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Tissue engineering aims to provide the necessary structural architecture
and biophysical stimuli to support functioning of the target tissue. Native
electricity has been demonstrated to guide the development and regeneration of
a variety of tissues. Manipulation of this electricity through the external devices
or the microenvironment surrounding the cell can potentially modulate function
of individual cells, tissues and entire organs. This review highlights the recent
progress made in utilization of electricity in tissue engineering and regenerative
medicine applications.
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Introduction

Tissue engineering is a promising strategy to generate tissue
suitable for recovery or replacement of native tissue. It involves
different approaches to mimic the microenvironment of the native
tissue via a variety of material, chemical, mechanical and electrical
stimuli [1-6], with the ultimate goal to enhance the single cell
function, improve cell-cell and cell-extracellular matrix interactions
in the damaged tissue and restore tissue function. Studies have
revealed the importance of electricity as one of the native regulators
of cell functions. Electricity in the form of electrical fields, currents or
charges provides spatial and temporal regulation of cellular activities
ranging from embryonic development to regeneration of injured
tissue [7-9]. Electrical fields are key for functioning of ion channels
and pumps. These molecules are expressed within the cell membrane
and generate the electric field on the order of 107 mV/ mm across
the membrane [10]. Electric currents are induced by the transport of
ions and separation of charges along the tissue and can regulate tissue
physiological response [11,12]. For example, in the normal skin, there
is a native trans-epithelial electric potential difference of ~ 40-70 mV
that forms across the epithelial layer [13]. When the skin is injured,
the trans-epithelial electric potential drops at the center of the wound
site. As a result, a potential difference develops between the center of
the wound and the surrounding tissues, giving rise to an electric field
on the order of 100mV/mm that guides the cells to the site of injury
and helps heal the wound [14,15]. Electrostatic interactions are key
regulators of major cell functions such as adhesion, cell interactions
with signals on the extracellular surfaces, and may even participate
in immune function and infection prevention [9,16-18]. Overall,
modulation of native electricity is a promising approach to regulate
single cell function as well as cell-cell and cell-extracellular interactions
and to activate appropriate cell signaling pathways. On a practical
level, this can be achieved by (a) using charged surfaces to regulate
electrostatic interactions, (b) delivering electricity through fabricated
conductive scaffolds, or (c) application of external electricity to cells
and tissues using custom made devices to locally induce electric field

or generate electric current. Here we review recent advances in the
use of external electricity as a tool for tissue engineering.

Charged Surfaces

Development of tissue from multicellular organisms during
growth or repair relies on cell adhesion process which can be
influenced by electrostatic charges [9,19]. Therefore, manipulation
of substrate charge, for example, by coating the implant to enhance
cell adhesion is a promising strategy to control cell movement,
assembly and responses in tissue engineering applications. One of
the most effective materials that can be used for surface coating is
hydroxyapatite (HAp). Following deposition on the surface, it can be
polarized by applying a DC electric field at high temperature, which
results in high charge storage capacity. The polarity of the induced
surface charge depends on the polarity of the applied DC electric field
[20,21]. It has been shown that this surface charge can accelerate or
decelerate cell adhesion and growth on the charged surfaces through
attraction or repulsion of positive ions, specifically, divalent cations
in the cell culture medium [9,22]. These cations enable interactions
between the surface and negatively charged cell membrane and play
an important role in formation of focal adhesions [23]. In practical
applications, HAp coating is often applied on a titanium substrate,
which is commonly used in dental and orthopedic implants [24].
Experiments with bone cells demonstrated that on negatively charged
HAp coated titanium, cell proliferation and expression of vinculin
(one of the major players in cell adhesion process) were enhanced,
while on positively charged titanium, these responses were inhibited
during the early stage of culture [25,26]. Thus, an improved adhesive
property accelerates the tissue growth on implants. On the other
hand, the decreased adhesion due to positive-charge coating can be
used to regulate cell morphology. Another example of regulation
of cell behavior via control of the substrate surface charge is
polyion complex nanoparticles (PIC) coated polystyrene [27]. PIC
nanoparticles are formed by mixing a cationic homopolymer (N,N-
dimethylaminoethyl methacrylate) with anionic plasmid DNA at
various charge ratios which can be adjusted to negative or positive
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coating [28]. Studies showed that adipose-derived stromal progenitor
cells (ADSCs) cultured on PIC coated polystyrene change their
morphology by altering the charge of the coating [27]. ADSCs show
good adhesion with spindle-spread shape on negatively charged
PIC-coated surface, while on the positively charged PIC surface, the
cells change their morphology to form capillary-like networks. This
finding is especially important for tissue engineering applications,
where development of transplants with induced capillaries to
introduce nutrient into transplanted tissue is necessary to prevent
ischaemia [29].

An important consideration in the development of the strategies
to control cell behavior via regulation of the surface charge is
that changing the substrate charge may modify other properties
of the surface, such as rigidity or even chemistry, which in turn
can further affect cell adhesion process [27]. This consideration
becomes critical for the soft substrates like hydrogels, where several
studies demonstrated that the substrate charge density can strongly
affect cell attachment. Thus, osteoblast and fibroblast attachment
and spreading on the positively charged HEMA or PEG hydrogels
are significantly higher than on the negatively charged hydrogels
[30]. Positively charged hydrogels (i.e. oligo-(polyethylene glycol)
fumarate (OPF)) also support attachment of rat dorsal root ganglion
explants and enhance the neurite outgrowth, in contrast to the
unmodified hydrogels [31]. These results are encouraging and suggest
that hydrogels with incorporated charges can be used to manipulate
cell attachment for engineering of hard or soft tissue for clinical
applications.

In addition to their use as a substrate to control cell adhesion,
charged surfaces can also be utilized as antibacterial and antibiofilm
substrates. Bacterial infection can be the critical factor in determining
the outcome of a variety of implants [32,33]. Bacteria surface is
negatively charged (in a neutral medium); therefore, initial adhesion
of bacteria is expected to be prevented on negatively charged surfaces
and promoted on positively charged surfaces. Similarly, surface
growth of bacteria can be minimized or prevented by the charge of the
surface [34]. For example, it has been shown that E.coli forms a spare
and mushroom-like biofilm on negatively charged surface, whereas
on the positively charged surface, the E. coli biofilm is dense and
homogeneous [35]. Similarly, positively charged poly (methacrylate)
(PMMA/TMAEMA-CI) has shown to support adhesion, but not
bacterial growth, thus resulting in an antimicrobial effect on Gram-
negative bacteria [36]. These results suggest potential regulatory role
for the surface charge of implants in lowering the risk of infection and
prevention of implant failure, as well as enhancing cell growth for a
variety of applications.

Conductive Polymer Scaffolds

Electrically conductive polymers (ie. polypyrrole (PPy),
polyaniline (PANi), polythiophene (PT), etc.) are biocompatible
materials, which have physical and chemical properties of organic
polymers and electrical properties of metals. As a result, these
materials can deliver electricity directly to the cells attached to their
surface [37-39]. Studies have shown that relatively small electrical field
(50 mV/mm) delivered by these conductive polymers can upregulate
the growth and enhance viability and cellular cytokine production of
human fibroblasts [40,41]. Similarly, stimulation of vascular smooth

muscle cells cultured on these conductive polymers by sinusoidal
electrical field (5, 500 HZ) leads to enhanced cell proliferation and
protein expression [42].

Among polymeric bio-substrates, nanofibrous scaffolds (i.e.
scaffolds made from nano-scale polymer fibers) provide the best
support for cell survival and growth due to their specific fiber size
and alignment, as well as porous structure [43]. However, conductive
polymer nanofibers may be especially effective in modulating
cell functions, because these materials are able to both mimic the
three-dimensional architecture of natural extracellular matrix and
to deliver appropriate electrical signals to the cells. Indeed, studies
have reported that this combined stimulation results in significantly
enhanced rate of neurite outgrowth in dorsal root ganglia [44,45].
Similarly, conductive fibers have been shown to stimulate myoblast
differentiation [46,47]. In general, these findings suggest that utilizing
the complex bio-surfaces that are made from the conductive polymers
may be the best approach to modulate substrate or scaffold properties
for cell adhesion and growth.

Electrical Stimulation Devices

The electrical stimulation devices are designed to apply external
electrical currents or fields to alter the native cell electricity.
Endogenous electrical current plays an important role such as
directing cell migration during tissue repair and angiogenesis (blood
vessel formation and growth) [15,48,49]. To mimic this current in
vitro, a device has been designed which applies electrical currents
(100-500 mV/mm) generated by two salt bridges to cells cultured in a
chamber filled with the cell culture medium [50]. The direct electrical
current in the medium induces cell responses such as directional
cell migration, elongation and reorganization of actin cytoskeleton
in a wide variety of microvascular and macrovascular cells [51,52].
Application of this electrical current has been shown to enhance
growth factor expression, activate signaling pathways and upregulate
angiogenic factors in different cell types such as lens epithelial cells,
endothelial cells, keratinocytes and fibroblasts [51,53-59].The electric
field-directed cell migration has been demonstrated in collective
migration of epithelial monolayers as well as 3D environment of
spinal cord for neural progenitor cells [60,61].

In addition to endogenous direct current, electrical pulses are
essential regulators of organ function, specifically heart function.
Cardiomyocytes are continuously subjected to electrical signals that
regulate their contractions [62]. To mimic the native pulse in vitro, a
device has been designed that delivers rectangular-wave pulses with
millisecond pulse width to the culture medium [63]. The application
of electrical stimulation enhances the contractile behavior and
increases the amplitude of contractions in cardiac myocytes [64].
Electrical stimulation of cardiomyocytes also increases expression
of cardiac specific genes and transcripts. Importantly for biophysical
and engineering applications, electrical stimulation acts through
the mechanisms that differ from mechanical stretching [62].
Cardiomyocytes are electrically coupled, and the ionic wave (e.g. Ca**,
K*) between the cells acts as a regulator of their function. Therefore,
stimulation and monitoring of a pair of cardiomyocytes is required
for cardiac cell based therapy [65]. Another approach is the use of
multi-unit electrode arrays, which allows localization of electrical
stimulation on the single and multiple cell level to investigate the
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propagation of ionic waves between adjacent cells in response to
electrical stimulation. These devices are composed of microfabricated
PDMS microchannels with embedded or patterned electrodes to
deliver millisecond pulsed electric field to cells [66,67].

In addition to short pulses-based stimulation, radio frequency
electric field has also been employed to regulate cellular functions.
In this method, cells are exposed to electric field at frequency of 2.4
GHz. Radio electric asymmetric conveyer (REAC) stimulates the cells
through the cell culture medium [68].

REAC exposure for 24-48 hrs enhances the expression of
cardiac, skeletal and neuronal lineage-restricted marker proteins in
mouse embryonic stem cells; with the increased gene expression is
retained for 2-7 days after stimulus removal [68]. Human dermal
fibroblasts exposed to REAC show increased transcription of tissue
restricted genes for cardiac reprogramming, skeletal myogenesis and
neurogenesis [69]. REAC exposed human adipose derived stem cells
(hASCs) show increase in the expression of the lineage restricted
genes and proteins in both transcriptional and protein expression
level [70]. These findings suggest a great promise of the REAC-based
approach towards achievement of complex lineages for regenerative
medicine, with an important advantage of cell stimulation without
the use of chemical agonists, thus avoiding potentially significant side
effects.

Another approach which has been introduced for electrical
stimulation of the mammalian cells is based on a non-contact method
of inducing electric field in cells and culture medium [71]. The
stimulation device is composed of a cavity resonator fed by a coaxial
microwave line to stimulate cells with low amplitude (~100mV/mm),
high frequency (7.5 GHz) electric field during cell culture on native
or synthetic scaffolds or substrates. The high frequency electric field
enhances angiogenic endothelial cell responses, including capillary
morphogenesis, vascular endothelial growth factor expression and
MAPK/ERK intracellular pathway activation of endothelial cells
[71]. This method induces electric field in the cell membrane and
cytoplasm without any physical contact between the electrodes and
the medium. The non-contact electric field-based technology may
present an attractive alternative or adjuvant therapy to standard
treatments of chronic wounds or vascular tissue regeneration by
integrating engineering and biological principles to stimulate cellular
responses in the wound using extracellular signal with no systemic
drug-associated side effects [72-75].

The devices described above generate low amplitude electric
field to induce electric field in the cell membrane. The induced field
is usually smaller than the natural electric field due to the electric
potential difference across the cell membrane and therefore does
not damage the cell. Electroporation is a technique to induce very
high magnitude electric field in the cell membrane using pulse
generators [76]. Application of high magnitude pulsed electric field
forms nanoscale pores in the membrane and permeabilizes the cell
[77]. Electroporation could be reversible or irreversible depending
on the electric field amplitude and duration [78,79]. Reversible
electroporation has been used to introduce drugs and genes through
the pores into the cells [80-83]. Irreversible electroporation opens
permanent pores in the membrane of targeted cells and can be
used to obtain decellularized tissue scaffolds. This approach allows

preservation of the intact extracellular matrix (ECM) for subsequent
use in the tissue engineering applications.

For example, the decellularized artery obtained using this
technique has no vascular muscle cell layer, but is able to support
growth of endothelial cells along the lumen, thus demonstrating that
the ECM is not harmed following the electrical treatment [84]. In
another study, an epithelial layer was formed on the decellularized
small intestine tissue following in vivo stimulation, indicating that
ECM of the intestine remains fully functional following electrical
treatment [85].

Conclusion

The goal of this review is to emphasize the beneficial use of
electricity for tissue engineering and related applications and
describe the recent advances in the field. The studies discussed above
demonstrate that application of electricity via a variety of approaches
advances our understanding of native electricity and makes it possible
to manipulate and control cell functions, thus creating the foundation
for future therapies. Application of external electricity in the form of
current, field or electrostatic charges stimulates cell’s natural capacity
to enhance the development of new tissue. This electrical signal
together with chemical and mechanical signals provided by tissue
engineering methods can help the injured tissue to restore the normal
function and prevent infection. The developed innovative methods
and devices show great promise toward development of valid clinical
and therapeutic applications for neuronal regeneration, vascular
and cardiovascular therapies, wound healing, pain relief, bone
fracture healing, drug delivery and cancer treatment. The described
devices are custom-designed and individually made to satisfy the
requirements for each particular application. Although these studies
resulted in significant scientific advances, the mechanisms of the
electric field effects on cell and tissue repair remain poorly understood
[73]. As a result, technological progress in developing electric field-
based therapies has been slow, impeded by the lack of standardized
protocols and a large variability in electric field application modes
[74,75,86]. Therefore, future studies will need to focus on general
mechanisms of electric field interactions with live cells and tissues
and development of standardized methods for stimulation, to enable
further field parameter optimization for a variety of therapies.
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