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Abstract

Herein, we introduce a flexible, biocompatible, robust and conductive electrospun fiber mat as a
substrate for flexible and stretchable electronic devices for various biomedical applications. To
impart the electrospun fiber mats with electrical conductivity, poly(3,4-ethylenedioxythiophene)
(PEDOQOT), a conductive polymer, was interpenetrated into nitrile butadiene rubber (NBR) and
poly(ethylene glycol) dimethacrylate (PEGDM) crosslinked electrospun fiber mats. The mats were
fabricated with tunable fiber orientation, random and aligned, and displayed elastomeric
mechanical properties and high conductivity. In addition, bending the mats caused a reversible
change in their resistance. The cytotoxicity studies confirmed that the elastomeric and conductive
electrospun fiber mats support cardiac cell growth, and thus are adaptable to a wide range of
applications, including tissue engineering, implantable sensors and wearable bioelectronics.

Keywords

poly(3,4-ethylene dioxythiophene); stretchable; electrochemical polymerization; electrospinning;
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Introduction

Flexible and stretchable electronics have recently gained an enormous interest in healthcare
and a myriad of advanced biomedical applications, such as epidermal sensors, soft contact
lenses, artificial muscles, neuron-machine interfaces, implantable medical devices and
artificial skin.[*] Current commercially available sensors are chiefly based on conventional
rigid electronics with no stretchability,[1P-2] while wearable sensors provide sensing without
compromising user comfort or constraining movement.[2:3] Therefore, high demand has
recently emerged to fabricate flexible sensors, along with seeking new sensing elements.

Conductive polymers (CPs) are a new generation of “smart”, stimuli-responsive biomaterials
that integrate the electrical properties of metals and semiconductors with the favorable
characteristics of conventional polymers, namely flexibility, ease of synthesis and
functionalization.[4] In addition, the CPs, which are not biodegradable or have long
degradation time, have demonstrated nontoxic and excellent biocompatibility in biological
applications Jn vitroand in vivo.5] There are numerous publications about CP-based
implantable devices that do not cause any side effect, especially in neural applications.[®!
Furthermore, the biodegradability of the conductive polymers can be controlled via chemical
modification and composite systems with biodegradable polymers.[’]

Therefore, CPs are gaining significant interest in various research areas of the biomedical
field, owing to their unique inherent features. As such, CPs have been investigated as
transducers in biosensors and bioactuators, 8 drug delivery,[®] implantable monitoring
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devices,[19] tissue engineering scaffolds[!1] and smart wearables.[12] Despite the rapid
research growth in flexible biosensors and bioelectronics, there is still a need for better
integration of electrically active materials with biological systems, including the better
matching of the mechanical properties of these materials with the biological entities!*3! and
the improvement of the robustness of the interfaces. Consequently, recent research has
focused on creating CP materials and their composites with enhanced properties and
functionality.[4:80.14]

Electrospinning is a simple approach to fabricate fibrous polymeric mats and the technique
has regained significant popularity in recent years.[5] This technique generates structures
analogous to the native extracellular matrices (ECM),[1¢] as it can produce flexible, porous,
large surface area substrates, with spatially interconnected fibers of suitable mechanical
properties.[17] Another important advantage of this fabrication technique is the possibility to
modify the fiber morphology and orientation using unique collector designs along with the
ability to control the electrospinning conditions. As such, one can indirectly tune the
mechanical properties of the mats by adjusting the degree of fiber alignment.[18]
Electrospinning provides flexibility to fabricate fibrous mats from a broad range of
precursors, including natural or synthetic polymers, semiconductors, and ceramics,
individually or in combination.[178l Furthermore, the fibers are amenable to post
electrospinning modification that allows the introduction of other functionality such as
embedding with PEDOT post electrospinning, introducing conductivity and electrochemical
responsiveness. There are different approaches for introducing electrical conductivity to the
formed fibers. One approach consists of introducing an conductive material into an
electrospinning solution, such as gold nanoparticles, 29l carbon nanotubes,[2%] graphene, [21]
or Cpsl[15b,22]

A second approach consists of incorporating conductive nanoparticles?3l or CPs into/onto
the fibers post electrospinning.[24] The latter approach has been employed more commonly,
owing to the wider range of materials available to it. Therefore, the versatility of fabrication
approaches makes flexible conductive electrospun fiber mats excellent candidates for
wearable bioelectronics.

Among the various conductive polymers, poly(3,4-ethylenedioxythiophene) (PEDOT)[25] js
one of the most widely used in biomedical applications, due to its high electrical
conductivity, chemical stability and biocompatibility.[4P:26] However, the stiff and brittle
mechanical properties and insolubility of pristine PEDOT hinder its use for flexible
electronics.[210:27] We overcame PEDOT’s drawbacks by incorporating it into flexible and
stretchable electrospun rubbery fiber mats forming a semi-interpenetrating polymer network
of two polymers. In this way, the formed mats preserved the elastomeric properties of rubber
and the electrical properties of PEDOT.[24]

In this work, a stretchable, biocompatible, robust and conductive electrospun fiber mat is
introduced as a substrate or scaffold for flexible and stretchable devices for various
biomedical applications. The electrospun fiber mat is specifically composed of a blend of
nitrile butadiene rubber (NBR) and poly (ethylene glycol)dimethacrylate (PEGDM) was
used for its compatibility of the formed fibers with PEDOT and its effect on ionic
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conductivity.[24.28] The resulting electrospun mats are flexible, conductive and contain fibers
that are orientated either randomly or aligned. Herein, we show that the resistance of the
mats changes with bending-relaxation cycles and stretching. Importantly, the presented
electrospun fiber mats have been shown to support cardiomyocyte adhesion and
proliferation, thus proving a promising platform for biocompatible and flexible substrates for
bioelectronics.

Results and Discussion

To create flexible fiber substrates, the electrospun fiber mats (shown in Figure 1) were
prepared from a solution of NBR and PEGDM, with partial photo-crosslinking induced
during the electrospinning process. Additional crosslinking was achieved by curing at 80°C
in an oven with the use of a thermal crosslinker, as previously reported by us.[24] The
random fibers were formed by using a stationary plate collector, while the aligned fibers
were fabricated using a custom electrospinning apparatus (Figure 1A). During initial
fabrication, the aligned fibers experienced high tensile stress leading to fracture,
aggregation, and the eventual fusion of the fibers (Figure S2). As a solution, high molecular
weight poly(ethylene oxide) (PEO) was introduced to the electrospinning solution of NBR/
PEGDM to facilitate the electrospinning process by having excellent solubility and being
compatible with the fibers (i.e., PEGDM). These properties allowed the aligned fibers to be
electrospun without loss of fiber morphology, and the PEO could be leached out from the
final fibers after the NBR/PEGDM had been crosslinked. Therefore, we successfully
obtained random and aligned NBR/PEGDM fiber mats as shown in Figure 1B (i) and (iii).
PEDOT was then polymerized within the NBR/PEGDM network to form the conductive
electrospun mats via oxidative chemical polymerization of EDOT with FeCls. Scanning
electron microscope (SEM) images of the intact aligned and random fiber mats after the
polymerization process of EDOT can be seen in Figure 1B (ii) and (iv). To quantify the fiber
alignment after PEDOT polymerization, the SEM images were characterized by fast Fourier
transform (FTT)-based image analysis method, which confirmed the conservation of the
fiber alignment after embedding with PEDOT (Figure 1C). In addition, we analyzed
averaged diameters of aligned and random fibrous scaffolds. As shown in Figure 1D, there is
no significant difference between fiber diameters of aligned (7.0£1.2 um) and random
(6.6+1.7 um) pristine NBR/PEGDM fiber mats. Furthermore, the random and aligned fiber
mats after PEDOT polymerization showed similar density and thickness around 60 um
(Figure 1E). To confirm whether PEDOT has been polymerized, the color change of the
fiber mats following the polymerization process is a good indicator, as PEDOT turns dark
blue after a successful polymerization.[2%] After PEDOT polymerization, we observed the
dark blue/black color of the PEDOT-embedded fiber mat (Figure 1F) compared with the
pristine NBR/PEGDM fiber mats. In addition, the SEM images confirmed the deposition of
PEDOT into the NBR/PEGDM fiber network (Figure 1G).[24] The PEDOT-embedded fibers
appeared to have a rough surface in comparison to the pristine NBR fibers. Atomic force
microscope (AFM) analysis also confirmed that the surface roughness of the random and
aligned fiber mats increased after PEDOT polymerization (Figure S3).

To assess the practicality of the conductive electrospun mats as flexible and stretchable
substrates for bioelectronics, the mechanical properties of aligned and random fiber mats,
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with and without PEDOT embedding, were characterized by uniaxial tensile tests (Figure 2).
For all mechanical tests, the aligned fibers were oriented parallel to the direction of the
applied mechanical stress. In Figure 2A, PEDOT-embedded fiber mats exhibited a notably
higher Young’s modulus and decreased elongation compared to the pristine NBR/PEGDM
fiber mats. PEDOT embedding induced an increase in the Young’s modulus from 0.7+0.4
MPa to 3.8+1.8 MPa in the aligned fibers, and from 2.3+0.8 MPa to 10.3+3.0 MPa in the
random fibers (Figure 2B). This macroscale mechanical behavior of a composite material is
largely impacted by mechanical partitioning.[3%] When a macroscopic mechanical load is
applied to a multiphase material, the phase with the larger Young’s modulus will bear the
majority of stress compared to the phase with the lower Young’s modulus.[32] The elastic
properties are expected to differ from one phase to another in multiphase structures.[32 It is,
therefore, essential to understand and determine the local elastic properties of polymerized
PEDOT to achieve an accurate understanding of the macroscale measurements. In the
present study, the nanomechanical characteristics of the electrospun fiber mats with and
without PEDOT embedding were analyzed using the nanoindentation module of the AFM.
We assess the nanoscale mechanical properties of the multiphasic PEDOT embedded
electrospun fiber mats with peakforce quantitative nanomechanical property mapping
(PFQNM), a method which maps the local elastic properties on the surface of the single
electrospun fiber (diameter: 1545 pm) with lateral nanometer resolution.[33] The PEDOT-
embedded aligned and random fiber mats showed significantly higher Derjaguin-Muller-
Toporov (DMT) modulus compared with that of the non-embedded fiber mats (Figure 2C
and D). Also, we observed large error bars on the PEDOT embedded electrospun fiber mats,
most likely because the aggregated PEDOT on the fiber mats as shown in Figure 1F (ii)
induced a high DMT modulus. Consequently, the high DMT modulus in conductive fibers
comes from the polymerized PEDOT within the NBR/PEGDM network that has formed a
semi-interpenetrated polymer network (s-IPN). The DMT moduli measured at nanoscale
follows the same trend as the macroscale Young’s moduli; however, the nanoscale elastic
moduli were observed to be larger than macroscale moduli. Such disparity is attributed to the
higher PEDOT content closer to the fiber surface, also observed through EDX mapping as
reported in our previous work.[24] Therefore, it is concluded that embedded PEDOT acts as a
reinforcing agent in conductive fiber mats resulting in an increase in the overall elastic
modulus of the fiber mats. In addition, the pristine NBR/PEGDM fiber mats, both aligned
and random, showed elongations of 122.4+12.6% and 84.9+11.1%, respectively, whereas the
PEDOT-embedded aligned and random fibers exhibited only 75.1+18.1% and 48.3+6.4%
maximum strain, respectively (Figure 2A). In fact, PEDOT embedding has led to threefold
reduction of elongation at break. However, the PEDOT-embedded fiber mats still possessed
favorable flexible and stretchable properties.

Furthermore, we observed the different behavior of aligned and random fiber mats that
showed a correlation between the material strength and fiber alignment. The tensile test of
aligned fiber mats was performed in line with the alignment of the fibers. Directional
alignment of fibers allowed for larger elongation at lower mechanical strength with the
elongation parallel to the direction of tension compared with random fiber mats. With the
fewer network junction points in the aligned fiber mat, the stress could not be dissipated in
multiple directions in these mats, and as a result, aligned fiber mats were easier to stretch in
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one direction at low mechanical strength. Moreover, when stretched in a cyclic manner with
20% elongation, all electrospun fiber mats showed nonlinear restoring force and significant
hysteresis differences between 1 and 10 cycles (Figures 2E-G). However, no significant
reduction was observed in the hysteresis after 10 cycles. Such observation suggests that all
electrospun fiber mats were stabilized, especially the PEDOT-embedded fiber mats, which
showed similar behavior to elastic restoring force after 100 cycles of tensile stretching. As a
result, PEDOT incorporation reduced stretchability and flexibility of the fiber mats but
improved the restoring force to return their original shape after stress removal.

The conductivity of the PEDOT-embedded fiber mats was found to be 5.8+3.6 S/cm and
4.6+3.1 S/cm for the aligned and random fibers, respectively (Figure 3A). The results
indicate that the conductivity is not impacted by fiber orientation. To evaluate mechanical
and electrical stability, the change in resistance of the PEDOT-embedded fiber mats was
measured over 100 extension and relaxation cycles with 20% strain rate. The change in
resistance was plotted over time for the PEDOT-embedded aligned (Figure 3B) and random
fibers (Figure 3C) with 100 cycles. In both samples, the peaks of resistance change are
roughly in sync with the peaks of extension, illustrating a correlation between the elongation
and the resistance of the fiber. The aligned PEDOT-embedded fiber mats showed stable and
reversible changes in resistance compared to that of the random PEDOT-embedded fiber
mats during the first 10 cycles (Figure 3B (ii) and 3C (ii)). It is hypothesized that
stabilization of fiber resistance during the unloading process correlates with the elasticity
and hysteresis of the fiber mats, and stable electrically conductive junction points. Therefore,
the aligned fibrous network of the electrospun mats allows for anisotropic electrical
connectivity, thus creating stable and reversible changes in resistance. On the other hand, the
random PEDOT-embedded fiber mats showed a high fibrous network density that has
electrically conductive junction points along with a high young’s modulus compared to the
aligned fiber mats, thus they will experience difficulty in changing the distance of the
electrically conductive junction points during cyclic elongations, a matter which leads to
decreasing resistance changes, especially for the first 10 cycles compared with aligned
fibers. However, after 10 cycles, both aligned and random PEDOT-embedded fiber mats
showed stable and reversible resistance change along with similar magnitudes of resistance
change (~6%).

As proposed earlier, the conductive electrospun mats provide an excellent platform for
monitoring muscle contraction.[153:34] |t is shown that for many applications, the conductive
mats can survive without significant performance degradation after many elongation and
contraction cycles. Here, as a proof-of-concept, we used the electrospun mats to measure the
resistance change in response to the bending angle of finger joints (Figure 3D and E). To
measure the resistance of the finger joints, copper wires were attached to the ends of a small
conductive electrospun fiber mat on the finger joints of a gloved hand. The fingers were
bent, and the resistance of fiber mats was measured for different bending angles. Figure 3E
demonstrates the change in resistance of the PEDOT-embedded aligned and random fibers
when the finger is bent in the air. The results revealed that the resistance increased as the
bending angle was continuously increased and remained unchanged while the finger
remained bent. The resistance change of the aligned PEDOT-embedded fibers was larger
than that of the random embedded fibers at all bending angles (0°, 45°, 90°, and 135°).
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Therefore, the aligned fiber mats will be more useful to monitor the repeated finger motions
response as they undergo reversible electrical resistance changes against repeated bending
behavior. Furthermore, a PEDOT-embeded nanofibrous sheet was tested on the surface of
porcine skin and the resistance was likewise changed upon bending (Figure 3F).

Additionally, the PEDOT-embedded fiber mats were characterized by cyclic voltammetry in
biological solutions, such as PBS, to assess their electrochemical properties (Figure 3G).
The obtained CV curves for all samples are attributed to the improved rates of ionic mass
transfer at the PEDOT-embedded fiber mat-electrolyte interface. This quality is achieved
mainly due to the unique morphology of PEDOT-embedded fiber mats, which results in
larger surface area, shorter average conducting pathway, and higher fiber density.
Furthermore, the obtained CV curves in aligned vs. random conductive fibers may reflect
higher electrical conductivity of samples in biological conditions, with no requirement for
specific electrolytes for PEDOT with high salt concentration or low/high pH solutions,[35]
all of which negatively affect the cellular viability. Conclusively, the PEDOT-embedded
random and aligned fiber mats are eligible to be used as stand-alone electrode materials in
biological systems, eliminating the need for any cytotoxic electrolytes.

Such large changes in resistances in response to mechanical strain up to 20% makes this
material a good strain sensor. Especially, in the human heart, a mechanical strain is
considered to be cyclic, ranging from 2% to 20% depending on pathological states.[36]
Therefore, the PEDOT-embedded fiber mats will be good strain sensor candidates for
monitoring the heart’s pathological states. To evaluate the cytotoxicity of the electrospun
fiber mats, cardiac fibroblasts were cultured on the fiber mats, and cell viability was
examined using a Live/Dead assay after 24 hours of incubation (Figure 4A). The viability
results were recorded as 79.7+7.0% and 79.1+9.5% for PEDOT-embedded aligned and
random PEDOT embedded fiber mats, respectively (Figure 4B). This ~20% cell death might
be inudced during cardiac fibroblasts’ and cardiomyocytes’ isolation process from neonatal
rat hearts or from the seeding process that might be harsh, especially to primary cells.[37]
However, no cardiac fibroblasts were observed on the pristine NBR/PEGDM fiber mats
following 24 hours of culture. The chemical structure of PEDOT contains a slight positive
charge on the polymer backbone (Figure S1) which allows PEDOT to act as an electrical
binding site for the negatively charged cell membrane, as well as promoting protein
adsorption.[38] The proliferation rate of cells was significantly increased on PEDOT-
embedded scaffolds, as shown in Figure 4C. These results indicate that the PEDOT-
embedded scaffolds might have accelerated adhesion and cell proliferation by either
diminishing the antifouling properties of the PEGDM,[3% such that cells would adhere
favourably,[4%] or through an electrostatic interaction.[41] Furthermore, AFM measurements
confirmed that the surface roughness of the electrospun mats was increased after PEDOT
deposition (Figure S3), providing another reason for the enhanced cellular adhesion and
proliferation on the PEDOT-embedded scaffolds compared to the pristine NBR/PEGDM
fiber mats.[38] The adhered cell morphology and cytoskeletal structure of the seeded cardiac
fibroblasts were stained with F-actin and were imaged 5 days after incubation using a
confocal laser scanning microscope (Figure 4D). The images show that the adhered cells
stretched on the aligned and random PEDOT-embedded scaffolds. Nevertheless, the random
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PEDOT-embedded electrospun fibers exhibited more F-actin elongation, possibly as a
response of the cells to the topographical cues of the electrospun fibers.[42]

The adhesion and spreading of cardiomyocytes were studied after seeding the cells onto the
scaffolds, and cell morphology was observed after 5 days of incubation (Figure 4E).
Cardiomyocytes were stained for the specific cardiac markers, namely, sarcomeric a-actinin
(green), and gap junction protein, and as connexin (Cx-43, red), while the nucleus was
counterstained for DAPI (blue). The staining indicated positive expression of sarcomeric a-
actinin striations, which in turn indicated the presence of contractility and cell maturation.
[43] Although clear alignment of cells on the aligned conductive scaffold was not noticed,
both the embedded aligned and random fibers showed positive expression of Cx-43, a
necessary component in promoting cell-cell communication through electrical and
mechanical junctions.[42] Cell alignments has been controlled by nano- and micro-
topography features such as the density and height of nano- or micro-patterns. Since these
aligned or random nanofibers are dense with relatively low height, cardiac cells had not been
able to sense these topography features and could not spread at following alignment
direction as expected.[44] While the Young’s modulus of the embedded electrospun mats is
higher than that of cardiac or skeletal muscles, with Young’s modulus ranging from 10 kPa
to 50 kPa,[48] the successful expression of the cardiac biomarkers suggests that the PEDOT-
embedded electrospun fiber mats would serve as an appropriate material for cardiac tissue
engineering. For tissue regeneration application, the PEDOT-embedded electrospun sheets
are very thin (~100 um), making it difficult to create thick tissue constucts. Therefore, to
create thick tissue contrscuts, they will be stacked along with cell layers following
previously reported studies.[47]

Conclusion

In the present study, we fabricated flexible, porous, and conductive electrospun scaffolds
with tunable fiber orientation which can be used in bioengineering applications. The electro-
spun fiber mats were comprised of NBR and PEGDM to provide flexibility and mechanical
integrity, and were embedded with PEDOT to provide electrical conductivity (~5 S/cm). The
addition of PEDOT also alters the mechanical properties of the fiber mats by increasing the
Young’s modulus and surface roughness. Fiber alignment introduces anisotropic effects on
the mechanical and electrochemical properties of the fiber mats. The PEDOT-embedded
fiber mats were stabilized and showed similar behavior to elastic restoring force after 100
cycles of tensile stretching. Consecutive bending cycles and repetitive strain cycles showed
that the resistance of the fiber mat is responsive to the bending angle and the amount of
applied strain up to 20% stretching. In addition, the PEDOT-embedded fiber mats showed
high cellular viability along with excellent adhesion, proliferation, and cellular maturation of
cardiac cells. Therefore, we demonstrated that the conductive electrospun fiber mats could
serve effectively as biocompatible strain sensors for monitoring muscle contraction and body
movement.
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Experimental Section

Materials and reagents:

Phosphate-Buffered Saline (PBS), Fetal Bovine Serum (FBS), Dulbecco’s Modified Eagle
Medium (DMEM), LIVE/DEAD® Viability/Cytotoxicity Kit, Alexa Fluor 488 actin
conjugate (F-actin staining), and antibodies (sarcomeric a.-actin, connexin-43 (Cx-43)) were
purchased from Life Technologies. NBR with 44% acetonitrile (ACN) was kindly provided
by Cédric Plesse from LPPI, Institut des Materiaux who received it from Lanxess (Mw=230
000 gmol™21, Per-bunan 4456F). Chloroform, methanol, benzoyl peroxide (BPO),
poly(ethylene glycol) dimethacrylate (PEGDM, Mn=550 gmol 1), 2,2-dimethoxy-2-
phenylacetophenone (Irgacure 651), acetone, poly(ethylene oxide) (PEO, 100 000 D) and
phosphate buffer saline solution were purchased from Sigma Aldrich. Anhydrous iron 11
chloride was purchased from Acros, 3,4-ethylenedioxythiophene (EDOT) was purchased
from AK Scientific. EDOT was doubly distilled under reduced pressure before use. All
materials were used as received unless otherwise stated.

Preparation of random PEDOT embedded NBR/PEGDM fibers:

PEDOT embedded electrospun NBR mats were prepared through oxidative chemical
polymerization of EDOT with FeCl3 as previously reported!24] (Scheme S1). Briefly, a
10%wt/v solution of NBR in chloroform was prepared to which 6%wt/v PEGDM, 1% wt/v
Irgacure 651 and 0.5%wt/v BPO were added. The solution was stirred until homogeneous,
then electrospun under high intensity UV light at 1 ml/h with an 18 G needle at a 10 cm
working distance. The fibers were then further crosslinked in a vacuum oven at 80°C for 16
h. These fiber mats were then swollen with EDOT for 5 h in a vacuum and subsequently
immersed in a 1.5 M FeClI3 solution for 20 min. The PEDOT-embedded mats were then
washed and soaked in methanol for 2 days to remove any unreacted FeCI3 and monomer.

Preparation of aligned PEDOT embedded NBR/PEGDM fibers:

Aligned fibers were produced using the oriented electrospinning apparatus from Plant and
Food Research Ltd, New Zealand. To improve the solution’s original mechanical properties,
high molecular weight PEO (100 000 D) was added into the electrospinning solution at 2:1
NBR to PEO weight ratio. To ensure that all PEO capable of leaching out was removed, the
aligned fibers were soaked in chloroform for 3 days. Lastly, PEDOT was incorporated into
the fibers following the same method in random fibers.

Alignment characterization:

The alignment of the fibers was characterized by analyzing the scanning electron
microscope (SEM) images in ImageJ software. The directionality function preformed a fast
Fourier transform (FTT) transformation and performed a radial summation on the resulting
pixel distribution image from 0 to 360° at 2° intervals. The resulting data plotted from 0 to
180°, as the FTT is symmetric around the horizontal axis.
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SEM analysis:

SEM analysis of the samples was conducted using a Philips XL30S FEG with a SiL.i
(Lithium drifted) detector with a Super Ultra-Thin Window energy dispersive X-ray
spectrometry (EDS) detector and with a LEICA LEO S430i SEM. The samples were coated
with a Quorum Q150RS sputter coater prior to PEDOT incorporation to receive a double
layer of platinum coating.

Mechanical and electrical properties of the electrospun fibers:

The Young’s Modulus of the fibers was measured using a uniaxial tensile loading machine
(Instron 5542, USA) with 100 N load cell at a rate of 20 mm/min. Fibers were cut to a
rectangular size of 15 mmx3 mm. The Young’s Modulus was calculated as the slope in the
initial linear region in the stress-strain curve. The aligned fibers were stretched in the
direction of fiber alignment. Cyclic tensile tests were performed to determine the hysteresis
and elasticity of the fiber over time. Fibers were cut to a size of 15 mmx3 mm, and were
cyclically stretched for 100 cycles at a rate of 20 mm/min. The hysteresis or energy loss was
calculated as the area inside the loading and unloading curves. Again, aligned fibers were
loaded in the direction of fiber alignment. To determine electrical properties over time, the
change in resistance was measured simultaneously during cyclic tensile testing. Fibers were
cut into a 20 mmx3 mm rectangle and the fibers were cyclically tensed to 20% strain for 10
cycles. The changes in resistance and elongation were measured by a digital multimeter and
then plotted over time for the conductive random and aligned fibers. Aligned fibers were
oriented in the direction of fiber alignment.

Nanoindentation-atomic force microscope (AFM):

Quantitative three-dimensional high magnification images were obtained at room
temperature using a Bruker Dimension Icon AFM (Bruker Corporation, CA, USA) to
determine the surface topography, as well as the nanomechanical properties. The images
were obtained with quantitative nanomechanical property mapping (QNM) imaging mode in
air, at a scan rate of 1.0 Hz, using a TESPA tip (\Veeco, Santa Barbara, CA, USA) with a
spring constant of 34 N/m, and a resonant frequency of 250 kHz (50 kHz). The tip was
calibrated initially on a glass surface in order to set the deflection sensitivity before being
used for peakforce QNM (PF-QNM) imaging. 250 samples per line were recorded, and for
higher resolution images, 500 samples per line were recorded.

Conductivity measurements:

Conductivity was determined with a Jandel cylindrical four-point probe, with 1 mm spacing.
The samples were measured five times and were averaged to account for their geometry and
surface roughness.

Cyclic voltametry (CV):

CV was used to characterize the electro-spun mats. CV was performed using a CHI660E
(CH instrument, Inc.) potentiostat in PBS solution under pH 7.4 at 20 mV/s and 5 cycles.
For all experiments, the fiber mats operated as the working electrode with a Ag/AgCl
reference and a platinum wire counter electrode.
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Cell isolation and culture:

Neonatal cardiomyocytes and cardiac fibroblasts were isolated from two-day-old Sprague-
Dawley rats based on a previously established approved protocol by the Institute’s
committee on Animal Care.[48] Briefly, the hearts were subjected to three collagenase
treatments and then pre-plated for 1 h to separate the cardiomyocytes from the cardiac
fibroblasts based on time of attachment. The cardiomyocytes were removed from the flask
and used immediately. The cardiac fibroblasts were cultured for later experiments in DMEM
supplemented with 10% FBS, and 1% penicillin-streptomycin (P/S). Cardiac fibroblasts
were used at third passage or lower. Fibers were washed with ethanol, Dulbecco’s
phosphate-buffered saline (DPBS) with 1% P/S twice and DMEM, all for 30 minutes. Two
hours prior to seeding, the fibers were coated with 50 pg/ml fibronectin (Sigma-Aldrich).
Cardiac fibroblasts and cardiomyocytes were seeded at a concentration of 2.5x10° cells/mL.

Viability was measured using a LIVE/DEAD® Viability/Cytotoxicity Kit. Samples were
imaged using an inverted fluorescent microscope (Zeiss, Axio Observer.D1, Germany).
ImageJ software was used for the analysis of the images. Metabolic activity of the fibers was
tested on days 1, 3, and 5 using a PrestoBlueTM kit (Life Technologies). Samples were
incubated according to the manufacturer’s instructions, and absorbance was measured using
spec-trophometry (Synergy HT-Reader, BioTek, Winooski, VVT). On the 5t day of culture,
samples were fixed with 4% paraformaldehyde at room temperature for 30 min. Following
fixation, samples were permeabilized with 0.1% Triton X-100 for 30 minutes.
Cardiomyocyte-seeded samples were stained for sarcomeric a-actinin, and Cx-43, 2
cardiomyoctye specific antibodies. The samples were incubated with the antibodies
overnight at 4°C at a dilution of 1:200. The samples were then incubated with the secondary
antibody for 40 minutes at room temperature. Finally, the samples were counterstained for
15 min with 4’,6-diamidino-2-phenylindole (DAPI) prepared at a dilution of 1:1000.
Imaging was performed using an inverted laser scanning confocal microscope (Leica SP5X
MP, Germany). Samples seeded with cardiac fibroblasts were fixed and permeabilized
following the above steps, and were stained for f-actin with Alexa Fluor 488 phalloidin at a
1:40 dilution for 30 minutes. The nuclei were counterstained with DAPI. The samples were
then imaged on an inverted laser scanning confocal microscope.

Statistical analysis:

Statistical data was analyzed using a one-way ANOVA (GraphPad Prism 5.02, GraphPad
Software) when applicable. The data represented the mean, and the error bars represented
standard deviation (SD) of each sample. Data was classified as significant if p<0.05,
following a Tukey’s multiple comparison test.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
(A) Schematic of the preparation steps for (i) random and (ii) aligned fibers. (B) SEM

images of (i) random pristine NBR/PEGDM fiber mat, (ii) random PEDOT-embedded fiber
mat, (iii) aligned pristine NBR/PEGDM fiber mat and (iv) aligned PEDOT-embedded fiber
mat. (C) Degree of alignment in different types of electrospun fibers. Legend: A aligned, R
random, A-C aligned-PEDOT embedded and R—C random-PEDOT embedded. (D) The
averaged fiber diameters of aligned and random pristine NBR/PEGDM fiber mats. Data
were expressed as meanz standard. n.s. not significant via Mann-Whitney U test. (n=13 in
G) (E) SEM images showing the cross-section of (i) random and (ii) aligned random
PEDOT-embedded fiber mats, (iii) aligned pristine NBR/PEGDM fiber mat and (iv) aligned
PEDOT-embedded fiber mat. (F) Fabricated i) yellowish NBR/PEGDM vs. ii) dark blue
PEDOT-embedded NBR/PEGDM electrospun sheets. (G) Magnified SEM images of the
surface of the electrospun sheets (i) pristine NBR/PEGDM and (ii) PEDOT-embedded
fibers.
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Figure 2.

(A) Representative stress-strain curves. (B) Young’s modulus of electrospun fiber mats. (C)
Nanoscale measurement with AFM of DMT modulus and (D) represented image of (i)
aligned, (ii) aligned-PEDOT embedded, (iii) random and (iv) random-PEDOT embedded
electrospun fibers. Hysteresis curves for (E) aligned and random pristine NBR/PEGDM
fiber mat and (F) aligned and random PEDOT-embedded fiber mats. (Solid line: cycle 1,
Dashed line: cycle 100). (G) Summary of energy loss over 100 cycles of tensile stretching up
to 20% strain. (n=5 in A-G)
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Figure 3.
(A) Electrical conductivity of aligned, aligned-PEDOT embedded, random and random-

PEDOT embedded electrospun fibers. Cyclic stress and resistance measurements with 20%
strain rate for (B) PEDOT-embedded aligned fibers and (C) PEDOT-embedded random
fibers, and their (i) the first 10 cycles and (ii) 100 cycles. (D) Highly stretchable and
bendable PEDOT-embedded fiber mats attached to the finger. (E) Resistance vs. bending
angle in PEDOT-embedded random and aligned fibers measured in the air. (F) Photograph of
bendable PEDOT-embedded fiber mats on porcine skin in PBS. (G) Parallel and
perpendicular CV curve of PEDOT-embedded random and aligned fibers in PBS. (n=3 in A—
©)
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Figure 4.
(A) Live/Dead staining of cardiac fibroblasts seeded on (i) PEDOT-embedded aligned fibers

and (ii) PEDOT-embedded random fibers. (B) Quantification of Live/Dead images. (C)
Metabolic activity of cardiac fibroblasts seeded on the PEDOT-embedded aligned and
random fibers (n=3 in B, C). (D) F-actin and DAPI staining of cardiac fibroblasts seeded on
PEDOT-embedded (i) aligned and (ii) random fibers. (E) Immunostaining of sarcomeric a-
actinin and Cx-43 of cardiomyocytes seeded on (i and ii) PEDOT-embedded aligned fibers
and (iii and iv) PEDOT-embedded random fibers.
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