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This study investigates the incorporation of polypyrrole (PPy) as a nandfiller in polycaprolactone (PCL)
electrospun nanofiber scaffolds for potential application in cardiac tissue engineering (CTE). Characterization
techniques including SEM, FTIR, tensile strength testing, and contact angle measurements were employed.
PPy incorporation enhances scaffold uniformity and reduces average diameter compared to pure PCL scaffolds,
which is beneficial for tissue formation, mechanical behavior, and facilitating charge transport critical for
electrical conductivity in CTE. FTIR spectra confirm successful PPy incorporation, and mechanical testing
demonstrates increased strain capacity, peak stress, and Young's Modulus in PCL+PPy scaffolds. Contact
angle measurements indicate water adhesion to PCL+PPy scaffolds, beneficial for cell bioactivity in tissue
engineering applications. This research serves as a preliminary step towards the development of a scaffold that
could be effectively used in tissue engineering, particularly in CTE, as it combines the biocompatibility of PCL
with a conductive polymer in a nanofibrous format.

1. Introduction

The advancements in material science, particularly in the field of polymers, have resulted in ground-breaking
developments across various fields. However, in the field of CTE, for example, the use of polymers in
electrospun nanofiber scaffolds still reveals certain limitations. Notably, the lack of electrical conductivity restricts
intercellular interactions, especially for electroactive cells. Furthermore, their mechanical properties are weaker
or significantly different from those of the natural heart. Achieving the optimal level of stiffness to prevent matrix
failure during tissue contraction, while maintaining sufficient elasticity to withstand the cyclical stresses of the
myocardium, is critical to the success of the scaffold. These parameters play a pivotal role in regulating the
behavior of cardiac cells. Achieving successful integration of the scaffold with the host tissue requires correct
electrical coupling and ideal mechanical resistance. To address these challenges in CTE, researchers have
turned to innovative scaffolds composed of conductive polymers such as poly(3,4 ethylene dioxythiophene)
(PEDOQT), poly(styrene sulfonate) (PSS), polypyrrole (PPy), and polyaniline (PANI) (Matysiak et al. 2020;
Ghovvati et al. 2022; Roshanbinfar et al. 2020), alongside materials like gold nanoparticles and carbon
nanotubes or graphene (Bellet et al. 2021; Guo and Ma 2018; Gémez et al. 2021). These developments mark
a significant stride in combining material science and biomedical engineering. PPy has gained significant
attention due to its remarkable stability, high electrical conductivity, and outstanding intrinsic properties. These
characteristics have facilitated diverse applications of PPy, ranging from supercapacitors and biosensors to
antistatic coatings and Tissue Engineering (TE). However, the intrinsic mechanical fragility and problematic
processability of PPy frequently impede its practical implementation. In recent years, the integration of
conductive nandfillers like PPy into engineered cardiac tissues has shown promising improvements. For
example, Liang et al.'s study on blending PPy with silk fibroin in electrospun nanofibers resulted in reduced fiber
diameter, mechanical properties resembling native myocardium, and sufficient electrical conductivity to support
cardiomyocyte contractions (Liang et al. 2021a). Similarly, Zarei et al. achieved conductive scaffolds composed
of chitosan, collagen, and polyethylene oxide with PPy as nanofiller, promoting conductivity and facilitating cell
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adhesion, growth, and proliferation (Zarei et al. 2021). Extending beyond cardiac applications, the versatility of
PPy as a nanofiller has been demonstrated in other biomedical fields such as bone and nerve tissue
engineering. For instance, Maharjan et al. conducted an in situ polymerization of PPy into a PCL solution,
followed by electrospinning the PPy/PCL solution. This process resulted in enhanced mechanical strength,
increased surface roughness, decreased fiber diameter, and improved cell behavior, making it suitable for bone
tissue application (Maharjan et al. 2020).

Moreover, PPy has been used with polyurethane (PU) and poly-L-lactic acid (PLLA) to obtain a soft conductive,
flexible biomaterial that support the proliferation of human skin keratinocytes (Cui, Mao, Rouabhia, et al. 2021).
Additionally, PPy combined with PLA has been used in nerve tissue engineering to improve conductivity,
hydrophilicity, and mechanical properties of nerve cells (Li, Yu, and Li 2022; Imani et al. 2021).

This study aims to incorporate PPy into nanofibrous polymeric fibers of Polycaprolactone (PCL), a polymer
known for its biocompatibility, to assess the impact of PPy particles on the properties of PCL-based scaffolds.
Two types of scaffolds were created via electrospinning: a scaffold made of pure PCL nanofibers and a unique
combination of PCL and PPy particles (PCL+PPy). Analyzing these samples involved Scanning Electron
Microscopy (SEM), Fourier Transform Infrared Spectroscopy (FTIR), tensile strength testing, and contact angle
measurements.

2. Materials and Methods
2.1 Materials

PCL (Sigma-Aldrich, CAS # 134490-19-0 MW=80000 Da), isopropyl alcohol (Sigma Aldrich, 99,7 % CAS # 67-
66-3), chloroform (Sigma Aldrich, 99,5 %, CAS # 67-66-3) and, PPy (Sigma Aldrich, conductivity 10-50 S/cm,
CAS # 30604-81-0).

2.2 Addition of Electro-Conductive Particles

As shown in Figure 1, scaffolds incorporating conductive particles were created by preparing a 9% (w/v) PCL
solution in a 50:50 (v/v) chloroform and isopropanol solvent, which was prepared at least 48 hours prior to use
(Clavijo-Grimaldo et al. 2022). Subsequently, PPy nancfiller particles were added at a concentration of 1% (w/v)
to the prepared PCL solution. To ensure uniform dispersion of the particles within the solution, mixing was
conducted using an ultrasonic probe processor designed for low volume applications (Cole-Palmer # EW-04714-
53).
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Figure 1 Electroconductive PPy particles incorporation into the electrospun fibers.

To fabricate the scaffold incorporating PCL fibers with PPy particles nanofiller, an electropinning setup was
utilized, comprising a high voltage source (CZE1000R, Spellman, USA), a dosing pump (KDS100, USA) with a
5 mL syringe and an 18-gauge needle. The fibers were collected on an aluminum foil rotatory collector at 250
rom. Key electrospinning parameters optimized included the distance between the needle and the rotary
collector, the applied voltage, and the solution feed rate. Ultimately, successful deposition was achieved after
60 minutes at 15 cm distance, 15 kV, and 1.0 ml/h, conducted at a room temperature of 20 °C and 50% relative
humidity.

2.3 Characterization of Scaffolds

The morphology and microstructure of the PCL and PCL+PPy scaffolds were examined using a Tescan Vega
3 SB Scanning Electron Microscope (SEM). Images were captured at magnifications of 500X and 5000X using
an accelerating voltage of 15 kV to analyze fiber formation and topology. The distribution of fiber diameters was
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quantitatively analyzed from the 5000X magnified SEM images using Image J software. Statistical analyses
were performed to determine the mean fiber diameter and standard deviation across the sample population.

A Shimadzu® FT-IR spectrometer equipped with an Attenuated Total Reflectance (ATR) module, utilizing a
germanium crystal, was employed to assess the chemical functional groups present in the scaffolds. FTIR
spectra were acquired in transmission mode over a wavenumber range of 4000 - 500 cm-1 at room temperature.
This analysis enabled the identification of polymer-specific bonds and potential interactions between PCL and
PPy.The tensile strength of the scaffolds was evaluated using a Shimadzu UH-I Universal Testing Machine with
a 50 N load cell. Tests were conducted at a constant rate of 50 mm/min. Rectangular samples measuring 120
mm in length and 10 mm in width were prepared following the ASTM D882 standard procedure. A total of five
samples were tested from each scaffold type to ascertain the average mechanical properties, including tensile
strength and elongation at break.

Surface hydrophilicity was assessed through water contact angle measurements. A 50 pl drop of deionized
water was carefully placed on the surface of each scaffold, and the contact angle was measured using the
contact angle plug-in for ImagedJ software. The plug-in utilizes sphere and ellipse approximations to calculate
the angle formed by a liquid droplet on a solid surface. Three independent points on each sample were
measured to provide an average value, and results were expressed as the mean + standard deviation.

3. Results and discussion

In Figure 2, SEM images showcase the scaffolds alongside their fiber diameter distribution. The PCL scaffold
exhibits an average fiber diameter of 1471.52 + 519.22 nm, with significant size variability. Conversely, the
PCL+PPy composite scaffold presents a reduced average diameter of 1056.73 + 238.99 nm, as substantiated
by Figure 2b and d, which depict a more symmetric and centrally clustered diameter distribution, thus more
desirable for fostering a homogeneous and predictable tissue formation. This aspect can be crucial for the

mechanical function and integration of the tissue.
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Figure 2 (a) SEM images of the PCL scaffold, (b) fiber diameter distribution of the PCL scaffold, (c) SEM images
of the PCL+PPy scaffold, (d) Distribution of the fiber diameter of the PCL+PPy scaffold. D50 is the diameter
when the cumulative percentage reaches 50% and S is the standard deviation.

Furthermore, Figure 2a and c, illustrate that fibers containing the PPy nanofiller exhibit greater morphological
uniformity compared to those composed solely of PCL. This uniformity could enhance charge transport, resulting
in more consistent electrical conductivity throughout the scaffold, which is paramount for the development of
more efficacious scaffolds for CTE (Liang et al. 2021b). Here, electrical signaling is crucial for cellular
coordination and functionality (Kai et al. 2011). Moreover, this scaffold structure may possess the capacity to
support cardiac contractions and convey mechanical forces like natural cardiac tissue. Additionally, the thinner
fibers might reduce the scaffold's rigidity due to their lower moment of inertia, thereby offering better resistance
to deformation under applied loads (Moroni, de Wijn, and van Blitterswijk 2006).
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Furthermore, the SEM images reveal a stochastic yet uniform fiber arrangement, constituting a 3D network in
both variants, with the fibers appearing homogeneous and devoid of defects. The incorporation of the PPy
modulates the polymeric matrix, reducing its diameter, and consequently enhancing its porosity. This alteration
also affects the surface area of the scaffold (Cortez Tornello et al. 2014). It is also discernible that both variants
exhibit a porous and interconnected structure, which would likely facilitate vascularization—a key factor in
promoting the integration and nourishment of the implanted tissue.

The reduction in diameter is attributed to the inherently electroconductive properties of PPy, which increase the
conductivity in the solution, leading to more charge carriers. This amplifies the elongation of the Taylor cone
during formation and consequently narrows the fiber diameter (Yan and Gevelber 2010). This diminution is
beneficial as it escalates the surface area and porosity of the scaffold—traits that are pivotal in CTE applications
because they enhance cell adhesion, nutrient transport, and integration with native tissue (Fioretta et al. 2014).
Additionally, even though the diameter of the PCL+PPy scaffold is smaller than that of the PCL scaffold, it
effectively emulates the diameter of perimysial fibers, which are about 1 ym. Furthermore, it has been
demonstrated that cardiomyocytes cultured on microscale fiber scaffolds exhibit increased propagation and
elongation, both at the level of individual cells and within the designed tissue structures (Fleischer et al. 2015).
FTIR assays were used to confirm the presence of the PCL and the PPy particles. In Figure 3 (a) are the FTIR
spectra for both PCL and PCL+PPy samples. The PCL spectrum is characterized by prominent peaks:
asymmetric CH2 stretching at 2946 cm-!, symmetric CH2 stretching at 2860 cm-', carbonyl (C=0) stretching at
1717 cm™, C-C stretching at 1233 cm™', asymmetric C-O-C stretching at 1166 cm™', and symmetric COC
stretching at 1047 cm™'. These peaks are consistent with previous research (Da Silva et al., 2013; Heidari et al.,
2017; Tayebi et al., 2021; Yuan et al., 2012).
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Figure 3 (a) FTIR spectra of PCL, PCL+PPy and PPy.FTIR spectra of PCL, PCL+PPy and PPy. (b) Drop of
water on the surface of the PCL+PPy scaffold in vertical position.

In the PPy spectrum, characteristic peaks were discerned at 1678 cm™ indicative of C-N bonds, and at 1548
cm' denoting to C=C and C-C stretching of the polypyrrole ring. Additional peaks at 1420, 1275 and 1132 cm™’
are attributed to C-N bonds within the molecule. Subtle peaks ranging between 954 and 725 cm™' imply C-H
bonding in both PCL and PPy molecules, aligning with established literature. (Liang and Goh 2020; Cui, Mao,
Zhang, et al. 2021; Yussuf et al. 2018; Shinde et al. 2014). The results demonstrated consistency in the chemical
composition of the polymers and confirmed the incorporation of PPy within the scaffolds. Although the FTIR
spectrum of the PCL+PPy closely resembles that of pure PCL, this is attributed to the relatively low concentration
of PPy. Consequently, minor variations are observed in the PCL+PPy spectrum, indicative of interactions
between the two polymers. These interactions are beneficial, as evidenced by the enhancement in both the
morphological and mechanical properties of the scaffold.

The wettability of the scaffold surfaces can be determined using the contact angle measurements. For the PCL
scaffold the contact angle is 125.38+4.89° and the PCL+PPy scaffold at 127.57+4.65°. The addition of PPy
resulted in an increased contact angle, indicating that the surface became more hydrophobic. This change could
affect how the scaffold interacts with biological components in TE applications. The hydrophobicity of the
scaffold may influence cell adherence, protein absorption, and overall bioactivity. These factors are significant
for the scaffold's performance in biomedical applications.Even though the scaffold surfaces are hydrophobic, in
the PCL+PPy scaffold water drops tend to attach to the surface, as can be seen in Figure 3 (b). This
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phenomenon, in which the water droplet does not flow easily but appears to 'stick’ to the surface, may indicate
the presence of adhesive forces or surface roughness that increases water retention.

The mechanical properties of the scaffolds were assessed using stress-strain curves, which indicated distinct
behaviors between PCL and PCL+PPy, as depicted in Figure 4a. In addition, as demonstrated in Figure 4b, the
strain capacity of the PCL+PPy scaffold reached 129.79, in contrast to the PCL scaffold 102.15, suggesting
enhanced elasticity. Moreover, the PCL+PPy exhibited a higher peak stress at 3.32 MPa, surpassing the PCL
scaffold's 2.50 MPa, indicative of increased resistance. The Young's Modulus of the PCL+PPy scaffold rose to
32.79 MPa from 27.01 MPa for PCL, reflecting a more rigid composite material. It also displayed greater
toughness, attributed to the necessity of more energy to fracture a greater volume of material, despite a reduced
fiber diameter.These achieved properties also correlate with the microstructure of the scaffolds; the thicker PCL
fibers possess greater tensile strength up to the point of failure due to a larger cross-sectional area bearing the
load (Moroni, de Wijn, and van Blitterswijk 2006). Conversely, the thinner fibers might facilitate greater
deformation before failure, indicating increased ductility of the material. Furthermore, the mechanical properties
of the PCL+PPy scaffold are also enhanced due to the improved diameter distribution, resulting in more uniform
mechanical characteristics throughout the scaffold.
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Figure 4 (a) Stress-strain diagram (b) Mechanical properties of the PCL and PCL+PPy scaffolds.

4. Conclusions

This study aimed to explore the integration of PPy, a conductive polymer, into PCL nanofiber scaffolds for
potential application in CTE. Through the process of electrospinning, two types of scaffolds were successfully
fabricated: one composed of pure PCL nanofibers and another integrating PPy nanoparticles with PCL
(PCL+PPy). SEM images confirmed that PCL+PPy scaffolds maintained a fibrous and porous structure, with a
reduced average fiber diameter compared to pure PCL scaffolds, enhancing porosity and surface area. This
could potentially lead to improved cell adhesion and proliferation. FTIR spectroscopy revealed that PPy was
successfully incorporated within the PCL matrix. Although spectral differences were subtle due to the low
concentration of PPy, minor peak variations indicated a positive interaction between the two polymers. Tensile
testing demonstrated that PCL+PPy scaffolds had superior mechanical properties with increased strain capacity
and maximum stress levels. The Young's Modulus was higher for PCL+PPy scaffolds, suggesting a stiffer yet
more elastic material suitable for the dynamic cardiac environment. Improving the hydrophilic properties of
PCL+PPy scaffolds could further enhance their performance in biological environments, promoting better
integration with native tissues and potentially reducing inflammatory responses. This research represents a
preliminary yet significant step towards bridging the gap between material science and biomedical applications.
The developed PCL+PPy scaffolds exhibit properties that could potentially meet the demands of myocardial
tissue, indicating promise for future CTE advancements.
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