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Tissue scaffolds are generally used as three-dimensional structural supports destined to mimic the morphological

structure and function in regeneration processes. Still, beyond this, they are expected to perform the physiological

functions for which each tissue or organ is intended. In the case of cardiac tissue, it brings oxygen through the blood to

each part of the body through the contraction of the cardiac muscle cells (cardiomyocytes). This contraction is

neurologically stimulated through a voltage and calcium-dependent process denominated excitation-contraction coupling,

which is mediated by several factors. In this sense, the composition of the scaffold becomes relevant.
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1. Introduction

Myocardial infarctions and other diseases of the cardiopulmonary system are considered high-risk diseases due to the

high mortality rate in the world population . The field of tissue engineering promotes the manufacturing of three-

dimensional tissue scaffolds that promote biocompatibility, adhesion, and cell culture through natural, synthetic, or a blend

of both polymeric materials and bioactive agents. Electrospinning makes it feasible to approach fibrillar structure, high

porosity, and a high surface area-to-volume ratio to mimic the cardiac extracellular matrix of tissues.

To mimic the mechanical and surface properties of the cardiac tissue to be regenerated, hybrid organic/inorganic scaffolds

were developed using natural biopolymers  . PVA membranes have also been designed for the

treatment of vascular emboli due to their biocompatibility and low protein adsorption .

On the other hand, bioglasses have been used since the second half of the last century as bioactive components in tissue

engineering to stimulate angiogenesis. The most successful was Bioglass 45S5  . Bulk bioglasses are rigid, but in the

form of microparticles mixed with ad hoc organic polymers, they enhance the mechanical properties of the polymer. Most

bioglasses contain calcium ions (Ca ), among others. Ca  ions in cardiac tissue affect functions that enable blood

circulation in the body. Muscle contractions are a function of intracellular Ca  levels in cardiomyocytes, and a decrease in

these ions reduces myocardial conductivity and the development of cardiovascular disease .

Electrospun scaffolds made of conventional polymers lack suitable mechanical and electrical properties. Therefore, the

synchronous beating rate of cardiac cells cultured on these conventional materials has not been achieved .

2. Methodology

The experimental methodology involves four stages:

Synthesis of bioglass nanoparticles using the sol-gel technique.

The synthesis of bioglass 58S was realized according to the report by Bui, X.V. et al. , with slight modifications (Figure
1).
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Figure 1. Bioglass 58 S sol-gel synthesis.

A solution of hydrochloric acid (HCl) 0.1 M was mixed with tetraethyl orthosilicate (TEOS) for 45 min at room temperature;

then, a triethyl phosphate (TEP) was poured into it with stirring. After 45 min, a solution of calcium chloride dihydrate

(CaCl ·2H O) was added and maintained by stirring for 45 min until the reaction was complete. After ten days, it

proceeded to the polycondensation phase, solution gelation, and aging. Finally, the thermal stabilization stages were

carried out for 5 days at two temperatures and grounded in an agate mortar to obtain nanometric particles.

Manufacturing of the hybrid PVA/bioglass scaffold by electrospinning.

As is shown in Figure 2, the PVA/bioglass (Bg) solution at different ratios of Bg was electrospun into scaffolds .

Figure 2. Electrospinning of PVA and hybrid scaffolds.

The conditions for electrospinning PVA and hybrid scaffolds were spinneret needle size and thickness of 0.7 × 30 mm 22

G, spinneret-collector distance of 10 cm, volumetric flow rate of 0.2 mL/h, an applied voltage of 15 kV. After fabrication,

the electrospun scaffolds were dried in a vacuum oven for 24 h at 70°C.

Chemical crosslinking of scaffolds.

For chemical crosslinking, a mixture of HCl and a solution of glutaraldehyde (25%v/V) with toluene was stirred vigorously,

and after the chemical reaction, the phases were separated . As is shown in Figure 3, the electrospun hybrid scaffolds

were immersed in the upper part of the funnel; this is a glutaraldehyde and toluene mixture. After chemical crosslinking,

the electrospun hybrid scaffolds were dried in a vacuum oven for 24 h at 70°C and stored until characterization.
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Figure 3. Crosslinked PVA hybrid Scaffolds.

Physicochemical and biological characterization of electrospun hybrid scaffolds.

Before the biological evaluation, the physicochemical characterization of the scaffolds was carried out before and after

crosslinking (Figure 4).

Figure 4. Physicochemical characterization. (a) average fiber diameter of PVA hybrid scaffolds; (b) Elemental bioglass

composition in PVA electrospun fiber; (c) FTIR spectra before and after crosslinked; (d) TGA thermogram and (e) DSC

thermogram.

Among the properties that were evaluated are the morphology of the electrospun fibers using scanning electron

microscopy (SEM), as well as the determination of the average diameter size of the fibers. On the other hand, using

transmission electron microscopy (TEM), the presence and incorporation of bioglass nanoparticles in the electrospun

fibers were analyzed by energy dispersive X-ray spectrometry (EDX) to determine the presence of the elements Si, Ca,

and P. By a Fourier transform infrared spectroscopy with attenuated total reflectance (FTIR-ATR) spectrometer were

analyzed the chemical composition of the electrospun scaffolds and determined the bands corresponding to chemical

crosslinking , , . The thermal behavior of the scaffolds was evaluated with thermogravimetric analysis (TGA) 

and differential scanning calorimetry (DSC). Where the thermal stability associated with weight loss and the thermal

transitions corresponding to i) glass transition (T ) , ii) evaporation temperature (T ), mainly due to

residual water or organic solvents present in the cross-linking reaction, and iii) melting temperature (T ).
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3. Fluorescence Studies Showing the Contractile Activity of the Cells on
the Scaffolds

Isolated primary embryonic chick cardiomyocytes were cultured according to previously established procedures 

 on the PVA/Bg scaffolds to analyze their effects on cardiomyocyte survival, adhesion, and contractile activity

patterns. Dishes containing cardiomyocyte-seeded scaffolds with media were incubated in a 5% CO  atmosphere for up

to 48 h at 37 °C. Spontaneous cell contractility was observed at 36 °C as the first sign of cell survival by ocular inspection

on a microscope stage using a Leica MZ75 fluorescence stereomicroscope; this activity may persist for several days.

Calcium Green-1 fluorophore was used to detect intracellular calcium fluctuations (ΔCa ).

Video images were analyzed by extracting fluorescence amplitude fluctuations in different regions of interest (ROI). Cell

images showing contractile activity were outlined with red dots (Figure 5). Fluorescence intensity was plotted as a

function of time.

Figure 5. Contractile activity patterns revealed by fluorescence peaks attributable to intracellular ΔCa .

Figure 5 shows the contraction pulse sequence in embryonic cardiomyocytes applied to crosslinked scaffolds at different

Bg concentrations. At Bg concentrations below 20 %, cells developed in independent niches and did not exhibit

homogeneous contraction pulses. At Bg concentrations up to 20 %, the cells formed a uniform cell layer in the ROIs and

showed a homogeneous sequence of contraction pulsations. Overall, it was observed that the electrical activity patterns in

cardiomyocytes seeded on the electrospun scaffolds strongly depend on the Bg concentration, especially on the

availability of Ca  ions.

4. The Role of Calcium Ions in Cardiomyocytes Contractile Activity

In the literature, it has been reported that the concentration of calcium ions is relevant in the extension-contraction

coupling process, which allows for the determination of the patterns of contractile activity in cardiomyocyte-type cells. It

has been found that the dissolution of calcium ions is dependent on the PVA concentration , the pH , and the particle

size of the bioglass . Based on these tests, a qualitative model is proposed to explain the dissolution of Ca  ions in
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water as a function of time (Figure 6), assuming that all nanofibers decrease their radius uniformly with time. The diagram

below represents the dissolution of Ca2+ ions from Bg, which increases continuously from zero to a maximum value (t -

t ). After that, the dissolution of Ca  ions decreases while the radius (r) of the fibers continues to increase by swelling to a

maximum (t ). After t , both Ca and the fiber radius decrease at different rates until t , where both rates become similar,

followed by the complete dissolution of the fibers.

Figure 6. (a) Diagrams of dissolution of Ca  ions and fiber radius versus time: dissolution of Ca , solid line, and fiber

radius (r), dotted line. (b) Schematic of the change in fiber radius at different times.

On the other side, the mechanism by which ionic migration of Ca  to the interior of the cytoplasmic membrane occurs is

shown schematically in Figure 7. After contact with the scaffold, cardiomyocytes adhere to the hydrophilic nanofiber

surface; this adhesion is further enhanced by releasing Si , Ca , and PO  ions. When these ions dissolve in the culture

medium, they interact with the cardiomyocytes across their cytoplasmic membrane. They alter the electrical potential

between intracellular and extracellular space by flowing through selective L-type Ca  channels .

Figure 7. Schematization of cardiomyocytes across the PVA/Bg scaffold surface.
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5. Concluding Remarks

Finally, this summary describes the main findings and results of the contractile activity of cardiomyocytes cultured on the

crosslinked PVA hybrid scaffolds due to the dissolution of Ca2+ ions. Some of the most relevant points are highlighted

below:

-The sol-gel technique used here to synthesize Bg made it possible to obtain nanoparticles with 5–20 nm diameters,

facilitating their uniform incorporation into fibers with diameters ranging from 130 nm to 340 nm.

-Chemical crosslinking of PVA and increasing the Bg concentration allowed the hybrid nanocomposite scaffolds to

stabilize thermally.

-Intracellular calcium fluctuations appear to be associated with increased Bg concentration of releasing Ca  and Si

ions.

-Electrospun fiber scaffolds with up to 20 % Bg concentration allowed the formation of a strongly connected cell layer

covering the entire scaffold surface, suggesting high cell adhesion and favoring a homogeneous, synchronous, and

periodic contractile activity.
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