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Abstract

:

The development of biomedical systems with antimicrobial and antibiofilm properties is a difficult medical task for preventing bacterial adhesion and growth on implanted devices. In this work, a fibrillar scaffold was produced by electrospinning a polymeric organic dispersion of polylactic acid (PLA) and poly(α,β-(N-(3,4-dihydroxyphenethyl)-L-aspartamide-co-α,β-N-(2-hydroxyethyl)-L-aspartamide) (PDAEA). The pendant catechol groups of PDAEA were used to reduce silver ions in situ and produce silver nanoparticles onto the surface of the electrospun fibers through a simple and reproducible procedure. The morphological and physicochemical characterization of the obtained scaffolds were studied and compared with virgin PLA electrospun sample. Antibiofilm properties against Pseudomonas aeruginosa, used as a biofilm-forming pathogen model, were also studied on planar and tubular scaffolds. These last were fabricated as a proof of concept to demonstrate the possibility to obtain antimicrobial devices with different shape and dimension potentially useful for different biomedical applications. The results suggest a promising approach for the development of antimicrobial and antibiofilm scaffolds.
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1. Introduction


The development of bacterial infections raises great concern about the increasing antibiotic-resistance developed by multidrug-resistant bacteria (MDR) [1,2]. Bacterial proliferation and biofilm formation in implanted medical devices represent, today, problems of relevant clinical importance [3,4]. Most implant-associated infections are caused by bacterial contamination of the wound occurring during surgical procedures: bacteria can settle on both the surface of the implanted device and the damaged tissue, forming biofilms through which bacteria evade host defenses and antimicrobial treatment [5,6,7,8]. The development of biomedical systems with antimicrobial and antibiofilm properties is a promising strategy to prevent bacterial adhesion and growth.



From this point of view, non-specific therapeutic approaches are often proposed [9,10,11,12]. Metal nanoparticles and, especially, silver nanoparticles (AgNPs) have broad-spectrum antimicrobial properties and are active against bacteria, fungi, viruses, and other microorganisms [13,14]. AgNPs are able to eradicate even MDR bacteria due to the capability to act through several mechanisms such as interaction with the bacterial membrane [15,16], the release of Ag+ ions [17,18], and the production of reactive oxygen species [17].



Several procedures (chemical, physical, and biological) for the AgNPs production have been developed over time and they are usually based on the reduction in a silver salt, used as a source of Ag+ ions, in the presence of reducing agents and different conditions [19]. Although the use of chemical reagents is the most popular approach in the synthesis of AgNPs, the potential toxicity of different materials certainly limits the possibilities of their application in the biomedical field [20].



In this regard, the search for new strategies has led to the development of green methods for AgNPs synthesis. Jaiswal et al. synthesized AgNPs using lignin as a reducing and capping agent in the carrageenan matrix to prepare functional carrageenan-based hydrogels [21]. Yang et al. developed a Chitosan/Bletilla striata polysaccharide-composited microneedle with antibacterial and antibiofilm properties, using the catechol groups of tannic acid for the in situ formation of AgNPs [22]. Similarly, Li et al. formulated a sodium hyaluronate-graft dopamine hydrogel doped with AgNPs, produced in situ by exploiting the catechol groups of dopamine for the reduction in Ag+ [23].



Polymeric nanofibrillar scaffolds, due to their suitable physicochemical and morphological properties, represent excellent platforms for tissue engineering and biomedical applications [24,25,26]. The microstructure of such systems is comparable to the tissues extracellular matrix (ECM) and it is crucial for adhesion, growth, and cell proliferation [27,28]. Synthetic polymers, such as polyesters, have excellent advantages in terms of mechanical properties, biodegradability, biocompatibility, and low costs [29]. Polylactic acid (PLA) is among the most used polyester for its remarkable mechanical properties, slow degradation in vivo, and the absence of immune or inflammatory responses [30,31,32], which led to several applications in tissue engineering and in tendon [33], bone [34], skin [35], and cardiovascular regenerative medicine [36], and nanomedicine for cancer [37] and lung diseases treatment [38]. However, the absence of intrinsic antibacterial properties makes the PLA scaffolds susceptible, in vivo, to be colonized by microorganisms, increasing the risk of generating an antibiotic-resistant bacterial biofilm [39,40]. Different approaches have been adopted to overcome this limitation. Popleka et al. functionalized a PLA electrospun scaffold with ascorbic and fumaric acid, after plasma treatment, providing to the system antimicrobial activity against Gram-positive Staphylococcus aureus and Gram-negative Escherichia coli bacteria [41]. Martin et al. developed a 3D-printed PLA-based scaffold doped with minocycline for bone regeneration in order to overcome the typical infections associated with bone implants [33].



Furthermore, mixing PLA with polymers that reduce Ag+ and stabilize the AgNPs, advanced PLA scaffolds, with antimicrobial properties can be obtained. For example, polymers with catechol groups have an excellent ability to reduce Ag+ in situ, while stabilizing the AgNPs formed [23,42,43]. Xiang et al. used a mussel-inspired dopamine-based polymer (poly (carboxybetaine-co-dopamine methacrylamide)) for AgNPs in situ synthesis and capping. The obtained system was then immobilized onto amino-modified cotton gauze resulting in an antibacterial cotton dressing with excellent silver loading stability [42]. Zhang et al. developed a PLA-based fibrillar scaffold doped with polydopamine-coated gold nanoparticles exploiting the reducing ability of catechol on the structure of polydopamine to reduce Ag+ to AgNPs in situ [43].



In this work a nanofibrillar scaffold based on PLA, having antibacterial and antibiofilm properties, through the in situ formation of AgNPs, was developed. The use, in mixture with PLA, of a polymer bearing pendant catechol groups, via successive aminolysis reactions of polysuccinimide (PSI) with dopamine and ethanolamine, named poly(α,β-(N-(3,4-dihydroxyphenethyl)-L-aspartamide-co-α,β-N-(2-hydroxyethyl)-Laspartamide) (PDAEA) allowed us to combine the remarkable properties of PLA with the possibility to reduce silver in situ by green method.



The treatment with cold plasma at low pressure of N2 of the scaffolds, before the treatment with AgNO3 and formation of the AgNPs, increases the wettability of the scaffolds and subsequently allows to obtain a homogeneous formation and distribution of AgNPs in the fibrillar matrix. The advantage of this approach is related to the possibility to easily produce electrospun scaffolds with reproducible physicochemical and morphological properties and intrinsic reducing features conferred by the presence of PDAEA, without the need of using nanocomposite reducing materials, embedded in the fibers or anchored to the scaffold surface, that can negatively influence the fibers morphological features and the reproducibility of the production process. The obtained systems were characterized in order to evaluate their chemical–physical properties and antimicrobial potential. This has been tested in vitro against Pseudomonas aeruginosa which is a model of serious and difficult to treat nosocomial infections [44].



For this reason, PLA- and PDAEA-based scaffolds can represent good examples of antibacterial and antibiofilm systems in tissue engineering and regenerative medicine.




2. Results and Discussion


2.1. Synthesis and Characterization of PDAEA and PLA/PDAEA Electrospun Scaffolds


PDAEA (chemical structure and characterization reported in Figure S1) is highly functionalized with dopamine (more than 60 mol% with respect to the repetitive units) and so its presence can guarantee a high concentration of reducing moieties in the electrospun scaffold. This represents an advantage compared with the catechol-functionalized natural derived polymers, such as polysaccharides [10,45,46], that usually show degree of functionalization lower than 20 mol%. Moreover, dopamine contributes to confer a lipophilic character to the macromolecule making possible to obtain an electrospinnable blend with PLA in a mixture of organic solvents, even if the presence of PDAEA at the concentration used leads to the necessity to use a slightly higher voltage in the electrospinning process compared with that used for pristine PLA dispersion in order to generate a continuous and stable filament.



The morphological properties of the scaffolds were studied through SEM analyses, whose results are shown in Figure 1a,c where the fibers are randomly distributed. The diameter distribution analysis showed that the average diameter was about 288 nm for PLA fibers and 235 nm for PLA/PDAEA fibers (Figure 1b,d). This difference is probably related to the need to use higher voltages during the electrospinning process of PLA/PDAEA dispersion as reported in previous studies [47]. Furthermore, PLA/PDAEA fibers appear uniform, without deformation and quite similar to those of PLA, so the use of PDAEA does not represent a limitation in the electrospinning process.



Moreover, as shown in Figure 1e,f, spectroscopic analysis, carried out on the electrospun fibrillar scaffolds (dissolved in organic solvent), confirmed the presence of PDAEA. In particular, the 1H-NMR spectrum, obtained by dispersing the polymer in DMSO-d6 (Figure 1e) shows peaks at 6–7 ppm, which can be related to the three aromatic protons of dopamine present in PDAEA, as also observed in Figure S1b. Since the oxidation of dopamine results in a shift of these peaks, the 1H-NMR analysis allows to affirm that the dopamine of the PDAEA does not undergo oxidation during the electrospinning process.



The FT-IR spectrum of PLA/PDAEA (Figure 1f) scaffold, compared with that of PLA, shows the appearance of two enlarged peaks of modest intensity (1627, 1512 cm−1) related to the stretching of the two different amidic carbonyls, as also found in the FT-IR spectrum in Figure S1c.




2.2. Plasma Treatment of the Scaffolds


Although PLA scaffolds have several advantages in tissue engineering applications, it is often necessary to change their surface properties in order to overcome an important limitation related to the lipophilic nature of the polyester which leads to scaffolds’ low wettability. As already stated, the purpose of this work was to exploit PDAEA catechol groups to produce AgNPs onto the surfaces of the electrospun fibers. To obtain a homogeneous distribution of the in situ-produced metal nanoparticles it is essential that the fibrillar matrix can be effectively wetted by the silver salt solution. Since the PLA/PDAEA scaffold showed a water contact angle similar to that obtained of pristine PLA (about 120°), scaffolds were treated with cold plasma at low pressure of N2 in order to increase their wettability. It is reasonable to suppose that, because of the use of N2, the scaffold surface is functionalized with amine groups [48,49,50], which contributed to provide hydrophilic properties to the electrospun fibers, increasing their wettability.



After plasma treatment, no chromatic variations in scaffolds were observed, indicating that dopamine did not undergo oxidation reaction. Macroscopically, no morphological variations were observed.




2.3. SEM Analyses and Contact Angle Measurements on Plasma-Treated Scaffolds


Since plasma treatment can determine microscopic changes in the fibrillar structure of scaffolds, resulting in changes in physicochemical properties, SEM analyses were performed to investigate the morphological features of the scaffolds after the treatment. The results, reported in Figure 2a, shows how plasma-treated scaffold does not undergo microscopic alteration in the fibrillar structure being the fibers diameter distribution practically unchanged (PLA/PDAEA average diameter = 249 nm) compared with plasma-untreated scaffold (Figure 2b).



The increased wettability was demonstrated by measuring the contact angle before and after plasma treatment as shown in Figure 2c. The obtained contact angle values are 121.94° and 1.88°, respectively: this means that plasma treatment increases the wettability of the scaffolds almost completely.




2.4. AgNPs In Situ Production


AgNPs were produced in situ exploiting the reducing capacities of dopamine through a simple and reproducible method, starting from AgNO3 solutions as previously reported by Li et al. [23]. The absence of additional reducing reagents has limited the possible formation of secondary and/or toxic products.



As shown in Figure 3a,b, scaffolds color turned to a dark brown probably due to the dopamine oxidation and the AgNPs production. Figure 3e shows schematically the formation of AgNPs. In particular, the presence of catechol groups allows, firstly, the chelation of Ag+ ions and, subsequently, their reduction and anchoring onto the fibers surface. This likely avoids the burst release in the physiological milieu of the produced metallic nanoparticles [42].



It is interesting to notice that plasma-untreated scaffold (Figure 3d), because of its poor wettability, showed a chromatic variation only in the drop deposition point while, scaffolds incubated with water showed no colour variation (Figure 3c). This shows that plasma treatment is of great importance for obtaining samples with a homogeneous distribution of antibacterial nanoparticles.



To further corroborate the hypothesis that the formation of AgNPs is ascribable mainly to the presence of PDAEA, the PLA scaffold was used as control in the process of in situ nanoparticles production. Results in Figure S2b showed that after plasma treatment, only a light chromatic variation was observed for the scaffold after the incubation with AgNO3 solution. It is likely to suppose that both the free radical produced during the plasma treatment and free amine groups inserted onto the scaffold surface can confer to the PLA scaffold some mild reducing capacity that can lead to the formation of low amount of metal nanoparticles.




2.5. PLA/PDAEA@AgNPs Scaffolds Morphological Characterization


SEM analyses were carried out on PLA/PDAEA@AgNPs samples to validate the macroscopical observation already described. As expected, the plasma-untreated sample, due to the lower wettability shows superficial coarse AgNPs aggregates (Figure 3f) that, on the contrary, are not observable onto the fibrillar structure of the plasma-treaded sample (Figure 3g). At higher magnification, SEM images of the plasma-treated PLA/PDAEA@AgNPs samples show nanometric bright spots homogeneously distributed onto the surface of the fibers and attributable to the colloidal metal nanoparticles (Figure 3h). No significative differences in the SEM analyses were detected from the PLA/PDAEA@AgNPs scaffolds incubated with the silver salt solution at two different concentrations. This a clear confirmation both of the effective AgNPs formation and of their retaining on the scaffold surface after the purification procedure.




2.6. PLA/PDAEA@AgNPs Scaffolds Surface Characterization


The presence of silver onto the surface of the PLA/PDAEA scaffolds treated with AgNO3 solution was once again confirmed by energy-dispersive X-ray spectroscopy (EDX) analysis, conducted concomitantly with SEM experiments (Figure 4a).



An X-ray photoelectron spectroscopy (XPS) analysis was also carried out to confirm that silver was present in its reduced form. In the spectrum shown in Figure 4b, it is possible to find the presence of two well-defined peaks at 368.2 eV and 374.2 eV, typical of the metallic silver (Ag 3d) [51,52]. The absence of further peaks attributable to different species shows that all the silver in the scaffold is in the form of metal nanoparticles. This confirms the effectiveness of both the method of preparation of the AgNPs and the washing procedures that allowed the removal of all Ag+ not reduced from the scaffold.




2.7. Ag Quantification on PLA/PDAEA@AgNPs Scaffolds


The quantitative analysis performed on the PLA/PDAEA@AgNPs shows no significant (confidence level = 95%) increasing concentration of Ag immobilized in the scaffolds on the rising of the concentration of the treating AgNO3 solution. The metal level on the scaffold is far higher than that of the starting solution due to the immobilization of the Ag on the small amount of the weighed scaffold polymer, which acts as a solid-phase concentrating media. Treating the scaffolds with AgNO3 30 mM and 100 mM (incubated for 72 h) the following respective concentration of silver were determined: 8.7 × 104 ± 3 × 103 μg/g and 8.8 × 104 ± 4 × 103 μg/g.



The quantitative analysis performed on the mineralized PLA scaffolds by ESI-MS experiments showed the presence of Ag. However, the signal’s integral of the control sample was in the order of the Limit of Detection (LOD) and below the Limit of Quantitation (LOQ) of the analytical method.




2.8. In Vitro Cytocompatibility Studies


AgNPs can have a cytotoxic effect on eukaryotic cells [53,54]; for this reason, cytocompatibility studies were performed by indirect procedure, without putting the scaffolds in direct contact with the cells. Our main aim was to assess the possible release of large quantities of silver that can be toxic to cells, as reported in the literature.



Since it has been amply demonstrated that electrospun PLA scaffolds produced with a procedure similar to ours are highly biocompatible [41,55,56,57], the viability of the developed devices has been compared with that of PLA scaffolds.



As shown in Figure 5, there are no statistically significant differences between PLA/PDAEA@AgNPs scaffolds or PLA/PDAEA and control samples (plasma-treated PLA scaffolds) both after 24 h and 48 h of incubation (viability higher than 80% compared with the PLA control). This means that the presence of PDAEA and the exposure of cells to scaffolds containing AgNPs did not affect cell viability over time and that the PLA/PDAEA@AgNPs scaffolds do not release cytotoxic molecules or substances.



This is further corroborated by the increase in cell metabolic activity between the two-time point of analysis.




2.9. Inhibition of Bacterial Biofilm Formation of PLA/PDAEA@AgNPs Scaffolds


Since this type of device might be implanted in the medium/long term, they should possess not only optimal mechanical and physical properties but also an antibiofilm activity against commensal and/or pathogenic bacteria. AgNPs antibiofilm activity is well-known in the literature [11,58,59]. To demonstrate that the presence of AgNPs on the PLA/PDAEA scaffolds inhibits the bacterial adhesion and the consequent biofilm formation, the antibiofilm potential of PLA/PDAEA@AgNPs scaffolds against P. aeruginosa ATCC 15442 was evaluated (Figure 6). The growth control bacterial counts, corresponding to bacterial culture without scaffolds, were equal to 3.1 × 109 CFU/mL, similarly the control scaffolds (PLA/PDAEA without AgNO3) were equal to 3.8 × 109 CFU/mL, suggesting that the exposure to PLA/PDAEA scaffolds did not prevent the P. aeruginosa biofilm formation. In bacterial cultures samples, incubated with PLA/PDAEA@AgNPs, a drastic and statistically significant (p < 0.001) reduction in the viable bacteria count was observed up to 1.5 × 101 CFU/mL, achieving a logarithmic reduction in 8.65 compared with control samples of PLA/PDAEA without AgNO3 or growth control. These results suggest the capacity of the PLA/PDAEA@AgNPs scaffolds to significantly interfere with pseudomonal adhesion, colonization, and biofilm formation.



Moreover, the inhibition of P. aeruginosa planktonic growth in presence of the PLA/PDAEA@AgNPs scaffolds was evaluated by measurement of the optical density at 600 nm (Table 1). The scaffold with AgNO3 showed a significant antimicrobial activity against planktonic strain. Optical density, measured after 24 h of incubation of P. aeruginosa with scaffold PLA/PDAEA treated with 30 mM AgNO3 resulted in drastically lower (significant reduction with p < 0.05) than growth control or growth in the presence of PLA/PDAEA scaffold without AgNPs.



The experiments were carried out to prove the effect of PLA/PDAEA@AgNPs scaffolds for the effective growth reduction in P. aeruginosa in planktonic and sessile conditions.



To observe the antibiofilm effect of the PLA/PDAEA@AgNPs scaffolds, the Live and Dead test (L&D) was conducted and confocal analyses were performed on samples incubated with bacterial cultures as described in paragraph 3.9. Results (Figure 7) confirmed that PLA/PDAEA scaffolds were colonized by P. aeruginosa (Figure 7a) while no significant colonization was detected in PLA/PDAEA@AgNPs scaffolds (Figure 7b). SEM analyses confirmed the trend of antibiofilm activity of PLA/PDAEA@AgNPs scaffolds. PLA/PDAEA scaffolds (Figure 7c) were colonized by P. aeruginosa, while only a few bacteria were observed on AgNPs-doped scaffolds (Figure 7d).



These results are comparable with others reported in the literature and suggest that similar scaffolds can be applied as antibiofilm-forming systems in regenerative medicine.




2.10. Antibiofilm Activity Evaluation


In order to evaluate the potential antibiofilm activity in “dynamic” conditions to mimic a potential situation in which an implantable device is subjected to a physiologic fluid flux and can be colonized by microorganisms (as example a catheter used for urological tissue engineering), tubular scaffolds (Figure 8a) were prepared and used as described in Figure 8b. In this case, a tubular PLA scaffold was also used to study the influence of PDAEA on the macroscopic mechanical performance of the sample. A bacterial suspension of P. aeruginosa was set up to flow continuously for 6 h and at room temperature inside the tubular scaffolds using a peristaltic pump.



Then, a L&D and SEM analyses were carried out to evaluate the possible formation of bacterial biofilms on the support. For the L&D test, the samples were firstly washed with DPBS and then treated with L&D solution according to the standard protocol. Results showed how the PLA scaffold was colonized by P. aeruginosa (Figure S3a). The same result can be found in the PLA/PDAEA control tube (Figure S3b). Instead, no significant colonization is detected unless some isolated clusters of non-biofilm-forming P. aeruginosa (Figure S3c) is in PLA/PDAEA@AgNPs tubular scaffold. The presence of AgNPs has significantly reduced the colonization of the inner wall of the scaffold, preventing the adhesion and the biofilm formation process.



Furthermore, SEM analyses (Figure 9) confirmed L&D results: PLA (Figure S4) and PLA/PDAEA (Figure 9a) scaffolds were colonized by the bacteria forming biofilm. Instead, as we expected, no bacterial adhesion is observed in PLA/PDAEA@AgNPs scaffold (Figure 9b). The obtained results are significant and lead to a possible application of the developed systems in urological regenerative medicine.





3. Materials and Methods


3.1. Materials


Dimethylsulfoxide anhydrous (DMSOa), hexamethyldisilazane, hydrogen peroxide 30%, ethanol absolute, dopamine hydrochloride, dichloromethane (DCM), N,N-dimethylformamide (DMF), silver nitrate, and Dulbecco’s Phosphate Buffered Saline (DPBS) were purchased from Sigma Aldrich (Milan, Italy).



Nitric acid, ethanolamine (EA), and triethanolamine (TEA) were purchased from Fluka (Milan, Italy); Resomer® R 202 H, Poly(D,L-lactide) (PLA) was purchased from Bidachem-Boehringer Ingelheim (Ingelheim, Germany); Dulbecco’s Minimum Essential Medium (DMEM), Live/Dead Cell Double Staining Kit, MC3T3-E1 (murine preosteoblastic cells) were purchased from Euroclone (Milan, Italy).



CellTiter 96® AQueous One Solution Cell Proliferation Assay (MTS) was purchased from Promega (Milan, Italy).




3.2. Apparatus


The electrospinning process was conducted via a flow pump programmed KDScientific Mod. 78-8100INT (Milan, Italy), and a high voltage generator Spellman CZE1000R (Bochum, Germany). The rotating metal collector is custom type.



The 1H-NMR spectra were obtained with a Bruker Avance II 400 MHz spectrometer (Milan, Italy).



FT-IR spectra were obtained with Bruker Alpha in the wave number range of 400 and 4000 cm−1 (Milan, Italy).



SEM and EDX analyses were performed with Phenom Pro X Desktop (Thermo Fisher Scientific, Rome, Italy).



The scaffold was mineralized by means of an automatic microwave digestion system CEM Discover SP-D 80 (CEM, Cologno al Serio, Italy). The quantification of silver ions was carried out using an HPLC Waters Alliance 2695 (Water S.p.a., Sesto San Giovanni, Italy) used as solvent delivery system coupled, by means a manual loop (Rheodyne 750, Milan, Italy) with hybrid mass spectrometer (Q-ToF Premier, Waters, Sesto San Giovanni, Italy). Mass spectra were recorded in positive ion mode using an electrospray ionization (ESI) source.



X-ray photoelectron spectrophotometer (XPS) analyses were conducted with the PHI 5000 VersaProbe II instrument (ULVAC-PHI, Inc., Kanagawa, Japan) with a source: Al Kα (1486.6 eV) and a 128-channel hemispherical analyzer, FAT mode.



Fluorescence images related to cytocompatibility tests were obtained with an AxioVert200 (Zeiss) microscope (Milan, Italy). Fluorescence images related to antibiofilm activity were obtained with an Olympus FV1200 confocal microscope (Segrate, Italy) with total internal reflection fluorescence (TIRF) integrated.



The scaffolds were treated with cold plasma equipment FEMTO B with nitrogen gas, low pressure (Diener, Ebhausen, Germany) coupled to a vacuum pump Pfeiffer PBF 71/2B-11RQ (Pfeifer Vacuum, Paderno Dugnano, Italy).



The contact angle on the scaffolds was measured using the Contact Angle 1000 C FTA instrument (First Ten Angstroms, Portsmouth, VA, USA).



Cell cultures were performed using an Eppendorf New Brunswik S41i incubator (Milan, Italy).



UV measurements were performed using an Eppendorf AF2200 spectrophotometer (Milan, Italy).



The assay for the evaluation of antibiofilm activity was conducted using a Laboratory Peristaltic Pump MINIPULSľ 3 Gilson (Milan, Italy).




3.3. Synthesis of PDAEA


Poly(α,β-(N-(3,4-dihydroxyphenethyl)-L-aspartamide-co-α,β-N-(2-hydroxyethyl)-Laspartamide) (PDAEA) was synthetized starting from polysuccinimide (PSI) [60,61,62,63], through successive PSI aminolysis reactions with dopamine and ethanolamine [64]. Initially 485 mg (5 mmol) of PSI were dispersed in 2 mL of DMSOa in a 25 mL flask, following argon bubbling for 15 min. Simultaneously, 948 mg of dopamine hydrochloride (5 mmol) was dissolved in 2.5 mL of DMSOa and subsequently an excess of TEA (2.5 mL) was added to remove the hydrochloride. The molar ratio between dopamine hydrochloride and repetitive units of PSI correspond to 1. The obtained mixture was degassed for 10 min and then added dropwise, under vigorous stirring, to the PSI dispersion. The reaction was carried out in the dark for 24 h at 60 °C under constant stirring. After 24 h the temperature reaction was reduced to 40 °C and 1.503 mL of ethanolamine (25 mmol) and the reaction was carried out for further 4.5 h. The molar ratio between ethanolamine and repetitive units of PSI was set to 5. The product was isolated by ethanol precipitation, centrifuged, and re-dispersed in DMSO (2 mL) three times. Then, the product was washed two more times in ethanol and recovered by vacuum-drying at room temperature with a yield of 130 % based on the PSI initial weight. The 1H-NMR and FT-IR analyses were performed on the obtained product. The degree of molar functionalization in dopamine (DDDOPA%) of PDAEA was calculated by 1H-NMR analysis. Figure S1a shows the pattern of the reaction of PSI aminolysis with dopamine and ethanolamine. The 1H-NMR and FT-IR analyses (Figure S1b,c) confirmed the successful reaction and purification of the product.




3.4. Production of PLA/PDAEA Electrospun Scaffold


Electrospinning dispersion was prepared as follows. PLA was dispersed in DCM at a concentration of 25% w/v while PDAEA was dispersed in DMF at a concentration of 10% w/v. The two dispersions were then mixed vigorously, using a vortex, in a ratio of 1:1 v/v, to obtain a stable dispersion, in which the weight ratio between PLA and PDAEA is 2.5:1. The obtained dispersion was then loaded into a syringe and electrospun through a metal needle with an internal diameter of 21 G, using 12 kV of voltage, a flow rate of 0.08 mL/min using a distance of 20 cm between the needle tip and the collector. The fibrillar scaffolds obtained were collected on an aluminum-coated rotating collector (diameter of 3.8 cm and rotation of 300 rpm). The 1H-NMR, FT-IR and SEM analyses were performed on the obtained scaffold.



A PLA control scaffold was electrospun as well from a dispersion prepared by mixing a dispersion of PLA in DCM (25% w/v) and DMF in a ratio of 1:1 v/v, using a voltage of 10 kV and the other same parameters.



The tubular scaffolds used for the evaluation of the antibiofilm activity, were produced according to the same methods, but using a rotating metal collector with a diameter of about 0.4 mm.



SEM analyses and contact angle measurements were carried out on the PLA/PDAEA scaffolds.




3.5. Plasma Treatment of Scaffolds


Electrospun scaffolds were treated with cold plasma at low pressure of N2 using a Femto B system. Freeze-dried samples were treated for 10 min e with a power of 10% in a N2 saturated chamber (N2 flow = 15 mL/min, N2 pressure = 1–1.4 mbar).



After the plasma treatment, SEM analyses and contact angle measurements were carried out on the PLA/PDAEA scaffolds.




3.6. Production and Characterization of PLA/PDAEA@AgNPs Scaffolds


For the in situ synthesis of AgNPs, plasma-functionalized PLA/PDAEA scaffolds were treated with AgNO3 solutions (70 μL) at different concentrations (30 mM and 100 mM). Samples were incubated for 72 h under controlled humidity conditions at 37 °C and 5% CO2 atmosphere and then they were washed several times with bidistilled water to remove excess AgNO3 and freeze-dried.



In order to have control samples, two PLA scaffolds were treated with bidistilled water and other two with AgNO3 solution (30 mM, 70 μL). Moreover, PLA/PDAEA control samples were also prepared: scaffolds of PLA/PDAEA not-plasma-functionalized were treated with AgNO3 solution (30 mM, 70 μL) and scaffolds of PLA/PDAEA plasma-functionalized were treated with only bidistilled water. These samples were then incubated for 72 h, washed with bidistilled water and freeze-dried. SEM, EDX, and XPS analyses were performed on PLA/PDAEA@AgNPs scaffolds.



For the electrospun tubular scaffolds for the antibiofilm test, the treatment was performed by imbibing them with the 30 mM AgNO3 solution using a 24-h incubation time.




3.7. Ag Quantification on PLA/PDAEA@AgNPs Scaffolds


Solutions at different concentrations (0.05 mM, 0.1 mM, 0.2 mM, 0.5 mM, 1 mM, and 2 mM) in acidified water (1% nitric acid) were introduced into the mass spectrometer by a manual loop (10 μL). The HPLC was configured as simple solvent delivery system in isocratic mode (water with 0.1% formic acid) setting a solvent flow of 150 μL/min. The ESI experiments were carried out under the following experimental conditions: capillary voltage 3.5 kV, cone voltage 30 V, extraction cone 4.4 V, ion guide 1.2 V, source temperature 90 °C, desolvation temperature 300 °C, desolvation gas flow (N2) 530.0 L/h, cone gas flow 50.0 L/h, maintaining a mass range m/z 50–m/z 1000 and setting a scan time of 1 s and an interscan time of 0.1 s. The mass accuracy was always better than ±0.02 Th.



The ESI-MS spectra of silver-containing mineralized scaffolds were acquired under the same experimental conditions.



Before mass spectrometry analysis, the PLA, PLA/PDAEA blank scaffolds, and PLA/PDAEA@AgNPs were digested and mineralized using a microwave oven with a high-pressure rotor. Each sample, carefully weighed, was treated with 1 mL of HNO3 (69%) and 1 mL of H2O2 (30%) and then mineralized at a temperature of 200 °C. After the digestion step, the clear, residue-free samples were made up to 2 mL of LC/MS grade water and analyzed.



The calibration curves were obtained using standard solutions at various concentrations of AgNO3 in an acidified water solution containing HNO3 at 1% v/v. A stock solution at 20.0 mM Ag+ concentration was prepared by weighting 0.340 g of AgNO3 and dissolving it in 100 mL of acidified water (HNO3 at 1% v/v). The following working standard solution at 2.00 mM, 1.00 mM, 0.500 mM, 0.200 mM, 0.100 mM, and 0.0500 mM were obtained by diluting the appropriate volumes of stock solution (5.00 mL, 2.50 mL, 1.25 mL, 0.500 mL, 0.250 mL, and 0.125 mL, respectively) in 50.00 mL flasks. Blank samples signals were acquired before sample analyses to determine the limits of detection (LOD) and quantification (LOQ) of the analytical determination. The linearity of the method (R2 = 0.997) was checked between 0.04 mM (LOD) and 2 mM and the LOQ (0.100) was significantly lower than the lowest concentrated sample analyzed (0.398 mM).




3.8. In Vitro Cytocompatibility Studies


In vitro cytocompatibility studies were performed on murine preosteoblastic cells (MC3T3-E1) by MTS colorimetric assay. The test was carried out on all scaffolds of PLA/PDAEA treated with AgNO3 (30 mM and 100 mM) and on control samples of PLA and PLA/PDAEA without AgNO3 treatment. Cells were cultured at 37 °C and 5% CO2 with a humidified atmosphere, in DMEM supplemented with 10% v/v of FBS, 1% v/v of penicillin–streptomycin solution, 1% v/v of glutamine solution, and 0.1% v/v amphotericin B solution. For the experiments, after trypsinization the cells were counted, re-suspended in DMEM, seeded into 24-well culture plates at a density of 7.0 × 105 cells, and left to incubate overnight to allow adhesion. Then, after UV sterilization (λ = 250 nm, 125 W, 30 min for side), round-shaped scaffolds were fixed on plate-inserts which were placed in 24-well plates and immersed in 0.5 mL of DMEM. After 24 h and 48 h of incubation, cell viability was valued with MTS test according to the manufacturer’s specifications. The absorbance at 492 nm was read by a UV-vis spectrophotometer. Experiments were performed in triplicate. Statistical analysis for significance was conducted with the Student’s t-test; values with p < 0.05 were considered statistically significant.




3.9. Inhibition of Bacterial Biofilm Formation of PLA/PDAEA@AgNPs Scaffolds


One reference strain, P. aeruginosa ATCC 15442, was used in this study given its ability of producing a high amount of slime according to the methods and criteria proposed by Martorana et al. [11]. The viable plate counts method was used to quantify the total biofilm biomass formed on scaffolds of PLA/PDAEA treated with 30 mM AgNO3 compared with control samples of PLA and PLA/PDAEA without AgNO3. Biofilm formation on the surface of scaffolds was obtained in 24-well polystyrene plates fitting one disc for each well. The scaffolds were immersed in 2 mL of Tryptic Soy Broth (TSB) solution (supplemented with glucose 2 %) and 100 μL of bacterial suspension were added at the concentration of 1 × 106 CFU/mL, prepared in NaCl 0.9% w/v [65]. Plates were then immediately incubated at 37 °C for 24 h. At the end of the incubation period, the bacterial suspension was removed using a micro-pipette, and the microbial growth in solution was evaluated by measurement of the optical density at 600 nm. The total biofilm biomass formed on scaffolds was removed with a sterile loop after washing with sterile NaCl 0.9% to remove non-adherent cells. Therefore, the biofilm formed on scaffolds was transferred in tubes with 10 mL of NaCl (0.9% w/v solution) and sonicated for 3 min. For each sample, 10-fold were prepared and 100 μL aliquots of each dilution were plated onto Tryptic Soy Agar (TSA) (Sigma Aldrich, USA) plates, followed by incubation at 37 °C overnight [66]. To quantify the number of viable bacteria in each system, the value of CFU/mL was determined, and the antibacterial activity was also detected in terms of logarithmic (log) reduction. Log reduction was calculated by subtracting the difference between the log CFU/mL of the growth control (scaffold without AgNO3) and the log CFU/mL of PLA/PDAEA@AgNPs scaffolds. Statistical analysis for significance was conducted with the Student’s t-test; values with p < 0.05 were considered statistically significant.



To observe the effect of the PLA/PDAEA@AgNPs scaffolds on biofilm, microscopy experiments were also performed. The bacterial cultures in plates with scaffolds of P. aeruginosa were prepared as before mentioned. After 24 h of incubation the scaffolds were washed, stained (L&D), and observed through a confocal laser scanning microscope (CSLM) [9]. SEM analyses were also carried out on the same samples; after drying as reported in paragraph 3.8, the samples were mounted on aluminum stubs, vacuum-coated with a 10 nm thick layer of gold (Sputter Coater LuxorAu, Luxor Tech, Nazareth, Belgium), and then observed by SEM.




3.10. Antibiofilm Activity Tests


To assess the antibiofilm properties, tubular scaffolds (ø = 4 mm) of PLA/PDAEA@AgNPs, PLA/PDAEA and PLA were treated with a suspension of P. aeruginosa ATCC 15442.



The bacterial suspension was prepared, inoculating one loopful from a culture, grown at 37 °C for 24 h on TSA, into TSB containing 2% v/v glucose. The bacterial culture was incubated overnight at 37 °C. After incubation time, the bacterial suspension of P. aeruginosa, containing ~1 × 106 CFU/mL, was moved continuously inside tubular scaffolds for 6 h, using a Laboratory Peristaltic Pump MINIPULSľ 3 Gilson. Then, samples were cut longitudinally to expose the inner wall coming into contact with the bacterial dispersion, washed with sterile DPBS and SEM analyses and L&D tests were carried out. For L&D, the samples were treated with 500 μL of solution prepared following the standard protocol, incubated for 30 min at 37 °C and then images were taken with an AxioVert200 fluorescence microscope [9,10].



For SEM analyses, the samples were treated with a 4% formaldehyde solution in DPBS for 30 min at 37 °C. Then the scaffolds were dried by washing with hydroalcoholic solutions with increasing ratio ethanol/water (30:70, 50:50, 70:30, and 100:0) for 10 min and finally with hexamethyldisilazane for 15 min, removing the solvent at the end of washing to allow the samples to air dry. The samples were analyzed by SEM.





4. Conclusions


Electrospun scaffolds with non-specific antimicrobial and antibiofilm properties were developed. AgNPs in situ synthesis by exploiting the catechol groups of PDAEA was successfully carried out and represent a valid alternative method for the development of AgNPs-doped scaffolds. Plasma treatment of electrospun scaffolds before adding AgNO3 solution, allowed to obtain an uniform distribution of AgNPs. XPS analyses confirmed the presence of only metallic silver, which indicates the goodness of the synthetic process. Cytocompatibility studies showed that the AgNPs-doped scaffolds do not have cytotoxic effects on murine preosteoblastic cells and do not affect cell viability over time. In vitro antibacterial and antibiofilm activity evaluation, against clinically important pathogen P. aeruginosa, shows good capability to prevent biofilm formation which is particularly challenging to be treated by using conventional antibiotics. Eventually, PLA/PDAEA@AgNPs scaffolds showed interesting results in preventing P. aeruginosa biofilm formation, suggesting their possible use in regenerative medicine.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/ijms232315378/s1.





Author Contributions


Conceptualization, G.P., G.B. (Giuseppe Barberi), F.S.P., D.S. and C.F.; methodology, G.B. (Giuseppe Barberi), F.S.P., D.S., V.C., S.I. and D.B.; validation, G.B. (Giuseppe Barberi), V.C., S.I. and D.B.; formal analysis, G.B. (Giuseppe Barberi), V.C., S.I. and D.B.; investigation, G.B. (Giuseppe Barberi), C.F., V.C., S.I. and D.B.; data curation, G.P., F.S.P., C.F. and G.B. (Giuseppina Biscari); writing—original draft preparation, G.B. (Giuseppe Barberi), C.F., V.C., S.I. and D.B.; writing—review and editing, G.P., G.B. (Giuseppe Barberi), F.S.P., D.S., C.F., V.C., S.I., D.B. and G.B. (Giuseppina Biscari); visualization, G.P., G.B. (Giuseppe Barberi), F.S.P., D.S., C.F., V.C., S.I., D.B. and G.B. (Giuseppina Biscari); supervision, G.P., F.S.P. and C.F.; funding acquisition, G.P. and G.G. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


The authors must really thank AteN center of the University of Palermo and in particular Paolo Bonomo (Lab Preparation and Analysis of Biomaterial), for technical support on SEM and EDX analyses and Valeria Vetri, (Lab Bioimaging and Dosimetry), for technical support of the confocal microscopy analysis.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Blaskovich, M.A.T. The Fight Against Antimicrobial Resistance Is Confounded by a Global Increase in Antibiotic Usage. ACS Infect. Dis. 2018, 4, 868–870. [Google Scholar] [CrossRef]

	



Bin Zaman, S.; Hussain, M.A.; Nye, R.; Mehta, V.; Mamun, K.T.; Hossain, N. A Review on Antibiotic Resistance: Alarm Bells are Ringing. Cureus 2017, 9, e1403. [Google Scholar] [CrossRef]

	



Arciola, C.R.; Campoccia, D.; Montanaro, L. Implant infections: Adhesion, biofilm formation and immune evasion. Nat. Rev. Microbiol. 2018, 16, 397–409. [Google Scholar] [CrossRef]

	



Costerton, J.W.; Stewart, P.S.; Greenberg, E.P. Bacterial biofilms: A common cause of persistent infections. Science 1999, 284, 1318–1322. [Google Scholar] [CrossRef]

	



Khatoon, Z.; McTiernan, C.D.; Suuronen, E.J.; Mah, T.F.; Alarcon, E.I. Bacterial biofilm formation on implantable devices and approaches to its treatment and prevention. Heliyon 2018, 4, e01067. [Google Scholar] [CrossRef]

	



Roehling, S.; Astasov-Frauenhoffer, M.; Hauser-Gerspach, I.; Braissant, O.; Woelfler, H.; Waltimo, T.; Kniha, H.; Gahlert, M. In Vitro Biofilm Formation on Titanium and Zirconia Implant Surfaces. J. Periodontol. 2017, 88, 298–307. [Google Scholar] [CrossRef] [PubMed]

	



Pesset, C.M.; Fonseca, C.O.d.; Antunes, M.; dos Santos, A.L.L.; Teixeira, I.M.; Ribeiro, T.A.N.; Sachs, D.; Penna, B. Characterizing biofilm formation of Staphylococcus pseudintermedius in different suture materials. Microb. Pathog. 2022, 172, 105796. [Google Scholar] [CrossRef] [PubMed]

	



Turtiainen, J.; Hakala, T.; Hakkarainen, T.; Karhukorpi, J. The Impact of Surgical Wound Bacterial Colonization on the Incidence of Surgical Site Infection After Lower Limb Vascular Surgery: A Prospective Observational Study. Eur. J. Vasc. Endovasc. Surg. 2014, 47, 411–417. [Google Scholar] [CrossRef] [PubMed]

	



Federico, S.; Catania, V.; Palumbo, F.S.; Fiorica, C.; Schillaci, D.; Pitarresi, G.; Giammona, G. Photothermal nanofibrillar membrane based on hyaluronic acid and graphene oxide to treat Staphylococcus aureus and Pseudomonas aeruginosa infected wounds. Int. J. Biol. Macromol. 2022, 214, 470–479. [Google Scholar] [CrossRef]

	



Biscari, G.; Pitarresi, G.; Fiorica, C.; Schillaci, D.; Catania, V.; Salvatore Palumbo, F.; Giammona, G. Near-infrared light-responsive and antibacterial injectable hydrogels with antioxidant activity based on a Dopamine-functionalized Gellan Gum for wound healing. Int. J. Pharm. 2022, 627, 122257. [Google Scholar] [CrossRef] [PubMed]

	



Martorana, A.; Pitarresi, G.; Palumbo, F.S.; Catania, V.; Schillaci, D.; Mauro, N.; Fiorica, C.; Giammona, G. Fabrication of silver nanoparticles by a diethylene triamine-hyaluronic acid derivative and use as antibacterial coating. Carbohydr. Polym. 2022, 295, 119861. [Google Scholar] [CrossRef] [PubMed]

	



Fiorica, C.; Palumbo, F.S.; Pitarresi, G.; Biscari, G.; Martorana, A.; Calà, C.; Maida, C.M.; Giammona, G. Ciprofloxacin releasing gellan gum/polydopamine based hydrogels with near infrared activated photothermal properties. Int. J. Pharm. 2021, 610, 121231. [Google Scholar] [CrossRef]

	



Das, C.G.A.; Kumar, V.G.; Dhas, T.S.; Karthick, V.; Govindaraju, K.; Joselin, J.M.; Baalamurugan, J. Antibacterial activity of silver nanoparticles (biosynthesis): A short review on recent advances. Biocatal. Agric. Biotechnol. 2020, 27, 101593. [Google Scholar] [CrossRef]

	



Kannan, K.; Govindaraj, M.; Rajeswari, B.; Vijayakumar, K. Green synthesis silver nanoparticles using medicinal plant and antimicrobial activity against human pathogens. Mater. Today Proc. 2022, 69, 1346–1350. [Google Scholar] [CrossRef]

	



Morones, J.R.; Elechiguerra, J.L.; Camacho, A.; Holt, K.; Kouri, J.B.; Ramírez, J.T.; Yacaman, M.J. The bactericidal effect of silver nanoparticles. Nanotechnology 2005, 16, 2346–2353. [Google Scholar] [CrossRef] [PubMed]

	



Sondi, I.; Salopek-Sondi, B. Silver nanoparticles as antimicrobial agent: A case study on E. coli as a model for Gram-negative bacteria. J. Colloid Interface Sci. 2004, 275, 177–182. [Google Scholar] [CrossRef]

	



Kim, J.S.; Kuk, E.; Yu, K.N.; Kim, J.H.; Park, S.J.; Lee, H.J.; Kim, S.H.; Park, Y.K.; Park, Y.H.; Hwang, C.Y.; et al. Antimicrobial effects of silver nanoparticles. Nanomedicine 2007, 3, 95–101. [Google Scholar] [CrossRef] [PubMed]

	



De Giglio, E.; Cafagna, D.; Cometa, S.; Allegretta, A.; Pedico, A.; Giannossa, L.C.; Sabbatini, L.; Mattioli-Belmonte, M.; Iatta, R. An innovative, easily fabricated, silver nanoparticle-based titanium implant coating: Development and analytical characterization. Anal. Bioanal. Chem. 2013, 405, 805–816. [Google Scholar] [CrossRef]

	



Syafiuddin, A.; Salmiati; Salim, M.R.; Beng Hong Kueh, A.; Hadibarata, T.; Nur, H. A Review of Silver Nanoparticles: Research Trends, Global Consumption, Synthesis, Properties, and Future Challenges. J. Chin. Chem. Soc. 2017, 64, 732–756. [Google Scholar] [CrossRef]

	



Kim, K.D.; Han, D.N.; Kim, H.T. Optimization of experimental conditions based on the Taguchi robust design for the formation of nano-sized silver particles by chemical reduction method. Chem. Eng. J. 2004, 104, 55–61. [Google Scholar] [CrossRef]

	



Jaiswal, L.; Shankar, S.; Rhim, J.W.; Hahm, D.H. Lignin-mediated green synthesis of AgNPs in carrageenan matrix for wound dressing applications. Int. J. Biol. Macromol. 2020, 159, 859–869. [Google Scholar] [CrossRef]

	



Yang, X.; Jia, M.; Li, Z.; Ma, Z.; Lv, J.; Jia, D.; He, D.; Zeng, R.; Luo, G.; Yu, Y. In-situ synthesis silver nanoparticles in chitosan/Bletilla striata polysaccharide composited microneedles for infected and susceptible wound healing. Int. J. Biol. Macromol. 2022, 215, 550–559. [Google Scholar] [CrossRef] [PubMed]

	



Li, W.; Zhao, X.; Huang, T.; Ren, Y.; Gong, W.; Guo, Y.; Wang, J.; Tu, Q. Preparation of sodium hyaluronate/dopamine/AgNPs hydrogel based on the natural eutetic solvent as an antibaterial wound dressing. Int. J. Biol. Macromol. 2021, 191, 60–70. [Google Scholar] [CrossRef] [PubMed]

	



Federico, S.; Pitarresi, G.; Palumbo, F.S.; Fiorica, C.; Catania, V.; Schillaci, D.; Giammona, G. An asymmetric electrospun membrane for the controlled release of ciprofloxacin and FGF-2: Evaluation of antimicrobial and chemoattractant properties. Mater. Sci. Eng. C 2021, 123, 112001. [Google Scholar] [CrossRef] [PubMed]

	



Aragón, J.; Costa, C.; Coelhoso, I.; Mendoza, G.; Aguiar-Ricardo, A.; Irusta, S. Electrospun asymmetric membranes for wound dressing applications. Mater. Sci. Eng. C 2019, 103, 109822. [Google Scholar] [CrossRef] [PubMed]

	



Miceli, G.C.; Palumbo, F.S.; Bonomo, F.P.; Zingales, M.; Licciardi, M. Polybutylene Succinate Processing and Evaluation as a Micro Fibrous Graft for Tissue Engineering Applications. Polymers 2022, 14, 4486. [Google Scholar] [CrossRef]

	



Wang, F.; Hu, S.; Jia, Q.; Zhang, L. Advances in Electrospinning of Natural Biomaterials for Wound Dressing. J. Nanomater. 2020, 2020, 8719859. [Google Scholar] [CrossRef]

	



Lan, X.; Liu, Y.; Wang, Y.; Tian, F.; Miao, X.; Wang, H.; Tang, Y. Coaxial electrospun PVA/PCL nanofibers with dual release of tea polyphenols and ε-poly (L-lysine) as antioxidant and antibacterial wound dressing materials. Int. J. Pharm. 2021, 601, 120525. [Google Scholar] [CrossRef]

	



Agarwal, S.; Wendorff, J.H.; Greiner, A. Progress in the Field of Electrospinning for Tissue Engineering Applications. Adv. Mater. 2009, 21, 3343–3351. [Google Scholar] [CrossRef]

	



Farah, S.; Anderson, D.G.; Langer, R. Physical and mechanical properties of PLA, and their functions in widespread applications —A comprehensive review. Adv. Drug Deliv. Rev. 2016, 107, 367–392. [Google Scholar] [CrossRef]

	



Xu, H.; Shen, M.; Shang, H.; Xu, W.; Zhang, S.; Yang, H.R.; Zhou, D.; Hakkarainen, M. Osteoconductive and Antibacterial Poly(lactic acid) Fibrous Membranes Impregnated with Biobased Nanocarbons for Biodegradable Bone Regenerative Scaffolds. Ind. Eng. Chem. Res. 2021, 60, 12021–12031. [Google Scholar] [CrossRef]

	



Xu, X.; Yang, Q.; Wang, Y.; Yu, H.; Chen, X.; Jing, X. Biodegradable electrospun poly(l-lactide) fibers containing antibacterial silver nanoparticles. Eur. Polym. J. 2006, 42, 2081–2087. [Google Scholar] [CrossRef]

	



Martin, V.; Ribeiro, I.A.; Alves, M.M.; Gonçalves, L.; Claudio, R.A.; Grenho, L.; Fernandes, M.H.; Gomes, P.; Santos, C.F.; Bettencourt, A.F. Engineering a multifunctional 3D-printed PLA-collagen-minocycline-nanoHydroxyapatite scaffold with combined antimicrobial and osteogenic effects for bone regeneration. Mater. Sci. Eng. C 2019, 101, 15–26. [Google Scholar] [CrossRef]

	



Gutiérrez-Sánchez, M.; Escobar-Barrios, V.A.; Pozos-Guillén, A.; Escobar-García, D.M. RGD-functionalization of PLA/starch scaffolds obtained by electrospinning and evaluated in vitro for potential bone regeneration. Mater. Sci. Eng. C 2019, 96, 798–806. [Google Scholar] [CrossRef]

	



Cui, S.; Sun, X.; Li, K.; Gou, D.; Zhou, Y.; Hu, J.; Liu, Y. Polylactide nanofibers delivering doxycycline for chronic wound treatment. Mater. Sci. Eng. C 2019, 104, 109745. [Google Scholar] [CrossRef]

	



Dong, H.; Li, D.; Mao, D.; Bai, N.; Chen, Y.; Li, Q. Enhanced performance of magnesium alloy for drug-eluting vascular scaffold application. Appl. Surf. Sci. 2018, 435, 320–328. [Google Scholar] [CrossRef]

	



Mauro, N.; Utzeri, M.A.; Drago, S.E.; Nicosia, A.; Costa, S.; Cavallaro, G.; Giammona, G. Hyaluronic acid dressing of hydrophobic carbon nanodots: A self-assembling strategy of hybrid nanocomposites with theranostic potential. Carbohydr. Polym. 2021, 267, 118213. [Google Scholar] [CrossRef] [PubMed]

	



Drago, S.E.; Craparo, E.F.; Luxenhofer, R.; Cavallaro, G. Development of polymer-based nanoparticles for zileuton delivery to the lung: PMeOx and PMeOzi surface chemistry reduces interactions with mucins. Nanomed. Nanotechnol. Biol. Med. 2021, 37, 102451. [Google Scholar] [CrossRef] [PubMed]

	



Campoccia, D.; Visai, L.; Renò, F.; Cangini, I.; Rizzi, M.; Poggi, A.; Montanaro, L.; Rimondini, L.; Arciola, C.R. Bacterial adhesion to poly-(d,l)lactic acid blended with vitamin E: Toward gentle anti-infective biomaterials. J. Biomed. Mater. Res. Part A 2015, 103, 1447–1458. [Google Scholar] [CrossRef]

	



Mainil-Varlet, P.; Hauke, C.; Maquet, V.; Printzen, G.; Arens, S.; Schaffner, T.; Jérô, R.; Perren, S.; Schlegel, U. Polylactide implants and bacterial contamination: An animal study. J. Biomed. Mater. Res. Off. J. Soc. Biomater. Jpn. Soc. Biomater. 2000, 54, 335–343. [Google Scholar] [CrossRef]

	



Popelka, A.; Abdulkareem, A.; Mahmoud, A.A.; Nassr, M.G.; Al-Ruweidi, M.K.A.A.; Mohamoud, K.J.; Hussein, M.K.; Lehocky, M.; Vesela, D.; Humpolíček, P.; et al. Antimicrobial modification of PLA scaffolds with ascorbic and fumaric acids via plasma treatment. Surf. Coat. Technol. 2020, 400, 126216. [Google Scholar] [CrossRef]

	



Xiang, J.; Zhu, R.; Lang, S.; Yan, H.; Liu, G.; Peng, B. Mussel-inspired immobilization of zwitterionic silver nanoparticles toward antibacterial cotton gauze for promoting wound healing. Chem. Eng. J. 2021, 409, 128291. [Google Scholar] [CrossRef]

	



Zhang, Q.; Wang, Y.; Zhang, W.; Hickey, M.E.; Lin, Z.; Tu, Q.; Wang, J. In situ assembly of well-dispersed Ag nanoparticles on the surface of polylactic acid-Au@polydopamine nanofibers for antimicrobial applications. Colloids Surf. B Biointerfaces 2019, 184, 110506. [Google Scholar] [CrossRef]

	



World Health Organization. World Health Statistics 2016: Monitoring Health for the SDGs Sustainable Development Goals; World Health Organization: Geneva, Switzerland, 2016. [Google Scholar]

	



Lee, S.W.; Ryu, J.H.; Do, M.J.; Namkoong, E.; Lee, H.; Park, K. NiCHE Platform: Nature-Inspired Catechol-Conjugated Hyaluronic Acid Environment Platform for Salivary Gland Tissue Engineering. ACS Appl. Mater. Interfaces 2020, 12, 4285–4294. [Google Scholar] [CrossRef] [PubMed]

	



Gowda, A.H.J.; Bu, Y.; Kudina, O.; Krishna, K.V.; Bohara, R.A.; Eglin, D.; Pandit, A. Design of tunable gelatin-dopamine based bioadhesives. Int. J. Biol. Macromol. 2020, 164, 1384–1391. [Google Scholar] [CrossRef]

	



Rahmati, M.; Mills, D.K.; Urbanska, A.M.; Saeb, M.R.; Venugopal, J.R.; Ramakrishna, S.; Mozafari, M. Electrospinning for tissue engineering applications. Prog. Mater. Sci. 2021, 117, 100721. [Google Scholar] [CrossRef]

	



Ghobeira, R.; Esbah Tabaei, P.S.; Morent, R.; De Geyter, N. Chemical characterization of plasma-activated polymeric surfaces via XPS analyses: A review. Surf. Interfaces 2022, 31, 102087. [Google Scholar] [CrossRef]

	



Meyer-Plath, A.A.; Schröder, K.; Finke, B.; Ohl, A. Current trends in biomaterial surface functionalization—Nitrogen-containing plasma assisted processes with enhanced selectivity. Vacuum 2003, 71, 391–406. [Google Scholar] [CrossRef]

	



Mauro, N.; Scialabba, C.; Pitarresi, G.; Giammona, G. Enhanced adhesion and in situ photothermal ablation of cancer cells in surface-functionalized electrospun microfiber scaffold with graphene oxide. Int. J. Pharm. 2017, 526, 167–177. [Google Scholar] [CrossRef]

	



Sumesh, E.; Bootharaju, M.S.; Anshup; Pradeep, T. A practical silver nanoparticle-based adsorbent for the removal of Hg2+ from water. J. Hazard. Mater. 2011, 189, 450–457. [Google Scholar] [CrossRef]

	



Prieto, P.; Nistor, V.; Nouneh, K.; Oyama, M.; Abd-Lefdil, M.; Díaz, R. XPS study of silver, nickel and bimetallic silver–nickel nanoparticles prepared by seed-mediated growth. Appl. Surf. Sci. 2012, 258, 8807–8813. [Google Scholar] [CrossRef]

	



Hall, R.E.; Bender, G.; Marquis, R.E. In vitro effects of low intensity direct current generated silver on eukaryotic cells. J. Oral Maxillofac. Surg. 1988, 46, 128–133. [Google Scholar] [CrossRef] [PubMed]

	



Osborne, O.J.; Lin, S.; Chang, C.H.; Ji, Z.; Yu, X.; Wang, X.; Lin, S.; Xia, T.; Nel, A.E. Organ-Specific and Size-Dependent Ag Nanoparticle Toxicity in Gills and Intestines of Adult Zebrafish. ACS Nano 2015, 9, 9573–9584. [Google Scholar] [CrossRef] [PubMed]

	



Chen, J.P.; Su, C.H. Surface modification of electrospun PLLA nanofibers by plasma treatment and cationized gelatin immobilization for cartilage tissue engineering. Acta Biomater. 2011, 7, 234–243. [Google Scholar] [CrossRef] [PubMed]

	



Sekkarapatti Ramasamy, M.; Bhaskar, R.; Narayanan, K.B.; Purohit, S.D.; Park, S.S.; Manikkavel, A.; Kim, B.; Han, S.S. Combination of polydopamine and carbon nanomaterials coating enhances the piezoelectric responses and cytocompatibility of biodegradable PLLA nanofiber scaffolds for tissue engineering applications. Mater. Today Commun. 2022, 33, 104659. [Google Scholar] [CrossRef]

	



Barroca, N.; Marote, A.; Vieira, S.I.; Almeida, A.; Fernandes, M.H.V.; Vilarinho, P.M.; da Cruz e Silva, O.A.B. Electrically polarized PLLA nanofibers as neural tissue engineering scaffolds with improved neuritogenesis. Colloids Surf. B Biointerfaces 2018, 167, 93–103. [Google Scholar] [CrossRef]

	



Swidan, N.S.; Hashem, Y.A.; Elkhatib, W.F.; Yassien, M.A. Antibiofilm activity of green synthesized silver nanoparticles against biofilm associated enterococcal urinary pathogens. Sci. Rep. 2022, 12, 3869. [Google Scholar] [CrossRef]

	



Singh, P.; Pandit, S.; Jers, C.; Joshi, A.S.; Garnaes, J.; Mijakovic, I. Silver nanoparticles produced from Cedecea sp. exhibit antibiofilm activity and remarkable stability. Sci. Rep. 2021, 11, 12619. [Google Scholar] [CrossRef]

	



Giammona, G.; Carlisi, B.; Cavallaro, G.; Pitarresi, G.; Spampinato, S. A new water-soluble synthetic polymer, α,β-polyasparthydrazide, as potential plasma expander and drug carrier. J. Control. Release 1994, 29, 63–72. [Google Scholar] [CrossRef]

	



Craparo, E.F.; Cabibbo, M.; Scialabba, C.; Giammona, G.; Cavallaro, G. Inhalable Formulation Based on Lipid-Polymer Hybrid Nanoparticles for the Macrophage Targeted Delivery of Roflumilast. Biomacromolecules 2022, 23, 3439–3451. [Google Scholar] [CrossRef]

	



Pitarresi, G.; Fiorica, C.; Palumbo, F.S.; Calascibetta, F.; Giammona, G. Polyaspartamide-polylactide electrospun scaffolds for potential topical release of Ibuprofen. J. Biomed. Mater. Res. Part A 2012, 100, 1565–1572. [Google Scholar] [CrossRef] [PubMed]

	



Fiorica, C.; Ventura, C.A.; Pitarresi, G.; Giammona, G. Polyaspartamide based hydrogel with cell recruitment properties for the local administration of hydrophobic anticancer drugs. React. Funct. Polym. 2019, 138, 9–17. [Google Scholar] [CrossRef]

	



Gong, C.; Lu, C.; Li, B.; Shan, M.; Wu, G. Injectable dopamine-modified poly(α,β-aspartic acid) nanocomposite hydrogel as bioadhesive drug delivery system. J. Biomed. Mater. Res. Part A 2017, 105, 1000–1008. [Google Scholar] [CrossRef] [PubMed]

	



Plescia, F.; Venturella, F.; D’Anneo, A.; Catania, V.; Gargano, M.L.; Polito, G.; Schillaci, D.; Palumbo Piccionello, A.; Lauricella, M.; Venturella, G.; et al. Phytochemical-rich extracts of Helianthemum lippii possess antimicrobial, anticancer, and anti-biofilm activities. Plant Biosyst. Int. J. Deal. All Asp. Plant Biol. 2022, 1–11. [Google Scholar] [CrossRef]

	



Plescia, F.; Venturella, F.; Lauricella, M.; Catania, V.; Polito, G.; Schillaci, D.; Piccionello, A.P.; Giuseppe, D.; D’Anneo, A.; Raffa, D. Chemical composition, cytotoxic effects, antimicrobial and antibiofilm activity of Artemisia arborescens (Vaill.) L. growing wild in the province of Agrigento, Sicily, Italy. Plant Biosyst. Int. J. Deal. All Asp. Plant Biol. 2022, 1–10. [Google Scholar] [CrossRef]








[image: Ijms 23 15378 g001 550] 





Figure 1. SEM images of electrospun scaffolds of PLA (a) and PLA/PDAEA (c). Size distribution of fibers diameter for scaffolds of PLA (b) and PLA/PDAEA (d). The 1H−NMR spectrum of PLA/PDAEA electrospun scaffold (e). FT−IR spectra of PLA and PLA/PDAEA scaffolds (f). 






Figure 1. SEM images of electrospun scaffolds of PLA (a) and PLA/PDAEA (c). Size distribution of fibers diameter for scaffolds of PLA (b) and PLA/PDAEA (d). The 1H−NMR spectrum of PLA/PDAEA electrospun scaffold (e). FT−IR spectra of PLA and PLA/PDAEA scaffolds (f).
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Figure 2. SEM images (a) and size distribution of fibers diameter (b) for PLA/PDAEA after plasma treatment. Contact angle measurement (c) before (left) and after plasma treatment of PLA/PDAEA scaffold (right). 
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Figure 3. Pictures of plasma-treated PLA/PDAEA scaffolds after 72 h of incubation with: 30 mM AgNO3 solution (a), 100 mM AgNO3 solution (b) and bidistilled water (c). Picture of plasma-untreated PLA/PDAEA scaffold after 72 h of incubation with 100 mM AgNO3 (d). Schematic representation of AgNPs in situ formation (e). SEM images of plasma-untreated (f) and plasma-treated (g,h) PLA/PDAEA@AgNPs scaffolds. 
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Figure 4. EDX (a) and XPS (b) analyses on PLA/PDAEA@AgNPs. 
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Figure 5. Results of MTS assay at two different times (24 h and 48 h) expressed as a percentage of cell viability compared with control PLA scaffolds. 
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Figure 6. Antibiofilm activity against P. aeruginosa ATCC 15442 of PLA/PDAEA scaffolds prepared incorporating 30 mM AgNO3. Histograms show the CFU/mL of tested bacterial strain obtained by viable plate counts method after incubation at 37 °C for 24 h. Growth control bacterial culture without scaffold; PLA/PDAEA scaffold without AgNO3; PLA/PDAEA@AgNPs scaffold with 30 mM AgNO3. *** p < 0.001. 
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Figure 7. Results of CSLM analyses on PLA/PDAEA (a) and PLA/PDAEA@AgNPs 30 mM (b) scaffolds. SEM images of PLA/PDAEA (c) and PLA/PDAEA@AgNPs 30 mM (d) scaffolds after incubation with P. aeruginosa cultures. Red arrows indicate bacteria on AgNPs-doped scaffolds. 
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Figure 8. Electrospun tubular scaffolds (a) of PLA (1), PLA/PDAEA (2) and PLA/PDAEA@AgNPs (3). Schematic representation of the system used for the antibiofilm activity evaluation (b). 
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Figure 9. SEM images of PLA/PDAEA (a) and PLA/PDAEA@AgNPs (b) tubular scaffolds after antibiofilm treatment. 
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Table 1. Mean values and standard deviation (SD) of optical density of P. aeruginosa after 24 h of incubation in presence of PLA/PDAEA scaffolds with or without 30 mM AgNO3 compared with control cultures (without scaffolds). PLA/PDAEA scaffold without AgNO3; PLA/PDAEA@AgNPs 30 mM scaffold with 30 mM AgNO3.






Table 1. Mean values and standard deviation (SD) of optical density of P. aeruginosa after 24 h of incubation in presence of PLA/PDAEA scaffolds with or without 30 mM AgNO3 compared with control cultures (without scaffolds). PLA/PDAEA scaffold without AgNO3; PLA/PDAEA@AgNPs 30 mM scaffold with 30 mM AgNO3.





	Planktonic Growth
	Optical Density

Mean Values ± SD





	Growth control
	0.391 (±0.049)



	PLA/PDAEA
	0.403 (±0.013)



	PLA/PDAEA@AgNPs
	0.079 (±0.007)
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