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lular scaffolds for mimicking the
natural anisotropy of the extracellular matrix†
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Srinivas Kannan, Meghan Friske and Smitha Rao *

In tissue engineering, the use of scaffolds helps establish a synergistic relationship between the scaffolds

and the tissues by improving cell–scaffold interaction. This interaction is enhanced when physiologically

relevant biophysical cues are replicated in the artificial scaffolds. Here, we present a novel scaffold that

mimics the natural anisotropy of the native extracellular matrix of tissues, fabricated by electrospinning

a combination of three polymers: polycaprolactone (PCL), polyvinylidene fluoride (PVDF) and polyaniline

(PANI). The scaffolds were characterized for their morphology, surface and mechanical properties. Rat

cardiomyoblast (H9c2) cells, cultured on the PCL–PANI–PVDF scaffold, demonstrated cell alignment,

penetration and proliferation across the entire surface area of the scaffold without any external chemical

or physical stimuli. The PCL–PANI–PVDF scaffold, unlike other scaffolds, does not require post-

processing or specific temperature conditions of storage, prior to use. These acellular scaffolds

fabricated through polymer blending, open new avenues for research on functional acellular scaffolds

for tissue engineering, based on synthetic materials.
Introduction

Scaffold-based tissue engineering is an important strategy in
current regenerative research and reconstructive surgery.1 Arti-
cial matrices and scaffolds can emulate the natural microen-
vironment of cells and inuence cell migration, differentiation,
proliferation and survival for ex vivo cellular studies.2–4

However, in order to ensure appropriate cellular differentiation
and proliferation, external stimulation or addition of growth
factors is oen required.5 For example, for connective tissues
like the bone, the cells on the scaffolds are subjected to external
stimuli such as constant compressive stress or axial stretching,
to recreate the natural physical microenvironment.6,7 However,
these external stimuli are ineffective in in vivo systems which
must be minimalistic in design and reduce dependence on
external factors. Modifying the material properties and surface
morphology of a scaffold is one way of making the scaffold
design simple, efficient and functional.8,9 In most synthetic
scaffold-based processes, additional post-processing steps are
required to make the scaffolds biocompatible and mechanically
stable.10 These additional steps are time consuming and may
further alter the physical structure and morphology of the
scaffolds compromising their mechanical integrity.11 Such
properties are of vital importance since the cell–scaffold
igan Technological University, Houghton,
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interaction is dependent on several factors including the
surface properties, morphology of the scaffold and its
mechanical properties.12 Functional scaffolds made from poly-
blend nanobers fabricated by electrospinning are one of the
strategies to address this challenge.13 The polyblend nanobers
are a combination of one or more polymers in a ratio that allows
them to be electrospun into scaffolds using coaxial electro-
spinning.14 This technique allows the scaffold to take advantage
of some of the native characteristics of the individual polymers,
while gaining some new functionality.15

To achieve optimal cell–scaffold interaction, the surface and
mechanical properties need to closely match with native
tissues.16 The work presented here reports the fabrication of
a 3D aligned nanobrous scaffold, which closely replicates the
mechanical anisotropy of the tissue and promotes cell prolif-
eration without any external stimulation. Polycaprolactone
(PCL), polyvinylidene uoride (PVDF) and polyaniline (PANI)
were used for the fabrication of the scaffold by coaxial electro-
spinning. The materials used were biocompatible, non-
immunogenic and durable. PCL, a viscoelastic, aliphatic,
biodegradable polyester is soluble in a number of organic
solvents and compatible with many polymers whichmakes it an
ideal candidate for blending with other polymers.17 PVDF is
a piezoelectric and a mechanically strong polymer and PANI is
a conductive polymer in the acidic state.18–20 A polymer scaffold
composed of the three polymers provides the required exibility
in designing acellular scaffolds which mimic the surface and
morphological properties of the natural extracellular matrix.
Here, we developed a method to electrospin three distinct
This journal is © The Royal Society of Chemistry 2019
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polymers by sequentially dissolving them in solvents with
different boiling points and then coaxially electrospinning
them to obtain a scaffold. The scaffold had an overall homo-
geneity composed of highly repetitive anisotropies analogous to
native tissue. This unique morphology promotes cell adhesion,
proliferation and migration in 3D without need for any growth
factors, external stimuli and post processing.

Materials and methods
Fabrication of scaffolds

All the chemicals were used as procured unless specied. Pol-
ycaprolactone (Mw ¼ 70 000 GPC; Scientic Polymer Products,
USA), PVDF (Mw ¼ 534 000; Sigma Aldrich; France) and PANI
(emeraldine base; avg Mw � 50 000; Aldrich Chemistry, USA)
were used for synthesis of the scaffolds including PCL and PCL–
PVDF. The doped form of PANI–PCL solution was prepared by
dissolving equal mass of emeraldine base and 10-cam-
phorsulfonic acid (HCSA) (Aldrich Chemistry; France) in
a solution of 10% PCL in chloroform. The PCL–PANI solution
was ltered to remove suspensions larger than 0.22 mm since
the doped form of PANI is immiscible.21 DMF (Macron Fine
Chemicals; USA) and acetone (Sigma Aldrich, USA) in the ratio
7 : 3 were used to prepare a 20% PVDF solution. PCL–PANI–
PVDF scaffold was prepared by coaxially electrospinning from
separate syringes which were controlled using syringe pumps
(Harvard Pumps, EP-H11). The PCL–PANI (core solution) and
20% PVDF (sheath solution) were electrospun (EM-DIG; IME
Technologies, Netherlands) at 18 kV using a rotating collector at
a rotational speed of 750 rpm. The parameters used for fabri-
cation of PCL and PCL–PVDF scaffolds are elaborated in the
ESI.†

Characterization of scaffolds

The ber samples were sputter coated with Au/Pd (5 nm thick)
and visualized using a Field Emission Scanning Electron
Microscope (Hitachi S-4700 FE-SEM) and a high-resolution
transmission electron microscope (JEOL JEM-2010 TEM;
HRTEM). The alignment of the bers and average diameter
were calculated from the images obtained using the direction-
ality tool in the ImageJ soware. Attenuated total reectance
(ATR) Fourier transform infrared (FTIR) spectroscopy (Perki-
nElmer FTIR-ATR 100 series) was collected in the range of 400–
4000 cm�1 to study the surface chemistry. X-Ray Diffraction
(XRD) was used to analyse the scaffolds using XDS 2000
Diffractometer (Scintag XDS-2000 Powder) and a Cu-Ka (l ¼
1.54 �A) source of X-ray radiation. The X-ray spectra were ana-
lysed using the DMSNT soware and the inbuilt Pearson VII
prole tting function. The mechanical properties of the scaf-
folds were analysed (n ¼ 3) using a dynamic mechanical ana-
lyser (TA Instruments Q800 DMA).

Cell culture

Rat cardiomyoblast cells were purchased from ATCC (H9c2;
CRL-1446™), and cultured in Dulbecco's Modied Eagle's
Medium, DMEM (Life Technologies, USA) supplemented with
This journal is © The Royal Society of Chemistry 2019
10% fetal bovine serum, FBS (Life Technologies, USA) along
with 1% penicillin–streptomycin (Life Technologies, USA). The
scaffolds were cut into samples of approximately 1 cm2 area,
sterilized in 70% ethanol and dried in a sterile biosafety cabinet
prior to cell seeding. Cells in exponential growth phase were
trypsinized, counted using a haemocytometer, seeded (2 � 104

cells per cm2) and incubated under standard cell culture
conditions (37 �C, 65% relative humidity, 5% CO2).
Cell characterization

The cells were xed using 4% paraformaldehyde (Electron
Microscopy Sciences), permeabilized using 0.1% Triton-X 100,
and immunostained with DAPI (Life Technologies, USA) and
Alexa Fluor® 488 Phalloidin (Life Technologies, USA) for A-T
regions of the nucleus and cytoskeleton (F-Actin) visualization
respectively, according to the manufacturer's protocols. Cells
were visualized via uorescence microscopy (EVOS FL Auto) and
electron microscopy aer 24 h, 48 h, 72 h and 168 h of growth.
The quantitative analysis of the cell orientation was carried out
using ImageJ soware (NIH). The cell orientation was calculated
by randomly selecting image slices and analysing the deviation
in orientation with respect to the orientation of the majority of
the cells using the directionality plugin on ImageJ. The averages
and standard deviations were obtained out of ve replicates for
each scaffold type. For FE-SEM the cells cultured on the scaf-
folds were sputter coated with a 5 nm thick Au–Pd layer, aer
drying with Hexamethyldisilazane (HMDS).
Results and discussion

Coaxial electrospinning helps in formation of functional scaf-
folds from otherwise immiscible polymer blends. In the case of
PCL–PANI–PVDF, a heterogenous functional scaffold composed
of PCL, PVDF and PANI was formed by preparing PCL–PANI
core solution and coaxially electrospinning it with PVDF sheath
solution. The differential rate of solubilities of the polymers in
solvents and their polarity helped in obtaining bers with an
aligned morphology. The PCL–PANI–PVDF bers when
observed by the naked eye have a repetitive pattern composed of
thick diameter bers aligned along the rotation of the cylinder
during electrospinning (Fig. 1A).

Visualizing the bers under the scanning electron micro-
scope revealed a well-aligned and dense formation of a 3D
brillar network of PCL–PANI–PVDF (low magnication: Fig. 1B
and high magnication: Fig. 1C) with periodic structural
anisotropies. The morphological characterization of the PCL
and PCL–PVDF samples were done using FESEM (Fig. S1†). The
PCL and PCL–PVDF bers had an aligned morphology and had
no beading in the bers. The diameter of the bers in the PCL–
PANI–PVDF scaffold was measured to be between 30 nm to
2000 nm with a deviation of 8.68� in alignment. The bers
overlapped forming multiple layers leading to a very dense
three-dimensional structure for the scaffold. The morphology
was obtained by controlling the jet elongation and polymer ow
rate which in turn was inuenced by the sol–gel and the elec-
trospinning parameters (electric eld and environmental
RSC Adv., 2019, 9, 40190–40195 | 40191
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Fig. 1 (A) Digital photograph of the alignedmorphology of the PCL–PANI–PVDF scaffold as visible to the naked eye. (B) Field emission scanning
electron microscopic (FESEM) images of the PCL–PANI–PVDF scaffolds exhibiting aligned morphology and overlapping fibers. Large and small
diameter fibers are interspersed having the same directionality. (C) A highermagnification image reveals the interlocked pattern of large and small
diameter nanofibers and their close assembly. (D) High resolution Transmission Electron Microscopy (HR-TEM) image of PCL–PANI–PVDF after
staining with osmium(VIII) oxide.
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factors).22 The solvents used for preparing the solutions have
different physical and chemical properties, which alters the
surface tension, subsequently affecting the jet elongation.23

Bands of larger diameter bers were interspersed by smaller
diameter bers forming a pattern. Large diameter bers have
a lower critical uptake velocity than small diameter nano-
bers.24 The uptake velocity was controlled to introduce differ-
ential alignment with the larger diameter bers having greater
alignment compared to the smaller diameter bers, producing
a repetitive pattern. Transmission electron microscopy images
of the bers revealed a coaxial ber composed of a thick core
(PCL–PANI) and a relatively thin sheath (PVDF) (Fig. 1D). The
thickness of the ber and core was measured to be 61 � 7 nm
and 35 � 3 nm, respectively.

Infrared spectroscopy was used for analyzing the surface
functional groups of the PCL–PANI–PVDF scaffold as seen in
Fig. 2A, PCL–PVDF and PCL scaffold as seen in Fig. S2.† The
spectrum from PCL–PANI–PVDF showed distinctive peaks per-
taining to PCL at 1722 cm�1 (C]O stretching), 1167 cm�1 (C–O
stretching), 2944 cm�1 (asymmetric CH2 stretching), 2866 cm�1

(symmetric CH2 stretching) and a strong intensity peak at
1293 cm�1 (C–O and C–C stretching in the crystalline phase of
PCL). Although, the peaks of PVDF overlapped with PCL and
PANI, there was a low intensity peak at 840 cm�1 corresponding
40192 | RSC Adv., 2019, 9, 40190–40195
to the CH2 rocking in PVDF. The N–H stretching at 3442 cm�1

was specic to PANI. The PCL–PANI–PVDF scaffold has signa-
ture peaks corresponding to the three polymers. The XRD
spectra from PCL–PANI–PVDF showed major peaks at 21.6� and
24.0� (Fig. 2B). The degree of crystallinity was calculated to be
0.653 conrming that the bers were molecularly oriented. The
signicant peaks corresponding to PCL and PVDF are present.
The PCL–PANI–PVDF scaffold has a high draw ratio of the
polymer chains while electrospinning, thereby aligning the
bers along the axis of the rotating collector. This arrangement
also provides more room for alignment of the microbrils.
From the FESEM images, it can be seen that there was
branching in the bers of larger diameters which conrmed the
formation of microbrillar regions. The presence of these
microbrillation increases the crystallinity of PCL–PANI–PVDF
bers, which agrees well with the presence of peaks at
1293 cm�1 corresponding to the crystalline phase. The surface
characterization of PCL and PCL–PVDF was done using XRD
(Fig. S3†). The mechanical properties of the PCL–PANI–PVDF
scaffold were characterized from the stress–strain–stiffness
graph (Fig. 2C and D). The microbrillation and alignment of
the bers helps provide a higher stiffness in an uniaxial direc-
tion.25 The stiffness is a very important parameter that affects
the cellular responses through mechanoreceptors. The PCL–
This journal is © The Royal Society of Chemistry 2019
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Fig. 2 The surface and mechanical characterization of the PCL–PANI–PVDF scaffolds was done. (A) Surface characterization was done using
FTIR spectroscopy. The peaks unique to the functional groups present in PCL, PVDF and PANI were identified. (B) Further surface analysis was
done using XRD analysis which showed two crystalline peaks characteristic of crystalline PCL nanofibers. (C) The mechanical characterization of
the scaffolds was done by measuring the stress–strain response of the scaffold under isothermal conditions. (D) The table summarizes the
mechanical properties of the scaffold.
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PANI–PVDF had a much higher matrix stiffness in comparison
to PCL and PCL–PVDF (Fig. S4†). The PCL–PANI–PVDF scaffold
had a maximum stiffness of 4119.095 �� 578.67 N m�1. Higher
matrix stiffness (>4 kN m�1) is generally favored since it
promotes cell proliferation, alignment and elongation.26,27

The H9c2 cells were xed and stained with DAPI and Alexa
Fluor® 488 Phalloidin to visualize the nucleus and the actin
laments respectively as seen in Fig. 3. The cell–scaffold inter-
action is different on each type of scaffold. The cells on PCL
scaffold clumped together and lacked projections typical of
cardiomyoblasts while the cells on PCL–PVDF scaffold exhibited
relatively better cell alignment and cell spreading, the cells were
circular, and nuclei were not elongated as inferred from
Fig. S5.† Neither PCL nor PCL–PVDF scaffolds supported cell
penetration into the scaffold till day 7. In the PCL–PANI–PVDF
scaffold the cells appeared aligned with actin laments
stretching across the length of the bers. The cells also
appeared to have penetrated through the different layers of the
scaffold with similar actin distribution. The distinct elliptical
nuclei indicate nearly identical cell separation and spread
across the scaffold as seen in Fig. S5.† The morphology is
benecial for cellular alignment as inferred from the cell
This journal is © The Royal Society of Chemistry 2019
deviation graph in Fig. S6.† The FESEM images of PCL–PANI–
PVDF scaffold (Fig. 4a and b) clearly demonstrate cells attached
to the aligned bers of the scaffold. The cells were not only
attached but also integrated into the scaffold conrming
cellular inltration. In addition, there was no clumping or
crowding of the cells and the overall alignment and integrity of
the scaffold was maintained. The FESEM images of cells on PCL
and PCL–PVDF scaffolds (Fig. S7†) showed that cells had little or
no cell spreading. The cells were clumped in regions and didn't
inltrate through the scaffold.

In summary, we have fabricated acellular scaffolds with
mechanical anisotropy and inherent electroactive properties
due to its component polymers ensuring cell penetration,
migration and alignment. External stimuli or growth factors
were not used to promote cell growth. The polymer blend used
can be tuned to alter chemical composition and mechanical
structure paving the way for research into acellular scaffolds for
various applications like cardiac patches, skin gras and organ
regeneration. The scaffold also has the benet of being readily
available and can be synthesized with limited resources and
stored at room temperature.
RSC Adv., 2019, 9, 40190–40195 | 40193
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Fig. 3 Fluorescent microscope images of rat cardiomyoblasts (H9c2) cells on PCL, PCL–PVDF and PCL–PANI–PVDF on days 1, 2, 3 and 7. The
nuclei were stained with DAPI (blue) and F-actin filaments were stained with Alexa Fluor® 488 Phalloidin (green). Images captured at 20�
magnification. The cells are aligned on PCL–PANI–PVDF and have a defined orientation as compared to PCL and PCL–PVDF scaffolds. The cells
also infiltrated the scaffolds in the PCL–PANI–PVDF as indicated by the blurred regions present at different depths of the scaffold.

Fig. 4 Field Emission Scanning ElectronMicroscopy (FESEM) images of rat cardiomyoblasts (H9c2) cells on PCL–PANI–PVDF on day 1. Thewhite
arrows point to the location of the cells on the scaffold. The interaction of the cells is clearly visible on the high magnification image (right).
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Conclusion

Here we have successfully demonstrated the alignment of cells
on an acellular scaffold without the use of an external envi-
ronment or additional growth factors. The scaffold is composed
of a blend of three polymers: PCL, PANI and PVDF. Coaxial
electrospinning was used to obtain the scaffolds with controlled
surface morphology. The bers were characterized for their
40194 | RSC Adv., 2019, 9, 40190–40195
surface morphology, mechanical strength, surface properties,
and the cell–scaffold interaction was demonstrated using rat
cardiomyoblasts (H9c2). The cell–scaffold interaction was
compared to electrospun aligned PCL and PCL–PVDF scaffolds.
The cells on the PCL–PANI–PVDF scaffold exhibited cellular
alignment and proliferated along the direction of bers without
any external stimuli in comparison to PCL and PCL–PVDF
scaffolds.
This journal is © The Royal Society of Chemistry 2019
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25 K. M. O. Håkansson, A. B. Fall, F. Lundell, S. Yu, C. Krywka,

S. V. Roth, G. Santoro, M. Kvick, L. Prahl Wittberg,
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