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Abstract: Osteogenic differentiation is enhanced by many induc-

tive factors including biochemical agents, biomechanical

stresses, and electrical stimulation. Regularly studies have

focused on one factor at a time, while synergies can promote

more effective and functional osteogenesis. Herein, for the first

time, functional synergism between application of electrical stim-

ulation and HA nanoparticles was evaluated in osteogenic differ-

entiation. Prepared electrospun biocompatible conductive

scaffold by amalgamating chitosan, aniline-pentamer, and

hydroxyapatite incorporation was seeded by human bone-

marrow-derived mesenchymal stem cells. The cells seeded on

the scaffolds with and without hydroxyapatite were exposed to

electrical stimulation and subsequently, osteogenic molecular

markers and related signaling pathways were investigated. In

general, all investigated osteogenic markers (osteocalcin, alka-

line phosphatase, osteonectin, and Runx2) were upregulated

transcriptionally in the cells seeded on the chitosan-embedded

scaffolds. Separate utilization of electrical stimulation or

hydroxyapatite-enhanced osteogenesis, while the cells exposed

to both stimulators simultaneously, expressed higher levels of

some of osteogenic genes significantly. Considering the func-

tions and the positions of the markers in osteogenic signaling

pathways, it can be concluded that HA might cooperate in the

allocation of stem cells to osteoprogenitors in the early phase of

osteogenesis while electrical stimulation helps committed cells

with maturation and acquiring functional phenotypes. Alto-

gether investigation of the synergism between different stimula-

tors and exploiting the interactions in an optimized manner

could lead to more efficient osteogenesis protocol for effective

bone regeneration and tissue engineering. VC 2018 Wiley Periodicals,

Inc. J Biomed Mater Res Part A: 106A: 1200–1210, 2018.
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INTRODUCTION

Tissue engineering has been recently introduced as a prom-
ising strategy for tissue repair and replacement. Although
bone has remodeling capability, healing nonunion fractures
and huge defects remains problematic. Hence, bone tissue
engineering with appropriate cell type, osteoconductive
agents, and biocompatible materials is under focus.1

Demonstration of piezoelectric properties of bone by
Fukada and Yasuda2 inspired researchers to exploit electri-
cal stimulation for osteogenesis procedure. Previously, direct
stimulation, capacitive-coupling, and inductive-coupling
methods were utilized to deliver electrical stimulus with
dissimilar effects on osteoblasts and mesenchymal stem
cells.3 Capacitive-coupling enhanced proliferation, extracellu-
lar matrix (ECM) deposition alkaline phosphatase activity,

bone-morphogenetic protein 2 (BMP-2) expression, and ven-
tricular endothelial growth factor (VEGF) improvement. On
the other hand, inductive-coupling inhibited cell growth and
enhanced mineralization and expression of BMP-2 and
transforming growth factor beta 1 (TGFb-1).3 Besides,
implementation of direct stimulation enhanced the expres-
sion of osteogenic factors particularly BMP-2, BMP-6 and
BMP-7.4,5 However, the use of electro-conductive polymeric
scaffolds was a breakthrough in this field.6 Electrical con-
ductivity mimics electrical properties of bone matrix that
caused by collagen proteins naturally.7–13

Among conductive polymers, polypyrrole, polyaniline, and
polythiophenes have been extensively utilized in biomedical
engineering as biosensors, neural probes, tissue engineering
scaffolds, drug delivery carriers, and so on.14,15 Polyaniline
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has many advantages such as proper environmental stability,
low expense, and ease of synthesis.16–18 On the other hand,
several disadvantages such as nonbiodegradability, low flexi-
bility, and difficulty of processing limit its application.19,20 To
overcome the problem of nonbiodegradability, application of
oligomers instead of polymers has been proposed due to the
consumption and elimination of oligomers by macrophages.21

Aniline pentamer (AP, an oligoaniline) shows the electrical
properties similar to polyaniline with more flexibility in proc-
essing and biodegradability.22,23

Blending conductive polymers with conventional bio-
compatible polymers is another approach to enhance bio-
compatibility and biodegradability.12,22–24 Chitosan (a
natural polymer) has been widely used in bone engineering
because of its biocompatibility, biodegradability, similarity
to glycosaminoglycans (the main components of bone ECM)
and the capability to enhance osteogenesis.25–30

Hydroxyapatite (HA), as another natural material, is also
incorporated in scaffolds to mimic mineralized ECM of bone
for osteogenesis improvement.31–34 In addition to improve-
ment of osteoinductivity, osteoconductivity, and cell viability,
exploitation of HA boosts mechanical strength of the
scaffolds.31,35,36

Regularly studies have focused on one factor at a time,
while the synergies can be probably exploited to promote
more effective and functional osteogenesis. In this research,
to the best of our knowledge for the first time, the func-
tional synergism of two osteoconductive factors (HA and
electrical stimulation) in osteogenic differentiation was
investigated. In other words, we examine the hypothesis
that applying HA and electrical stimulation simultaneously
to the cells would further promote osteogenic differentiation
than individual stimulators.

Due to the capability of self-renewal and differentiation
into different linages37 and also, because of the potential for
patient-specific therapy,38 hBM-MSCs were selected for this

study. Previous study stated that electrical stimulation,
when applied to MSCs, improved proliferation, TGFb-1
expression, alkaline phosphatase activity, and ECM minerali-
zation.3 Kim et al. indicated that VEGF expression increased
in MSCs only when biphasic electric current stimulation was
applied.39 Titushkin et al. showed alteration in biomechani-
cal properties of MSCs in response to electrical stimula-
tion40 and Sun et al. reported that MSCs migrated toward
cathode in an electrical field (galvanotaxis).41

Aniline pentamer is a sequence of five aniline monomers
(a phenyl group attached to an amine group) bounded to
each other by their amine groups. Hu et al. synthesized ani-
line pentamer coupled with chitosan and showed its bio-
compatibility.22 Recently, Liu et al. constructed aniline
pentamer-graft-gelatin/PLLA nanofibers using electrospin-
ning for bone tissue engineering purposes.42

MATERIALS AND METHODS

Materials
Dulbecco Modified Eagle’s Medium (DMEM), fetal bovine
serum (FBS) and trypsin enzyme were purchased from
Gibco, Germany. MTT solution (3–(4, 5-dimethylthiazol-2-
y1)-2, 5-diphenyltetrazolium bromide), dimethyl sulfoxide
(DMSO), succinic anhydride, dimethyl formamide (DMF), N-
hydroxysuccinimide (NHS), 1-ethyl-3–(3-dimethylamino-
propyl) carbodiimide (EDC), N-phenyl-p-phenylenediamine,
p-phenylenediamine, hydrochloric acid (HCl), PEO (400,000
Da), and HA (particle size< 200 nm) were purchased from
Sigma-Aldrich, USA. Low-viscosity chitosan was purchased
from Fluka, USA.

Syntheses of aniline pentamer (AP) and chitosan
grafted-aniline pentamer (CS-AP)
As illustrated in Figure 1, the syntheses of AP and CS-AP
were carried out according to the previous reports.22,43

Briefly, to synthesize AP, N-phenyl-p-phenylenediamine and

FIGURE 1. Schematic representation of (A) aniline pentamer (AP) and (B) chitosan-grafted-aniline pentamer (AP) syntheses.
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succinic anhydride reacted to obtain phenyl/carboxyl-
capped aniline dimer. The resulted phenyl/carboxyl-capped
aniline dimer and p-phenylenediamine were dissolved in
HCl/DMF and ammonium persulfate was added to reach
emeraldine base form of AP. Finally, emeraldine base were
fully reduced to achieve leucoemeraldine using ammonia
solution (NH4OH). For the synthesis of CS-AP, NHS-capped
AP was produced in the following way: AP (3.3 mmol), NHS
(11.3 mmol), and EDC (15.1 mmol) were dissolved in
20 mL DMF at stirring condition for overnight. Then the
mixture was filtered and the solvent was allowed to dry
out. The remaining precipitate was dissolved in DMF so that
the final concentration of NHS-capped AP was 1% wt.
Thereafter, chitosan (1% wt) was dissolved in 50 mL aque-
ous acetic acid solution (50% wt) supplemented with 2 mL
DMSO and subsequently, 10 mL of the prepared solution of
NHS-capped AP in DMF was added gradually to reach the
CS-AP (2% wt) as final concentration.

Fabrication of nanofibrous scaffold
Solutions of PEO and CS-AP were prepared by dissolving
them separately in aqueous 50% wt acetic acid under mag-
netic stirring overnight. The concentration of PEO and CS-
AP solutions were 5% and 2% wt, respectively. Then, the
solutions of PEO and CS-AP were mixed so that the mass
ratio of CS-AP to PEO was 1:1 in the final solution. To pro-
vide HA suspension, mixture of 5% wt HA and aqueous ace-
tic acid solution (50% wt) was prepared and stirred for 10
min. Then the mixture was sonicated subsequently for 10
min to achieve better dispersion. Afterward, the HA suspen-
sion was added to PEO/CS-AP solution so that the ratio of
HA to the polymers was 1:8 in the final mixture. After 10
min stirring, the final mixture was sonicated for 10 min
before electrospinning.

The electrospinning parameters were the same for both
scaffolds (with HA (CS-AP-HA) and without HA (CS-AP)).
The fibers were attained with the following adjustment: 20
kV voltage, 0.3 mL/h flow rate, and 20 cm distance between
nozzle and collector. Ten-milliliter syringes and aluminum
rotating drum with 300 rpm rotating speed were used.

Scaffold characterization
Scanning electron microscopy. The morphology and struc-
ture of CS-AP and CS-AP-HA scaffolds were characterized
using Scanning Electron Microscopy (SEM) (HITACHI S-
4160, Japan). Samples were coated with gold by sputter
coater.

FTIR spectroscopy. To scrutinize the synthesis of CS-AP,
FTIR spectrum of powder of the final product was recorded
and analyzed. In addition, FTIR spectroscopy (Bruker, Ger-
many) was performed after fabrication of scaffolds, either
with or without HA, to investigate HA incorporation.

Contact angle measurement. To measure static apparent
contact angle and hydrophilicity, a droplet of water (10 ll)
was placed on each scaffold and studied using a homemade
telescope goniometer mounted with a CCD camera.

Tensile strength. For mechanical strength evaluation, ten-
sile test was performed using a tensile tester (SANTAM
Stress machine STM20, Iran). To perform the test, rectangu-
lar samples35 with dimensions of 40 3 10 mm2 and thick-
ness of 10 lm were cut from CS-AP and CS-AP-HA scaffolds.
The test was performed at room temperature and 10 mm/
min speed with 200 N as load cell.

Cyclic voltammetry. In addition, cyclic voltammetry (CV)
was implemented to study electrochemistry of both CS-AP
and CS-AP-HA scaffolds using HCl as the supporting electro-
lyte. Silver chloride electrode was used as reference elec-
trode. Autolab PGSTAT128N device and NOVO software
were utilized for this test.

Isolation, expansion, and characterization of hBM-MSCs
hBM-MSCs were isolated and characterized according to the
protocols that described previously.44 Briefly, after bone-
marrow aspirate obtaining from the posterior iliac crest,
aspirate diluted with DMEM (3:1 ratio) and on the next day,
nonadherent components were eliminated by discarding the
medium. The samples were obtained from different volun-
tary donors (Taleghani Hospital, Tehran, Iran) with signed
letters of consent based on Iran’s Ministry of Health Medical
Ethics Committee guidelines. Fresh DMEM containing FBS
(10% v/v), 100 unit/ml penicillin, and 100 lg/ml strepto-
mycin was used for culture. The samples were stored in an
incubator with humidified atmosphere containing 5% CO2

at 378C. Each time, the cells reach favorable confluency, and
subcultures were provided.

CD markers of this cell type were investigated as
reported previously.38 Briefly, the cells were stained with
monoclonal antibodies against human CD34, CD44, CD90,
CD105 (all FITC-conjugated), CD73, and CD166 (both PE-
conjugated) (all from Dako, Glostrup, Denmark). In every
test, the suitable isotype matched antibody was used as
control to cover nonspecific binding. Flow cytometry analy-
sis was performed on FACS Calibur cytometer (Becton Dick-
inson) using CellQuest software. Win MDI 2.8 software was
used to create the histograms.

Cell seeding
Disk-shape scaffolds with 3 cm diameter and 2 lm thick-
ness were prepared to match 6-well plates of the bioreactor
used for electrical stimulation. Before seeding, the samples
were sterilized with 70% ethanol and ultraviolet (UV) expo-
sure for 30 min. The UV light intensity was 30 lW/cm2; no
chemical change is occurred in the scaffold at this light
intensity.45 Then the samples were swamped with DMEM
containing FBS (10% v/v) and incubated overnight to facili-
tate cell attachment. The hBM-MSCs (passages 2–4) were
seeded onto the scaffolds with initial density of 5 3 104

cells/well.46

Cell viability
To assess the cell viability of the scaffolds (CS-AP and CS-
AP-HA), MTT assay was performed. The scaffolds were cut
into disk shapes that fit into 96-well plate. hBM-MSCs with
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3 3 103 cells/well density, were seeded into each well. On
days 1, 3, 7, and 14 (n5 3 for each day), the media of wells
were discarded and 150 lL of culture medium containing
10% MTT solution (5 mg/mL) (alfa aesar, China) was added
to each well. After incubation for 3 h, MTT solution was dis-
carded and 150 lL of DMSO was added. The optical density
was read after removing the scaffolds at a wavelength of
570 nm by spectrophotometer (BioTek Instruments, USA).
Data were presented as percentage ratios of test group
absorbance over control group absorbance. Six-hours cul-
ture was considered as control group.

Electrical stimulation
The electrical stimulation was commenced two days after cell
seeding. To deliver electrical stimuli, the bioreactor described
in the previous study47 was used (Fig. 2). In opposite sides of
the bottom of each well of the bioreactor, two stainless steel
electrodes48,49 were placed. The conductive scaffolds were
placed on the top of the electrodes and in contact with them.
The electrical signal was generated by a function/arbitrary
waveform generator (GPS, GPS-2105, UK) and delivered
through two wires that were connected to the opposite elec-
trodes. The electrical setup was adjusted according to previ-
ous studies.9,46 Each well experienced an electrical signal
with a 2 V voltage and 100 Hz frequency for 2 h/day for 7
and 14 days. According to the previous reports,46,50 100 Hz
electrical stimulation showed no significant cytotoxicity.

Calcium content and alkaline phosphatase (ALP)
activity assays
Calcium content of the samples on days 7 and 14 was
assessed by Arsenazo III kit (Parsazmun, Iran). The samples
were treated with 0.6 N HCl and shaken for 4 h at 48C. Sub-
sequently, the reagents were added and the absorbance was
read at 630 nm for each sample. To quantify the calcium
content, the results were compared with standard curve.

In addition, for cultures of days 7 and 14, ALP activity
of the samples was measured by assessing p-nitrophenyl

phosphate hydrolysis kinetics in the presence of ALP. After
extracting total protein using RIPA buffer, cell debris were
sedimented by centrifugation at 15 000 rpm and 48C for 15
min. The supernatant was collected and assessed by an ALP
activity assay kit (Parsazmun, Iran) at 405 nm. Finally,
enzyme activity (IU/L) was normalized against total protein
concentration (mg/L) in each sample.

Transcriptional analyses
After 7 and 14 days, osteogenic marker genes (Table I)
were evaluated quantitatively in the cells cultured on either
CS-AP or CS-AP-HA and either with or without electrical
stimulation (n5 3 for each group). The seeded cells on the
tissue culture polystyrene (TCPS) were considered as the
control group. Total RNA extraction was performed by
phenol-chloroform extraction procedure. Cell lysis was per-
formed by RNX-Plus lysis buffer (Sinaclone, Iran) and the
lysate was collected using centrifugation at 48C and
12,000 rpm for 15 min. After cDNA synthesis, the target
genes were evaluated by real-time PCR machine (Corbett,
Australia). The results were analyzed by DDCt method and
normalized against GAPDH (as the internal control
gene12,46). All enzymes, buffers, and agents for real-time
PCR were purchased from Vivantis (Malaysia).

FIGURE 2. Schematic representation of (A) the top view and (B) the side view of the bioreactor and (C) the real condition and equipment in the

experiment.

TABLE I. The Sequences of the Primers for Real-Time PCR

Analyses

Genes Primer Sequences

GAPDH ACTTTGTCAAGCTCATTTCC (F)
TGCAGCGAACTTTATTGATG (R)

RUNX2 GCCTTCAAGGTGGTAGCCC (F)
CGTTACCCGCCATGACAGTA (R)

OSTEOCALCIN (OC) GCAAAGGTGCAGCCTTTGTG (F)
GGCTCCCAGCCATTGATACAG (R)

OSTEONECTIN (ON) AGGTATCTGTGGGAGCTAATC (F)
ATTGCTGCACACCTTCTC (R)

ALKALINE
PHOSPHATASE
(ALP)

ATGTCTGGAACCGCACTGAA (F)
CGCCTGGTAGTTGTTGTGAGCATAG
(R)
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Statistical analysis
All statistical analyses were performed by SPSS (version
13.0, US) using one-way analysis of variance (ANOVA). The
difference was considered statistically significant at p< 0.05
or p< 0.01 and data were illustrated as mean6 standard
deviation (SD). All experiments were done in triplicate,
unless otherwise stated.

RESULTS

Production of mineralized electroactive biopolymer
Evaluation of synthesized AP and CS-AP. According to the
FTIR spectrum [Fig. 3(A)], characteristic peaks of CS-AP,24,51

including a peak at 1647 cm21 (corresponding to C@O
stretching vibration) from chitosan and a peak at

1570 cm21 (corresponding to quinoid ring) from AP, were
detected. Remarkably, the absence of a peak at about
1718 cm21, appearing in the AP spectrum and correspond-
ing to COOH group, proved the synthesis of CS-AP.

Characterization of mineralized electroactive
biopolymer. FTIR spectroscopy indicated the presence of
HA in the final CS-AP-HA nanofibrous mat [Fig. 3(B,C)].
Comparing FTIR spectra of CS-AP-HA and CS-AP showed the
presence of a new peak at 955 cm21, corresponding to the
stretching vibration band of PAO in PO23

4 from HA.36 Fur-
thermore, two new peaks at 1101 cm21 and 1148 cm21

(corresponding to CAOAC stretching vibration) and a new
peak at 2885 cm21 (corresponding to methylene group),52

appeared in CS-AP and CS-AP-HA spectra with respect to
the spectrum of CS-AP, confirmed the presence of PEO in
the electrospun nanofibers of both scaffolds.

The SEM images illustrated that the nanofiber diameter
was �200 nm in both CS-AP and CS-AP-HA scaffolds [Fig.
4(A,C)].

The mechanical strengths of CS-AP and CS-AP-HA scaf-
folds were determined by tensile test to evaluate the
Young’s modulus. Based on the curves [Fig. 5(A)] and calcu-
lated Young’s modules (Table II), CS-AP elongated fairly
quickly while pressure was increased gradually; when the
sample broke under 2.5 MPa, it had elongated �23%. On
the other hand, the tensile stress on CS-AP-HA increased
rapidly to reach 11.9 MPa at maximum while elongation
was �6%.

As water contact angles were <908 in CS-AP and CS-AP-
HA scaffolds (i.e., 348 and 468, respectively), the mentioned
scaffolds were considered hydrophile; the incorporation of
HA increased contact angle slightly [Fig. 5(B)].

FIGURE 3. FTIR spectra of (A) chitosan-grafted-aniline pentamer, (B)

chitosan-grafted-aniline pentamer/poly ethylene oxide (CS-AP), and

(C) chitosan-grafted-aniline pentamer/poly ethylene oxide/hydroxyapa-

tite (CS-AP-HA).

FIGURE 4. SEM images of chitosan-grafted-aniline pentamer/poly ethylene oxide (CS-AP) (A) without cells, (B) with cells, and (C) under electrical

stimulation; chitosan-grafted-aniline pentamer/poly ethylene oxide/hydroxyapatite (CS-AP-HA) (D) without cells, (E) with cells, and (F) under elec-

trical stimulation.
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Electrochemical properties of CS-AP and CS-AP-HA scaf-
folds were studied by CV analysis [Fig. 5(C)]. The mean
peak potentials (E1=25

Epa1Epc
2 ) were 0.47, 0.61, and 0.81 V

for three peaks of CS-AP, respectively. On the other hand,
only two peaks could be distinguished in CS-AP-HA diagram
with mean peak potentials that were, respectively, 0.61 and
0.79 V.

Cell viability evaluation of the scaffolds. MTT assay was
carried out to evaluate the cell viability of the scaffolds. The
ratios of cell proliferation on CS-AP or CS-AP-HA scaffolds in
comparison to TCPS were higher than 95% confirming that
neither of the scaffolds was cytotoxic (Fig. 6). As shown,
after a decrease from day 1 to day 3, the number of viable
cells increased steadily on both scaffolds from day 3 to day
14. Although the rate of cell proliferation was higher on the
CS-AP-HA scaffold compared to the CS-AP scaffold, statistical
analysis showed no significant difference.

Osteogenic differentiation by sequential application of
mineralized electroactive biopolymer and electrical
stimulation
ALP activity upregulated significantly in the presenting HA.
Also, electrical stimulation enhanced ALP activity in 7th and
14th day of culture. However, ALP activity in cells cultured

on CS-AP was not significantly different from control group
(TCPS) whether in the absence or presence of electrical
stimulation [Fig. 7(A)]. Similarly, both electrical stimulation
and HA enhanced calcium deposition, while the effect of HA
can be identified earlier than electrical stimulation [Fig.
7(B)].

Some gene markers were investigated during osteogenic
differentiation of hBM-MSCs under electrical stimulation
(Figs. 2 and 8). Prior to this evaluation, the CD markers of
the cells were investigated by flow cytometry. As previously
reported, they expressed CD34 while the cells were negative
for CD44, CD90, CD105, CD73, and CD166.38

Overall, all investigated osteogenic markers (alkaline
phosphatase (ALP), osteocalsin, osteonectin, and Runx2)
were upregulated transcriptionally in the cells seeded on
the chitosan embedded scaffolds in comparison to TCPS (tis-
sue culture polystyrene as control group). Separate utiliza-
tion of electrical stimulation or hydroxyapatite enhanced
osteogenesis, while the cells exposed to both stimulators
simultaneously, expressed higher levels of some of osteo-
genic genes significantly. Considering all test groups, on day
7, ALP transcription on CS-AP-HA (without electrical stimu-
lation) was significantly higher than the other groups. Pro-
longed electrical stimulation in combination with HA
exposure caused significant upregulations in ALP

FIGURE 5. (A) Stress–strain curves for chitosan-grafted-aniline pentamer/poly ethylene oxide (CS-AP) and chitosan-grafted-aniline pentamer/

polyethylene oxide/hydroxyapatite (CS-AP-HA), (B) static contact angle measurement for CS-AP (1) and CS-AP-HA (2), and (C) cyclic voltammetry

curves for chitosan-grafted-aniline pentamer/polyethylene oxide (CS-AP) and chitosan-grafted-aniline pentamer/polyethylene oxide/hydroxyapa-

tite (CS-AP-HA).

TABLE II. Mechanical Properties of Chitosan-Grafted-Aniline Pentamer/Polyethylene Oxide (CS-AP) and Chitosan-Grafted-

Aniline Pentamer/Polyethylene Oxide/Hydroxyapatite (CS-AP-HA)

Young’s Modules
(MPA)

Ultimate Stress
(MPA)

Breakage Stress
(MPA)

Ultimate Strain
(%)

Breakage Strain
(%)

CS-AP 109.92 6 5.32 5.5 6 0.31 2.80 6 0.30 22.98 6 1.16 23.96 6 1.01
CS-AP-HA 291.05 6 9.25 14.32 6 2.42 12.02 6 1.22 6.87 6 0.62 7.33 6 0.96

In the first column, Young’s module is the ratio of tensile stress to tensile strain in the linear part of stress–strain curve.
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transcription on day 14. In both time points, in all test
groups (whether undergoing electrical stimulation or not),
the transcriptional level of osteocalcin was significantly
lower on TCPS than the others. Also, application of HA and
electrical stimulation resulted in significant osteocalcin
upregulations compared to TCPS. Osteonectin transcription
assessment showed significant upregulations under electri-
cal stimulation and HA exposure in both time points and all
test groups.

DISCUSSION

Biomineralized scaffolds and electrical stimulation are the
two novel stimulators for osteogenic differentiation.8 In this
research, we attempted to evaluate their possible functional
synergism for bone tissue engineering. So, we examine the
applicability of electrospun aniline pentamer cross-linking
chitosan scaffold for bone tissue engineering. To the best of
our knowledge, this is the first study that has utilized

aniline pentamer cross-linking chitosan scaffold as a sub-
strate to apply electrical stimulation to the cells for differen-
tiation. Besides, the synergism between applying
hydroxyapatite and electrical stimulation as osteoconductive
tools has not been investigated previously.

To achieve this goal, electroconductive scaffolds were
prepared using AP as conductive component and HA for
biomineralization. Due to insufficient biocompatibility of
AP,24 chitosan was supplemented to the scaffold. After AP
synthesis, chitosan and AP were coupled chemically (Fig. 1).
FTIR spectra of electrospun scaffolds represented the pres-
ence of the aforementioned materials, as their characteristic
peaks36,52 were distinguishable (Fig. 3).

To obtain controllable interconnected porosity, the scaf-
fold was constructed by electrospinning.31 Owing to chito-
san great positive charge, nonflexible chemical structure,
and interference of its specific interactions,52–54 PEO was
added to the other components to facilitate chitosan

FIGURE 6. (A) phase-contrast microscopy of the hBM-MSC cultured in the polystyrene flask (403 magnification) and (B) MTT results for

chitosan-grafted-aniline pentamer/polyethylene oxide (CS-AP) and chitosan-grafted-aniline pentamer/polyethylene oxide/hydroxyapatite (CS-AP-

HA). Data of vertical axis were presented as percentage ratios of test group absorbance over control group absorbance. Six-hours culture was

considered as control group (TCPS). Data are shown as mean 6 standard deviation. Bars: 100 lm.

FIGURE 7. Alkaline phosphatase activity (A) and calcium content (B) assays on 7th and 14th day of cell culture. All data shown as mean 6

standard deviation (*p< 0.05).
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electrospinning.54 SEM images presented the nanofibrous
structure with nanoscale size pores (Fig. 4).

As osteogenic differentiation is induced by stiffer matri-
ces,55 mechanical stiffness of the scaffold plays major role
in specifying stem cells commitment toward osteoblasts.
Application of pure chitosan is not appropriate for bone tis-
sue engineering. AP exploitation to chitosan further
decreases chitosan mechanical strength24 while the incorpo-
ration of HA improves the scaffold mechanical properties.56

Tensile test upholds that HA incorporation into CS-AP-HA
caused more stiffness and less elasticity and consequently,
mechanical strength of scaffold has increased.

In previous works,22,43 three peaks were reported for
CV curve of CS-AP. The mentioned peaks were observed in
CS-AP diagram while only two peaks could be distinguished
in CV curve of CS-AP-HA scaffold. It could be explained by
the short and weak peaks in the diagram of CS-AP-HA scaf-
fold, and therefore the possible unrecognition of the third
peak. Cyclic voltammetry results of CS-AP and CS-AP-HA

scaffolds were comparable with previous reports.22,43 CV
diagrams for the scaffolds prove that the scaffolds maintain
their conductivity even after incorporation of other materi-
als, while incorporation of another nonconductive compo-
nent, PEO, smoothed the peaks.

MTT assay was carried out to scrutinize the cell viability
on CS-AP and CS-AP-HA scaffolds. Based on the results (Fig.
6), the scaffolds did not show significant cytotoxicity during
14 days in comparison to TCPS. According to several
reports, HA incorporation enhanced cell proliferation.36,57

However, we observed no significant difference between cell
population on CS-AP and CS-AP-HA.

Electrical stimulation has been acknowledged as an
osteoconductive factor that might have diverse consequen-
ces such as TGFb-1 or VEGF upregulation, cell proliferation
enhancement, ALP activity improvement, and so forth,3

according to the mechanism of stimulation delivery (e.g.,
capacitive or inductive) and electrical parameters (e.g., volt-
age or frequency). Herein we investigated the influence of

FIGURE 8. Gene transcription level for alkaline phosphatase (ALP), osteocalcin (OC), Runx2, and osteonectin (ON). TCPS: tissue culture polysty-

rene, CS-AP: chitosan-grafted-aniline pentamer/polyethylene oxide, CS-AP-ES: chitosan-grafted-aniline pentamer/polyethylene oxide with electri-

cal stimulation, CS-AP-HA: chitosan-grafted-aniline pentamer/polyethylene oxide/hydroxyapatite, CS-AP-HA-ES: chitosan-grafted-aniline

pentamer/polyethylene oxide/hydroxyapatite with electrical stimulation. All data shown as mean 6 standard deviation (*p< 0.05, **p< 0.01).
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electrical stimulation on osteogenic differentiation of hBM-
MSCs seeded on CS-AP or CS-AP-HA scaffolds. Also for the
first time, the synergism between simultaneous utilization
of electrical stimulation and HA was assessed. The osteogen-
esis was measured by transcription level of several marker
genes including ALP, osteocalcin, Runx2, and osteonectin.

The bioreactor and the electrical setup were utilized
according to the previous reports.46,47 Although the electro-
des were not completely isolated from the medium, the
presence of scaffolds on the electrodes interferes with phys-
ical contact between the electrodes and the medium. More
importantly, the main reason for electrochemical corrosion
is ionic exchange between the electrode and the medium
which entails current passing through medium. However,
only 1% of the total current passes through medium and
the remaining passes through scaffolds.12 This is an impor-
tant advantage for using conductive scaffolds over direct
stimulation. In addition, we did not observe any evidence
for electrode corrosion at the end of the process.

Enhancement of ALP activity and calcium deposition by
applying electrical stimulation and HA was demonstrated in
the previous works.12,58–60 In this work, calcium deposition
and ALP activity were enhanced by exploiting HA, whereas
electrical stimulation caused slightly more calcium deposi-
tion and ALP activity when applied in combination with HA
(Fig. 7).

While HA incorporation caused transcriptional upregula-
tion in the osteogenic marker genes (that is, ALP, osteonec-
tin, and osteocalcin) on early days, ES came into effect on
later days and even downregulated some of mentioned
genes on day 7 (Fig. 8). These findings were in accordance
with previous reports using either HA or electrical stimula-
tion for osteogenic differentiation, respectively.10,12,49,57,61

Besides, co-application of HA and ES resulted in the highest
upregulation in ALP and osteonectin (p< 0.01). However,
according to the results, Runx2 gene behaved differently.
Our results were corroborated by previous observations as
HA incorporation caused increase of Runx2 expression level
in the first week after initiation of differentiation and then
decreased of Runx2 expression level in the second week,57

whereas electrical stimulation could bring about significant
growth in Runx2 expression level only in the second
week.58

Runx2 is an early-stage osteogenic differentiation
marker and its expression level increases after the commit-
ment of multipotent stem cells into osteoprogenitor cells.62

On the other hand, mineralization (a phenotypic characteris-
tics of osteoblasts) is accomplished by an enzymatic method
where ALP is utilized to liberate phosphate ions from
organic phosphate compounds.63 Osteonectin (noncollage-
nous proteins) is also secreted into the mineralized extracel-
lular matrix of osteoblasts.64 Considering the functions and
positions of the markers in osteogenic signaling path-
ways,65–67 it can be concluded that HA might cooperate in
the allocation of stem cells to osteoprogenitors in the early
phase of osteogenesis while electrical stimulation helps
committed cells with maturation and acquiring functional
phenotypes.

CONCLUSION

Osteogenic differentiation is enhanced by many inductive
factors including biochemical agents, biomechanical stresses,
and electrical stimuli. Most of the researches have focused
on one factor at a time, while the synergies can be probably
exploited to promote more effective and functional osteo-
genesis. Herein, for the first time, functional synergism
between exploiting electrical stimulation and HA nanopar-
ticles was evaluated for osteogenic differentiation. Separate
utilization of electrical stimulation or hydroxyapatite
enhanced osteogenesis, while the cells, exposed to both
stimulators simultaneously, expressed higher levels of some
of osteogenic genes significantly. Taking all the results into
account, it could be concluded that co-application of HA and
electrical stimulation would further improve osteogenesis as
they interfere in the mineralization and osteogenesis signal-
ing pathways sequentially. Altogether investigation of the
functional synergism between different stimulators and
inspection of the interactions in an optimized manner could
lead to more efficient osteogenesis protocol for effective
bone regeneration and tissue engineering.
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