The sample of Rhynchostegium megapolitanum (Figures 1a, b, c, d) was gathered from the riverbanks in Çayyüzü 

Neighborhood (Aydın, Türkiye).  Çayyüzü, the research area, has a valuable ecosystem with many hills and small streams, 

generally dominated by lichens and bryophytes. The vegetation is characteristic of the Mediterranean climate. Almost half 

of its surface area is covered with maquis and forest areas. Maquis areas are covered with stunted trees and shrubs, and forest 

areas are covered with trees such as oak, plane tree, black pine, red pine, stone pine, linden and chestnut.  

The mosses were authenticated immediately after collection. The plant material was meticulously cleaned of adhering litter 

and dried material under continuous running tap water. It was then left to dry in the shade and air. In the context of 

experimental work, only green or green-brown shoots were employed (Fernández et al. 2015).  

Rhynchostegium megapolitanum generally exhibits flat, creeping, and sparsely branched shoots with bright yellow-green to 

pale green coloration. Its leaves are broad-based, printed, and possess thin, tapering, often twisted apices. A diagnostic 

feature is the large belt-like area of oblong, transparent cells at the leaf base. The stem, approximately 3 cm long, bears 

leaves that are longer and wider (1.6–2.1 mm long, 0.7–0.9 mm wide) compared to the branch leaves, which are slightly 

curved and more lanceolate (Dierßen 2001; Wynns 2006; Johnsen 2014; Youssef et al. 2017; Hodgetts and Lockhart 2020). 

In terms of taxonomy, the species is classified within the family Brachytheciaceae, order Hypnales, class Bryopsida, phylum 

Bryophyta, kingdom Plantae. The accepted nomenclature is Rhynchostegium megapolitanum (Blandow ex F.Weber & 

D.Mohr) Schimp., 1852 (Anonymous 2021a,b). 
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Figure 1. Pictures of Rhynchostegium megapolitanum collected from riverside in Cayyuzu Neighborhood  

 

Experimental design 

Extract preparation 

Rhynchostegium megapolitanum was extracted with three different solvents, namely methanol, chloroform, and hexane. A 

Soxhlet apparatus was used for 24 hours at a maximum temperature that did not exceed the boiling point of each solvent. 

Following filtration, the solvents were removed under vacuum at +40°C by means of a rotary evaporator (IKA RV 05 basic 

1B, Staufen, Germany, D-79219) (Bimakr et al. 2011).  Then, the extracts were weighed and the yield of each extract was 

calculated using the equation below:  

Extract % = (Weight of extract in gram s / Weight of sample in grams) x100 

Dried extracts were stored in amber vials at -12 °C until used. 

Determination of total phenolics, flavonoid, and condensed tannins content 

The total phenolic content of the extracts was determined using the Folin–Ciocalteu method (Singleton et al. 1999). Gallic 

acid was employed as a standard, and results were expressed as milligrams of gallic acid equivalents (GAE) per gram of 

extract. 

Total flavonoid content was measured according to the procedure described by Quettier-Deleu et al. (2000). Extracts were 

reacted with AlCl₃, and absorbance was recorded at 430 nm. Rutin was used as a reference compound, and the results were 

expressed as milligrams of rutin equivalents (RE) per gram of extract. 

Condensed tannin content was quantified following the method of Belviso et al. (2013). Extracts were incubated with 

vanillin-HCl, and absorbance was measured at 500 nm. Increased absorbance values indicated higher condensed tannin 

levels. 

Overall, these assays enabled the quantitative evaluation of phenolics, flavonoids, and tannins, which are major bioactive 

compounds contributing to the antioxidant potential of R. megapolitanum extracts. 

FT-IR Characterization and Antioxidant Assays  

Structural characterization of the extracts was performed using Fourier Transform Infrared Spectroscopy (FT-IR, Thermo 

Nicolet iS10) equipped with ATR, within the range of 4000–400 cm⁻¹ at 4 cm⁻¹ resolution. FT-IR spectra of methanol, 

chloroform, and n-hexane extracts of R. megapolitanum are provided as supplementary material (Figures 1a, b, c, d). 
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The antioxidant potential of the extracts was assessed using DPPH and ABTS radical scavenging assays. DPPH activity was 

determined according to Brand-Williams et al. (1995) by mixing extracts with DPPH solution and measuring absorbance at 

517 nm after 30 min. The radical scavenging activity (%) and IC₅₀ values were calculated. Butylated hydroxytoluene (BHT) 

and gallic acid served as positive controls. 

Scavenging (%) = (Acontrol - Asample) x 100 / Acontrol 

where, Acontrol was the absorbance of control solution and Asample was the absorbance of the reaction mixture containing the 

extract or standard solution. 

The Trolox equivalent antioxidant capacity (TEAC) was evaluated using the ABTS assay, prepared following Miller et al. 

(1993) and Dubeau et al. (2010). ABTS•⁺ radical was generated and adjusted to an absorbance of 0.70 ± 0.01 at 730 nm. 

Results were expressed as Trolox equivalents, indicating the extracts’ ability to scavenge free radicals. 

Antimicrobial Assay 

The antimicrobial potential of R. megapolitanum extracts (methanol, chloroform, and n-hexane) was assessed using the disc 

diffusion method (Collins et al., 2004; CLSI, 2015), followed by determination of minimum inhibitory concentration (MIC) 

through broth microdilution (Jones et al., 1985; Jorgensen and Ferraro, 2009). A total of 17 bacterial strains and 4 fungi were 

tested.  

For bacterial assays, Mueller Hinton Agar (MHA) plates were inoculated with broth cultures of strains including 

Enterococcus faecalis (ATCC 29212), Staphylococcus epidermidis (ATCC 12228), Serratia marcescens (ATCC 13880), 

Klebsiella pneumoniae (ATCC 13882), Escherichia coli (ATCC 35218), Pseudomonas aeruginosa (ATCC 35032), Proteus 

vulgaris (ATCC 33420), Enterobacter aerogenes (ATCC 13048), Salmonella typhimurium (ATCC 14028), Staphylococcus 

aureus (ATCC 25923), Corynebacterium xerosis (ATCC 373), Streptococcus pneumoniae (ATCC 27336), and Listeria 

monocytogenes (ATCC 19112) were incubated at 37 oC for 24 h, while those with Micrococcus luteus (ATCC 9341), 

Bacillus subtilis (ATCC 6633) and Bacillus cereus (ATCC 11778) were incubated at 30 oC for 24 h. And for the antifungi 

assay, Candida albicans (ATCC 10231), Candida utilis (ATCC 9950), Candida tropicalis, and Saccharomyces cerevisiae 

(ATCC 9763) were incubated at 27 oC for 24 h.     

At the end of incubation period, the inhibition zone diameter was obtained in millimeter. The positive controls employed 

comprised discs containing chloramphenicol (30 mg Oxoid), gentamycin (10 mg Oxoid), tetracycline (30 mg Oxoid), 

ampicillin (10 mg Oxoid), ofloxacin (5 mg Oxoid), vancomycin (30 mg Oxoid), cefotaxime (30 mg Oxoid), and nystatin 

(100 mg Oxoid). The inhibition zones diameter obtained were then compared with the reference discs. The minimum 

inhibitory concentration (MIC) was determined in accordance with the previously described methodology (Jones et. al. 1985; 

Jorgensen and Ferraro 2009). The MIC was determined in concentration ranging from 256 to 0.125 𝜇gmL−1. The lowest 

concentration of the study compounds that resulted in complete inhibition of the microorganisms was represented as the 

minimum inhibitory concentration (MIC), expressed in units of micrograms per milliliter (𝜇gmL−1). Similar procedure was 

replicated on Streptomycin and Fluconazole which were used as positive controls positive controls for the bacteria and yeasts 

respectively. In each instance, the test was conducted in triplicate, and the resulting data were expressed as an average. 

Anti-proliferative studies 

Cell Culture 

Human prostate (PC3) and breast (MCF7) cancer cell lines were used to evaluate the anti-proliferative activity of R. 

megapolitanum extracts. PC3 cells were maintained in RPMI-1640 medium and MCF7 cells in DMEM, both supplemented 

with 10% FBS, 1% L-glutamine, and 100 U/mL penicillin-streptomycin. Cells were cultured at 37 °C in a humidified 

atmosphere with 5% CO₂ and seeded into 48- or 96-well plates (10⁵ cells/well). After 24 h incubation, cells were exposed to 

extracts at concentrations of 5–40 µM, alongside paclitaxel (1 µM) as the positive control (Babahan et al., 2020; Asegbeloyin 

et al., 2014). 

Cell viability was determined using the MTT assay. Briefly, 40 µL of MTT solution (5 mg/mL) was added to each well and 

incubated for 4 h. The resulting formazan crystals were dissolved in DMSO, and absorbance was recorded at 540/620 nm. 

Results were expressed as percentage viability compared to untreated controls. 

Apoptotic and necrotic cell death was further assessed by Hoechst/propidium iodide (HOPI) staining. Cells (10⁶/well) were 

treated with extracts or controls for 24 h, followed by staining with Hoechst and PI (0.25 µL each) for 30 min at 37 °C in 

the dark. Fluorescence microscopy (Zeiss axiocam ICc5) was used to visualize chromatin condensation, nuclear 

fragmentation, and membrane integrity. Extracts induced dose-dependent reductions in cell viability and increased apoptotic 

morphology, supporting their potential as cytotoxic agents.  

Extraction of material for anti-proliferative studies 

After extraction with serious solvents has different polarities, the derived extracts have been weighted and the weights are 

given in Table 1. The most obtained extracts corresponding to 1 mg material has been calculated as Chloroform and Methanol 

respectively. These are more polar solvents than Hexane. Especially methanol has a higher polarity than Hexane and 

Chloroform. That means there are different compounds and amounts in different extract types because of the principal; polar 

compounds are soluble in polar solvents and non-polar in non-polar solvents.  
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For application the extracts on cells in culture the extracts were dissolved in Ethanol for a stock solution at 15g/mL. This 

standardization is necessary for comparing the different extract types and amounts in same concentrations and same cells.  

For each concentration extract amounts were calculated and are given in Table 2. It shows the amounts of extracts in each 

well of the cell culture plate after application at the determined concentration. It can be seen that in higher concentrations 

the extracts amounts are higher than 1 mg in one well of culture plate. 

 

Table 1. Extract weights from 15 g dried moss/algae 

Solvent Extract weight  Extract corresponding to 1mg material 

Hexane Derived from 15 g         dried material:    0.7062 g 47.08 µg 

Chloroform  Derived from 15 g         dried material:    3.0049 g 200.32 µg 

Methanol Derived from 6.367 g    dried material:   0.8768 g 137.71 µg 

 

Table 2. Extract contents of applied concentrations 

Extract type  Concentration µM µg of extract 

Hexane  5 235.40 µg 

10 470.80 µg 

20 941.60 µg 

40 1883.20 µg 

Chloroform 5 1001.60 µg 

10 2003.20 µg 

20 4006.40 µg 

40 8012.80 µg 

Methanol 5 688.55 µg 

10 1377.10 µg 

20 2754.20 µg 

40 5508.40 µg 

 

Data collection and statistical analysis 

The statistical analysis was conducted using GraphPad Prism (GraphPad Software, Inc., La Jolla, CA, USA). Cytotoxicity 

values were expressed as means ± SD of at least four independent experiments. The differences between the groups were 

analysed using one-way analysis of variance (ANOVA), while the HOPI data were analysed using two-way ANOVA. The 

level of significance was set at p < 0.01 and p < 0.05. 

RESULT S AND DI SCUSSI O N  

Total phenolics, flavonoid, and condensed tannin contents 

The total phenolic, flavonoid, and condensed tannin contents of the methanol, chloroform, and hexane extracts are presented 

in Table 3 and Figure 2, Figure 3, Figure 4. As shown in Table 3, the methanol extract exhibited the highest total phenolic 

content (100.3 ± 4.11 mg GAE/g DE), followed by the chloroform extract (91.1 ± 5.83 mg GAE/g DE), whereas the hexane 

extract showed the lowest value (26.3 ± 8.20 mg GAE/g DE). In contrast, the chloroform extract contained the highest total 

flavonoid content (12.2 ± 1.20 mg RE/g DE), while the methanol and hexane extracts exhibited similar flavonoid levels 
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(8.24 ± 0.06 and 8.73 ± 0.06 mg RE/g DE, respectively). The highest condensed tannin content, expressed as absorbance at 

500 nm, was observed in the hexane extract (0.0443), followed by the chloroform (0.0250) and methanol (0.0181) extracts.  

 

Table 3. Total phenolics, flavonoid and tannins in the three Rhynchostegium megapolitanum extracts. 

Extract Total phenolic content 

(mg GAE/g DE) 

Total flavonoid content 

(mg RE/g DE) 

Total condensed tannin 

(A500 nm) 

Methanol 100.3 ± 4.11 8.24 ± 0.06 0.0181 

Chloroform 91.1 ± 5.83 12.2 ±1.20 0.0250 

Hexane 26.3 ± 8.20 8.73 ± 0.06 0.0443 

DE: dry extract,  GAE: gallic acid equivalent, RE: rutin equivalent    

 

The total phenolic, flavonoid, and condensed tannin contents of the Rhynchostegium megapolitanum extracts varied 

depending on the extraction solvent (Table 3). Among the R. megapolitanum extracts, the methanolic extract exhibited the 

highest total phenolic content (100.3 ± 4.11 mg GAE/g DE), followed by the chloroform and hexane extracts, indicating that 

polar solvents are more efficient for extracting phenolic compounds (Nayak et al. 2021; Mahmud et al. 2023). In contrast, 

the chloroform extract showed the highest total flavonoid content (12.2 ± 1.20 mg RE/g DE), suggesting that certain 

flavonoid aglycones of the R. megapolitanum are more readily extracted by moderately polar solvents (Chiorcea-Paquim, 

2023). The highest condensed tannin absorbance (0.0443 at A500 nm) was observed in the hexane extract. However, because 

condensed tannins were expressed as absorbance values rather than standard equivalents, direct quantitative comparisons 

with previous studies are limited. Overall, these findings indicate that solvent polarity plays a crucial role in the extraction 

efficiency of phenolic compounds from the R. megapolitanum (Panche et al., 2022). Figure 2 shows that the absorbance 

value measured at 760 nm increases linearly as the gallic acid concentration increases. Similarly, examining Figure 4, it can 

be seen that the absorbance values measured at 430 nm increase in parallel with the increase in rutin amount, and the change 

shows a linear trend. As shown in Figure 4, the absorbance measured at 430 nm increased proportionally with increasing 

rutin concentration, demonstrating a linear relationship. 

 

 

Figure 2. Gallic acid standard curve for total phenolic content analysis  

 

 

Figure 3. Total phenolic contents of chloroform, hexane and methanol extracts of Rhynchostegium megapolitanum 
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Figure 4. Rutin standard curve for total flavonoid content analysis  

 

FT-IR identification of extracts 

FT-IR spectra of Rhynchostegium megapolitanum extracts (methanol, chloroform, and n-hexane) are provided in the 

supplementary materials (Figures 1a–d), while the ethanol extract spectrum is shown in Figure 3. Major peaks were observed 

at 3500–3000 cm⁻¹ (–OH, methanol extract), ~2900 cm⁻¹ (–CH₃/–CH₂), 1700 cm⁻¹ (RCH=CH₂), 1462 cm⁻¹ (NH₃), 1377 

cm⁻¹ (–CH), and ~1100 cm⁻¹ (–CH₂) (Yayintas et al., 2017). Spectra obtained from FT-IR analysis show that R 

megapolitanum extracts contain various bioactive compounds. The broad band observed in the 3500–3000 cm⁻¹ range 

indicates the presence of hydroxyl (–OH) groups, suggesting the presence of phenolic compounds and flavonoids in the 

extracts. Peaks at approximately 2900 cm⁻¹ represent aliphatic –CH₂ and –CH₃ groups, the peak around 1700 cm⁻¹ represents 

carbonyl (C=O)-containing compounds, peaks at 1462 and 1377 cm⁻¹ represent vibrations of aliphatic structures, and the 

band at approximately 1100 cm⁻¹ represents C–O bonds. These functional groups support the presence of phenolic 

compounds, terpenoids, fatty acids, and other secondary metabolites, indicating the presence of chemical components that 

may contribute to the observed biological activities of the extracts.      

In vitro antioxidant activities 

ABTS screening 

Figure 5 shows that methanol extract scavenged ABTS radicals by 59.1±1.53 % versus Trolox, while chloroform and hexane 

extracts scavenged 21.3 % and 4.44 %, respectively; Trolox, Vitamin E analogue, served as the TEAC assay standard. 

 

 

Figure 5. Concentration dependent ABTS radical scavenging activities of R. megapolitanum extracts and Trolox  

 

DPPH screening 

DPPH radical scavenging of R. megapolitanum extracts was evaluated, with methanol extract showing the highest activity, 

likely due to its high phenolic content, followed by chloroform and hexane extracts (Table 4). Methanol and chloroform 

extracts also exhibited notable activity compared to standards BHT and gallic acid, with scavenging efficiency ranking: 

hexane < chloroform < methanol < BHT < gallic acid (Singh and Singh, 2008). 
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Table 4. DPPH radical scavenging activities and IC50 values of R. megapolitanum extracts and standard antioxidants 

Extract DPPH radical scavenging (%) IC50 (mg/mL) 

Methanol 76.0 ± 3.44 0.18 ± 0.29 

Chloroform 71.4 ± 3.41 0.23 ± 0.24 

Hexane 7.93 ± 1.74 4.90 ± 1.17 

BHT 95.8 ± 0.34 0.03 ± 0.01 

Gallic acid 97.1 ± 0.15 0.003 ± 0,001   

IC50: the concentration of extract required to scavenge 50% of DPPH (0.05 mM) free radicals. 

The methanol extract possessed the highest antioxidant capacity in terms of DPPH radical cation scavenging ability [(76.0 

± 3.44 %)].  

 

The DPPH radical scavenging activity of the R. megapolitanum extracts varied according to the extraction solvent (Table 

4). Among the extracts, the methanolic extract exhibited the highest antioxidant activity (76.0 ± 3.44%) and the lowest IC₅₀ 

value (0.18 ± 0.29 mg/mL), followed by the chloroform extract, whereas the hexane extract showed the weakest activity 

(7.93 ± 1.74%) with the highest IC₅₀ value (4.90 ± 1.17 mg/mL). As expected, gallic acid and BHT demonstrated significantly 

stronger radical scavenging activities than all R. megapolitanum extracts. The superior antioxidant activity of the methanolic 

extract suggests that the antioxidant potential of the R. megapolitanum is largely associated with its higher phenolic content, 

whereas the low activity of the hexane extract may be attributed to its limited ability to extract polar phenolic compounds 

responsible for free radical scavenging (Chiorcea-Paquim 2023; Mahmud et al. 2023).  

Antimicrobial analysis 

The antimicrobial activity of n-hexane, chloroform and methanol extracts of Rhynchostegium megapolitanum were 

researched and the results were given Tables 5, 6. In additional to the results of used references antibiotics were showed in 

Table 5.  

The antimicrobial activity of R. megapolitanum extracts varied depending on the extraction solvent and the microorganisms 

tested (Table 5). The methanolic extract showed the highest inhibitory activity (17 mm) particularly against Mycobacterium 

smegmatis ATCC 607, followed by the n-hexane extract (15 mm). The higher activity of the methanolic extract may be 

related to its higher phenolic content, as phenolic compounds and flavonoids are known to exert antimicrobial effects through 

membrane disruption, enzyme inhibition, and interference with microbial metabolism (Takó et al., 2020). The moderate 

activity of the hexane extract against M. smegmatis suggests that nonpolar compounds such as terpenoids may also contribute 

to antimicrobial activity. Overall, the selective antibacterial effects of R. megapolitanum extracts demonstrate the presence 

of bioactive compounds with potential antimicrobial properties. 

 

Table 5. Antimicrobial activities of the extracts of Rhynchostegium megapolitanum on some microorganisms (Inhibition 

zone mm) 

 

 

 

 

Test Microorganisms 

 

Inhibition zones (mm) 

Extracts of R. 

megapolitanum 

                          Reference antibiotics 

1 2 3 C

30 

C

N

10 

TE 

30 

E1

5 

AM

P10 

P1

0 

K3

0 

OF

X5 

V

A3

0 

CT

X30 

NS 

100 

CTL 

10 

Escherichia coli 

 ATCC 35218             

7 - - 24 21 15 11 - 16 20 28 23 10 NT NT 

Enterobacter 

aerogenes 

ATCC 13048 

- - - 19 20 14 - - - - 19 - 20 NT NT 

Salmonella 

typhimirium  ATCC 

14028 

- - - 17 16 15 8 8 15 18 25 21 13 NT NT 

Micrococcus luteus,  

ATCC 9341 

- - - 25 15 26 30 28 13 12 24 14 17 NT NT 

Stapylococcus aureus 

ATCC 25923 

- - - 23 20 22 23 20 12 13 23 13 12 NT NT 

Stapylococcus 

epidermidis ATCC 

12228 

- - - 22 17 19 11 17 11 13 22 12 13 NT NT 
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Klebsiella 

pneumoniae 

ATCC 13882 

- - - 21 19 20 14 - 18 19 27 23 14 NT NT 

Pseudomonas 

aeruginosa ATCC 

35032 

- - - 22 20 20 21 - 14 20 29 18 14 NT NT 

Corynebacterium 

xerosis 

ATCC 373 

- - - 20 17 25 26 27 14 12 22 21 20 NT NT 

Mycobacterium 

smegmatis ATCC 607 

15 11 17 23 18 26 25 19 16 13 30 20 12 NT NT 

Listeria 

monocytogenes 

ATCC 19112 

- - - 19 14 12 - 12 10 12 29 25 16 NT NT 

Serratia marcescens 

ATCC 13880 

- - - 23 19 13 - 19 18 19 27 27 13 NT NT 

Proteus 

vulgaris 

ATCC 33420 

- - - 17 24 16 20 - 15 25 26 24 18 NT NT 

Entereococcus 

faecalis 

ATCC 29212            

- - - 16 11 19 - 14 12 13 28 20 16 NT NT 

Streptococcus 

pneumoniae  

ATCC 27336 

- - - 24 20 25 15 14 19 21 28 29 15 NT NT 

Streptococcus 

mutans** 

- - - 28 22 19 - - - 22 30 - 22 NT NT 

Bacilllus cereus 

ATCC 11778 

8 - - 23 24 25 26 - 10 11 28 21 17 NT NT 

Bacillus subtilis 

ATCC 6633 

- - - 22 20 12 25 - 11 11 27 20 16 NT NT 

Candida albicans 

ATCC 10231   

- - - N

T 

N

T 

NT NT NT N

T 

N

T 

NT N

T 

NT 22 NT 

Candida utilis 

ATCC 9950           

- - - N

T 

N

T 

NT NT NT N

T 

N

T 

NT N

T 

NT 21 NT 

Candidatrophicalis* - - - N

T 

N

T 

NT NT NT N

T 

N

T 

NT N

T 

NT 18 NT 

Candida glabrata* - - - N

T 

N

T 

NT NT NT N

T 

N

T 

NT N

T 

NT 16 NT 

Saccharomyces 

cerevisiae ATCC 

9763 

- - - N

T 

N

T 

NT NT NT N

T 

N

T 

NT N

T 

NT 15 NT 

Debaryomyces 

hansenii NRRL Y-

1458 

- - - N

T 

N

T 

NT NT NT N

T 

N

T 

NT N

T 

NT 19 NT 

**Torulaspora 

delbrueckii 

- - - N

T 

N

T 

NT NT NT N

T 

N

T 

NT N

T 

NT 20 NT 

**Hansenula 

philodendron 

- - - N

T 

N

T 

NT NT NT N

T 

N

T 

NT N

T 

NT 22 NT 

**Pichia pastoris - - - N

T 

N

T 

NT NT NT N

T 

N

T 

NT N

T 

NT 22 NT 

**Kluyveromyces 

fragilis 

- - - N

T 

N

T 

NT NT NT N

T 

N

T 

NT N

T 

NT 20 NT 

**Dekkera  

bruxellensis 

- - - N

T 

N

T 

NT NT NT N

T 

N

T 

NT N

T 

NT 19 NT 

*Aspergillus niger - - - N

T 

N

T 

NT NT NT N

T 

N

T 

NT N

T 

NT NT 24 

*Aspergillus flavus - - - N

T 

N

T 

NT NT NT N

T 

N

T 

NT N

T 

NT NT 23 
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*Aspergillus 

fumigatus 

- - - N

T 

N

T 

NT NT NT N

T 

N

T 

NT N

T 

NT NT 22 

*Aspergillus foetidus - - - N

T 

N

T 

NT NT NT N

T 

N

T 

NT N

T 

NT NT 23 

1: n-Hexane, 2:Chloroform, 3:Methanol  

(-):Zone has no effect.  

(*):Special gift of the Microbiology Department of Adnan Menderes University  

(**):Special gift of the Department of Microbiology, Ege University 

 

Table 6. The antimicrobial activity of the extracts ( 1, 2, 3). (MIC, µg.mL-1) 

Test Microorganisms              1 2 3 Str 

Escherichia coli, ATCC 35218             256 - - 64 

Mycobacterium smegmatis, ATCC 

607 

32 128 32 128 

Bacilllus cereus, ATCC 11778 256 - - 64 

1: n-Hexane, 2:Chloroform, 3:Methanol;Str: Streptomycin (-) : No effect, NT: Not tested 

 

Table 5 shows that n-hexane and methanol extracts of R. megapolitanum strongly inhibited M. smegmatis ATCC 607 

(inhibition zones 15–17 mm), while chloroform extract had moderate activity (11 mm). n-hexane extract exhibited low 

activity against E. coli ATCC 35218 and B. cereus ATCC 11778 (7–8 mm), and all extracts were inactive against other 

bacteria, microfungi, and yeasts. MIC values (Table 6) confirmed high activity of n-hexane and methanol extracts (32 

μg/mL) and moderate activity of chloroform extract (128 μg/mL) against M. smegmatis, with slight activity of n-hexane 

extract (256 μg/mL) against E. coli and B. cereus.  

Anti-proliferative studies 

For testing the extracts on MCF-7 and PC-3 cell lines different concentrations of extracts (5, 10, 20, 40 μM) and 1 μM of 

positive control paclitaxel (Pax) have been used. The cells were growth in 48 well plate with 105 cell density and after 24 h 

from application the drug measurements performed on the cells. The results are presented in tables and graphs. In the tables 

the values of IC50 (Table 7), apoptotic cells and necrotic cells (Table 8) can be seen. In graphs the cytotoxic effects of drugs 

against cancer cells (Figures 6a, b) and the ratios of the cell death types (Figure 7) are presented.  

The dose-dependent antiproliferative effects, particularly observed in the methanol extract against MCF-7 and PC-3 cells, 

were strongly correlated with high apoptosis rates (76% and 64%, respectively). This programmed cell death mechanism 

was microscopically confirmed by chromatin condensation and nuclear fragmentation via HOPI staining. In bryophytes, 

such cytotoxic actions are often mediated by unique secondary metabolites, including macrocyclic bibenzyls and specific 

terpenoids. These bioactive compounds are known to trigger the intrinsic apoptotic pathway by altering mitochondrial 

membrane potential, inducing ROS generation, and subsequently activating caspase-3 and caspase-9 cascades, alongside the 

inhibition of survival pathways like NF-κB.  

 

Table 7. The IC50 values of the extracts against breast (MCF-7) and prostate (PC-3) cancer cells 

Extract type Cell line IC50 (µM) 

Hexane MCF-7 36.72±12.28 

PC-3 45.39±10.35 

Chloroform MCF-7 33.50±5.19 

PC-3 46.56±5.23 

Methanol MCF-7 25.04±5.06 

PC-3 31.35±5.37 

Pax MCF-7 1.21±0.53 

PC-3 1.47±0.82 

 

The superior efficacy of the methanol extract in our study suggests that the polar bioactive constituents of R. megapolitanum 

efficiently disrupt cancer cell homeostasis, making the isolation of these specific molecules a critical next step for targeted 

chemotherapy research.  
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Table 8.  The apoptotic cell values of the extracts against MCF-7 and PC-3 cancer cells 

Extract type Cell line Apoptosis rate±S.D 

Hexane MCF-7 60.17±2.06 

PC-3 53.67±4.37 

Chloroform MCF-7 66.94±3.37 

PC-3 55.15±3.03 

Methanol MCF-7 76.18±3.75 

PC-3 64.02±2.64 

Pax MCF-7 81.62±2.04 

PC-3 79.18±4.77 

Control MCF-7 10.52±1.09 

PC-3 5.48±6.34 

 

 

Figure 6a. Cytotoxic effects of extracts against breast (MCF-7) and prostate (PC-3) cancer cells 

 

Figure 6a showed the cytotoxic activity of the extracts was evaluated using PC-3 cells with untreated control groups. The 

data were presented as mean ± standard error of the mean. A one-way analysis of variance (ANOVA) test was used to 

compare the data and Dunnett's multiple comparison test was applied as a post-hoc test. P-values less than or equal to 0.05 

in comparison with the control sample were considered statistically significant. These values are indicated by the following 

symbols: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.  

Overall, treatment with the extracts resulted in a concentration-dependent reduction in cell viability. Among the tested 

extracts, the methanol extract exhibited the strongest cytotoxic activity, significantly decreasing cell viability from 10 µM 

onward, with the greatest effect observed at 40 µM (****p < 0.0001). In contrast, the hexane and chloroform extracts 

produced no significant effects at lower concentrations (5–20 µM), while a significant reduction in cell viability was 

observed only at 40 µM (**p < 0.001 and ***p < 0.0001, respectively). These findings indicate that the methanol extract 

possesses greater cytotoxic potency against PC-3 cells than the hexane and chloroform extracts under the experimental 

conditions. 

 

Figure 6b. Cytotoxic effects of extracts against breast (MCF-7) and prostate (PC-3) cancer cells 

Figure 6b showed the cytotoxic activity of the extracts was evaluated using MCF-7 cells with untreated control groups. The 

data were presented as mean ± standard error of the mean. A one-way analysis of variance (ANOVA) test was used to 

compare the data and Dunnett's multiple comparison test was applied as a post-hoc test. P-values less than or equal to 0.05 
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in comparison with the control sample were considered statistically significant. These values are indicated by the following 

symbols: (+p < 0.05, ++p < 0.01, +++p < 0.001, ++++p < 0.0001. 

 

Figure 7. Apoptotic and necrotic cells observed after extract application on breast (MCF-7) and prostate (PC-3) cancer cells 

Figure 7 showed the objective of this study is to measure the apoptosis of extracts on PC-3 and MCF-7 cells. The data are 

presented as mean ± standard error of the mean. A one-way ANOVA test was conducted to compare the data sets, and a 

Dunnett's multiple comparison test was subsequently applied as a post-hoc test. P-values were considered statistically 

significant when they were equal to or less than 0.05. The following symbols were used to indicate the level of significance: 

+p < 0.05, +++p < 0.01, ++++p < 0.001, ++++ p < 0.0001 or *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 

In this study, different extracts of R. megapolitanum were tested for cytotoxicity against PC-3 and MCF-7 cell lines. All 

extracts showed dose-dependent effects, with methanol extract being the most potent (IC50: 31.35 µM for PC-3; 25.04 µM 

for MCF-7; Table 7, Figures 6a,b). Effective concentrations corresponded to ~3 mg extract, higher than paclitaxel, but results 

indicate the presence of bioactive compounds capable of inhibiting cell proliferation via apoptotic mechanisms (Table 8, 

Figure 7), with apoptosis rates of 64% (PC-3) and 76% (MCF-7). These findings suggest that isolation of the active 

compounds from methanol extract may enhance anticancer potential.  

DI SCUSSI O N  

The plant kingdom contains numerous bioactive compounds, with antioxidants receiving particular attention for their ability 

to scavenge free radicals and mitigate oxidative stress (Fernandez-Panchon et al. 2008; Gulcin 2012). Antioxidants delay or 

prevent substrate oxidation even at low concentrations (Halliwell et al. 1995). Phenolic compounds, including flavonoids, 

tannins, and phenolic acids, are major natural antioxidants due to hydroxyl groups on aromatic rings (Khoddami et al. 2013). 

Flavonoids exert their antioxidant effects through multiple molecular mechanisms. Flavonoids exert antioxidant activity via 

electron donation, metal chelation, enzyme activation, and oxidase inhibition, with efficacy related to structural features 

such as o-diphenolic groups and 4-oxo-conjugated double bonds (Carocho and Ferreira 2013; Bravo 1998; Wijekoon et al. 

2011; Ferrali et al. 1997; Elliott et al. 1992; Cos et al. 1998; Chiorcea-Paquim 2023; Mahmud et al. 2023 ). 

Bryophytes, including R. megapolitanum, are rich in secondary metabolites such as terpenoids, flavonoids, alkaloids, and 

sterols, contributing to antioxidant activity and defense against stress. Content varies with climate, altitude, and tissue type 

(Gahtori and Chaturvedi 2019). Extraction efficiency depends on solvent polarity, temperature, time, and phytochemical 

properties (Do et al. 2014). In this study, methanol extract had the highest total phenolic content, chloroform extract 

contained more flavonoids, and hexane extract was richest in condensed tannins (Table 3). Methanol’s high polarity favored 

phenolic extraction, while hexane selectively extracted non-polar tannins, consistent with their amphiphilic nature (Wijekoon 

et al. 2011; Gahtori and Chaturvedi 2019; Do et al. 2014). 

Antioxidant assays revealed methanol extract as the most effective in ABTS (59.1±1.53 %) and DPPH radical scavenging, 

followed by chloroform and hexane extracts (Figures 5, Table 4). High phenolic content likely explains its superior activity, 

although non-polar compounds in hexane and chloroform may contribute (Ali et al. 2014; Padalia et al. 2018; Bravo 1998; 

Belkacemi et al. 2020). 

Antimicrobial evaluation against 17 bacteria and 4 yeasts indicated strong activity of n-hexane and methanol extracts against 

Mycobacterium smegmatis ATCC 607 (15–17 mm inhibition zones), moderate activity of chloroform extract, and slight 

inhibition by n-hexane extract against E. coli and B. cereus (7–8 mm). Methanol extract notably inhibited C. fontinaloides 

and P. commutata, reflecting the role of fatty acids, terpenoids, and other secondary metabolites in antimicrobial activity 

(Belkacemi et al. 2020). 

Cytotoxicity assessment using MCF-7 and PC-3 cell lines demonstrated dose-dependent antiproliferative activity. Methanol 

extract was the most potent, with IC50 values of 25.04 µM (MCF-7) and 31.35 µM (PC-3), inducing apoptosis in 76% and 

64% of cells, respectively (Figures 6a,b; Tables 7, 8). Though effective concentrations corresponded to ~3 mg extract, higher 
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than paclitaxel, results highlight the presence of bioactive compounds capable of triggering apoptosis, suggesting that 

isolation could enhance efficacy. This prominent induction of apoptosis in MCF-7 and PC-3 cells by the Rhynchostegium 

megapolitanum methanol extract triggers a cascade of tightly regulated molecular pathways characteristic of programmed 

cell death. At the cellular level, the biological mechanism is initiated when bioactive secondary metabolites from the 

extract—likely polar phenolics, specific terpenoids, or bibenzyl derivatives—disrupt the outer mitochondrial membrane 

potential. This loss of mitochondrial membrane integrity leads to the opening of mitochondrial permeability transition pores 

and the subsequent leakage of pro-apoptotic factors, most notably Cytochrome c, from the intermembrane space into the 

cytosol. Once released, cytosolic Cytochrome c binds to the adaptor protein Apoptotic Protease Activating Factor-1 (Apaf-

1) in the presence of dATP, forming a wheel-like heptameric protein complex known as the apoptosome (Mercader and 

Pomilio 2013; Li et al. 2022; Marques et al. 2022; Sutana et al. 2025). The assembly of the apoptosome plays a critical role 

in the intrinsic (mitochondrial) apoptotic pathway by recruiting and activating the initiator pro-caspase-9. Upon auto-

activation, caspase-9 directly cleaves and activates downstream executioner caspases, specifically caspase-3 and caspase-7. 

These executioner caspases serve as the molecular scissors of the cell; they systematically degrade vital structural proteins 

and cleave Poly (ADP-ribose) Polymerase (PARP), an enzyme essential for DNA repair, thereby committing the cancer cell 

to irreversible death. Furthermore, this activation process downregulates key anti-apoptotic proteins such as Bcl-2 and Bcl-

xL, while shifting the cellular balance toward pro-apoptotic executioners like Bax and Bak. (Cheng et al. 2013; Mercader 

and Pomilio 2013; Yuan et al. 2015). Concurrently, the activation of Caspase-Activated DNase (CAD) translocates this 

enzyme to the nucleus, where it executes internucleosomal DNA cleavage. This late-stage biochemical hallmark perfectly 

correlates with the extensive chromatin condensation and nuclear fragmentation visually confirmed by our Hoechst/PI 

(HOPI) double staining. By shifting the intracellular dynamic toward the caspase-9/caspase-3 axis, the active components 

within the extract efficiently halt tumor cell proliferation without triggering the inflammatory responses typically associated 

with necrosis (Li et al. 2018: Trofimova et al. 2021; Stojanović et al. 2025). 

Nutritional analysis revealed crude protein (6.915 %), crude oil (1.365 %), crude fiber (14.58 %), and crude ash (2 %), 

supporting the potential use of R. megapolitanum as forage in animal nutrition (AOAC 1984; Crampton and Maynard 1983; 

Kaya 2008; Aydın 2008). 

In summary, methanol extract of R. megapolitanum displayed the highest phenolic and flavonoid content and antioxidant 

activity, while hexane and chloroform extracts showed selective antimicrobial effects. Methanol extract also exhibited potent 

cytotoxicity via apoptosis, indicating the presence of bioactive compounds with potential therapeutic applications. These 

findings support further isolation and characterization of active molecules for development as natural antioxidants, 

antimicrobials, and anticancer agents. 

CO NCLUSI O N  

The present study provides a comparative evaluation of the antioxidant, antibacterial, and anticancer activities of methanol, 

chloroform, and n-hexane extracts of Rhynchostegium megapolitanum collected from Aydın, Türkiye, with particular 

emphasis on the influence of solvent polarity on the recovery of biologically active phytochemicals. 

R. megapolitanum is a moss species belonging to the phylum Bryophyta. Although its direct economic value as an animal 

feed or agricultural resource appears to be limited, its ecological significance is associated with its occurrence in wetland, 

stream, roadside, semi-arid pasture, meadow, and grassland ecosystems. In particular, its presence in meadow and pasture 

habitats may reflect specific soil and habitat conditions, while its contribution to plant diversity and ecosystem functioning 

further emphasizes its ecological importance. Nevertheless, comprehensive studies addressing the nutritional and feeding 

value of this species remain scarce. Therefore, investigating its phytochemical composition and biological properties may 

provide valuable information beyond its limited direct economic applications. 

The literature review further revealed that studies concerning the biological activities of R. megapolitanum remain relatively 

limited. The present findings indicate that this species represents a promising source of bioactive secondary metabolites, 

including terpenoids, flavonoids, alkaloids, and sterols, which may contribute to its observed biological activities. Among 

the extracts investigated, the methanol extract exhibited notable antioxidant, antibacterial, and anticancer activities, 

suggesting that solvent polarity may play an important role in the efficient recovery of phytochemical constituents associated 

with these biological effects. 

Overall, the findings provide for the biological potential of R. megapolitanum and contribute to the limited body of 

knowledge concerning the phytochemical and pharmacological properties of this species. Particularly, the biological 

activities observed in the methanol extract suggest that R. megapolitanum may represent a promising natural source of 

bioactive compounds for further investigation. However, isolation and structural characterization of the compounds 

responsible for these activities, together with mechanistic, cytotoxicity, and in vivo studies, are required to elucidate their 

biological mechanisms and to assess their potential applications in pharmaceutical and other bioactive product development.  
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