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Abstract:

The fabrication of synthetic scaffolds that mimic the micreenvironment of cells is a
crucial challenge in materials science. The honeycomb morphelogy-is one such bio-mimicking
structure that possesses unique physical properties and high packing efficiency in a 3-
dimensional space. Here, we present a novel method\for electrospinning polycaprolactone-
polyaniline with continuous, self-assembled, uniform, interwoven nanofibers forming patterns
without the use of templates or porogens. By using the approach presented here, unique
architectures mimicking the naturalymechanical anisotropy of extracellular matrix were created
by varying the electric field- Adult /human dermal fibroblasts (HDFa) cells were successfully
cultured on the nanofiberiscaffolds without any external growth factors or post-processing of the
nanofibers and compared to a commercially available dermal template. Our data indicates that
despite identical chemical composition, the physical properties impact cell attachment, alignment
and penetration into the scaffold. The mechanical strength of the fibers also plays a role with a
distinct preference to fibers with high stiffness and ultimate tensile strength. Thus, by tuning the
electric field, fibers with different physical properties and patterns can be fabricated for different

applications.



1. Introduction

The process of self-assembly refers to the efficient and spontaneous bottom-up
arrangement of nanostructures with well-defined symmetry and long-range order [1]. Some of
the applications of these self-assembled nanostructures are in designing catalysts [2], optics [3],
batteries [4], supercapacitors [5], filters with molecular sieves [6], scaffolds for engineering the
3D microenvironment of tissues [7], and drug delivery applications [8]. Self<directed assembly
of nanomaterials has been of considerable interest and has gained momentum recently due to
advances in fabrication techniques and ability to automate the production. This is critical for the
commercial production of functional structures using templating approaches with nanometer
scale accuracy. The fabrication of the self-assembled nanostructures can be achieved by mixing
colloidal solutions, nanostructured templating, self-erganizing medium and wrapping [9].
However, as the complexity of the structure increases, the template and the self-assembled
structures will involve integration of multiple processes each with their specific material and

chemical requirements.

The formation of different manostructures including nanodots and nanofibers, can be
achieved through eleetrospinning, an electric-field assisted fabrication technique [10]. The
advantages include low, cost, quick processing speeds, long-term stability, ease of control and
scalability. Nanofibers obtained from electrospinning have been reported for drug delivery [11],
tissue scaffold jengineering [12], energy storage devices [13], actuators [14], solid state devices
[15],\smart textiles [16], filters [17], optoelectronics [18], resonators [19], and wound healing
[20]. However, the limitation is in efficiently producing nanostructures with high aspect ratio. To

address this challenge, modifications such as low temperature electrospinning [21], self-



assembly [22], replacement of collector with a template of required pattern or liquid bath [23-

25], post-processing and additive manufacturing have all been reported [26].

The honeycomb topology can be broadly classified based on the shape of the 2D unit cell
type such as square, circular, triangular and hexagonal which is stretched in columns-to create
3D structures. The topology of the unit cell is optimized based on the required-function. The
hexagonal cells help in convective transfer whereas the triangular honeycombypossess superior
mechanical properties. This makes the honeycomb structure extremely‘useful in designing
complex nanostructures at the macro- and nanoscale. The packing.and/tiling of honeycomb
structures is also very efficient which allows for high packing densities and interactions between
multiple points in a plane [27]. Using electrospinning;. the~honeycomb structure has been
previously reported for energy storage applications [28]; tissue scaffold engineering [29], and
for use as filters [30]. The pattern offers a widerange of flexibility in design by varying the pore
size. Thandavamoorthy et al. demonstrated the production of self-assembled honeycomb
structures in membranes using polyurethane [31]. Electrospraying and electrospinning was used
by Wittmer to generate 3D honeycomb structures using a patterned collector [32]. Lavielle and
colleagues used photolithography to make special patterned collectors composed of conducting
and dielectric materials [33]. The fibers were collected in the conducting parts of the collectors
and thus provided control over the 3D constructs. Reis and colleagues investigated the self-
assembly of the nanofibers to form various 3D structures and the dependence on parameters in
forming the structures [34]. The investigations were limited to homogenous polymers and the
constituent nanofibers had no alignment. Since the pattern relied on the underlying template on
the collector, altering the pores in the structures required changing the collector, thereby limiting

dynamic alterations of the structures formed. Nedjari and colleagues fabricated honeycomb



shaped scaffolds using a patterned template for tissue engineering studies [35]. While the study
explored the effect of geometric cues provided by the honeycomb structures, the relation
between the variations in the size of the pores to the cell behavior was not reported. Garcia et al.
demonstrated the fabrication of honeycomb structures composed of PCL and hydroxyapatite
using a patterned collector for bone tissue engineering [36]. A combination of electrespinning

and electrospraying was used to obtain the combination of two polymers.

In this paper, a novel technique for self-assembly of nanofibers.toform varying patterns
of honeycomb structure using electrospinning is presented. This-is:the first study to report a
template free method for the self-assembly of nanofibers to form a-pattern with long-range order
using polycaprolactone and polyaniline (PCL-PANI). A blend~of polymers was used to obtain
the required polarity to create the nanopatterns.,The size of the pores formed on a standard
rotating collector was controlled by changing the electric field alone without any further changes
to the electrospinning set-up. The 3D nanostructure thus obtained has the potential for use in

drug delivery and energy storage.applications with a demonstrated use in tissue engineering.

2. Experimental Section
2.1 Fabrication of Scaffolds

All the materials'were used as procured unless specified. Polycaprolactone (PCL): (MW
= 70,000..GPC; Scientific Polymer Products, USA) and Polyaniline (PANI): Emeraldine base
(MW = 50,000; Aldrich Chemistry, USA) were used for making the nanostructures. The doped
form '0f PANI-PCL solution was prepared by dissolving equal concentrations of 0.35% wt.
emeraldine base and 10-camphorsulfonic acid (CSA) (Aldrich Chemistry; France), and 15% PCL
in chloroform (Sigma Aldrich, USA) and filtering the solution using a syringe filter (0.22um).

The concentration of PANI in the filtered solution was determined post filtration using UV-vis



spectrophotometer (LAMBDA 35; PerkinElmer, Inc). For electrospinning, the voltage was
varied between 18-24 kV in steps of 1kV to obtain different nanostructures using a rotating
cylinder (EM-DIG and EM-RTC; IME Technologies, Netherlands) as collector. The
environmental conditions were maintained as a constant. The tip-collector distance was

maintained constant at 0.17m.

2.2 Characterization of scaffolds

The nanofibers were coated with a 5nm thick coating of Au/Rd before visualizing the
fibers using a Field emission scanning electron microscope (FESEM; Hitachi S-4700 FE-SEM).
The chemical bonds present in the scaffolds were analyzed using an Attenuated Fourier
Transform Infrared Spectroscopy (Thermo Scientific™, Nicolet™ iS50 FTIR Spectrometer).
Dynamic mechanical analyzer (TA Instruments™;,, DMA;Q800) was used for characterizing the
mechanical anisotropy of the scaffolds. The scaffolds were stretched along the direction of
alignment of the fibers under isothermal conditions (30°C). All the characterization experiments
were repeated at least thrice to makeisure the data was statistically significant.
2.3 Cell Culture

Adult HumanDermal JFibroblasts (HDFa) were purchased from America Type Cell
Culture (ATCC® PCS-201-012™), and were cultured in Dulbecco's modified eagle medium,
DMEM, (Life Technologies, USA) supplemented with 10% fetal bovine serum (Life
Technologies, USA) along with 1% Penicillin Streptomycin (Life Technologies, USA) under
standard culture conditions (37°C, 65% RH and 5% CO,). The PCL-PANI scaffolds were cut
into squares of 0.5 cm? area (approximately), sterilized using ethanol, and irradiated in UV. Cells

in exponential growing phase were trypsinized, counted using a Bright-Line™ hemocytometer,



seeded (2500 cells per scaffold) and cultured in the incubator under standard cell culture
conditions.
2.3.4 Cell characterization

Cells were visualized via fluorescence microscopy after 2, 3 and 7 days of growth. The
cells were stained with DAPI (4',6-diamidino-2-phenylindole) (Life Technologies, USA) and
Alexa Fluor® 488 Phalloidin (Life Technologies, USA) for nuclei and cytoskeletal F-Actin
visualization, respectively according to manufacturer’s protocols.
2.3.5 Cell Viability

The proliferation studies of fibroblasts on the scaffoldsS were determined using the
CellTiter-Blue® Cell Viability Assay (Promega, Madison,,WI). A commercially available
wound healing dressing (Hollister Endoform Dermal Template Collagen Dressing) was used as
the positive control. The scaffolds includingthe pesitive control were cut into squares of side
0.5cm (n=3), placed in sterile 48-wellplatestand 1000 cells per scaffold were seeded. At Days 1,
3 and 5 culture media was replaced and:20% volume of CellTiter-Blue® Cell Viability Assay
reagent was added and incubated.for,4 h under standard culture conditions (37°C, 65% RH and
5% CO,). A 75 uL aliquot of'the incubated medium was transferred to a 96- well opaque culture
plate (Corning Glass Works). Cell viability was determined using a plate reader (Beckman
Coulter DTX,/880 Multimode Detector) at 560 nm excitation and 590 nm emission. The standard
error bars were calculated by determining the standard error of mean.
3. Results and Discussion

The self-assembly of the honeycomb structures is a multi-step process which begins with
the preparation of the polymer blends. The polymer-solvent interactions play a significant role in

not only influencing the viscoelasticity and polarity of the solution but also in the morphology,



topology, crystallinity, electroactivity and mechanical properties of the fibers. Polycaprolactone
(PCL), a commonly used viscoelastic polymer was chosen because of its high elasticity,
biocompatibility, biodegradability and its solubility in a wide range of solvents. Polyaniline
(PANI) is a semiconducting polymer that is known to be conductive in its salt form. The
emeraldine salt is obtained by addition of CSA as a dopant. A miscible binary polymer blend
was prepared using chloroform. Chloroform was selected as the solvent because of its high
intrinsic viscosity, low boiling point and electrical conductivity among all the other organic
solvents. Concentrations of PANI and PCL in the blend was prepared according to their
solubility parameters in chloroform [37, 38]. The concentration 0f PANI in the PCL-PANI blend
post-filtration was calculated to be 0.4mg/mL using UV«visible spectrophotometry (Figure S1).
The concentration of PANI dispersed is low because of the solvent used and the presence of a
secondary polymer (PCL) in the blend. The PANIis present in its salt form in the PCL-PANI
blend which can be interpreted by the“presence of peaks at 433-444 nm and 782-815 nm
corresponding to the polaron and/exciton transition respectively [39]. The range at which a
polymer blend can be electrospun-is very narrow [40]. One of the important determinants of
electrospinning is the formation of a Taylor cone which is dependent on the surface tension of
the polymer blend and applied electric field among others. A stable Taylor cone jet is essential
for continuous electroespinning and the change in the Taylor cone formed affects the morphology
of the nanofibers-{41]. In our study reported here, except for the voltage applied to the nozzle, all
the parameters used for the electrospinning process to obtain the different honeycomb patterns

were Kept constant.
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Figure 1. Field emission scanning electron microscopic (FESEM) images of the PCL-PANI
scaffolds exhibiting porous morphology and fiber”alignment. PCL-PANI-18kV had a wavy
architecture without pores (a). The PCLPANI-19kV the pore formation is visible but is more
pronounced in PCL-PANI 20kV .and PCL-PANI-21kV (b, c, d). In PCL-PANI-22kV, the
structures were elongated and.incomplete (e). In PCL-PANI-23kV elongated and closed forming
complete, repeatable structures (f):

The low and-high magnification FESEM images provide information to relate the effect
of electric field during”electrospinning to the morphology of the fibers. Low magnification
FESEM images=of the honeycomb structures formed by electrospinning at different voltages is
shown_in figure 1(a) through 1(f) and higher magnification FESEM images are presented in
supplementary figures S2-S7. At 18kV, the fibers obtained have little to no alignment and there
are no interwoven structures or beading, as can be seen from figure 1(a). The higher
magnification image (figure S2) shows the formation of clusters of fibers in regions which

indicate that a higher electric field (voltage or change in tip-collector distance) and time was



needed for formation of elongated fibers. The PCL-PANI-19kV, in figure 1(b) have
interconnected pores which are small and uneven in arrangement. The honeycomb arrangement
cannot be seen uniformly across the entire surface. A higher magnification image (figure S3) of
the fibers revealed aligned fibers that are concentrated towards the beads. The underlying
structure of the fibers were well aligned and fibrous with little or no beads. This confirms that the
formation of beads is not an initial process but occurs at a later point of time during the
electrospinning. In PCL-PANI-20kV (figure 1c), the pores are uniaxially‘aligned and larger than
the pores formed at 19kV, with the presence of beading along the perimeters’of the pores but not
in the other regions. However, a higher magnification image“(figure S4) of the scaffold’s
underlying structure showed beading and a wavy alignment with overlapping layers of fibers
forming a tightly packed structure. In PCL-PANI-21kV (figure 1d) deeper pores compared to
PCL-PANI-20kV can be observed. A high imagnification image (figure S5) of the structure
showed the presence of beads and the alignment of the underlying architecture with the fibers
concentrated more towards the area containing beads and thus creating pores. The honeycomb
pattern in the PCL-PANI-22kV (figure 1e) is stretched out and incomplete and the underlying
fibers are aligned with little ‘or no"beading. The higher magnification image (figure S6) showed
the underlying structure. is completely devoid of beads and droplets. The PCL-PANI-23kV
(figure 1f) sample isicontinuous and has long-range order throughout in a symmetrical manner.
The underlyingalignment of the fibers is limited to a first few layers of the fibers formed during
electrospinning. A high magnification (figure S7) of the regions between the walls of the
honeycomb structure and the base layer showed a large concentration of droplets on the walls of
the honeycomb structure. The beads act as points of attraction for the fibers to form and this

creates a dense network. On a larger scale (millimeter range) this leads to the formation of a



pattern, a honeycomb structure in this case. Varying the electric field intensity altered the
formation, the size of pores, and the nature of the fiber between non-uniform, wavy and straight,
since all the other parameters were constant. A high-contrast FESEM image (figure S9) of the
fibers helps in highlighting the regions of fiber formation and the size of the pores.

The fibers were collected at a high uptake velocity which decreases the distance between
two individual large diameter fibers and at the same time increases alignment«ate.of the smaller
diameter fibers [42]. The underlying structure in each case is a layer of fibers or beads which
have a directionality along the rotation of the collector. The time paoint at which the beads start
collecting on the surface of the fibers over the duration of electrospinning is dependent on the
electric field. This process fails to start in the case of thedibers electrospun at 18kV and happens
almost immediately in the fibers electrospun at 24 kV (figure S7). The formation of the beads on
the fibers causes a change in the distribution of the electrostatic charges. The beads behave in a
manner similar to point charges, attracting the-fibers towards them in a manner similar to the one
reported by Sun et al.[43]. The beads formed have repeated patterns because of the Rayleigh
instability and splaying on a-otating collector, finally forming the interconnected honeycomb
morphology. The change in‘the dimensions of the honeycomb structure is in accordance with
finding by Reis et al.[34]. Briefly, the experimental verification for the in situ polarization and
the factors responsible/for electrodynamic tailoring was studied. It was found that the initial
regions of high*fiber density act as the motifs for the self-assembled process. Attraction to the
motifs.and repulsion from the other areas favors the growth of the nanostructures. The polarity of
the fibers leads to the formation of wavy fibers. The wavy fibers are absent at an increased
electric field leading to formation of straight fibers. Increasing the electrical field also increases

the surface charge density during electrospinning affecting the shape of the Taylor cone [44].



The formation of the Taylor cone was discontinuous at electric field intensities lower than 1.05
kV/cm. This was due to surface tension and viscosity of the droplet at the needle. The size of the
pores of the honeycomb increases gradually with increase in electric field. The Taylor cone then
recedes into the needle around an electric field of 1.28 kV/cm. Beyond 1.33kV/cm, highly

beaded structures with very few fibers were formed.
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Figure 2A. Mechanical analysis of thedifferent scaffolds illustrated by the stress-strain profiles.
PCL-PANI-22kV had the highest ultimate tensile strength while PCL-PANI-20kV had the
lowest tensile strength. Figure 2B: Surface analysis of the different scaffolds illustrated by the
ATR-FTIR spectra, “All/ the scaffolds had the same functional groups and there was no
considerable change in area of the peaks of interest indicating similar surface chemistries
between all-the scaffolds.

The surface chemistry of the nanofibrous scaffolds were analyzed using ATR-FTIR. A
%Transmittance versus wavenumber plot was generated and signature peaks were identified as
shown in data from figure 2A. The characteristic peaks of PCL, such as the C=C, C=0 are
present in all the spectra. The strong intensity peaks at 1722 cm™ (C=0 stretching) and 1167 (C-

O stretching), and medium intensity peaks at 2944 cm™ (asymmetric CH, stretching) and 2866



cm™ (symmetric CH, stretching) are unique to PCL. The strong intensity peak at 1293 cm™ is
specific to the C-O and C-C stretching in the crystalline phase of PCL. The weak intensity peak
at 582 cm™ is specific to the C=0O wag in PCL. The characteristic peaks of PCL at 1231 cm™
(asymmetric C-O-C stretching) and 1176 cm™ (C-O stretching) confirm the presence of PCL in
the PCL-PANI sample. PANI has characteristic peaks in the 3000-3500 region, which'is specific
to the amine group. The N-H stretching at 3442 cm™ is specific to PANI. The percentage
transmittance of the peaks remained almost similar without significant 'changes across the
scaffolds fabricated at different voltages as inferred from figures S10 and S11.

The mechanical properties of the scaffolds were inferred from the stress-strain plot in
figure 2B and the analysis from the plot is tabulated in table'l. The mechanical properties of the
scaffold are an important characteristic for cell proliferation, differentiation and migration. The
variability in mechanical properties of the scaffolds can also be related with their structures as
seen using FESEM. Youngs modulus of thexfibers, Ultimate tensile strength and elongation at
failure for the scaffolds were extrapolated from the stress-strain relationship of the scaffold. The
scaffolds which had a higher<percentage of beads have poor mechanical strength indicated by
their ultimate tensile strength. The PCL-PANI-19kV, 20kV and 21kV exhibited poor tensile
strength and breakage at low strains. The PCL-PANI-18kV, 22kV and 23kV exhibited high
stiffness and ultimate tensile strength, which is ideal for culturing fibroblasts [45, 46]. Thus, the
voltage used for-fabricating the honeycomb structures enabled modification of the mechanical

properties of the scaffold based on the required application [47].

Table 1. Mechanical Analysis of the different samples calculated from the stress-strain profiles.

PCL- PCL- PCL- PCL- PCL- PCL-

Sample
P PANI-18kV PANI-19kV PANI-20kV PANI-21kV PANI-22kV PANI-23kV




Youngs
Modulus
(MPa)

0.178+0.08 0.009+0.003 0.009+0.004 0.051+0.01 0.42+0.05 0.271+0.01

Ultimate

Tensile
Strength 2.089+0.71 0.179+0.04 0.148+0.02 0.506+0.07 3.68 +0.18 1.748+0.22

(MPa)

Elongation
at Fracture 33.873x 38.337+£20.0 23.030+14.9 1347 +
20.848+3.98 9.112+0.84
(%) 17.68 2 0 0.73

Day 2

Day 3

Day 7

Figure. 3. Fluorescent and brightfield overlay microscope images of adult dermal human
fibroblast (HDFa) cells on the different scaffolds on days 2, 3 and 7. There appears to be a

greater degree cell attachment and alignment on PCL-PANI-23kV for all days. The nuclei were



stained with DAPI (blue) and F-actin filaments were stained with Alexa Fluor® Phalloidin

(green). Images were captured at 10X magnification.

In order to demonstrate feasibility of using PCL-PANI scaffolds in wound healing
applications, we carried out cell studies using Adult Human dermal Fibroblast cells (HDFa). The
cells act as a good model for in vitro wound healing studies [48]. The scaffolds after cell'seeding
were fixed and stained with DAPI and Alexa Fluor® 488 Phalloidin to visualize the)nucleus and
the cytoskeleton (F-actin), respectively as shown in figure 3. The _cells¢were seeded on the
sterilized scaffolds without further post-processing or addition of.factors/to enhance adhesion.
Based on the localization of the cells observed after 2 days, ‘they.appear to accumulate more
towards the edges of the honeycomb structure. The number of cells is more in PCL-PANI-23kV
compared to the other scaffolds. From the images;.on day:3, the cells aligned along the direction
of alignment of the fibers. By day 7, the cellsiproliferated along the depth of the scaffold and
spread uniformly across the entire scaffold:~The cells in PCL-PANI-23kV had the highest cell
infiltration while PCL-PANI-19kV"had the lowest cell number. The direction of cell alignment
was inferred from the brightfield .overlay on the fluorescent images outlining the F-actin
filaments. The out-of-focus regions in the images are from the multiple layers of the electrospun

fiber forming the.scaffold. The stiffness of the scaffold helps the cells adhere and grow on it.

Day 2 Day 3 Day 7




Figure 4. Grayscale images of the fluorescent signals obtained from cell nuclei stained with
DAPI (white) demonstrating the localization and infiltration of the dermal fibroblasts on the
PCL-PANI-23kV honeycomb structures. The cells remained on the surface on day 2 (a), show
proliferation on the surface with some cell infiltration on day 3 (b) with complete infiltration on

day 7 (c). All the images were taken at a magnification of 10X.

The shape of the nucleus at different points of the cell seeding for PRCLsPANI-23kV
(figure 4) shows the synergy of cell, scaffold and topology of the.scaffold. The structural
characteristics of the scaffold enabled penetration of cells into the lower layers of the scaffold.
The cells on day 2 were spread on the upper region of the scaffold-“The cell number increased
significantly as seen from the number of cells on day 3 with some level of cellular infiltration.
The cells on day 7 had completely infiltrated towards the,bottom layer of the scaffold. This sort
of cell-scaffold interaction helps in increased cell\,numbers during tissue engineering studies
which is essential in applications such as wound healing patches and organ engineering. The

PCL in the fibers helps in increasingthe elasticity and increase the rupture point of the scaffold.
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Figure 5. Quantification of cell viability and proliferation on all the scaffolds and controls on
Daysl, 3 and 5. Among all the scaffolds, PCL=PANI-22kV and PCL-PANI-23kV had the highest
cell viability. While no significant.difference was found between PCL-PANI-22kV and 23kV as
compared to the commercially.available scaffold, and PCL-PANI-21kV nearly identical to the

commercial scaffold, the data:supports use of synthetic scaffolds for tissue culture applications.

The CellTiter-Blue cell viability assay (figure 5) revealed that the fibroblasts proliferated
differently on each)scaffold. The cells proliferated more freely on PCL-PANI 20kV through
PCL-PANI-23kV. The initial cell proliferation was highest on PCL-PANI-22kV followed by
PCL-PANI-23kV. On day 3, the rate of cell proliferation doubled than the rate on day 1 on PCL-
PANI-22kV. However, on day 5, the cell proliferation decreased for PCL-PANI-22kV and PCL-
PANI-23kV. This can be attributed to the limited nutrient supply available to the cells since there

was no change of media during the study as well as lack of area to further proliferate on the



scaffolds. This is particularly true in PCL-PANI-20kV through 23kV as they all have higher cell
viability on Day 1 compared to other scaffolds. The cell proliferation was limited on all the three
days on PCL-PANI-18kV and PCL-PANI-19kV. The cell proliferation behavior on PCL-PANI-
21kV was similar to the positive control. The accelerated cell proliferation on PCL-PANI-22kV,
as indicated by the cell proliferation assay, may not be ideal for wound healing applications but
may be useful for rapid regeneration. This aspect requires additional detailed studies to further
evaluate the outcomes. The PCL-PANI-23kV and PCL-PANI-22kV have favorable properties
for designing an ideal scaffold for wound healing applications. However, PCL-PANI-23kV
provides a stable microenvironment for the cells to infiltrate and“migrate along the scaffold. The
cell proliferation data agrees well with the cell seeding images obtained after immunofluorescent

staining.

The morphology of the scaffold plays‘a:significant role in the alignment, infiltration and
proliferation of the cells. The cells on PCL-PANI 23kV have elliptical nucleus and elongated
morphologies with the cells distributed throughout the scaffold. The stiffness of the scaffold
makes it mechanically compliant for the cells to adhere and proliferate. Furthermore, since the
topology and mechanical charaeteristics are unique to each scaffold, the current method of self-
assembly could petentially'be used to develop scaffolds to closely match the unique properties of

different tissues.

Conclusions

Here ‘we have successfully demonstrated self-alignment and alteration of the pore size and
alignment of electrospun PCL-PANI honeycomb structures without the use of a template. The
electric field was controlled to alter the distribution, size and structure of the pattern on the fiber

scaffolds. The fibers were characterized for their mechanical strength and surface chemistry, and



cellular compatibility was demonstrated using adult human fibroblast cells (HDFa). PCL-PANI-

23KV had sustainable cellular growth and infiltration among all the other scaffolds.
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