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Electrical signals control cardiac mechanics using an excitation–contraction coupling mechanism that is present in cardiomyocytes from embryogenesis and early fetal development. In turn, the contraction activity of the heart influences the electrophysiological properties of cardiomyocytes by mechanoelectrical feedback. Through the combination of electrochemical signals from the autonomous nervous system and the elastic properties of the cardiac extracellular matrix, the excitation–contraction coupling mechanism is harnessed and cardiomyocytes can be induced to synchronously and continuously contract to pump blood out of the heart [1]. Hence, tissue engineering strategies capable of mimicking the electromechanical coupling of cardiac tissues are paramount to developing living cardiac patches for transplantation and more reliable in vitro disease models for cardiac diseases.



Electroconductive polymers and electrical stimulation have been investigated, aiming at developing smart scaffolds for cardiac regeneration [2]. Particularly, the electroconductivity of poly(aniline) (PANI) is greatly improved by chemical doping using camphorsulfonic acid (CSA) [3] and further enhanced by the use of optimised solvent systems [4]. However, current platforms to apply electrical stimulation in vitro, often require large external equipment, wires and electrodes, which limits the scalability and the in vivo application of these approaches.



Piezoelectric polymers are the key to overcoming these limitations due to their mechanoelectrical transduction properties, generating electrical stimulus when mechanically stimulated and vice versa (piezoelectricity). Poly(vinylidene fluoride-trifluoroethylene) (PVDF-TrFE) is one of the most promising piezoelectric materials, which owes its piezoelectric properties to a specific chain rearrangement identified through infrared spectroscopy as β-phase. Higher β-phase content correlates with increased piezoelectric properties of PVDF-TrFE and it can be increased through processing methods during electrospinning, as shown herein [5]. Hence, the combination of piezoelectric and electroconductive polymers into a scaffold with mechanoelectrical properties has the potential to produce and deliver electrical stimulation to cardiomyocytes, promoting their maturation. Such scaffold can be tailored to fibers using electrospinning, which structurally resemble the structure of the natural extracellular matrix and can further improve the cardiac cell phenotype.



In this work we propose a novel material-based approach to mimic the electromechanical coupling of cardiac tissues. Different electrospinning strategies were assessed to combine different polymers into monoaxial and coaxial nanofibers, including conjugated electroconductive (PANI:CSA), pizeoelectrical (PVDF-TrFE) and biodegradable polyesthers (poly(caprolactone) (PCL)). Various processing (e.g., voltage, flow rate) and solution (e.g., relative polymer ratio) parameters were optimised to obtain beadless and coaxial fibers. Fiber morphology, along with core-shell structure confirmation, was assessed by scanning electron microscopy. Fourier transform infrared data were used to simultaneously confirm the presence of the coaxial structure, quantify the β-phase content and infer the fiber’s piezoelectricity. Electroconductivity of the fibers was measured using the 4-probe method. Hydrophilicity was quantified by measuring the contact angle of the fibers using glycerol. Cellular studies using induced pluripotent stem cell-derived cardiomyocytes were performed and indicated better adhesion of the cells to the hydrophilic surfaces of the optimised coaxial fibers.



Overall, the coaxial electrospun fibers developed in this work expand the concept of electromechanical composites suitable for cardiac tissue engineering and, thus, contribute to the design of potential bioprosthetic implants to be transferred with in vitro cardiomyocytes and integrated in host tissues.






Author Contributions


Conceptualization, P.S.-A. and F.C.F.; methodology, M.R.G., F.F.F.G., P.S.-A. and F.C.F.; formal analysis, M.R.G., F.F.F.G. and P.S.-A.; investigation, M.R.G., F.F.F.G. and P.S.-A.; resources, P.S.-A. and F.C.F.; writing—original draft preparation, M.R.G.; writing—review and editing, P.S.-A. and F.C.F.; supervision, P.S.-A. and F.C.F.; project administration, F.C.F.; funding acquisition, P.S.-A. and F.C.F. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the FCT granted projects Belive (PTDC/EMD-EMD/30828/2017), OptiBioScaffold (PTDC/EME-SIS/4446/2020), BioMaterARISES (EXPL/CTM-CTM/0995/2021), iBB (UIDB/04565/2020, UIDP/04565/2020), IT (UIDB/50008/2020) and i4HB LA/P/0140/2020.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


The University of Nottingham is acknowledged for the 2020 EPSRC Doctoral Prize awarded to P.S.-A.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Pfeiffer, E.R.; Tangney, J.R.; Omens, J.H.; McCulloch, A.D. Biomechanics of cardiac electromechanical coupling and mechanoelectric feedback. J. Biomech. Eng. 2014, 136, 021007. [Google Scholar] [CrossRef] [PubMed]

	



Vaithilingam, J.; Alberte, P.S.; Campora, S.; Rance, G.A.; Jiang, L.; Thorpe, J.; Burroughs, L.; Tuck, C.J.; Denning, C.; Wildman, R.D.; et al. Multifunctional Bioinstructive 3D Architectures to Modulate Cellular Behavior. Adv. Funct. Mater. 2019, 29, 1902016. [Google Scholar] [CrossRef]

	



Garrudo, F.F.; Chapman, C.A.; Hoffman, P.R.; Udangawa, R.W.; Silva, J.C.; Mikael, P.E.; Rodrigues, C.A.; Cabral, J.M.; Morgado, J.M.; Ferreira, F.C.; et al. Polyaniline-polycaprolactone blended nanofibers for neural cell culture. Eur. Polym. J. 2019, 117, 28–37. [Google Scholar] [CrossRef]

	



Garrudo, F.F.; Mikael, P.E.; Rodrigues, C.A.; Udangawa, R.W.; Paradiso, P.; Chapman, C.A.; Hoffman, P.; Colaço, R.; Cabral, J.M.; Morgado, J.; et al. Polyaniline-polycaprolactone fibers for neural applications: Electroconductivity enhanced by pseudo-doping. Mater. Sci. Eng. C 2021, 120, 111680. [Google Scholar] [CrossRef]

	



Gomes, M.R.; Ferreira, F.C.; Sanjuan-Alberte, P. Electrospun piezoelectric scaffolds for cardiac tissue engineering. Biomater. Adv. 2022, 137, 212808. [Google Scholar] [CrossRef]












	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






nav.xhtml


  materproc-08-00074


  
    		
      materproc-08-00074
    


  




  





media/file0.png





