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ABSTRACT: The influences of physical stimuli such as
surface elasticity, topography, and chemistry over mesenchy-
mal stem cell proliferation and differentiation are well
investigated. In this context, a fundamentally different
approach was adopted, and we have demonstrated the
interplay of inherent substrate conductivity, defined chemical
composition of cellular microenvironment, and intermittent
delivery of electric pulses to drive mesenchymal stem cell
differentiation toward osteogenesis. For this, conducting
polyaniline (PANI) substrates were coated with collagen
type 1 (Coll) alone or in association with sulfated hyaluronan
(sHya) to form artificial extracellular matrix (aECM), which mimics the native microenvironment of bone tissue. Further, bone
marrow derived human mesenchymal stem cells (hMSCs) were cultured on these moderately conductive (10−4−10−3 S/cm)
aECM coated PANI substrates and exposed intermittently to pulsed electric field (PEF) generated through transformer-like
coupling (TLC) approach over 28 days. On the basis of critical analysis over an array of end points, it was inferred that Coll/
sHya coated PANI (PANI/Coll/sHya) substrates had enhanced proliferative capacity of hMSCs up to 28 days in culture, even in
the absence of PEF stimulation. On the contrary, the adopted PEF stimulation protocol (7 ms rectangular pulses, 3.6 mV/cm, 10
Hz) is shown to enhance osteogenic differentiation potential of hMSCs. Additionally, PEF stimulated hMSCs had also displayed
different morphological characteristics as their nonstimulated counterparts. Concomitantly, earlier onset of ALP activity was also
observed on PANI/Coll/sHya substrates and resulted in more calcium deposition. Moreover, real-time polymerase chain
reaction results indicated higher mRNA levels of alkaline phosphatase and osteocalcin, whereas the expression of other
osteogenic markers such as Runt-related transcription factor 2, Col1A, and osteopontin exhibited a dynamic pattern similar to
control cells that are cultured in osteogenic medium. Taken together, our experimental results illustrate the interplay of multiple
parameters such as substrate conductivity, electric field stimulation, and aECM coating on the modulation of hMSC proliferation
and differentiation in vitro.
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1. INTRODUCTION

The inventive approach of using biomaterial properties to
influence mesenchymal stem cell differentiation is considered as
an attractive strategy in bone tissue engineering.1 Several
physicochemical cues such as roughness, porosity, topography,
as well as chemical composition are reported to induce
mesenchymal stem cell differentiation toward osteogenic
lineages.2,3 Apart from material properties, physical signals are
also proven as potent osteogenic stimulators.4 Such under-
standing on various physicochemical factors that govern
osteogenesis is essential to establish appropriate in vitro culture
conditions, thus improving cellular response and direct a

desired outcome.5 For instance, reports suggest the overriding
potential of substrate’s physical properties in eliciting cellular
effects against the traditional induction method using medium
supplements that are not physiologically relevant.6,7

The existence of endogenous electric field within bone
tissues, and its role in bone physiology, has strengthened the
notion among scientists that applying electric stimulation
externally can also elicit osteogenic differentiation of stem/
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progenitor cells and bone formation in vitro.8,9 On these
grounds, human mesenchymal stem cells (hMSCs) exposed to
alternating current (A.C.) electric field (EF) induced higher
osteogenic marker expression and stress response, followed by
accelerated differentiation.10 Besides, various forms of EF
stimulation are recognized clinically as an effective and
noninvasive method for enhancing bone healing and treating
fracture nonunion.11 Specifically, exposure to EF results in the
activation of charged transmembrane receptors involving the
calcium/calmodulin pathway, which increases TGF-β1 ex-
pression in osteoblasts.12

Among the numerous attempts to develop tissue interactive
substrates, the use of electroactive polymeric biomaterials
received wider attention, as it can deliver localized electrical
stimulus, hence allowing precise spatial control of stimulation.13

In addition to electrical conductance, its versatility provides the
additional benefit of incorporating specific biological moieties
to recapitulate the native extracellular matrix.14 Among the
most investigated conducting polymers, polyaniline is regarded
as suitable cell culture platforms by virtue of its biocompati-
bility, good environmental stability, and also its competency to
be electrically switched between conductive and resistive
states.13 Osteoblasts grown on nanocomposites created from
aniline oligomers and poly(lactic-co-glycolic acid) blends
exhibited improved proliferation and differentiation, when
exposed to external electric pulse stimuli.15

Immobilizing extracellular matrix (ECM) biomolecules onto
the surface of biomaterials are recognized as one of the most
suitable strategies to mimic native tissue microenvironment and
to improve biocompatibility. As one of the major organic
component of bone extracellular matrix, collagen type I (Coll)
is often coated on implants and was reported to have a positive
effect in promoting adhesion, proliferation, and differentiation
of osteoblasts.16 Likewise, incorporating additional compo-
nents, such as sulfated hyaluronan derivatives (sHya), further
enhances osteoblastic adhesion and osteogenic differentiation
since they are known to specifically bind positively charged
amino acid sequences of the growth factors, thereby modulating
their activity.17,18

By applying pulsed EF stimuli of very low frequency by
transformer-like coupling approach (TLC-PEF), Hess et al.
could accomplish significant increase in ALP activity as well as
in gene expression of osteogenic markers. This noninvasive
stimulation technique nullifies the side effects that occur either
due to the biochemical reactions or through magnetic field
generated during field exposure.19 The same group further
validated that a combination of transformer-like coupling
pulsed electric field (TLC-PEF) stimulation along with
immobilization of matrix biomolecules, such as Coll and
sHya, can augment osteogenesis.20 While the importance of low
frequency pulsed electric field driven osteogenesis is well
established, there is still a lack of profound understanding to
know whether the desired osteogenic response can be regulated
when grown on conducting biomaterial substrates.
In the above perspective, we assessed the proliferation and

differentiation of hMSCs cultured on aECM modified
conducting PANI substrates stimulated under TLC-PEF
(denoted hereafter as PEF for brevity). Through this
comprehensive investigation, we sought to elucidate the
following objectives: (a) to determine the influence of
underlying substrate conductivity in eliciting osteogenic
response upon PEF stimulation and (b) to assess whether
supplementation of highly sulfated hyaluronan (sHya) will

further enhance osteogenesis of hMSCs in the presence of PEF.
To address the first objective, hMSCs were grown on insulating
glass coverslip (control/Coll) and on moderately conducting
PANI substrates (PANI/Coll), which were concurrently
exposed to PEF. The second objective was addressed by
comparing the hMSCs grown on Coll coated PANI substrate
with and without sHya immobilization.

2. MATERIALS AND METHODS
2.1. Biomaterial Substrate Fabrication. 2.1.1. Preparation of

PANI Substrates. The synthesis of PANI was based on the oxidation of
aqueous solutions of aniline by ammonium peroxydisulfate at −30
°C.21 To obtain thin films of PANI, 3.5 wt % of the PANI was added
very slowly to N,N′-dimethyl propylene urea (DMPU) (Spectrochem
Pvt. Ltd., India) at room temperature. The PANI solution was then
centrifuged at 3000g for 5 min at room temperature to remove any
undissolved aggregates. This solution was drop casted onto glass slides
and placed in vacuum oven at 80 °C for 96 h to thoroughly remove the
solvent. Free-standing films of thickness in the range of 100−300 μm
were obtained by immersing these dried films coated on glass slides in
deionized water for few minutes.

2.1.2. Artificial Extracellular Matrix (aECM) Coating on PANI
Substrates. For protein immobilization onto the substrates, two ECM
components, namely Coll (rat tail; BD Bioscience, Erembodegem,
Belgium) and sHya with a degree of sulfation per disaccharide
repeating unit of 3.0 (Innovent, Jena, Germany), were used.22 Briefly,
the sample surface was sterilized using 70% ethanol and washed with
PBS twice. To coat the surface with Coll/sHya, Coll was diluted in 10
mM acetic acid to a final concentration of 1 mg/mL and mixed with
equally concentrated sHya solubilized in sterile fibrillogenesis buffer,
pH 7.4 (50 mM disodium hydrogen phosphate, 11 mM potassium
dihydrogen phosphate). These samples are depicted as PANI/Coll/
sHya in later sections. For coating without sHya, 1 mg/mL of Coll was
mixed with an equal volume of fibrillogenesis buffer devoid of sHya,
corresponding to a final concentration of 500 μg/mL. These samples
are depicted as PANI/Coll in later sections. Additionally, glass
coverslip was coated with Coll alone and is used as the baseline for
comparison (control/Coll). Individual sample was coated with 1 mL
of respective coating solution and allowed to fibrillate overnight at 37
°C. Subsequently, the samples were washed twice in deionized water
and air-dried in sterile environment. When completely dried, they were
sterilized by gamma irradiation with a standard dose of 25 kGy.

2.2. Physico-Chemical Characterization of aECM Coating.
2.2.1. aECM Morphology and Adsorption Behavior. The chemical
stability of the aECM coating on PANI substrates was determined
directly after washing the coated samples twice in PBS and subsequent
incubation for 1 h, 1 day, and 7 days in PBS at 37 °C. The amounts of
Coll adsorbed to PANI/Coll and PANI/Coll/sHya substrates were
evaluated by fluoraldehyde o-phthalaldehyde (OPA) assay (Thermo
scientific) according to manufacturer’s protocol. Briefly, the substrates
were kept for 10 min at 100 °C for protein denaturation.
Subsequently, each film was incubated overnight at 60 °C in 1 mL
of digestion buffer (0.1 mg/mL collagenase A in TES buffer, 50 mM
N-[Tris(hydroxymethyl)methyl]-2-aminoethanesulfonic acid, 0.36
mM CaCl2, pH 7.4). From this, 20 μL of digest was added to 200
μL of 0.8 mg/mL OPA reagent, and the fluorescence intensity was
measured in a microplate fluorescence reader (Tecan) with excitation
at 340 nm and emission at 440 nm.

The concentration of incorporated sHya was quantified using 1,9-
dimethylmethylene blue (DMMB) assay (Sigma).23 Briefly, the
samples were digested in 400 μL of papain solution (0.1 mg/mL) at
60 °C for 24 h, and 40 μL of digest was added to 250 μL of DMMB
solution (21 mg of DMMB, 5 mL of absolute ethanol, and 2 mg of
sodium formate per 1 L with pH adjusted to 1.5). The absorbance was
then measured at 595 nm, and the amount of sHya was determined by
comparing against a calibration curve.

To determine the surface morphology of aECM coated PANI
substrates, the vacuum-dried substrates were sputtered with gold using
30 μA current for 30 s (Denton Vacuum, Desk V HP), and images
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were acquired at 20 kV in secondary electron mode by using a
scanning electron microscope (SEM, FEI Inspect F20) equipped with
an energy dispersive spectrometer (EDS) system to analyze the surface
composition.
2.2.2. Conductivity Measurement. The conductivities of uncoated

and aECM coated PANI substrates were measured by the four-probe
technique using a DC probe station (Agilent Device Analyzer
B1500A). A very small electrical contact was made using silver paste
on all four corners of square samples before the measurement. A
constant current was applied between two adjacent corners, and the
voltage across the remaining two corners was measured to give
resistance. The standard van der Pauw method24 was employed for
evaluating the sheet resistance of the films using the following
equation:

+ =π π− −e e 1R R R R/ /A S B S

where RA and RB are the resistance values measured using the van der
Pauw configuration from all the four sides of the sample. The required
conductivity of the sample can then be determined from σ = 1/Rs × d,
where σ is the bulk conductivity in S/cm, and d is the sample
thickness.
2.3. Electric Field Stimulated Cell Culture Experiments.

Primary human MSCs from bone marrow aspirates of a healthy, 20-
year-old male were kindly provided by Katrin Müller group Professor
M. Bornhaüser, Medical Clinic I, Dresden University Hospital Carl
Gustav Carus, with the approval from local ethics commission (ethic
vote No. EK 263122004). This is a well-characterized and routinely
used hMSC-line in our lab, which displayed insignificant differences in
differentiation profile from other hMSCs (age between 20 and 40
years) (Supplementary Figures 1 and 2) and when used in pulsatile
electrical stimulation experiments.19,20 The isolated hMSCs were
expanded in expansion media made up of Dulbecco’s modified Eagle
medium (DMEM) supplemented with 10% of fetal bovine serum
(FBS), 2 mM L-glutamine, and 1% penicillin streptomycin (P/S)
solution (Sigma, Germany) in an incubator with humidified
atmosphere containing 5% CO2 at 37 °C. Each set of electrical
stimulation experiment was conducted independently and repeated
thrice with hMSCs of passage 4.
Each film was seeded initially with 5 × 103 cells/cm2 in 48-well plate

for 24 h. Subsequently, the constructs were placed in the electro-
chambers with differentiation media containing the expansion media
supplemented with 0.2 mM L-ascorbic acid, 10 nM dexamethasone,
and 10 mM β-glycerolphosphate. Fresh differentiation media was
replaced every 3 days. Since glass coverslips are inert to electrical fields
and are commonly used in stem cells differentiation studies, we have
used this (control/Coll) as the baseline to infer the efficacy of
conductive PANI substrates to drive osteogenesis.
The electrochamber was based on the design model of Hess et al.,

which works on the principle of TLC.21 The primary current was
generated by a pulse generator (Type EMG 1153) in series with a
linear amplifier (Type Kepco BOP 72−6M). The cellular constructs
(control/Coll-PEF, PANI/Coll-PEF, and PANI/Coll/sHya-PEF) were
subjected to rectangular pulses (7 ms, 3.6 mV/cm, 10 Hz) for
durations of 4 h followed by a 4 h break (throughout the complete
cultivation period of 28 days). The corresponding unstimulated
samples (control/Coll, PANI/Coll, and PANI/Coll/sHya) were
placed in identical chambers without applying electric fields. For
biochemical assessment, three samples per group were taken from the
chamber at defined time points, washed with PBS, and frozen at −80
°C until further analyses.
2.4. Cell Morphological Analysis Using Fluorescence

Microscopy. The morphology of hMSCs after 3 days of PEF
stimulation was assessed by fluorescence microscopy (Zeiss, Axio
Obsever.Z1). The samples were fixed in 4% phosphate-buffered
formalin, and the cells were permeabilized with 0.1% Triton X-100 in
PBS (Sigma). After being washed twice with wash buffer (0.05%
Tween-20 in PBS), the samples were incubated in blocking solution
(1% BSA in PBS containing 0.05% Tween-20) for 30 min. Then the
constructs were incubated at room temperature for 1 h in mouse
antivinculin monoclonal antibody (Invitrogen, 1:150 dilution)

followed by three washes in wash buffer for 5 min each. Further, the
constructs were incubated with Alexa Fluor-488 goat antimouse
secondary antibody (Invitrogen) for 1 h at a dilution of 1:250,
followed by washing cells three times in wash buffer. To visualize the
actin filaments, the cells were stained with Alexa Fluor-546 Phalloidin
(Invitrogen, 1:50 dilution) for 20 min and counterstained with 4′,6-
diamidino-2-phenylindole (DAPI) (Invitrogen, 1:1000 dilution) for 2
min to visualize the cell nuclei. The cell area was calculated by tracing
the boundary of the cells in fluorescence image using free hand line
tool in the ImageJ software. The surface area of at least 15 cells, chosen
at random from each field, was measured.

2.5. Biochemical Assays. 2.5.1. LDH Assay. The proliferation of
hMSCs was assessed by Cytotoxicity Lactate Dehydrogenase (LDH)
Detection Kit (Takara, France). Briefly, the frozen constructs were
carefully thawed and lysed on ice in 400 μL of lysis buffer containing
1% TritonX-100 in PBS. From that, 50 μL of cell lysate was transferred
to a 96-well plate and incubated with 50 μL of LDH substrate solution
(room temperature, dark). The enzymatic reaction was terminated
with 0.5 M HCl after 10 min, and the absorbance was measured
immediately at 492 nm in a microplate reader (Tecan). LDH activity
was correlated with cell number using a calibration curve of cell lysate
with defined cell numbers.

2.5.2. DNA Content. The cellular DNA content was determined by
the fluorometric quantification method using Quant-iT PicoGreen
dsDNA Kit (Molecular Probes, Invitrogen). Ten microliters of cell
lysate from each sample was mixed with DNA binding Picogreen dye
solution at 1:800 dilution in Tris-EDTA-buffer (10 mM TRIS, 1 mM
EDTA, pH 7.5) in a 96-well black plate. The fluorescent intensity of
the mixed solution was measured after 5 min on a fluorescence
spectrometer (Tecan). The calibration curve between the DNA and
cell number was plotted by use of lysates with defined cell numbers.

2.5.3. ALP Activity. ALP activity was detected by a colorimetric
method using p-nitrophenol assay, in which p-nitrophenylphosphate
(pNPP), a colorless organic phosphate ester substrate, is converted to
p-nitrophenol, a yellow colored product by the enzymatic action of
ALP. In a 96-well plate, 25 μL of cell lysates was incubated at 37 °C for
30 min with 125 μL of 3.7 mM pNPP in substrate buffer (0.1 M
diethanolamine, 1 mM MgCl2·6H2O, and 0.1% Triton X-100, pH 9.8).
The reaction was stopped by the addition of 65 μL of 1 N NaOH and
was centrifuged at 3345g for 15 min. The absorbance of the
supernatant was measured at 405 nm in a 96-well microplate reader
(Tecan). The activity of ALP was normalized against the cell number.

2.5.4. Calcium Determination. Calcium concentration in the cell
lysate was quantified colorimetrically using the O-Cresolphthalein
Complexone Methodology (CPC liquicolor kit (Stanbio, TX))
according to the manufacturer’s protocol. Calcium was extracted by
incubating 96 μL of cell lysate overnight in 4 μL of 6 M HCl with
gentle shaking. From this calcium extract, 10 μL was pipetted in a 96-
well plate along with 350 μL of the base and color reagents added in
1:1 mixture, and the absorbance was measured immediately at 590 nm.

2.6. Gene Expression Analysis. Total RNA was isolated from the
frozen samples after 1, 14, 21, and 28 days using TRIzol reagent
(Invitrogen) according to the manufacturer’s protocol. The isolated
RNA was resuspended in nuclease-free water, and the concentrations
were measured on a ND-1000 UV spectrophotometer (Nanodrop).
cDNA synthesis was performed using Accuscript cDNA synthesis kit
(Agilent), as per manufacturer instructions. About 500 ng of RNA per
sample was used as the template for cDNA synthesis. Quantitative
real-time PCR (qPCR) assays were then performed using Brilliant II
SYBR Green QPCR low ROX Master Mix (Agilent) on a Mx3005P
real-time PCR machine (Agilent Technologies, Waldbronn, Ger-
many). Each PCR reaction mix contained 2 μL of cDNA per sample
and a primer concentration of 200 nM. PCR amplification was
achieved under the following parameters: initial denaturation at 95 °C
for 10 min, followed by 40 cycles of denaturation at 95 °C for 30 s,
annealing at 57−60 °C for 30 s, and extension at 72 °C for 30 s. At the
end of the run, an additional melt curve step was included to ensure
primer specificity. All samples were measured in triplicate, and to
circumvent run-to-run variations, the entire samples for one particular
gene were measured in a single qPCR run. Finally, the gene expression

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.5b06390
ACS Appl. Mater. Interfaces 2015, 7, 23015−23028

23017

http://pubs.acs.org/doi/suppl/10.1021/acsami.5b06390/suppl_file/am5b06390_si_001.pdf
http://dx.doi.org/10.1021/acsami.5b06390


data were analyzed by the well-established 2−ΔΔCt method.25 The gene
expression data were normalized against the average of two reference
genes, GAPDH and RPL13A, and expressed in fold ratio relative to the
control coverslip (control/Coll) on day 1. The primers used for PCR
are listed in Table 1.
2.7. Statistical Analysis. All data were represented as mean ±

standard deviation. All experiments were repeated at least twice
independently, with three replicates per sample. Statistical analysis was
performed using one-way ANOVA and student’s t test, and values of p
< 0.05 were considered statistically significant.

3. RESULTS

3.1. Physico-Chemical Properties of aECM Coated
PANI Matrices. 3.1.1. Stability Analysis of aECM Coating.
One of the essential requirements in biomimetic coating is to
ensure stable bonding of biomolecules on material surface
without compromising the bioactivity of the introduced
biomolecule.26 It is known that covalent immobilization
procedures can deter the bioactivities of functional components

of biomolecules.27 In the present context, Coll and sHya were
allowed to physisorb onto the polymeric surface, as
physisorption of fibrillar proteins is known to result in almost
stable immobilization.28 To comparatively investigate the
stability of individual aECM coatings on PANI, quantitative
evaluation of desorption kinetics on PANI was compared
against tissue culture polystyrene (TCPS), a typical standard
used in the field, after immersion in PBS for three different time
points of up to 7 days (Figure 1). Upon comparing the Coll
content on PANI against TCPS control, a significantly higher
amount of Coll was found on the control surface than the
PANI surface. In addition, the profiles indicated an initial
desorption over the first 24 h of incubation, after which a steady
level was maintained. After 7 days of incubation in PBS, the
amount of Coll immobilized on PANI was determined to be
231 ± 42 μg/cm2 in the case PANI/Coll (Figure 1A) and 328
± 11.9 μg/cm2 in the case of PANI/Coll/sHya (Figure 1B).
Hence, it is evident that the addition of sHya can improve the
attachment and stability of collagen fibrils on PANI surface.

Table 1. Primer Sequence Used in the Real-Time PCR Analysis To Determine the Expression Level of Osteogenic
Differentiation Markers (Referred from Hess et al.22). The Average of GAPDH and RPL13A Was Used as the Internal Control

primer sequence

genes forward reverse amplicon Size (bp) TA in °C

RUNX-2 ACAGAACCACAAGTGCGGTGCA TGCTTGCAGCCTTAAATGACTCTGT 128 58
ALPL CGTCGATTGCATCTCTGGGCTCC TGGTCTCGCCAGTACTTGGGGT 146 59
OCN GAGCCCCAGTCCCCTACCC GCCTCCTGAAAGCCGATGTG 103 59
OPN TGATGGCCGAGGTGATAGTGTGGT CCTGGGCAACGGGGATGG 161 60
COL1A1 AGACTGGCAACCTCAAGAAG ACAGTGACGCTGTAGGTGAA 97 58
GAPDH TGCACCACCAACTGCTTAGC GGCATGGACTGTGGTCATGAG 87 60
RPL13A CCTGGAGGAGAAGAGGAAAGAGA TTGAGGACCTCTGTGTATTTGTCAA 126 60

Figure 1. Stability of aECM coating on conductive substrate. Amount of immobilized collagen on (A) Coll coated and (B) Coll/sHya coated PANI
and TCPS samples, respectively. Quantification of immobilized hyaluronic acid in (C) sHya coated and (D) Coll/sHya coated samples, respectively.
Data represented as mean ± standard deviation (SD) of triplicates. Asterisk denotes statistically significant difference (p < 0.05) with respect to
TCPS control at a given time point, and pound sign (#) indicates significant difference (p < 0.05) with respect to their counterpart at 1 h. Data
points represent mean ± SD (n = 4).
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In contrast, it is notable that more sHya was detected on
PANI surface than on TCPS surface when immobilized either
alone or with Coll (Figure 1C,D). Moreover, a markedly
greater amount of sHya immobilization was noticed on PANI/
Coll/sHya surface than on PANI/sHya substrates. Especially,
the DMMB assay results showed a five-fold increase in sHya
retention onto PANI surface when PANI/Coll/sHya was
compared against PANI/sHya. Thus, sHya can be effectively
immobilized in larger quantities when it is associated with Coll
during fibrillogenesis than when adsorbed alone.
3.1.2. Morphological Features of aECM Coated PANI. The

surface characteristics of the Coll and sHya coated PANI
substrates were studied by scanning electron microscopy. The
pristine PANI substrates exhibited a smooth surface topography
with minor orifices, a result of solvent escaping from the bulk
through the surface (Figure 2A). The PANI/sHya substrates

displayed a mesoporous surface topography with pore sizes
ranging from 200−300 nm (Figure 2B). In contrast, PANI/Coll
presented a random disarray of collagen fibers of 200−250 nm
in diameter as a result of in vitro fibrillogenesis (Figure 2C). In
the case of PANI/Coll/sHya substrates, the fibril diameter was
found to be significantly smaller (80−100 nm) in comparison
to PANI/Coll substrates (Figure 2D). Thus, the PANI/Coll/
sHya film appears as a nanofibrous mat composed of collagen
fibrils within micron-sized pores.
Given the information about the morphological features of

the aECM coating, identification of the elemental composition
was performed by energy dispersive X-ray spectrometry (EDS).

The spectra were recorded from different regions of the aECM
coated PANI substrates for analysis. The atom percents of the
different elements detected by EDS have been listed in Table 2.
It may be noted that nitrogen (N) signals were not recorded
within the detection limits of the EDS detector. The decrease in
the atom % of carbon (C) is commensurate to the increase in
atom % of oxygen (O) arised from the coating molecules (Coll
and sHya). In case of PANI/Coll, small amounts of Chlorine
(Cl), Sodium (Na), and Phosphorus (P) along with Coll were
adsorbed onto the substrates from the buffer solution, while no
sulfur was detected. However, no P was detected in the PANI/
sHya sample due to the presence of sulfate groups from sHya.
The atom % of C was halved, while that of O was doubled in
PANI/Coll/sHya. This can be expected from the greater
amounts of Coll and sHya adsorbed onto PANI in the presence
of each other as compared to their adsorption in isolation
(Figure 1). Further, the enhanced adsorption of Coll and sHya
in PANI/Coll/sHya has also led to a proportionate increase in
the atom % of Cl, Na, S, and P. On the basis of the above
results, it can be concluded that aECM coated PANI has ECM-
like physicochemical characteristics.

3.1.3. Electrical Conductivities of PANI with Different
aECM Coatings. It is known that any difference in the
conductivity values of polymers is affected by the type of
counterions of the dopant molecules, and this effect is mainly
contributed by the increase in mobility of charge carriers in the
conduction band.29 As seen from the plot (Figure 3A), the
uncoated samples had a conductivity of 10−8 S/cm, making
them highly insulating substrates. On the other hand, coating
with sHya (PANI/sHya) improved the conductivity to 10−5 S/
cm due to the presence of sulfate and carboxylate groups, which
act as the dopant moieties. An unexpectedly higher conductivity
of 10−4 S/cm was obtained for PANI/Coll as compared to
PANI/sHya. This may be due to the adsorption of additional
acetate groups from the coating buffer onto the collagen triple
helices. Further, a maximum conductivity of 10−3 S/cm was
achieved on PANI/Coll/sHya. Such a trend in conductivity is
also in agreement with the stable immobilization of these
aECM molecules on the PANI/Coll/sHya substrates (Figure
1). This together with the incorporation of various ions from
buffer solution confers enhanced conductivity to the polymeric
chains (Table 2). Correspondingly, the current−voltage (I−V)
curves of the coated PANI substrates showed an ohmic
behavior, as shown in Figure 3, panel B, indicating an apparent
decrease in polymer resistance with different dopant addition.
Inconsistent readings of the voltage near zero current in
uncoated PANI (Figure 3D) may be due to the difficulty in
measuring small voltages.30

3.2. Influence of PEF Stimulation on Adhesion,
Proliferation, and Osteogenesis of hMSCs on Conduct-
ing aECM Coated PANI Substrates. In this section, we
present and analyze the results of adhesion, proliferation, and
differentiation of hMSCs in osteogenic induction medium at

Figure 2. Surface characterization of aECM coated PANI matrices.
SEM images of (A) Pristine PANI surface, (B) PANI/sHya, (C)
PANI/Coll, and (D) PANI/Coll/sHya, respectively.

Table 2. Elemental Composition Analysis of aECM Coated PANI Substrates Determined by SEM/EDS

elements (atom %)

sample C O S Cl Na P

PANI 98.5 ± 0.5 1.5 ± 0.5
PANI/Coll 74.5 ± 0.5 22.5 ± 0.2 1.6 ± 0.2 1.0 ± 0.2 0.4 ± 0.1
PANI/sHya 74.8 ± 2.4 22.2 ± 2.0 0.2 ± 0.1 1.7 ± 0.1 1.1 ± 0.3
PANI/Coll/sHya 37.3 ± 7.4 47.9 ± 3.3 1.0 ± 0.3 4.1 ± 1.0 6.4 ± 0.3 3.3 ± 1.5
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various time points in culture. The TLC approach was adopted
to deliver periodic stimulation (7 ms rectangular pulses, 3.6
mV/cm, 10 Hz) for 4 h with 4 h pause for up to 28 days.

3.2.1. Proliferative Behaviors of PEF Stimulated hMSCs.
Cell proliferation in response to PEF exposure was evaluated by
two complementary techniques, namely LDH and picogreen

Figure 3. Electrical characterization of PANI with different coatings. (A) Graph showing the variable electrical conductivity of the PANI substrates
with different coatings, determined by four point probe method. (B−D) I−V curves of PANI substrate coated with Coll (B, blue), Coll/sHya (B,
red); (C) sHya coated PANI; and (D) noncoated pristine PANI films, respectively.

Figure 4. Effect of aECM coating and PEF stimulation on cell proliferation. (A) Graph showing number of metabolically active cells at regular time
intervals in the presence and absence of PEF, as determined by LDH assay. (B) Total DNA content of cells, as quantified by picogreen assay. The
results showed higher DNA content in untreated PANI/Coll/sHya substrates on day 28, in accordance with the LDH assay data, which show similar
trend in cell number. Pound sign (#) denotes statistically significant difference (p < 0.05) with respect to untreated control at a given time point, and
asterisk indicates significant difference (p < 0.05) between untreated and PEF treated samples at the given time point. Data points represent mean ±
SD (n = 3).
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assay. While LDH is based on metabolic activity, picogreen
assay quantifies the total cellular DNA content. Thus, any
variability in cellular metabolism due to PEF stimulation can be
discerned by performing the additional fluorometric assay,
which is more accurate in measuring the DNA content and
hence cell proliferation.31 Figure 4, panel A shows the
proliferation profile of hMSCs over 28 days in culture with
and without PEF stimulation, as determined by LDH assay. It is
observed that PANI/Coll and PANI/Coll/sHya had a
profound influence in significantly enhancing cell proliferation

at a later stage, that is, on day 28. Notably, PANI/Coll/sHya
marked the highest proliferation on day 28. In contrast, with
PEF stimulation, the cell number was significantly lower than
their nonstimulated counterparts, but was almost comparable to
control/Coll.
The number of cells determined from picogreen assay

exhibited the same trend as the cell number calculated from the
LDH activity (Figure 4B). Particularly, proliferation was highly
favored on PANI/Coll/sHya without PEF simulation, but the
increase was not as remarkable as the one observed from the

Figure 5. Cell morphology changes in response to underlying conductivity and PEF stimulation. (A) Shown are the merged fluorescence images of
hMSCs grown on control/Coll, PANI/Coll, and PANI/Coll/sHya, respectively, without (left panels) and with (right panels) PEF stimulation. After
culture for 3 days, hMSCs were processed for immunofluorescence with Alexa Fluor 568 phalloidin (red) to probe F-actin, antivinculin (green), and
DAPI (blue). (B) Plot of the average cell spread area on various samples in the presence or absence of PEF stimulation. Asterisk denotes statistically
significant difference (p < 0.05) with respect to nonstimulated control (control/Coll), and pound sign (#) indicates significant difference (p < 0.05)
between untreated and PEF treated counterparts. All data are expressed as mean ± SD (n ≥ 15) and are representative of at least three different
samples.
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LDH assay. Collectively, the cell enumeration data from these
two different assays illustrate that the PEF stimulation does not
have additive or synergistic effects with aECM coating on the
conducting matrices, in promoting cell proliferation. Rather, the
presence of Coll and sHya on conducting substrates had only
enriched the proliferative capacity of hMSCs at the later stage
of culture (i.e., day 28).
3.2.2. Cytoskeleton Organization and Focal Adhesion of

hMSCs on aECM Coated Substrates upon PEF Stimulation.
We then compared substrate dependent morphological changes
of hMSCs cultured with and without PEF stimulation. On
control/Coll, hMSCs displayed spindle-shaped morphology
with distinct actin cytoskeleton (Figure 5A). In parallel, hMSCs
cultured on PANI/Coll or PANI/Coll/sHya exhibited a higher
level of cell spreading. Besides, the cells appeared comparatively
larger in size on PANI/Coll/sHya substrates to those on
PANI/Coll substrates. Following PEF stimulation, both PANI/
Coll and PANI/Coll/sHya substrates induced cell attachment
with a more spread morphology and well organized
cytoskeleton compared to their nonstimulated counterparts.
Moreover, the adhesion occurred with the formation of mature
focal adhesion points, as can be visualized from the vinculin
staining. However, the focal adhesion points were more
prominent and were slightly concentrated at the narrow cell
edges in PEF stimulated PANI/Coll substrates when compared
to PANI/Coll/sHya. To quantify these substantial differences
in cell spreading, we computed the cross-sectional area of
individual cells adhered on control as well as PANI substrates.
The cells on PEF stimulated PANI substrates displayed larger
surface areas than on other surfaces, as shown in Figure 5, panel
B. Specifically, the cell area was 1.5−1.8-times greater in PEF
stimulated hMSCs on PANI substrates compared to non-
stimulated ones. However, there was no statistically significant
difference in spread area between PEF stimulated PANI/Coll
and PANI/Coll/sHya substrates. Overall, such a flattened and
polygonal-shaped morphology of hMSCs on PEF stimulated
PANI/Coll and PANI/Coll/sHya substrates, analogous to the
features of osteoblasts indicate the early onset of differentiation
on conducting substrates in the presence of PEF.
3.2.3. Accelerated ALP Activity in Conducting PANI/Coll/

sHya Substrates upon PEF Stimulation. The activity of ALP,
one of the early osteogenic markers, was evaluated to
investigate the differentiation patterns of hMSCs cultured on
conducting substrates under PEF stimulated growth conditions.
As the typical characteristic nature of osteoblastic differ-
entiation,32 a temporal rise and fall in ALP activity was
recorded in all experimental groups (Figure 6). Almost at each
time point studied, the ALP activity was significantly higher in
the PEF stimulated cultures, when compared to nonstimulated
culture. With increasing time of culture, a progressive stepwise
increment in the ALP activity was recorded in all the samples
until 21 days of culture, whereas it declined gradually toward
later time points. Especially, the highest level of ALP activity
was recorded on PEF stimulated PANI/Coll/sHya substrates
on day 21. It can be noted that the ALP level in nonstimulated
group at day 21 was comparable to the PEF stimulated one at
day 14, indicating a significant acceleration in osteogenesis by 1
week upon PEF exposure. Moreover, it is also apparent that the
ALP activity in PEF stimulated hMSCs cultured on PANI/Coll
was significantly increased to that in the control/Coll on day
14, which represents the conductivity dependent effect in
eliciting early stage of osteogenesis.

3.2.4. Conducting Substrates Have Profound Effects in
Elevating Calcium Concentrations under PEF Stimulated
Culture Conditions. The concentration of calcium in each
construct was quantified using CpC assay to evaluate the
calcium phosphate deposition produced by differentiating
hMSCs. Figure 7 depicts the calcium content normalized to
hMSCs, grown on conducting substrates with corresponding
aECM coatings in the presence and absence of PEF

Figure 6. Effect of PEF treatment on ALP activity of hMSCs grown on
conducting aECM coated substrates at different time points. Values
were normalized to the total cell number (determined by LDH assay)
for each individual sample. Pound sign (#) denotes statistically
significant difference (p < 0.05) with respect to untreated control at a
given time point, and asterisk indicates significant difference (p < 0.05)
between untreated and PEF treated samples at the given time point.
Data are shown as mean ± SD (n = 3) and represent results from
three independent experiments.

Figure 7. Total calcium content in osteogenic differentiated culture
with or without PEF exposure at different time points. The amount of
calcium was analyzed by cresolphthalein complexone calcium assay kit,
and the data were normalized per cell number (determined by LDH
assay) in each sample. #, P < 0.05 versus control; ∗, P < 0.05 versus
untreated counterpart. The bars demonstrate the mean ± SD (n = 3).
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stimulation. The calcium level consistently increased over time,
revealing the potential of the substrates to induce mineraliza-
tion. Calcium concentrations on control substrates (control/
Coll), with or without PEF stimulation, was found to be much
lesser than on conducting substrates. The hMSCs on PANI/
Coll/sHya substrates demonstrated similar or slightly higher
calcium deposition when compared to the PANI/Coll
substrates, and both showed much greater calcium deposition
than control/Coll. At day 28, PEF stimulated PANI/Coll and
PANI/Coll/sHya substrates had the highest calcium deposi-
tion, with an increase by 1.5-fold compared to other groups.
In general, the production of mineralized matrix is

considered as the end point of osteoblast maturation.34

Although PEF exposure did not have any apparent effect in
inducing calcium deposition at early time points, it had a
predominant influence on later osteoblastic differentiation, as
characterized by enhanced calcium deposition at day 28. These
results highlight the application of PEF in augmenting calcium
deposition at the later time point of culture rather than at an
early stage.
3.2.5. Dynamic Expression Profiles of Osteogenic Markers

in PEF Stimulated hMSCs. To evaluate the combined effect of
PEF stimulation and aECM coated PANI in promoting
osteogenesis of hMSCs, the expression of five important

bone related genes was evaluated by quantitative reverse
trancriptase PCR (qRT-PCR). As shown in Figure 8, the data
depicted that these five genes, namely Runt-related tran-
scription factor 2 (RUNX2), Alkaline phosphatase (ALP),
Collagen type 1, α 1 (COL1A1), Osteocalcin (OCN), and
Osteopontin (OPN), elucidated a significant difference in
expression between PEF stimulated and nonsimulated groups,
with further variation in the data imparted by the type of aECM
coating on the substrates. Figure 8 depicts the mRNA
expression pattern of RUNX2, one of the early markers that
indicate osteoblastic differentiation and bone formation.33 A
high level of RUNX2 expression was recorded in hMSCs
cultured on PANI/Coll and PANI/Coll/sHya substrates in the
presence of PEF. However, a late but prominent upregulation
was observed on hMSCs of control group (control/Coll) on
day 28. Since an early elevation in RUNX2 expression was
detected for PANI/Coll/sHya substrates and to some extent in
PANI/Coll substrates, it is apparent that PEF stimulation on
sHya containing aECM played an enhancing role in switching
the commitment of hMSCs toward osteogenic lineage.
In contrast to the increases observed for RUNX2 mRNA

level on day 28, a rapid upregulation in Col1A1 mRNA
expression was detected on day 14 in PEF stimulated PANI/
Coll substrates, which subsequently lowered by days 21 and 28.

Figure 8. Gene expression profiles of bone markers suggesting the osteogenic conversion of hMSCs on conducting aECM coated substrates with and
without PEF exposure. The expression of ALP and OCN was markedly increased upon PEF stimulation on conducting aECM substrates, while that
of Col1A, RUNX2, and OPN was similar to that of the untreated control cells cultured in osteogenic medium. Results are representative of three
independent experiments, and data expressed as mean ± SD, n = 3.
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Instead, there was a steady escalation in Col1A1 expression for
all other samples tested, hitting the highest point at day 28.
Even so, no substantial increment in the mRNA levels was
detected in unstimulated PANI/Coll and PANI/Coll/sHya
substrates.
Among the genes studied, the changes in ALP expression

over time are most noteworthy, especially in PEF stimulated
PANI/Coll/sHya substrates. Its mRNA expression peaked on
day 14, which remained elevated on day 21 and dropped four-
fold by day 28. Moreover, such a sharp increase was also
observed in unstimulated PANI/Coll/sHya substrates on day
14, indicating that sHya plays a role in facilitating osteoblastic
differentiation independent of PEF stimulation. Interestingly,
the ALP transcript levels on PEF stimulated control/Coll and
PANI/Coll groups on day 14 were almost comparable to those
of their untreated counterparts on day 21. These data imply the
accelerated upregulation of ALP transcripts, upon PEF
stimulation, a process which is otherwise delayed by 7 days
in their untreated counterparts. Importantly, the decreased ALP
expression on day 28 confirms the commencement of terminal
differentiation in hMSCs in all groups examined.
An analysis of the expression profile of OCN mRNA has

indicated increased expression level by several fold in all
batches examined during the late stages of culture, except for a
slight discrepancy in PEF stimulated PANI/Coll substrates.
OCN is secreted at the late stage of osteoblast maturation,35

and its marked increment exclusively in both PEF stimulated
and nonstimulated PANI/Coll/sHya substrates depicted the
strong indication of terminal differentiation. In addition, the
onset of early OCN expression at day 14, exclusively in PEF
stimulated PANI/Coll and PANI/Coll/sHya, indicates that
substrate conductivity could enhance early osteoblastic differ-
entiation. As for OPN gene, only the control (control/Coll)
substrates could induce an early expression on day 21 and day
28. Despite a relatively attenuated expression level in all other
groups, PEF stimulated PANI/Coll/sHya substrates could
trigger a delayed yet similar effect as the control group on day
28. On the whole, from the gene expression profile described, it
is evident that the culture of hMSCs on aECM coated
conducting matrices in the presence of PEF can remarkably
enhance osteogenesis, with the additional advantage of
shortening the time span taken for the differentiation process.

4. DISCUSSION
Among the various physical stimuli applied in modulating stem
cell differentiation, the concept of using electric fields as an
instructive cue to induce directed differentiation is considered
as an attractive strategy.34 The main goal of this study is to
examine the independent or combinatory effect of aECM
coating, substrate conductivity, or PEF stimulation in regulating
the proliferation, morphology, and differentiation of hMSCs.
4.1. Coating of PANI Substrates and Influence of

Coatings on Substrate Conductivity. In the present work,
we have adopted the method of mimicking ECM-like
microenvironment to develop biomimetic conducting plat-
forms. Instead of the conventional covalent tethering of ECM
molecules onto the substrates, we performed the physisorption
process so that these biomolecules can serve as the substrate
dopant, enabling improved conductivity. Apart from imparting
substrate conductivity, it also establishes a biochemical
environment with defined presentation of ECM molecules to
provide surface-based control over the proliferation and
differentiation of cultured hMSCs. It is also believed that the

interactions of biologically active components with cells can be
strengthened by immobilizing biomolecules on a surface in
close proximity with their receptors on the cell membrane,
rather than dispersing them as soluble signals in the culture
medium, where they are less likely to encounter their targets.35

Moreover, large dopant molecules such as sHya tend to get
integrated in the polymer backbone effectively, avoiding
leaching of the dopant with time and with the application of
electrical stimulus.13 Especially in our case, the highly
conjugated backbone of polycationic PANI readily associated
with the negatively charged sHya, and hence a higher amount
of sHya was immobilized on PANI surface than on TCPS
control (Figure 1C,D).
Defined microenvironments were created by coating PANI

surface with ECM molecules, in particular with Coll and sHya,
mimicking the composition of the organic ECM of bone. SEM
images of the aECM coated PANI substrates clearly show a
mesoporous coating in PANI/sHya (Figure 2B), a random
disarray of thick collagen fibers in PANI/Coll (Figure 2C), and
a nanofibrous coating in PANI/Coll/sHya due to reduced fibril
growth in vitro (Figure 2D). Typically, fibrillogenesis occurs in
two stages: nucleation, followed by growth of fibrils from
tropocollagen triple helices.36 Collagen fibrillogenesis is known
to be markedly altered in the presence of glycosaminoglycans in
vivo.28 From the smaller fibril diameter observed in case of
PANI/Coll/sHya, it is clear that sHya inhibited the growth of
tropocollagen nucleating sites by competitive adsorption.
The electrical behavior of the aECM coated PANI substrates

in our case is dictated by two parameters: (i) aECM
composition or coating morphology and (ii) amount of
adsorbed dopant ions/molecules. The experimentally observed
order of conductivity is as follows: PANI/Coll/sHya > PANI/
Coll > PANI/sHya > PANI (Figure 3A). Here, we provide a
rationale for the observed conductivity in terms of the above-
mentioned parameters. The higher abundance of porosity in
the PANI/sHya makes it less conducting than PANI/Coll,
which is also influenced by the meager amounts of sHya
adsorption onto PANI surfaces (Figure 1C). On the contrary,
the presence of additional phosphate and acetate (∼10 mM)
groups adsorbed from the buffer make PANI/Coll more
conductive. In PANI/Coll/sHya, the electrical conductivity
increased few orders of magnitude in comparison to pristine
PANI and single component coatings (Coll or sHya alone).
This is obvious from the greater amounts of the Coll and sHya
immobilized onto PANI films (Figure 1B,D) along with a
proportionate increase in the presence of other negatively
charged dopant groups such as CH3COO

−, Cl−, and PO4
3−

(Table 2). Thus, Coll and sHya synergistically improved the
electrical conductivity of PANI/Coll/sHya substrates.

4.2. Influence of aECM Coating and Substrate
Conductivity on Cellular Behavior in the Absence of
PEF Stimulation. Along with electrical conductivity, cellular
behavior is also strongly influenced by aECM coating on PANI
substrates. In particular, we show that PANI/Coll/sHya
substrates promoted proliferation to a greater extent in the
absence of PEF stimulation (Figure 4). This clearly illustrates
the complementary influence of both substrate conductivity
and sHya incorporation in promoting cell growth. The
enhanced proliferative effect of sHya in the present study is
in contrary to earlier studies, which demonstrated a reduction
in cell proliferation on similarly coated nonconducting
substrates.37,38 Such a disparity in the observed effect may be
reasoned in that sHya is concealed within the polymeric chains
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of PANI as a negative dopant. This can be inferred from the
low atom % of sulfur in comparison to other elements detected
by SEM-EDS (Table 2), a surface-sensitive technique.
Furthermore, a seemingly subtle change in the multivalent
hyaluronan ligand on PANI matrices can affect the interaction
with its cellular receptors, which is implicated in mediating
proliferation.39 Moreover, multiple other factors can be
responsible for the increased proliferative behavior observed
in repeated and independent experiments on day 28. One
factor concerns accelerated cell differentiation under PEF
stimulated conditions hinders proliferation observed for
conditions without PEF stimulation. A second factor can be
traced back to cell morphology. From the morphological
quantification of cross-sectional cell area, we noted an increase
in the space covered by cells exclusively on PEF stimulated
PANI substrates. This spatial constraints imposed by spread
neighboring cells in PEF-stimulated group might be a possible
reason that limit cell proliferation at a later stage in culture (i.e.,
on day 28). Indeed, several experimental and theoretical studies
have been proposed that physical parameters, such as cell
geometry or area, can regulate cell division and cell cycle
progression.40

With regard to differentiation, the presence of sHya in the
aECM coating had no significant effect on ALP activity but had
a positive effect in increasing calcium ion content and
osteocalcin expression on days 21 and 28, respectively. On
comparing nonstimulated PANI/Coll with control/Coll, a
relatively higher level of ALP activity and calcium accumulation
was recorded on conducting PANI/Coll than on insulating
control/Coll, on day 21 and 28, suggesting the role of
conductivity in later stage of differentiation (Figures 6 and 7).
In contrast, there was no improvement in gene expression of
bone specific markers on conducting PANI substrates (PANI/
Coll) with respect to insulating control/Coll in the absence of
PEF. This implies that a combination of aECM coating and
substrate conductivity does not accentuate osteogenic differ-
entiation as effectively as that on their PEF stimulated
counterparts (discussed in subsequent section).
4.3. Influence of aECM Coating and Substrate

Conductivity on Cellular Behavior in the Presence of
PEF Stimulation. The combinatorial effect of PEF stimulation
and aECM coated conducting substrate on stem cell behavior is
discussed in this section. In the presence of PEF stimulation,
there was no detectable improvement in proliferation on aECM
coated PANI substrates. This result on the growth behavior of
hMSC is consensus to the report by Hammerick et al.,41

wherein they did not detect any effect of PEF stimulation on
the proliferation of mouse adipose derived stromal cells during
a 10-day culture. Moreover, when subjected to PEF stimuli, the
cells underwent distinguishable changes in their morphology
with respect to their control (Figure 5A). The PEF stimulated
hMSCs appeared larger in size with star-shaped morphology on
conducting PANI substrates than on control coverslips
(control/Coll), further supporting the role of underlying
conductivity and aECM coating in the modulation of the cell
morphology (Figure 5A). The adhesion of a cell to a substrate
is mediated by the assembly of focal adhesion complexes
(integrin-talin-vinculin-actin link) and the associated cytoske-
leton. However, we found that the vinculin localization at the
focal adhesion points is less predominant in PEF stimulated
PANI/Coll/sHya compared to PANI/Coll, despite a well-
spread morphology. These observations are consistent with
those reported recently by Choi et al.,42 who proposed based

on simple electrostatic calculations that cells grown on
conductive substrates may strongly adhere to the substrate
without focal-adhesion complex formation, owing to the
enhanced electrostatic interaction between cells and the
substrate. In fact, the adhesion strengthening response is
mainly enhanced by integrin binding and clustering, whereas
vinculin recruitment has comparatively lesser contribution
toward adhesion strength.43 Furthermore, morphometric
quantification of the changes in the cell spreading revealed
greater cell area when grown on PANI/Coll and PANI/Coll/
sHya substrates in the presence of PEF stimulation (Figure 5B).
The variation observed in the cell spread area and morphology
on PEF stimulated PANI/Coll/sHya substrates, exhibited signs
of decreased proliferation at a later stage in culture (Figure 4),
due to the spatial hindrance developed by largely spread cells.
Characteristically, cell morphological alterations are sug-

gested to be a key regulator of MSC commitment. Similarly in
our case, the PEF induced physical cues would have caused the
assembly and disassembly of actin cytoskeleton, thereby
regulating osteogenic differentiation.44 It is also implicated
that electrical stimulus alters the local electrical fields of ECM
molecules, leading to the electrophoretic redistribution of cell
surface receptors, thus influencing cell behavior.45 Kotwal et al.
elucidated an increase in fibronectin protein adsorption with
electrical stimulation as the possible reason for enhanced
neurite outgrowth on polypyrrole surfaces.46

The efficacy of pulsed electromagnetic fields in augmenting
mRNA expression of osteogenic marker genes during differ-
entiation and mineralization is widely elucidated by several
research groups.47,48 However, the superposition of magnetic
field along with electric field generates different cellular effects
compared to the one induced by electric field alone. Hence, the
current study employs the approach of pulsed electric field
stimulation by a transformer-like coupling technique, which
eliminates the unwanted interference by magnetic fields or
biochemical reactions at stimulating electrodes.21 Apart from
exploiting this noninvasive cell stimulation approach, the study
was broadly inclined to better understand the participation of
aECM coated conducting substrates in promoting osteogenesis.
As a main finding, our results demonstrate a marked rise in
gene expression of ALP and OCN in response to PEF stimuli
on conducting PANI/Coll/sHya substrates (Figure 8). It is of
note that control/Coll substrates that are electrically inert
seemed to lack the ability to accelerate the upregulation of ALP
and OCN genes, unlike conducting PANI/Coll and PANI/
Coll/sHya. Both of these genes are known to play important
roles in bone matrix synthesis and mineralization, respec-
tively.49 Similar up-regulation in OCN and ALP marker genes
was noticed by Akhouayri et al.50 upon exposing the cells to
static mechanical stresses. In accordance with these results,
Tanaka et al.51 reported an increase in OCN expression
exclusively by mechanically stimulating the cells using sinus-
oidal strain combined with broad frequency vibration.52

Likewise, we also observed that PEF exposure has stimulated
significantly higher ALP activity (Figure 6) and calcium
deposition (Figure 7) in a manner dependent on substrate
conductivity. The transcription and protein expression of ALP
is recognized as one of the key player in the early stage of
osteogenesis.53 At least one of its important roles is to initiate
mineral deposition, as proved by studies in which inhibition of
ALP activity blocked the mineralization process.54−56 Similarly,
our results support the same concept of greater calcium
accumulation for PEF stimulated PANI/Coll/sHya samples by
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day 28 contributed by earlier onset of ALP activity over the first
21 days (Figures 6 and 7). Since the mineralization occurs in a
cyclic manner and does not continue indefinitely, ALP activity
had declined after 28 days in all samples. Calcium accumulation
is considered as an essential phenotypic marker of the final
stage of osteogenic differentiation.57−59 An exceptionally higher
extent of calcium accumulation (Figure 7) and osteocalcin
expression in PEF exposed PANI/Coll/sHya substrates (Figure
8) confirmed the sign of osteoblast maturation and
mineralization in hMSCs. Overall, when grown on aECM
coated conducting substrates, hMSCs responded by alteration
in their morphology, upregulation of specific osteogenic marker
genes, and induce earlier onset of ALP activity along with
calcium accumulation under PEF stimulated culture conditions
(Figure 9).

In summary, our earlier work demonstrated the effect of
substrate conductivity in combination with direct current
electric stimuli in inducing hMSC differentiation toward
neural-like lineage on PANI substrates.60 On the other hand,
the present study elucidates the interactive effects of aECM
coated conducting PANI substrates and PEF stimulation in
promoting osteogenic differentiation of hMSCs. All these
combined results highlight the attractive strategy of manipulat-
ing cellular microenvironment to selectively guide the growth
and commitment of stem cells.

5. CONCLUSIONS
Overall, the present study signifies the effectiveness of aECM
coated conducting substrates and noninvasive PEF stimulated
culture methodologies as interactive cues in inducing osteoblast
differentiation of human bone marrow derived mesenchymal
stem cells. These findings deepen our basic understanding of
governing stem cell differentiation by tuning the matrix
conductivity and electric field dosing. Altogether, these results
collectively emphasizes the following points.

(a) The incorporation of sHya in aECM coated PANI
substrates via in vitro fibrillogenesis enhanced the
proliferative capacity of hMSCs but was ineffective in
inducing differentiation in the absence of PEF.

(b) The underlying substrate conductivity exhibited a
positive influence on ALP activity and calcium ion
content at later time points (i.e., on day 21 and 28) when
compared to nonstimulated control.

(c) PEF stimulation promoted early osteogenesis with a
marked acceleration in ALP activity on conducting
aECM coated PANI substrates, with additional enhance-
ment induced by sHya on day 21. Moreover, higher
calcium ion content was also observed on conducting
PANI substrates irrespective of aECM composition.

(d) Differentiating hMSC populations displayed an intensi-
fied mRNA expression level for ALP and OCN, on sHya
containing PANI (PANI/Coll/sHya) substrates in PEF
stimulated culture conditions, in comparison to their
nonstimulated counterparts.

Taken together, these evidences can shed light on the
development of “smart” platforms by integrating well-
controlled physicochemical cues and optimal stimulation
modalities to regulate stem cell behavior for a variety of tissue
engineering applications.
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