


In Vitro Assessment of Bioactivities of Seagrass and its Zinc Oxide Nanoparticles


[bookmark: _Hlk218260008]ABSTRACT
Background 
Halophila beccarii, a seagrass dwelling in shallow coastal water belongs to the family Hydrocharitaceae, is well-known for its wide spectrum of bioactive secondary metabolites, including phenolics, flavonoids, terpenoids and sulphated polysaccharides. In the current study, we explored the  anti inflammatory, antioxidant  and the antimicrobial activities of aqueous extract of Halophila beccarii and its zinc oxide nanoparticles.
Methods
The aqueous extract   prepared from H.beccarii  was utilized for the synthesis of  zinc oxide nanoparticles  by green technology. The   anti inflammatory, antioxidant and antibacterial activity of both aqueous extract and zinc oxide nanoparticles was determined by membrane stabilization assay, radical scavenging activity and the disc diffusion method respectively. 
Results 
Both aqueous extract and zinc oxide nanoparticles exhibited significant antioxidant, membrane stabilization effects when correlated with the standard drug such as ascorbic acid and diclofenac. Hb-ZnO NPs showed nearly identical activity to Diclofenac, with inhibition values of 65.41% and 70.14% respectively at 80 µg/ml. Hb-ZnO NPs showed strongest antibacterial effect, producing inhibition zones of 24.6 ± 0.5 mm against B.subtilis, 18 ± 0.1 mm against P. aeruginosa, 19.66 ± 0.5 mm against K.pneumoniae, and S.aureus  14 ± 0.5 mm, closely matching the activity of the standard antibiotic gentamycin.
Conclusion 
The study demonstrated superior therapeutical potential  of zinc oxide nanoparticles compared to aqueous extract of  H.beccarii 
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1. [bookmark: _Hlk218262044]INTRODUCTION
Seagrasses are marine angiosperms and the only flowering plants that have fully adopted to marine environment inhabiting shallow coastal waters across tropical, subtropical and temperate regions (Vasarri  et al.,2021, Gono et al.,2022). Seagrasses namely Halophila beccarii, Halophila ovalis, Thalassia hemprichii,  Enhalus acoroides  etc are well-known for their  wide spectrum of bioactive secondary metabolites, including phenols, flavonoids, sterols, alkaloids, saponins, tannins and terpenoids (Shaffai et al.,2023, Wehbe et al.,2024, Chebaro et al., 2024)]. These compounds play critical role in antioxidant, anti-inflammatory responses and their pharmacological relevance in terrestrial medicinal plants highlights seagrasses as promising marine sources of therapeutic agents (De leo et al.,2025, Ameen et al.,2024).
Oxidative stress, arising from the excessive generation of reactive oxygen species (ROS), disrupts cellular integrity, fueling chronic inflammation, diabetes and infections through lipid peroxidation and protein damage (Tanu et al.,2025,). The damage induced by the oxidative stress through the generation of free radicals can be reduced by antioxidants by scavenging free radicals. Many antioxidant secondary metabolites like polyphenols and flavonoids are well known for their role in scavenging free radicals and fight against oxidative stress (Jomova et al.,2023).Several studies have demonstrated the antioxidant activity of seagrass extract which are frequently correlated with high total phenol and flavonoid contents of seagrass (Santoso et al.,2023). When the generation of ROS exceeds the capacity of antioxidant defense mechanism, the system triggers ROS-mediated cellular damage which activates inflammatory signaling pathways and thereby promotes the initiation and progression of inflammation (Medzhitov et al.,2021).
Inflammation is a fundamental biological response to tissue injury and infection. However chronic inflammation underlies many pathological conditions (Ptaschinski et al.,2018).Conventional treatments mainly involve synthetic antioxidant and anti-inflammatory agents which have potential side effects. Thus, there is growing demand in identifying natural agents with potential antioxidant and anti-inflammatory efficacy and reduced side effects. Seagrass derived extracts and isolated compounds have demonstrated anti-inflammatory potential through the inhibition of pro-inflammatory enzymes such as cyclooxygenase-2 and inducible nitric oxide synthase (Mathakala et al.,2024).
Natural drugs with antioxidant and anti-inflammatory properties are valuable additive in the treatment of bacterial infections, as they reduce oxidative stress and the risk of chronic inflammation by regulating host pathways rather than directly targeting bacteria. In addition to antioxidant and anti-inflammatory activities, seagrass may exhibit notable anti-microbial properties due to the phytochemical constituents which interfere with the microbial cell membrane or biofilm formation (Danaraj et al.,2024). Despite the accumulating evidence supporting therapeutic potential the studies are limited to few seagrasses.
   Thus, the Seagrass namely Halophila beccarii collected from Bay of Bengal was explored to study its biological activity in comparison the Zinc oxide nanoparticles synthesised using aqueous extract of Halophila beccarii. Though there are various methods for the synthesis of nanoparticles, biological approach is considered much efficient and Zinc oxide nanoparticles have gathered recognition due to their broad spectrum of biological effects (Rehman et al.,2023).Our previous study demonstrated the green synthesis of zinc oxide nanoparticles (Hb-ZnO NPs) using H.beccarii, in which the aqueous extract (HBAE) acted as reducing and stabilizing agent. The Hb-ZnO NPs were further characterized by UV-Visible spectroscopy, Fourier transform infrared spectroscopy (FTIR), X-ray diffraction(XRD), dynamic light scattering (DLS), scanning electron microscopy(SEM) and atomic force microscopy (AFM)(Sarilla et al.,2025).
The current study focuses on investigating the antioxidant, antimicrobial, anti-inflammatory along with the minimum inhibitory concentration (MIC) of aqueous extract of Halophila beccarii (HBAE) and zinc oxide nanoparticles (Hb-ZnO NPs) synthesized using H. beccarii through green approach.
2. MATERIALS AND METHODS
2.1 Synthesis of HBAE and HB-ZnO NPs
The seagrass, H. beccarii was collected from the  pulicat lake, Andhra Pradesh, India. It was later washed thoroughly, shade dried, ground to powder and was further subjected to aqueous extraction by soxhlet apparatus using distilled water as the solvent. The obtained extract was later concentrated by rotary evaporator under reduced pressure and freeze-dried through lyophilization method. The Hb-ZnONPs were synthesized by mixing 20 mg of H.beccarii  aqueous extract to 0.02M Zinc-acetate dihydrate(100ml), subsequently 1M NaOH was added dropwise to maintain pH-12 and left for  stirring to obtain the precipitate. Further the  precipitate was  ultrasonicated  for 15 min, centrifuged for 5 min at 7500 g  and finally  calcinated at 100ºC for 4 h to obtain stable Hb-Zno NPs. (Sarilla et al.,2025)
2.2 Anti inflammatory activity of H.beccarii
The invitro anti-inflammatory potential of HBAE and Hb-ZnO NPs was measured using HRBC membrane stabilization assay. The Halophila beccarii was collected  from the  Pulicat lake,  Andhra Pradesh, India.  The H.beccarii aqueous extract was prepared by   rota evaporation  under reduced pressure followed by lyophilization. The blood sample was  collected  from an active individual and  instantly mixed   with equal amount of  alsever’s solution  and 10%  HRBC  solution  was  prepared  with  saline.To 1ml of HRBC  solution, 1ml of different concentrations of HBAE (100,200,300,400 & 500µg) & Hb-ZnO NPs (5,10,20,40,80µg) were added respectively. After incubation   at 37°c for 30 min in a water bath  the  mixtures were centrifuged and the supernatant was carefully collected and the absorbance was read at 560nm.  Diclofenac was used as standard for comparative analysis. (Abdelbaky et al., 2022). The percentage of  hemolysis was calculated.
2.3 Antioxidant activity of H.beccarii

The anti-oxidant ability  of  the HBAE and Hb-ZnO NPs was measured by DPPH (2,2-diphenyl-1-picryl hydrazyl) radical scavenging activity. The stock solution  of the  HBAE  and Hb-ZnO NPs (1mg/ml )  were  prepared and incubated  with 0.01mM of the DPPH solution at room temperature for 15min, and the  absorbance was recorded at 517 nm. Ascorbic acid was used as a standard  for comparative studies (Abdelghany et al.,2023, Tejaswini et al.,2025) and the percentage of   DPPH radical scavenging potential was measured.

2.4 Antimicrobial activity of H.beccarii
[bookmark: OLE_LINK1]The antimicrobial potential of  HBAE and Hb-ZnO NPs against  Bacillus subtilis (MTCC 441), Pseudomonas aeruginosa (MTCC 424), Klebsiella pneumoniae (MTCC 109) and Staphylococcus aureus (MTCC 96).was determined  by the disc diffusion method. Nutrient agar plates were inoculated with 1ml of  actively growing  24h old bacterial suspension. After inoculation, sterile paper discs which were impregnated with  HBAE (100, 150, 200, 250 μg/mL) and Hb-ZnO NPs (5,10, 20 & 40 μg/mL) were placed at equidistant on the agar plate. Gentamycin (10 μg/mL) served as positive control. The plates were then incubated  at  37 °C for 18–24 h. The antimicrobial activity was evaluated  by calculating  the  zone of inhibition  and results were  reported as mean ± standard error of the mean (SEM) (Rajeswaran et al.,2019).

2.5 Minimum Inhibitory Concentration.
The minimum inhibitory concentration of HBAE and Hb-ZnO NPs was measured by using broth micro dilution method (Vanegas et al.,2021). Briefly the fresh overnight cultures of  B.subtilis, (MTCC 441),  K.Pneumoniae (MTCC 109), P.aeruginosa (MTCC 424), and S.aureus (MTCC 96) was adjusted to 5 x !05  cfu/ml using mueller hinton broth. The HBAE (64  - 0.5 μg/ml and Hb-ZnO NPs (32 – 0.125 μg/ml) were subjected to serial dilutions in Mueller hinton broth. Aliquots (100 μl) of  each dilution were dispensed into sterile 96 well microtitre plates followed by addition of 100 μl of gram positive and gram negative bacterial suspension to each well with a total volume of 200 μl in each well and incubated at 37 °C for 18–24 h. The  absorbance was measured   at 600nm.The lowest concentration of HBAE and Hb-ZnO NPs that completely inhibited the visible growth was considered as minimum inhibitory concentration of the particular sample.

3. RESULTS AND DISCUSSION
[bookmark: _GoBack]We reported the seagrass, collected from marine sediments of Bay of Bengal, as Halophila beccarii based on its morphological characteristic features (Vani et al., 2019).The phytochemical analysis of Halophila beccarii demonstrated the abundance of alkaloids, phenols, saponins, flavonoids, and tannins. Due to the abundance of secondary metabolites, the aqueous extract of H.beccarii was utilised for the synthesis of Zinc oxide nanoparticles (ZnO NPs) through phyco-mediated approach using Zinc acetate as precursor under alkaline conditions. The Phyto-derived ZnO NPs were widely recognized for their antioxidant, anti-inflammatory and anticancer activities.(Hussien et al.,2025). The ZnO NPs were confirmed based on the distinct peak centered on 367nm due to their large excitation binding energy at room temperature, molecular signature representing metal-oxygen stretching vibrations at 478 cm -1 in FTIR analysis, average size of 3.5nm and -44.7mV zeta potential, hexagonal crystalline ZnO structure with 62.3% Zn, 25.79% elemental composition (Sarilla et al.,2025)
[bookmark: _Hlk218331054]The HRBC stabilization method is a hall mark in vitro method to identify membrane  protective agents and it also demonstrates how antioxidants and anti-inflammatory agents work in synergy to mitigate cellular damage from oxidative stress. The anti-inflammatory effect of the HBAE extract was assessed at concentrations ranging from 100 to 500 µg/mL and compared with the standard diclofenac. As shown in the Figure-1a, both Diclofenac and HBAE exhibited a clear concentration-dependent increase in percentage inhibition. Diclofenac demonstrated higher inhibition across all concentrations, rising from 74.8% at 100µg/mLto97.63% at 500 µg/mL. Similarly, the HBAE extract showed a progressive increase in activity, with inhibition values ranging from 40.6% at 100 µg/mL to 81.26% at 500 µg/mL. (Figure 1a) Although the extract showed lower activity than the standard, it displayed a strong and consistent dose-dependent anti-inflammatory effect, with the highest inhibition recorded at the maximum tested concentration. Both diclofenac (standard) and Hb-ZnO nanoparticles showed a dose-dependent increase in anti-inflammatory activity in the HRBC membrane stabilization assay. At lower concentrations (5–20 µg/ml), Diclofenac exhibited slightly higher inhibition (32.84–51.25%) compared to Hb-ZnO NPs (29.45–50.02%). However, at higher concentrations (40 and 80 µg/ml), Hb-ZnO NPs showed nearly identical activity to Diclofenac, with inhibition values of 65.41% and 70.14% respectively (Figure 1b). Overall, Hb-ZnO nanoparticles demonstrated comparable membrane-stabilizing and anti-inflammatory potential to the standard drug at higher doses. Statistical analysis was performed using two-way ANOVA, followed by tukey’s multiple comparison test at the corresponding concentration. H. beccarii methanolic extract exhibits considerable anti-inflammatory potential by inhibiting pro-inflammatory markers namely TNF-α, PGE-2 and COX-2 (Mathakala et al.,2024). In alignment with these findings, our study showed significant HRBC membrane stabilization, further confirming the anti-inflammatory nature of both the aqueous extract and Hb-ZnO NPs.b
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Figure. 1.  Percentage inhibition of Hemolysis 
 a : Aqueous extract of H.beccarii   b : Hb-ZnO NPs.
               Values  are expressed as mean±SD  of three independent experiments  statistical analysis was performed using two-way ANOVA, followed by Tukey’s multiple comparison test at the   corresponding concentration.(Statistical significance at   ⃰  ⃰⃰  ⃰ p ˂ 0001,  ⃰  ⃰ p ˂ 001 & *p< 0.05).

Figure 2 showed DPPH free radical scavenging capacity of both HBAE and Hb-ZnONPs. The DPPH assay display a clear dose-dependent increase in antioxidant activity for both ascorbic acid and HBAE extract.( Figure 2a) Ascorbic acid exhibited high scavenging activity at all tested doses (76.26–95.35%). HBAE showed moderate activity at lower concentrations (35–52%) but increased substantially at higher concentrations, reaching 73.77% at 500 µg/ml. Hb-ZnO NPs showed a rapid increase in DPPH free radical scavenging activity from 5–80 µg/ml.  Hb-ZnO NPs  increased gradually from 29.68% at 5 µg/mlto59.78% at 80 µg/ml, but remained slightly lower than the standard at every dose.( Figure 2b). The aqueous extract at six-fold higher concentration showed comparable antioxidant activity with ZnO NPs. This accelerated efficacy of ZnO NPs may be linked with characteristic feature of nanoparticles like increased surface to volume ratio. This facilitates efficient interaction with free radicals and enables synergistic antioxidant activity through bioactive compounds such as phenol, flavonoids adsorbed onto the nanoparticle surface. The data indicates the significance of zinc oxide nanoparticles in free radical scavenging. 
The DPPH assay disclosed a concentration-based increase in antioxidant activity for both HBAE and Hb-ZnO NPs. Hb-ZnO NPs persistently showed higher radical-scavenging activity, likely  due to  electron-donating capacity from bioactive compounds from  HBAE  during green synthesis and neutralize free radicals (Hussien et al., 2025). Significantly, this study exposes the preliminary evidence of antioxidant activity in H.beccarii (Kar et al.,2019).Previous literature have stated that Red Sea seagrass, Enhalus acoroides  alcoholic leaf extract with the high antioxidant activity(76%) followed by the root(70%) and the rhizome(66%) displaying that various plant parts differ in radical scavenging activity (Shaffai et al.,2023).The scavenging ability of H.pinifolia and C.rotundata may be due to phenolics, flavonoids and tannins. In particular the higher levels of p-coumaric acid in C.rotundata  plays a key role in enhanced antioxidant potential which is well known for its free radical neutralizing properties (Kannan et al., 2013) . In consistent with these results the present work also elucidates a clear dose dependent response in antioxidant activity. The HBAE showed moderate but considerably increasing scavenging activity, whereas Hb-ZnO NPs exhibited strong activity 60% at 80µg/ml. Together these studies validate the idea that the antioxidant efficiency of seagrass extracts and their green synthesized nanoparticles are impacted by their phytochemical profile with superior radical scavenging efficacy.
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Figure. 2 a.  DPPH radical scavenging activity of  HBAE   b. Hb-ZnO NPs
Data are expressed as mean±SD of three independent experiments, statistical analysis was performed using two way ANOVA followed by tukey’s multiple comparison test compared to ascorbic acid at the corresponding concentration   (significant at  ⃰⃰  ⃰  ⃰ p ˂ 0.001,  ⃰  ⃰ p ˂ 0.01 & *p< 0.05).

The antimicrobial screening of HBAE (250 µg/mL), Hb-ZnO nanoparticles (20 µg/mL), and Gentamycin (10 µg/mL) showed distinct level of inhibition against gram positive and gram negative bacteria (Figure 3i).  ZnO NPs showed the strongest antibacterial effect, producing inhibition zones of 24.6 ± 0.5 mm against B.subtilis, 18 ± 1 mm against P. aeruginosa, 19.66 ± 0.5 mm against K.pneumoniae, and S.aureus  14 ± 0.5 mm, closely matching the activity of the standard antibiotic Gentamycin.(Figure 3ii) In comparison, HBAE exhibited moderate antibacterial activity, with inhibition zones ranging from 14 ± 1 mm (P. aeruginosa) to 18 ± 1 mm (B. subtilis), indicating that the extract possesses bioactive constituents capable of suppressing both gram-positive and gram-negative bacteria, though less effectively than ZnO NPs (Table 1). Hb- ZnO NPs exhibited a larger zone of inhibition compared with the aqueous extract, even at a tenfold lower concentration, and demonstrated antimicrobial activity comparable to the standard drug gentamycin at a twofold concentration (Belal et al., 2023). The results confirms the synergistic role of ZnO and secondary metabolites of seagrass in the enhanced zone of inhibition. Antimicrobial activity of ZnO NPs may be due to disruption of cell membrane integrity resulting in cellular damage and bacterial death.
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Figure. 3 (i) Antimicrobial activity of HBAE 1) 100µg  2) 150µg 3) 200µg  4) 250µg  & std-gentamycin- 10 µg. (ii) Hb-ZnONP 1) 5µg  2) 10µg 3) 15µg  4) 20µg  & std-gentamycin- 10 µg. against a. B.subtilis b. S.aureus c. P.aeruginosa  d. K.pneumoniae at Concentrations i. HBAE  Ii. Hb-ZnONP 

Table 1.  Antibacterial activity of HBAE and Hb-ZnO NPs against pathogens
	Bacteria
	                                    Zone of Inhibition (mm)

	
	HBAE (250µg/mL)
	ZnO NPs (20 µg/mL)
	Gentamycin (10 µg/mL)

	B.subtilis
	18 ± 0.15c
	24.6 ± 0.5
	24.6 ± 0.5

	P.aeruginosa
	14 ± 0.11c
	18 ± 0.12b
	12.3 ± 0.5

	K.pneumoniae
	17.33 ± 0.5c
	19.66 ± 0.5b
	22.3 ± 0.5

	S.aureus
	14 ± 0.5c
	14 ± 0.5
	14 ± 0.5


Values  are expressed as mean±SD (n=3), statistical analysis was performed,‘b’  means  ⃰  ⃰ significant  at p ˂ 0.01 & ‘c’ significant at  * p < 0.05.
Minimum inhibitory concentration is the lowest concentration required to inhibit the visible bacterial growth and it plays a key role in determining the antimicrobial activity of both aqueous extract and ZnO NPs. MIC results further confirmed the superior potency of Hb-ZnO NPs over the aqueous extract as shown in Figure 4. HBAE recorded MIC values between 32 and 64 µg/mL, with the lowest MIC observed for B. subtilis (32 µg/mL), suggesting relatively higher susceptibility of this organism. Conversely, P. aeruginosa, K.pneumoniae, and S.aureus displayed higher MICs of 64 µg/mL, indicating lower sensitivity to the extract. In contrast, Hb-ZnO NPs demonstrated lower MIC ranges of 16–32 µg/mL, with B. subtilis and K.pneumoniae. showing the greatest susceptibility (16 µg/mL). The overall MIC pattern aligns with the inhibition zone results, reinforcing that Hb-ZnO NPs possess significantly stronger antibacterial activity compared to HBAE. Statistical analysis showed significant differences (p < 0.05) between Hb-ZnO NPs and HBAE for all tested pathogens, indicating stronger antimicrobial activity of  Hb-ZnO NPs. No significant difference was observed between Hb-ZnO NPs and Gentamycin against B. subtilis, whereas Gentamycin showed significantly higher inhibition than HBAE.

Figure 4. MIC of HBAE and Hb-ZnO NPs against gram positive and gram negative bacteria.
Majority of the studies highlighted the antioxidant and  anti-inflammatory potential of crude extracts of H.Ovalis, Posidonia oceanica, Cymodocea serrulate (Yuvraj et al,2012, Ozbil et al.,2024. Patil et al.,2023). To the best of our knowledge, a comparative study evaluating the aqueous extract and zinc oxide nanoparticles for anti-inflammatory and antioxidant activities, along with integrated antimicrobial activity, has not yet been reported for seagrasses. 
CONCLUSION
This study demonstrates that both the sea grass extract and the corresponding green-synthesized zinc oxide nanoparticles exhibit significant antioxidant, anti-inflammatory, and antimicrobial activities. Comparative evaluation indicates that nanoparticle formation leads to improved antimicrobial efficacy and sustained bioactivity relative to the extract alone, likely due to nanoscale effects and surface functionalization by phytochemicals of H.beccarii. Over all, these findings highlight the complementary roles of the H.beccarii extract and its derived nanoparticles and support their potential as multifunctional bioactive materials for further pharmaceutical investigation.
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