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Repairing heart tissue presents a major clinical challenge, driving the development of
biomaterials that mimic the natural environment of the heart muscle. This study focuses
on the fabrication and characterization of electrically conductive fibrous nanostructures
using polycaprolactone (PCL) and polyurethane (PU), two materials commonly used in
biomedical research. To improve electrical conductivity, we incorporated gold
nanoparticles (AuNPs) within the scaffold matrix. We characterized the fabricated
structures using scanning electron microscopy (SEM) and Fourier transform infrared
spectroscopy (FTIR). The SEM results showed a homogeneous fibrous structure with
diameters ranging from 499 to 853 nm. Furthermore, FTIR analysis showed physical
interactions between the AuNPs and the polymer matrix without compromising structural
integrity. The contact angle results demonstrated that the incorporation of AuNPs
improved the hydrophilicity of the surface. It is worth noting that the addition of AuNPs
significantly increased the electrical conductivity of the supporting structures. Based on
our results, the physical, chemical, and electrical properties of PCL:PU-AuNPs
composite scaffolds make them suitable for cardiac tissue engineering applications.
Further studies such as cell adhesion and in vitro cytotoxicity testing need to be
performed in order to validate the biological performance of these scaffolds for cardiac
regeneration.

1. INTRODUCTION

Globally, cardiovascular diseases (CVDs) represent the
major cause of mortality, causing about 18 million deaths
yearly, with ischemic heart disease being the most prevalent

[1,2].

The available methods of treatment, including heart
transplantation, have serious shortcomings such as the
unavailability of donors, immune rejection,
Accordingly, cardiac tissue engineering has been proposed as
a strategy to regenerate damaged myocardial tissue using
bioengineered scaffolds that can replicate the native
extracellular matrix (ECM) [3-5]. The manufacture of
nanofibrous scaffolds has received significant interest via
electrospinning technology because of its ability to mimic the

natural ECM structure.

Such materials offer controlled porosity, large surface-area-

combining PCL and PU [11-13]. However, the two polymers
are electrically insulating, and this limits their usage in the
regeneration of electrically active cardiac tissues. Electrical
conductivity is essential to cardiomyocytes' coordination [14].
In order to solve this problem, researchers have introduced
polyaniline and carbon nanotubes (CNTs) in scaffolds.

However, their cytotoxicity, lack of biodegradability, and
complex production methods pose significant challenges [15-
17]. A promising alternative is gold nanoparticles (AuNPs),
which offer high biocompatibility, electrical conductivity, and
easy synthesis and can be biologically functionalized [18, 19].
Recent studies show AuNPs enhance electrical properties and
support cell growth in tissue engineering scaffolds [20, 21].
This work aims to develop and characterize electrospun
PCL:PU scaffolds decorated with AuNPs, evaluating their
structural, morphological, and electrical properties for cardiac
tissue engineering.

and cost.

to-volume ratios, and requisite mechanical characteristics for
cell adhesion and proliferation [6, 7]. Polycaprolactone (PCL)
is a well-known biodegradable polymer with good
processability, but due to its hydrophobic property, cellular
interactions can be limited [8, 9]. Polyurethane (PU), on the
other hand, has better elasticity and wettability, thus being
applicable in soft tissue applications [10].

Mechanical strength and flexibility can be merged by

2. MATERIALS AND METHODS
2.1 Materials

We purchased medical-grade PU molecular weight (Mw) =
150,000 Daltons (Da) and PCL Mw = 80,000 Da) from Sigma-
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Aldrich. We sourced Dichloromethane (DCM) and N,N-
dimethylformamide (DMF) from Central Drug House (P) and
Alpha Chemika, respectively. We obtained spherical AuNPs
(average size 20-30 nm, 99.95% purity) from Hongwu
International Group Ltd. We used all substances without
further purification.

2.2 Electrospinning solutions preparation

We dissolved both PCL and PU separately in a 9:1 (v/v)
mixture of DCM and DMF to obtain 10% (w/v) solutions, then
magnetically stirred the mixture for 5 hours at a speed of 75
rpm. Next, we mixed PCL and PU in a specific weight ratio
and magnetically stirred the mixture for five hours to obtain a
homogeneous solution. Finally, we prepared the gold
nanoparticle-loaded mixture by adding 1 wt.% AuNPs to the
PCL:PU solution and stirring the mixture for one hour in an
ultrasonic homogenizer to ensure homogeneous dispersion.

2.3 Electrospinning process

We used a horizontal electrospinning machine. We filled a
10 mL syringe fitted with a 22-gauge needle with the polymer
solution. We set the parameters at a flow rate of 1 mL/h, a
voltage of 18 kV, and a distance between the probe tip and the
collector of 15 cm. We collected the scaffolds on an
aluminum-wrapped drum collector and vacuum-dried all
samples for 24 hours to remove any remaining solvents.

2.4 Characterization techniques

2.4.1 Scanning electron microscopy analysis

The morphology and diameter of the fiber were examined
under a VEGA3 LM-TESCAN scanning electron microscope.
The samples were sputtered with gold, and images were taken
at 10 kV. The average fiber diameter and pore size were
calculated using ImageJ and OriginPro software.

2.4.2 Energy dispersive X-ray spectroscopy

Energy dispersive X-ray spectroscopy (EDS) analysis was
conducted to characterize the elemental composition of the
scaffolds.

2.4.3 Fourier transform infrared spectroscopy

The chemical composition was analyzed by a BRUKER
TENSOR-27 infrared spectrometer in the spectral region
4000-400 cm™'.

2.4.4 Electrical conductivity

Electrical resistance was measured by the 2-point probe
method using a KEITHLEY 616 digital electrometer.
Electrical conductivity was calculated from the standard
resistivity equation. Three measurements were taken on each
scaffold to ensure data reliability and to determine the surface
homogeneity. Final electrical conductivity was calculated as
the average of three measurements + standard deviation.

2.4.5 Water contact angle

The wettability was evaluated using a CAM 110
goniometer. A 5 uL drop of distilled water was dropped onto
each sample, and measurements were taken at three different
locations.
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2.4.6 Atomic force microscopy

The surface topography and roughness of the nanofibrous
scaffolds have been examined using atomic force microscopy
(AFM) in tapping mode.

3. RESULTS AND DISCUSSION

This section presents and discusses results of electrospun
scaffolds focusing on key analyses: morphological features,
fiber diameter and pore size distributions, FTIR spectroscopy,
electrical conductivity, and surface wettability. These
properties are crucial in determining the suitability of these
scaffolds for cardiac tissue engineering.

3.1 Morphology and microstructure/energy dispersive X-
ray spectroscopy

Scanning electron microscopy (SEM) analysis was carried
out to determine the morphology of the scaffold, diameter of
the fibers, and the size of the pores (Figures 1-4).
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Figure 1. (A) Scanning electron microscopy (SEM) image of
10% w/v pure polycaprolactone (PCL) at 500X
magnification; (B) SEM image at 20KX magnification; (C)
mean fiber diameter; (D) mean pore size; (E) energy
dispersive X-ray spectroscopy (EDS) spectrum

As shown in Figure 1(A-D), the average diameter and pore
size of the pure PCL substrate were found to be 499.99 + 35
nm and 2061.9 + 125 nm, respectively, and fibers on this
substrate were uniform without evidence of beads. They are
dense fibres that can hamper cell infiltration. As shown in the



EDS spectrum in Figure 1(E), the spectrum exhibits two
prominent peaks indicating carbon (C) and oxygen (O), the
two fundamental constituents of the PCL polymer repeating
units. The absence of additional impurity peaks confirms the
high purity of the produced nanofibers and the efficiency of
the electrospinning technique in maintaining their chemical
homogeneity.
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Figure 2. (A) Scanning electron microscopy (SEM) image of
10% w/v pure polyurethane (PU) at 500X magnification; (B)
SEM image at 1KX magnification; (C) mean fiber diameter;
(D) mean pore size; (E) energy dispersive X-ray
spectroscopy (EDS) spectrum

In contrast, the pure PU scaffold (Figure 2) displayed a more
open structure, with a larger fiber diameter of 853.83 £ 12 nm
and a pore size of 4, 250.05 £ 589 nm, most likely due to the
higher molecular weight and solution viscosity of PU. The
PCL:PU blend (in a ratio of 3:1) (Figure 3) exhibited
intermediate morphology (diameter: 811.5 nm; pore size: 4,
352.05 nm). We observed that the PCL:PU structure loaded
with AuNPs (Figure 4) contained spherical nanoparticles
uniformly decorated on the fiber surfaces. While these pores
facilitate transport of nutrients, their range of 2 to 4 um may
limit the depth of cell infiltration, since the size of cells usually
exceeds these dimensions. We recognize this as a limitation
and suggest that improving parameters in the future could
enhance pore interconnectivity. EDS spectrum of the gold-
decorated PCL:PU nanofibers, presented in Figure 4. E
confirms the successful incorporation of AuNPs into the
polymer matrix. Despite the characteristic peaks of C and O,
distinct peaks of Au are clearly seen. This result confirms the
effectiveness of integrating and distributing AuNPs within

nanofiber structures fabricated by the electrospinning process,
demonstrating the robustness of the synthesis technique.
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Figure 3. (A) Scanning electron microscopy (SEM) image of
10% w/v polycaprolactone (PCL): polyurethane (PU) (3:1) at
500X magnification; (B) SEM image at 20KX magnification;
(C) mean fiber diameter; (D) mean pore size; (E) energy
dispersive X-ray spectroscopy (EDS) spectrum
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Figure 4. (A) Scanning electron microscopy (SEM) image of

gold nanoparticles (AuNPs)- polycaprolactone (PCL):

polyurethane (PU) at 500X magnification; (B) SEM image at

10KX magnification; (C) mean fiber diameter; (D) mean
pore size; (E) energy dispersive X-ray spectroscopy (EDS)
spectrum

3.2 Fourier transform infrared spectroscopy

We wused FTIR analysis to evaluate the chemical
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composition and interactions within the scaffolds' structure
(Figures 5 and 6). Pure PCL (Figure 5(A)) showed
characteristic peaks at 1, 722.31 em™ (C=O stretching), 2,
943.14 cm™! as well as 2, 865.4 cm ' (C-H stretching), and 1,
045; 1,106.61; and 1, 239 cm™ (C-O-C stretching), consistent
with literature values [15, 16, 18]. Pure PU (Figure 5(B))
exhibited a broad N-H bond stretching at 3328 cm™, C=0
stretching at 1, 727 cm!, and aromatic C=C bond stretching at
1531 cm™. The sharp peak at 1, 221 ¢cm™! is attributed to the
stretching C-O-C bond in the ester, a characteristic feature of
urethane bonds in PU [17].

The PCL:PU blend (Figure 6(A)) exhibited an overlap of
these peaks, indicating a physical blend without chemical
bonds. Conversely, the spectrum of PCL:PU loaded with
AuNPs (Figure 6(B)) revealed slight peak shifts and
broadening. These shifts indicate weak physical interactions,
such as electrostatic coordination between AuNPs and the
polymer’s functional groups, which we expect will improve
the electrical performance of the composite.
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Figure 5. Fourier transform infrared spectroscopy (FTIR) spectra of nanofibrous scaffolds fabricated entirely from (A)
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Figure 6. Fourier transform infrared spectroscopy (FTIR) spectra of nanofibrous scaffolds composed of (A) PCL:PU (3:1); (B)

gold nanoparticles (AuNPs)- PCL:PU
Note: Polycaprolactone (PCL), polyurethane (PU).

3.3 Electrical conductivity

We calculated the electrical conductivity of the structures
loaded with AuNPs-scaffolds using a standard resistivity
formula with the two-point probe technique.

932

R = (pL)/(Wt)

o=1/p

(M
2

where, p is resistivity, R is electrical resistance, and L, W, and



t represent length, width, and thickness, respectively, for mats
[19]. As shown in Figure 7, the pure PCL structure acted as an
electrical insulator, displaying a negligible electrical
conductivity of 1.2 x 10 S/cm, which is insufficient for
cardiac tissue engineering applications, where signal
propagation is required. In contrast, we observed a significant
increase in electrical conductivity, reaching 0.0352 S/cm in the
PCL:PU blend. When AuNPs were incorporated, the
conductivity reached 0.54 S/cm. SEM analysis reveals that the
AuNPs are mainly distributed on the surface of the nanofibers,
a phenomenon known as surface segregation. The shear force
of the spinning action during electrospinning forces the
nanoparticles to migrate to the outside of the fibers due to fast
solvent evaporation. This surface distribution is very critical
for creating a conductive network within the scaffold in 3D.
Randomly oriented nanofibers that are gold-decorated
congregate together at many points of contact when they meet.
These junctions serve as electron-transporting pathways,
enabling electron transfer within the scaffold. This network of
interconnected nanoparticles at the interfaces between the
fibers is thought to be the real reason for the measured
conductivity, as the pure PCL:PU structure is by nature
insulating, and this is achieved even with this relatively small
filler loading.

To evaluate these results, we compared our findings with
the values reported in the scientific literature for conductive
polymer structures. Typically, the scaffolds of CNTs have an
extremely high conductivity (from 1 to 5 S/cm), but are limited
by their reactivity and inflammatory response within the body
[20-24]. Our value of conductivity was 0.54 S/cm, which is
reasonable as compared to other systems containing AuNPs
and nanofibres (0.1-0.7 S/cm). This level of conductivity is
appropriate for facilitating the electromechanical signals
essential for synchronized cardiomyocyte contraction of
cardiac muscle cells. Furthermore, our approach based on
AuNPs offers a biocompatibility profile compared to carbon
or metal-based alternatives, providing a balance between
electrical performance and cellular safety.
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Figure 7. The Electrical conductivity of gold nanoparticles
(AuNPs)-incorporated scaffolds produced through
electrospinning

3.4 Wettability and surface properties

The wettability of the scaffold surface was assessed using a
goniometer to study how scaffold composition affects surface
energy. Pure PCL, due to its hydrophobic nature, exhibited a
relatively high water contact angle (WCA) Figures 8 and 9.

Conversely, we observed that the PCL:PU blend showed an
improvement in hydrophilicity, which is attributed to the
incorporation of the more hydrophilic PU component. When
AuNPs were added, we observed a further increase in the
surface’s hydrophilicity. This improvement is most likely due
to the high surface energy and polar functional groups of the
AuNPs, which enhance the spreading of the water droplet.
Although surface roughness (Ra) (as illustrated by Wenzel and
Cassie-Baxter models [25]) inherently affects wettability, we
attribute the observed hydrophilic property mainly to the
chemical composition and the uniform distribution of AuNPs
within the fiber network. This hydrophilic surface property is
of great importance for future biological applications, as it
normally facilitates better protein uptake and cell adhesion in
cardiac tissue engineering [26-28].

3.5 Atomic force microscopy results

AFM analysis provided a detailed view of the surface
topography of the PCL nanofibers. The two-dimensional (2D)
and three-dimensional (3D) images (Figure 10(A)) revealed a
uniform distribution of nanostructure properties along the
fiber surface. The observed average Ra was 1.017 um, and the
root-mean-square roughness (Rq) was 1198.9 nm, while the
Sq value reached 1272.7 nm, confirming the hierarchical,
textured structure of the fiber surface. The surface
characteristics are expected to achieve a better surface area,
which could lead to better cell adherence and proliferation.
Using AFM analysis, the Ra of the nanofibers of these PUs
was found to be 1.035 pum (Figure 10(B)). PU structures
exhibited slightly higher Ra than PCL structures, which may
be attributed to inherent differences in polymer chain
movement and electrospinning behavior. These recorded
topographical parameters (such as Sq [1.513 pm]) were
especially complex, potentially contributing to an increase in
surface area, in diffusion of nutrients, and in cell-material
interactions. When PCL was blended with PU, a unique
surface morphology was obtained. AFM analysis (Figure
10(C)) showed a lower mean Ra of 555.6 nm, in comparison
with each individual polymer scaffold, indicating that a better,
more even blending process was conducted. The PCL fibers
have a more even and uniform surface topography, which is
probably due to the smoothing effect of the PU. Surface
morphology was examined for the PCL:PU/Au samples, and
it was observed that their surface was found to be much more
refined (Ra =261.99 nm) compared to the pure polymer PCL
and PU counterparts. This reduction indicates that the
properties of the AuNPs brought a smoothing effect to the
rough surface micro-uniformities of the polymer matrix,
thereby contributing to the creation of a more uniform surface
texture and structure.

The wettability observed over 15 min further validates the
AFM results (Table 1). Among all samples, the
PCL:PU/AuNPs scaffold exhibited the greatest improvement
in wettability, as evidenced by a significant drop in the contact
angle to 47° after 15 min. This improvement is related to the
synergistic effect of the smooth surface topography (Ra = 262
nm) and the presence of AuNPs, which have a beneficial effect
on the spreading and penetration of liquids, without the
presence of air pockets, an effect in perfect accordance with
the Wenzel wetting model. This shift from a hydrophobic
surface to a hydrophilic one is clearly at the 15 min mark and
provides a promising surface for further protein binding and
cell integration, fulfilling the need for a stable, bioactive



surface for tissue engineering.
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Figure 10. Atomic force microscopy (AFM) analysis of the electrospun nanofibers: (A) polycaprolactone (PCL), (B)
polyurethane (PU), (C) PCL:PU and PCL:PU-loaded gold nanoparticles (AuNPs)

Note: The 2D topographical image and 3D surface representations of the fabricated scaffolds. The scan area for samples is 40 x 40 pm?.

Table 1. Surface roughness (Ra) and water contact angle

(WCA)
Ra WCA (0 WCA (10 WCA(S5
Sample . . .
(nm) min) min) min)
PCL 1017 121.8° 98° 98°
PU 1035 113° 88° 60°
PCL:PU 555 100° 95° 87°
PCL:PU- o o o
AuNPs 262 101 90 47
Note: Polycaprolactone (PCL), polyurethane (PU), gold nanoparticles
(AuNPs).

4. CONCLUSION

In this study, we successfully developed and characterized
electrospun PCL:PU structures decorated with AuNPs.
Blending PU with PCL effectively increased fiber diameter
and pore size, which likely facilitates nutrient diffusion and
cell infiltration. FTIR analysis verified the successful physical
blending process, suggesting that interaction between AuNPs
and the polymer matrix occurs at the surface level. The
structures could be improved with the incorporation of AuNPs,
enhancing the electrical conductivity and providing an
appropriate conductive surface at which to study electrically
responsive tissues. Moreover, surface wettability studies have
revealed that the wettability of the surface can be controlled
by the structural composition. Overall, the PCL:PU-AuNPs
structures have good structural and electrical properties. These
findings show that it has the potential to be a platform for
cardiac tissue engineering; however, further study of its
mechanical properties and biological interactions is warranted
to substantiate its use in clinical applications for cardiology.
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NOMENCLATURE

Da Daltons

PCL polycaprolactone

PU polyurethane

Mw molecular weight

SEM scanning electron microscopy

FTIR Fourier transform infrared spectroscopy

AuNPs gold nanoparticles

CVDs cardiovascular diseases

CNTs carbon nanotubes

ECM native extracellular matrix

DCM Dichloromethane

DMF N,N-dimethylformamide

kv kilovolta

cm centimeter

mL milliliter

h hour

EDS energy dispersive X-ray spectroscopy

WCA water contact angle

AFM atomic force microscopy

nm nanometer

R electrical resistance

L length

w width

t thickness

Ra surface roughness

Rq root-mean-square roughness

Greek symbols

p resistivity

c electrical conductivity, S/cm

pm micrometer





