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Electroactive scaffolds are relatively new tools in tissue engineering that open new avenue in repairing damaged soft and hard
tissues. These scaffolds can induce electrical signaling while providing an ECM-like microenvironment. However, low
biocompatibility and lack of biodegradability of piezoelectric and conductive polymers limits their clinical translation. In the
current study, we have developed highly biocompatible, electroconductive nanofibrous scaffolds based on poly-L-lactic acid/
polyaniline/carbon nanotube (PLLA/polyaniline/CNT). Physical and chemical properties of fabricated scaffolds were tested
using various techniques. Biological characteristics of the scaffolds are also examined to check cellular attachment as well as
differentiation of cultured (progenitor) cells. Scaffolds were optimized to direct osteogenic differentiation of mesenchymal stem
cells. Such scaffolds can offer new strategies for the regeneration of damaged/lost bone.

1. Introduction

Bone loss and damage due to injury or disease are an unmet
but very significant medical issue. Due to the complexity of
physiological and anatomical features of bone tissues, cur-
rent standard of cares often offers low yield solutions which
resulted in limited healing in the case of large-area bone
defects [1]. For example, skeletal reconstruction of large-
area bone defects created by infection, trauma, and tumor
removal is usually fall beyond the normal healing potential
[2]. Even in case of tibia fractures, it has been reported that
more than 10% of fractures cannot be fully healed [3]. Bone
tissue engineering offers a promising alternative strategy of
healing severe bone injuries by utilizing the body’s natural
biological response to tissue damage in conjunction with
engineering toolbox. Osteogenic cells, growth factors, and
biomaterial scaffolds form the foundation of the many bone
tissue engineering strategies employed to achieve repair and

restoration of damaged tissue. An ideal biomaterial scaffold
will provide mechanical support to an injured site and also
deliver growth factors and progenitor cells into a defect to
promote tissue growth. Additionally, this biomaterial should
degrade in a controlled manner without causing a significant
inflammatory response [4]. Such engineered biomaterial can
offer promising alternative strategies of healing severe bone
injuries [5]. Bone is a dynamic tissue and due to its intrinsic
piezoelectric nature can convert mechanical stimuli into
electrical messages [6, 7]. These piezoelectric properties
can affect various cellular functions as the generated electro-
mechanical signals can be transmitted to cells through the
extracellular matrix (ECM), thereby influence matrix secre-
tion, cell growth, and alter tissue repair [8]. Piezoelectricity
plays an important role in tissue repair and regeneration
through specific molecular and cellular pathways. Piezoelec-
tric materials are a class of smart materials that can generate
electrical signals in response to the applied stress. Use of
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such materials for tissue engineering application also
reported in the recent years [9], as these materials can poten-
tially trigger the signaling pathways and thereby enhance the
tissue regeneration process at the impaired sites [10].
Although piezoelectric ceramics have a higher piezoelectric
constant, their high brittleness and slow degradation rate
have limited their use as tissue engineering scaffolds. Piezo-
electric polymers have many advantages over piezoceramics,
including but not limited to better biocompatibility, and
tunable biodegradation properties as well as easier fabrica-
tion process. So far, polyvinylidene fluoride (PVDF) was
the major candidate due to its excellent piezoelectric proper-
ties. However, as PVDF offers a temporary piezoelectric
dipole [11], it should be coupled with other polymers or
ceramics to enter the beta phase and exhibit piezoelectric
behavior before use. This factor, along with the low biocom-
patibility of PVDF, has limited its use as an engineered pie-
zoelectric scaffold for medical applications [12–16].

Due to limitation of polymers with intrinsic piezoelectric
properties, we have decided to fabricate the composite scaf-
folds not to offer the piezoelectric proptranstranstrtrerties
but also to be optimized for biomedical applications. As a
choice of matrix, poly (lactic acid) (PLLA) was selected as
it is one of the most popular polymers which has been
approved by the US Food and Drug Administration (FDA)
for various medical applications due to its excellent biocom-
patibility and tunable biodegradability. However, the piezo-
electric properties of PLLA have been less studied. The
intrinsic piezoelectric property of PLLA came from the rota-
tion of the plate defined by the CO and C=O bonds. Such a
rotation results in a permanent electric dipole which make
the structure able to generate electrical signals without the
need of an external electrical stimulus, unlike PVDF. Such
a signal can be sensed by the cells and trigger intracellular
pathways to tune the cellular fate including cellular adhe-
sion, movement, proliferation, and differentiation. Also, the
use of PLLA as a material scaffold is much more cost-
effective than PVDF for translational medicine [10, 17, 18].
Moreover, weaker piezoelectric properties of PLLA com-
pared to other piezoelectric polymers can be improved by
presence of conductive ingredients [6].

Rather than choice of polymers, form factor is known to
affect biological outcome of biomaterial scaffolds. For exam-
ple, it has been reported that the use of foam based on PLLA
is problematic due to its brittleness and also the need for
poststretching process. Electrospinning can be utilized as
an alternative fabrication process [19]. The electrospinning
is a well-known technique that can create micro/nanoscale
fibers with interconnected porosity, which mimics the natu-
ral ECM of bone tissue [20–23]. Nanofibers could provide an
engineered 3D support to positively affect cellular behavior
such as their orientation, proliferation, migration, and func-
tion [24]. In recent years, PLLA electrospun nanofibers have
been studied extensively thanks to their tunable physico-
chemical properties as well as promising biological outcomes
in the content of bone tissue engineering [19, 25–27]. Elec-
trospinning process can also induce piezoelectricity due to
increasing the specific surface area and also by providing
polymer chain tension and increasing in polarity within

the structure which elevating the surface load and surface
charge and consequently improving the piezoelectricity of
the structure [10, 28].

On the other hand, electroconductive materials have
recently been widely used in tissue engineering applications
[29–31]. These materials can conduct electrical signals to
the cultured cells in order to alter cellular adhesion, growth,
and differentiation which can ultimately affect repair of lost
tissue. Among the conductive polymers, polyaniline (PANI)
seems very attractive due to its ease of synthesis and high
biocompatibility [11]. According to the reports, PANI com-
posite PLLA nanofiber scaffolds act as a suitable option for
active bone tissue engineering scaffolds [30, 32, 33]. More-
over, presence of carbon nanotubes (CNT) can significantly
improve the electrochemical properties of polymer-based
scaffolds due to its excellent electrical properties [34, 35]
and acceptable biocompatibility [36]. In this study, we have
developed series of composite electrospun scaffolds with pie-
zoelectric properties based on PLLA polymer and PANI/
CNT conductive ingredients for potential bone tissue engi-
neering applications. Physicochemical properties of fabri-
cated scaffolds were tested using various techniques.
Biological behavior of these scaffolds were tested using two
distinguished and well-studied cell types to confirm the
in vitro biocompatibility of designed formulations. We also
demonstrate how these materials can be utilized to direct
osteogenic differentiation of human mesenchymal stem
cells.

2. Materials and Methods

2.1. Chemicals. Unless noted otherwise, all chemicals includ-
ing poly-L-lactic acid, aniline, carbon nanotube (CNT), and
MTT (3-(4, 5-dimethylthiazol-2-yl)-2, 5-
diphenyltetrazolium bromide) were bought from Sigma-
Aldrich, Inc. L929 (NCBI C161) cell line as well as human
bone-marrow mesenchymal stem cells (hBMMSCs) were
provided from Pasteur Cell Bank of Iran (PCBI).

2.2. Preparation of Nanofibrous Nanofiber Scaffolds (PLLA,
PLLA/PANI, PLLA/PANI/CNT). To fabricate PLLA scaf-
folds, PLLA firstly was dissolved in chloroform at a concen-
tration of 4% w/v solution, and then DMF (1 : 4 v/v DMF/
chloroform) was added to the solution. The mixture stirred
for 30min before being loaded in 10ml syringes with a
20G needle. The solution was electrospun using a
laboratory-made electrospinning device at a 14 kV at the
constant infusion rate of 0.5ml·h-1. Here, the collector to
needle distance was fixed at 20 cm and collector rotated at
850 rpm to increase the surface area of collected mats. Nano-
fibers were collected on a device collector covered with alu-
minum foil and then placed in a vacuum for 48 h to
remove the remining of chloroform and DMF solvents.
Next, these electrospun nanofiber scaffolds were cut to spe-
cific dimensions of 1 × 1 cm and used it for further chemical
and cellular tests.

Following fabrication of PLLA nanofiber mats, PANI
was deposited on PLLA surface using in situ polymeriza-
tion to form PLLA/PANI samples. Aniline was used as a
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monomer and ammonium persulfate (APS) as an oxidant,
and the reaction was perfumed in 1M HCl. Aniline
(400mM) was dissolved in HCl (1M), and then PLLA
nanofibers were immersed in it. Aqueous APS solution
was added to the solution to initiate the polymerization
reaction. The reaction was performed for 4 h in ice water
bath while being stirred the stirrer. Finally, the surface
coated scaffolds were washed with deionized water three
times and then vacuum dried at 40°C. The samples were
irradiated with UV lamp for sterilization for 2min and
stored under nitrogen atmosphere before further use. In
order to incorporate CNT to the formulation to form
PLLA/PANI/CNT samples, CNT at 10wt% concentration
was added to the reaction solution following the PANI
deposition as mentioned earlier.

2.3. Characterization. Scanning electron microscopy (SEM;
AIS2100, Seron Technology, Korea) was used to evaluate
the morphology of PLLA nanofibers, PLLA/PANI, and
PLLA/PANI/CNT nanofiber composites. All specimens
were sputter coated with gold before imaging. Nanofiber
diameters were evaluated using ImageJ software.

To characterize the molecular composition of the nano-
fibers, Fourier transform infrared (FTIR) spectra of PLLA,
PLLA/PANI, and PLLA/PANI/CNT nanofiber mats were
recorded using Perkin-Elmer FT-IR spectrophotometer
(500–4000 cm-1) following preparation of KBr pellets.

The conductivity meter (Keithley 1602A) was used to
measure the electrical conductivity of PLLA nanofibers,
PLLA/PANI, and PLLA/PANI/CNT nanofibrous compos-
ites. All samples were prepared in 1 × 1 cm dimensions and
placed between two conductive probes. Following applying
the electrical voltage, the output current was measured,
and voltage current plots were obtained for each sample.
The slope of these plots indicates the electrical conductivity
of the samples.

The piezoelectric sensitivity of all three samples was
measured using an oscilloscope attached to a handmade pie-
zoelectric device (Functional Fibrous Material Research Lab,
Amirkabir University of Technology, Iran) with a force fre-
quency of 5Hz. The amplification factor of load cell set in
500 and amplification factor of the output set in 1000. Elec-

trical sensitivity of samples was calculated as reported in
Sorayani et al. [37].

In the present study, L929 cell (NCBI C161) was used to
study attachment and proliferation of model cells on
designed scaffolds. Following cellular incubation, culture
media exchanged every three days. Dimethylthiazol diphe-
nyltetrazolium bromide test (MTT) was used to estimate cel-
lular proliferation and viability over time.

Here, to evaluate the cell proliferation, 1 × 104 cells were
poured onto scaffold samples with dimensions of 1 × 1 cm
placed in 24-well cell culture plates. Three and five days fol-
lowing culture, supernatants were isolated, and MTT reagent
(0.5mg/ml) was added to each well and incubated for 4 h.
The supernatants were removed, and the crystals were dis-
solved before being read using ELISA plate reader device
(STAT FAX 2100, USA) at 570 nm.

Cellular toxicity and viability were calculated using fol-
lowing formula:

Toxicity% = 1 − meanOD of sampleð Þ/ meanOD of controlð Þð Þ × 100,

ð1Þ

Viability% = 100 − Toxicity%: ð2Þ

To evaluate cell adhesion, sterilized samples were placed
in 24-well plates. Then, 3 × 104 cells in 50μl were poured on
each sample and incubated for 5 h following addition of cul-
ture medium including 10% FBS. After 24 h and 48h, the
culture medium was removed from the samples and washed
with PBS for 30 s, and then the cells were fixed using glutar-
aldehyde (3.5wt%). Samples were then dehydrated using
sequential incubation in ethanol solutions (50%, 60%, 70%,
80%, and 95%). Samples were then dried in desiccator prior
to being imaged by SEM.

To study in vitro differentiation of stem cells on surface
of designed scaffolds, 1 × 106 hBMMSCs were cultured on
scaffolds with various formulations in osteogenic media con-
taining 2mM b-glycerophosphate, 100mMl-ascorbic acid 2-
phosphate, and 10nM dexamethasone. After 4 weeks of
osteogenic induction, the cultures were stained with xylenol
orange.
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Figure 1: (a) Schematic representation of electrospinning process used to fabricate PLLA nanofibers. (b) Surface of PLLA nanofibers were
modified using in situ polymerization technique to form PANI coating. Surface coating of PLLA nanofibers with PANI was also tried in the
presence of CNT. Scanning electron micrographs of PLLA, PLLA/PANI, and PLLA/PANI/CNT nanofibers were presented.
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Here, ultrasound was used to stimulate the piezoelec-
tric effect. The cells were stimulated by ultrasound four
times a day during the four weeks of culture for three
cycles of 10 s with 1min delay using an laboratory scale
ultrasonic bath with frequency of 100Hz and power of
0.8W/cm2.

Quantitative real-time PCR assays were used to analyze
the gene expression. Cultured hBMMSCswere recovered from
nanofibrous scaffolds four weeks following the treatment, and
RNAwas isolated via TRIzol Reagent. The RNA levels of alpha
l chain of collagen type I (COL1A1), core-binding factor alpha
l (cbfa1), alkaline phosphatase (ALP), and osteocalcin (OCN)
were reverse-transcribed, and single-stranded cDNA was
made using Superscript III cDNA synthesis kits. The relative
gene expression was determined using the 2-ΔΔCt technique,

normalizing to the Ct of the reference gene, glyceraldehyde-
3-phosphate dehydrogenase (GAPDH): TGT TCC TAC
CCC CAA TGT ATC CG-30 and 50-TGC TTC ACC ACC
TTC TTG ATG TCA T.

2.4. Statistical Analysis. The Kruskal-Wallis rank sum test,
one-way ANOVA, and two-tailed Student’s t-test were uti-
lized as appropriate to analyze the data at a significance of
α or p < 0:05. Quantitative data were expressed as mean ±
standard deviation (SD). For all the tests, the threshold was
set to p < 0:05 for “statistically significant,” p < 0:01 for “sta-
tistically very significant,” and p < 0:001 for “statistically
extremely significant.” Here, all experimental were per-
formed in triplicate with sample size of 3-5.
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Figure 2: FTIR spectra of PLLA, PLLA/PANI, and PLLA/PANI/CNT composite nanofibers.
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Figure 3: Stress-strain curves for PLLA (in Black), PLLA/PANI (in red) and PLLA/PANI/CNT (in blue). Elastic modulus, E, yield strength,
ultimate strength, and elongation at break were calculated for mentioned samples. Black: PLLA, red: PLLA/PANI, and blue: PLLA/PANI/
CNT samples. The presented data are expressed as mean ± SD (n = 3).
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3. Results and Discussion

Here, we first fabricate nanofiber scaffolds based on PLLA
and then modified their surfaces with PANI and CNTs using
in situ polymerization (Figure 1). The process of electrospin-
ning requires an optimization of various parameters, includ-
ing the voltage, the distance between the tip of the needle
and the collector, and the concentration of polymer(s), flow
rate, etc., to obtain uniform nanofibers. Figure 1(b) shows
morphology of PLLA nanofibers with average diameter of
456 ± 4:6 nm. These beadless nanofibers have smooth sur-
faces with interconnected pores.

To modify piezoelectrical properties of the scaffolds, we
intended to include PANI and CNT into the structure.
Low miscibility of CNT with PLLA solution was identified
as a limiting factor for the electrospinning method [34]. In
this study, first PLLA nanofibers were fabricated by and then

placed in a solution containing CNT. CNT was deposited on
the surface of PLLA nanofibers through in situ polymeriza-
tion of aniline as a monomer and ammonium persulfate
(APS) as an oxidant. Figure 1(b) also represents the mor-
phologies of nanofiber scaffolds of PLLA/PANI and PLLA/
PANI/CNT nanofibers. According to the images obtained
from scanning electron microscopy, all nanofibers have ran-
dom orientation. Inclusion of PANI and CNT not only
affects the surface smoothness of the fibers but also signifi-
cantly (p < 0:05) increases the thickness of nanofibers to
675 ± 5:3 nm and 761 ± 5:2 nm for PLLA/PANI and PLLA/
PANI/CNT samples, respectively.

FTIR spectrum was used to analyze changes in chemical
structure of nanofibers by comparing the structure of PLLA
nanofibers before and after the addition of PANI to nanofi-
brous PLLA. The spectrum of PLLA, PLLA/PANI, and
PLLA/PANI/CNT is shown in Figure 2. Peak at 1754 cm-1
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Figure 5: Scanning electron micrographs of L929 fibroblast cells cultured on PLLA, PLLA/PANI, and PLLA/PANI/CNT nanofibers at 24
and 48 timepoints.
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represents the vibration of C=O bond in PLLA microstruc-
ture which is partly responsible for its piezoelectric proper-
ties. This peak remains constant across the samples.
Presence of PANI is confirmed by observation of a new peak
at 1586 cm-1. FTIR spectra PLLA/PANI depicted all the
characteristic bands of the PLLA. PANI demonstrates peaks
at 3320 cm−1 which is attributed to primary amine stretch-
ing mode. The bands of 1381 cm-1 correspond to the C-N
stretching of the secondary aromatic amine of PANI. In
addition, the peak at 1586 cm−1 confirms the existence of
a protonated imine, and the band characteristic of con-
ducting protonated form is observed at 1507 cm−1 as
reported before [38]. It is important to note that other bonds
of PLLA/PANI were overlapped with the sharp PANI bonds.
In the presence of CNT, the new peak at 1267 cm−1 is
appeared which is consistent with the presence of interca-
lated nitrogen atoms between the graphite within carbon
nanotube walls [39, 40]. In both spectra of PLLA/PANI
and PLLA/PANI/CNT peaks related to PLLA are fully
observed and because the piezoelectric property of the poly-
mer PLLA is related to its inherent chemical composition, so
the addition of PANI and CNT does not disturb the struc-
ture of this polymer [30]. The addition of CNT increased
the intensity of piezoelectric characteristics of samples.
Therefore, adding PANI/CNT to the PLLA can maintain
its piezoelectric properties without making any major
changes in the structure of the polymer [41–43].

To test the stability of formed coating, we have used
fluorescently labeled CNT and mixed it with unmodified
CNT (1 : 100 ratio). The release of labeled CNT was assessed
for 14 days. Results showed less than 12% of release of CNT
which unveil the strong bounding of CNT to the surface of
nanofibers.

The deformation of a material in response to a load pro-
vides information about its tensile properties which affect
the biological outcome of such a scaffold. Figure 3 shows

the stress-strain diagram of the specimens, based on which
Young’s modulus was calculated. All samples demonstrated
similar Young’s modulus. Elastic nature of CNT strengthens
the scaffolds’ mechanics as reflected by increase in yield
strength. Addition of PANI as a coating layer to PLLA nano-
fibers decreases its toughness and makes the resulted scaf-
folds more brittle as demonstrated by decrease in ultimate
strength and elongation at break. Ultimate tensile strength
is also determined by calculating the maximum amount of
stress in these curves. Such a phenomena were moderated
when CNT was presented in the coating formulation.

Studies found a variety of cellular responses to electric
stimulation. It has been shown that conducting polymers
are inducing the osteogenic regeneration [23]. It is notice-
able that successful use of electroactive polymers such as
PANI in nanocomposites in biomedical applications has
encouraged researchers to study new formulations for their
further studies. During this study, the resistance (R) of the
scaffolds was measured and drawn as a linear current-
voltage curve [44]. In a line diagram, the slope indicates
the amount of electrical conductivity property of PLLA,
PLLA/PANI, and PLLA/PANI/CNT scaffolds presented in
Figure 4. Presence of PANI reduces the resistance signifi-
cantly. Similar trend has been reported before [45].

However, PLLA/PANI/CNT composite fabrication
showed further increased in electrical conductivity com-
pared to PLLA/PANI composite scaffolds due to the pres-
ence of electroactive and electroconductive CNT. Such an
increase may also promote piezoelectricity of the resulted
scaffolds [46].

Prepared samples are examined by PiezoTester to eval-
uate their performance. Piezoelectric property of the
PLLA/PANI/CNT fibers (0.57mV/N) was significantly
higher than those for PLLA (0.23mV/N) and PLLA/PANI
(0.35mV/N) samples. By modifying surface of PLLA with
PANI and PANI/CNT, the piezoelectricity increased by
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Figure 7: (a) Schematic representation of the ultrasound stimulation of stem cells cultured on nanofibrous scaffolds. (b) The viability of
hBMMSCs on PLLA, PLLA/PANI, and PLLA/PANI/CNT nanofibrous scaffolds after being cultured for 3 in presence of ultrasound
stimulation. (c) Analysis of gene expression profiles of osteogenic markers. Real-time polymerase chain reaction (qPCR) analysis of the
osteogenic differentiation of hBMMSCs cultured on PLLA-based nanofibrous after 4 weeks in osteogenic media in presence or absence of
external stimulation, here, ultrasolication. Expression levels of five osteogenic genes, COL1A1, BMP-2, RUNX2, BMP2, and OCN were
evaluated relative to GAPDH, which was used as a housekeeping gene. The data are expressed as mean ± SD (n = 5). The results were
statistically analyzed using one-way ANOVA with post-hoc analysis. For all the tests, the threshold was set to p < 0:05 for “statistically
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1.5- and 2.47-folds, respectively. It was reported that CNT
affects the crystallinity of PLLA, and as crystallinity has a
positive effect on piezoelectricity, adding CNT to the
structure will improve the piezoelectricity [36]. By use of
conductive elements in scaffolds, the conductivity will
increase and cause induction in the piezoelectricity due
to improvement of generating electrical signals in the
structure. However, there are some concerns related to
their toxicity and cellular response of these conductive
materials that should be considered and optimized before
any biomedical use.

Following the physical characterization of designed pie-
zoelectric scaffolds, we intended to examine their biological
performance. Scanning electron microscopes were used to
evaluate cellular adhesion, spreading, and growth. Fibroblast
attachment on the prepared scaffolds was used as an earlier
step in cellular interactions, as assessed by SEM after being
incubated for after 24 h and 48 h (Figure 5). SEM images
revealed strong adhesion and spreading of L929 (NCBI
C161) fibroblast cells to all designed scaffolds due to high
surface area of nanofibrous structures after 24 and 48 h of
culture. It has been reported that not only inherent toxicity
of CNT will be limited at low concentration (~1wt%) but
it cans also support cell growth [41, 47–49].

Survival and cellular activity are important factors in
assessing the biocompatibility of scaffolds for bone tissue
engineering. Here, we examined these factors using standard
MTT assay and live/dead staining. The results were com-
pared with cells cultured on control (blank) scaffolds. As
shown in Figure 6, high level of L929 cell proliferation was
observed which confirms all samples are sufficiently support
cellular process.

Our results also revealed over 95% viability for L929 cell
and over 85% viability for hBMMSCs, 3 and 6 days after
being culture on designed nanofibrous scaffolds. The lowest
viability was seen for PLLA/PANI/CNT scaffolds which
might be due to the presence of CNT which negatively affect
the cell viability of resulted scaffolds. It has been reported
that increased production of oxidants, oxidative stresses,
and in the presence of CNT can cause cellular damage and
lower cellular viability [50, 51].

As the proposed mechanism of action for designed scaf-
folds is via their piezoelectric effect, in this work, the ultra-
sound is selected as an external stimulation to trigger the
piezoelectric effect through scaffolds during cell culture
(Figure 7(a)) [52–54]. Due to the deep penetration of ultra-
sound waves in human tissues, such stimulation can be
implemented into the clinical practices. The cells were stim-
ulated by ultrasound four times a day for 30 s within an
ultrasonic bath. Similar treatment strategy has been reported
before [54].

After culturing cells in osteogenic media for one and
four weeks in presence or absence of ultrasound stimulation,
cells were isolated from the scaffolds. Such a treatment will
not affect the viability of cultured hBMMSCs (Figure 7(b)).

Quantitative polymerase chain reaction (qPCR) was
used to investigate the expression level of BMP2 as well as
various osteoblastic markers including alkaline phosphatase
(ALP), runt-related transcription factor2 (RUNX2), osteo-

calcin (OCN), and alpha-1 type I collagen (COL1A1) after
one and four weeks of culturing cells (Figure 7(c)).

A significant increase (>6 folds) was observed in BMP2
expression level while having CNT and PANI into the for-
mulation. Higher expression levels of other osteogenic
markers also demonstrated. For example, a higher expres-
sion of ALP, which has a critical role in the initiation of min-
eralization, was observed for PANI and PANI/CNT coated
samples four weeks postculture. Higher expression of other
early osteogenic markers including COL1A1 and RUNX2
also observed for these samples. Besides, qPCR data show
significantly higher expression of late-stage osteogenic and
bone-specific markers like OCN. This marker expressed
right before and alongside during the matrix mineralization.

4. Conclusion

In this study, PLLA nanofiber scaffolds were prepared by
electrospinning technique. The in situ polymerization
method was used to coat the surface of fibers with PANI
conductive polymer as well as CNT conductive nanostruc-
ture. The results showed enhanced electrical conductivity
and electrochemical behavior of resulted nanofibrous scaf-
folds. These scaffolds demonstrate great potential as engi-
neering substrates for adhesion, growth, and proliferation
for fibroblasts as well as stem cells without showing any tox-
icity. Once being cultured in osteogenic media, human bone
marrow mesenchymal stem cells cultured on PLLA/PANI/
CNT piezoelectric composite scaffolds showed the highest
level of osteogenic differentiation. This indicates that the
addition of the conductive elements, here, PANI and CNT,
in a piezoelectric structure can increased the electrical sig-
naling between cells and induce their growth and
differentiation.
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