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Abstract:  
 

Padina pavonica is a brown marine macroalga rich in bioactive compounds with 

antibacterial and anticancer properties. However, the instability and rapid diffusion of 

these compounds may reduce their biological effectiveness. In this study, P. pavonica 

extracts were incorporated into electrospun polyacrylonitrile (PAN) and polylactic acid 

(PLA) nanofibers to achieve sustained release and improve biological performance. The 

released extracts and free extracts were evaluated against Escherichia coli, Pseudomonas 

aeruginosa, Staphylococcus aureus, and Bacillus subtilis. Cytotoxic activity was 

assessed using MCF-7, HT-29, and L929 cell lines. The released extracts exhibited 

prolonged antibacterial activity and selective cytotoxicity against cancer cells while 

showing low toxicity toward healthy fibroblasts. These findings demonstrate that 

electrospun PAN and PLA nanofibers are promising delivery platforms for P. pavonica 

extracts and may contribute to future biomedical and pharmaceutical applications. 

 

1. Introduction 
 

Marine macroalgae are natural sources of many 

bioactive compounds [1]. They contain 

polysaccharides, proteins, phenolic compounds, 

pigments, vitamins, and minerals. These compounds 

have many biological properties [2]. They show 

antibacterial, antioxidant, anti-inflammatory, and 

anticancer activities. Therefore, marine macroalgae 

are widely studied for biomedical and 

pharmaceutical applications. Padina pavonica is a 

brown macroalga with high biological potential [3]. 

It contains many natural compounds that can inhibit 

the growth of bacteria and cancer cells. Previous 

studies have reported the antibacterial, antioxidant, 

and anticancer activities of P. pavonica [4]. 

However, the composition of the extract depends on 

the extraction solvent. For this reason, different 

solvents such as ethanol, methanol, and water are 

commonly used to obtain different bioactive 

compounds [5]. Natural extracts are usually applied 

directly to cells or bacteria. However, free extracts 

have some disadvantages. They may degrade 

quickly [6]. They may also diffuse rapidly from the 

application area. As a result, their biological activity 

may decrease over time. Therefore, suitable carrier 

materials are needed to protect the bioactive 

compounds and release them gradually [7]. 

Electrospun nanofibers are good carrier materials for 

natural extracts [8]. They have a high surface area 

and a porous structure. These properties allow the 

controlled release of bioactive compounds. 

Polyacrylonitrile (PAN) and polylactic acid (PLA) 

are commonly used polymers for electrospinning 

[9]. They produce stable nanofiber structures and 
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can carry different natural products [10]. For this 

reason, electrospun nanofibers have been widely 

studied for drug delivery, wound dressing, tissue 

engineering, and antibacterial applications [11]. 

Many studies have investigated the biological 

activities of P. pavonica extracts. Other studies have 

focused on nanofiber-based delivery systems. 

However, only a few studies have compared the 

biological activities of free extracts with those 

released from electrospun nanofibers [12,13]. It is 

still not clear whether controlled release changes the 

biological activity of P. pavonica extracts. This 

comparison is important for developing effective 

natural biomaterials [14]. 

In this study, P. pavonica extracts were successfully 

incorporated into electrospun PAN and PLA 

nanofibers to investigate their controlled-release 

behavior and biological performance. The 

antibacterial activities of free and released extracts 

were evaluated against Escherichia coli, 

Pseudomonas aeruginosa, Staphylococcus aureus, 

and Bacillus subtilis. In addition, their cytotoxic 

effects were investigated using MCF-7, HT-29, and 

L929 cell lines. The results demonstrate that 

electrospun nanofibers represent promising delivery 

platforms for preserving and gradually releasing 

marine algal bioactive compounds for potential 

biomedical applications. 

 

2. Material and Methods 

 
2.1. Materials 

 

All chemicals used in this study were of analytical 

grade. Polyacrylonitrile (PAN), polylactic acid 

(PLA), dimethylformamide (DMF), chloroform, 

ethanol, methanol, and other chemicals were 

purchased from Sigma-Aldrich (St. Louis, MO, 

USA) and Merck (Darmstadt, Germany). Deionized 

water was used in all experiments. All reagents were 

used without further purification [15]. 

 

2.2. Collection of P. pavonica Samples 

 

P. pavonica samples were collected from the 

Mediterranean coast of Türkiye by Emine Şükran 

Okudan using SCUBA and free diving techniques. 

The samples were taken from rocky surfaces at 

different depths [16]. After collection, sand, rocks, 

and other unwanted materials were removed. The 

algae were washed thoroughly with fresh water and 

dried in the shade at room temperature. The dried 

samples were ground into powder using a laboratory 

grinder and stored in sealed containers until 

extraction. 

 

2.3. Preparation of P. pavonica Extracts 

 

Powdered P. pavonica was extracted using ethanol, 

methanol, and water. Briefly, 20 g of dried algal 

powder was mixed with 180 mL of solvent and 

extracted using a Soxhlet apparatus for 6 h. Ethanol 

was used first, followed by methanol and water. 

After extraction, the solvents were removed using a 

rotary evaporator at 40 °C under reduced pressure. 

The concentrated extracts were freeze-dried to 

obtain dry powders [17]. The extracts were stored at 

−20 °C until use. 

 

2.4. Preparation of Electrospun PAN and PLA 

Nanofibers 

 

PAN and PLA solutions were prepared separately. 

PAN was dissolved in a mixture of DMF and 

chloroform (1:1, v/v) at a concentration of 10% 

(w/v). PLA was prepared at a concentration of 6% 

(w/v) using the same solvent mixture. P. pavonica 

extracts were added to each polymer solution at 50% 

(w/w) of the polymer weight [18]. The solutions 

were stirred until they became homogeneous. The 

polymer solutions were transferred into 10 mL 

syringes. Electrospinning was carried out at a flow 

rate of 0.7 mL/h, an applied voltage of 19 kV, and a 

tip-to-collector distance of 15 cm. The collected 

nanofibers were dried at room temperature to 

remove any remaining solvent. The prepared 

nanofibers were used in the release and biological 

activity studies. 

 

2.5. Release of P. pavonica Extracts from 

Nanofibers 

 

The release behavior of P. pavonica extracts from 

electrospun PAN and PLA nanofibers was evaluated 

under physiological conditions using phosphate-

buffered saline (PBS, pH 7.4). Briefly, extract-

loaded nanofibers were immersed in PBS and 

incubated at 37 °C under gentle shaking for 72 h. At 

predetermined time intervals, aliquots of the release 

medium were collected and replaced with an equal 

volume of fresh PBS to maintain sink conditions. 

The collected solutions containing the released 

bioactive compounds were subsequently used for 

antibacterial and cytotoxicity assays. Free P. 

pavonica extracts prepared in PBS were tested under 

the same experimental conditions and served as the 

control group for comparison [19–21]. 

 

2.6. Antibacterial Activity 

 

The antibacterial activity of free and released P. 

pavonica extracts was evaluated against E. coli, P. 

aeruginosa, S. aureus, and B. subtilis. Bacterial 

suspensions were prepared according to standard 
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microbiological methods. Different concentrations 

of the extracts were added to 96-well plates. The 

plates were incubated at 37 °C for 24 h. Bacterial 

growth was measured at 600 nm using a microplate 

reader. The antibacterial activity of free extracts and 

nanofiber-released extracts was compared. All 

experiments were performed in triplicate [23]. 

 

2.7. Cytotoxicity Assay 

 

The cytotoxic activity of free and released P. 

pavonica extracts was evaluated using MCF-7, HT-

29, and L929 cell lines. Cells were seeded into 96-

well plates and allowed to attach before treatment. 

Free extracts and released extracts were applied at 

the same concentrations. After 72 h of incubation, 

cell viability was determined using the Alamar Blue 

assay. Cell viability was calculated according to the 

manufacturer's protocol. All experiments were 

carried out in triplicate [24,25]. 

 

2.8. Statistical Analysis 

 

All experiments were performed in triplicate. The 

results are presented as mean ± standard deviation. 

Statistical analysis was performed using GraphPad 

Prism software. Differences between groups were 

analyzed by one-way analysis of variance 

(ANOVA). A value of p < 0.05 was considered 

statistically significant. 

3. Results and Discussions 
 

The biological properties of P. pavonica extracts 

after incorporation into electrospun PAN and PLA 

nanofibers were comprehensively investigated. The 

release behavior of the encapsulated extracts, 

together with their antibacterial and cytotoxic 

activities, was evaluated to determine the 

effectiveness of the nanofiber-based delivery 

system. The obtained results demonstrate the 

potential of electrospun nanofibers to preserve and 

gradually release the bioactive compounds of P. 

pavonica. The release profiles of P. pavonica 

extracts from PAN and PLA nanofibers are shown in 

Figure 2. Both nanofiber systems showed a 

controlled release pattern during the 72 h study. A 

rapid release was observed during the first 12 h. 

After this period, the release rate became slower and 

more stable. PAN nanofibers released a higher 

amount of extract than PLA nanofibers at all time 

points. At the end of 72 h, the cumulative release 

reached approximately 81% for PAN and 74% for 

PLA. This difference may be related to the structure 

of the polymer matrix and the interaction between 

the polymer and the extract. The sustained release 

observed in both nanofiber systems is beneficial for 

biological applications [29]. 

 

Figure 1. P. pavonica collected from the Mediterranean 

coast of Türkiye. The characteristic fan-shaped thallus 

and concentric calcified bands of the brown macroalga 

are clearly visible. 

 

A gradual release may provide a continuous supply 

of bioactive compounds and help maintain 

antibacterial and anticancer activities over a longer 

period. These findings suggest that electrospun PAN 

and PLA nanofibers can be used as effective carriers 

for the controlled delivery of P. pavonica extracts. 

 

Figure 2. Cumulative release profile of P. pavonica 

extracts from electrospun PAN and PLA nanofibers in 

PBS (pH 7.4) over 72 h. 

As shown in Figure 3, both free and nanofiber-

released P. pavonica extracts exhibited antibacterial 

activity against all tested bacterial strains, although 

the released extracts demonstrated a more sustained 
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inhibitory effect due to the controlled release 

behavior of the nanofiber system. The antibacterial 

activity observed in P. pavonica extracts is mainly 

attributed to the presence of bioactive compounds 

such as phlorotannins, fucoidan, fucoxanthin, 

phenolic compounds, and flavonoids. These 

metabolites are known to disrupt bacterial cell 

membranes, interfere with essential metabolic 

pathways, and induce oxidative stress, thereby 

inhibiting bacterial growth. Similar antibacterial 

effects of P. pavonica and other brown macroalgae 

have been reported in previous studies [26–30]. 

 

Figure 3. Growth curves of (a) E.coli, (b) S.aureus, (c) 

P. aeruginosa, and (d) Bacillus subtilis treated with free 

P. pavonica extract, PAN-released extract, and PLA-

released extract. Untreated bacteria were used as the 

control. Data are presented as mean ± SD (n = 3). 

The cytotoxic effects of P. pavonica extracts on HT-

29, MCF-7, and L929 cells are shown in Figure 4. 

Cell viability decreased with increasing extract 

concentration in both HT-29 and MCF-7 cells, 

indicating a concentration-dependent anticancer 

effect. In HT-29 cells (Figure 4a), the methanol 

extract showed the strongest cytotoxic activity 

among the algal extracts, followed by the ethanol 

extract. The water extract showed the weakest effect. 

Cisplatin and taxol, used as positive controls, caused 

the greatest reduction in cell viability. A similar 

trend was observed in MCF-7 cells (Figure 4b). The 

ethanol and methanol extracts reduced cell viability 

more effectively than the water extract [30]. These 

results suggest that the extraction solvent affects the 

biological activity of P. pavonica. In contrast, all 

extracts showed low cytotoxicity toward normal 

L929 fibroblast cells (Figure 4c). Cell viability 

remained above 85% even at the highest 

concentration. This indicates that the extracts have 

low toxicity toward healthy cells while maintaining 

cytotoxic activity against cancer cells. Overall, the 

results demonstrate that methanol and ethanol 

extracts possess stronger anticancer activity than the 

water extract. The selective inhibition of cancer cells 

suggests that P. pavonica extracts may be promising 

natural materials for future biomedical applications. 

 

Figure 4. Concentration-dependent cytotoxic effects of 

P. pavonica methanol, ethanol, and water extracts on 

HT-29 (a), MCF-7 (b), and L929 (c) cell lines after 72 h 

of treatment. Cell viability was determined using the 

Alamar Blue assay. Cisplatin and taxol were used as 

positive controls. Data are presented as mean ± SD (n = 

3). 

The IC₅ ₀  values (Table 1) showed that the 

methanol extract was more cytotoxic to HT–29 than 

to MCF–7 cells, while the ethanol extract exhibited 

similar effects on both cell lines, and the water 

extract showed the lowest toxicity [31]. Cisplatin 

and taxol displayed significantly lower IC₅ ₀  values 

than the extracts, whereas no significant toxicity was 

observed in L929 cells for any sample, supporting 
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the selective cytotoxicity of P. pavonica extracts and 
highlighting the need for biodirected isolation and in 

vivo studies. 

 
Table 1. IC₅ ₀  values (µg/mL) of different P. pavonica 

extracts and reference chemotherapeutic agents on 

cell lines after 72 h of incubation. 

Extract/Dr

ug 

HT–29 

(µg/mL) 

MCF–7 

(µg/mL) 

L929 

(µg/m

L) 

P 

value 

P–

methanol 

468.9 ± 36 843.5 ± 98.42 N.D. 0.0185 

P–ethanol 488 ± 58.8 484.2 ± 75.45 N.D. 0.315 

P–water 771± 102.3 1947± 124.96 N.D. 0.0002 

Cisplatin 57.51 ± 21 77.52 ± 20.7 N.D. 0.30 

Taxol 63.03 ± 14 60.53 ± 17.9 N.D.  0.86 

 

The IC₅ ₀  values were determined by cell viability 

tests and are presented as the mean ± standard 

deviation (n = 3). N.D.: Not detected. This indicates 

that the extracts did not exhibit significant toxic 

effects on the L929 normal cell line 

4. Conclusions 

 
In this study, P. pavonica extracts were successfully 

incorporated into electrospun PAN and PLA 

nanofibers, and their biological activities were 

evaluated after controlled release. The nanofibers 

showed a sustained release profile over 72 h, with 

PAN providing a slightly higher release than PLA. 

The released extracts retained their antibacterial 

activity against both Gram-positive and Gram-

negative bacteria and exhibited selective 

cytotoxicity against HT-29 and MCF-7 cancer cells 

while showing low toxicity toward L929 normal 

fibroblast cells. 

These results indicate that electrospun PAN and 

PLA nanofibers are suitable carriers for the 

controlled delivery of P. pavonica extracts. The 

combination of sustained release, antibacterial 

activity, and selective anticancer effects suggests 

that these nanofiber systems have promising 

potential for future biomedical and drug delivery 

applications. 
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