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Abstract

:

Electrospinning was used to create fibrous polylactide (PLA) materials loaded with Portulaca oleracea (P. oleracea) plant extract obtained by supercritical carbon dioxide. Morphological, physico-chemical, mechanical, and biological characteristics of the fibers were studied. According to the SEM results, the diameters of smooth and defect-free fibers fabricated by a one-pot electrospinning method were at micron scale. All the obtained materials possess good mechanical properties. Additionally, it was found that the composite fibers exhibited considerable antioxidant activity. The antimicrobial activity of the fibrous materials against Gram-positive and Gram-negative bacteria was determined as well. In vitro studies showed that the electrospun biomaterials had no cytotoxic effects and that the combination of PLA and the P. oleracea extract in the fiber structure promoted cell survival and proliferation of normal mouse fibroblasts. The obtained results reveal that microfibrous mats containing the polyester—PLA and the plant extract—P. oleracea can be suitable for applications in wound healing.
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1. Introduction


Portulaca oleracea (known as purslane) is a herbaceous annual that is distributed all over the world [1]. Purslane is grown as a specialty crop recognized for its dietary and therapeutic benefits, especially in Asia and in Mediterranean countries [2]. This herb is a rich source of essential nutrients, mainly minerals [3,4], vitamins A, C, E, and B, and omega-3 fatty acids [5,6], and contains bioactive phytochemicals such as carotenoids and phenolic antioxidants with proven health benefits [7,8]. Various parts of this herb possess antioxidant, anti-inflammatory, antitumor, antidiabetic, hepatoprotective, anti-insomnia, analgesic, skeletal muscle-relaxant, gastroprotective, neuroprotective, wound-healing, and antiseptic properties [9,10,11,12].



Biodegradable polymers (synthetic or natural) have attracted considerable interest in recent years. They find diverse applications in packaging, agriculture, medicine, etc. [13]. Due to their significant diversity and synthetic versatility, aliphatic polyesters are the most extensively investigated class of biodegradable polymers [14]. Polylactide (PLA) is a polymer derived from renewable resources that belongs to the class of biodegradable aliphatic polyesters. This polymer and its copolymers are extensively used as advanced drug delivery carriers [15].



In recent years, the electrospinning method has gained much attention due to the fact that it allows facile fabrication of continuous fibers with diameters ranging from tens of nanometers to several micrometers. This electrohydrodynamic process uses the application of a high voltage to generate a jet from polymer solution or melt which is highly stretched and elongated to generate nano- and microfibers [16]. Because of their beneficial characteristics such as a large surface-area-to-volume ratio and a high porosity with small pore size, the electrospun fibrous materials find applications in drug delivery [17], tissue engineering [18], cosmetics [19], filtration [20], protective clothing [21], food packaging [22], etc. The use of electrospun nano- and microfibers in the pharmaceutical industry has increased recently [23]. Antibiotics [24], proteins [25], extracts [26], DNA [27], RNA, and anticancer drugs [28,29], along with other bioactive substances [30], have been loaded in electrospun nanofibers to treat diverse diseases.



The preparation of PLA-based nanofibrous materials by the electrospinning technique has received growing attention [31]. The morphology of the PLA mats and their properties are affected by a variety of factors such as viscosity, conductivity, polymer concentration, surface tension, and solvent system [32]. Electrospun PLA nano- and microfibers possess biodegradability, biocompatibility, non-toxicity, and good thermo-mechanical properties, combined with high specific surface area, and therefore have been widely investigated for biomedical applications as wound dressings [33], drug carriers [34], and tissue engineering scaffolds [35], as well as membranes for separation [36]. However, studies reporting the incorporation of plant extracts in the PLA-based electrospun fibrous materials are scarce.



Plant species have been used medicinally since ancient times because of the better patient tolerance and acceptance. There are four main natural product sources: plants, animals, sea species, and microbes [37]. They show a remarkable variety in chemical composition and structure. Electrospinning can increase the therapeutic potential of plant extracts by encapsulating them in suitable polymer matrixes and in this way improving their bioavailability and maintaining the needed concentration of bioactive compound at the target area [38].



To our knowledge, there is only one study in the literature, which was carried out by us, reporting the incorporation of the P. oleracea plant extract in electrospun polymer fibers. Recently, we have performed experiments to find the optimal process conditions for the encapsulation of the P. oleracea extract in a suitable polymer matrix [39]. The effect of the extract concentration on the morphology and some properties of the obtained materials were determined. The novelty of the present study consists in revealing the physico-chemical, thermal, mechanical, and biological properties of recently developed PLA/P. oleracea fibrous materials, and in studying their potential for their application in the biomedical field.




2. Materials and Methods


2.1. Used Materials


The following materials have been used in the present study without further purification: PLA (Ingeo™ Biopolymer 4032D, NatureWorks, Minnetonka, MN, USA; Mw = 259,000 g mol−1, Mw/Mn = 1.94, as determined using size-exclusion chromatography with polystyrene standards), methylene chloride (DCM; Merck, Darmstadt, Germany), and ethanol absolute (Merck, Darmstadt, Germany).



Purslane plant material was collected in the Novo Zhelezare area (Plovdiv region, Bulgaria). Using a SEPAREX (France) high-pressure extractor with a 2 L extraction vessel and operating at a pressure of up to 1000 bar, 800 g of air-dried plant leaves and stems were milled and extracted with supercritical CO2. The supercritical extraction was conducted for 2 h at a pressure of 400 bar and a temperature of 80 °C.



DPPH (2,2-diphenyl-1-picrylhydrazyl) and a reference mixture of fatty acid methyl esters from Sigma-Aldrich (Darmstadt, Germany), ethidium bromide (EtBr; Sigma Chemical, Balcatta, WA, Australia), and acridine orange (AO; Sigma Chemical, Balcatta, WA, Australia) were used without additional purification as they were of analytical grade. Penicillin and streptomycin (LONZA, Cologne, Germany) antibiotics and fetal calf serum (FCS; Gibco, Wien, Austria) were added to Dulbecco Modified Eagle’s Medium (DMEM; Sigma-Aldrich, Darmstadt, Germany).



The mouse BALB/3T3 clone A31 cell line (ATCC, CCL-163) was obtained from the American Type Cultures Collection (ATCC, Rockville, MD, USA).



Staphylococcus aureus (S. aureus) 749 and Escherichia coli 3588 (E. coli) 74 were purchased from the National Bank for Industrial Microorganisms and Cell Cultures (NBIMCC), Sofia, Bulgaria.




2.2. Electrospinning for Preparation of Fibrous Mats


Fibrous PLA and PLA/P. oleracea materials were obtained by electrospinning, as described in detail elsewhere [39]. In brief, prior to electrospinning, the following solutions were prepared: (i) PLA (10 wt%) and (ii) PLA (10 wt%)/P. oleracea (7.5 wt% with respect to PLA weight). A mixed solution of DCM and EtOH (90/10 w/w) was used for the dissolution of the polymer and the extract.



The obtained PLA or PLA/P. oleracea solutions were put in a syringe (5 mL) fitted with a metal needle (gauge size: 20GX1½″) connected to the positively charged electrode of a high-voltage power supply (up to 30 kV). A grounded drum with a diameter of 45 mm was positioned 15 cm away from the needle tip, rotating at a constant speed of 1000 rpm. An infusion pump (NE-300 Just InfusionTM syringe pump, New Era Pump Systems Inc., Farmingdale, NY, USA) was used to supply the spinning solution at a regulated feed rate of 3 mL/h at a constant applied voltage of 25 kV, at a room temperature of 21 °C, and at a relative humidity of 52%.




2.3. Characterization of the Materials


The spinning solutions’ dynamic viscosity measurements were performed via a Brookfield DV-II+ Pro programmable viscometer equipped with a sample thermostatic cup and a cone spindle for the one/plate option, at room temperature (25 °C).



Scanning electron microscopy (SEM) was used to evaluate the fibers’ morphology. Before the sample observation, the fibrous materials were vacuum-coated with a fine gold layer and analyzed using a Jeol JSM-5510 scanning electron microscope (JEOL Co., Ltd., Tokyo, Japan).



Using the ImageJ software [40], at least 50 fibers from SEM micrographs were evaluated in order to determine the average fiber diameter, fiber distribution, and morphology according to the previously reported criteria for the complex evaluation of electrospun mats [41].



Surface wettability analysis was used in order to evaluate the static contact angle via a DSA 10-MK2 drop shape analyzer system (Krüss, Hamburg, Germany) at 20 ± 0.2 °C. Contact angles of the fibrous materials were measured by dropping a deionized water droplet (10 μL) controlled by a computer dosing system on the surface. The droplet’s temporal photographs were captured. Computer analysis of the obtained pictures was used in order to determine the contact angles. The final results represented an average of 20 measurements taken on various regions of the mat surfaces.



Thermogravimetric analysis (TGA) was carried out on the Perkin Elmer TGA 4000 (Waltham, MA, USA) at a 10 °C/min heating rate under argon at a flow of 60 mL/min. Pyris v. 11.0.0.0449 software was used for instrument control, data collecting, and data processing.



The mechanical properties of the fibrous materials were determined via tensile measurements performed in a single column system for mechanical testing, the INSTRON 3344, equipped with a loading cell of 50 N and the Bluehill universal software. The initial length between the clamps was 40 mm and the used stretching rate was 10 mm/min. The fibrous samples were cut in the direction of the collector rotation with dimensions of 20 × 60 mm2. A Digital Thickness Gauge FD 50 (Kafer GmbH, München, Germany) was used to determine the thickness of the fibrous materials. The average thickness was ca. 300 μm ± 20 nm. For the sake of statistical significance, 10 specimens of each sample were tested, after which the average values of Young’s modulus, the ultimate stress, and maximum deformation at break were determined.



The antioxidative properties of the materials was evaluated using the 2,2-diphenyl-1-picryl-hydrazyl-hydrate (DPPH) free radical method. A volume of 0.5 mL of an ethanol solution of P. oleracea (0.375 mg) was mixed with 2.5 mL of an ethanol solution of DPPH at a concentration of 1 × 104 mol L−1. Three milliliters of DPPH solution in ethanol was added to PLA (5 mg mat) or PLA/P. oleracea (5 mg mat containing 0.375 mg of P. oleracea) fibrous mats. The as-prepared blended solutions were incubated in the dark for half an hour at room temperature (21 °C). Using a DU 800 UV-visible spectrophotometer (Beckman Coulter, Brea, CA, USA), the amount of DPPH radicals left in the solution was determined. The following equation was used to assess the antioxidant activity (AA):


   Inhibition ,   AA , % =   [     (  A DPPH   −   A sample  )     A DPPH     ]     ×   100    ,  



(1)




where Asample is the absorbance for the DPPH• solution at 517 nm after the addition of the solution containing plant extract or fibrous materials, and ADPPH is the absorbance for the DPPH• solution at 517 nm. Experiments were performed in triplicate.




2.4. Determination of Fatty Acids Composition and Acid Value


Gas chromatography (GC) with a flame ionization detector was used for the determination of fatty acids composition after acid-catalyzed transesterification of plant supercritical CO2 extract to methyl esters [42]. Prior to GC analysis, fatty acid methyl esters (FAME) were purified by preparative thin-layer chromatography on a silica gel plate using a mobile phase of hexane-acetone (100:6 v/v). GC was conducted on a Shimadzu GC 2030 chromatograph equipped with a flame ionization detector and a Simplicity Wax capillary column (30 m × 0.32 mm × 0.25 μm, Supelco). The operating temperature program was a gradient from 170 °C to 260 °C at 2 °C/min and 5 min held at the final temperature. The injector and detector temperatures were 260 °C and 280 °C, respectively. Nitrogen was used as a carrier gas at 0.6 mL/min flow rate, with a split ratio of 1:50. Peak identification was done according to retention times and compared to that of a standard FAME mixture. The acid value (AV) was estimated by titration with ethanolic KOH.




2.5. Antibacterial Activity Assessment


The antibacterial activities of the electrospun mats were determined against the Gram-positive bacteria S. aureus 749 and Gram-negative bacteria E. coli 3588 by applying the disk diffusion assay. For that purpose, in vitro studies were performed using the Tryptone glucose extract agar (DIFCO Laboratories, Detroit, MI, USA) solid medium. The surface of the solid agar was inoculated with a suspension of cell culture with a cell concentration of 1 × 105 cells/mL. Within 5–10 min after inoculation, PLA mat and PLA/P. oleracea were placed on the inoculated surface (one disc with a diameter of 17 mm and weight of 5.0 mg per Petri dish). The Petri dishes were incubated for 24 h at 37 °C. Subsequently, the diameters of the inhibition zones around the disks were observed.




2.6. Dual Staining Using AO and EtBr


Dual staining of mouse BALB/c 3T3 fibroblast cells was performed using acridine-orange (AO) and ethidium bromide (EtBr) in order to evaluate cell death. The cells were plated at a concentration of 2 × 105 cells × mL−1 Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine serum (FBS) on glass lamellas, placed at the bottom of 24-well plates, and incubated at 37 °C for 24 h in a CO2 incubator to form a monolayer. PLA and PLA/P. oleracea fibrous mats were then sterilized using UV light and placed in the 24-well plates for additional 24 h of incubation. After that, the electrospun mats were removed and glass lamellas were washed twice with phosphate-buffered saline (PBS, pH 7.4) to remove unattached cells. Subsequently, the lamellas were stained with AO and EtBr at a ratio of 1:1 (10 μg/mL), and were observed on a fluorescence microscope (Leika DM 5000B, Wetzlar, Germany).




2.7. Mouse Fibroblast Adhesion on the Fibrous Surface


The adhesion of mouse BALB/3T3 cells on the surface of PLA and a PLA/P. oleracea fibrous mat was monitored by direct SEM observation. For that purpose, the fibrous samples were placed in 24-well tissue culture plates (Falcon Becton Dickinson, USA). A total of 2 × 105 cells per well were seeded on each sample and cultured for 72 h in 1 mL DMEM with 10% FBS. In order to prevent the mats from floating, thin Teflon rings adapted to the inner diameter of the wells were used. The samples were fixed after 72 h of incubation with 2.5 wt% glutaraldehyde solution in saline at 4 °C for 4 h. Then, the samples were carefully washed three times with saline and, prior to freeze-drying, with distilled water. Before the SEM observations, the specimens were vacuum-coated with gold under vacuum.





3. Results and Discussion


3.1. Morphology and Physico-Chemical Properties of the Fibrous Mats


In the present study, the morphology and properties of fibrous materials based on biocompatible and biodegradable polyester—PLLA and a natural plant extract of P. oleracea prepared by one-pot electrospinning were investigated. Electrospinning is a versatile technique for the fabrication of nanofibrous materials and the final morphology strongly depends on the intrinsic properties of the solution itself, its viscosity, and conductivity. It is known that electrospinning of low-viscosity solutions results in discontinuous fiber formation. Therefore, the dynamic viscosities of PLA and PLA/P. oleracea spinning solutions were measured prior to conducting the one-pot electrospinning. The determined viscosity value of the PLA solution (10 wt%) was 1180 ± 10 cP. The addition of the crude extract to the PLA solution resulted in a change of the solution color from transparent to saturated green (Figure 1) and led to a significant increase of the measured value of the dynamic viscosity to 4350 ± 15 cP. We assume that some components of the P. oleracea extract restricted the possibility of the polymer chains to move which resulted in the significant increase of the mixed solution’s viscosity.



Subsequently, after the spinning solutions preparation and measuring of their dynamic viscosities, the solutions were subjected to electrospinning. The morphology of the obtained electrospun fibrous materials was evaluated by using scanning electron microscopy. Representative SEM images of the PLA and PLA/P. oleracea mats were shown in Figure 2. The shown SEM micrographs at different magnifications reveal the morphology of the obtained fibrous materials. As can be easily seen, the electrospinning of the PLA solution with concentration 10 wt% reproducibly resulted in the fabrication of fibers with mean fiber diameter of 1100 ± 200 nm. The prepared PLA fibers are continuous, defect-free, and with smooth surface. The addition of the plant extract in the PLA spinning solution and its consequent subjection to electrospinning resulted in the fabrication of fibers with larger diameters compared to PLA alone. The mean diameter of the PLA/P. oleracea fibers was 2200 ± 550 nm. The detected increase in the diameters of the composite fibers is most probably due to the significant increase in the dynamic viscosity of the PLA/P. oleracea spinning solution (4350 ± 15 cP) compared to the viscosity value of the PLA solution (1180 cP).



The wettability of electrospun fibers is one of the most important factors for their applications, especially in biomedicine, pharmacy, agriculture, etc. Therefore, the surface wettability of the produced fibrous materials was assessed. The results from the water contact angle measurements showed that the PLA mats were hydrophobic since a water drop placed on them maintained its spherical form at a water contact angle of 110 ± 3.5°. The presence of the extract in the fibers in the case of the PLA/P. oleracea mat resulted in a slight reduction in the water contact angle value. The 94 ± 2.5° contact angle value shows that the fabricated PLA/P. oleracea mats are hydrophobic as well.



The effect of the plant extract in the PLA matrix on the thermal characteristics of the hybrid fibrous mats was studied by thermogravimetric analyses. The thermograms of electrospun PLA materials and hybrid electrospun PLA/P. oleracea mats are shown in Figure 3. The TGA of the pristine natural plant extract of P. oleracea was performed as well. Thermal stability of the neat extract showed a continuous mass loss in a one-degradation step, being almost fully degraded at 800 °C. The weight loss (ca. 3–4%) started to occur at approximately 150 °C, which can be ascribed to the evaporation of moisture (desorption of water) or some extract volatiles. The main mass loss started at around 300 °C.



As seen in Figure 3, the electrospun PLA and PLA/P. oleracea mats showed one decomposition peak. The thermal decomposition of electrospun PLA mat started at 330 °C and ended at 425 °C due to the decomposition of the polyester. Additionally, the presence of the natural extract in a concentration of 7.5 wt% does not alter the thermal behavior of the composite mat. The thermal degradation of electrospun PLA/P. oleracea mats began at 325 °C and ended at 430 °C. The residual mass at 800 °C was 1.20%, 1.20%, and 2.83% for the neat extract, the PLA/P. oleracea mat, and the PLA mat, respectively.



The mechanical properties are one of the most important properties of the electrospun fibers. They play an important role in determining the fibers’ applications. The mechanical characteristics of the fibrous mats depend strongly on measurement technique, conditions of fiber fabrication, fiber orientation, point bonding, crosslinking, etc. The addition of a second component to the spinning solution might have a significant effect on the mechanical behavior of the resulting composite fibers. Therefore, it is crucial to study the influence of the extract on the mechanical properties of the hybrid PLA/P. oleracea mats. The mechanical characteristics of the obtained electrospun mats were determined using a single-column tensile testing machine. The typical stress–strain curves of PLA and PLA/P. oleracea mats are shown in Figure 4. The tensile strength values of the PLA mat and the hybrid mat containing the natural extract were very similar. The tensile strength of the PLA/P. oleracea mat was ca. 3.78 MPa, while the tensile strength of the PLA fibrous material reaches 3.9 MPa. This finding proved that the incorporation of the P. oleracea extract (at a concentration of 7.5 wt% with respect to the polymer weight) in the polymer matrix does not lead to a decrease in the mechanical properties of the composite material, thus preserving its good mechanical properties.



Various parts of purslane are known for medicinal and pharmacological uses because of its antioxidant activity [9]. The antioxidant activity of plants is due to their antioxidants, the majority of which are phenolic compounds such as phenolic acids and flavonoids, along with organic acids such as rosmarinic, caffeic, chlorogenic, p-coumaric, ferulic acids, quercetin, rutin, kaempferol, fumaric, oxalic, citric, acotinic, and malic acids. These compounds are capable of reducing oxidative stress by scavenging free radical species, and many of them have been identified in P. oleracea [43]. There are no data in the literature about the composition of the supercritical CO2 P. oleracea extract. Our initial analyses revealed significant content of waxes, chlorophyll, about 40% lipids of neutral and polar classes in comparable amounts, some presence of terpenes, and other compounds. As for the fatty acids composition of this extract, lignoceric acid (24:0) was predominant at 30%, followed by behenic acid (22:0) at 18%, linoleic and linolenic acids (18:2 and 18:3, respectively) at 10%, palmitic (16:0), arachidic (20:0), and cerotic (26:0) acids at 7%, stearic (18:0) and palmitoleic (16:1) acids at 3%, oleic acid (9–18:1) at 2%, and other four acids (12:0, 14:0, 11–18:1 and 20:1) at below 1%. A high acid value (14 mg KOH/g) had been expected most probably because of the oxalic acid presence in such plants.



The antioxidant activity of the fibrous mats obtained in the present study was evaluated using the DPPH radical scavenging assay. This method was used to screen the radical scavenging activity of the P. oleracea crude extract as well. It is known that DPPH creates a violet color in ethanol or methanol solution; however, in the presence of antioxidants, the color fades to yellowish hues. The results of the antioxidant activity as well as the digital images of the DPPH solution in the presence of different samples were presented in Figure 5. As it can be easily seen, the color of the DPPH solution in contact with the fibrous PLA mat was deep violet and the absorbance of the radical decreased by approximately 4.1%. In contrast, the color of the DPPH solution in contact with PLA/P. oleracea mat changed its color to yellowish and the DPPH absorbance decreased by approximately 78%, revealing high antioxidant activity of the extract-containing fibrous material. For the sake of comparison, the change in absorbance of the DPPH solution upon contact with an ethanol solution of P. oleracea was measured and it was 88.2%. The obtained results revealed that the incorporated P. oleracea extract preserves it strong antioxidant activity into the polymer fibrous mat and imparted antioxidant properties to the hybrid material.




3.2. Antibacterial Activity of the Fibrous Materials


There are few reports showing the antimicrobial potential of purslane [44]. It has been reported that the Portulaca elatior root contains a trehalose-binding lectin possessing antibacterial and antifungal activities [45]. Further, Du et al. reported that Portulaca oleracea L. exhibited different levels of antibacterial activities against Gram-positive and Gram-negative bacteria, showing antibacterial activity in Gram-positive bacteria [46]. The authors suggest that this might be due to the several structural differences between Gram-positive and Gram-negative bacterial cell walls, as the latter has an outer membrane and a unique periplasmic space. Knowing this literature data, it was of interest to us to determine the antibacterial potential of the electrospun fibrous mats obtained in this study. Thus, discs with diameters of 17 mm were cut and placed in contact for 24 h with Gram-positive bacteria—S. aureus and Gram-negative bacteria—E. coli. The digital images of the Petri dishes are shown in Figure 6. As seen in Figure 6a, the bacteria cells grow normally (control). As expected, the PLA fibrous mats do not show any antibacterial activity against the tested pathogenic bacteria. However, no zones of inhibition were detected around the fibrous PLA/P. oleracea discs either.




3.3. Cytotoxicity Assay and Cell Staining


Nano- and microfibrous scaffolds created by electrospinning exhibit multiscale functionalities, including the ability to release locally specific bioactive molecules from synthetic or natural origin to targeted cell types [47]. This feature is highly desirable in regulating appropriate cell phenotypes for tissue engineering and wound healing applications [48,49]. Furthermore, the electrospun mats resemble the extracellular matrix of human body tissues and facilitate tissue regeneration. P. oleracea extract possesses a wide spectrum of pharmacological properties due to the presence of active components such as flavonoids, terpenoids, and vitamins that contribute to epithelialization and promote skin renewal. The biocompatibility of the obtained materials is a main factor for their future biomedical applications. The in vitro compatibility of the PLA and PLA/P. oleracea mats was assessed by MTT assay [33], while the cellular morphology of mouse fibroblasts was observed on a fluorescence microscope after staining cells that were cultivated in contact with fibrous materials. Fibroblasts play a key role in restoring the integrity of injured tissue. Therefore, mouse BALB/c 3T3 fibroblasts were cultured for 24 h with electrospun PLA and PLA/P. oleracea mats, and were then stained using fluorescent dyes (AO and EtBr). This staining method allows to discriminate between dead and viable cells. Acridine orange stains both live and dead cells, emitting green fluorescence as a result of its intercalation in the double-stranded DNA. As opposed to AO, EtBr is not able to pass through the membrane of viable cells and stains only dead and late apoptotic cells with poor membrane integrity, generating red fluorescence. Figure 7 presents the fluorescence micrographs showing the cells’ morphology. Untreated fibroblast cells are characterized by a normal morphological structure with pale green nuclei and bright green nucleoli. No change was observed in the staining of the nuclei and cytoplasm in cells after their treatment with PLA and PLA/P. oleracea mats. The cell morphology remained normal. Furthermore, the previously obtained results from the MMT test as well as the cell staining reveal that the number of fibroblasts increased after being in contact with the fibrous mats containing the plant extract. This result shows that the electrospun PLA/P. oleracea mat is a prospective biomaterial with no toxicity supporting fibroblast attachment and proliferation in vitro.



The mouse BALB/3T3 cell line is suitable for preliminary assessment of cell viability, proliferation, and adhesion to the obtained fibrous materials. The adhesion of fibroblasts to the surface of the prepared PLA and PLA/P. oleracea fibrous materials was assessed by SEM analysis. As shown in Figure 8, the fibroblasts attach well to all fibrous materials, particularly when the plant extract of P. oleracea is loaded into the PLA fibers (Figure 8c). Moreover, considerable cell spreading is observed. The cells gain a specific shape following the fibers and spreading between them. This result revealed that the mouse fibroblasts adhere and spread well on the fibrous PLA and PLA/P. oleracea mats. This finding confirms the cell compatibility of the created novel materials and their potential use for wound healing and tissue engineering applications.





4. Conclusions


In the present study, the physico-chemical, mechanical, and biological properties of electrospun PLA and PLA/P. oleracea materials were characterized. The incorporation of a crude P. oleracea extract, obtained by using supercritical CO2, imparted to the fibrous mat strong antioxidant activity while preserving the good mechanical properties of the fibers. Moreover, the in vitro tests with normal fibroblasts reveal that the electrospun PLA/P. oleracea material is biocompatible, promoting fibroblast adhesion, attachment, and proliferation. Thus, the created fibrous materials containing the plant extract could be suitable candidates for wound dressing applications.







Author Contributions


Conceptualization and supervision, M.S., N.M. and I.R.; methodology, N.S., M.S., S.T., S.M. and A.G.; formal analysis, investigation, and data curation, N.S., M.S, S.T. and A.G., original draft preparation, N.S., M.S., N.M., I.R., S.M. and A.G.; supervision, I.R.; funding acquisition, M.S.; writing—review and editing, M.S., N.M. and I.R. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by Operational Program ‘Science and Education for Smart Growth’ 2014–2020, co-financed by the European Union through the European Structural and Investment Funds, grant BG05M2OP001-1.002-0012 ‘Sustainable utilization of bio-resources and waste of medicinal and aromatic plants for innovative bioactive products’.




Institutional Review Board Statement


Not applicable.




Data Availability Statement


The data presented in this study are available on request from the corresponding author.




Acknowledgments


Financial support from the Operational Program ‘Science and Education for Smart Growth’ 2014–2020, co-financed by the European Union through the European Structural and Investment Funds, grant BG05M2OP001-1.002-0012 ‘Sustainable utilization of bio-resources and waste of medicinal and aromatic plants for innovative bioactive products’ is gratefully acknowledged. Research equipment of Distributed Research Infrastructure INFRAMAT, part of the Bulgarian National Roadmap for Research Infrastructures, supported by the Bulgarian Ministry of Education and Science, was partially used in this study.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Movahedian, A.; Ghannadi, A.; Vashirnia, M. Hypocholesterolemic effects of purslane extracts on serum lipids in rabbits fed with high cholesterol levels. Int. J. Pharmacol. 2007, 3, 285–289. [Google Scholar]

	



Chan, K.; Islam, M.; Kamil, M.; Radhakrishnan, R.; Zakaria, M.; Habibullah, M.; Attas, A. The analgesic and anti-inflammatory effects of Portulaca oleracea L. subsp.sativa (Haw.) Celak. J. Ethnopharmacol. 2000, 73, 445–451. [Google Scholar] [CrossRef]

	



Uddin, M.; Juraimi, A.; Ali, M.; Ismail, M. Evaluation of antioxidant properties and mineral composition of Purslane (Portulaca oleracea L.) at different growth stages. Int. J. Mol. Sci. 2012, 13, 10257–10267. [Google Scholar] [CrossRef] [PubMed]

	



Okafor, I.; Ayalokunrin, M.; Orachu, L. A review on Portulaca oleracea (Purslane) plant its nature and biomedical benefits. Int. J. Biomed. Res. 2014, 5, 75–80. [Google Scholar] [CrossRef]

	



Petropoulos, S.; Karkanis, A.; Fernandes, A.; Barros, L.; Ferreira, I.; Ntatsi, G.; Petrotos, K.; Lykas, E.; Khah, L. Chemical composition and yield of six genotypes of common purslane (Portulaca oleracea L.): An alternative source of omega-3 fatty acids. Plant Foods Hum. Nutr. 2015, 70, 420–426. [Google Scholar] [CrossRef] [PubMed]

	



Simopoulos, A. Omega-3 fatty acids and antioxidants in edible wild plants. Biol. Res. 2004, 37, 263–277. [Google Scholar] [CrossRef]

	



Alam, M.; Juraimi, A.; Rafii, M.; Hamid, A.; Aslani, F.; Hasan, M.; Zainudin, M.; Uddin, M. Evaluation of antioxidant compounds, antioxidant activities, and mineral composition of 13 collected purslane (Portulaca oleracea L.) accessions. Biomed. Res. Int. 2014, 2014, 296063. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, Y.-X.; Xin, H.-L.; Rahman, K.; Wang, S.-J.; Peng, C.; Zhang, H. Portulaca oleracea L.: A Review of phytochemistry and pharmacological effects. Biomed. Res. Int. 2015, 925631, 1–11. [Google Scholar]

	



Kumar, A.; Sreedharan, S.; Kashyap, A.; Singh, P.; Ramchiary, N. A review on bioactive phytochemicals and ethnopharmacological potential of purslane (Portulaca oleracea L.). Heliyon 2022, 8, e08669. [Google Scholar] [CrossRef]

	



Chugh, V.; Mishra, V.; Sharma, K. Purslane (Portulaca oleracea L.): An underutilized wonder plant with potential pharmacological value. Pharm. J. 2019, 8, 236–246. [Google Scholar]

	



Zhao, R.; Shao, X.; Jia, G.; Huang, Y.; Liu, Z.; Song, B.; Hou, J. Anti-cervical carcinoma effect of Portulaca oleracea L. polysaccharides by oral administration on intestinal dendritic cells. BMC Complement. Altern. Med. 2019, 19, 161. [Google Scholar] [CrossRef]

	



Gallo, M.; Conte, E.; Naviglio, D. Analysis and comparison of the antioxidant component of Portulaca oleracea leaves obtained by different solid-liquid extraction techniques. Antioxidants 2017, 6, 64. [Google Scholar] [CrossRef]

	



Vroman, I.; Tighzert, L. Biodegradable polymers. Materials 2009, 2, 307–344. [Google Scholar] [CrossRef]

	



Camerona, D.; Shaver, M. Aliphatic polyester polymer stars: Synthesis, properties and applications in biomedicine and nanotechnology. Chem. Soc. Rev. 2011, 40, 1761–1776. [Google Scholar] [CrossRef] [PubMed]

	



Tyler, B.; Gullotti, D.; Mangraviti, A.; Utsuki, T.; Brem, H. Polylactic acid (PLA) controlled delivery carriers for biomedical applications. Adv. Drug Deliv. Rev. 2016, 107, 163–175. [Google Scholar] [CrossRef]

	



Xue, J.; Wu, T.; Dai, Y.; Xia, Y. Electrospinning and electrospun nanofibers: Methods, materials, and applications. Chem. Rev. 2019, 119, 5298–5415. [Google Scholar] [CrossRef] [PubMed]

	



Sill, T.; von Recum, H. Electrospinning: Applications in drug delivery and tissue engineering. Biomaterials 2008, 29, 1989–2006. [Google Scholar] [CrossRef]

	



Hong, J.; Yeo, M.; Yang, G.; Kim, G. Cell-electrospinning and its application for tissue engineering. Int. J. Mol. Sci. 2019, 20, 6208. [Google Scholar] [CrossRef]

	



Xu, H.; Wu, Z.; Zhao, D.; Liang, H.; Yuan, H.; Wang, C. Preparation and characterization of electrospun nanofibers-based facial mask containing hyaluronic acid as a moisturizing component and huangshui polysaccharide as an antioxidant component. Int. J. Biol. Macromol. 2022, 214, 212–219. [Google Scholar] [CrossRef] [PubMed]

	



Bonfim, D.; Cruz, F.; Guerra, V.; Aguiar, M. Development of filter media by electrospinning for air filtration of nanoparticles from PET bottles. Membranes 2021, 11, 293. [Google Scholar] [CrossRef]

	



Baji, A.; Agarwal, K.; Oopath, S. Emerging developments in the use of electrospun fibers and membranes for protective clothing applications. Polymers 2020, 12, 492. [Google Scholar] [CrossRef]

	



Zhang, C.; Li, Y.; Wang, P.; Zhang, H. Electrospinning of nanofibers: Potentials and perspectives for active food packaging. Compr. Rev. Food Sci. Food Saf. 2020, 19, 479–502. [Google Scholar] [CrossRef]

	



Shitole, M.; Dugam, S.; Desai, N.; Tade, R.; Nangare, S. Pharmaceutical applications of electrospun nanofibers: A state-of-the-art review. Asian J. Pharm. Technol. 2020, 10, 187–201. [Google Scholar] [CrossRef]

	



Toncheva, A.; Paneva, D.; Maximova, V.; Manolova, N.; Rashkov, I. Antibacterial fluoroquinolone antibiotic-containing fibrous materials from poly(l-lactide-co-d,l-lactide) prepared by electrospinning. Eur. J. Pharm. Sci. 2012, 47, 642–651. [Google Scholar] [CrossRef]

	



Akhmetova, A.; Heinz, A. Electrospinning proteins for wound healing purposes: Opportunities and challenges. Pharmaceutics 2021, 13, 4. [Google Scholar] [CrossRef] [PubMed]

	



Yang, S.; Kim, E.; Kim, S.; Kim, Y.; Oh, W.; Lee, J.; Jang, Y.; Sabina, Y.; Ji, B.; Yeum, J. Electrospinning fabrication of poly(vinylalcohol)/Coptis chinensis extract nanofibers for antimicrobial exploits. Nanomaterials 2018, 8, 734. [Google Scholar] [CrossRef] [PubMed]

	



Matthew, R.; Gopi, M.; Menon, P.; Jayakumar, R.; Vijayachandran, L. Synthesis of electrospun silica nanofibers for protein/DNA binding. Mater. Lett. 2016, 184, 5–8. [Google Scholar] [CrossRef]

	



Darbasizadeh, B.; Mortazavi, S.; Kobarfard, F.; Jaafari, M.; Hashemi, A.; Farhadnejad, H.; Feyzi-barnaji, B. Electrospun doxorubicin-loaded PEO/PCL core/sheath nanofibers for chemopreventive action against breast cancer cells. J. Drug Deliv. Sci. Technol. 2021, 64, 102576. [Google Scholar] [CrossRef]

	



Abid, S.; Hussain, T.; Raza, Z.; Nazir, A. Current applications of electrospun polymeric nanofibers in cancer therapy. Mater. Sci. Eng. C 2019, 97, 966–977. [Google Scholar] [CrossRef]

	



Hermosilla, J.; Pastene-Navarrete, E.; Acevedo, F. Electrospun fibers loaded with natural bioactive compounds as a biomedical system for skin burn treatment. A Review. Pharmaceutics 2021, 13, 2054. [Google Scholar] [CrossRef]

	



Maleki, H.; Azimi, B.; Ismaeilimoghadam, S.; Danti, S. Poly(lactic acid)-based electrospun fibrous structures for biomedical applications. Appl. Sci. 2022, 12, 3192. [Google Scholar] [CrossRef]

	



Maleki, H.; Gharehaghaji, A.A.; Criscenti, G.; Moroni, L.; Dijkstra, P.J. The influence of process parameters on the properties of electrospun PLLA yarns studied by the response surface methodology. J. Appl. Polym. Sci. 2015, 132, 41388. [Google Scholar] [CrossRef]

	



Spasova, M.; Paneva, D.; Manolova, N.; Radenkov, P.; Rashkov, I. Electrospun chitosan-coated fibers of poly(L-lactide) and poly(L-lactide)/poly(ethylene glycol): Preparation and characterization. Macromol. Biosci. 2008, 8, 153–162. [Google Scholar] [CrossRef] [PubMed]

	



Toncheva, A.; Spasova, M.; Paneva, D.; Manolova, N.; Rashkov, I. Polylactide (PLA)-based electrospun fibrous materials containing ionic drugs as wound dressing materials: A review. Int. J. Polym. Mater. 2014, 63, 657–671. [Google Scholar] [CrossRef]

	



Spasova, M.; Stoilova, O.; Manolova, N.; Rashkov, I.; Altankov, G. Preparation of PLLA/PEG nanofibers by electrospinning and potential applications. J. Bioact. Compat. Polym. 2007, 22, 62–76. [Google Scholar] [CrossRef]

	



Iulianelli, A.; Russo, F.; Galiano, F.; Desiderio, G.; Basile, A.; Figoli, A. PLA easy fil—white-based membranes for CO2 separation. Greenh. Gases Sci. Technol. 2019, 9, 360–369. [Google Scholar] [CrossRef]

	



Chin, Y.; Balunas, M.; Chai, H.; Kinghorn, A. Drug discovery from natural sources. AAPS J. 2006, 8, E239–E253. [Google Scholar] [CrossRef]

	



Khan, A.; Xiangyang, S.; Ahmad, A.; Mo, X. Electrospinning of crude plant extracts for antibacterial and wound healing applications: A review. SM J. Biomed. Eng. 2018, 4, 1024. [Google Scholar]

	



Spasova, M.; Stoyanova, N.; Manolova, N.; Rashkov, I.; Taneva, S.; Momchilova, S.; Georgieva, G. Facile preparation of novel antioxidant fibrous material based on natural plant extract from Portulaca oleracea and polylactide by electrospinning for biomedical applications. Polym. Int. 2022, 71, 689–696. [Google Scholar] [CrossRef]

	



Rasband, W.S. ImageJ, US National Institutes of Health, Bethesda, MD (1997–2021). Available online: http://imagej.nih.gov/ij (accessed on 3 January 2016).

	



Spasova, M.; Mincheva, R.; Paneva, D.; Manolova, N.; Rashkov, I. Perspectives on: Criteria for complex evaluation of the morphology and alignment of electrospun polymer nanofibers. J. Bioact. Compat. Polym. 2006, 21, 465–479. [Google Scholar] [CrossRef]

	



Christie, W.W. Lipid Analysis: Isolation, Separation, Identification, and Structural Analysis of Lipids, 3rd ed.; The Oily Press: Bridgwater, UK, 2003; pp. 205–224. [Google Scholar]

	



Erkan, N. Antioxidant activity and phenolic compounds of fractions from Portulaca oleracea L. Food Chem. 2012, 133, 775–781. [Google Scholar] [CrossRef]

	



Elkhayat, E.S.; Ibrahim, S.R.M.; Aziz, M.A. Portulene, a new diterpene from Portulaca oleracea L. J. Asian Nat. Prod. Res. 2008, 10, 1039–1043. [Google Scholar] [CrossRef]

	



Ferreira da Silva, J.D.; Pedrosa da Silva, S.; Michelle da Silva, P.; Vieira, A.M. Portulaca elatior root contains a trehalose-binding lectin with antibacterial and antifungal activities. Int. J. Biol. Macromol. 2019, 126, 291–297. [Google Scholar] [CrossRef] [PubMed]

	



Du, Y.-K.; Liu, J.; Li, X.-M.; Pan, F.-F.; Zhi-Guo Wen, Z.-G.; Zhang, T.-C.; Yang, P.-L. Flavonoids extract from Portulaca oleracea L. induce Staphylococcus aureus death by apoptosis-like pathway. Int. J. Food Prop. 2017, 20, S534–S542. [Google Scholar] [CrossRef]

	



Toncheva, A.; Paneva, D.; Manolova, N.; Rashkov, I.; Mita, L.; Crispi, S.; Mita, D. Dual vs. single spinneret electrospinning for the preparation of dual drug containing non-woven fibrous materials. Colloids Surf. A Physicochem. Eng. Asp. 2013, 439, 176–183. [Google Scholar] [CrossRef]

	



Ramier, J.; Bouderlique, T.; Stoilova, O.; Manolova, N.; Rashkov, I.; Langlois, V.; Renard, E.; Albanese, P.; Grande, D. Biocomposite scaffolds based on electrospun poly(3-hydroxybutyrate) nanofibers and electrosprayed hydroxyapatite nanoparticles for bone tissue engineering applications. Mater. Sci. Eng. C 2014, 38, 161–169. [Google Scholar] [CrossRef] [PubMed]

	



Ramier, J.; Grande, D.; Bouderlique, T.; Stoilova, O.; Manolova, N.; Rashkov, I.; Langlois, V.; Albanese, P.; Renard, E. From design of bio-based biocomposite electrospun scaffolds to osteogenic differentiation of human mesenchymal stromal cells. J. Mater. Sci. Mater. Med. 2014, 25, 1563–1575. [Google Scholar] [CrossRef] [PubMed]








[image: Membranes 13 00298 g001 550] 





Figure 1. Digital images of spinning solutions of: (a) PLA and (b) PLA/P. oleracea. 
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Figure 2. SEM images of: (a,b) PLA fibrous mat and (c,d) PLA/P. oleracea fibrous mat at magnifications ×1000 (a,c) and ×2000 (b,d). 
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Figure 3. TG thermograms of crude P. oleracea extract, PLA, and PLA/P. oleracea mats. 
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Figure 4. Stress–strain curves of: electrospun PLA mat and PLA/P. oleracea mat. 
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Figure 5. Antioxidant activity: 1—ethanol solution of the P. oleracea crude extract; 2—PLA/P. oleracea mat; 3—PLA mat and inset—digital images of 1—DPPH solution in the presence of the P. oleracea crude extract; 2—DPPH solution in the presence of a PLA/P. oleracea mat; and 3—DPPH solution in the presence of a PLA mat. *** p < 0.001. 
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Figure 6. Digital photographs of (a) control bacteria; (b) PLA mat; and (c) PLA/P. oleracea mat after 24 h with S. aureus and E. coli. The cell type is marked in the left of each row. 
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Figure 7. Fluorescence micrographs of AO and EtBr double-stained mouse BALB/c 3T3 fibroblast cells incubated for 24 h: (a) untreated cells; (b) PLA mat; and (c) PLA/P. oleracea mat. Live cells are shown in green. Bar: 20 μm. 
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Figure 8. SEM micrographs of: (a) PLA fibers; (b) mouse fibroblasts on PLA fibers; and (c) mouse fibroblasts on PLA/P. oleracea after 72 h contact. 
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