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Abstract

:

In this work, the effects of weight concentration on the properties of poly(lactide-co-glycolide) polymeric scaffolds prepared by electrospinning are investigated, using four different weight concentrations of poly(lactide-co-glycolide) for the electrospinning solutions (2, 3, 4, 5 wt.%). With increasing concentration of poly(lactide-co-glycolide) in the electrospinning solutions, their viscosity increases significantly. The average fiber diameter of the scaffolds also increases with increasing concentration. Moreover, the tensile strength and maximum elongation at break of the scaffold increase with increasing electrospinning concentration. The prepared scaffolds have hydrophobic properties and their wetting angle does not change with the concentration of the electrospinning solution. All poly(lactide-co-glycolide) scaffolds are non-toxic toward fibroblasts of the cell line 3T3-L1, with the highest numbers of cells observed on the surface of scaffolds prepared from the 2-, 3- and 4-wt.% electrospinning solutions. The results of the analysis of mechanical and biological properties indicate that the poly(lactide-co-glycolide) scaffolds prepared from the 4 wt.% electrospinning solution have optimal properties for future applications in skin tissue engineering. This is due to the fact that the poly(lactide-co-glycolide) scaffolds prepared from the 2 wt.% and 3 wt.% electrospinning solution exhibit low mechanical properties, and 5 wt.% have the lowest porosity values, which might be the cause of their lowest biological properties.
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1. Introduction


Electrospun scaffolds have become of great interest for tissue engineering applications in recent decades [1]. Their porous structure and high porosity-to-volume ratio impart electrospun scaffolds their superior suitability for tissues regeneration, tissue barrier, and drug delivery [2,3,4]. An important advantage of electrospun scaffolds is their ability to be tailored across a wide range of porosity and morphology. The desired porosity of the scaffold and the morphology of the individual fibers could be precisely tailored by the parameters of the electrospinning process and the composition of the electrospinning solution. While parameters of the electrospinning process affect the morphology of the scaffold, the selection of the composition of the electrospinning solution largely determines both the morphology and the final properties of the scaffold [5].



Due to their biodegradability and biocompatibility, synthetic aliphatic polyesters have found numerous applications in tissue engineering [6,7,8]. One of them is the aliphatic block copolymer poly(lactic-co-glycolic acid) (PLGA), which consists of the monomers lactic acid and glycolic acid. PLGA is one of the most commonly used biodegradable synthetic polymers in tissue engineering [6]. The US Food and Drug Administration has approved the use of PLGA in clinical cases [6]. Like other biodegradable synthetic polymers, PLGA possesses good biocompatibility and mechanical behavior [9]. A particular advantage of PLGA is the ability to control the degradation rate by altering the mixing ratio of the monomers lactic acid and glycolic acid in the polymer being synthesized.



Electrospinning is actively used to fabricate highly porous, biocompatible and mechanically stable polymeric scaffolds consisting of chaotically interwoven nanofibers with diameters ranging from several nanometers to microns [10]. Electrospinning can fabricate a polymeric scaffold with a structure that provides a suitable topology (extracellular matrix structure) for the extracellular matrix of cells [11]. This extracellular matrix structure is optimal for cell proliferation, migration and differentiation, which is why attempts are being made to fabricate biocompatible materials with the most similar design [12,13]. PLGA scaffolds fabricated by electrospinning are also being studied for this purpose and are being used in biomedicine for the regeneration of neural [14], periodontal [15], bone [16] and connective tissues [17].



The morphology of the prepared scaffolds and the mean fiber diameters can be adjusted by varying the PLGA concentration in the electrospinning solutions. There are a number of publications describing the dependence of the morphological, mechanical and biological properties of electrospun PLGA scaffolds [18,19] and scaffolds prepared from other polymers [20,21] on the concentration of the polymer in the electrospinning solution. In such works [18,20], the dependence of the polymer concentration in electrospinning solutions on the morphological properties and fiber diameter of polymer scaffolds has been well described. However, the morphology analysis in such studies is limited to scanning electron microscopy (SEM) and porosity determination, omitting the fact that atomic force microscopy (AFM) can also be used to evaluate the morphology of scaffolds and individual fibers, as well as their surface roughness. In addition, there are contradictory results of the effect of polymer concentration on the mechanical [21,22] and biological properties [19,23] of electrospun scaffolds. For example, in reference [19], it is reported that increasing the polymer solution concentration allows an increase in the fiber diameter of the electrospun scaffolds, leading to an increase in cell proliferation and differentiation, while in reference [23], increasing the polymer concentration and fiber diameter does not change the cell proliferation rate on the scaffolds. In reference [23], it is shown that the mechanical properties (tensile strength, Young’s modulus) of electrospun scaffolds decrease with increasing polymer concentration and fiber diameter, while in reference [21], it is demonstrated that the tensile strength and strain at break of the electrospun scaffolds increase with increasing electrospinning solution concentration and fiber diameter. There are also a few studies in which a scaffold with optimal morphology, mechanical and biological properties is selected among the fabricated scaffolds. This work is therefore focused on investigating the dependence of the PLGA electrospinning solution concentration on the resulting scaffold morphology (including morphology investigations via AFM), mechanical characteristics, degradation and biological properties of prepared scaffolds, in order to select PLGA samples with the most applicable properties for tissue engineering applications.




2. Materials and Methods


2.1. Scaffold Fabrication


PLGA granules (85/15, Corbion Purac, Amsterdam, The Netherlands), with the molecular weight of Mn ≈ 202,000 g/mol and Mw ≈ 338,000 g/mol and inherent viscosity in the range of 2.0–2.5 dL/g (measured at a room temperature of 25 °C, concentration 0.1 g/dL in chloroform (Ekos-1, Moscow, Russia)), were dissolved in hexafluoroisopropanol (HFIP, (CF3)2CHOH, P&M Invest, Moscow, Russia) to obtain polymer solutions. The concentrations of the prepared PLGA solutions were 2 wt.%, 3 wt.%, 4 wt.% and 5 wt.%. Subsequently, the obtained solutions were utilized to fabricate PLGA scaffolds through electrospinning employing a NANON-01A electrospinning system (MECC Co., Fukuoka, Japan). For the scaffold preparation, the NANON-01A has been equipped with a grounded rotatable cylindrical collector (dimensions: 100 mm diameter, 200 mm length). A needle (gauge 20, internal diameter: 0.603 mm) with a length of 1 inch (25.4 mm) was attached to the syringe. The utilized voltage was +22 kV, the distance between the collector and the needle was 150 mm, the electrospinning solution flow rate was 4 mL/h, the rotational speed of the collector was 50 rpm and the spinneret speed was 10 mm/min. These electrospinning parameters were applied to all four PLGA electrospinning solutions. Subsequently, the fabricated electrospun PLGA scaffolds were placed in a vacuum chamber (Actan Vacuum, VTSH-K24-250-P, Moscow, Russia) at room temperature and a pressure of 100 Pa for 24 h. The PLGA scaffold samples are named below according to the electrospinning concentration used for fabrication: 2 wt.% PLGA electrospinning solution—2% PLGA scaffold, 3 wt.% PLGA electrospinning solution—3% PLGA scaffold, 4 wt.% PLGA electrospinning solution—4% PLGA scaffold, and 5 wt.% PLGA electrospinning solution—5% PLGA scaffold.




2.2. Viscosity


To measure the dynamic viscosity of the electrospinning solutions (PLGA in HFIP), an SV-10 viscometer (AND, Tokyo, Japan) was used. During the viscosity measurements, the temperature was (21 ± 3) °C.




2.3. Scanning Electron Microscopy—Scaffold Morphology


A scanning electron microscope (SEM, JCM-6000 Plus instrument, Jeol, Akishima, Japan) was used to obtain microscopic images of the surfaces of the PLGA scaffold samples. An accelerating voltage of 15 kV was used and the SEM micrographs were taken at magnifications of 1000× and 5000×. Prior to SEM sample imaging, a sputter coater (SmartCoater, Jeol, Akishima, Japan) was used to enhance the electrical conductivity of the PLGA scaffolds by depositing a gold layer with a thickness of up to 100 nm. Fiber diameters were evaluated from SEM micrographs at 1000× magnification with the software Fiji/ImageJ version 1.53v (National Institute of Health, Bethesda, MD, USA) [24,25], applied with the DiameterJ v1.018 plug-in (https://imagej.net/plugins/diameterj, accessed on 11 November 2022) [26].




2.4. Surface Roughness


Atomic force microscopy (AFM, NTEGRA NT-MDT AFM system, NT-MDT Spectrum Instruments, Moscow, Russia) was applied to determine the morphology and root mean square roughness (RMS) for scan areas of 40 × 40 µm2, 1.0 × 1.0 and 0.5 × 0.5 µm2. All PLGA scaffolds were scanned using NSG01 monocrystalline silicon cantilevers (NTEGRA NT-MDT AFM system, NT-MDT Spectrum Instruments, Moscow, Russia) with a force constant ranging from 1.45 to 15.10 N/m. Four to six AFM micrographs were scanned for each PLGA sample and for each scan area (for 40 × 40 µm2 and for 1.0 × 1.0, 0.5 × 0.5 µm2). Subsequently, the root mean square (RMS) of the roughness RRMS was calculated according to Equation (1) [27]:


   R  R M S   =    1  M × N     ∑   j = 1  M    ∑   i = 1  N       h  i , j   −  h ¯     2    ,    



(1)




where M × N is the dimension of the matrix containing the measured height data hi,j, and    h ¯    is the mean height value calculated as the sum of all measured heights hi,j, divided by the size of the matrix M × N. All RRMS values were calculated using Gwyddion 2.63 (Czech Metrology Institute, Jihlava, Czechia) [28].




2.5. Scaffold Porosity


The porosity values (P) of the fabricated scaffolds were obtained by the gravimetric method and calculated using Equation (2) [29]:


  P =   1 −    ρ  s c a f f o l d      ρ  s o l i d       · 100 % ,    



(2)




with ρscaffold—the density of a PLGA scaffold in g/cm3, ρsolid—the density of the copolymer PLGA (1.25 g/cm3) [30].




2.6. Raman Spectroscopy


Raman spectra of the prepared PLGA scaffolds were obtained using a Raman spectrometer (NTEGRA NT-MDT AFM-Raman system, NT-MDT Spectrum Instruments, Moscow, Russia) integrated into an atomic force microscope (AFM, NTEGRA NT-MDT AFM system, NT-MDT Spectrum Instruments, Moscow, Russia). The spectra were obtained at 100× magnification by scanning the sample surfaces with a 532-nm laser in the green light region.




2.7. X-ray Crystallography


The crystalline structure of the PLGA scaffolds was investigated via X-ray diffraction (XRD) using an XRD 6000 X-ray diffractometer (Shimadzu, Kyoto, Japan). During the analysis, the following technological parameters were used: Cu-Kα radiation—λ = 1.54 Å; X-ray tube voltage—40 kV; X-ray beam current—30 mA; scanning angle range—10–80°; scanning speed—2°/min; scanning step—0.02°.




2.8. Sample Surface Wettability


A drop-shaped analyzer DSA-20 (Krüss, Hamburg, Germany) was employed to acquire water contact angles (WCA) and to take micrographs of water droplets after 2 s and after 1 min of their interaction with the surface of the PLGA scaffold samples. For each sample with an area of 3 × 1 cm2, three water droplets with a volume of 2 μL were dropped.




2.9. Mechanical Properties


The mechanical properties of the prepared PLGA scaffolds were evaluated using an Instron 3343 tensile tester (Illinois Tool Works, Glenview, IL, USA) equipped with an Instron 2519-102 static load cell of 50 N (Illinois Tool Works, Glenview, IL, USA). Traverse speed and area of the samples between the traverse jaws was 10 mm/min and 10 × 10 mm2, respectively. Three PLGA scaffold samples of each type were used for the mechanical tests.




2.10. In Vitro Scaffold Degradation


Degradation test were performed according to the ISO 10993-13:2010 standard [31]. PLGA scaffolds with a sample area of 2 × 2 cm2 were placed in 2.5 mL Eppendorf tubes filled with phosphate-buffered saline (PBS) with a pH of 7.3–7.5 (Rosmedbio, St. Petersburg, Russia). The mass of the PLGA samples was measured before immersion in PBS and ranged from 5 to 20 mg, while the height of the samples varied from 60 to 150 μm. After immersion, the tubes were placed in an incubation chamber (ITM, ITM.SHS, Tomsk, Russia) at 37 °C. The PBS solutions in the Eppendorf tubes were exchanged for new solutions every two weeks. After 1, 2 or 3 months, the PLGA samples were removed from the tubes and air-dried for 2 h. Thereafter, the residual water in the samples was removed in a vacuum chamber (Actan Vacuum, VTSH-K24-250-P, Moscow, Russia) at room temperature and a pressure of 100 Pa for 24 h.



After drying, the relative remaining dry mass (M%) of the samples was estimated using Equation (3) [32]:


  M % =    M  d r y      M 0    × 100 ,    



(3)




with M0 being the initial mass of the sample before the degradation process, and Mdry is the mass of the completely dried scaffold sample that was placed in PBS solution for 1, 2 or 3 months.



The surface morphology of PLGA samples immersed in PBS solution for 1, 2 or 3 months was evaluated using an SEM (for more details see Section 2.3). SEM micrographs were obtained at a magnification of 1000× and 5000× as well as an accelerating voltage of 15 kV. Prior to SEM analysis, PLGA samples were coated with gold to enhance electrical conductivity (for more details see Section 2.3). Histograms of the fiber diameters were evaluated as described in Section 2.3. Three samples of each type were used for this experiment.



The molecular weight distributions (number average molecular weight (Mn) and molecular weight (Mw)) of the PLGA scaffold samples before degradation and after degradation at 1, 2 or 3 months were analyzed by gel permeation chromatography (GPC) using a liquid chromatograph (Agilent 1200 Infinity Agilent Technologies, Santa Clara, CA, USA) equipped with a PLgel 5 µm MIXED-C column (Agilent Technologies, Santa Clara, CA, USA). For this purpose, all scaffold samples were dissolved in chloroform (Ekos-1, Moscow, Russia) at 0.8% w/w and filtered through a 0.45 μm syringe filter before elution. Polystyrene was used as the standard for calibration, and chloroform was used as the eluent at a flow rate of 1 mL/min.



The differences in the molecular weight distributions (ΔMn and ΔMw) were calculated via Equations (4) and (5):


  ∆  M n  = ∆  M  n i   − ∆  M  n o   ,  



(4)




where   ∆  M  n i     is the difference of Mn of the PLGA scaffolds immersed in PBS solution for 1, 2 and 3 months in PBS, and   ∆  M  n o     is the difference of Mn of PLGA scaffolds not immersed in PBS (Before PBS).


  ∆  M w  = ∆  M  w i   − ∆  M  w o   ,  



(5)




where   ∆  M  w i     is the difference of Mw of the PLGA scaffolds immersed in PBS solution for 1, 2 and 3 months in PBS, and   ∆  M  w o      is the difference of Mw of PLGA scaffolds not immersed in PBS (Before PBS).




2.11. Cell Adhesion, Cytotoxicity and Biocompatibility


2.11.1. Cell Line Preparation


For these assays, embryonic mouse fibroblasts of the 3T3-L1 cell line were used as a biological test model. This cell type was chosen because the cells have a fibroblast-like morphology and can thus be utilized to regenerate soft tissue on the surface of porous non-woven scaffolds [33,34]. Cells were grown in Dulbecco’s modified eagle medium (DMEM, Gibco, Billings, MT, USA) enriched with 2 mM glutamine (PanEco Ltd., Moscow, Russia), 10% fetal bovine serum (One Shot™, Thermo Fisher Scientific, São Paulo, Brazil) and antibiotics (50 IU/mL penicillin and 50 µg/mL streptomycin, PanEco Ltd., Moscow, Russia). Cultivation was carried out under standard conditions in a CO2 incubator (CB-170, Binder, Tuttlingen, Germany) with 5% carbon dioxide at 37 °C and 100% humidity. The cells were thus brought into the stable growth phase and used for the experiments.




2.11.2. Sample Treatment


The scaffolds investigated were PLGA scaffolds in the form of discs with a diameter of 10 mm. All discs were pre-sterilized in 99% ethanol (Rosbio, St. Petersburg, Russia) for 2 h and dried in a vacuum oven (Actan Vacuum, VTSH-K24-250-P, Moscow, Russia) at room temperature and 100 Pa for 24 h. All polymer discs were kept in sterile 24-well plates (SPL Life Sciences Co., Ltd., Pocheon, Republic of Korea) completely filled with 1 mL DMEM medium (the same as used for cell cultivation) for 5 days to solubilize potentially toxic polymer components from the scaffold samples. Daily visual inspection was performed on all samples. The DMEM medium with a volume of 1 mL per well without a sample disc was used as control. After 5 days of extraction of the toxic polymer components, the DMEM medium solutions were collected and analyzed for cytotoxicity and cell growth by cell morphology (via fluorescence microscopy) and standard cell viability assay (see below, Section 2.11.3).




2.11.3. Cell Viability Tests


To evaluate the cytotoxic effects of the polymer extracts, 3000 fibroblasts (counted with an automated cell counter (Countess 2FL, Thermo Fisher Scientific Inc., Waltham, MA, USA)) per well were seeded into the wells of a sterile 96-well plate (SPL Life Sciences Co., Ltd., Pocheon, Republic of Korea) at 24 h before the start of the tests. After 24 h, the medium in the wells was replaced with the 5-day DMEM medium extracts from the samples (preparation is described above in Section 2.11.2). All plates were then placed in an incubator (CB-170, Binder, Tuttlingen, Germany) and cultured under standard conditions at 37 °C and 5% CO2. Cell viability was assessed after 1, 3 and 5 days using MTT assays. For this purpose, the DMEM medium in the well plate was replaced with a solution of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide (MTT, PanEco Ltd., Moscow, Russia) at a concentration of 0.45 mg/mL and the well plate was placed in a CO2 incubator (CB-170, Binder, Tuttlingen, Germany) at 37 °C for 4 h. Thereafter, the MTT solution was removed and dimethyl sulfoxide (DMSO, PanEco Ltd., Moscow, Russia) was added to dissolve the formed formazan in a volume of 100 µL. The optical density of the samples was then measured at a wavelength of 570 nm employing a microplate photometer (Multiskan FC, Thermo Fisher Scientific Inc., Waltham, MA, USA). All optical density values measured were processed and the viability was calculated as a percentage of the control group.



The cell viability (V) was calculated according to Equation (4) [35]:


  V =   O  D  s c a f f o l d     O  D  c o n t r o l     × 100 % ,    



(6)




where ODscaffold is the optical density of cells on PLGA scaffolds, and ODcontrol is the optical density of cells on control samples.




2.11.4. Biocompatibility Testing


To assess the biocompatibility, the polymer discs were placed on the bottom of a 24-well plate (SPL Life Sciences Co., Ltd., Pocheon, Republic of Korea) and seeded with a fibroblast cell suspension at a concentration of 5 × 104 cells/mL. The monitoring of cell growth and assessment of cell density on the surface of the sample discs was performed after 1, 3 and 5 days by staining with fluorescent dyes (according to the protocol in the paragraph below). Fluorescent micrographs were taken using an inverted microscope (Zeiss AxioVert A1, Carl Zeiss AG, Oberkochen, Germany) and subsequent counting of cells was performed using ImageJ software 1.53v (for more details see Section 2.3). For each sample, at least 4 micrographs were taken at 100× magnification. The surface area of the micrographs was 1.278 mm2. After counting the cells of all micrographs, the mean values were calculated as the number of cells per 1.0 mm2 of the surface of the corresponding sample. The cell density ratio (CDR) was calculated as the ratio of the cell density on the PLGA scaffolds discs (NCscaffold) to the cell density on the control samples (NCcontrol) [35]:


  C D R =   N  C  s c a f f o l d     N  C  c o n t r o l     × 100 % .    



(7)








2.11.5. Cell Morphology, Cell Growth and Cell Viability


The morphology, growth, and viability of cells on the surface of the PLGA scaffold discs were investigated by fluorescence imaging using a Zeiss AxioVert A1 inverted microscope (Carl Zeiss AG, Oberkochen, Germany). A mixture of the vital fluorescent dyes Calcein AM (0.5 μg/mL) and Hoechst 33342 (1 μg/mL) in a volume of 200 µL was added to each scaffold sample disc with cells growing on its surface. Samples were kept in a CO2 incubator CB-170 (Binder, Tuttlingen, Germany) at 37 °C for 15 min, and then a microscopic examination was carried out. Images were obtained using ZEN pro 2.3 software (Carl Zeiss AG, Oberkochen, Germany).



The schematic overview of the fabrication of PLGA scaffolds by electrospinning and the further applied investigation methods are shown in Figure 1.






3. Results


3.1. Dynamic Viscosity of the Electrospinning Solutions


As the concentration of poly(lactic-co-glycolic acid) (PLGA) in the electrospinning solution increased, the dynamic viscosity also increased. The viscosities of the 2, 3, 4 and 5 wt.% electrospinning solutions were 169 ± 10, 336 ± 18, 745 ± 18, and 877 ± 35 mPa × s, respectively (Supplementary Information (SI) Figure S1).




3.2. Surface Morphology and Porosity of the Scaffolds


Scanning electron microscopy (SEM) micrographs taken at 1000× and 5000× magnifications and atomic force microscopy (AFM) images micrographs taken at scanning areas of 40 × 40 μm2, 1.0 × 1.0 μm2 and 0.5 × 0.5 μm2 of the 2, 3, 4, and 5 wt.% PLGA scaffold samples are shown in Figure 2.



From the SEM micrographs, it can be observed that the morphology of the PLGA scaffolds exhibited intertwined fibers (Figure 2a, first and second columns). As the PLGA concentration in the electrospinning solutions increased from 2 to 5 wt.%, the fiber diameter of the electrospun scaffolds also increased. For the PLGA scaffold samples, the fiber diameters immediately after fabrication were 0.79 ± 0.33 µm—2% PLGA scaffolds, 1.05 ± 0.38 µm—3% PLGA scaffolds, 1.36 ± 0.46 µm—4% PLGA scaffolds, and 1.79 ± 0.73 µm—5% PLGA scaffolds (Figure 3, Before PBS). In the case of the 5% PLGA scaffold samples, a few nanofibers with a size of 200–300 nm could be observed at 5000× magnification, in addition to microfibers (Figure 2a, second column).



As evident from the SEM micrographs, a fibrous structure on the PLGA scaffolds can also be seen on the AFM micrographs with a scanning area of 40 × 40 μm2 (Figure 2a, third column). The roughness values of the PLGA scaffolds at a scanned area of 40 × 40 μm2 were 713 ± 88 nm—2% PLGA scaffolds, 889 ± 36 nm—3% PLGA scaffolds, 996 ± 153 nm—4% PLGA scaffolds, and 1394 ± 208 nm—5% PLGA scaffolds (Figure 2b). As the PLGA concentration in the electrospinning solutions increased, the roughness of the fabricated PLGA scaffolds also increased for the values obtained at a scanning area of 40 × 40 μm2. The surfaces of individual PLGA fibers are represented in the AFM micrographs obtained in scanning areas of 1.0 × 1.0 µm2 and 0.5 × 0.5 µm2 (Figure 2a, fourth column). For the PLGA scaffold fibers, the surface roughness of individual fibers did not differ significantly: 3.58 ± 1.65 nm for 2% PLGA scaffolds, 2.83 ± 0.86 nm for 3% PLGA scaffolds, and 4.15 ± 1.84 nm for 4% PLGA scaffolds (Figure 2c). For 5% PLGA scaffolds, the surface roughness of the fibers was 17.67 ± 4.19 nm, which is 4–6 times higher than the roughness for the 2%, 3%, and 4% PLGA scaffolds (Figure 2c).



The porosity values measured by the gravimetric method (see Section 2.5 for more details) for the samples were 85% ± 3% for 2% PLGA scaffolds, 82% ± 4% for 3% PLGA scaffolds, 80% ± 5% for 4% PLGA scaffolds, and 74% ± 5% for 5% PLGA scaffolds (SI Figure S2).




3.3. Raman Spectroscopy and X-ray Diffraction


In each Raman spectrum of all scaffold samples investigated, the three most intense peaks can be observed at Raman shifts of 877 cm−1, 1458 cm−1, and 1775 cm−1 (SI Figure S3). No significant changes in the Raman spectra were observed with increasing PLGA concentrations in the electrospinning solution. From the Raman spectra, it can be concluded that the PLGA scaffolds prepared were of high purity and had no solvent residues.



The X-ray diffraction method (XRD) was used to demonstrate the amorphous structure of all PLGA scaffolds studied, as evidenced by the presence of broad halos in the range of 10°–30° on all diffractograms (SI Figure S4).




3.4. Wettability and Mechanical Properties


The water contact angles (WCA) of the PLGA scaffolds ranged from 126° to 129° ± 3° after 2 s of contact with the scaffold surfaces (Supplementary Material Figure S5, 2 s). After a one-minute interaction of the water droplets with the PLGA scaffold surfaces, the WCA values did not change significantly, and varied in the range of 125°–129° ± 3° (SI Figure S5, 1 min). As a result, the PLGA scaffolds prepared from electrospinning solutions with different PLGA concentrations showed almost identical WCA values with different morphologies. In addition, the water droplets on the surface of PLGA scaffolds were stable and their WCA did not change with up to 1 min of interaction with the samples.



The mechanical properties of the prepared PLGA scaffolds increased with increasing PLGA concentrations (from 2 wt.% to 5 wt.%) in the electrospinning solutions (SI Figure S6). The measurement results of the mechanical properties show that the PLGA scaffolds had the following tensile strength values: 4.0 ± 0.6 MPa for the 2% PLGA scaffolds, 4.7 ± 0.2 MPa for the 3% PLGA scaffolds, 5.5 ± 0.3 MPa for the 4% PLGA scaffolds, and 5.6 ± 0.3 MPa for the 5% PLGA scaffolds (SI Figure S6a). The maximum elongation values for the PLGA scaffolds were as follows: 161% ± 17% for the 2% PLGA scaffolds, 244% ± 19% for the 3% PLGA scaffolds, 353% ± 15% for the 4% PLGA scaffolds and 501% ± 24% for the 5% PLGA scaffolds (SI Figure S6b).




3.5. In Vitro Degradation Study


For all PLGA scaffolds, the remaining masses were in the range of 98–103% ± 5% after being immersed in phosphate-buffered saline (PBS) for 1, 2 or 3 months to assess hydrolytic degradation (SI Figure S7). This indicates that all PLGA samples did not significantly change their mass after immersion in PBS.



The molecular weights of the PLGA scaffolds were in the range of (1.88–2.22) × 105 g/mol for the number average molecular weight (Mn) and (3.38–3.89) × 105 g/mol for the molecular weight (Mw), respectively (SI Figure S8a,b). The average molecular weight difference (ΔMn) values were in the range of (−0.14–0.20) × 105 g/mol and the molecular weight differences (ΔMw) were in the range of (0.27–0.51) × 105 g/mol (SI Figure S8c,d). These results indicate that the molecular weights of all PLGA scaffolds were not significantly different after hydrolytic degradation over 1, 2 or 3 months.



Mean fiber diameters and histograms evaluated from SEM micrographs at 1000× magnification for all PLGA scaffold samples that were not immersed (Before PBS) and immersed in PBS for 1, 2 or 3 months are displayed in Figure 3.



The SEM micrographs of the PLGA scaffold samples after 1, 2 or 3 months in PBS show that the fibrous structure was retained in all samples (SI Figures S9 and S10). After one month of immersion of PLGA scaffolds in PBS, the SEM micrographs at 1000× and 5000× magnification show that the fibers were intact, with no significant defects. After the first month of immersion in PBS, the mean fiber diameters of the PLGA scaffolds were as follows: 0.82 ± 0.33 µm—2 wt.% PLGA scaffolds, 1.17 ± 0.44 µm—3 wt.% PLGA scaffolds, 1.28 ± 0.45 µm—4 wt.% PLGA scaffolds, and 1.95 ± 0.77 µm—5 wt.% PLGA scaffolds (Figure 3, 1 month). These values for the fiber diameters were not significantly different from the values for the PLGA scaffolds that were not immersed in PBS (Figure 3, Before PBS). This indicates that all PLGA scaffold samples showed no significant changes in morphology after 1 month in PBS.



After the PLGA scaffolds were immersed in PBS for 2 months, it can be observed that the morphologies did not change again significantly (SI Figures S9 and S10, 2 months). The fiber diameters of the PLGA scaffolds after 2 months in PBS were 0.85 ± 0.36 µm—2 wt.% PLGA scaffolds, 1.10 ± 0.45 µm—3 wt.% PLGA scaffolds, 1.33 ± 0.51 µm—4 wt.% PLGA scaffolds, and 1.83 ± 0.66 µm—5 wt.% PLGA scaffolds (Figure 3, 2 months). These results are again not significantly different from the mean fiber diameters of the PLGA scaffolds that were not immersed in PBS (Figure 3, Before PBS).



Finally, no significant changes in the scaffold surface morphologies were observed after 3 months. This conclusion is confirmed by the PLGA scaffolds mean fiber diameter values evaluated, which are as follows: 0.90 ± 0.39 µm for the 2 wt.% PLGA scaffolds, 1.08 ± 0.42 µm for the 3 wt.% PLGA scaffolds, 1.26 ± 0.47 µm for the 4 wt.% PLGA scaffolds, and 1.91 ± 0.67 µm for the 5 wt.% PLGA scaffolds (Figure 3, 3 months). These values of fiber diameters are again not significantly different from the fiber diameters for the PLGA samples that were not immersed in PBS (Figure 3, Before PBS). However, at a magnification of 5000× (SI Figure S10, 3 months), it can be seen that some fibers of the PLGA scaffolds appeared broken after 3 months in PBS.



As a result, it can be seen that there were no significant changes in the morphology and mean fiber diameter of the PLGA scaffold samples after being immersed in PBS for 1, 2, or 3 months.




3.6. Biological Properties


Optical fluorescence microscope images of mouse 3T3-L1 embryonic fibroblasts on PLGA scaffolds are presented in Figure 4.



The morphology of mouse 3T3-L1 embryonic fibroblasts on the PLGA scaffold samples can be observed on fluorescence micrographs (Figure 4). Cells were evenly distributed on the surfaces of all PLGA scaffolds, and no dead cells were observed. On the fifth day of incubation, a visual change in the color of the medium was observed on all samples, indicating an acidification process (Figure 4, Day 5). With an increase in the incubation time from 1 to 5 days, an increase in the amount of the cells was observed on all PLGA scaffolds. The cells were viable on all PLGA samples and displayed no visible differences between them. It should be noted that the morphological parameters of the cell cultures are comparable to those of the control group (medium without PLGA samples). This indicates a normal state of cell growth and cell division.



The assay results of cell adhesion, cell proliferative activities, and cytotoxicity of the 3T3-L1 cells on the PLGA scaffolds are shown in Figure 5.



The cytotoxicity, cell proliferative activity (via optical density) and cell adhesion studies showed that all PLGA scaffolds exhibited no toxic properties toward the mouse 3T3-L1 embryonic fibroblasts (Figure 4 and Figure 5).



Within 5 days, the optical density valued increase by 4.0–4.5 times for all PLGA scaffold extracts (Figure 5a). This indicates that the PLGA samples did not contain or release toxic compounds, and thus normal cell growth and cell division occurred. When examining the relative cell viabilities calculated from the optical densities, it can be observed that the normalized viability for all PLGA samples ranged from 97 to 105% ± 8% (Figure 5b). These values indicate that the cell densities of the PLGA samples extracts were not significantly different from those of the control samples. The cell densities assessed from fluorescence micrographs of 3T3-L1 fibroblasts on PLGA scaffolds (Figure 4) show that the cell densities increased from day 1 to 5, from 257–278 cells/mm2 ± 87 cells/mm2 to 943–1157 cells/mm2 ± 143 cells/mm2 (Figure 5c), indicating a 3.4–4.5-fold increase in cell quantity. On days 1 and 3, the numbers of cells were not significantly different for all PLGA samples (Figure 5c). However, on day 5, the number of cells on the surface of the scaffolds decreased slightly with increasing PLGA concentration (Figure 5c). On day 5, when the PLGA concentration in the electrospinning solutions increased by 1%, the number of cells on the corresponding PLGA scaffolds decreased by 3% to 10% (Figure 5c). The highest cell density ratio was observed on day 1 (Figure 5d). Thus, 2–29% more cells were observed on the PLGA scaffolds than in the medium without PLGA scaffolds (control). The lowest cell density ratio was observed on day 3, since the number of cells on the PLGA scaffolds was 31% to 45% lower than in the control group. On day 5, the number of cells on PLGA scaffolds was 9% to 26% lower than in the control group (Figure 5d).





4. Discussion


The directly proportional dependence of the viscosity of the PLGA spinning solution on the polymer concentration (SI Figure S1) is in agreement with reference [36]. As the polymer concentration in the electrospinning solution increases, its viscosity increases because the number of polymer chains in the solution increases. At a low concentration, the polymer chains in the solution hardly interact with each other because they are dispersed in the solvent, but at a high concentration, the polymer chains may start to intertwine with each other [36], which increases the viscosity of the electrospinning solution. Chain entanglement in the electrospinning solution is the main factor for the successful formation of polymer fibers by electrospinning [36]. The overlapping and entanglement of polymer chains in the solution allows the formation of stable charged fluid jets during electrospinning [37]. Moreover, the degree of entanglement of the polymer chains in the electrospinning solution can be roughly estimated by measuring the viscosity of the electrospinning solution and considering the concentration of the polymer in solution [36]. However, it should be noted that electrospinning solutions that are too viscous can negatively affect the formation of the charged fluid jet and thus the phase separation during the electrospinning process due to their high surface tension [37].



A significant increase in fiber diameter with increasing polymer concentration in solution has been reported in the literature [21,38]. The increase in fiber diameter with an increasing concentration of PLGA in the electrospinning solution from 2 wt.% to 5 wt.% is associated with an increase in the viscosity of the respective electrospinning solutions, as a result of which the surface tension is able to more strongly resist the Coulomb force [39], which leads to the formation of electrospinning jets with larger diameters. Fiber diameter is an important characteristic for electrospun scaffolds because their biological properties depend on this parameter [40].



An increase in the roughness of the nonwoven PLGA scaffold surfaces with an increase in the concentration of the electrospinning solutions also indicated an increase in pore sizes. This results from Equation (1), for the calculation of the root mean square roughness RRMS (Section 2.4). The increase in pore size is directly related to the increase in fiber diameter, thus a linear dependence of fiber diameters on the pore sizes of the electrospun scaffolds has been demonstrated in reference [41].



The high roughness of the 5 wt.% scaffolds indicates the pronounced relief of the individual fibers, and might be due to the fact that in some areas the fibers do not have the cylindrical form of the 2 wt.%, 3 wt.%, and 4 wt.% scaffolds, but are flattened, which can be seen from the SEM micrographs at 5000× magnification (Figure 2a, second column). In addition, the fibers in the nanometer diameter range of the 5 wt.% scaffolds also showed increased surface topography and roughness when stacked on fibers in the micrometer diameter range.



As the concentrations of the electrospinning solutions increased, the porosity of the prepared PLGA scaffolds decreased only insignificantly (SI Figure S2). These results are consistent with those reported in the literature [42], where smaller porosity values were observed for electrospun scaffolds with larger fiber diameters. Likewise, it is shown in reference [43] that increasing the polymer concentration in the electrospinning solution increases the resulting fiber diameter, while decreasing the porosity of the electrospun scaffolds. The porosity of electrospun scaffolds, resulting from the fiber diameter and pore size, is an important parameter that can be used to predict the cellular activity of the scaffolds [44].



The position, shape and intensity of the peaks in the Raman spectra (SI Figure S3) indicate that all the samples investigated are scaffolds composed of the copolymer PLGA [45]. This fact is confirmed by the observation that the shape and intensity of the Raman spectra of the PLGA scaffolds did not change with increasing PLGA concentrations in the electrospinning solutions.



The halos obtained in the XRD diffractograms (SI Figure S4) are usually related to the copolymer PLGA [46]. The amorphous structure of PLGA scaffolds indicates that the polymer chains in the scaffold are irregularly arranged, and do not possess a long-range order. Depending on the stereochemistry, composition and molar ratio of glycolic acid and lactic acid, PLGA can be semi-crystalline or amorphous [47]. Amorphous copolymers are the result of disordered polymer chains [48], and the preparation of PLGA with a high degree of crystallinity is a complicated task because increasing the amount of glycolic acid in the copolymer increases the degree of racemization [49]. In drug delivery and other biomedical applications, amorphous PLGA is preferable to semi-crystalline PLGA because the active pharmaceutical agents and other biologically active compounds are more homogeneously distributed in amorphous PLGA [50,51]. Although the morphology of the scaffold changes significantly and the porosity decreases slightly, this does not affect the wettability of the scaffold. High WCA values (SI Figure S5) and thus hydrophobic properties are typical for electrospun PLGA scaffolds [52,53].



The observation that the mechanical properties of PLGA scaffolds improve with increasing PLGA concentration in the electrospinning solutions can be explained by the significant difference in morphology, since the polymer samples with the highest fiber thickness have the highest mechanical properties, while the scaffolds with the lowest fiber thickness have the lowest (Figure 3 and SI Figure S6). These results correlate with those in references [54,55], which reported that the mechanical properties (stiffness, tensile strength, elongation) depend linearly on the fiber thickness of electrospun scaffolds. Nevertheless, there are research articles in which the mechanical properties (tensile strength, elastic modulus) of electrospun scaffolds decrease with increasing fiber diameter [56,57]. Moreover, as the polymer concentration increases, the fiber diameter increases, but the mechanical properties may increase [21] or decrease [22]. This indicates that the dependence of mechanical properties of scaffolds on polymer concentration is complex, and that it is not always possible to predict the mechanical properties of scaffolds based on fiber size alone. Thus, in addition to the fiber size, the porosity of the scaffolds must also be determined, as it is also an important factor influencing the mechanical properties of the scaffolds. As porosity decreases, the compression strength [58], compression modulus [58,59] and elastic modulus [60] of the polymeric scaffolds decrease. Thus, the increase in mechanical properties with increasing PLGA concentration in the electrospinning solutions can be explained by the decrease in scaffold porosity. In the case studied here, less porous scaffolds have better mechanical properties due to their higher density, which can be derived from Equation (2) (Section 2.5). Electrospun scaffolds must have high mechanical properties to prevent their destruction under deformation forces, because when the mechanical integrity of the scaffolds is violated during deformation, the entire tissue engineering scaffold becomes unusable [22]. The mechanical properties of the electrospun scaffolds are an important factor determining their application in tissue engineering [22]. Depending on the mechanical properties of the PLGA scaffolds produced, they can be also effectively applied to regenerate skin tissue. In order to use scaffolds for skin regeneration, their mechanical properties should be similar to those of native skin, with a tensile strength of 5 MPa to 30 MPa and a relative elongation of 35% to 115% [61]. However, in reference [62], it has been reported that human skin can stretch up to 3.07 times. Therefore, the 4 wt.% PLGA scaffolds prepared in this study can be selected as the optimal samples in terms of mechanical properties, since their tensile strength is 5.5 ± 0.3 MPa and their maximum elongation at break is 353% ± 15% (SI Figure S6), which are as close as possible to the values reported in the literature [61,62]. Scaffold samples prepared with 2 wt.% and 3 wt.% of PLGA are not suitable because their tensile strength was below 5 MPa and their maximum elongation at break was less than 307%. In comparison, the scaffold samples prepared with 5 wt.% PLGA showed high tensile strength, but their maximum elongation at break significantly exceeded the value of 307%.



The hydrolytic degradation of PLGA can be divided into four steps: (1) the hydration step, in which water penetrates the copolymer and causes hydrogen bond cleavage between the polymer chains; (2) the initial degradation step, in which covalent bonds are broken, resulting in a decrease in molecular weight; (3) the constant degradation step, in which the covalent bonds are broken from the polymer backbone, leading to a decrease in the mass and a loss of its integrity; (4) the step of solubilization, in which individual polymer fragments are broken down into molecules that are subsequently dissolved in the surrounding aqueous medium [50]. In the case studied here, the degradation of PLGA scaffolds did not reach the second and the third steps because no significant changes in molecular weight and mass were observed for each of the PLGA samples, which were immersed in PBS for 1, 2 and 3 months (SI Figures S7 and S8).



The degradation rate of a PLGA scaffold slows down mainly with the increase in molecular weight [63] and with the increase in the ratio of the monomers lactic acid (LA) to glycolic acid (GA) (LA/GA) [64]. In reference [65], electrospun PLGA scaffolds (monomer ratio: LA:GA = 75:25, Mw = 66,600–107,000 g/mol) lost 10% of their initial mass after 1 month and 14.8% after 2 months in PBS. For electrospun scaffolds of pure polylactic acid (PLA) with an extremely high molecular mass (Mw = 450,000 g/mol), the remaining mass of the scaffolds did not change over 45 days in PBS [66]. Also, in [67], it is shown that poly(L-lactic acid) with the highest molecular weight lost its molecular weight the slowest, over a period of 20 weeks. Regarding the study performed here, the retention of residual mass for all PLGA scaffolds in PBS for 3 months can be explained by the fact that the PLGA used had a high LA/GA monomer ratio (85/15) and an extremely high Mw (338,000 g/mol) (see Section 2.1). PLGA scaffolds with high molecular weight and amorphous structure could be excellent carriers for drug delivery and provide long-term release of one to six months [48]. The LA/GA monomer ratio used here (85/15) is very common for PLGA scaffolds and has been shown to be effective for the regeneration of nerves [68], bone [69,70] and soft tissue [71,72].



The absence of changes in morphology and mean fiber diameter after the immersion of PLGA samples in PBS for 1, 2, or 3 months (Figure 3, SI Figures S9 and S10) may be related to the retention of the initial mass (SI Figure S7) and initial molecular weight (SI Figure S8) of the copolymer PLGA and its monomer ratio (LA/GA). In reference [73], it is reported that the hydrolytic degradation of PCL/PLGA electrospun scaffolds (PCL—Mw = 80,000 and PLGA—LA/GA = 80/20, Mw = 200,000) is extremely slow, since no significant differences in morphology were observed in SEM micrographs after 150 days in PBS. Moreover, it is reported in reference [74] that the residual masses and SEM micrographs of electrospun scaffolds immersed in PBS for 3 months were similar to those of scaffolds not immersed in PBS.



All PLGA samples showed no toxicity towards 3T3-L1 fibroblasts (Figure 4 and Figure 5). There are a number of studies showing that electrospun PLGA scaffolds have good biocompatibility with fibroblasts [18,75] and other cell types [16,76]. The decrease in the fibroblast density on PLGA scaffolds with increasing PLGA concentration in the electrospinning solutions (Figure 5c) might be related to the increase in fiber diameter and pore size, which promotes cell migration into the bulk volume of the scaffolds. Cell proliferation and migration on electrospun scaffolds with a mean fiber diameter less than 0.25 μm occurs mainly at the surface of the scaffolds, and as the fiber diameter increases, the cells will penetrate into the bulk volume of the scaffold [77]. This is due to the fact that as the fiber diameter increases, the pore size of electrospun scaffolds also increases [77], which promotes cell migration into the scaffold bulk volume. Hence, if the polymer concentration in the electrospinning solutions increases, the diameters of the fibers in the PLGA scaffolds also increase, allowing the 3T3-L1 cells to better migrate from the scaffold surface to the inner scaffold structure. Cell migration into the bulk volume of the scaffold is an essential condition for the successful integration of the scaffold into the surrounding tissue [78]. Therefore, the decrease in density of 3T3-L1 cells with an increasing PLGA concentration in the electrospinning solutions may be a positive factor indicating the possibility of cell migration into the bulk volume of the scaffold. Nevertheless, it should be considered that cell proliferation in the case of PLGA scaffolds may not change [23], or may increase [19] with the increase in PLGA concentration in the electrospinning solutions and the corresponding increase in fiber diameter. Therefore, to evaluate the effect of polymer concentration on the biological properties of scaffolds, it is necessary to investigate not only how the fiber diameter changes, but also how the pore size, porosity, fiber orientation, etc., change. The decrease in cell density on PLGA scaffolds with increasing polymer concentrations in the electrospinning solutions could be related to a decrease in porosity [42]. For these reasons, the lowest cell density was observed for the 5% PLGA scaffold samples with the highest average fiber diameters (Figure 3) and the lowest porosity values (SI Figure S2). These findings could also explain why the optical density did not change with increasing PLGA electrospinning solution concentration (Figure 5a). This is due to the fact that only extracts of PLGA samples were studied, which can only be used for the analysis of toxic substances in scaffolds their morphological differences are not taken into account, which are essential factors relating to cell adhesion and proliferative activity.



Nevertheless, it is important to understand that the dependence of biological properties on the morphology of scaffolds is multifactorial, since a large number of different factors such as fiber diameter, pore size, porosity, etc., have to be considered [77]. Therefore, there are research articles in which the non-corresponding dependencies of biological properties on the diameter of electrospun scaffold fibers have been investigated [79,80,81].




5. Conclusions


Poly(lactide-co-glycolide) scaffolds were fabricated via electrospinning from electrospinning solutions containing four different concentrations of poly(lactide-co-glycolide) (2 wt.%, 3 wt.%, 4 wt.%, and 5 wt.%). With increasing concentrations of poly(lactide-co-glycolide), the viscosity of the electrospinning solutions increased from 169 ± 10 mPa × s to 877 ± 35 mPa × s, the mean fiber diameter increased from 0.79 ± 0.33 µm to 1.79 ± 0.73 µm, the micro-roughness increased from 713 ± 88 nm to 1394 ± 208 nm, and the nano-roughness increased from 3.58 ± 1.65 nm to 17.67 ± 4.19 nm. Unsurprisingly, the Raman spectra and X-ray diffraction patterns do not depend on the concentration of poly(lactide-co-glycolide) in the electrospinning solutions. The wettability does not change for all samples and is in the range of 125°–129° ± 3°. Moreover, the tensile strength increases from 4.0 ± 0.6 MPa to 5.6 ± 0.3 MPa, and the maximum elongation at break increases from 161% ± 17% to 501% ± 24%. During the in vitro study to evaluate hydrolytic degradation, it was found that the mass, molecular weight and morphology of poly(lactide-co-glycolide) scaffold samples remained almost unchanged during 1, 2 or 3 months of being immersed in PBS, which is related to the high monomer ratio of lactic acid to glycolic acid and the high molecular weight of the copolymer poly(lactide-co-glycolide) being used. Examination of the biological properties revealed that all poly(lactide-co-glycolide) scaffold samples were not cytotoxic towards mouse 3T3-L1 embryonic fibroblasts, and that cell densities did not vary among the different scaffold samples. However, on the fifth day of the in vitro assays, a decrease in the number of cells was observed with an increasing concentration of poly(lactide-co-glycolide) in the electrospinning solutions from which the scaffolds were prepared. Poly(lactide-co-glycolide) scaffolds prepared from a 4 wt.% electrospinning solution exhibited optimal mechanical and biological properties and could be recommended for use in skin tissue regeneration. Such scaffolds prepared with 4 wt.% PLGA showed a mean fiber diameter of 1.36 ± 0.46 µm, a roughness in the scanning area of 40 × 40 µm2 of 996 ± 153 nm, a porosity of 80% ± 5%, a tensile strength of 5.5 ± 0.3 MPa, a maximum elongation at break of 353% ± 15%, and a cell density of 1038 ± 63 cells/mm2 obtained at the fifth day of the in vitro assay. In comparison, scaffolds fabricated with 2 wt.% and 3 wt.% poly(lactide-co-glycolide) showed a tensile strength of 4.0 ± 0.6 MPa and 4.7 ± 0.2 MPa, and a maximum elongation at break of 161% ± 17% and 244% ± 19%, respectively, which in turn is too low for skin tissue regeneration, making them unsuitable for this application. The scaffolds prepared with 5 wt.% poly(lactide-co-glycolide) showed an elongation at break value that is too high (501% ± 24%). Additionally, these scaffolds prepared with 5 wt.% poly(lactide-co-glycolide) showed the lowest porosity (74% ± 5%), which may have had a negative effect on their biological properties.
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Figure 1. Schematic illustration of the preparation of poly(lactide-co-glycolide) (PLGA) scaffolds and their further investigation. In the first stage, PLGA scaffolds were formed by electrospinning from electrospinning solutions with PLGA concentrations of 2, 3, 4, and 5 wt.%. The second section of this figure provides an overview of all the investigation methods performed in this study. 
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Figure 2. (a) SEM micrographs at 1000× (first column) and 5000× (second column) magnification and AFM micrographs taken at scanning areas of 40 × 40 μm2 (third column), 1.0 × 1.0 μm2 and 0.5 × 0.5 μm2 (fourth column) of poly(lactide-co-glycolide) (PLGA) scaffolds fabricated from electrospinning solutions containing different concentrations of PLGA (2, 3, 4, 5 wt.%), as well as the roughness of PLGA scaffolds prepared from electrospinning solutions with different PLGA concentrations (2, 3, 4 and 5 wt.%) dissolved in hexafluoro-2-propanol (HFIP). The roughness has been measured by atomic force microscopy (AFM): (b) roughness determined at a scanning area of 40 × 40 μm2 and (c) roughness measured at scanning areas of 1.0 × 1.0 μm2 and 0.5 × 0.5 μm2. 
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Figure 3. Mean fiber diameters (bars in the corresponding color) and histograms (distribution line in black) assessed from scanning electron microscopy (SEM) micrographs at 1000× magnification of poly(lactide-co-glycolide) (PLGA) scaffolds not immersed (Before PBS, olive) and immersed in phosphate-buffered saline (PBS) for 1 (light blue), 2 (purple) or 3 months (beige) and fabricated from solutions with different concentration (2, 3, 4 and 5 wt.%) of PLGA dissolved in hexafluoro-2-propanol (HFIP). 
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Figure 4. Fluorescence micrographs of 3T3-L1 cells on PLGA scaffolds at 100× magnification on the first, third and fifth days of cell incubation. The PLGA scaffold was prepared from electrospinning solutions containing different concentrations of PLGA (2, 3, 4, and 5 wt.%). 
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Figure 5. Assay results of cell cultivation and cytotoxicity with mouse 3T3-L1embryonic fibroblasts: (a) Cell proliferative activity as optical density at 570 nm with PLGA scaffold sample extracts; (b) cytotoxicity assay as cell viability in percent for the investigated PLGA scaffold extracts; (c) cell densities of 3T3-L1 cells on the PLGA scaffolds determined from optical fluorescence micrographs (see Figure 4); (d) cell density ratio in percent calculated according to Equation (5) (Section 2.11.4). 
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