

  polymers-15-04332




polymers-15-04332







Polymers 2023, 15(21), 4332; doi:10.3390/polym15214332




Article



A Dexamethasone-Loaded Polymeric Electrospun Construct as a Tubular Cardiovascular Implant



Stavroula Kyriakou 1, Sergio Acosta 1, Ikram El Maachi 1, Stephan Rütten 2 and Stefan Jockenhoevel 1,3,*





1



Department of Biohybrid & Medical Textiles (BioTex), AME—Institute of Applied Medical Engineering, Helmholtz Institute, RWTH Aachen University, 52074 Aachen, Germany






2



Electron Microscopy Facility, University Hospital RWTH Aachen, 52074 Aachen, Germany






3



AMIBM—Aachen-Maastricht-Institute for Biobased Materials, Maastricht University, 6167 RD Geleen, The Netherlands









*



Correspondence: jockenhoevel@ame.rwth-aachen.de







Citation: Kyriakou, S.; Acosta, S.; El Maachi, I.; Rütten, S.; Jockenhoevel, S. A Dexamethasone-Loaded Polymeric Electrospun Construct as a Tubular Cardiovascular Implant. Polymers 2023, 15, 4332. https://doi.org/10.3390/polym15214332



Academic Editors: Alenka Ojstršek, Manja Kurečič and Silvo Hribernik



Received: 10 October 2023 / Revised: 3 November 2023 / Accepted: 4 November 2023 / Published: 6 November 2023



Abstract

:

Cardiovascular tissue engineering is providing many solutions to cardiovascular diseases. The complex disease demands necessitating tissue-engineered constructs with enhanced functionality. In this study, we are presenting the production of a dexamethasone (DEX)-loaded electrospun tubular polymeric poly(l-lactide) (PLA) or poly(d,l-lactide-co-glycolide) (PLGA) construct which contains iPSC-CMs (induced pluripotent stem cell cardiomyocytes), HUVSMCs (human umbilical vein smooth muscle cells), and HUVECs (human umbilical vein endothelial cells) embedded in fibrin gel. The electrospun tube diameter was calculated, as well as the DEX release for 50 days for 2 different DEX concentrations. Furthermore, we investigated the influence of the polymer composition and concentration on the function of the fibrin gels by imaging and quantification of CD31, alpha-smooth muscle actin (αSMA), collagen I (col I), sarcomeric alpha actinin (SAA), and Connexin 43 (Cx43). We evaluated the cytotoxicity and cell proliferation of HUVECs and HUVSMCs cultivated in PLA and PLGA polymeric sheets. The immunohistochemistry results showed efficient iPSC-CM marker expression, while the HUVEC toxicity was higher than the respective HUVSMC value. In total, our study emphasizes the combination of fibrin gel and electrospinning in a functionalized construct, which includes three cell types and provides useful insights of the DEX release and cytotoxicity in a tissue engineering perspective.
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1. Introduction


Cardiovascular diseases constitute a significant burden worldwide [1]. In response to this pervasive health issue, tissue engineering has emerged as a promising avenue, offering numerous solutions for treating various cardiovascular diseases. These solutions encompass a wide spectrum, ranging from arterial replacements, vascular conduits, perivascular implants, heart valves, and myocardium and cardiovascular implants [2]. Yet, within this intricate landscape of cardiovascular health, a distinct pathological condition prevails—atrioventricular block, primarily attributed to idiopathic fibrosis of the conduction system. Remarkably, this condition can manifest without the presence of overt heart disease [3]. Management of atrioventricular block often necessitates pacemaker implantation, depending on the degree of signal delay [4,5]. However, while these electronic pacemakers have significantly advanced the field of cardiology, they are not without their limitations, particularly when implanted in pediatric patients, where the adverse impact on quality of life becomes especially pronounced [6,7,8].



In recent years, there has been a growing interest in the development of biologic pacemakers as an alternative to traditional electronic pacemakers. This paradigm shift seeks to leverage the potential of induced pluripotent stem cell-derived cardiomyocytes (iPSC-CMs) in the creation of self-regulating cardiac pacemakers. In this context, numerous approaches involving induced pluripotent stem cell-derived cardiomyocytes (iPSC-CMs) have been explored. Due to the drawbacks associated with pacemaker implantation in pediatric patients, many studies have investigated cell-based approaches to restore the electrical signal. For instance, the tissue maturity of iPSC-CMs was tested in a platform providing exogenous biophysical stimuli [9] and many more studies have investigated the three-dimensional heart tissues [10]. Chaveau et al. proved that iPSC-CMs induce in vivo pacemaker function [11], while Zhang et al. created engineered conductive tissue derived from cardiac progenitor cells [12]. However, for the evaluation of the tissue-engineered heart tissues, there are different systems needed [13].



Moreover, various cutting-edge technologies have been harnessed to produce scaffolds tailored for cardiac tissue engineering. These encompass microfluidics [14], 3D printing [15] and organoids [16]. Notably, electrospinning has emerged as a crucial biofabrication method, offering the versatility to create fibers of varying dimensions [17,18,19]. Many polymers have been processed via the electrospinning method to be used as scaffolds for cell seeding afterwards. For instance, Johanne et al. cultivated human cardiomyocytes on collagen scaffolds to induce cardiac remodeling in delated cardiomyopathy [20]. Moreover, Li et al. seeded human iPSC-CMs on PMGI fibers through extracellular recording [21]. Furthermore, PCL was used to investigate the influence of anisotropic and oriented scaffolds on iPSC-CMs [22,23], while Chun et al. combined PCL with polyethylene glycol and carboxylated polycaprolactone to facilitate in vitro maturation of iPSC-CMs [24].



Beyond the application of polymeric scaffolds alone, studies have delved into the combination of polymers with glucocorticoid steroids for enhancement cell treatment [25,26]. Dexamethasone (DEX), a glucocorticoid steroid with a rich therapeutic history spanning the treatment of multiple sclerosis, allergies, cerebral edema, inflammation, and shock [27], has shown promise in promoting robust T-tubule development and enhancing extracellular cardiomyocyte coupling within scaffolds [28,29]. However, it is noteworthy that glucocorticoids have been associated with increased cytotoxicity levels in vascular endothelial cells [30].



In this study, we are fabricating polymeric tubular constructs made of PLA and PLGA including DEX using the electrospinning method and evaluating the release profiles of DEX from these constructs. Additionally, we describe the methodology employed to embed three distinct cell types within fibrin gel molds housed within the polymeric tubular constructs. Our investigation extends to assess cell viability by monitoring the expression of critical extracellular matrix proteins. Furthermore, we undertake an evaluation of cytotoxicity and cell proliferation concerning human umbilical vein endothelial cells (HUVECs) and human umbilical vein smooth muscle cells (HUVSMCs) on polymeric sheets. The overarching goal of this study is to develop a polymeric construct capable of retaining iPSC-CM, HUVEC, and HUVSMC functionality while enabling the controlled release of DEX. Overall, we aim to clarify some critical parameters in the development of biologic pacemakers as innovative solutions for cardiac rhythm management.




2. Materials and Methods


Poly(l-lactide) (PLA) (Sigma Aldrich, Saint Louis, MO, USA, MW 85,000–160,000) and Poly(d,l-lactide-co-glycolide) (PLGA) (Sigma-Aldrich Saint Louis, MO, USA, lactide: glycolide 75:25, mol wt 66,000–107,000) were dissolved in a solvent system containing 2,2,2-Trifluorethanol (Carl Roth, Karlsruhe, Germany, >99.8%) and chloroform (Sigma Aldrich, Saint Louis, MO, USA, ≥99.8%) in a 4:1 ratio. The polymer concentration was 150 mg/mL. The solutions were magnetically stirred at room temperature for 8 h at 500 rpm and used within 2 days. DEX (Sigma-Aldrich Saint Louis, MO, USA, BioReagent, ≥97%) was added in the polymer powder (added glass bottles before adding the solvent) for the preparation of solutions containing 20 mg/mL and 40 mg/mL of DEX. Table 1 lists an overview of the samples prepared and their abbreviations.



2.1. Fabrication of the Fibrillary Scaffolds by Electrospinning


The electrospinning method, as described by Doshi and Reneker [31], was applied using a syringe pump (Igus, Cologne, Germany). The collector was either a metal rod (for the tubular structures) or aluminum foil (for the flat structures) and the distance from the needle was fixed at 12 cm (Figure 1). The pump flow rate was 0.5 mL/h with an applied voltage of 10 kV in the polymer solution. A negative voltage with a value of 0.5 kV was applied to the collector. The temperature was maintained at 40 °C and the humidity at 15%. Each electrospinning process ran for 30 min and the constructs were incubated under the same temperature and humidity conditions overnight to achieve efficient solvent evaporation.




2.2. Scanning Electron Microscopy


Scanning electron microscopy (SEM) was used to evaluate the fibrillar microstructure of the different configurations for the tubular constructs. The samples were sputter-coated with 12.5 nm Pd-Au (EM SCD500, Leica, Wetzlar, Germany). To observe the interior of the fibers, samples were glued to carbon tape and carefully fractured, splitting the fiber and exposing the interior. Samples were analyzed in high-vacuum mode using an ESEM XL 30 FEG (FEI, Eindhoven, Netherlands) at an acceleration voltage of 10 kV.




2.3. Evaluation of the Electrospun Fiber Diameter


For the diameter measurement, random SEM micrographs from three different samples were analyzed. The sample images in magnification 5000× were used for each polymer concentration. The Diameter Jplug-in (software version 1.018) from the Image J (software version 1.51 w) [32] was used for the image processing. The best segmentation image was selected, and the diameter was expressed as the mean fiber diameter from the triplicates selected.




2.4. Drug Release Study


The tubular constructs were removed from the metal rods and placed in 0.9 mm diameter cannulas. As for the sheets, they were cut into 1 cm2 pieces and used for the cytocompatibility tests. The constructs were sanitized using UV irradiation for 1 h at room temperature. After the sanitation, the 20 mg/mL and 40 mg/mL DEX containing polymeric cylindrical samples were added to Eppendorf vials (Thermo Fisher, Waltham, MA, USA), immersed in 1 mL PBS, and incubated in a platform shaker at 37 °C for 50 days (Titramax 1000, Heidolph Instruments, Schwabach, Germany). For each sample measurement, 2 µL of the solution was used and the concentration of the drug in the solutions was measured with a Nanodrop One C device (Thermo Fisher, Waltham, MA, USA) at 242 nm. The mass of the released DEX was calculated using a standard curve based on Equation (1) (Figure S1), where y is the calculated mass of dexamethasone in µg/mL and x is the absorption measured at 242 nm. The data were expressed as a percentage of DEX release based on the initial amount of dexamethasone added to the polymer solution.


  y = 47.071 × x + 0.5448  



(1)







Equation (1)—Calibration curve for dexamethasone.




2.5. Hydrogel in the Polymer Tubular Structures


Fibrin gels containing iPSC-CMs, HUVSMCs, and HUVECs, or only HUVSMCs or HUVECs were prepared. The concentration of the cell suspension was 1 million/mL, 1 million/mL, and 15 million/mL for HUVSMCs, HUVECs, and iPSC-CMs, respectively. Briefly, the solutions for the fibrin polymerization were prepared as described by Keijdener, et al. [33]. The molding procedure took place either in the polymeric tubular constructs or on top of the polymeric sheets (Figure 2). The iPSC-CMs containing gels were cultivated with a medium consisting of 25% DMEM (Thermo Fisher, Waltham, MA, USA), 25% EGM-2 (PromoCell, Heidelberg, Germany) and 50% Plyricyte medium (Ncardia, Leiden, The Netherlands) supplemented with Aprotinin (1000 U/mL, Nordic Group, Singapore) and antibiotic medium (ABM, Pan Biotech, Aidenbach, Germany). The other 2 kinds of samples were cultivated using ABM and aprotinin only with DMEM for the HUVSMCs and only with EGM-2 for the HUVECs. The medium was changed at day 2, 4, 6, 8, 10, 12, and 14. For the samples containing iPSC-CMs, cylindrical fibrin gels were prepared as previously described [34], and were inserted inside the polymeric tubular structures on day 3, 7, and 10 of the cultivation period.




2.6. Cell Culturing


Human umbilical vein smooth muscle cells (HUVSMCs) and human umbilical vein endothelial cells (HUVECs) were handled as described previously [35]. After written consent, The University Hospital Aachen, Aachen, Germany provided the umbilical cords by the RWTH Aachen University Centralized Biomaterial Bank (cBMB) according to its regulations, following the RWTH Aachen University, Medical Faculty Ethics Committee’s approval (cBMB project number 323). For the HUVSMCs, Dulbecco’s Modified Eagle’s Medium (DMEM, Thermofischer, Waltham, MA, USA) supplemented with 10% FCS was used, while for HUVECs, EGM (PromoCell, Heidelberg, Germany) was supplemented with 1% FCS, basic Fibroblast Growth Factor, Insulin-like Growth Factor, Vascular Endothelial Growth Factor 165, Ascorbic Acid, Heparin, and Hydrocortisone. Both HUVSMCs and HUVECs were up to passage 5. Induced pluripotent stem cell cardiomyocytes (iPSC-CMs) and their culture medium (Plyricyte) were purchased by Ncardia, (Leiden, the Netherlands). The iPSC-CMs were plated using 10 μg/mL fibronectin (Sigma-Aldrich, Saint Louis, MO, USA), while for the HUVECs, 2% gelatin (Sigma-Aldrich, Saint Louis, MO, USA) was used. The HUVSMCs and HUVECs were cultured at 37 °C, 5% CO2; the medium was changed every three days and they were up to passage 5. Trypsin (Thermo Fisher, Waltham, MA, USA) was used to dissociate the HUVSMCs and HUVECs, while TrypLE Select Enzym (1×, Thermofischer, Waltham, MA, USA) was used for the iPSC-CMs.




2.7. Immunohistochemistry


For sample fixation, 4% PFA solution (Carl-Roth, Karlsruhe, Germany) was used at room temperature for 1 h. Afterwards, the samples were washed twice with PBS (Thermofischer, Waltham, MA, USA) and stored at 4 °C until the staining process. For cell membrane permeabilization, 5% normal goat serum and 0.1% Triton X-100 (Sigma-Aldrich, Saint Louis, MO, USA) in PBS were used. The primary antibody incubation took place overnight at 37 °C. Subsequently, the samples were washed two times with PBS and incubated for 8 h at 37 °C. The samples were then incubated with the secondary antibody. After the last washing step, the nuclei were stained with DAPI, incubated for 15 min at 37 °C, and washed three times. The samples were stored at 4 °C in PBS containing 1% ABM until visualization. Table 2 lists the primary and secondary antibodies used. Samples were embedded in 2% agarose gel in PBS and visualized by two-photon laser-scanning microscopy (TPLSM) using an Olympus FluoView 1000MPE with a 25× water objective (NA 1.05, Olympus, Tokyo, Japan), a mode-locked MaiTai DeepSee Titanium-Sapphire Laser (Spectra-Physics, Stahnsdorf, Germany), and FluoView FV 10 4.2 acquisition software.




2.8. Beating Frequency


An Okolab heating box (Ottaviani, NA, Italy) was used to incubate the constructs at 37 °C and 5% CO2 which were visualized with a Nikon Ti-Eclipse epifluorescence microscope TI-S-CON (Tokyo, Japan). For each sample, a video with duration 1 min was recorded and the beating frequency per minute was calculated considering the iPSC-CM spots beating simultaneously.




2.9. Quantification of the Markers


The images were evaluated using Imaris Software (version 9.3). The pixels were counted using the masking option in the surfaces menu for the three different colors (blue, red, green) and the whole set of volume was used for the quantification of the different markers.




2.10. Cell Proliferation


The proliferation of HUVECs and HUVSMCs was evaluated by using a Cell Counting Kit 8 (WST-8/CCK8) (ab228554, Abcam, UK). The samples used were either fibrin gels molded on top of the polymeric sheets or polymeric sheets embedded in the respective cell suspension in a concentration of 10,000 cells/cm2. The results were expressed as number of living cells, measuring the absorbance at 450 nm. The assay was performed on day 1, 3, and 7 of the cultivation.




2.11. Cytotoxicity Evaluation


The cytotoxicity of the polymeric constructs was evaluated through the Lactate Dehydrogenase (LDH) Assay Kit (ab197000, Abcam, UK). The polymeric squares were placed in 48-well plates and the cell suspension (HUVSMCs or HUVECs) was added on them with a concentration of 100,000 cells/mL. The cells were treated with 0.1% Triton X-100 for the positive control, while the negative control was composed only of cells cultured on gelatin. The lactate dehydrogenase activity was measured in the samples and the cytotoxicity was expressed as relative fluorescence units (ΔRFU).




2.12. Statistics


All data were represented as mean-SD from three experiments. For the DEX release, the beating frequency, the LDH activity, and the diameter measurements, one-way analysis of variance (ANOVA) was performed using Graph Pad Prism (version 8.4.2). For the quantification of the TPLSM results and the cell proliferation, Tukey´s multiple comparisons test with two-way analysis of variance (ANOVA) was selected. A p-value < 0.05 was considered statistically significant.





3. Results


3.1. Fiber Diameter Measurement


Figure 3a–f present the SEM micrographs of the PLA and PLGA constructs with varying concentrations of DEX. Supplementary Figure S1 presents the SEM micrographs used for the diameter measurement (Figure S2a–f) and the representative tubular structure of the constructs, too (Figure S2g–i). The PLA fibrillary constructs exhibited the fibers with the highest diameter, closely followed by the 20 PLGA constructs, while the 40 PLA constructs showed the fibers with the smallest diameter. Looking more deeply into each polymer, the fiber diameter difference between the PLA and the 40 PLA was 40%. Therefore, by increasing the DEX concentration, the fiber diameter was decreased (Figure 3h). On the contrary, for the PLGA constructs, the diameter of the 20 PLGA and 40 PLGA constructs was higher than the PLGA ones, and simultaneously, the highest fiber diameter value was observed for the 20 PLGA constructs. Because of this, the average diameter of the PLGA fibers was higher than the PLA fibers (Figure S3b). At the same time, the lowest diameter was observed for the 40 PLA sample (Figure S3a). Consequently, the tendency of the change in the fiber diameter was different for the PLA and PLGA constructs with the various DEX concentrations. However, there were no significant differences among the different polymers and DEX concentrations.




3.2. In Vitro Evaluation of the Dexamethasone (DEX) Release


The percentage of DEX released was assessed in both PLA and PLGA electrospun scaffolds (Figure 3g). All the constructs presented an increasing trend in DEX release until day 20 of cultivation. On day 20, the 20 PLGA sample exhibited a temporary decrease in the release, followed by a continuous increase over the next 10 days. Nevertheless, its final release level was similar to that of the 20 PLA sample. Conversely, the 40 PLA sample exhibited a steady increase in DEX release, reaching 10% by the end of the study. Notably, the percentage of DEX release was directly proportional to the DEX concentration in the PLA samples. In contrast, the 40 PLGA sample exhibited a higher DEX release compared to the PLA samples, but the 20 PLGA sample initially had a higher release percentage, which it maintained throughout the study.




3.3. Evaluation of the Cytocompatibility of the Electrospun Scaffolds


The cytocompatibility of electrospun scaffolds was assessed with two primary cell types relevant to cardiovascular applications, namely, HUVECs and HUVSMCs. This assessment was performed by measuring LDH release after direct contact with the different scaffolds. The assays involving HUVECs indicated that scaffolds made from PLGA exhibited higher cytotoxicity compared to those made from PLA (Figure 4). The toxicity of the polymeric LDH activity was evaluated for the polymer samples, with one positive and one negative control used for both HUVECs and HUVSMCs. For the HUVECs, the PLA sample exhibited the highest cytocompatibility, while the remaining samples were considered cytotoxic, as the absorbance was higher than the negative control. For the HUVSMCs, none of the samples showed significant differences in terms of LDH release with respect to the negative control (cells cultured on gelatin).




3.4. Cell Proliferation


The cell proliferation on the polymer constructs was evaluated using the Cell Counting Kit 8 and expressed absorbance units for the PLA and the PLGA constructs. For each polymer scaffold, the test was performed by incubating the constructs together with cells and together with cell-embedded fibrin gels, thus mimicking the final composite composition of a biological pacemaker. As Figure 5a shows, the highest proliferation rate for the PLA constructs was observed for the HUVEC 20 PLA sample on day 7 with the value being significantly different from the ones on day 1 and day 3. In parallel, the HUVEC gel 40 PLA sample on day 7 had a proliferation of 0.5% with the value being significantly higher than the value of the 40 PLA sample on day 1. As for the HUVSMC gel, there was a significant difference in the cell proliferation between the 20 PLA day 7 sample and the 20 PLA day 3 sample, even if the 20 PLA day 1 value is higher than the respective one on day 3 (Figure 5b). Moreover, there were no significant differences among the HUVSMC samples. Concerning the cell proliferation on the PLGA samples (Figure 6), the highest value was presented for the HUVSMC gel 20 PLGA day 7 sample being similar with the respective value for the HUVEC gel. However, the only significant differences were shown for the HUVEC samples and especially for the PLGA sample where the value for day 7 is significantly higher than the respective ones of day 1 and day 3. Particularly, the same tendency was observed, as for the previously mentioned 20 PLA samples in the HUVSMC gel (Figure 6b).



We also evaluated the cell proliferation for day 1, day 3, and day 7 separately (Figure S4). Focusing on day 7 for the HUVEC samples, we observed that the 20 PLA sample has the higher proliferation rate among the HUVEC samples, while the value presented a high significant difference among the PLA and 40 PLA samples and a low significant difference compared to the 20 PLGA sample. Observing this relatively high proliferation (approaching 1%), it was higher than the HUVEC gel value and the respective HUVSMC sample value, where the proliferation observed was among the lowest of all the four sets of samples. For the HUVSMC gel, the 40 PLGA sample showed the highest proliferation unlike the 40 PLGA and the 20 PLGA samples, with the lastly mentioned one presenting the lowest cell proliferation among the HUVSMC set of samples. Even if the PLGA HUVSMC sample presented the second high after the 20 PLA sample among the four sets of samples, the HUVSMC PLGA value was among the lowest proliferation values and therefore, significantly different than the HUVSMC gel PLGA value.




3.5. CD31, αSMA, Col I as Markers of the HUVECs and HUVSMCs


To investigate the effect of DEX on cell behavior, we evaluated the expression of CD31 in polymeric constructs embedded with HUVECs and the expression of αSMA and col I for the HUVSMCs containing polymeric constructs. Figure S5 shows the CD31 expression for the three different concentrations of PLA on days 4, 8, and 12 of cultivation. After 4 and 8 days of cultivation, the CD31 expression of HUVECs seeded on the PLA and 20 PLGA scaffolds maintained a similar profile. Although on day 12 the CD31 expression presented a cobblestone structure, the respective performance of the 20 PLA sample was not as sufficient as on the previous cultivation days. As for the sample 40 PLA, even if the number of nuclei remained almost the same during the culture, the CD31 signal was stronger on day 12 of the cultivation. Concerning the PLGA constructs and especially on day 4, the CD31 was similarly expressed for all the different polymer concentrations (Figure S6). However, on day 8 and day 12 of the cultivation, the DAPI signal was not as strong as on day 4, but at the same time, the CD31 expression was increased.



For a deeper investigation of the CD31 expression on the two different tubular scaffolds, we quantified the CD31 expression during the cultivation period. Firstly, the number of nuclei is highly significantly different between day 4 and day 8 for the PLA sample while for the 20 PLA sample, the significant difference is observed for day 8 and in combination with day 4 and day 12 (Figure S7a). Unlike the increase in the DAPI signal during the cultivation period for the PLA sample, the CD31 expression was decreased and was highly significantly different from the initial CD31 expression on day 4. However, the CD31 expression of the 20 PLA sample on day 8 was increased since the beginning of the culture, on the contrary to the respective DAPI signal and the CD31 percentage values which were highly significantly different than the CD31 percentage on day 4 and on day 12. Continuing with the PLGA samples (Figure S7b), there was a highly significant difference between the PLGA on day 4 and the PLGA on day 12 samples. A similar tendency was observed for the 20 PLGA samples, but reversibly, as the DAPI signal was decreasing from day 4 to day 12 of the cultivation. The same decreasing tendency was observed for the 40 PLGA samples between day 4 and day 8, but with lower significance importance. As for the CD31 expression and the PLGA samples, there were observed highly significant changes in the CD31 percentage as the expression percentage increased at first on day 8 and then followed a decreasing profile (day 12) for the 20 PLGA samples. However, for the 40 PLGA, the CD31 levels were increased without presenting any significant differences.



Comparing the different polymeric materials during the cultivation period, we concluded that the CD31 expression on day 4 of the cultivation for the PLA and PLGA samples was higher than the 40 PLA and 40 PLGA samples, respectively (Figure 7). Moreover, the first mentioned values were significantly higher than the 20 PLA and 20 PLGA samples, respectively. On day 8, the CD31 expression of the PLGA sample is significantly higher than the respective PLA samples, while the CD31 expression of the 40 PLA sample is significantly lower than the value of the 20 PLA sample. As for the PLGA samples on day 12, the CD31 percentage was significantly lower than the value of the 20 PLGA sample on day 12 which was significantly higher than the CD31 expression of the 40 PLGA on day 8 and day 12 of the cultivation period.



Furthermore, the expression of αSMA and col I was investigated for their polymeric constructs, which were molded with HUVSMC fibrin gels. As Figure S8 shows, there was sufficient expression of all the markers in all the sets of the samples. Moreover, the αSMA signal was higher for the 20 PLA sample on day 8 and day 12. In Figure S9, the signal of αSMA and col I was not as proportional as the respective pictures in Figure S8. For the PLGA sample, there was not sufficient αSMA expression until the end of the cultivation period, but the col I expression was obvious only on day 12. Concerning the 20 PLGA sample, the col I expression was more obvious on day 8 of the cultivation and the signal intensity remained similar until day 12 of the cultivation. For the 40 PLGA sample, we could observe the αSMA expression on day 4 of the cultivation, but the col I expression was only visible on day 12.



For a more thorough investigation of the expression of the col I and αSMA, we observed that there were highly significant differences among the αSMA expression of the samples (Figure S10), although on day 12, the percentage of αSMA retained similar levels. Overall, for the PLGA samples there was efficient αSMA production only for the 40 PLGA samples on day 12 of the cultivation. Simultaneously, the expression of col I that was the highest among the samples was the one of the 40 PLGA sample on day 8 (Figure 8). Nevertheless, the col I expression value for the 40 PLGA sample on day 12 was lower than the respective value of the day 8 sample with high significance.



Especially on day 4, the col I expression was significantly higher for the 20 PLA sample than the one for the 20 PLGA sample. At the same time, the percentage of the αSMA was increasing as the DEX concentration in the samples was increasing. Nonetheless, the expression of αSMA was the highest for the PLGA sample among the PLGA samples on day 4, but was almost absent for the 20 PLGA and 40 PLGA samples. For day 8, the col I had the highest percentage for the 40 PLGA sample and was highly significantly different from the respective values of the PLGA and the 20 PLGA samples. As for the αSMA, the highest percentage was observed for the 20 PLA sample and was highly significantly different from the PLA, 40 PLA, and 20 PLGA samples. Moreover, on day 12, the highest col I percentage was observed for the PLA sample, although there were no significant changes observed. Additionally, the PLA sample presented the best performance on day 12, as the expression of the αSMA (together with the 40 PLA sample) was the highest among the samples. In parallel, the last value was highly significantly different from the PLGA sample and the same trend was followed comparing the PLA and PLGA samples with the same DEX concentration.




3.6. SAA, Cx43, CD31 as Markers of the iPSC-CMs Containing Constructs


For the investigation of the iPSC-CM maturity and electrical conductivity in the electrospun scaffolds, the constructs were stained for SAA and Cx43. Additionally, the CD31 was the marker selected to be evaluated for the HUVECs included in the iPSC-CM constructs.



Figure 9 presents the SAA and the Cx43 levels showing a sufficient amount for day 3 of the cultivation, which was increased until day 10 of the cultivation period. However, for the 20 PLA sample, day 10 does not follow the same tendency as the PLA and the 40 PLA samples. As for the 40 PLA sample, there was sufficient expression of the SAA throughout the cultivation period. As for the Cx43 signal, it was observed stronger on day 7 unlike day 3 and day 10.



Concerning the PLGA samples, there was a sufficient amount of SAA expression and the DEX seemed to enhance the expression of SAA with the exemption of the 20 PLGA sample on day 10 (Figure 10). In parallel, the Cx43 signal appeared to be lower for the samples containing DEX.



The spatiotemporal quantification of SAA revealed that the iPSC-CMs on day 3 with the PLA sample had the strongest signal among the rest of the samples with a highly significant difference from the 20 PLA, 40 PLA, and the PLGA sample (Figure 11). Simultaneously, the highest Cx43 expression was presented for the 40 PLGA sample and was significantly higher than the other PLGA samples. At a later timepoint on day 7, the SAA expression of the PLA sample was decreased and the value was significantly different than the values of the 20 PLA and 40 PLA samples. Moreover, the SAA percentage was slightly increased on day 7 and the same pattern was followed on day 10 of the cultivation. On day 10, the only sample that retained the high SAA expression was the 40 PLA and the value was significantly higher than the value of the 20 PLA sample. As for the Cx43 expression, the DEX-containing PLGA samples presented a very weak signal on day 7 and on day 10 as well.




3.7. Beating Frequency


The beating frequency of the tissue constructs was evaluated from day 2 until day 14 of the cultivation period (Figure 12). The beating frequency values presented an increasing tendency over the cultivation period. However, there were some time intervals observed where the beating frequency value was decreased, i.e., day 3, day 5, day 7, and day 11. However, the beating frequencies of the immediate previous day and the following were not significantly different. Most importantly, on day 3, day 7, and day 10 when the iPSC-CMs containing constructs were inserted in the protective shield, the respective beating frequencies were different from each other with high significance.





4. Discussion


In this study, we presented the preparation of DEX-loaded polymeric tubular scaffolds, in conjunction with iPSC-CMs, HUVECs, and HUVSMCs embedded in fibrin gel with potential use as a biological pacemaker. Our evaluation encompassed parameters such as fiber diameter, drug release profiles, cytotoxicity, cell proliferation, and the assessment of construct cell viability through the examination of CD31, αSMA, col I, SAA, and Cx43 expression. Additionally, we measured the beating frequency of the tissue constructs before their integration into the polymeric scaffolds.



Electrospinning yielded polymeric scaffolds with fibrillary structures, featuring nanofiber diameters of 317.38 nm ± 82.57 nm for PLA-based scaffolds and 342.72 nm ± 56.27 nm PLGA-based scaffolds. The topography of electrospun scaffolds was influenced by varying concentrations of loaded DEX, which showed distinct variations for PLA, PLGA, and different DEX concentrations. In particular, the diameter of 40 PLA samples was smaller than that of PLA samples without DEX, aligning with findings from Chen et al. [36] where the diameter of PLA composite fibers increased with higher curcumin concentration. Especially for the PLA concentration that we also used, 15%, the mean diameter of nanofibers belongs to the same range as the fibers that were produced in acetone/dimethylformamide from Casarola et al. [37]. As for the PLGA constructs, the average diameter for our constructs was around 342 nm, which was in the range of a study where PLGA (50:50) [38] or PLGA (75:25) was used [39]. However, in the study of Castaño et al. where 2,2,2-trifluoroethanol was used as a solvent system of 3–9% w/w PLA, various PLA nanofibers were obtained ranging from 350 to 1300 nm [40].



Regarding the drug release capability of the nanofibrillary scaffolds, after 50 days of incubation, the PLA scaffold loaded with 20 mg/mL DEX reached almost 5%, while the 40 PLA scaffold almost reached 10% (Figure 3g). In contrast, in PCL and PLLA, Vacanti et al. proved the 80% of DEX release at the same incubation time [41], while Tsiapla et al. proved 30% of DEX release in cellulose acetate scaffolds [42], a fact that could be explained from the faster polymer degradation. In another study, the DEX release of a 50% PLA scaffold with a similar molecular weight reached 3% [43]. Although the release values obtained in the present study were similar, our PLA concentration was lower (15%). For the PLGA electrospun scaffolds, unlike the behavior of the PLGA (75:25) in the study of Yoon et al. where a burst release of DEX was observed [44], the DEX release was slower. The PLGA scaffolds loaded with the higher DEX concentration (40 PLGA) performed an initial slower and more gradual release than the 20 mg/mL DEX, as observed in the study of Chen et al. [45]. Moreover, for a 10% PLGA (50:50), the DEX release value was around 2.5% on day 50 [46]. Zheng et al. confirmed that the DEX release can be directly affected by the polymer type, as the PLA-related DEX release value was detected between the different copolymer compositions of the PLGA used [47]. Our study aimed to sustain the initial DEX amount as long as possible in the protective shield and that was feasible with the trifluroethanol/chloroform used as the solvent system. No cytotoxic effect was observed in most of the samples, so at least in view of the results, the manufacturing process of the scaffolds and the solvent system are adequate, and regarding the diameter, there were no significant differences among the samples (Figure S3a). Although in previous studies, it has been seen that the solvent system could influence cell proliferation [48], in this case, the influence of topography on cell proliferation was not observed.



In the current system, the 40 PLA sample achieved the highest drug release on day 50 of the cultivation, while the 20 PLA sample presented a lower release. This result was supported by the fact that the 40 PLA sample fiber diameter values were lower than the 20 PLA sample and considering the higher DEX concentration of the 40 PLA sample, the final drug release value was also higher. As for the PLGA samples, the average 20 PLGA sample fiber diameter was slightly higher than the 40 PLGA fiber. All in all, the co-glucolid content in the PLGA structure is promising a faster degradation than the PLA constructs. However, further research is needed to explore diverse release profiles designed through variations in polymer type, drug concentrations, and solvent systems.



Furthermore, the cytocompatibility tests indicated that the 40 PLGA sample exhibited the highest cytotoxicity for both cell populations tested. In particular, the LDH activity for the 40 PLGA sample was slightly higher for the HUVECs than for the HUVSMCs (Figure 4). Additionally, the fact that the 40 PLGA value was significantly higher for the HUVECs confirmed the importance of DEX concentration in the PLGA polymeric shield. These results are consistent with the cell proliferation results, where the 40 PLGA sample showed the lowest proliferation percentage value among the samples on day 7 of cultivation (Figure 6). These outcomes are consistent with a study where DEX-loaded PLA nanoparticles had negligible effects on the viability of HUVECs and even less on the viability of HUVSMCs with increasing DEX concentration [49]. Particularly for PLGA nanoparticles, HUVEC viability was greatly influenced when DEX was included in the experiment [50]. At the same time, the cell proliferation in our constructs was more favorable for the HUVECs and the HUVEC gel sample than the HUVSMC samples. Moreover, no significant changes were observed among the samples, but cell proliferation in the fibrin gels exhibited a similar trend, which could not be concluded for the HUVEC and HUVSMC samples. To the best of our knowledge, there are no specific studies in the literature that combine polymeric cytotoxicity and proliferation together with DEX, HUVECs, and HUVSMCs. As for the DEX alone, it has been proven to enhance the anti-inflammatory responses of endothelial cells [51], although it did not modify NAD or ATP levels in vivo or in cultured endothelial cells [52]. Additionally, it has been confirmed to upregulate Nox1 expression in vascular smooth muscle cells [53]. This is a reason that could explain our results for the decreased HUVSMC proliferation (Figure S4).



Concerning the CD31 expression in HUVECs and also the αSMA and col I expression in HUVSMCs, the CD31 levels for the PLGA samples were higher than for the PLA samples on day 12 (Figure 7). However, the typical cobblestone structure of the CD31 marker was better imprinted in the PLA samples (Figure S5) than in the PLGA samples (Figure S6) where the DAPI signal was generally comparable between the two types of polymers. Simultaneously, the nuclei appeared more uniform for the PLA samples, especially the PLA sample on day 12 and the 40 PLA sample on day 8. This result was consistent with the study of Shi et al. where PLGA nanoparticles promoted endothelial cell dysfunction [54]. Similarly, in HUVSMCs, the PLA pictures presented a better illustration of the cell nuclei, αSMA, and col I (Figure S8). Indeed, this was in accordance with the quantification analysis of the samples, where the αSMA expression was higher in the PLA samples, unlike the PLGA samples (Figure S9). However, col I levels were changing during the cultivation time points for both polymers, but the final PLA sample on day 12 displayed the most efficient performance (Figure 8). In contrast, a study on coronary smooth muscle cells reported an increase in αSMA and col I expression when PLGA nanoparticles were included in the culture [55].



Taking a closer look at the iPSC-CM samples, a general observation concluded that the PLA sample microscopy evaluations (Figure 9) were more satisfactory than the respective PLGA sample ones (Figure 10). As for the SAA and Cx43 expression levels, they were mostly similar for both polymers, with differences observed on day 7 (20 PLGA, 40 PLGA) and day 10, when the Cx43 values were very low for PLA, 40 PLA, 20 PLGA, and 40 PLGA. In the literature, many studies have used polymeric scaffolds cultivated with iPSC-CMs and have proven satisfactory Cx43 and SAA expression on the PLA/PANI blend [56], PLGA [57], and also PLA and PLGA mixtures with PEG, thus demonstrating that primary cardiomyocytes preferred the hydrophobic PLA and PLGA surface over PEG [58]. Particularly for the iPSC-CMs, DEX has been proven to hinder the premature differentiation in primary cardiomyocytes [59], but in another study, it was shown to stimulate premature terminal differentiation in newborn cardiomyocytes [60]. Another advantageous use of DEX was the successful anti-apoptotic gene carriage with simultaneous low cytotoxicity levels [61]. Moreover, the beating frequency of neonatal cardiac cells was not influenced [62]. However, we cannot correlate that study with our experiments, since we used a higher amount of DEX in our experiments. Nevertheless, the expression of SAA was upregulated in most of the samples that included DEX, except for day 3 of cultivation of the gel in the DEX-embedded samples (Figure 11). However, the DEX concentration affected the Cx43 expression on day 10 of the cultivation in the shield.




5. Conclusions


We produced tubular polymeric constructs with the electrospinning method that were used as protective shields for HUVECs, HUVSMCs, and iPSC-CMs embedded in fibrin gels. We characterized the electrospun scaffolds, and we also performed cell cytotoxicity studies for the HUVECs and HUVSMCs showing that the most cytocompatible polymeric sample was the PLA one, while the cell proliferation results showed no significant differences among HUVECs and HUVSMCs. Furthermore, from the CD31, αSMA, col I, SAA, Cx43 imaging, and quantification, we concluded that both polymeric materials can perform as components in biological pacemakers by releasing DEX in different concentrations. Particularly, the PLA samples can be used as presented for an overall more satisfactory performance, while it was proven that DEX has an upregulatory role in maintaining the SAA in the PLGA samples.
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Figure 1. Schematic representation of the electrospinning process. 
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Figure 2. Electrospun constructs and molding of the fibrin gels. 
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Figure 3. (a–f) Representative SEM micrographs of the electrospun scaffolds manufactured from PLA and PLGA solutions loaded with varying DEX concentration. (g) Percentage of DEX release. 20 PLA (black), 40 PLA (red), 20 PLGA (green), and 40 PLGA (blue). (h) Average frequency diameter chart for the PLA, 20 PLA, 40 PLA, PLGA, 20 PLGA, and 40 PLGA constructs. 
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Figure 4. LDH activity of the HUVEC and HUVSMC samples. PLA (yellow), 20 PLA (pink), 40 PLA (green), PLGA (orange), 20 PLGA (black), 40 PLGA (aquamarine), positive control (blue), and negative control (purple). Data are expressed as mean ± SD, n = 3, *** p < 0.001, **** p < 0.0001). 
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Figure 5. (a) Cell proliferation of the HUVECs andHUVEC gel for the PLA samples. (b) Cell proliferation for the HUVSMCs and HUVSCM gel for the PLA samples. Data are expressed as mean ± SD, n = 3, * p < 0.05, ** p < 0.01, **** p < 0.0001). 
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Figure 6. (a) Cell proliferation of the HUVECs and HUVEC gel for the PLA samples. (b) Cell proliferation for the HUVSMCs and HUVSCM gel for the PLGA samples Data are expressed as mean ± SD, n = 3, *** p < 0.001, **** p < 0.0001). 
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Figure 7. Quantification of DAPI and CD31 on day 4 (top left), day 8 (top right), and day 12 (bottom). Data are expressed as mean ± SD, n = 3, * p < 0.05, ** p < 0.01, **** p < 0.0001). 
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Figure 8. Quantification of DAPI, col I, and αSMA for the PLA and PLGA samples on day 4 (top left), day 8 (top right), and day 12 (bottom). Data are expressed as mean ± SD, n = 3, * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001). 
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Figure 9. DAPI (blue), αSMA (red), and Cx43 (green) staining for the PLA (left), 20 PLA (middle), and 40 PLA samples (right) on day 3 (first row), day 7 (second row), and day 10 (third row). Scale bar 50 μm. 
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Figure 10. DAPI (blue), αSMA (red), and Cx43 (green) staining for the PLGA (left), 20 PLGA (middle), and 40 PLGA samples (right) on day 3 (first row), day 7 (second row), and day 10 (third row). Scale bar 50 μm. 
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Figure 11. Quantification of DAPI, SAA, and Cx43 for the PLA and PLGA samples on day 3 (top left), day 7 (top right), and day 10 (bottom). Data are expressed as mean ± SD, n = 3, * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001). 
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Figure 12. Beating frequencies of the cylindrical fibrin hydrogels embedded with iPSC-CMs, HUVMSCs, and HUVECs from day 2 until day 14. 
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Table 1. DEX concentration in the PLA/PLGA solutions.






Table 1. DEX concentration in the PLA/PLGA solutions.





	Polymeric Solution
	DEX Concentration (mg/mL)





	PLA
	0



	20 PLA
	20



	40 PLA
	40



	PLGA
	0



	20 PLGA
	20



	40 PLGA
	40










 





Table 2. Antibodies for sample staining.
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	Antibody
	Dilution
	Supplier





	Anti-α-actinin (sarcomeric), mouse monoclonal (primary)
	1:50
	Sigma-Aldrich (Saint Louis, MO, USA)



	Connexin 43 (polyclonal) (primany)
	1:50
	Thermo Fischer (Waltham, MA, USA)



	Connexin 43 monoclonal antibody (3D8A5) (primary)
	1:50
	Thermo Fischer (Waltham, MA, USA)



	Anti-CD31 (PECAM-1) mouse monoclonal (primary)
	1:100
	Sigma-Aldrich (Saint Louis, MO, USA)



	CD31 rabbit polyclonal (primary)
	1:100
	Abbiotec (Escondido, CA, USA)



	α-smooth muscle actin (monoclonal, clone 1A4) (primary)
	1:1000
	Sigma-Aldrich (Saint Louis, MO, USA)



	Anti-collagen I antibody (ab34710) (primary)
	1:200
	Abcam (Cambridge, UK)



	Alexa 594 goat anti-mouse (A11005) (secondary)
	1:400
	Thermo Fischer (Waltham, MA, USA)



	Alexa 594 goat anti-rabbit (A110012) (secondary)
	1:400
	Thermo Fischer (Waltham, MA, USA)



	Alexa 488 goat anti-mouse (A11001) (secondary)
	1:400
	Thermo Fischer (Waltham, MA, USA)



	Alexa 488 goat anti-mouse (A11008) (secondary)
	1:400
	Thermo Fischer (Waltham, MA, USA)
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