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Abstract

:

Since antiquity, humans have known about plants as a medicinal cure. Recently, plant extracts are attracting more attention as a result of their natural origin and wide range of desirable features. Nanotechnology’s progress and innovations enable the production of novel materials with enhanced properties for a broad range of applications. Electrospinning is a cutting-edge, flexible and economical technique that allows the creation of continuous nano- and microfibrous membranes with tunable structure, characteristics and functionalities. Electrospun fibrous materials are used in drug delivery, tissue engineering, wound healing, cosmetics, food packaging, agriculture and other fields due to their useful properties such as a large surface area to volume ratio and high porosity with small pore size. By encapsulating plant extracts in a suitable polymer matrix, electrospinning can increase the medicinal potential of these extracts, thus improving their bioavailability and maintaining the required concentration of bioactive compounds at the target site. Moreover, the created hybrid fibrous materials could possess antimicrobial, antifungal, antitumor, anti-inflammatory and antioxidant properties that make the obtained structures attractive for biomedical and pharmaceutical applications. This review summarizes the known approaches that have been applied to fabricate fibrous materials loaded with diverse plant extracts by electrospinning. Some potential applications of the extract-containing micro- and nanofibers such as wound dressings, drug delivery systems, scaffolds for tissue engineering and active food packaging systems are discussed.
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1. Introduction


Since ancient times, mankind has had an intense interest in different therapeutic strategies based on plant-derived medications for the treatment and prevention of some major diseases [1]. The therapeutic benefits of plants are of considerable interest to both the educated public and the medical community, but there is much uncertainty regarding their identification, efficacy, therapeutic dose, toxicity, standardization and regulation. Nowadays, the utilization rate of plant extracts in feed additives, as resources of medicinal compounds, increases progressively, aiming to cope with the final customers’ demands for high-quality natural and safe products.



In recent years the creation of micro- and nanofibrous structures is an area that has been the subject of increasing scientific interest. This is mainly because these materials consist of fibers with diameters in the nano- and microscale range possessing large specific surface area and a small pore size which renders these materials suitable for application in medicine, pharmacy, food packaging, cosmetics, agriculture, electronics, etc.



Methods such as drawing, template method, phase separation, self-assembly, extrusion and electrospinning are used to fabricate micro- and nanofibers [2]. Among them, electrospinning is a versatile, cost-effective and efficient method used to obtain micro- and nanofibrous structures with a desired morphology and composition [3]. The electrospun fibers could find applications in biomedicine, such as in drug delivery systems, for tissue engineering, or for wound healing; in cosmetics; in food and food packaging applications; or in agriculture. Moreover, they could be applied as functional materials and devices such as composite reinforcement, fibrous filters, protective clothing, smart textiles and in energy and electronics such as batteries/cells and capacitors, sensors and catalysts [4,5,6,7,8].



The creation of suitable carriers for encapsulation of plant extracts is a prerequisite for their future applications and involves the proper choice of carrier matrix and technique for preserving extract biological activity while ensuring high encapsulation efficiency and an effective delivery process. Polymers played an important role in the development of carriers for various biologically active substances (BAS) allowing diverse ways of delivering dosages over extended periods of time for hydrophilic as well as for hydrophobic BAS while being chemically inert and relatively low cost [9]. Moreover, the use of polymer carriers for drug delivery has grown due to the ability to easily tune their physicochemical and biological properties [10].



In the last years, due to innovative formulation techniques, there is an increasing interest in the fabrication of non-spherical carriers with elongated or filamentous morphologies. These supramolecular structures’ distinctive physiochemical characteristics provide distinct benefits as drug delivery systems. Recently, electrospinning is a versatile, flexible and efficient method for the encapsulation of BAS into fibrous materials allowing the creation of highly efficient delivery systems [11]. Due to their porosity, electrospun fibers can incorporate active substances in their volume or immobilize biologically active molecules on their surface by chemical or physical adsorption [12]. By adjusting the solution and process parameters as well as the environmental conditions, the fibrous structure, morphology and porosity can be controlled.




2. Plant Extracts (Ple) as Medicinal Cures for Prevalent Diseases


Increased oxidative stress and inflammatory conditions are linked to a wide range of disorders, including diabetes, cancer, infections, atherosclerosis, cardiovascular diseases, Alzheimer’s disease and other degenerative diseases [13,14,15].



The above-mentioned diseases are among the most prevalent diseases affecting people, and some of them are currently ranked as a leading cause of death in the world. The dreadful disease known as cancer is multifactorial and genetically complex, and no treatment is 100% effective. Globally, it has increased the economic burden and become a significant social concern [16]. Chronic kidney diseases as well as chronic respiratory diseases are among the other widespread diseases [17]. Prevention and successful treatment of these prevalent diseases are extremely important for the future health and quality of life of people as well as for the global economy and the improvement of healthcare management. Thousands of years ago, fragrant plants and herbs, as well as their extracts and essential oils, were used in traditional medication, veterinary medicine, pharmacy, cosmetics, the food processing industry as well as for agricultural use. The World Health Organization has recognized the successful application of more than 20,000 plants for therapeutic purposes [18]. Table S1 (Supplementary Material) summarizes the benefits of some of the most used plant extracts for health.



The schematic representation of general steps for the extraction of bioactive compounds from plant materials is shown in Figure 1. The process of extracting various parts of medicinal plants involves separating active plant components or secondary metabolites, including flavonoids, alkaloids, saponins, terpenes, steroids and glycosides from inert or inactive components, using the right solvent and accepted extraction techniques. Various techniques were employed to extract therapeutic herbs, including infusion, maceration, digestion, percolation, decoction and Soxhlet extraction, superficial extraction, and ultrasound-assisted and microwave-assisted extraction [19,20,21,22]. Secondary metabolites can also be isolated and purified using thin-layer chromatography, high-performance liquid chromatography, paper chromatography and gas chromatography [23,24]. The suitable extraction method is determined by the type of plant material, the solvent used, the pH of the solvent, the temperature, and the solvent to sample ratio, as well as the uses for which the plant extract is intended.



In order to cure age-related disorders including Alzheimer’s disease, Parkinsonism, anxiety and depression, plant extracts such as Achyrocline tomentosa, Eupatorium viscidum, Ruprechtia apetala, Trichocline reptans, Zanthoxylum coco, Poncirus trifoliate, Treculia obovoidea, Angelica archangelica, Cassia obtisufolia, Desmodium gangeticum, Salvia officinalis, Moringa oleifera, Ginkgo biloba, Lavandula officinalis and Prunus armeniaca L. with high concentrations of phenolic compounds and flavonoids were widely used as a successful treatment of the abovementioned diseases [25,26,27]. Furthermore, evidence-based pharmacological studies demonstrate that flavonoids have a significant role in the prevention and management of chronic kidney disease as well as renal fibrosis. Some flavonoids isolated from plant extracts (Hesperidin, Quercetin, Rutin, Luteolin, Morin, etc.) can prevent renal dysfunction and enhance renal function by blocking or reducing harmful processes such as oxidative stress and inflammation [28]. Rheum spp., Astragalus membranaceus, Cordyceps sinensis, Triptirygium wildfordii Hook F, Abelmoschus manihot, Salvia miltiorrhiza, Vitis vinifera, Zingiber officinale and Garcinia lucida extracts are used to treat renal diseases as well [29,30].



One of the common causes of death worldwide is cancer, and despite advances in the development of the drug industry, there is a huge need to develop novel plant-derived medications for the treatment and prevention of this insidious disease. Natural herbal medicines offer several benefits over traditional chemical drugs in order to reduce the chemotherapy negative effects. A number of medicinal plant extracts (Portulaca oleracea, Melissa Officinalis, Curcuma longa, Allium sativum, Rheum Palmatum, Salvia officinalis, Geranium robertianum, Ginkgo biloba L., Rosmarinus officinalis, Calendula officinalis, etc.), have been shown to have anti-cancer action on various human cancer cell lines [31,32,33].



Diabetes mellitus is a metabolic disorder characterized by abnormally increased blood glucose levels. Due to the negative effects associated with oral hypoglycemic drugs for the treatment of diabetes mellitus, there is an increasing interest in herbal therapies. As a result, traditional herbal treatments derived from plants are mostly employed, and they play an essential role in the management of this disorder. For instance, several studies have confirmed the anti-diabetic properties of Acacia nilotica. Its hypoglycemic effects have been attributed to its role in stimulating the islets of Langerhans to produce more insulin resulting in reduced blood sugar [34]. The presence of phenols, flavonoids, alkaloids, tannins, phylobatanins and saponins in these plant extracts may be responsible for their hypoglycemic effects [35]. Berberis vulgaris L. is a popular plant that has long been used medicinally and nutritionally in Europe, Asia and America. Especially, the root bark and stems of B. vulgaris have therapeutic benefits due to berberine, an isoquinoline alkaloid found in these plant parts. Berberine is widely recognized for its anti-diabetic properties. It reduces blood glucose levels in both healthy and diabetic patients and promotes insulin secretion in both groups. Furthermore, it may lower fasting and postprandial blood glucose, food and water consumption, as well as boosting the anti-diabetic benefits of other medications such as canagliflozin [36].



Furthermore, Ginkgo biloba L. leaf extract is believed to provide several health benefits for the brain, heart, and blood vessels as well as anti-inflammatory, anti-apoptotic, and platelet-activating factor properties. The plant-based remedies have also been utilized to treat ischemic heart disease, hypertension, arteriosclerosis, thrombus formation, and more recently, diabetes mellitus prevention. Ginkgo biloba contains various biologically active compounds that affect insulin action and production [37]. Moreover, many phenolic and flavonoid compounds, such as rosmarinic acid (RA), ferulic acid (FA), caffeic acid (CA), betulinic acid (BA), quercetin, rutin, etc., have been found in the medicinal plant Melissa officinalis (M. officinalis, lemon balm), and it possesses antioxidant, antidiabetic, antiproliferative, cytotoxic, antimicrobial and hypotensive properties [38]. It has been proven that M. officinalis had benefits in treating hyperlipidemia, hypertension and glycemic status [39].



Phytocannabinoids, which influence a variety of epilepsy-related targets, are among the more than 300 substances (lipophilic phytocannabinoids) present in Cannabis sativa L. and have varying therapeutic potentials. It has been demonstrated that components in cannabis, particularly cannabinoids, interact with the targets (CNR1, ALB, GSK3BA, AR and MAPK10) to alleviate epilepsy. Additionally, a molecular docking investigation supported cannabis’ ability to treat epilepsy [40]. In addition, Portulaca oleracea (P. oleracea) and its active ingredients have been demonstrated to have significant neuroprotective, neuroregenerative and antinociceptive activities [41].



In fact, numerous powerful medications for a variety of human conditions, including respiratory illnesses, have been made from plant extracts. Curcuma longa (C. longa), commonly known as turmeric, is a perennial plant in the Zingiberaceae (ginger) family. This plant is employed as a primary ingredient in food preparation and is classified as a functional food because of its possible health advantages. This plant has long been used to treat inflammatory diseases, menstrual problems, hematuria, hemorrhage, colic, urticarial, skin allergy, viral hepatitis, inflammatory joint conditions, sore throat, wounds, anorexia, jaundice, liver disorders, rheumatism, runny nose, cough, diabetic wounds, sinusitis, as well as asthma and allergies [42]. The therapeutic benefits of C. longa and its components, primarily curcumin, on asthma, lung cancer, and respiratory bacterial and viral infections have been demonstrated as well [43].



Being a member of the Alliaceae family, garlic, also known as Allium sativum L., has long been recognized as a plant able to treat a variety of diseases and physiological conditions. Allicin is the substance that makes garlic active. It is well known that this herb possesses anti-diabetic, anti-bacterial, and anti-cancer activities along with anticoagulant, anti-inflammatory, immunomodulatory, antioxidant, hepatoprotective and wound healing effects [44].



It is known that Punica granatum (pomegranate) extract contains bioactive molecules that are effective in the treatment of oral cavity diseases, and particularly, of the oral cavity in patients with HIV/AIDS. According to the existing literature, the principal chemicals identified through phytochemical analysis include phenolics and flavone glycosides, triterpenoids and hydrolyzable tannins [45]. Moreover, Punica granatum has beneficial effects in rheumatoid arthritis treatment [46].



Achyranthes aspera L. (family Amaranthaceae) is a valuable medicinal plant used for the treatment of asthma, dysentery, hypertension, malarial fever and diabetes. Rosa centifolia L. is a perennial plant that is usually referred to as the hundred-leaved rose. In traditional medicine, it is used to treat inflammatory diseases such as arthritis, asthma, cough, wounds, bronchitis and ulcers. Flavonoids are abundant in Rosa centifolia extract [47]. In conventional medicine, Rosa centifolia L. has been used to treat rheumatoid arthritis and joint discomfort [48].



In the past decades the use of medicinal and aromatic plant extracts and related products continue to increase exponentially. This is due to the fact that these extracts and extract-based products possessed complex biological activities able to treat diverse symptoms of various human diseases. Therefore, many people around the world rely on biologically active extract-based medicines as a major health care source. However, there is growing demand for suitable carriers that will enhance the therapeutic potential of plant extracts.




3. Biopolymers and Natural Polymers Used as Carriers of Plant Extracts


Biopolymers are macromolecules, produced from natural sources such as bacteria, fungus, plants, and are even chemically synthesized by people from biological materials such as maize, starch, cellulose, agarose, pullulan, carrageenan, chitin and corn. Due to their biological origin, biopolymers are ideal alternative resources that are continually being explored to minimize problems associated with environmental problems. Because of their biocompatibility and/or biodegradability, biopolymers are useful in a variety of applications, including edible films, emulsions, packaging materials in the food industry, drug transport materials, medical implants, wound healing, tissue scaffolds, dressing materials, etc. [49]. Although it relies on their source, type, and production process, choosing the right biopolymers for different purposes is crucial. Numerous biopolymers combined with nanotechnology, may be used to provide a wide range of material applications for water purification, in biomedicine, energy generation, food production, cosmetic surgery, 3D printing, drug delivery and tissue engineering [50].



Depending on their origin and method of production, the biopolymers could be divided into three main groups:




	(1)

	
Polymers that were directly extracted or separated from biomass, like starch, cellulose, arabinoxylan, and lignin;




	(2)

	
Polymers that were synthesized from bio-derived monomers like polylactic acid (PLA) and cellulose acetate (CA);




	(3)

	
Polymers that were produced by microorganisms such as polyhydroxyalkanoates (PHAs) and polysaccharides [51].









The structures of the most abundant biopolymers and natural polymers are shown in Figure 2.



A variety of biopolymers have often been employed as biopolymer-based carriers for plant extracts. The characteristics of the plant extract and the intended application of the resulting material determine the appropriate biopolymer and encapsulation technique selection. Biopolymer-based encapsulation is a promising technique for increasing the functional qualities of natural substances in food and beverage products and has potential application in the pharmaceutical and cosmetic sectors. Encapsulation of plant extracts into polymer-based formulations, for example, micelles, micro- and nanoparticles, films, micro-and nanofibers or hydrogels, is provided to ensure decreasing volatility, improved stability and water solubility. For instance, a bioactive plant extract (Euclea schimperi) derived from one of Oman’s native plants was loaded into bacterial cellulose (BC) by using an ex situ composite development approach. This way, composite materials for potential biomedical applications were fabricated. BC had a significant potential for extract-holding capacity, which gave it bactericidal effects against Gram-positive bacteria Staphylococcus aureus (S. aureus). In addition, the bactericidal impact of the composite revealed that bioactive chemicals in the plant extract preserved their bactericidal properties. The development of bacterial cellulose composites with other plant extracts reveals their therapeutic value in the development of medical, cosmetic and pharmaceutical goods [52]. On the other hand, biodegradable films have the potential to replace many of today’s widely used packaging materials, which are based on petroleum polymers [53]. Hassanloofard et al. demonstrated the potential for creating biodegradable films from cellulose acetate combined with the extract from Falcaria vulgaris (F. vulgaris) using the casting process. The results revealed that when the amount of F. vulgaris extract was increased, the tensile strength and modulus of elasticity of the fabricated CA films decreased. Due to the extract’s hydrophobic properties, the increase in concentration resulted in a reduction in vapor permeability, water absorption, swelling percentage and water content. The presence of phenolic compounds in CA film enhanced the antioxidant activity. CA films loaded with the extract showed greater oxygen permeability than the neat CA. The results demonstrated that active films containing various concentrations of F. vulgaris extract exhibited effective antibacterial activity against Candida albicans (C. albicans), S. aureus, Escherichia coli (E. coli) and Candida glabrata. This reveals the potential of the obtained films to find application as food preservatives [54]. Furthermore, Gradinaru et al. fabricated chitosan membranes containing two medicinal plant extracts (Hypericum perforatum and Salvia officinalis) with antimicrobial activity. The incorporation of the plant extracts enhanced the antibacterial properties of the resulting films against S. aureus, E. coli and Pseudomonas aeruginosa. The obtained results show that the prepared chitosan-based films are promising candidates that could be used as wound dressing material due to their good physico-chemical properties and antimicrobial activity [55]. Additionally, microencapsulation in alginate beads was used to protect the functional properties of Lamiaceae bioactives (lavender, lemon balm, peppermint, sage, and thyme) [56]. Syzygium cumini, Bauhinia variegata, Cedrus deodara, Lonicera japonica and Eleaocarpus sphaericus are a few examples of medicinally significant plants whose leaves have been used to create stable polylactid acid (PLA)-based nanoparticles (NPs) by Kumari et al. The authors have effectively encapsulated quercetin, on a most consistently distributed PLA-based NP prepared using Lonicera japonica leaf extract to investigate such NPs for drug/small molecule delivery. A gradual and persistent release of the quercetin molecule from NPs was observed. This environmentally friendly method, which relies on the stable PLA NPs produced by the use of plant extracts, opens the door to the encapsulation of drugs, small molecules and other bioactive components for improved cellular absorption, biodistribution and targeted delivery. From this point of view, PLA NPs might be helpful to increase the therapeutic efficacy of small molecules/drugs [57].



Moreover, the well-known medicinal herbs Pistacia lentiscus and Calendula officinalis (C. officinalis) were incorporated in highly linked 3D scaffolds from skin collagen. The collagen-based materials demonstrated a low cytotoxic effect and good biocompatibility with skin cells such as keratinocytes and fibroblasts. Moreover, the plant extracts loaded into collagen may accelerate the re-epithelialization of patients and prevent infections. Therefore, the fabricated scaffolds might be employed as suitable wound dressing materials [58].



There are data in the literature showing the successful incorporation of ethanolic extracts of Rosmarinus officinalis aerial parts, Achillea millefolium and C. officinalis flowers in carbomer-based hydrogel dressings [59]. The obtained results reveal that the prepared hydrogel formulations could find potential applications as innovative materials for wound treatment in biomedicine. The presented studies reveal the way to develop really eco-friendly green materials is by combining medicinal plant extracts with the suitable biodegradable matrix in order to create novel biomaterials with desired and tailored properties for diverse applications.




4. Electrospinning Method


An increasing number of scientific studies have recently focused on the production of micro- and nanofibrous materials. There are several basic methods for obtaining polymer micro- and nanofibers including the method of self-organization [60], the template method [61], by phase separation [62], drawing [63], blowing (extruding) from melt [64] as well as by electrospinning [65,66]. Among these methods electrospinning is the only method that is relatively easy, efficient and enables the production of fibrous materials of the desired design and morphology [65,67,68]. In recent years, electrospinning has been one of the most dynamic developing nanotechnologies worldwide. Moreover, it is extremely attractive due to the possibility of the industrial production of non-woven fabrics. The two main processes differ depending on the solution viscosity: electrospraying or electrospinning [69]. When dilute polymer solutions are used, electrospraying occurs resulting in micro- or nano-sized particle production. A fiber fabrication process begins when concentrated polymer solutions are subjected to an electric field. This process is known as electrospinning, and it allows the production of irregularly deposited or oriented fibers, possessing remarkable properties, with diverse morphology, large specific surface area and porous structure. Fibrous mats can be obtained from solution or melt and may find potential application in medicine (mats with antitumor, antibacterial or hemostatic activity), in the pharmacy (drug carriers), filtration materials or photocatalytic removal of organic pollutants in the purification of water, for the immobilization of enzymes or for the preparation of fibrous materials with magnetic properties [12,70,71,72,73].



4.1. Schematic Representation of the Electrospinning/Electrospraying Set-Up


The schematic representation of the typical electrospinning/electrospraying set-up is shown in Figure 3. The equipment for this process consists of three basic elements: a high-voltage power supply, a reservoir with a capillary (needle) where the polymer solution is placed and a metal collector (static or rotating) on which the fibers/particles are deposited (Figure 3). The presence of pumps allows the solutions to be fed at a controlled flow rate. Moreover, the jet trajectory can be controlled through the use of additional focusing devices. Once a voltage is applied, the electrostatic forces deform the droplet formed at the end of the capillary/needle into a cone shape called a Taylor cone. When the electrostatic forces overcome the surface tension, a jet is ejected from the tip of the cone. Initially, the jet moves in a straight line, but after a while it begins to perform whip-like movements due to the high charge density causing extensive plastic deformation. Meanwhile, during the jet’s flight the solvent evaporates, and dry nano- and microfibers are deposited on the collector.




4.2. Factors Influencing the Process


The formation of fibers by electrospinning is a process that is influenced by many factors, including the parameters of both the spinning solution and the electrospinning process. The polymer solution must have a sufficiently high viscosity for the conduction of electrospinning. Lower viscosity values result in preparation of defective fibers, while higher values result in cylindrical fibers with a larger diameter [74]. It is well known that electrospinning occurs when, under the action of electrostatic forces of the applied field from a polymer solution or melt in the presence of a sufficient number of chain entanglements, an electrically charged jet is drawn, leading to the formation of fibers. The following equation can be used to calculate the number of chain entanglements during the process of fiber formation.


    (   n   e   )   s o l n   =       M  ¯    w         (   M  ¯    e   )   s o l n     =     φ   ρ       M  ¯    w         M  ¯    e      



(1)




where Mw—weight average molar mass, φp—volume fraction of the polymer in the solution, and Me—molar mass of chain entanglement in melt [67]. The authors observed that electrospinning produced fibers with defects at values of (ne)soln = 2 and defect-free fibers at (ne)soln > 3.5. The analysis performed by Shenoy and co-authors showed that fibers begin to form in the presence of chain entanglements. The validity of Equation (1) has been confirmed for solutions of polystyrene, poly (lactic acid), polyethylene oxide (PEO) and polyvinylpyrrolidone (PVP). It should be noted that this model is only valid for polymer solutions dissolved in good solvents, and in some cases deviations from Shenoy’s theory have been observed when working with highly volatile solvents.



Depending on the concentration, the polymer solutions could be divided into dilute, semi-dilute without entanglement of the polymer chains, semi-diluted with entanglement of the polymer chains and concentrated. A schematic representation of the modes is shown in Figure 4 (inset figures). SEM micrographs of particles, fibers with defects, and defect-free fibers obtained at the different concentration regimes are shown as well. In dilute solutions, the polymer chains interact mainly with the solvent molecules (Figure 4a). In semi-dilute solutions without chain entanglement (Figure 4b), the concentration has not reached the required level for an optimal number of entanglements between the polymer chains. In semi-diluted solutions with entanglement of the polymer chains, a certain concentration is reached, which is necessary for sufficient entanglements. Typically, the number of entanglements in the solution must be above two to initiate fiber formation (Figure 4c) [75,76].



It is well known that the solution concentration and viscosity are strongly correlated. As the viscosity or concentration of the solution increases, the distribution of mean fiber diameters becomes more uniform [77]. The only objects produced are spheres or fibers with spherical defects by applying a high voltage to polymer solutions with low viscosity. However, above a certain critical concentration, a continuous fibrous structure is formed, and the concentration of the solution has a crucial impact on the fibrous morphology [78].



The electrical conductivity of the solution is another factor that influences the diameter of the obtained fibers. It depends on the polymer type, the solvent used and the presence of ionized salts. Salts added to polymer solutions increase the charge density of the jet, leading to repulsion between individual charges, thereby increasing the extent of jet elongation and forming fibers with smaller diameters [79].



The surface tension of the spinning solution also has an effect on the morphology of the resulting fibers. For the electrospinning process to take place, the solution must overcome the surface tension. It may depend on the type of solvent used. Generally, higher solution surface tension values hinder the electrospinning process and lead to the formation of particles or fibers with defects [80].



The applied voltage is a critical process factor. Typically, a positive or negative voltage of over 6 kV is required for the jet to form a Taylor cone. When the voltage is low, the electrostatic forces cannot overcome the solution drop’s surface tension, and as a result, a jet is not drawn, but a drip occurs [81]. As the applied voltage increases, the electrostatic forces also increase, which leads to the formation of a jet and the process of electrospinning begins [82]. Some authors believe that increasing the applied voltage leads to the creation of a stronger electric field. This, consecutively, contributes to the production of thinner fibers [83]. Other researchers contend that the strong electric field increases the jet’s acceleration and shortens its flight time. A longer jet flight time means more time for the fibers to stretch and elongate before being deposited on the collector. Thus, the lower voltage, reduced acceleration and weaker electric field can increase the flight time of the jet, resulting in the formation of finer fibers.



The distance between the capillary tip and the collector, the flow rate of the spinning solution, the rotation speed of the collector and the type of collector, are all electrospinning process parameters that influence the morphology of the fibers as well. Above a certain critical value of solution flow rates, uniform fibers with no defects are produced. An increase in the rate above the critical value leads to particle formation [84].



The time of flight for the jet is found to be shortened when the distance between the tip of the capillary and the collector surface is decreased. If the distance is too short, there is insufficient time for the solvent to evaporate, and the fibers do not dry before they reach the collector. Subsequently, the solvent-containing fibers are deposited [85]. Some authors reported that a larger distance favors the formation of thinner fibers [86]. It is also known that solutions of water-soluble polymers require the use of a greater distance for the formation of dry fibers compared to systems using volatile organic solvents [68].



Environmental factors such as temperature and humidity have a significant impact on morphology, diameter and diameter distribution of the electrospun fibers. It was observed that when the temperature rises, thinner fibers are produced. This is because high temperatures cause the polymer solutions’ viscosity to decrease [87]. The predominant number of studies on the electrospinning of polymer solutions were performed in air environment conditions. The formation of thicker fibers or fibers with defects at higher relative humidity is detected which is most probably due to the fact that a greater discharge of electrostatic charges from the surface of the polymer solution occurs, causing a decrease in the forces of the electrical charges [88].



The use of various collectors and focusing devices can alter the trajectory of the jet and change the morphology and orientation of the prepared fibers. A stationary metal plate or foil, positioned at a certain distance from the needle, serves as the most basic collector in electrospinning. Fibers are typically deposited randomly on the metal plate when using this type of collector [89]. The use of a drum or disk collector has the advantage of producing oriented fibers and long oriented bundles [90]. However, one disadvantage of their use is that the fiber orientation decreases with layer thickness. Collectors that are wire-wrapped, wire-built or bladed can also be used to create highly oriented fibers [91].



The electrospinning method provides the possibility for creation of novel nanofibrous architectures possessing a complex of desired properties. As it was presented, many diverse parameters influence this electrohydrodynamic process. Therefore, the fabrication of these nanostructures requires knowing and being able to control the solution and process parameters. The addition of bioactive compounds such as medicinal and aromatic plant extracts impacts the spinnability of the solution and therefore is a crucial factor in determining the morphology, structure and properties of the obtained fibrous materials as well.





5. Plant Extracts Incorporated by Electrospinning


In the last several years there has been a great interest in the fabrication of nanofibrous materials containing bioactive plant extracts by electrospinning. Up to now, the numbers of publications concerning the topic of fabrication of nanofibrous materials containing plant extract by electrospinning are much fewer compared to publications discussing the preparation of drug-containing fibers by electrospinning. Nevertheless, the number of studies increased due to the significant advantages of the natural compounds such as inherent medicinal activity, non-toxicity, lack of side effects, environmental sustainability, cost-effectiveness and easy availability. Moreover, the created hybrid structures possess antibacterial, antifungal, anti-inflammatory, antioxidant and anticancer activities which make these fibrous materials attractive for biomedical, pharmaceutical, agricultural and industrial applications. For the most part, articles on prepared nanofibers containing plant extracts were addressed to their prospective use in medicine.



Many researchers have reported the incorporation of C. longa in different polymer fibrous materials by electrospinning [92]. Moreover, this medicinal plant is the first to be loaded into electrospun fibers. The first report concerning the loading of curcumin in cellulose acetate (CA) was published in 2007 [93]. For the fabrication of the hybrid mats, CA with Mw = 30,000 Da and a degree of acetyl substitution of ~2.4 was used. The CA solution concentration was 17 wt% in mixed solvent acetone/dimethylacetamide 2:1 v/v. The curcumin was in the amount of 5 to 20 wt%. The obtained fibers were smooth with the average diameters of the curcumin-loaded CA fibers measuring up to 340 nm. The authors have proved that electrospun curcumin-loaded CA materials are non-toxic to normal human dermal fibroblasts.



Curcumin was incorporated in CA and polyvinylpyrrolidone (PVP) fibrous materials by one-pot electrospinning or dual spinneret electrospinning enabling modulating drug release [94]. PVP assisted faster curcumin release while curcumin imparted antimicrobial properties to the novel mats rendering the created materials suitable for wound dressing applications.



Innovative materials that allow the enhanced release of curcumin in aqueous medium were obtained from CA with electrosprayed curcumin/polyvinylpyrrolidone (Curc/PVP) particles [92,94]. The use of PVP led to hydrophilization of the mats and facilitated Curc release. Different solvent systems for the dissolution of Curc/PVP were studied: acetone/water (70/30) and ethanol/acetone (50/50). The representative SEM micrographs of the prepared Curc/PVP-on-CA mats using different solvents were presented in Figure 5. As it can be seen, the used solvent system for the dissolution of Curc/PVP strongly influenced the particles’ morphology. The electrosprayed particles possessed a polygonal shape which is attributed to the rapid solvent evaporation. Particles with larger sizes were obtained by dissolving Curc/PVP in a more rapidly evaporated ethanol/acetone solvent system. Moreover, the authors proved that the created curcumin-containing fibrous mats possessed antibacterial activity against E. coli and S. aureus along with high in vitro cytotoxicity towards HeLa tumor cells. These features make the prepared materials promising candidates for wound dressing applications and local cancer treatment.



Curcumin was successfully loaded along with cyclodextrin (CD) in electrospun polyvinyl alcohol (PVA) nanofibers. The influence of the plant addition to the fiber morphology and structure was studied. It was proven that curcumin was presented as crystalline aggregates into the fibrous mat while preserving its chemical structure. The incorporation of curcumin in the fibers increased its thermal stability [95]. PVA was chosen as a polymer for incorporation of curcumin by electrospinning by Mahmud et. al. as well [96]. The prepared fibrous PVA/curcumin crosslinked through heat and UV treatment materials showed antibacterial efficacy against S. aureus and E. coli bacteria for biomedical applications.



A blended solution of PVA, honey and C. longa extract was used for the preparation of antibacterial wound dressing electrospun nanofibrous material [97]. The average diameter of the obtained nanofibers was about 340 nm and the fibers had better moisture management properties compared to nanofibrous PVA material alone. In addition, the created novel material reveals antibacterial activity. Curcumin–honey-loaded multilayered PVA/CA electrospun nanofibrous mats were obtained as well [98]. They were fabricated to serve as bioactive wound dressings. The prepared hybrid novel materials show potential resistance towards E. coli and ca. 90% antioxidant activity when used against diphenyl-picrylhydrazyl (DPPH) radical scavenging. In addition, the obtained material possessed excellent absorption with controlled transmission of wound exudate.



There are reports in the literature revealing the creation of nanofibers based on curcumin and PLA by electrospinning for wound healing and cancer treatment. Pankongadisak et al. have varied the amount of loaded curcumin at 0.2, 0.5 and 1.0% w/w (based on the weight of PLLA) in the PLLA solution. The developed fibers possessed a smooth surface revealing a complete curcumin incorporation. The mean diameter of the prepared fibers was between 333 and 386 nm. The higher loading of curcumin resulted in an increased release amount. It was demonstrated that the obtained fibrous materials were non-toxic to human adult dermal fibroblast cells and supported cell attachment and proliferation [99].



Bharathi et al. loaded curcumin in chitosan/PLA nanofibers by using the electrospinning method. The suitability of created nanofibers was studied by antioxidant, drug release and in vitro cytotoxicity studies. In vivo wound healing tests on wounds using a rat model revealed a significant reduction in wound area. The authors concluded that the better healing efficiency could be attributed to the presence of curcumin and chitosan in the fibrous materials [100].



One-pot electrospinning was used to obtain fibrous mats based on PLA and PVP or polyethylene glycol (PEG) loaded with curcumin. The loading of curcumin into the fibers resulted in curcumin shielding from photodestruction and an increase in the mechanical properties of the fibers. In addition, the drug release was facilitated by the formation of hydrogen bonds between curcumin and PVP or PEG. The release of the natural extract provides the antibacterial and anticoagulant activity of the curcumin-loaded mats and prevents adhesion and aggregation of platelets onto the surface of the prepared mats [101].



Electrospun membranes containing curcumin were obtained from poly(L-co-D,L-lactic) acid and PVP [102]. It was determined that the dynamic viscosities of the spinning solutions depended on the amount of curcumin, which influenced the average fiber diameter and fiber shape. The authors proved that upon UV-Vis irradiation the amount, physico-chemical and therapeutic properties of curcumin were preserved, revealing the possibility of sterilizing the fibrous biomaterials by UV light.



Pegylated curcumin derivatives were obtained by a direct esterification reaction between poly(ethylene glycol)diacid and curcumin in the presence of N,N′-dicyclohexylcarbodiimide (PEG600-Curc). The prepared pegylated curcumin derivative is water-soluble. The synthesized product possessed cytotoxic activity against Graffi cell lines along with antibacterial activity [103].



A PHB polymer was used for the design of curcumin-loaded electrospun mats as a wound healing material [104]. The microscopic images of the fibers revealed that the fiber diameter increased with the increase in curcumin concentration. In addition, an increase in the curcumin amount resulted in an increase in the elongation of the fibrous material. The results from the cytotoxicity study show that the samples with a lower curcumin amount showed better biocompatibility. The authors concluded that the electrospun curcumin-loaded PHB mats could be potential candidates for wound healing applications.



In general, the research studies showed the successful incorporation of curcumin in different biopolymers by electrospinning and revealed the perspective for applications of the obtained novel materials as wound dressings as well as for anticancer treatment.



M. officinalis L. is a medicinal plant of the Lamiaceae family that is known as lemon balm [105]. Many pharmacological studies reveal the diverse inherent properties of M. officinalis. Up to now, there have been few studies reporting the incorporation of an M. officinalis plant extract into polymer fibers by electrospinning and investigating their characteristic properties. Bioactive nanofibers based on collagen hydrolysate-chitosan and the essential oil of lemon balm (M. officinalis L.) and dill (Anethum graveolens L.) were obtained by coaxial electrospinning for potential wound dressing applications [106]. The authors report that the synergetic effect of the used essential oils improves the antimicrobial activity of collagen hydrolysate-chitosan nanofibers against the following bacterial, yeast and fungal strains: S. aureus, E. coli, Enterococcus faecalis, Salmonella typhimurium, C. albicans, C. glabrata and Aspergillus brasiliensis. The results from the in vivo test showed good biocompatibility of electrospun materials based on collagen hydrolysate/chitosan and containing bioactive compounds (dill and/or lemon balm essential oils). This makes the obtained materials suitable for wound healing applications.



Some of us have reported for the first time a study revealing the successful incorporation of M. officinalis plant extract into PLA and PLA/PEG fibers by electrospinning [107]. The optimal parameters of the process needed for the fabrication of defect-free hybrid fibers are the following: applied voltage—25 kV, tip to collector distance—15 cm, collector rotation speed—1000 rpm, constant feed rate—3 mL/h, room temperature—21 °C and a relative humidity of 53%. The concentration of the plant extract was varied (0, 5 or 10 wt% in respect to the polymer weight). The measured average fiber diameters of the PLA, PLA/M. officinalis (5 wt%) and PLA/M. officinalis (10 wt%) were 1370 ± 220 nm, 1398 ± 233 nm and 1506 ± 242 nm, respectively (Figure 6). The slight increase in mean fiber diameter is due to the increase in M. officinalis concentration. The presence of the polyether PEG into the hybrid materials resulted in hydrophilization of the resulted electrospun mats. M. officinalis-containing fibrous mats possessed high antioxidant activity as determined by the DPPH free radical method. After being in contact with PLA/M. officinalis and PLA/PEG/M. officinalis fibrous materials, the color of the DPPH solution changed to yellowish and the absorbance of the radical has dropped by 88.7% and 91%, respectively (Figure 6). The reported results revealed the optimal conditions for fabrication of PLA or PLA/PEG fibrous materials incorporated with M. officinalis plant extract that were promising candidates for pharmaceutical, cosmetic and biomedical applications.



Rosmarinus officinalis (R. officinalis) is a plant belonging to the family Lamiaceae and native to the Mediterranean region. R. officinalis is used as a spice in cooking, as a natural preservative in the food industry and as medicinal plant [108]. This medicinal plant contains diverse bioactive molecules that were responsible for its anti-inflammatory, antioxidant, antimicrobial, antiproliferative, anticancer and protective properties. Several phytocompounds could be isolated from the R. officinalis L.: caffeic acid, rosmarinic acid (RA), carnosic acid, chlorogenic acid, monomeric acid, oleanolic acid, ursolic acid, alpha-pinene, camphor, carnosol, eucalyptol, rosmadial, rosmanol, rosmaquinones A and B, secohinokio, and derivatives of eugenol and luteolin [109]. For instance, there is data that, as an excellent antioxidant, RA prevents cell damage and thus lowers the risk of cancer and atherosclerosis. There is no evidence of harm from the use of rosmarinic acid in the literature. However, despite the high therapeutic potential, limited solubility in water and body fluids, chemical instability, poor absorption, rapid metabolism and elimination from the human body determine its low bioavailability, which significantly limits its use in clinical practice as a therapeutic agent [110]. This necessitates the development of new biomaterials as suitable and effective carriers of rosmarinic acid that increase its bioavailability or the finding of new rational solutions and approaches to improve the existing ones. Recently, fibrous polymer materials obtained by electrospinning have been of great interest as carriers of RA [111]. So far, fibrous materials obtained by electrospinning of poly(ε-caprolactone) solutions containing RA and magnetite with the potential application as a drug delivery system have been reported [112]. The electrospinning of CA containing RA in concentrations of 5 and 10% is also reported [113]. A disadvantage of electrospinning in this case is the use of an extremely low solution feeding rate (250 μL/h), which significantly extends the time to obtain the non-woven textile. In addition, some of us have deposited a utility model revealing the creation of a non-woven textile (mat) composition from CA containing RA and a non-ionic polymer. The non-ionogenic water-soluble polymer improves the water solubility of RA and facilitates its release from the nonwoven fabric. The concentration of RA was from 10 to 20 wt% in regard to the weight of the polymers. The created electrospun materials containing RA exhibited high antioxidant activity. The strong antioxidant activity of the obtained fibrous materials from the biopolymer CA, the nonionic water-soluble and the biologically active RA makes them suitable for applications in biomedicine, in the textile industry, in pharmacy, in cell and tissue engineering, in cosmetics for topical application, as well as hygienic, healing and dressing materials, etc. [114].



Portulaca oleracea L. (P. oleracea) is an annual weed from the family Portulacaceae that is native to the Mediterranean region and has spread worldwide. The World Health Organization classified it as one of the most used therapeutic plants [115]. Flavonoids, alkaloids, polysaccharides, fatty acids, terpenoids, sterols, proteins, vitamins and minerals were isolated from this herb [116]. Because of these beneficial and diverse compounds, P. oleracea possesses antioxidant, antimicrobial, anti-inflammatory, cardioprotective, neuroprotective, antidiabetic and immunomodulatory activities [117]. Nevertheless, up to now there are only two reports reporting the fabrication of fibrous electrospun materials loaded with P. oleracea extract [118,119]. PLA was used to create electrospun materials loaded with P. oleracea plant extract obtained by supercritical carbon dioxide. The obtained novel materials were morphologically, physico-chemically, mechanically and biologically characterized. The observation of the obtained fibrous mats by SEM revealed that smooth and defect-free fibers with diameters in the micron scale were obtained (Figure 7). The mechanical properties of the prepared samples were examined, and the results revealed that the tensile strength values of PLA fibrous materials and the hybrid material loaded with P. oleracea were very similar. The tensile strength of the PLA/plant extract mat reached ~3.78 MPa while the tensile strength of the PLA fibrous material was ca. 3.9 MPa. Based on these findings we can conclude that the incorporation of the plant extract into the PLA matrix does not result in a decrease in the mechanical properties of the hybrid fibrous material. In addition, the antioxidant activity of the obtained novel electropsun mats was evaluated. It was detected that the PLA/P. oleracea exhibited considerable antioxidant activity. Moreover, in vitro studies proved that the electrospun PLA and the PLA/P. oleracea materials had no cytotoxic effects. Furthermore, the combination of the biopolymer—PLA with the P. oleracea plant extract—promoted cell survival and proliferation of normal mouse fibroblasts. All these results reveal the potential use of the prepared fibrous PLA/P. oleracea materials by electrospinning in wound healing applications [118,119].



Hypericum perforatum (H. perforatum), known as St. John’s wort, is a perennial plant with worldwide distribution grown for its medicinal use. There are reports showing the incorporation of H. perforatum L. in electrospun dressing materials which are helpful for preventing infections in wounds. A novel double-layer dressing material based on nanofibers was fabricated using poly (L-lactic acid) in the outer layer and a mixture of poly(ethylene) oxide and chitosan loaded with H. perforatum [120]. The extract-loaded, fibrous material possessed no cytotoxicity to normal human dermal fibroblast cells along with ability to inhibit S. aureus and P. aeruginosa. These results reveal the possibility of applying it as an antibacterial wound dressing to treat skin lesions. Furthermore, fibrous mats based on PLA, PVA and chitosan incorporated with the extract were fabricated by emulsion electrospinning of homogeneous gel-like suspensions of different and incompatible polymer solutions [120]. The results revealed the possibility of applying the created material as an antibacterial nanofibrous wound dressing preventing infections and enhancing the wound healing [121].



In addition, the electrospinning method was used to fabricate PVA-based, electrospun wound membranes with hydrolyzed collagen and with different concentrations of H. perforatum extract [122]. Due to their composition, ideal porosity and barrier properties, the obtained fibrous dressings could be applied as potential biomedical devices to treat skin injuries in the biomedical field. Moreover, a novel biodegradable polyhydroxybutyrate (PHB) submicron fibrous mat loaded with Hypericum perforatum extract using centrifugal spinning technology was fabricated. The results demonstrated strong antibacterial activity of the prepared mats against E. coli. The obtained novel hybrid mat possesses the potential to be used in self-cleaning and antibacterial air filters [123].



Up to now, there are some reports revealing the successful incorporation of extracts such as Chamomile [124], Aloe vera [125,126,127,128], C. officinalis [129,130,131], etc. in electrospun fibrous materials. Table 1 presented the plant extracts loaded into polymer materials by electrospinning summarized in Section 5.



Electrospinning is an excellent method for the creation of nanofibrous polymer or hybrid structures, allowing the control of fiber orientation. The fiber properties could be controlled by easily changing the effective parameters of the process. In addition, diverse bioactive compounds (BAC) can be loaded by either mixing with polymers and being electrospun together to form the encapsulated fibers; by electrospraying of BAC/polymer onto the electrospun polymer fibers; or by creating core shell structures by using coaxial electrospinning. In the past decade, the progress in electospinning in laboratory conditions has been significant. However, the industrialization of nanofiber production by electrospinning is developing slowly because the production rate is far lower than the requirement for commercial usage. Therefore, many studies are performed to increase the production speed for diverse systems to be electrospun in commercial scale. Up to now, many companies have been applying commercial electrospinning set-ups to fabricate nanofibrous materials, realizing this huge business opportunity niche. On the other hand, research studies aiming at the fabrication of nanofibrous materials based on plant extracts and polymers are relatively limited and are an emerging field. Plant extracts have a positive effect in electrospinning applications with their biodiversity, ability to sustain biological functionality, and their complex of favorable properties. With the production of nanofibrous structures containing extracts from natural sources, applications in fields such as wound healing, tissue engineering and drug release are increasing every day. This is an extremely promising field that will continue to develop at an exceptionally fast rate in the next few years.




6. Conclusions


The present review summarized the achievements in the field of loading different natural plant extracts in nano- and microfibrous polymer materials by the electrospinning method. Most of the presented reports are published in the last 3–4 years. This reveals the nascent and growing interest in this type of hybrid material possessing many desirable chemical and physical properties along with diverse therapeutic effects. Combining the medicinal plant extracts with biopolymers by electrospinning opens the door to the creation of a new generation of complex biomaterials with a variety of applications.
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Figure 1. Schematic representation of general steps for extraction of bioactive compounds from plant materials. 
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Figure 2. Structure of the most abundant biopolymers and natural polymers. 
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Figure 3. Schematic representation of the electrospinning/electrospraying set-up. 
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Figure 4. Schematic representation of polymer chains at different concentration regimes and SEM micrographs obtained from solutions with different concentrations: (a) dilute solution, (b) semi-dilute without entanglement between polymer chains and (c) semi-dilute with entanglement between polymer chains. 
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Figure 5. SEM micrographs of Curc/PVP-on-CA mats using (a) acetone/water and (b) ethanol/acetone solvent system. 
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Figure 6. SEM images, water contact angle and antioxidant activity of fibrous mats based on PLA, PLA/PEG, PLA/M. officinalis (10 wt%) and PLA/PEG/M. officinalis (10 wt%) [107]. 
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