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Abstract

:

Biodegradable polyester fibers have been loaded with two engineered analogues of gramicidin soviet. In these cyclic peptide derivatives, which were designed in a previous work to stabilize the bioactive conformation while enhancing the antimicrobial activity, the D-Phe was replaced by D-Pro, and the L-Pro was changed by 1-aminocyclopropanecarboxylic acid (Ac3c) or by an Ac3c derivative with two vicinal phenyl substituents in a trans relative disposition (S,S-c3diPhe). The diameter, topography, thermal stability and wettability of the polyester fibers, which have been obtained by electrospinning, strongly depend on the molecular constraints and stability of the loaded peptides. More specifically, unloaded and linear gramicidin-loaded fibers (used as control) are hydrophobic, rough and micrometric, while fibers loaded with the cyclic peptides are hydrophilic, ultra-smooth, nanometric and less thermally stable. The activity of the two cyclic peptides increases when loaded into polyester fibers, suggesting that the polymeric matrix stabilizes the bioactive β-sheet structure. The peptide with S,S-c3diPhe displays higher antibiotic potency and biocompatibility than that with Ac3c, which indicates not only that the bioactive conformation is better preserved by the former but also the significant role played by the phenyl rings in the recognition by living cells.
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1. Introduction


On-demand release of drug molecules from biomedical devices enables precise targeted dosing that can be temporally tuned to meet the requirements of a variety of biomedical applications [1,2,3]. Although recent advances have facilitated the use of different stimuli, such as light, magnetic and electric fields, ultrasounds and electrochemical signals, to trigger drug release from smart material formulations (e.g., films, micro- and nanoparticles, and implant devices) [3,4,5,6], traditional systems based on the biodegradability of polymeric vehicles remain the most employed technology because of its efficiency, simplicity, and low cost [7,8,9,10,11,12,13,14]. Biodegradable polyester particles and fibers are widely employed for controlled and sustained targeted release of hydrophobic and poorly-water soluble drugs [15,16,17,18,19,20,21].



Among biomolecules with therapeutic applications, gramicidin (GA) deserves special mention because of its versatility. From a functional point of view, GA is well known because of its activity as bactericide [22,23], antibiotic [24], and potential therapeutic agent for different carcinomas [25,26,27,28]. In spite of its potential biomedical applications, encapsulation of GA has been scarcely studied due to the insolubility of this peptide, which represents a major limitation [19,29,30,31]. Abdelhamid et al. [29] loaded GA on the surface of graphene oxide (GO) for effective antibacterial treatments. Nevertheless, the utilization of GO for biomedical applications is controversial because of its dose-dependent toxicity to cells and living systems [32]. In addition, peptide particles have been prepared using amino acid sequences related to those of GA [30,31]. Recently, we loaded hydrophobic GA produced by Bacillus brevis (i.e., a linear pentadecapeptide with sequence formyl-l-Xxx-Gly-l-Ala-d-Leu-l-Ala-d-Val-l-Val-d-Val-l-Trp-d-Leu-l-Yyy-d-Leu-l-Trp-d-Leu-l-Trp-ethanolamine, where Xxx can be either Val or Ile and Yyy is frequently Trp) into spherical microparticles (average diameter: 5.0 µm ± 0.7 µm) of poly(tetramethylene succinate) (PE44), a biodegradable and biocompatible aliphatic polyester, by means of electrospraying [19]. Unfortunately, the release of GA in physiological media was severely limited by the very low solubility of the biomolecule in aqueous solution: a fast burst effect followed by the establishment of equilibrium after five days was observed in hydrophilic media. However, despite such limitation, biological tests demonstrated that GA retained its antimicrobial activity after loading and did not alter the biocompatibility of PE44 [19].



The high potential of peptides in diagnosis and therapeutics is sometimes hampered by their short-life times (i.e., endogenous proteases rapidly digest these biomolecules). Among the different strategies proposed to protect peptides from proteolytic cleavage, targeted replacements with non-coded amino acids are among the most successful ones [33,34,35]. In an early study, Cativiela and co-workers designed and synthetized two rigid GA analogues by introducing some chemical changes at the sequence of gramicidin soviet (GA-S) to enhance the antimicrobial activity of GA by stabilizing the bioactive conformations through steric and stereochemical constraints [36]. In addition, the incorporation of non-proteinogenic residues into GA-S should also impart stability against proteolytic cleavage. GA-S is a cyclic symmetrical cationic antimicrobial peptide of sequence cyclo(Val-Orn-Leu-d-Phe-Pro)2 produced non-ribosomally by Bacillus brevis [37] and active against bacteria and fungi [38,39]. More specifically, in such two engineered peptides, the D-Phe was replaced by D-Pro while the L-Pro was changed by two conformationally restrained residues. In the first peptide, hereafter denoted GA-S1 (with sequence cyclo(Val-Orn-Leu-d-Pro-Ac3c)2), L-Pro was replaced by 1-aminocyclopropanecarboxylic acid (Ac3c in Scheme 1), an α,α-dialkylated amino acid with strong stereochemical constraints [40,41]. The second peptide (with sequence cyclo(Val-Orn-Leu-D-Pro-S,S-c3diPhe)2), hereafter denoted GA-S2, was designed using an Ac3c derivative with two vicinal phenyl substituents in a trans relative disposition (S,S-c3diPhe in Scheme 1) to replace L-Pro. It is worth noting that S,S-c3diPhe is much more constrained and hydrophobic than Ac3c because of two additional phenyl rings [42]. Moreover, the substitutions introduced in GA-S1 and GA-S2 are expected to have a severe impact on the capacity of the peptides to be loaded in polymeric matrices since they reduced the molecular flexibility and altered the wettability.



In this work, we prepared ultrathin fibers loaded with GA-S1 and GA-S2 using electrospinning. This electrostatic technique involves the use of a high voltage field to charge the surface of a polymer solution droplet, which is held at the end of a capillary tube, inducing the ejection of a liquid jet towards a grounded target (collector) [43,44,45]. After characterizing the morphology, chemical structure, and properties of the resulting GA-loaded PE44 fibers, we examined their antibiotic potency and biocompatibility as well as the peptide release in different environments. In all cases, results were compared with those obtained from PE44 fibers loaded with linear GA pentadecapeptide, hereafter denoted GA-L. PE44 fibers stabilize the bioactive conformation of the two cyclic peptides and regulate the peptide release in hydrophilic environments, which is of crucial importance for biomedical applications. Furthermore, PE44/GA-S2 is more effective than PE44/GA-S1 in terms of antimicrobial response because of the disposition of the phenyl rings in S,S-c3diPhe.




2. Materials and Methods


2.1. Materials


PE44 is a commercial product (Bionolle® 1001) supplied by Showa Denko K.K. (München, Germany). The polymer has a melt flow index of 1.6 g/10 min (measured at 190 °C under a load of 2.16 kg according to ASTM-D1238). Linear GA was purchased from Sigma-Aldrich (G5002, St. Luis, MO, USA), while GA-S1 and GA-S2 were prepared as previously reported [36].




2.2. Electrospinning


Mixtures of PE44 and GA peptides (i.e., GA-S1, GA-S2 and GA-L) were electrospun, samples being named PE44/GA-# (where GA-# indicates the loaded peptide). Mixtures were prepared as follows. PE44 was dissolved in chloroform while peptides were dissolved in ethanol. Solutions were kept under stirring at 80 rpm overnight. Finally, the solutions were mixed and loaded in a 5 mL BD (Becton Dickson Co., Franklin Lakes, NJ, Spain) plastic syringe for delivery through an 18 G × 1.1/2′′ needle at a mass-flow rate of 2 mL/h using a KDS100 infusion pump. The PE44 concentration was 13.0 wt % in the electrospinning mixtures with GA-L and 2 wt % in mixtures with GA-S1 and GA-S2. The concentrations of peptides were 1.3 wt % for GA-L and 0.2 wt % for both GA-S1 and GA-S2. As a control, fibers of pure PE44 were produced using a 13 w/v % concentration of polymer. The applied voltage was 15 kV for PE44/GA-S1 and PE44/GA-S2, while for unloaded PE44 (control) and PE44/GA-L fibers, the applied voltage was 25 kV. All electrospun nanofibers were obtained using a needle tip-collector distance of 18 cm. The choice of these conditions should be mentioned (i.e., concentrations, distance between the syringe tip and the collector, voltage and the flow rate) were selected on the basis of preliminary experiments devoted to optimize the morphology of the fibers. Thus, appropriate selection of the processing conditions is required to avoid the formation of droplets and electrospun beads. The procedure used for such optimization, which was individually applied for each mixture, was detailed in previous works [20,21].




2.3. Circular Dichroism (CD)


CD measurements were carried out in a Jasco J-810 spectropolarimeter (Jasco Inc., Easton, MD, USA) at 22 °C using a quartz cuvette. The CD data were recorded with standard sensitivity (100 mdeg), in the 190–350 nm range, with bandwidth of 2 mm, response time of 0.5 s and scanning speed of 500 nm/min. The reported spectra correspond to the average of five scans, the raw spectra being smoothed by the Savitsky–Golay algorithm. Spectra were analyzed in the DicroWeb software (version 1.0, Birkbeck College, University of London, London, UK) [46,47,48].




2.4. Microscopy


Optical microscopy (OM) studies were performed with a Zeiss Axioskop 40 microscope. Micrographs were taken with a Zeiss AxiosCam MRC5 digital camera (Carl Zeiss, Göttingen, Germany).



Detailed inspection of texture and morphology of microspheres was conducted by scanning electron microscopy (SEM) using a Focus Ion Beam Zeiss Neon 40 instrument (Zeiss, Oberkochen, Germany). Carbon coating was accomplished using a Mitec K950 Sputter Coater (Quorum Technologies Ltd., Ashford, UK) fitted with a film thickness monitor k150×. Samples were visualized at an accelerating voltage of 5 kV. The diameter of the nanofibers was measured with the SmartTiff software (Version 1.0) from Carl Zeiss SMT Ltd (Göttingen, Germany).



Atomic Force Microscopy (AFM) was conducted to obtain topographic and phase images of the surface of fibers using silicon TAP 150-G probes (Budget Sensors, Sofia, Bulgaria) with a frequency of 150 kHz and a force constant of 5 N/m. Images were obtained with an AFM Dimension microscope using the NanoScope IV controller (Veeco Instruments Inc., New York, NY, USA) under ambient conditions in tapping mode. The row scanning frequency was set between 0.4 and 0.6 Hz. The Root Mean Square roughness (RMS Rq), which is the average height deviation taken from the mean data plane, was determined using the statistical application of the NanoScope Analysis software (1.20, Veeco Instruments Inc., New York, NY, USA).




2.5. Chemical Characterization


Infrared spectroscopy was used to assess the presence of peptide in PE44/GA-S1, PE44/GA-S2 and PE44/GA-L samples. Absorption spectra were recorded with a Fourier Transform FTIR 4100 Jasco spectrometer (Jasco International Co. Ltd., Tokyo, Japan) in the 4000 cm−1–600 cm−1 range. A Specac model MKII Golden Gate (Specac Ltd., Orpington, UK) attenuated total reflection (ATR) with a heated Diamond ATR Top-Plate was used.



X-Ray photoelectron spectroscopy (XPS) analyses were performed in a SPECS system (Berlin, Germany) equipped with a high-intensity twin-anode X-ray source XR50 of Mg/Al (1253 eV/1487 eV) operating at 150 W, placed perpendicular to the analyzer axis, and using a Phoibos 150 MCD-9 XP detector (SPECS system, Berlin, Germany). The X-ray spot size was 650 mm. The pass energy was set to 25 eV and 0.1 eV for the survey and the narrow scans, respectively. Charge compensation was achieved with a combination of electron and argon ion flood guns. The energy and emission currents of the electrons were 4 eV and 0.35 mA, respectively. For the argon gun, the energy and the emission currents were 0 eV and 0.1 mA, respectively. The spectra were recorded with a pass energy of 25 eV in 0.1 eV steps at a pressure below 6 × 10−9 mbar. These standard conditions of charge compensation resulted in a negative but perfectly uniform static charge. The C 1s peak was used as an internal reference with a binding energy of 284.8 eV. High-resolution XPS spectra were acquired by Gaussian/Lorentzian curve fitting after S-shape background subtraction. The surface composition was determined using the manufacturer’s sensitivity factors.




2.6. Properties


Thermal degradation was studied at a heating rate of 20 °C/min (sample weight ca. 5 mg) with a Q50 thermogravimetric analyzer of TA Instruments (TA instruments, New Castle, DE, USA) and under a flow of dry nitrogen. Test temperatures ranged from 30 °C to 600 °C.



Contact angle measurements were carried out using the water sessile drop method. Images of milliQ water drops (0.5 μL) were recorded after stabilization with the equipment OCA 15EC (Data-Physics Instruments GmbH, Filderstadt, Germany). SCA20 software (Version 2.0, Data-Physics Instruments GmbH, Filderstadt, Germany) was used to analyze the images and determine the contact angle value, which was obtained as the average of at least six independent measures for each sample.




2.7. Release Experiments


Mats with peptide-loaded fibers were cut into 2 × 2 cm2 squares (around 15 mg–20 mg of weight), which were weighed and placed into polypropylene tubes. Phosphate buffer saline (PBS, pH 7.4) and PBS supplemented with 70 v/v-% of ethanol (PBS-EtOH) were considered as release media. The addition of ethanol to hydrophilic PBS increases the hydrophobicity of the medium and provokes some swelling effect, both favoring the release of hydrophobic drugs. The released peptide was quantified using the Bradford reagent. Assays were carried out by immersing sample mats in 30 mL of the release medium at 37 °C for 1 week. Aliquots (1 mL) were drawn from the release medium at predetermined time intervals, and an equal volume of fresh medium was added to the release vessel. The Bradford reaction was performed in microtiter plate mode and the absorbance measurement in a reader plate. Calibration curves were obtained by plotting the absorbance measured at 595 nm against drug concentration. Finally, the mats were dissolved in chloroform and the residual drug was extracted in ethanol for quantification. All tests were performed in triplicate to control the homogeneity of the release, and the results were averaged.




2.8. Inhibition of Bacterial Growth


Escherichia coli (E. coli), Proteus vulgaris (P. vulgaris), Citrobacter freundii (C. freundii), Klebsiella pneumoniae (K. pneumoniae), Staphylococcus aureus (S. aureus), Staphylococcsu epidemidis (S. epidermidis), Bacillus cereus (B. cereus) and Micrococcus luteus (M. luteus) were selected to evaluate the antibacterial activity of peptides loaded in fibers. The bacteria were previously grown aerobically to exponential phase in lysogeny broth (LB) (Lennox) (tryptone 10 g; yeast extract 5 g, NaCl 5 g, pH 7.2).



Growth experiments were performed placing five pieces (area: 0.5 cm2) of each sample in tubes of 15 mL. After this, 2 mL of broth culture containing 1 × 103 colony forming units (CFU) was seeded in each samples-containing tube. The cultures were incubated at 37 °C and agitated at 100 rpm. Aliquots of 100 μL were taken at predefined time intervals for absorbance measurement at 650 nm in a plate reader. Thus, turbidity was directly related to bacterial growth. The bacterial growth in broth culture alone (in absence of any material) was considered as the maximum growth (control) and it was used to calculate the relative growth of the bacteria in presence of the samples. Values were averaged considering the five replicas.



Agar diffusion tests were performed in Petri dishes of 90 mm, and seeded separately with 1.5 × 108 CFU/mL of each bacterium. Disks of 0.5 cm of diameter for each sample were placed onto an agar diffusion plate. In addition to PE44/GA-S1, PE44/GA-S2 and PE44/GA-L samples, assays were carried out using discs of gentamicin (GM), an antibiotic used to treat many types of bacterial infections, as positive control. Inhibition halo images were taken after incubation of samples with bacteria for 24 h at 37 °C.




2.9. Cytotoxicity and Cell Adhesion


Madin Darby canine kidney (MDCK) cells were cultured in Dulbecco Modified Eagle Medium‎ (DMEM) high glucose supplemented with 10 % v/v fetal bovine serum (FBS), penicillin (100 units/mL), and streptomycin (100 µg/mL). Cultures were maintained in a humidified incubator with an atmosphere of 5% CO2 and 95% O2 at 37 °C. Culture media were changed every two days. When the cells reached 80%–90% confluence, they were detached using 1 mL–2 mL of trypsin (0.25% trypsin/EDTA) for 5 min at 37 °C. Finally, cells were re-suspended in 5 mL of fresh medium, their concentration being determined by counting in a Neubauer camera (Optisum, New York, NY, USA) using 0.4% trypan blue as a dye vital.



Unloaded PE44, PE44/GA-S1, PE44/GA-S2 and PE44/GA-L samples were placed in plates of 24 wells and sterilized using UV-light for 15 min in a laminar flux cabinet. Controls were simultaneously performed by culturing cells on the surface of the tissue culture polystyrene (TCPS) plates. For adhesion assays, an aliquot of 50 µL containing 5 × 104 cells was deposited onto each sample. Then, cell attachment was promoted by incubating under culture conditions for 30 min. Finally, 500 µL of the culture medium were added to each well. After 24 h, non-attached cells were washed out, while attached cells were quantified. Cytotoxicity was also determined after 24 h of culture. All viability measures were relative to TCPS used as control (i.e., 100%).



Viability for cytotoxicity and cellular adhesion were evaluated by the colorimetric 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. This assay measures the ability of the mitochondrial dehydrogenase enzyme of viable cells to cleave the tetrazolium rings of the MTT and form formazan crystals, which are impermeable to cell membranes and, therefore, are accumulated in healthy cells. This process is detected by a color change: the characteristic pale yellow of MTT transforms into the dark-blue of formazan crystals. Specifically, 50 µL of MTT solution (5 mg/mL in PBS) were added to each well. After 3 h of incubation, samples were washed twice with PBS and placed in clean wells. In order to dissolve formazan crystals, 200 µL of DMSO/methanol/water (70/20/10% v/v) was added. Finally, the absorbance at 570 nm was measured using a microplate reader (Biochrom EZ Rea 400d, Harvard Bioscience, Harvard, NE, USA). The resulting viability results were normalized to TCPS control as relative percentages. Results were derived from the average of six replicates (n = 6) for each independent experiment. ANOVA and Tukey tests were performed to determine statistical significance, which was considered at a confidence level of 95% (p < 0.05).





3. Results


3.1. Electrospinning of PE44 and Peptide Mixtures


Firstly, we aimed to load GA-S1 and GA-S2 in electrosprayed PE44 microspheres, as we successfully did for GA-L [19]. However, despite the high peptide-loading efficiency (41%) and well-defined morphology of PE44/GA-L microspheres (Figure 1a), PE44/GA-S1 and PE44-GA-S2 microspheres were not feasible, even after optimization of the processing conditions. This important drawback, which was mainly attributed to the conformational rigidity of the two modified cyclic peptides, led us to consider the use of electrospun fibers as the most suitable system for the loading and sustained delivery of GA-S1 and GA-S2.



PE44 and GA peptides (i.e., GA-S1, GA-S2, and GA-L) were dissolved in chloroform and ethanol, respectively, for the electrospinning process. Accordingly, in a first stage, we examined the stability of the three peptides in both solvents using circular dichroism (CD) spectroscopy, and the recorded spectra were interpreted using the on-line Dichroweb software [46,47,48]. In ethanol, the three peptides exhibit secondary structures (Figure 2a). More specifically, the spectrum of GA-S2 was interpreted as a combination of β-sheet (83%), β-turn (9%), and disordered (8%) motives, which was fully consistent with the reported 2D NOESY spectra recorded in H2O/D2O 9:1 v/v [36]. In contrast, GA-S1 and GA-L exhibited a combination of regular and distorted α-helical structures with a small fraction of disordered motives (< 5%). It is worth noting that the antibiotic activity of GA-S and GA-L is associated with β-sheet and α-helical conformation, respectively [24,38,39]. Therefore, the antimicrobial potency of GA-S2 and GA-L is expected to be preserved in ethanol, while that of GA-S1 could be affected by peptide–solvent interactions. In the following sections, we demonstrate that the antibiotic potency is higher for GA-S2 than for GA-S1, even though the microbicide activity of the latter is not negligible. Unfortunately, the complexity of the CD spectra recorded in chloroform (Figure 2b) precluded their analysis, thus suggesting a complex mixture of ordered structures [49].



Mixtures of PE44 and GA peptides (i.e., GA-S1, GA-S2 and GA-L) were electrospun to obtain PE44/GA-# fibers, where GA-# indicates the loaded peptide. For each case, the processing conditions (i.e., concentrations, distance between the syringe tip and the collector, voltage, and flow rate) were optimized to avoid the formation of droplets and electrospun beads. The feeding mixture essentially depended on the peptide to be accommodation within the polymeric matrix, which is conditioned by the peptide conformational flexibility. After optimization, the PE44 concentration in the electrospinning mixtures was 13.0 wt % for unloaded and GA-L loaded fibers, while it decreased to 2 wt % for GA-S1 and GA-S2 loaded fibers. The concentrations of peptides were 1.3 wt % for GA-L and 0.2 wt % for both GA-S1 and GA-S2. It is worth noting that the amount of peptide used in the feeding solution is completely incorporated into the fibers.



Figure 3 and Figure 1b–e compare representative optical microscopy (OM) and scanning electron microscopy (SEM) micrographs, respectively, of unloaded PE44, PE44/GA-S1, PE44/GA-S2 and PE44/GA-L, while their average diameters (D) are listed in Table 1. Although both unloaded PE44 and PE44/GA-L resulted in well-defined fibers, the loading of GA-L caused some important changes. Specifically, unloaded PE44 fibers presented a cylindrical morphology with D = 246 nm ± 68 nm, while the linear peptide induced a flatter morphology (ribbon-like fibers) and a significant increment in the fiber thickness (D = 590 nm ± 156 nm). In contrast, PE44/GA-S1 and PE44/GA-S2 fibrous mats displayed a high amount of droplets and beads, even after optimization of the processing conditions. Furthermore, the cylindrical fibers experienced a drastic reduction in diameter (D = 106 nm ± 25 nm and 146 nm ± 34 nm for PE44/GA-S1 and PE44/GA-S2, respectively). These phenomena have been attributed to the low polymer concentration in the feeding solution, which could not be increased in order to keep a reasonable viscosity of this solution and a high drug/polymer ratio.



3D topographic atomic force microscopy (AFM) images, which are displayed in Figure 4, are in good agreement with SEM observations. In addition, comparison between the topographic and phase AFM images indicates that the peptides are not located as particles or aggregates on the surface of the fibers. In addition, the root-mean-square roughness (RMS Rq) values, which are included in Table 1, evidenced that PE44/GA-S1 and PE44/GA-S2 nanofibers are ultra-smooth, while the texture of PE44 fibers is not altered by GA-L.




3.2. Chemical Characterization


Figure 5a displays the FTIR spectra of unloaded PE44, PE44/GA-S1, PE44/GA-S2 and PE44/GA-L samples. In the spectrum of PE44, the peaks corresponding to the C=O and C–O–C vibrations of the ester bond are detected at 1712, 1150 (sharp and strong absorption bands) and 1044 cm−1 (sharp and medium absorption band). These important bands are also clearly identified in the spectra of the three peptide-loaded PE44 samples (red rectangles in Figure 5a). Other main absorption bands of PE44 appearing at 2964, 2946 and 2857 cm−1 are attributed to the C–H aliphatic stretching; CH2 asymmetric and symmetric bending are shown between 1470 cm−1 and 1390 cm−1; –(CH2)n– hydrocarbon chains are detected at 804 cm−1 (sharp) and 748 cm−1 (broad, CH2 rock vibrations).



Most importantly, the successful loading of the peptide in PE44/GA-S1, PE44/GA-S2 and PE44/GA-L samples is evidenced in Figure S1 by the bands arising from the amide groups. The amide II band, which is due to the C–N stretching vibration in combination with N–H bending, is detected at ~1540 cm−1 (i.e., 1539 cm−1, 1537 cm−1 and 1541 cm−1 for PE44/GA-S1, PE44/GA-S2, and PE44/GA-L, respectively). The amide I band, which arises from the C=O stretching vibration of the peptide bond and is modulated by the peptide secondary structure, appears at 1629 cm−1 for the systems loaded with cyclic peptides and at 1635 cm−1 for PE44/GA-L. The C=O stretching of aliphatic esters, which corresponds to the intense and sharp band at 1712 cm−1 for unloaded and peptide-loaded PE44 samples, is clearly distinguishable from such two amide bands.



The chemical structure of the systems under study was further characterized by X-ray photoelectron spectroscopy (XPS). Table 2 compares the atomic composition of unloaded and peptide-loaded PE44 fibers. The detection of a small percentage of nitrogen in unloaded PE44 samples has been attributed to the substrate (aluminum foil) used to collect the fibers during electrospinning. However, the percentage of nitrogen increases from 0.26% in unloaded PE44 to 5.58%, 3.11%, and 6.52% in PE44/GA-S1, PE44/GA-S2, and PE44/GA-L, respectively, which further confirms the successful incorporation of the peptides. High-resolution XPS spectra in the C 1s region are displayed in Figure 5, while those in the N 1s and O 1s regions are displayed in Figure 6. The three Gaussian curves derived from the deconvolution of the C 1s peak for unloaded polyester fibers correspond to the saturated C–C/C–H (284.8 eV), C–O (286.1 eV) and C=O (288.7 eV) bonds of the PE44 chains [50,51]. The three peptide-loaded PE44 fibers display an additional fourth Gaussian curve at 287.7 eV that has been attributed to the (O=)C–NH peptide bonds [52,53]. On the other hand, two Gaussian curves, which correspond to the C=O (531.87 eV) and C–O bonds (533.42), were derived from the O 1s signal [50,51,52,53,54]. The intensity of the C=O component is lower than that of the C–O one for unloaded PE44, while the opposite is obtained for PE44/GA-S1, PE44/GA-S2, and PE44/GA-L due to the incorporation of peptides.




3.3. Properties


Thermogravimetric analyses (Figure 7a and Table 1) reflect the significant influence of the peptide in the thermal stability of PE44. Although all loaded samples are stable up to a temperature 40 °C higher than the melting temperature of the PE44 matrix (Tm = 112.8 °C) at least, the thermal stability of PE44/GA-S1 and, especially, PE44/GA-S2 is considerably lower than that displayed by PE44/GA-L and unloaded PE44, which are very similar. Thus, the temperatures at a 50% weight loss (T50%) are around 10 °C and 23 °C lower for PE44/GA-S1 and PE44/GA-S2, respectively, than for unloaded PE44. Moreover, these differences are preserved at a 70% weight loss (T70%, Table 1). Differential thermogravimetric analysis (DTGA) curves show a pronounced degradation step for all peptide-loaded samples, the maximum temperature (Tmax, Table 1) increasing as follows: GA-S2 < GA-S1 < GA-L. Furthermore, an initial degradation step at 224 °C and 241 °C occurs for PE44/GA-S1 and PE44/GA-S2, respectively, which involved a weight loss lower that 5%. This degradation is probably induced by the severe molecular constraints of Ac3c and S,S-c3diPhe in the cyclic peptides, thus being less stable than GA-L. No significant char (i.e., less than 2.5%) was observed at temperatures higher than 500 °C. Therefore, the peptide clearly influences the thermal stability of the polymeric matrix, which is practically independent of the morphology. For instance, the thermal parameters for unloaded PE44 and PE44/GA-L microspheres (average particle diameter: 5.1 µm ± 0.5 µm and 5.0 µm ± 0.7 µm, respectively), T50% = 410 °C and 405 °C, T70% = 420 °C and 416 °C, and Tmax = 418 °C and 411 °C [19], are similar to those listed in Table 1 for fibers.



The contact angle values (θ) measured using water (Figure 7b) indicate that unloaded PE44 matrices are hydrophobic (θ = 125° ± 6°) due to both the presence of aliphatic segments and the microfibrous structure of produced electrospun mats. In contrast, the water contact angle value determined for unloaded PE44 electrosprayed microspheres was significantly lower (θ = 104° ± 3°) [19], even though the surface RMS Rq was slightly higher for microspheres than for fibers. This feature proves that the wettability of structured polymeric matrices is influenced by morphology. Such hydrophobic character is retained after loading GA-L (i.e., θ = 128° ± 4° for PE44/GA-L), whereas the presence of GA-S1 and GA-S2 transformed the PE44 fiber mats into hydrophilic substrates (θ = 47° ± 1° and 68° ± 2° for PE44/GA-S1 and PE44/GA-S2, respectively). The Wenzel equation indicates that, if the surface is chemically hydrophobic, as that of PE44, it will become less hydrophobic when the surface roughness decreases [55]:


cosθm = r·cosθ,



(1)




where θm is the measured contact angle, θγ is the Young contact angle and r is the roughness ratio, the latter parameter increasing with the RMS Rq (Table 1). The Wenzel equation is based on the assumption that the liquid penetrates into the rough grooves, which occurs when the droplet is larger than the roughness scale by two or three orders of magnitude, as it is in this case. However, other factors are probably affecting the wettability of PE44/GA-S1 and PE44/GA-S2, since the reduction of the contact angle with respect to unloaded PE44 and PE44/GA-L is too high to be attributed exclusively to the surface roughness. Thus, the distribution of GA-S1 and GA-S2 peptides in the polymeric matrix is possibly another factor influencing the wettability of the PE44 fibers. More specifically, a homogeneous distribution of the cyclic peptides on the surface of fibers, forming aggregates small enough to be undetectable by phase imaging AFM, would result in a reduction of the contact angle due to the exposition of amide groups. This situation is completely different from that of hydrophobic PE44/GA-L fibers, for which their resemblance with unloaded PE44 fibers suggests that the peptide is inside the polymeric matrix.




3.4. Peptide Release


The peptide release profiles in PBS, which is the simplest physiological medium, for GA-S1, GA-S2 and GA-L loaded fibers are displayed in Figure 8a. The cumulative release plots in PBS indicate a massive initial burst release up to a maximum percentage (65 ± 3%, 78 ± 1% and 74 ± 3% for GA-S1, GA-S2 and GA-L, respectively) and a subsequent decrease of the release percentage until a value of ~40%–50%, depending on the peptide. This behavior suggests that, after an initial burst release caused by the rapid diffusion of PBS into PE44 fibers, a given amount of such delivered peptide re-enters in the PE44 fibers to meet equilibrium conditions. These observations, especially for PE44/GA-S1 and PE44/GA-S2, are consistent with the location of the peptide near the surface, as suggested by contact angle measurements. After the initial burst release, the shape of the cumulative profiles is similar regardless the loaded peptide, even though the release rate to the medium highly depends on the chemical structure of the peptide. For example, the release after 24 h reaches values of 55 ± 6%, 49 ± 2% and 35 ± 2% for GA-S1, GA-S2 and GA-L, respectively, increasing to 86 ± 1%, 70 ± 4% and 57 ± 2% after 48 h. The complete stabilization of the amount of released peptide, which was reached after ~5 days, occurred at 97 ± 1%, 78 ± 2% and 62 ± 4% for GA-S1, GA-S2 and GA-L, respectively.



After the initial burst, the release kinetics can be explained in all cases by the Higuchi and first-order models. On the one hand, the Higuchi model, which provides a linear behavior when the cumulative percentage of peptide release is represented against the square root of time, indicates that: (i) the concentration of peptide in the matrix is much higher than the peptide solubility; (ii) the peptide aggregates are significantly smaller than the system thickness; (iii) the PE44 swelling and diffusivity are very low; and (iv) the peptide diffusivity is constant. On the other hand, the first order model results in a straight line when the data are plotted as the logarithm of the cumulative percentage of peptide release versus time, which reflects that the PE44 mat can be considered as a porous matrix. It is worth highlighting that the Higuchi and the first-order models are usually combined to describe the first very fast releasing stage and the second very slow releasing stage of the complete profile [56].



The release profiles in PBS and PBS-EtOH are frequently compared to examine the influence of the medium [57,58]. The peptide release profiles in PBS-EtOH for all PE44 loaded fibers are represented in Figure 8b. The more hydrophobic PBS-EtOH environment significantly alters the release of the three peptides, which display a very fast delivery. Specifically, the peptide retention after 6 h and 120 h was around 9% and 7%, respectively, in all cases. The differences observed between the profiles in PBS and PBS-EtOH have been attributed to the hydrophobicity of the three peptides, GA…solvent interactions being more favorable in the latter environment than in the former one. Accordingly, these attractive interactions are probably responsible for the diffusion of the peptides through the PE44 fibers and their subsequent delivery.




3.5. Antimicrobial Activity


The results from susceptibility tests and bacterial growth of representative Gram-negative and Gram-positive bacteria (E. coli and S. aureus, respectively) are shown in Figure S2. The presence of inhibition halos in the agar plates reflects the diffusion of the compounds with antimicrobial activity, the size of the inhibition zone being related to the level of antimicrobial activity. Accordingly, the bactericidal response against E. coli is slightly greater for PE44/GA-S1 and PE44/GA-S2 than for PE44/GA-L, while the activity against S. aureus is apparently much higher for the latter than for the formers. Obviously, the inhibition zone around gentamicin (GM), which was used as positive control, is the greatest, while the antimicrobial activity of peptide-loaded PE44 samples depends on the release rate. No inhibition halo was observed around unloaded PE44 fibers (not shown), which were used as negative control, proving that such polymeric matrix has not antibiotic activity.



Inhibition zones do not necessarily indicate that microorganisms have been killed by the antimicrobial product but just that they have been prevented from growing. In order to quantify the extent of the antimicrobial activity, the turbidity of bacteria cultures incubated in the presence of unloaded and loaded PE44 fibers was evaluated spectroscopically and was related to the bacterial growth. Figure 9 shows the bacterial growth in media containing unloaded and peptide-loaded PE44 fibers, relative to the growth in absence of any material (control). Concentrations of GA peptides in the culture media were in the 0.1 mg/mL–0.08 mg/mL range in agreement also with the values determined from the release experiments. As it can be seen, PE44/GA-S1 and, especially, PE44/GA-S2 inhibit the growth of Gram-negative bacteria, whereas unloaded PE44 and PE44/GA-L fibers are harmless to such bacteria. It is worth noting that GA-L is active against Gram-positive bacteria and against a few selected Gram-negative microbial (e.g., Neisseria bacteria) [36], explaining the inactivity displayed in Figure 9a. In contrast, GA-S is indistinctly effective against some Gram-positive and Gram-negative bacteria. Accordingly, the peptide-loaded PE44 fibers show antibiotic activity against Gram-positive (e.g., S. aureus), which decreases as follows: GA-L > GA-S2 > GA-S1 (Figure 9b). Thus, for example, after 24 h, the microbicide activity of GA-S1 and GA-S2 against E. coli is 9 ± 4% and 16 ± 4% inhibition of bacterial growth and 12 ± 3% and 21 ± 5% inhibition of bacterial growth against S. aureus, respectively. Overall, the antimicrobial activity of GA-S2 is greater than that of GA-S1, indicating that S,S-c3diPhe preserves better the bioactive conformation of the parent GA-S peptide than Ac3c. This observation is in good agreement with the CD results discussed above.



Although the antimicrobial behavior of PE44 fibers loaded with GA-S1 and GA-S2 is limited by the peptide release rate, the activities displayed in Figure 9 are in good agreement with those reported for the peptides in solution [36]. More specifically, biological assays of such two peptides in solution using two Gram-negative (two different Acinetobacter baummanii strains) and two Gram-positive (S. aureus and Listeria monocytogenes) bacteria showed that GA-S1 and GA-S2 required relative high concentrations (i.e., > 30 µM–40 µM) to show a bactericide activity. Furthermore, reported results indicated a higher activity for GA-S2 against Gram-positive bacteria. The lower activity of GA-S1 was attributed to the absence of an aromatic moiety in the Ac3c residue (Scheme 1), which destabilized the bioactive conformation of the GA-S parent peptide [36].




3.6. Biocompatibility


The biocompatibility of PE44/GA-S1 and PE44/GA-S2 fibers was evaluated by performing in vitro cytotoxicity and cell adhesion assays, and the results were compared with those obtained for unloaded PE44 and P44/GA-L fibers. Thus, in order to do so, samples from the electrospun mats were placed in contact with a MDCK epithelial cell line inside tissue culture polystyrene (TCPS) well plates and tested using the colorimetric MTT assay to evaluate the cell viability on each well after 24 h. Viability measures were relative to TCPS without fibers, which were used as control (i.e., 100% cell viability).



As it is displayed in Figure 10a, the cytotoxicity of the three peptide-loaded systems was higher than that of unloaded PE44, the biocompatibility of the latter being similar to that of TCPS. Hence, the possible cytotoxicity of GA-S1 and GA-S2 loaded fibers should be attributed to their non-proteinogenic residues. Interestingly, the cytotoxic behavior of PE44/GA-S1 and PE44/GA-S2 was completely different, while PE44/GA-S2 behaved similarly to PE44/GA-L. Although the concentration of loaded peptide is higher GA-L than for the GA-S2 (i.e., 1.3 wt % and 0.2 wt %, respectively), this result indicates that the incorporation of S,S-c3diPhe is essentially harmless to eukaryotic cells. Thus, the phenyl substituents seem to be recognized by the cells even though are tightly held in S,S-c3diPhe, suggesting some similarity with the aromatic ring of L-Phe. This is probably ascribed to the proper orientation and location at different β-carbon atoms of the aromatic rings in S,S-c3diPhe. In contrast, PE44/GA-S1 fibers are significantly more toxic to cells, which has been exclusively associated with the Ac3c residue (i.e., two Ac3c-containing antibiotics were reported to exhibit cytotoxic activity [59]).



Finally, Figure 10b represents the amount of cells adhered onto the surface of the examined materials (expressed by unit of area) after 24 h. As it can be seen, in comparison to the control TCPS, cell adhesion was promoted for unloaded PE44, whereas the difference between TCPS and both PE44/GA-S2 and PE44/GA-L is not statistically significant. These observations are fully consistent with the cytotoxicity of the system (Figure 10a), which indicates that the very high biocompatibility of PE44 is slightly reduced by the loading of GA-S2 and GA-L peptides. This effect is more pronounced for PE44/GA-S1, which exhibited the lowest biocompatibility.





4. Conclusions


In this article, we describe the successful preparation and properties of electrospun polyester fibers loaded with peptide antibiotics that were designed to enhance the stability of the bioactive conformation and be resistant against proteolytic cleavage. We have proved that GA-S1 and GA-S2 cause important changes in the morphology, diameter, and properties (thermal stability and wettability) of PE44 fibers, whereas the characteristics of unloaded and GA-L loaded fibers are very similar. An important advantage of these peptide-loaded fibers as therapeutic platforms is that the polymeric matrix regulates the release of the antibiotic in hydrophilic environments similar to physiological media. The antimicrobial activity of PE44/GA-S1 and PE44/GA-S2 is comparable (Gram-negative) or higher (Gram-positive) than that of PE44/GA-L. Moreover, the antibiotic potency of both GA-S1 and GA-S2 is higher when loaded into polyester fibers than in solution, suggesting that the PE44 matrix enhances the stability of their bioactive conformation. Overall, these findings reflect that formulations such as biodegradable polymeric fibers loaded with engineered peptides are promising platforms for biomedical applications.
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Scheme 1. Chemical structure of Ac3c and S,S-c3diPhe. 
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Figure 1. High and low magnification SEM micrographs of (a) PE44/GA-L electrosprayed microspheres (experimental conditions defined in reference 19); (b) unloaded PE44; (c) PE44/GA-S1; (d) PE44/GA-S2 and (e) PE44/GA-L electrospun fibers. 
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Figure 2. Circular dichroism spectra of GA-S1, GA-S2 and GA-L recorded in (a) ethanol and (b) chloroform. The peptide concentration was 5 mg/mL in all cases. 
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Figure 3. Optical microscopy micrographs of (a) unloaded PE44, (b) PE44/GA-S1, (c) PE44/GA-S2 and (d) PE44/GA-L electrospun nanofibers. 
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Figure 4. AFM images of (a) unloaded PE44, (b) PE44/GA-S1, (c) PE44/GA-S2 and (d) PE44/GA-L electrospun fibers: 3D topography (left) and phase (right) images. The scan window size was adjusted in each case according to the diameter of the fibers (see Table 1): (a) 8 × 8 µm2; (b) 1 × 1 µm2; (c) 2 × 2 µm2; and (d) 10 × 10 µm2. 
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Figure 5. High-resolution XPS spectrum at the C 1s region for unloaded and GA-loaded PE44 fibers. The red line corresponds to the experimental profile while the black lines are the peaks from deconvolution. Unloaded PE44: C–C/C–H (A: 284.8 eV), C–O (B: 286.1 eV) and C=O (C: 288.7 eV). GA-S1, GA-S2 and GA-L loaded PE44: C–C/C–H (A: 284.9 eV), C–O (B: 286.2 eV), (O=)C–NH peptide bond (287.7) and C=O (C: 288.8 eV). 
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Figure 6. High-resolution XPS spectra for (a) unloaded PE44, (b) PE44/GA-S1, (c) PE44/GA-S2 and (d) PE44/GA-L: N 1s and O 1s regions. The red line corresponds to the experimental profile while the black lines are the peaks from deconvolution. 
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Figure 7. For unloaded PE44, PE44/GA-S1, PE44/GA-S2 and PE44/GA-L electrospun fibers: (a) TGA (solid lines) and DTGA (dashed lines) curves; and (b) contact angle. * Significantly different with respect to unloaded PE44 and PE44/GA-L with p < 0.05. ** Significantly different with respect to PE44/GA-S2 with p < 0.05. 
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Figure 8. Accumulated release profiles of GA-S1, GA-S2 and GA-L peptides from loaded PE44 electrospun fibers in (a) PBS and (b) PBS-EtOH. 
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Figure 9. Bacterial growth of (a) Gram-negative and (b) Gram-positive bacteria after 24 h for unloaded and peptide-loaded PE44 fibers. Results are expressed with respect to the bacterial growth in absence of any material (control), which was considered as the maximum growth. 
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Figure 10. (a) viability of MDCK cells in presence of TCPS (control), unloaded PE44, PE44/GA-S1, PE44/GA-S2 and PE44/GA-L samples; (b) cellular adhesion onto TCPS (control) and fiber mats with unloaded or peptide-loaded fibers. 
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Table 1. Average diameter (D), root-mean-square roughness (RMS Rq), temperatures for 50% and 70% weight loss (T50% and T70%, respectively), maximum temperature (Tmax) and contact angle (θ).
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	D (nm)
	RMS Rq (nm)
	T50% (°C)
	T70% (°C)
	Tmax (°C)
	θ (°)





	Unloaded PE44
	246 ± 68
	36.2 ± 8.7
	410
	420
	419
	125 ± 6



	PE44/GA-S1
	106 ± 25
	6.1 ± 2.4
	400
	410
	412
	128 ± 4



	PE44/GA-S2
	146 ± 34
	5.0 ± 1.7
	387
	400
	401
	47 ± 1



	PE44/GA-L
	590 ± 156
	36.8 ± 3.6
	405
	416
	415
	68 ± 2
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Table 2. Atomic percent composition (C 1s, N 1s and O 1s) obtained by XPS for unloaded PE44, PE44/GA-S1, PE44/GA-S2 and PE44/GA-L.






Table 2. Atomic percent composition (C 1s, N 1s and O 1s) obtained by XPS for unloaded PE44, PE44/GA-S1, PE44/GA-S2 and PE44/GA-L.











	
	C 1s (%)
	N 1s (%)
	O 1s (%)





	Unloaded PE44
	69.23
	0.26
	30.51



	PE44/GA-S1
	67.77
	5.58
	26.65



	PE44/GA-S2
	66.63
	3.11
	30.26



	PE44/GA-L
	70.13
	6.52
	23.25











© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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