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 review REVIEW

Introduction

There is a growing need to understand muscle cell biology and 
to fabricate muscle tissues in vitro. Our current knowledge of 
the molecular biology, normal physiology, and pathology of 
muscle tissues is incomplete and must be expanded to confront 
the associated healthcare problems and improve the quality of 
life. Engineered muscle tissues are promising candidates with 
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There is a growing need to understand muscle cell behaviors 
and to engineer muscle tissues to replace defective tissues in 
the body. Despite a long history of the clinical use of electric 
fields for muscle tissues in vivo, electrical stimulation (ES) has 
recently gained significant attention as a powerful tool for 
regulating muscle cell behaviors in vitro. ES aims to mimic 
the electrical environment of electroactive muscle cells (e.g., 
cardiac or skeletal muscle cells) by helping to regulate cell-cell 
and cell-extracellular matrix (ECM) interactions. As a result, 
it can be used to enhance the alignment and differentiation 
of skeletal or cardiac muscle cells and to aid in engineering 
of functional muscle tissues. Additionally, ES can be used to 
control and monitor force generation and electrophysiological 
activity of muscle tissues for bio-actuation and drug-screening 
applications in a simple, high-throughput, and reproducible 
manner. In this review paper, we briefly describe the importance 
of ES in regulating muscle cell behaviors in vitro, as well as the 
major challenges and prospective potential associated with ES 
in the context of muscle tissue engineering.
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which to study these phenomena.1 Such muscle tissues can 
also help to replace severely damaged muscle tissues caused 
by injury, congenital defects, trauma, neuromuscular disor-
ders or tumor ablation. In addition, common clinical treat-
ments of damaged muscle tissues, such as grafting host and 
healthy muscle tissues to the damaged area or intramuscular 
injection of myogenic cells, often fail due to volume deficiency 
and functional loss of healthy muscles.2,3 In this respect, the 
engineering of muscle tissues has been proposed as a promis-
ing approach to regenerate, replace or recover damaged muscle 
tissues.4,5 Moreover, engineered muscle tissues could have other 
important applications in drug- and gene-screening models6 
and as bio-actuators.7 Engineered muscle tissues can potentially 
replace animal studies with the advantages of further mimick-
ing human physiological and pathological conditions for the 
purpose of testing drug candidates and gene therapies. Such an 
approach may dramatically reduce the time and cost involved in 
the drug discovery process. Fabricated muscle tissues can also 
serve as bio-actuators powered by the activation of actin-myosin 
molecular motors that convert chemical energy into mechanical 
force. Such mechanical actuators can be used to drive hybrid 
bio-devices and bio-robots.8

The proper design and fabrication of muscle tissues in vitro 
require the ability to engineer the components, architecture and 
function of muscle tissues, which is accomplished through tissue 
engineering using cells, scaffold materials and growth factors.9 
However, the coordination of external and biomimetic stimuli, 
such as mechanical or electrical stimuli, is important for the 
fabrication of functional tissues. In particular, ES is an efficient 
tool for regulating the behaviors of electroactive cells, such as 
skeletal muscle or cardiac cells, and consequently, for fabricating 
and controlling the corresponding tissues.10 One of the earliest 
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crucial for the propagation of AP. APs spontaneously propagate 
throughout cardiac cells, while a nervous stimulus via neuromus-
cular junctions is required to activate skeletal muscle cells.15 ES 
aims to recreate such electrical signals for skeletal muscle or car-
diac cells in vitro as to generate APs.

Chronic low frequency ES regimes affect various behaviors 
of skeletal muscle or cardiac cells, such as alignment,16 differ-
entiation,17 metabolic activity18 and protein synthesis.19 Most 
importantly, the effect of ES on muscle cell alignment and dif-
ferentiation is crucial because they are important factors for the 
fabrication of functional muscle myofibers. For instance, ES has 
been shown to have a significant effect on C2C12 myotube align-
ment, causing the myotubes to align themselves parallel to the 
direction of the applied electric field (Fig. 1).20,21 Even though, 
microgrooved methacrylated gelatin (GelMA) hydrogel was used 
to provide the topological cue for muscle cell alignment, the cells 
were not able to recognize this cue upon excessive growth on the 
GelMA hydrogel. Here, the ES was used to align C2C12 myo-
tubes deviated from the direction of GelMA micropattern. ES is 
able to propagate through thick muscle cell structures or muscle 
myofibers due to intrinsic electrophysiological conductivity of 
muscle cells and therefore it has an advantage for the muscle cell 
alignment over commonly used topological cues.

A recent study also revealed that cardiac cells effectively 
responded to electric fields, which led to the optimal cardiac 
cell morphology and function.22 In particular, ES was required 
to generate excitability and force within muscle constructs. 
Interestingly, there was an optimum substrate stiffness for muscle 

uses of ES dates back to 1942, when ES was proposed as a useful 
technique to replace the nervous stimulation in denervated skel-
etal muscles to preserve muscle tissue functions.11 ES was able to 
maintain and improve the mass and contractility of denervated 
muscle tissues. Since then, many studies have been performed to 
employ this technique to restore lost functions of skeletal muscle 
or cardiac tissues both in vivo and in vitro.12 Here, we review the 
importance of ES associated with the regulation of muscle cell 
behavior and controlling of engineered muscle tissues in vitro. 
Potential applications and limitations of this technique are also 
addressed.

Use of ES for Muscle Cell Manipulation

Contractility is an essential electrophysiological feature of mus-
cle cells. Muscle cell contraction at the cellular level is regulated 
through the so-called excitation-contraction (EC) coupling pro-
cess.13,14 First, an action potential (AP) is activated in the cell 
membrane followed by a series of cellular events that relate the 
AP-mediated excitation to contractility of muscle cell. The most 
important step in the EC coupling process is Ca2+ ion balance 
throughout the cell membrane. The APs can be sensed by volt-
age-gated L-type Ca2+ ion channels of sarcolemma [i.e., dihydro-
pyridine receptors (DHPRs)]. DHPRs interact with Ca2+ release 
channels [i.e., ryanodine receptors (RyR1)] localized on inter-
nal calcium stores [i.e., sarcoplasmic reticulum (SR)] to release 
Ca2+ ions from the SR lumen into the cytoplasm through RyR1. 
The chemical gradient of Ca2+ ions within the cell membrane is 

Figure 1. ES of muscle cells on a microgrooved GelMA hydrogel. C2C12 myotubes were immunostained against the myosin heavy chain protein 
(green). Z-lines within the electrically stimulated myotubes were obvious after ES, indicating highly mature myotubes compared with the non-stimu-
lated myotubes. Reproduced with permission from reference 20.
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of the tissue constructs. It was found that voltage had the most 
important impact on 3D engineered muscle tissues; whereas, fre-
quency and duration were dominant parameters in the response 
of 2D muscle cell cultures. In the future, it could be interesting 
to relate such findings with the stimulation of native muscle tis-
sues in vivo.

In another study, rat myoblasts were cultured onto fibrin gels 
to construct 3D muscle tissues in vitro. Interestingly, ES was able 
to integrate with nerve constructs attached to muscle tissues and 
to generate the contractility of muscle tissues through the nerve 
constructs. The measured contraction forces for stimulated tis-
sues were five times higher than those for non-stimulated muscle 
tissues.31 This study highlights the importance of fabricating 
neuromuscular junctions within muscle tissues to have proper 
muscle tissue integrity and function.

ES has been also used to electrically activate and control 
cardiac tissues. For instance, we recently demonstrated that ES 
activated electrophysiological functions of cardiac patches of 
cardiomyocytes cultured onto hybrid carbon nanotube (CNT)-
GelMA hydrogels.32 Most importantly, CNTs increased the 
conductivity of GelMA hydrogels, and therefore hybrid CNT-
GelMA hydrogels enhanced the electroactivity of cardiac patches 
compared with the pristine GelMA hydrogels. In addition, CNTs 
could increase the viscoelastic behavior of hydrogels due to the 
viscoelastic behavior of CNTs,33 which increase the mechanical 
integrity and robustness of cardiac tissues in response to electric 
fields. It would be interesting to synthesize other hybrid CNT-
scaffold materials to effectively increase the efficiency of ES for 
cardiac tissues because commonly used scaffolds for cardiac tissue 
engineering are not conductive at biologically relevant potentials 
with low frequencies. Anisotropically conductive hybrid CNT-
scaffold materials also hold great promise to further increase the 
efficiency of ES for muscle tissue engineering to obtain highly 
aligned and functional muscle myofibers. It is worthy to note 
that there have been some attempts to fabricate such materials by 
using electrospinning34 or other fabrication35 techniques.

As mentioned earlier, muscle tissues are natural bio-actuators. 
Upon integration with suitable microsystems, these engineered 
tissues also can be used for hybrid bio-robotic applications. 
ES is a powerful tool with which to control the contractility 
and force generation within muscle tissues or associated bio-
actuators. For example, ES has been used to precisely control 
the biomimetic movement of artificial jellyfish comprised of a 
single layer of heart muscle cells cultured on a micropatterned 
polydimethylsiloxane (PDMS) sheet36 (Fig. 2). The synchro-
nized contraction of cardiac cells due to ES led to the bending of 
PDMS-cell sheet and therefore creating its desirable conforma-
tions. Here, optimized and time-dependent ES parameters are 
required to achieve the desirable movement of artificial jellyfish. 
Locomotive bio-bots were also recently fabricated using cardio-
myocytes and poly(ethylene glycol) hydrogels assembled using a 
3D printer.38 Here, ES could involve into fabricated bio-robots 
to improve their functionality. It is envisioned that neural cells 
can be involved in such bio-bots to further control muscle cell 
contraction by the aid of neuromuscular junctions.39 Indeed, the 
movement of engineered muscle tissues as bioactuators can be 

cells in which the effect of ES was profound. This study dem-
onstrates that it is required to simultaneously provide suitable 
mechanical and electrical stimulations for muscle cells to fabri-
cate biomimetic muscle constructs.

ES has also been shown to be able to reverse the effect of 
phosphatidyl-inositol 3 kinase (PI3K) pathway inhibitors on ori-
entation and elongation of muscle cells.23 Furthermore, ES can 
induce differentiation of both skeletal muscle and cardiac cells 
and consequently tissue formation through intracellular Ca+2 
oscillations that cause the development of mature sarcomeric 
structures. For example, Flaibani et al. employed ES to differen-
tiate skeletal muscle cells24 that were cultured on micropatterned 
poly-(L-lactic acid) membranes. Interestingly, micropatterned 
membranes increased the effect of ES on the muscle cell dif-
ferentiation showing the synergistic effect of ES and muscle cell 
alignment to differentiate muscle cells and to maximize the force 
generation within contractile muscle myofibers.

The potential application of ES to fabricate functional cardiac 
tissue constructs has also been demonstrated in which ES was 
employed to induce synchronous contraction of cardiac myocytes 
after over only 8 days of culture.25 In these experiments, ES was 
shown to induce cell alignment and organization mimicking 
that of native cardiac tissues. As the native myocardium involves 
multiple cell types, such as fibroblasts and endothelial cells, it 
would be interesting to examine the effect of ES on co-cultures 
of such cell types in enhancing the functionality of the result-
ing tissue construct. The optimization of ES parameters (e.g., 
electrode material, amplitude and frequency) is important to 
induce muscle tissue development and maturation as well as to 
avoid damaging muscle tissues.26 In particular, electrochemical 
damage to muscle tissues may occur for those stimulated at cur-
rents or voltages six times greater than the rheobase, which is the 
minimum current or voltage required for muscle contraction.27 
Taken together, ES has multiple effects on both skeletal muscle 
and cardiac cells, notably on cell alignment and differentiation. 
ES is a useful tool in regenerative medicine because it provides 
effective, safe, inexpensive, and easy to implement stimulus for 
muscle tissues and does not require exogenous chemicals, such as 
soluble factors and hormones.28,29

Integration of ES for Engineering  
and Employing Muscle Tissues

ES has been extensively employed to control and maintain 
the functionality of engineered muscle tissues. For example, 
Donnelly et al.30 recently proposed an inexpensive bioreactor 
for the ES of skeletal muscle tissues. They demonstrated that 
physiological function of muscle tissues was improved in vitro 
using their designed bioreactor that allowed the control of ES 
parameters, such as amplitude, width, frequency and work-to-
rest ratio. The designed bioreactor was able to stimulate both 
two-dimensional (2D) and three-dimensional (3D) muscle tissue 
cultures. Interestingly, it was feasible to change ES parameters 
(i.e., voltage, frequency and duration) over a wide range with 
high accuracy. Therefore, it was possible to precisely examine the 
effect of ES parameters on muscle cell functions and maturation 
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Future Directions

As briefly reviewed, many studies have used ES to regulate 
muscle cell behavior and functions. However, the development 
of more sophisticated biomimetic ES devices and the optimiza-
tion of ES parameters depend on a deeper understanding of cell 
response mechanisms to ES and associated molecular pathways.46 
Based on this knowledge, one can design and implement highly 
efficient and biomimetic ES setups for muscle cells in vitro, thus 
increasing the efficiency of ES regimes on muscle cell behaviors 
and controlling muscle tissue constructs.

Muscle cells sense different types of stimuli in vivo, such 
as chemical, mechanical, and electrical stimuli. Therefore, it 
is desirable to mimic such a native and multi-stimuli sensitive 
environment for muscle cells and tissues in vitro. Multi-mode 
stimulation approaches can fulfill this requirement by pro-
viding several physical and chemical stimuli, simultaneously. 
For instance, Lu et al.47 recently reported the successful use of 
combined electrical and mechanical stimulations with a perfu-
sion system to culture cardiac cells. Furthermore, it is expected 
that future stimulation tools would be able to make intelligent 
decisions and regulate themselves in a time-dependent manner. 
Thus, the type and quantity of applied electric fields, as well as 
the stimulation stop time and rest periods, can be automatically 
controlled. Such parameters are important to engineer muscle tis-
sues, while maintaining their phenotype and survival for a long 
culture time. For example, the ES efficiency to induce the dif-
ferentiation and contraction of muscle cells strongly depends on 
the time of its initiation because muscle cells require a certain 
amount of time to develop their excitation-contraction coupling 
structure before ES is applied to reinforce this structure.48

controlled by applying and controlling the parameters of ES. An 
interesting example was demonstrated by controlling the move-
ment of cardiomyocytes cultured on thin PDMS films.40 These 
hybrid structures could perform many physical activities, such as 
walking, swimming and pumping, according to different ES pro-
tocols. Other influencing parameters to control mechanical per-
formance of such structures were muscle tissue architecture and 
thickness of PDMS substrates. However, PDMS substrates are 
often more stiff than native muscle tissues.41 Therefore, research-
ers have attempted to fabricate muscle cell-based hybrid actua-
tors by using softer materials. For example, in a recent study, 
Chan et al.42 used the mixture of poly(ethylene glycol)diacrylate 
and acrylic-poly(ethylene glycol)-collagen hydrogels to fabricate 
muscle cell-based actuators. In principle, engineered muscle tis-
sues can imitate various aspects of living organisms for various 
applications, including as bio-robots capable of working in aque-
ous environments.

Fabricated muscle tissues that exhibit physiologically relevant 
functions are promising candidates for drug-screening applica-
tions.43,44 For example, since muscle tissues are a major regulator 
of blood glucose levels they can be used to test drug candidate 
against diabetes. The contractility of engineered muscle tissues is 
required to measure their biological activity and metabolism. ES 
is capable of inducing the controllable contraction, and, therefore, 
metabolic activity, of fabricated muscle tissues. For example, we 
recently demonstrated that ES can be used to selectively induce 
the contractility of C2C12 myotubes.45 Electrically stimulated 
myofibers exhibited higher glucose consumption compared with 
non-stimulated tissues; therefore, they are promising tissue mod-
els with which to examine drug candidates and exercise-based 
therapies for diabetes.

Figure 2. Structural characteristics of a natural jellyfish and its synthetic medusoid counterpart. (A) Body structure of the jellyfish (top) and medusoid 
(bottom). (B) Schematics of shape and anisotropic muscle tissues in the jellyfish (top) and medusoid (bottom). Here, ES was used to control the move-
ment of the medusoid. (C) Stroke kinematics of the jellyfish (top) and medusoid (bottom). Reproduced with permission from reference 37.
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features. There may be some technical difficulties and a lack 
of resources that hinder the precise mimicking of such natural 
features. The contractile ability of muscle tissues triggered and 
restored by ES can be also employed as a propelling force to drive 
bio-devices for various applications, such as biohybrid pumps 
mimicking the performance of the heart or heart pacemakers.37 
However, methods to control and monitor the contractility of 
muscle tissues need to be developed or improved, particularly for 
3D muscle tissue constructs that better represent the complexity 
of in vivo muscle tissues compared with 2D muscle structures. 
Other interesting applications of ES to manipulate fabricated 
muscle tissues may be as drug delivery pumps in muscle tissues 
for long-term and controlled drugs loaded within muscle tissues.

Finally, a greater degree of collaboration among biology, med-
ical, engineering, and materials disciplines may further reveal 
potential applications of ES and improve the use of this tech-
nique for muscle cell and tissue engineering applications. For 
example, ES has been used for muscle tissue stimulation in vivo 
(e.g., for clinical applications) more than it has been used in vitro. 
Therefore, the transfer of knowledge and experience from differ-
ent specialized domains could lead to advances in using ES in 
regulating muscle cell behavior.
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Micro- and nanofabrication techniques have recently gained 
much attention in biology and tissue engineering.49 They are 
powerful tools with which to make novel and efficient devices for 
ES and to monitor the response of muscle cells at the micro- or 
nanoscale resolution. Therefore, one can precisely define and con-
trol ES parameters even for a single muscle cell or myofiber. For 
instance, we recently proposed the use of an interdigitated array 
of Pt (IDA-Pt) electrodes as a novel and microscale ES device.20,50 
This device is comprised of Pt microelectrodes fabricated on a 
glass slide using conventional lithography techniques. Muscle 
cells can be directly cultured on the IDA-Pt electrodes and there-
fore this device can produce a more efficient, homogeneous, and 
reproducible ES regimes for muscle cells compared with conven-
tional stimulator devices. C2C12 myotubes stimulated using this 
device exhibited higher maturation and contractility compared 
with those stimulated using conventional ES devices and non-
stimulated myotubes.20 We further improved the device perfor-
mance by making it contactless with the muscle tissues by using a 
thin coverslip (thickness 50 μm). This device avoids detrimental 
effects of the direct contact of electrodes with culture medium, 
such as water electrolysis and electrode corrosion and therefore it 
provides safe and non-invasive ES to muscle tissues.51

ES is crucial to improve and maintain physiological functions 
(e.g., contractility and metabolism) of engineered muscle tissues 
for regenerative medicine applications. However, to increase the 
electrical response of muscle tissues advanced in materials engi-
neering such as using electrically conductive scaffolds or co-cul-
ture with neural cells may be useful. ES also plays a central role 
in manipulating engineered muscle tissues to mimic biological 
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