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    Abstract

								
								Innumerable infectious diseases threat human health safety that result in numerous deaths each year despite significant progress in medical science. Owing to medicinal properties, natural plant extracts had been used to heal wounds for many years. Recent studies found that nanofibrous mats produced by electrospinning have great potential applications in wound dressings. Incorporating plant extracts into electrospun nanofibrous structures will enhance antibacterial properties of nanomats in wound dressing application. This research aims to develop nanofibrous mats by electrospinning of Piper Betle (Paan) and Azadirachta indica (Neem) leaves extract composite loaded in Polyvinyl Alcohol polymer foundation to enhance the antibacterial and healing properties of the mats. Solution of Piper Betle-Azadirachta indica leaves extract in various ratios were mixed in the PVA solution, to create Piper Betle-Azadirachta indica/PVA aqueous solutions then electrospun to develop Piper Betle-Azadirachta indica/PVA naomats. Developed nanomats were characterized to investigate morphological structure, moisture management properties, functional groups and antibacterial activities against Staphylococcus aureus bacteria.
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								Background

								Introduction

								
								Infectious diseases continue to pose catastrophic threats to humankind and civilizations, such as seen in the COVID-19 epidemic. These dangers emanate from phyla of microbes that cause diseases for instance viral infection, bacterial infection, fungal infection etc. killing millions of people worldwide. They are mostly zoonotic which spread between animals and humans and have an animal reservoir [1]. To restrain pandemics, the world has recently realized the significance of antimicrobial products for protection from harmful microorganisms.
								

								
								Antimicrobial properties are well-known in natural products which were used as medicine from time immemorial and furthermore play an important part in present-day modern medicinal research [2]. Electrospun nanofibrous mats produced with natural antimicrobial agents are the newest and most promising type of biomedical textile product with unique features [3]. Because of the morphological similarities with the body's Extracellular-matrix (ECM), high porosity and high surface area to volume ratio, the continuous and flexible nanostructure electrospun favors quick tissue regeneration, wound fluid transportation and ensures breathability for cellular growth and proliferation, making it suitable for wound dressing and drug delivery systems [4].
								

								
								Recently many researchers have reported on the success of electrospun nanofibrous mats production from various natural products like turmeric, aloe-vera, clove, Azadirachta indica, chitosan, collagen, gelatin, silk, alginate; incorporated with synthetic polymers such as Polyglycolide (PGA), Polylactic Acid (PLA), Polyvinyl Alcohol (PVA), and Poly(-caprolactone) (PCL) and their blends [5-19]. These nanofibers mats have demonstrated high performance in various biomedical applications, especially in wound dressings, tissue engineering, biosensors, drug release and so forth because of their excellent biocompatible properties. Following the effectiveness of numerous antimicrobial wound dressing materials incorporating natural biocides, the development of antibacterial nanofibrous mats made from polyvinyl alcohol (PVA) incorporated with a mixture of Azadirachta indica (Neem) and Piper Betle (Paan) leaves extract has yet to be explored.
								

								
								The aim of this study is to develop nanofibrous mats using natural plants Piper Betle (Paan) and Azadirachta indica (Neem) leaves extract mixture embedded in Polyvinyl alcohol (PVA) synthetic polymer in different concentrations using the electrospinning technique as well as to characterize nanomats potentiality in the medical textile application. Thus, the objectives of this research study are characterizing and analyzing electrospun nanofibrous mats of PVA embedded with Piper Betle and Azadirachta indica leaf extracts nanofiber mats for various medical uses owing to the inherent healing properties of these natural materials. Also, to determine the optimal processing parameters for a smooth electrospinning process PVA embedded with Piper Betle and Azadirachta indica leaf extracts, such as solution ratio, applied voltage, collector distance, and flow rate and measure the nanofiber size, arrangement, nanomats moisture behaviour, bonding nature and using different testing equipment such as SEM, MMT, FTIR etc. Finnaly investigate the antibacterial activity of produced nanomats against gram-positive (S. aureus) bacteria. In conclusion, this study aims to develop antibacterial nanomats from Piper Betle and Azadirachta indica leaves natural extract.
								

								Literature review

								
								Natural products are very popular in medical use because of their diverse biological qualities and bioactive components, which have been shown to be effective against a wide range of medical conditions. Aloe Vera is a plant that has long been used to heal burn wounds in traditional medicine. Owing to its ability to activate fibroblasts and accelerate the healing process by collagen synthesis and maturation [20]. It also devises a variety of biological qualities including antidiabetic, anti-inflammatory, etc. Electrospinning was used to create core-sheath nanofibrous mats of silk fibroin/poly(vinyl alcohol)/Aloe Vera as a new vitamin E delivery mechanism [21].
								

								
								Another natural plant, henna contains phenolic compounds that have been widely utilized as a medicinal herb. Lawsone (2-hydroxy-1,4-naphthoquinone), is a red-orange dye existent in the henna plant leaf that has antibacterial, anthelmintic, immunomodulatory, anticancer, antioxidant, UV protecting, wound healing, and antimicrobial properties [22-24]. By coaxial electrospinning, encapsulated lawsone in PCL/gelatin polymers in the core-shell architecture to generate PCL/Gelatin/lawsone nanofibrous mats, PCL in the outer shell polymer, and gelatin-lawsone blend in the inner core. The scaffolds released lawsone for 20 days, and a 1% lawsone-loaded mat improved wound healing by improving re-epithelialization after 14 days and has great properties that can be utilized as a wound dressing or medicine [25].
								

								
								The nanofibrous mats prepared from nigella/PVA solution incorporated with silver nanoparticles showed antibacterial activity against Staphylococcus aureus (S. aureus) bacteria while assessed using the agar diffusion method [26]. The nanofibrous mats with an average fiber diameter of 223 ± 20.5 nm, create an inhibition zone of 18.66 ± 2 mm. Furthermore, the nanomats demonstrated improved moisture and thermal properties. Clove, an essential oil produced from cloves, is found naturally in the flower buds of the clove tree. Eugenol possesses antibacterial, antioxidant, analgesic, and anti-inflammatory effects, all of which help the wound heal faster [27]. Eugenol, on the other hand, has a low water solubility and is unstable in the presence of chemical and enzymatic degradation, as well as losses through volatilization and heat decomposition.
								

								
								Curcumin/thiocarbohydrazide modified gelatin non-toxic nanofibrous mat was developed for wound healing applications, using 50% acetic acid as a solvent to avoid the use of toxic fluorinated solvents, and then cross-linking it with N-(3-dimethylami nopropyl)-N'-ethylene carbodiimide hydrochloride. Curcumin was articulated as an amorphous nano solid dispersion in the mat [28]. The higher the crosslinking percentage, the higher the hydrophobicity of the fiber mat and the lower the release rate. In comparison to 2 and 3% curcumin, 1% curcumin in the nanofibrous mat exhibited optimum slow and steady release at neutral pH, which could favor the effective release of curcumin at the wound site, as well as higher mechanical strength and effective no inhibition.
								

								
								To include the intrinsic therapeutic characteristics of this natural herb for biomedical application, an electrospun nanofibrous mat was created from a mixture of poly (vinyl alcohol) (PVA) and Mikania micrantha extract [29]. Which bacterial resistance was evaluated using the disc diffusion method against Gram-positive (S. aureus - ATCC 6538) bacteria for the sample developed at the maximum mixing ratio of Mikania micrantha extract (80%), which shows the formation of an inhibition zone up to 12 mm. Thymol-based wound dressings were developed with two layers of electrospun nanofibers; A top layer of silk fibroin/poly(caprolactone) to act as a physical barrier at the wound site and a bottom layer of silk fibroin/hyaluronic acid/Thymol to aid wound healing and prevent infection [30]. Electrospinning honey and curcumin longa (turmeric) extract loaded in polyvinyl alcohol polymers to produce antibacterial nanofibrous mats with improved moisture management qualities than electrospun polyvinyl alcohol nanofibrous mats alone [31]. By using the electrospinning technique to create polyvinyl alcohol/honey/turmeric extract nanofibers, which improved moisture control and antibacterial activity.
								

								
								Numerous medical materials incorporating natural biocides were developed for antibacterial sensitivity using the electrospinning technique. Although the healing benefits of Piper Betle (Paan) are widely known in Asian countries, no research has been conducted on its leaf extract in medical textile applications. In addition, the antibacterial sensitivity of leaf-extract nanofibrous mats derived from Piper Betle and Azadirachta indica has yet to be explored. The aim of this research is therefore to develop and characterize nanofibrous mats based on Piper Betle and Azadirachta indica mixed bio compounds using polyvinyl alcohol (PVA) as the base polymer.
								

								Electrospinning

								
								Researchers are developing electrospun nanofibers that include antimicrobial compounds such as nanoparticles and antibiotics in wound dressings to prevent infection [32]. The newest and most promising type of biomedical textile product for wound dressing and drug delivery process gaining popularity with unique properties is electrospun nanofibrous mats produced with natural medicinal compounds. The electrospinning technology is popular for manufacturing nanoscale size fiber or nanofiber approximately 1 to 100 nanometres in diameter [33]. This mechanism constitutes three simple parts, a high-voltage power supply, and a metallic needle placed over some distance from an aluminum collector. In the electrospinning technique, a jet of the polymeric solution is injected through the metallic needle into an electrostatic force field formed due to the high-voltage difference between the metallic needle and collector [34] (Figure 1).
								

								
								Electric forces stretch the polymer jet, resulting in a significant reduction of diameter thus forming nanofibers which are then gathered onto the aluminum collector and fabricating nanofibrous mats [35]. Due to the nanoscale structure, electrospun nanofibrous mats have unique properties that offer diverse applications in the filtration and the biomedical industry. Different structures and properties of electrospun nanofibers can be obtained by using different polymers and by changing machine parameters such as applied voltage and needle to collector distance.
								

								Piper betle

								
								Piper Betle, a member of the Piperaceae family, is a heart-shaped deep green leaf that grows on a root climbing vine and is a traditional herbal medicinal plant used in Asian countries for a variety of health advantages [36]. The extracts and essential oil of Piper Betle leaves have been found to contain a broad scope of bioactive compounds such as polyphenols, terpenes, and other chemicals [37]. Different contemporary standard procedures were used to determine the structural and functional characteristics of the extract and essential oil bio-actives. The majority of Piper Betle leaves' health advantages also were attributed to its functional phenolic components [38]. In order to extract bioactive chemicals from plant sources, a variety of extraction procedures are used. Methanol, ethanol, acetone, ethyl acetate, and other common solvents are employed in extraction because of their biodegradability and simplicity of handling, as well as low toxicity [39]. To extract functional substances efficiently, it's critical to choose the right extraction procedure (Figure 2).
								

								
								Due to its potency, researchers have suggested that Piper Betle could be used as a natural antioxidant source in a variety of applications such as medicine, food, and pharmaceuticals. The need for bioactive chemicals derived from natural plants is on the rise. So, the utilization of natural materials and their products is growing every day, and they are employed in a variety of applications. Dried leaves extract of Piper Betle using ethanol by ultrasound-assisted founds Hydroxychavicol (66.55%), eugenol (11.92%), isoeugenol (2.90%) and 4-allyl,12-diacetoxybenzene (3.21%). An appropriate extraction procedure is used to extract the chemicals present in Piper Betle leaves [40].
								

								Azadirachta indica

								
								Azadirachta indica, also recognized as Azadirachta indica, has gained a worldwide reputation in the past few decades because of its extensive spectrum of medical benefits. Azadirachta indica encompasses a broad range of bioactive compounds that are both chemically and structurally diverse [41]. The therapeutic constitutes of Azadirachta indica leaf extract have been found to exhibit antiviral, antifungal, antibacterial, immunomodulatory, anticarcinogenic, anti-inflammatory, antiulcer, antimalarial, antioxidant, antimutagenic and antihyperglycaemic properties [42]. A 10% aqueous extract of leaves has antiviral action against the vaccinia and variola viruses [43]. The methanolic extract of Azadirachta indica leaves has been shown to exhibit antiviral properties against group-B Coxsackie viruses. Trichophyton, Microsporum, Epidermophyton, Geotricum, Trichosporon, and Candida are all susceptible to Azadirachta indica leaf extracts, which are attributed to Azadirachta indica's volatile sulphides and the limonoid gedumin. Mahmoodin, a limonoid secluded from Azadirachta indica, is found to have powerful antibacterial properties as a result Azadirachta indica oil has shown to have antibacterial action toward a wide range of Gramnegative and Grampositive bacteria, including Mycobacterium tuberculosis and Streptomycin-resistant strains [44]. Azadirachta indica is added to electrospinning polymer solutions to create active nanofibrous wound dressings. Antibacterial compounds extracted from Azadirachta indica leaves with methanol were incorporated into a polyvinyl alcohol/chitosan solution and electrospun into nanofibrous using a bi-layered system (Figure 3).
								

								
								Because chitosan is brittle and difficult to collect after electrospinning, the PVA solution was electrospun first as a backdrop, followed by the chitosan/Azadirachta indica/PVA solution. The mat was smooth, degradable, porous (91%) with homogenous pictures, and had a minimum and maximum diameter of 152 and 298 nm, respectively. Azadirachta indica increased the creation of microorganism inhibitory zone, heat stability, absorbability, and synergistic antibacterial efficacy against Staphylococcus aureus germs of electrospun mats [45].
								

								Polyvinyl alcohol

								
								Polyvinyl alcohol (PVA) is a synthetic polymer constituting a vinyl group, linked by only carbon-carbon bonds [46]. Different areas of biotechnology and biomedicine field have used PVA extensively for being a water-soluble, biodegradable polymer with excellent biocompatibility, and also has the ability to self-crosslink resulting from large concentrations of hydroxyl groups on its side chains [47]. PVA is a semi-crystalline polymer with excellent chemical and thermal properties. As well as being non-hazardous, PVA causes no harm to the skin when comes into contact. Thus, properties allow PVA can be used as a base polymer in nanomats to impart strength and incorporate functional components [48].
								

								Method

								Materials

								
								Polyvinyl alcohol (PVA, Mw = 115000, Degree of polymerisation: 1700-1800, Viscosity: 26-32 cps, 99% hydrolyzed granules) was purchased from Loba Chemie Pvt. Ltd. The PVA solution was made with distilled water as a solvent. Fresh leaves of Azadirachta indica and Piper Betle were collected from Gazipur, Bangladesh then washed with distilled water and dried in shade. Methanol with a purity of 99% was obtained from Merck in Germany. Leaves were extracted with ethanol to obtain functional compounds. All of the compounds were analytical reagent grade and were not purified further.
								

								Preparation of PVA solution

								
								In 100 mL of distilled water, 10 grams of PVA powder was dissolved. The solution was then agitated for 3 hours at 60 °C temperature using a magnetic stirrer to obtain a homogeneous, crystal-clear solution. For the amount of PVA required to generate a weight percentage of polymer solution the following equation was used:
								

								
								
								

								
								Where, WP% = Weight Percent, Mp = Mass of polymer, Ms = Mass of solvent
								

								Preparation of Azadirachta indica and piper betle leaf extract

								
								Methanol was used to prepare the separate extracts of Azadirachta indica and Piper Betle leaves by the maceration technique. For that, into two flasks containing 100 mL of 100% methanol (MeOH), a dried leaf of 10 grams each of the Azadirachta indica and Piper Betle was dissolved. To complete maceration, the flasks were kept at room temperature for 24 hours. This was followed by filtering the macerate through nylon mesh. As a result, a final clean solution of Azadirachta indica and Piper Betle extract of methanol was obtained. The extract was then stored at 4 °C for further use.
								

								Preparation of piper betle-Azadirachta indica-PVA electrospinning solution

								
								A homogenous Piper Betle-Azadirachta indica solution was produced at a (50:50) ratio from separate leaf extracts of Azadirachta indica and Piper Betle methanol solutions. 50 mL Azadirachta indica and 50 mL Piper Betle were combined in a washed glass beaker and stirred for 1 hour to make Piper Betle-Azadirachta indica solution. Following that, the Piper Betle-Azadirachta indica solution was mixed with PVA solution Piper Betle-Azadirachta indica/PVA in various proportions, such as 80/20 and 50/50 (v/v percent). For one hour at 40 °C, a magnetic stirrer was employed to make the Piper Betle-Azadirachta indica/PVA solution uniform and homogeneous. Because PVA molecules tend to cluster and dissociate from Piper Betle-Azadirachta indica extract at low temperatures, Piper Betle-Azadirachta indica/PVA was kept warm. After that, the prepared solution is placed in a syringe and injected into the electrospinning machine's pump.
								

								Electrospinning setup and process

								
								This experiment used the electrospinning of Tong Li Tech; Model: Tl- Pro- BM; Origin: China; which constitutes of high voltage supply (-12 KV and +26 KV), a syringe pump (TL- F6, Tong Li Tech), a drum collector (Diameter: 158 mm, Length: 59 mm), a heater (0.5 KV), and needles (20 G). The syringe was filled with the required amount of Piper Betle-Azadirachta indica-PVA solution, then placed into the syringe pump and piped to the needles. The syringe pump was used to supply the Piper Betle-Azadirachta indica/PVA solution from the syringe to the needles at a constant rate of 1.5 ml/h. Aluminum foil was wrapped around the drum collector's surface. The drum collector was connected to a negative voltage supply and the positive voltage supply was connected to needles. Needles to collector drum distance was set to 20 cm and the drum rotation speed was kept at 250-300 rpm (Table 1).
								

								Sample identification

								
								The overall experimental design with respective sample identity has been as Table 1.
								

								Results and Discussion

								SEM Morphological analysis

								
								The morphology and diameter of the developed mat nanofibers were investigated using scanning electron microscopy (SEM), and images of the scaffolds is shown Figure 4. The average diameter of fibres measured with SEM image analysis software has been found to be 170 nanometers for N1 (80:20) nanomat and 110 nanometers for N2 (50:50) nanomat. Nanofibers have a cylindrical shape and slight structural imperfections also very small pores were formed in the nanomats. As a result of such tiny pores, the air is able to circulate in the wound as well as bacteria are restricted to access the wound. By increasing Piper Betle and Azadirachta indica leaves extract in the PVA polymers, increased diameter and a more porous structure nanocomposites was observed (Figure 4).
								

								Moisture management properties

								
								It is essential for nanomats to maintain the right conditions of moisture at the dermal level of human skin in order to be used for biomedical applications. The abilities of developed mats to transfer liquids (water or perspiration) to the external environment and their interaction with liquid have been evaluated. Samples developed by electrospinning the mixture of Piper Betle-Azadirachta indica and PVA moisture management properties has been presented according to the AATCC-195-2009 standard. The wetting time, absorption rate and spreading radius (mm) of the top surface of N1 (80:20) is found to be 2.808, 11.585 and 25.0 respectively and of N2 (50:50) samples to be 120, 0 and 0 respectively. Given the behaviour of absorption rate, the N1 (80:20) top layer shows a better grade than the N2 (50:50), it may be likely due to the presence of the natural extract of the N1 (80:20) sample (Table 2 and Figure 4.2).
								

								
								According to the moisture management test, AATCC standard the N1 (80:20) sample was rated as a slow absorbing and slow drying fabric, while N2 (50:50) was rated as water penetration fabric. Therefore, Piper Betle-Azadirachta indica:PVA nanomats are best suited for wound dressings at an 80:20 Piper Betle-Azadirachta indica and PVA ratio, whereas a 50:50 Piper Betle-Azadirachta indica and PVA ratio is not appropriate.
								

								Analysis of fourier transforms infrared spectroscopy (FTIR)

								
								The presence of functional groups in both samples of N1 (80:20) and N2 (50:50) Piper Betle-Azadirachta indica/PVA nanofibrous mats were found using infrared spectroscopy. Phenolic compounds have been confirmed on both of the samples via absorption peak 3740 cm-1 wave number (aromatic O-H stretching) by virtue of Piper Betle. Azadirachta indica leaf characteristic absorption peaks at wave numbers 2861 cm-1 (C-H stretching); 1520 cm-1 (Aromatic C=C Bending) and 1720 cm-1 (C=O stretching) have been found in the FTIR spectrum of both nanomats. Furthermore, the polymer yields an absorption peak at 3300 cm-1 wave number (alcohol O-H stretching of hydroxyl) and 2920 cm-1 wave number (alkyl C-H stretching) as well as 1095 cm-1 (C-O-C stretching) owing to the PVA (Figure 4.3).
								

								Antibacterial assay

								
								In wound dressings applications, the antibacterial activity of the nanofiber mat is very essential to determine the efficacy of empirical antimicrobial agents. The antibacterial properties of the developed nanomats against S. aureus are discussed in this section. The susceptibility of S. aureus bacteria against developed nanomats was tested using disk diffusion assays. In antibacterial tests against S aureus, no zone of inhibition (ZOI) was observed around the nanofibrous mat produced from only PVA polymer. But, there was inhibition zone of 10.63 ± 2 mm around N1 (80:20) nanomat and 3.89 ± 2 mm around N2 (50:50) nanomat. So, the developed nanomats have antibacterial properties because of Piper Betle and Azadirachta indica leaves extract loaded in Polyvinyl Alcohol polymer foundation (Table 3).
								

								Conclusion

								
								This research has successfully developed nanofibrous composite mats comprised of Piper Betle (Paan) and Azadirachta indica leaves extract incorporated on polyvinyl alcohol (PVA) polymer using the electrospinning method. The analysis of the SEM image shows that the novel developed nanofibrous mat has an average diameter of 170 nanometers in N1 (80:20) mats and 110 nanometers in N2 (50:50) mats. These nanocomposite mats have a slightly larger diameter and more porous structure than the PVA nanomat. Compared to the N2 (50:50) ratio, the N1 (80:20) ratio of Piper Betle-Azadirachta indica:PVA nanomats exhibit better moisture management properties and is compatible with the wound dressing application. The existence of Piper Betle has been proved by the identification of the phenolic functional compound, as well as characteristic absorption peaks of Azadirachta indica leaf have been found in the FTIR spectrum of both nanomats. Mats developed to combat Staphylococcus aureus (S. aureus) bacteria shown a inhibition zone of 10.63 ± 2 mm around N1 (80:20) nanomat and 3.89 ± 2 mm around N2 (50:50) nanomat, proving substantial antibacterial activity. Piper Betle and Azadirachta indica leaves extract loaded in Polyvinyl Alcohol polymer electrospun nanomats has great potential in wound dressing application. However, the influence of various processing parameters such as electrospinning parameters, solution concentration, surface tension and humidity, Azadirachta indica-Piper Betle extraction method, mixing ratio, and PVA concentration may be investigated in future research.
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