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The discovery of piezoelectricity, endogenous electric fields and transmembrane potentials in biological
tissues raised the question whether or not electric fields play an important role in cell function. It has kin-
dled research and the development of technologies in emulating biological electricity for tissue regener-
ation. Promising effects of electrical stimulation on cell growth and differentiation and tissue growth has
led to interest in using piezoelectric scaffolds for tissue repair. Piezoelectric materials can generate elec-
trical activity when deformed. Hence, an external source to apply electrical stimulation or implantation of
electrodes is not needed. Various piezoelectric materials have been employed for different tissue repair
applications, particularly in bone repair, where charges induced by mechanical stress can enhance bone
formation; and in neural tissue engineering, in which electric pulses can stimulate neurite directional
outgrowth to fill gaps in nervous tissue injuries. In this review, a summary of piezoelectricity in different
biological tissues, mechanisms through which electrical stimulation may affect cellular response, and
recent advances in the fabrication and application of piezoelectric scaffolds will be discussed.
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Statement of Significance

The discovery of piezoelectricity, endogenous electric fields and transmembrane potentials in biological
tissues has kindled research and the development of technologies using electrical stimulation for tissue
regeneration. Piezoelectric materials generate electrical activity in response to deformations and allow
for the delivery of an electrical stimulus without the need for an external power source. As a scaffold
for tissue engineering, growing interest exists due to its potential of providing electrical stimulation to
cells to promote tissue formation. In this review, we cover the discovery of piezoelectricity in biological
tissues, its connection to streaming potentials, biological response to electrical stimulation and
commonly used piezoelectric materials for tissue regeneration. This review summarizes their potential
as a promising scaffold in the tissue engineering field.

© 2015 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Piezoelectric materials are smart materials that can generate
electrical activity in response to minute deformations. First discov-
ered by Pierre and Jacques Curie in 1880 [ 1], deformation results in
the asymmetric shift of ions or charges in piezoelectric materials,
which induces a change in the electric polarization, and thus
electricity is generated. Piezoelectric materials are widely used in
various electronic applications such as transducers, sensors and
actuators. For biomedical applications, piezoelectric materials
allow for the delivery of an electrical stimulus without the need
for an external power source. As a scaffold for tissue engineering,
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there is growing interest in piezoelectric materials due to their
potential of providing electrical stimulation to cells to promote tis-
sue formation. In this review, we cover the discovery of piezoelec-
tricity in biological tissues, its connection to streaming potentials,
biological response to electrical stimulation and commonly used
piezoelectric materials for tissue regeneration. This review
summarizes their potential as a promising scaffold in the tissue
engineering field.

2. Piezoelectricity in biological tissues

In 1940, Martin [2] noticed the first demonstration of biological
piezoelectricity, when he detected electric potentials from a bun-
dle of wool encapsulated in shellac while compressed by two brass
plates. The main constituent of mammalian hair, wool, horn and
hoof is a-keratin [3,4], which has a spiral a-helix structure [4].
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Fig. 1. Schematic illustration of permanent polarization in o-helix. Red arrows
demonstrate the direction of the dipole moment. (For interpretation of the

references to colour in this figure legend, the reader is referred to the web version
of this article.)
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The piezoelectricity of such tissues is attributed to the compact
alignment of these highly ordered o-helices and their inherent
polarization [5,6]. a-Helix is a right handed coil stabilized by the
hydrogen bonds between the hydrogen of one amine group with
the oxygen of a consecutive carbonyl group. As demonstrated in
Fig. 1, the helical structure repeatedly aligns the dipoles of the
backbone amino acids and causes a significant permanent polariza-
tion [7,8].

Yasuda [9] reported the piezoelectricity of bone in 1954. Later,
Yasuda and Fukada [10] observed piezoelectricity in boiled bone
and consequently concluded that living cells were not responsible
for the piezoelectric response. They attributed the piezoelectric
behavior of bone to the application of shear on collagen. Bone is
a composite of densely packed aligned collagen fibrils containing
hydroxyapatite particles [11]. Collagen as the most abundant
mammalian protein, also has a spiral structure consisting of three
helices, called triple helix [12]. Piezoforce microscopy (PFM) is a
modification of atomic force microscopy (AFM), which has been
recently used to study the piezoelectricity of nanomaterials. An
AC bias between the conductive AFM tip and the substrate beneath
the sample applies an electric field through the sample, causing a
deformation in the piezoelectric material. The contacting AFM tip
detects the deformation, which is subsequently translated to the
amplitude of the piezoresponse [13]. PFM can be performed in ver-
tical or lateral modes; vertical deflection of the AFM tip manifests
normal deformation of the material. In lateral mode, torsion of the
AFM tip reveals shear deformation of the domain [14].

The piezoelectricity of single collagen fibrils has been studied
using piezoforce microscopy [15,16]. PFM images of collagen fibrils
show lateral piezoresponse along the fibril axis and negligible
vertical and radial piezoresponse, revealing the unidirectional
polarization along the collagen fibril axis [15]. Fig. 2 shows the
topography of a single collagen fibril imaged by AFM, and its

Fig. 2. Topography of a single collagen fibril imaged by atomic force microscopy (a),
and the amplitude of its corresponding shear piezoelectricity acquired by piezo-
force microscopy in the lateral mode (b) [16].

corresponding shear piezoelectricity imaged by lateral PFM,
demonstrating the periodicity of the piezoforce amplitude attribu-
ted to the gaps and overlaps in the quarter-staggered structure of
collagen [16].

For years, it was believed that since hydroxyapatite crystalizes
in a centrosymmetric space group in the hexagonal system [17],
it could not be piezoelectric [18]. However, computational studies
reported a lack of an inversion center in hydroxyapatite that could
theoretically suggest possible piezoelectricity of this crystal [19].
Tofail et al. [20] have demonstrated the piezoelectricity of sintered
hydroxyapatite using PFM, which suggests that alongside collagen,
hydroxyapatite may also contribute to the piezoelectricity of bone.
Piezoelectricity of other collagenous tissues such as tendon
[21-23], dentin [24], cementum [25] and cartilage [26,27] have
also been reported. Polysaccharides such as wood [28] and chitin
[29] as well as polynucleotides such as deoxyribonucleic acid
(DNA) have also revealed piezoelectric response [30].

3. Piezoelectricity and streaming potential

In 1892, Julius Wolff [31] suggested that bone remodels its
architecture in response to stress. “Wolff's Law” manifests itself
in the denser bone in tennis players’ racket-holding arms or bone
loss in astronauts. After the discovery of piezoresponse in dry bone
[9], the proposed mechanism to describe bone growth and resorp-
tion in response to stress was piezoelectricity. As one of the pio-
neers of investigating the biological effects of piezoelectricity,
Bassett [32] observed that unlike undeformed samples, periodi-
cally deformed cultivated chick embryonic tibiae produced large
periosteal chondroid masses after 7 days, and described Wolff's
law as a negative feedback loop: applied load on bone causes strain
in less dense regions; while denser and consequently stiffer
regions remain unstrained. The strain is transformed into an
electric field that aggregates and aligns macromolecules and ions
in the extracellular matrix, which stimulates cells to remodel the
bone architecture until the signal is switched off. As piezoelectric
measurements expanded to wet bone [33] and wet collagen [34],
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which is hydrated bone and collagen to simulate physiological con-
ditions, dissimilarities were observed in the amplitude and behav-
ior of the stress generated potentials between wet and dry
samples. The induced electric potential was found to be dependent
on the strain rate and more importantly, the relaxation time of the
induced potential was much higher in wet samples. To justify
the inconsistency, different hypotheses were proposed such as
the p-n junction characteristic of apatite-collagen [35], which sug-
gested bone was piezoelectric in one direction and piezoresistive in
another. However, a notion that drew more recognition proposed
that while piezoelectricity was accountable for stress induced
potentials in dry bone, the mechanism responsible for wet bone
was streaming potential [36,37]. Streaming potential theory
suggested that the stress-generated potential in wet bone was
due to the flow of ion-containing interstitial fluid through bone
as a result of pressure. Streaming potential theory dominated after
Pollack et al. [38] reported that the conductivity of the saturating
fluid was significantly influential on the amplitude and polarity
of the generated potentials and the longer relaxation time was
due to the viscosity of the fluid. A newer theory of mechanosensa-
tion in bone suggests that the applied stress on bone is translated
into biochemical signals by flowing interstitial fluid in the
canaliculi-lacunae space and supplying bone cells with nutrients
as well as conveying shear stress to cells [39]. In spite of the new
theories, the debate exists whether one can entirely exclude piezo-
electricity from mechanosensation. As illustrated in Fig. 3, Ahn and
Grodzinsky [40] suggest that piezoelectricity increases the surface
charge density of collagen fibers and consequently increases the
zeta potential, which intensifies the streaming potential as the
following equation [38]:

_ (Pk
~ 4mon

where (, P, k, o and # are the zeta potential, the pressure on the
bone, the dielectric permittivity, conductivity and viscosity of the

interstitial fluid, respectively. Remarkably, they support their
hypothesis by recalling the piezoelectric coefficients previously
reported by Anderson et al. that showed while the largest piezoelec-
tric coefficients in dry bone were in the lateral axes, immersing the
same bone in saline solution resulted in the largest piezoelectric
coefficients in the longitudinal axis. This suggests that when placed
in a saline solution, the electricity produced on the lateral surfaces
due to piezoelectricity can be translated to zeta potential and
consequently contribute to higher streaming potential along the
longitudinal axis of bone [40].

4. Cellular response to electrical stimulation

In addition to piezoelectricity and streaming potentials in bone
and other fibrous tissues, endogenous electric fields up to
500 mV/mm have been reported in living tissues [41]. The trans-
port of ionic species and macromolecules associated with endoge-
nous electric fields play crucial roles in embryonic development
[42], wound healing [43] and neural regeneration [44]. There exists
a difference in intracellular and extracellular ionic concentrations,
resulting in a transmembrane potential of —10 to —90 mV in differ-
ent types of cells. Shifts in transmembrane potential is known to
alter cellular proliferation and differentiation [45], and exciting
the resting transmembrane potential in neurons can trigger
self-propagation of action potential along the axon [46].

This vital role of electricity in living systems have inspired
numerous investigations to either mimic biological piezoelectricity
and endogenous electric fields or manipulate transmembrane
potentials by external electrical stimulation to enhance cellular
growth and differentiation. The attention in neural regeneration
has been drawn to repairing peripheral nerve injuries through
improved neural differentiation and directional outgrowth of neu-
rites. Direct electric fields as low as 70 mV/mm have shown to
facilitate the outgrowth of the neurites of embryonic chick dorsal

+ ke A
SUS o + Calcium Hydroxyapatite | + .
+ + + + i+ + +
— * 4 7 + + ++ T+ + ++ 4 7 + S
v 2
B
-
u® B

1. Displacement (u®)

2. 1 surf charge (0.,

3. 1 zeta potential ()

4. 1 streaming potential (®_,)

5. 1 electro-osmosis (U)

6. | hydraulic permeability (k)

7. 1 stress (0)

Fig. 3. Ahn and Grodzinsky’s hypothesized model illustrating how applied stress on bone results in greater surface charges, which consequently increases zeta potential,
streaming potential, electroosmosis and dynamic stiffness as well as decreases hydraulic permeability in the open-circuit condition [40].
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Fig. 4. Direction and outgrowth of the neurites (labeled 1 and 2) of a bipolar neuron as a result of stimulation by a 500 mV/mm electric field. The black arrow shows the
direction of the electric field. The neuron at the beginning of the electrical stimulation (A); after 2 h of exposure to the electric field, neurite 1 has noticeably grown towards
the cathode (B); 4 h of stimulation in the same direction resulted in further extension of neurite 1 as well as its branching, while neurite 2 has almost diminished (C); 2 h after
changing the direction of the electric field, the tips of neurite 1 curved and neurite 2 grew towards the new cathode (D) [48].

Fig. 5. Differentiation of PC-12 cells on PPy films without (A) and with (B) the application of 100 mV across the film. The scale bar is 100 um [55].

root ganglions (DRG) toward the cathode [47]. Applying a direct
electric field of 250 mV/mm or higher on Xenopus neurons
resulted in more neurite-bearing cells with longer neurites direc-
ted towards the cathode and contracted neurites on the anode side
(Fig. 4) [48]. Promising results are not limited to neurons; an early
study on the effect of electrical stimulation on bone formation
showed that implanting insulated batteries in the medullary canal
of canine femora caused substantial formation of endosteum near
the cathode in a 14-21 day period [49]. Even in the absence of
external electrical stimulation, implanting poled sintered hydrox-
yapatite disks in canine cortical bone resulted in the filling of a
0.2 mm gap between the negatively charged hydroxyapatite sur-
face and the cortical bone in 14 days, while no bone formation
occurred using the unpoled hydroxyapatite before day 28 [50].
Electrical stimulation can be applied through the substrate or
the medium. While DC electrical stimulation through media aligns
Schwann cells perpendicular to the direction of the electric field,
AC electric field through the media changes the cellular morphol-
ogy from bipolar spindles to flat and spread with more processes
[51]. Applying currents through conductive polymers such as poly-
pyrrole (PPy) and polyaniline (PANi) has been an alternative
method for electrical stimulation. Even without electric current,
cells have shown favorable extension and proliferation on sub-
strates consisting of conductive polymers in comparison with con-
trol samples [52-54]. Fig. 5 shows how applying a direct electric
potential of 100 mV across PPy film almost doubled the length of
neurites of PC-12 cells in comparison with the unstimulated films
[55]. Applying a direct current of 10 pA through PPy films also

triggered significantly higher adsorption of fibronectin (FN) onto
the surface, specifically in highly concentrated FN solutions and
at early stages of exposure. The PC-12 cells seeded on these films
grew up to 50% longer neurites than on unstimulated films [56].
As an approach towards incorporating three-dimensional (3D) fea-
tures of fibrous scaffolds and electrical stimulation, Schmidt et al.
[57] applied a direct electric field of 100 mV/mm through an elec-
trospun 3D scaffold coated with PPy, and observed significant
improvement in the number of neurite-bearing PC-12 cells and
their neurite lengths.

Another method to construct 3D conductive scaffolds is electro-
spinning blends of nonconductive and conductive polymers. Direct
electrical stimulation of electrospun composites of 30 wt.% PANi
and poly(i-lactide-co-g-caprolactone) copolymer with 20 mA
increased the proliferation of NIH-3T3 fibroblasts [54]. Neural stem
cells seeded on nanofibrous scaffolds composed of
poly(e-caprolactone) (PCL), gelatin and 15 wt.% PANi also showed
significantly higher proliferation as well as growing longer neurites
in response to one hour of direct electrical stimulation of
100 mV/mm [58]. Electrospun scaffolds composed of PANi and
poly-L-lactic acid also increased the neurite lengths of C17.2 rat
stem neural stem cells when stimulated with 100 mV/mm [53].
In most direct electrical stimulation studies, there is an optimum
electric field in the range of endogenous electric fields or trans-
membrane potential, over which there is either no significant
improvement [57] or the field is detrimental to the cells [52,54].

Alternating electric fields also have been investigated.
Alternating electric fields have shown to cause morphological
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changes and significantly increased number of processes in
Schwann cells, but did not lead to directional outgrowth [51].
Since endogenous electric fields and transmembrane potentials
are direct rather than alternating, many neural studies use direct
electrical stimulation. On the contrary, the periodic nature of the
stress applied to bone has inspired investigations in bone repair
to focus on alternating electric fields to enhance osteoblast prolif-
eration and activity. Moreover, in order to avoid electrode implan-
tation and consequently electrolytic byproducts, noninvasive
stimulation for bone fracture healing drew widespread attention.
Noninvasive bone growth stimulators are approved by the U.S.
Food and Drug Administration (FDA) [59,60], and are currently
marketed for healing fractures and nonunions. In research, tech-
niques implemented for osteogenic electrical stimulation varies
from capacitively coupled stimulation [61-63], to applying electro-
magnetic waves using Helmholtz [64-66] and solenoid coils
[67,68]. Capacitively coupled electrical stimulation have shown
to significantly increase the proliferation [61]| and matrix mineral-
ization of osteoblast-like cells [63].

The mechanisms through which electrical stimulation causes
cellular migration and alters proliferation and differentiation are
not yet fully understood. It is speculated that the electric field
effect is either direct by intracellular components such as ions,
growth factors and receptors, or indirect by agglomeration or con-
formational change of extracellular ions and proteins [48,55]. Free
calcium cations (Ca%*) are considered a major factor in both direct
and indirect mechanisms of electrical stimulation. Electric fields
redistribute Ca®* in the extracellular matrix or on the substrate
[51]. Intracellular Ca®* concentrations are also reported to increase
due to electrical stimulation [69]. Fig. 6 illustrates an adaptation of
the galvanotaxis of cells as reviewed by Mycielska et al. [41]. Direct
electric field depolarizes the cathodal side of the cell and hyperpo-
larizes the anodal side. This leads to the diffusion of extracellular
Ca?* through the anodal side into the cell. Increase in the Ca®*
may cause actin depolymerization and consequently contraction
on the anodal side, which pushes the cell forward and thus makes
the cathodal side of the cell protrude [41]. This could explain the
phenomenon observed by Patel and Poo [48] as shown in Fig. 4,
i.e. the outgrowth of the neurites on the cathodal side of the cell
and the diminishing of the neurites on the anodal side. Patel and
Poo, on the other hand, found that neither blocking Na* channels
nor nullifying intercellular Ca?* gradient stopped directional neu-
rite outgrowth in cells exposed to direct electric field [48].
However, there was a larger distribution of concanavalin A recep-
tors on the cathodal side of the cell than on the anodal side, which
made them conclude that the effect of electrical stimulation on
directional growth of neurons could be direct by preferential
migration of membrane receptors [48]. Schmidt et al. reported that
electrical stimulation could result in more favorable conforma-
tional changes in fibronectin, which facilitated the adsorption of
more proteins onto the biomaterial [56]. Since some extracellular
matrix proteins play critical roles in cellular attachment, more
adhered proteins on the surface could improve cellular adhesion
and outgrowth.

The effect of electrical stimulation on enhanced bone formation
was initially based on the indirect hypothesis; piezoelectricity of
bone generated electric fields that aggregated charged ions and
macromolecules in the bone interstitial fluid, which resulted in
enhanced osteoblast activity [32]. Direct electric fields are assumed
to mobilize Ca®* and Mg?* towards the cathode or negatively
charged surface and cause apatite formation, which can become
a scaffold for bone formation by osteoblasts [50,70]. Increased
levels of gene expression for bone morphogenic proteins (BMP-2
and -4) as a result of electromagnetic stimulation were noted
[66]. Zhuang et al. [61] also found that capacitively coupled electri-
cal stimulation increased TGF-B1 gene expression as well as the
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Fig. 6. A cell with insignificant voltage-gated Ca®* channels at resting transmem-
brane potential (a); application of a direct electric field redistributes the intracel-
lular charges resulting in the depolarization and hyperpolarization of the cathodal
and anodal sides of the cell, respectively. Extracellular Ca?* is consequently diffused
through the anodal side (b). The increase in the intracellular Ca?* on the anodal side
depolymerizes actin. The result is the contraction of the anodal side and protrusion
of the cathodal side (c) (adapted from Mycielska et al. [41]).

proliferation of osteoblasts. TGF-B1 expression was modulated by
the calcium-calmodulin pathway.

5. Piezoelectric materials in tissue regeneration applications
5.1. Piezoceramics

Using piezoelectric materials as tissue engineering scaffolds
enables electrical stimulation without the need for electrodes,
external source of electricity or implanting batteries, which also
eliminates the chance of accumulating products of electrolysis.
Piezoelectric scaffolds can generate electric pulses as a result of
transient deformations, which can be imposed by attachment
and migration of cells or body movements. The materials used in
scaffolds needs to be biocompatible and possess reasonable piezo-
electric coefficients. The most commonly used piezoelectric mate-
rial in electronics is lead zirconate titanate (PZT) [71] owing to its
notable piezoelectric and electromechanical coupling coefficients.
PZT has been used to build a wirelessly powered nerve-cuff, in
which the implanted piezoceramic was deformed by ultrasound
radiated through the skin, and consequently generated electric
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pulses that could cause muscle-twitch in a rat’s hind limb [72]. In
another study, rat cortical neurons cultured on PZT slides coated
with poly-i-lysine grew significantly longer axons, despite a
decrease in cell number. Also the frequency and amplitude of the
excitatory postsynaptic currents increased, suggesting that piezo-
electricity could have augmented neuronal activity [73].
Nevertheless, 60 wt.% of PZT is lead, which even in low doses
causes serious health problems such as neurotoxicity [74], preg-
nancy complications [75], attention deficit hyperactivity [76] and
slow growth rate in children [77]. There have been efforts to
replace PZT with lead-free piezoceramics. Among popular
lead-free piezoceramics, zinc oxide (ZnO), barium titanate (BT),
potassium sodium niobate (KNN), lithium sodium potassium
niobate (LNKN), and boron nitride nanotubes (BNNT) have sub-
stantial piezoelectric coefficients. One major concern about using
piezoceramics in tissue engineering is the cytotoxicity of these
materials. Most piezoelectric ceramics, such as PZT [78], ZnO
[79], BT [80], KNN and LNKN [81], exhibit ion dissolution in biolog-
ical fluids. While some of the released ions for instance Pb?* could
be toxic, others could be relatively safe or even favorable at low
doses [82] and cytotoxic at higher concentrations [83]. Therefore,
in some studies involving piezoceramics, the piezoelectric particles
are embedded in polymer [82,84,85] or ceramic [86-88| matrix
composites to control ion dissolution. Although BNNTSs are highly
stable in aqueous solutions, their cytotoxicity is still of controversy
[89-92]. Composites of ZnO nanoparticles in polyurethane have
been employed to engineer neural tissues, which resulted in lower
density of astrocytes as ZnO increased, particularly on composites
with more than 10%Zn0O. This was attributed to the increase in sur-
face energy of the composites as a result of the increase in ZnO,
which could alter both adsorption and conformation of extracellu-
lar matrix proteins on the surface. Findings were particularly note-
worthy because the accumulation of astrocytes on an implant
results in glial scars, which can hinder neural regeneration [84].
Electrospun fibrous composite scaffolds made of ZnO particles
and polyurethane (PU) resulted in improved attachment and pro-
liferation of mouse fibroblasts on the composite scaffolds in com-
parison to pure PU scaffolds [85].

Barium titanate (BT) was the first lead-free piezoceramic that
was investigated in bone repair. Initial results were promising:
BT cylinders implanted in canine femora formed a strong interfa-
cial bond with bone. However, no significant difference was
observed between poled/piezoelectric BT implants and the
unpoled ones [93]. Further in vivo studies using this piezoceramic
were composites of hydroxyapatite (HA) and BT where results
showed new bone formation on the BT/HA implant after just one
week, while bone did not grow on HA implant until two weeks.
Interestingly, bone formation was dependent on the direction of
implantation (vertical or horizontal), which could indicate the pos-
sible role of piezoelectric coefficients in different directions [87].
The proliferation and attachment of human osteosarcoma cells
on both poled and unpoled HA-90%BT composite versus pure HA
disks revealed no significant difference in vitro, possibly because
the experiments took place in static conditions [86]. Similarly in
a more recent study, fibroblasts on freeze-cast BT/HA composites
showed no cytotoxicity, and the highest cell number was observed
on HA-70%BT, compared with HA-90%BT and HA-50%BT [88].
Adding BT nanoparticles to electrospun PCL scaffolds also
increased osteocalcin gene expression of pre-osteoblasts [82].
Attachment and internalization of glycol-chitosan coated BT
nanoparticles to the cell membrane and even in the cytoplasm of
mesenchymal stem cells significantly altered the conformation of
the cytoskeleton and increased the stiffness of the cells, which
resulted in enhanced osteogenic differentiation [94].

Potassium sodium niobate (KNN) and lithium sodium
potassium niobate (LNKN) are two other lead-free piezoceramics

with piezoelectric coefficients of almost two orders of magnitude
larger than natural bone, whose cytotoxicities have been evalu-
ated. The viability of mouse fibroblasts cultured on KNN and
LNKN powders for 24 h were respectively 84% and 58%, although
the value for LNKN could be improved to 72% by adjusting the
pH. The slightly higher toxicity of LNKN could be due to the release
of Li* in the media after immersion of the piezoceramic [81]. In
another study, rat osteoblasts showed better attachment and
proliferation on the negatively charged surface of the poled LNKN
porous scaffolds than unpoled scaffolds [95].

In a novel approach, Ciafoni et al. [96] internalized boron nitride
nanotubes (BNNT) inside the cytoplasmic vesicles of PC-12 cells
and wirelessly agitated the piezoelectric nanotubes by external
ultrasound. Their results showed that neurite lengths as well as
the number of neurites per differentiated cell were significantly
greater in cultures with BNNTs followed by ultrasound agitation.
Interestingly, they also observed that blocking calcium channels
diminished the response to stimulation, suggesting that electrical
stimulation contributes to differentiation through calcium
signaling pathways.

5.2. Piezopolymers

Discovery of the piezoelectricity of polyvinylidene fluoride
(PVDF) by Kawai [97]| made this polymer a candidate substitute
for PZT. Due to its flexibility and nontoxicity [98], PVDF has been
used for a variety of biomedical applications, from tissue
engineering scaffolds to implantable self-powered devices [99].
PVDF crystalizes in various phases. a-PVDF has a trans-gauche con-
formation without a net dipole moment and is nonpiezoeletric
(Fig. 7(a)). B-PVDF, however, has all-trans conformation, which
exhibits a net dipole moment and is thus piezoelectric [100]
(Fig. 7(b)). Alternatively, poly[(vinylidenefluoride-co-trifluoroethy
lene] (PVDF-TrFE) is a copolymer with all-trans conformation,
piezoelectricity and high electromechanical coupling coefficient
[101] (Fig. 7(c)).

Valentini et al. [102] used PVDF to build guidance channels for
neural regeneration. They employed mechanical stretching to
orient the dipoles and transform a-PVDF to B-PVDF, followed by
electric poling in order to fix the dipoles and achieve piezoelectric
tubes to be used as sciatic nerve guidance channels to treat rat
sciatic nerves with 4 mm gaps. After 4 weeks of implantation, the
numbers of myelinated axons in the midpoint of the piezoelectric
tubes were significantly higher than the control tubes. In a
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Fig. 7. Chemical structures of o-PVDF with trans-Gauche conformation and no net
dipole moment (a); B-PVDF with all-trans conformation having a net dipole
moment (b); and PVDF-TrFE copolymer with an inherent net dipole moment (c).
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Fig. 8. Confocal fluorescent microscopic images of the cells cultured in induction media on electrospun microfibrous PVDF-TrFE unannealed random (a), unannealed aligned
(b), annealed random (c) and annealed aligned (d) scaffolds after 9 days. Anti-nestin (green), anti-p-III tubulin (red), anti-GFAP (blue), and counterstained with DAPI (blue)
[107]. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

following investigation, Valentini et al. [103] repeated the experi-
ment with piezoelectric PVDF-TrFE to avoid stretching. They poled
two groups to have negatively charged and positively charged
nerve guidance channels as well as an unpoled group. The
positively poled tube led to the most myelinated axons in the
regenerated nerves bridging the 10 mm gaps after 4 weeks, while
negatively poled and unpoled tubes resulted in the intermediate
and the fewest number of myelinated axons, respectively.
Valentini et al. [104] also studied the differentiation of mouse
neuroblastoma cells on poled and unpoled PVDF substrate after
24-96 h and found that despite similar chemical and topographical
properties of the piezoelectric and nonpiezoelectric substrates, the
former resulted in significantly enhanced neurite outgrowth and
extension.

In a series of studies, Arinzeh et al. [105-108] used electrospin-
ning to construct fibrous piezoelectric scaffolds for neural and bone
tissue engineering. Electrospun PVDF-TrFE fibrous scaffolds
showed higher crystallinity and B-phase content as compared to
the starting powder material. In a study establishing cytocompa-
bility, metabolic activity and gene expression of the cultured
human dermal fibroblasts suggested adequate cellular prolifera-
tion and attachment on the PVDF-TrFE fibrous scaffolds during a
7 day period. Results were not significantly different from tissue
culture plates as the control group. However, since plasma treated
polystyrene used in tissue culture plates are favorable sites for the
attachment and growth of anchorage-dependent cells such as
fibroblasts, the comparability between the two groups suggested
the cytocompatibility of the piezoelectric fibers [105]. In a subse-
quent study, electrospun PVDF and PVDF-TrFE fibrous scaffolds
were used to examine neurite outgrowth using dorsal root gan-
glions (DRGs). Results showed that while neurites attached and
extended on PVDF and PVDF-TrFE fibrous scaffolds, their attach-
ment and extension on films casted from the same materials were
poor, which suggested the 3-D fibrous environment facilitated

neurite outgrowth. Measurement of average neurite lengths and
the aspect ratio of the DRGs after 4 days of cell culture showed
there was a linear relationship between fiber diameter and fiber
alignment with neurite extension and directionality of the DRGs.
Annealing the electrospun mats at 135 °C for 96 h increased the
crystallinity and piezoelectric crystal phase content in the
PVDF-TrFE scaffolds. Longest DRG neurite lengths were observed
on annealed aligned PVDF-TrFE microfibrous scaffolds. In addition,
fiber alignment had a dominant impact on neurite extension.
Regardless of fiber diameter, alignment resulted in a significantly
lower aspect ratios of the DRGs on both PVDF and PVDF-TrFE
fibrous scaffolds indicating more directional extension, while ran-
dom fibrous scaffolds resulted in radial neurite extension similar to
the control group i.e. collagen-coated tissue culture plates [106].
Arinzeh et al. [107] investigated the differentiation of human
neural stem/precursor cells (hNSC/NPC) on PVDF-TrFE fibrous scaf-
folds and films. Results showed that cells on electrospun piezoelec-
tric fibrous scaffolds were mostly neuron-like B-III tubulins, while
on nonpiezoelectric laminin-coated plates, mainly nestin was
expressed. Fiber morphology and contact guidance, crystallinity
and consequently the piezoelectricity of the PVDF-TrFE scaffolds
may have accelerated the differentiation of hNSC/NPCs to
neuron-like B-III tubulins. Although the cultures were performed
in static conditions, the authors suggest that results may be attrib-
uted to transient surface charges generated due to minute defor-
mation of the piezoelectric fibers by cellular attachment and
migration. Fig. 8 illustrates how alignment and annealing of the
microfibers resulted in longer neurite extension and enhanced dif-
ferentiation of hNSC/NPCs to neuron-like cells expressing B-III
tubulin, respectively. While in unannealed samples nestin stained
cells are still noticeable, in annealed samples cells expressing nes-
tin diminish and cells expressing B-III tubulin becomes dominant.
Using electrospun PVDF fibrous scaffolds to differentiate
mesenchymal stem cells into osteoblasts indicated that fibers
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Fig. 9. Imaging of the migration of fibroblasts into the wound on undeformed PU/PVDF scaffolds, deformed PU scaffolds and deformed PVDF/PU scaffolds at different time
points (A); and their average wound healing speeds from the corresponding scaffolds (B) [109].
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Table 1
Summary of piezoelectric materials, their piezoelectric coefficients and applications.
Piezoelectric Piezoelectric coefficient (pC/ Applications
material N)
Bone dy5=0.1-0.3 [126] Shear piezoelectricity of cortical bone by PFM [126]
Collagen dys=~2[16] Most abundant protein in human body [12], responsible for the piezoelectricity of bone [10]
PZT d33=225-590 [127] Neural stimulator in vivo [72]
Axonal growth in vitro [73]
Zn0 ds3 =124 [128] PU/ZnO nanoparticles composite for nerve guidance channels [84]
BT dsz =191 [129] Sintered BT in bone growth in vivo [93]
BT/HA composite for bone growth in vivo [87]
BT/HA composite to grow osteoblast-like cells in vitro [86]
PCL/BT nanoparticles composite for osteogenic differentiation in vitro [82]
BT nanoparticles for osteogenic differentiation in vitro [94]
Porous BT/HA composites for cytotoxicity tests [88]
LNKN d33=89 [81] Bone growth in vitro [95]
BNNT d33=0.3[130] Neural growth in vitro [96]
PVDF dys  =-25[131] Nerve guidance channels in vivo [102]
Neural growth in vitro [104]
PVDF/PU composite for wound healing in vitro and in vivo [109]
Fibronectin adsorption and cellular attachment [111]
Bone formation in vitro [108]
Neural growth in vitro [110]
Osteogenic differentiation in vitro [112,113]
PVDF-TrFE dss  =-25.2[132] Nerve guidance channels in vivo [103]
Neural differentiation in vitro [107]
Neural growth in vitro [106]
PLLA dqy4=-9.82[133] Bone growth in vivo [118]

Neural differentiation and growth in vitro [121,122]
PLLA blends for bone formation in vitro [123]
Protein adsorption [125]

PLLA blends for vascular differentiation in vitro [124]

* ZnO thin films.
" BT single crystals.
""" PVDF-TrFE (80:20).
" Theoretically calculated.

electrospun at higher voltages were more favorable than lower
potentials [108]. Even though tissue culture plates had the highest
attachment and proliferation of mesenchymal stem cells; at early
days of culture, alkaline phosphatase activity and matrix mineral-
ization on the electrospun scaffolds were superior, particularly on
scaffolds electrospun at higher electric potentials. This could be
attributed to the presence of more piezoelectric B-PVDF that could
have enhanced osteogenic differentiation.

Guo et al. [109] electrospun blends of polyurethane (PU) and
PVDF to study the effect of piezoelectricity on wound healing
and fibroblast activity. For mechanical deformation, they used cul-
ture plates with flexible bottoms that could be biaxially stretched.
Having observed an increase in the piezoelectric coefficient as well
as a decrease in the mechanical properties of the composite scaf-
folds as a result of increasing PVDF/PU ratio, they used PVDF/PU
of 1 as the optimum composition for culturing mouse embryo
fibroblasts. In accordance with Arinzeh et al’s results
[105,106,108], comparison of the FTIR spectra, DSC thermograms
and XRD patterns of PVDF powder and electrospun PVDF/PU
scaffolds showed o to B phase transformation as a result of electro-
spinning. As shown in Fig. 9, comparison of the wound healing
rates of the fibroblasts cultured on the three groups showed that
deformation of the electrospun PVDF/PU scaffolds by 8% at 0.5 Hz
almost doubled the cellular migration to the scratched area after
24 h, as opposed to undeformed PVDF/PU and deformed PU scaf-
folds as controls. Also, the number of cells attached onto the
PVDF/PU was higher than the control samples. Their results
demonstrated that the enhanced migration and adhesion was
due to the piezoelectric response i.e. a combination of piezoelectric
scaffold and deformation and not deformation or microstructure
solely. Guo et al. [109] also implanted the PVDF/PU and PU
scaffolds in three rat body parts: vertex with less deformation

and higher blood flow; back and abdomen with higher deforma-
tion. Histological imaging showed that in the PU group, the vertex
scaffold had enhanced fibrosis compared with back or abdomen
scaffolds, whereas in PVDF/PU group, the three scaffolds had sim-
ilar fibrosis levels. This finding was attributed to the high deforma-
tion rate in the back and abdomen that triggered piezoelectric
response from the PVDF/PU scaffold. Moreover, the levels of fibro-
sis in PVDF/PU scaffolds were higher than PU scaffolds in all body
parts. The authors attributed these changes in the alteration of the
intracellular ion channels caused by the change in the permeability
of cell membranes [109].

Royo-Gascon et al. [110] extruded, stretched and poled PVDF
films to build substrates for rat spinal cord neurons. To avoid the
indirect effect of protein adsorption at early stages as discussed
before [56], they started mechanical deformation via vibration
24 h after cell attachment. By vibrating the plates for 96 h at
50 Hz, the arborization, number of neurites, and cell density
increased remarkably, while the opposite results were observed
for the unpoled samples. They concluded that local calcium ion
concentration as well as other second messenger molecules such
as cAMP could be responsible for enhanced results caused by
electrical stimulation [110].

Similar to the previously discussed fibronectin (FN) adsorption
to conductive polymers with direct electric currents [56], one
possible approach to explicate favorable cellular response to piezo-
electric materials is enhanced protein adsorption due to static or
dynamic electric charges on the surface [111,112]. Poling has
shown to result in higher FN adsorption followed by increased cell
numbers on B-PVDF films, possibly due to orientation of dipoles on
the surface, which also manifests itself in higher hydrophilicity of
poled B-PVDF samples compared to unpoled ones [111]. Both neg-
atively and positively poled B-PVDF groups have been reported to
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result in enhanced osteogenic differentiation of adipose stem cells
compared to the unpoled films. Negatively poled B-PVDF films lead
to round and spread cells with significantly higher focal adhesion
density. This has been attributed to changes in the conformation
of adsorbed FN, exposing more favorable motifs for integrin recep-
tors to attach [113].

Unlike PVDF, Poly-i-lactic acid (PLLA) is a biodegradable [114]
polymer with helical structure and accordingly permanently ori-
ented dipoles [115,116]. The discovery of the piezoelectricity of
PLLA by Fukada [117], inspired attempts to use this biocompatible
and biodegradable polymer as a bone substitute with the capabil-
ity to mimic the piezoelectricity of natural bone. Fukada et al. [118]
implanted drawn and consequently piezoelectric PLLA rods in the
intramedullary cavity of feline tibiae, and observed meaningfully
higher callus formation in contrast to undrawn PLLA and polyethy-
lene rods in a 4-8 week period. Interestingly, callus formation sig-
nificantly increased as a result of increase in the draw ratio, and
consequently higher piezoelectricity, which was an indication that
the enhancement was due to the electricity generated through
bending strain of the piezoelectric rod as a result of animal move-
ment. Currently, PLLA is approved by the U.S. Food and Drug
Administration (FDA) as a bone implant device [119,120].

Most of the research on PLLA in tissue engineering has yet
focused on the versatility of producing biodegradable and biocom-
patible nanofibrous scaffolds, without mentioning the piezoelectric
aspect. Ramakrishna et al. [121,122] have constructed fibrous PLLA
scaffolds using phase separation and electrospinning to differenti-
ate and grow neural stem-like cells. PLLA has been used as a mate-
rial to incorporate other bioactive materials such as HA and
collagen through electrospinning to grow human fetal osteoblasts
[123] or endothelial cells derived from human mesenchymal stem
cells [124]. In a more piezoelectricity-inspired approach, Barroca
et al. [125] used a spin-coating technique to coat PLLA on
Pt/Ti0,/Si0,/Si substrates and achieved a 300 nm thin film, which
was subsequently recrystallized through heat treatment. Using
PFM and a direct electric bias, the PLLA surface was locally poled.
Fibronectin adsorption was studied on negatively poled, positively
poled and unpoled PLLA thin films. Imaging the surface using AFM
in water showed that independent of sign, significantly higher
amounts of fibronectin were adsorbed on both positive and nega-
tive poled areas. The adsorbed fibronectin on poled surfaces were
topographically similar to the fibronectin adsorbed on hydropho-
bic surfaces. Barroca et al. concluded that surface charges can alter
the conformation or orientation of the adsorbed proteins, which
may expose or hinder their cell-binding domains. Table 1 summa-
rizes the abovementioned materials, their piezoelectric coeffi-
cients, and reported applications.

6. Conclusion

Electricity exists in living tissues in the form of stress-generated
potentials, endogenous electric fields and transmembrane poten-
tials. Numerous studies have been carried out on whether or not
imitating these biological electric fields can enhance growth and
repair. Some of these efforts have resulted in clinical trials or
approved medical treatments. Implantation of piezoelectric mate-
rials in vivo has prompted encouraging results in repairing nerve
injuries, bone formation and wound healing, which can be attribu-
ted to charge generation as a consequence of body movement and
physiological stress on the piezoelectric material. Deformation of
the piezoelectric scaffolds in vitro using mechanical or ultrasound
agitation has also led to neurite extension, enhanced adhesion, dif-
ferentiation and faster cellular migration. Even in the absence of
deformation, piezoelectric scaffolds have exhibited favorable pro-
tein adsorption, cellular attachment and proliferation, possibly
due to permanent polarization and surface charges of piezoelectric

materials or transient deformation caused by the contraction and
protrusion of the attached cells. Piezoelectric materials hold pro-
mise as the next generation of tissue engineering scaffolds.
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