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Abstract
Understanding the bioelectrical properties of bone tissue is key to developing new 
treatment strategies for bone diseases and injuries, as well as improving the design 
and fabrication of scaffold implants for bone tissue engineering. The bioelectrical 
properties of bone tissue can be attributed to the interaction of its various cell line-
ages (osteocyte, osteoblast and osteoclast) with the surrounding extracellular ma-
trix, in the presence of various biomechanical stimuli arising from routine physical 
activities; and is best described as a combination and overlap of dielectric, piezoelec-
tric, pyroelectric and ferroelectric properties, together with streaming potential and 
electro-osmosis. There is close interdependence and interaction of the various elec-
troactive and electrosensitive components of bone tissue, including cell membrane 
potential, voltage-gated ion channels, intracellular signaling pathways, and cell surface 
receptors, together with various matrix components such as collagen, hydroxyapatite, 
proteoglycans and glycosaminoglycans. It is the remarkably complex web of interac-
tive cross-talk between the organic and non-organic components of bone that define 
its electrophysiological properties, which in turn exerts a profound influence on its 
metabolism, homeostasis and regeneration in health and disease. This has spurred 
increasing interest in application of electroactive scaffolds in bone tissue engineering, 
to recapitulate the natural electrophysiological microenvironment of healthy bone tis-
sue to facilitate bone defect repair.
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1  |  INTRODUC TION

Bone is a highly-vascularized, but hard and rigid tissue that serves to 
provide structural support, and protect vulnerable soft tissues and 
organs within the human body.1 It can occur as either compact or 
cancellous (trabecular) forms.2 For the purpose of this review, the 
soft vascular, hematopoietic and marrow components of bone tissue 
will not be discussed, and the focus will be on its hard component 
per se. Similar to most other biological tissues, bone is composed of 
cells dispersed within extracellular matrix.

There are three major cell types within bone tissue: osteoblasts, 
osteocytes and osteoclasts. Osteoblasts originate from mesenchy-
mal stromal/stem cells within the bone marrow, and serve to de-
posit osteoid, which is the organic portion of bone extracellular 
matrix that has not yet been mineralized3; osteoblasts will subse-
quently mature into osteocytes within mineralized bone matrix.4 
Osteoclasts are large multi-nucleated cells involved in bone resorp-
tion, and are derived from myeloid precursors within the bone mar-
row upon stimulation with MCSF (macrophage colony-stimulating 
factor) and RANKL (receptor activator of nuclear factor kappa-Β 
ligand).5 It is this delicate antagonistic balance between the bone-
formation activities of osteoblasts versus the bone-resorption ac-
tivities of osteoclasts that regulates bone tissue homeostasis and 
remodeling.6

Bone tissue has abundant extracellular matrix, consisting of 35% 
organic matrix, and 65% inorganic mineral matrix by volume.7 The 
organic matrix is predominantly made up of collagen type I fibers 
(90%) that confer tensile strength to bone extracellular matrix via 
their highly stable triple helical structure.8 The remainder of the or-
ganic matrix is composed of a diverse array of various proteoglycans 
(i.e. biglycan, lumican, osteoadherin) and glycoproteins (i.e. osteo-
calcin, osteopontin, osteonectin) that play key structural and miner-
alization roles in bone tissue.9 The inorganic mineralized component 
of bone matrix is composed predominantly of nanocrystalline hy-
droxyapatite (Ca10 (PO4)6 (OH)2), a double salt of calcium phosphate 
and calcium hydroxide, together with lesser amounts of magnesium, 
fluoride and manganese salts.10 These confer most of the hardness 
and rigidity to bone tissue. The deposition and incorporation of hy-
droxyapatite nanocrystals within the network of collagen fibrils,11,12 
is in turn responsible for the compressive strength of bone tissue.

The bioelectrical properties of bone tissue can be attributed to 
the interaction of its various cells lineages (osteocyte, osteoblast and 
osteoclast) with the bone extracellular matrix (Table 1) in the pres-
ence of various biomechanical stimuli arising from routine physical 
activities; and can be described as a combination of dielectric, piezo-
electric, pyroelectric, and ferroelectric properties, together with 
streaming potential and electro-osmosis, as presented in Table 2.13 
There is a hierarchical ordering of electrical properties, so that a 

TA B L E  1  The electroactive and electrosensitive components of bone tissue

Electroactive/electrosensitive 
components Description Key references

Cell membrane potential Estimated strength within the range of 40–500 mV mm−1, maintained by K+ and 
Na+ ion pumps

Brodwick41

Voltage-sensitive ion channels Ion channels that play mechanosensory and mechanotransduction role in bone 
tissue, are also sensitive and responsive to electrical stimuli, mediating ionic 
flux, which in turn deactivates or activates various signaling pathways that 
play key roles in bone tissue homeostasis, remodeling and regeneration.

Zhang et al42

Wright et al43

McDonald46

Miyauchi et al50

Intracellular signaling pathways Influx of ions within cytosol in response to electrical stimuli can activate calcium-
calmodulin-calcinueurin-NFAT, RAS and ERK signaling pathways, which in 
turn promote transcription of various osteogenic genes

Winslow et al52

Zou et al53

Wu et al54

Kim et al55

Cell surface receptors Some cell surface receptors, such as that for epidermal growth factor (EGF), 
fibronectin and concanavalin, have been reported to undergo redistribution 
on the cell membrane, in response to electrical stimuli, which in turn 
modulates cell adhesion, spreading and migration

Li et al60

Collagen Possess dielectric, piezoelectric, pyroelectric and ferrolectric properties Williams and Saha15

Nair et al24

Lang33

El Messiery et al34

Hydroxyapatite High elastic moduli of hydroxyapatite crystals influence the transmission of 
mechanical loads on bone, and hence the mechanical response of collagen 
fibers to tensional or compressive forces, which in turn determines the 
generation of piezoelectric effect. Additionally, hydroxyapatite restricts the 
ability of collagen to form hydrogen bonds with water molecules, thereby 
exerting a profound influence on its bioelectrical properties

Ahn and Grodzinsky28

Marzec et al61

Proteoglycans and 
glycosminoglycans

Proteoglycans are constituted of a protein core that is covalently attached to 
highly anionic glycosaminoglycans chain (such as chondrotin sulfate, keratan 
sulfate, dermatan sulfate, and heparan sulfate)

Song et al63
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ferroelectric material also possesses pyroelectric, piezoelectric and 
dielectric properties. These will be discussed in the following sec-
tion. Indeed, the electrophysiological properties of bone tissue are 
key factors in regulating its homeostasis, remodeling and regenera-
tion, and will therefore be the focus of this review.

2  |  BONE IS AN ELEC TROAC TIVE TISSUE

2.1  |  Dielectric properties of bone tissue

Dielectric materials refer to electrically insulating or non-
conducting materials that are able to display polarization of nega-
tive and positive charges upon application of an external electrical 
field. The dielectric constant is a measure of the polarizability of 
a dielectric material upon application of an external electric field. 
Bone tissue has been demonstrated to exhibit dielectric proper-
ties, which arise from the separation of hydrogen bonds between 
collagen and hydroxyapatite (HA) upon application of an external 

electrical field.14 The dielectric behavior of bone tissues is de-
pendent on the moisture content of the sample, as well as the fre-
quency of the applied electric field,15–17 with measurements on 
wet bone samples being more physiologically relevant than those 
on dry bone. The dielectric coefficient of bone tissue has been 
demonstrated to be closely interrelated with its mineral density 
and elastic modulus, which implies that the health status and me-
chanical performance of bone can be evaluated by assessing its 
dielectric properties.18,19 Indeed, the study of Haba et al20 utiliz-
ing impedance spectroscopy, reported a non-linear correlation be-
tween bone mineral density (BMD) and the dielectric coefficients 
of the trabecular and sub-chondral femoral head bone of human 
patients undergoing hip replacement due to osteoarthritis.

2.2  |  Piezoelectric properties of bone tissue

Piezoelectric materials refer to materials with the ability to gener-
ate an electric field in response to mechanical stress, as a result 

TA B L E  2  Summary of the bioelectrical properties of bone tissue

Electrical 
properties Definition Mechanisms Key references

Dielectric 
properties

Ability to display polarization 
of negative and positive 
charges upon application of 
an external electrical field

Separation of hydrogen bonds between collagen and 
hydroxyapatite (HA), upon application of electrical 
field

Ray and Behari14

Williams and Saha15

Amin et al16–18

Sierpowska et al19

Haba et al20

Piezoelectric 
properties

Ability to generate an electric 
field in response to 
mechanical force

Application of mechanical force causes dipole 
rearrangement upon sliding of collagen fibers 
over each other and subsequent separation and 
polarization of –CO– and –NH– groups, which in 
turn generates a physiological electrical potential

Zaszczyńska et al21

Fukada and Yasuda22

Lipieca et al23

Nair et al24

Kwon and Cho.25

Bassett and Becker.26

Tang et al27

Ahn and Grodzinsky28

Walsh and Guzelsu29

Pyroelectric 
properties

Ability to generate an 
electrical potential through 
polarization of negative and 
positive charges in response 
to changing temperature

Distortion of collagen triple helical structure with 
changing temperature, resulting in polarization of 
charged amino acid residues, thus generating an 
electrical potential

Athenstaedt30

Ravi et al31

Ramachandran and Kartha32

Lang33

Ferroelectric 
properties

Capacity to exhibit reversible 
spontaneous polarization and 
hysteresis loop even in the 
absence of an electric field, 
similar to typical ferroelectric 
domain alignment

Collagen fibers can spontaneously and reversibly 
change their orientation in different directions, 
even in the absence of an electric field

El Messiery et al34

Hastings et al35

Streaming 
potential

Generation of electrical 
potential by the flow of 
fluid and ions, driven by 
mechanical loading of bone

Exposure of bone to mechanical stress via physical 
activity force the flow of fluids containing charged 
ions through the canaliculi and pores of bone 
tissue; it is this flow of ions against the charged 
bone surface that results in the generation of an 
electric potential

Gross and Williams36

Guzelsu and Walsh37

Qin et al38

Electro-osmosis Electrically induced flow of fluid 
through a narrow channel

Generation of endogenous electrical potential in 
bone (i.e. piezoelectric potential), induces flow of 
interstitial fluid through the channels and pores of 
bone tissue (canaliculi, lacunae)

Crolet et al39,40
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of linear electromechanical interaction between the electrical and 
mechanical state in crystalline materials.21 In piezoelectric crystal-
line materials, there is an inverse arrangement of the basic repeat-
ing unit, and electrical neutrality arises from a perfect balance of 
positive and negative charges. Mechanical deformation disrupts 
the inversion symmetry and balance between positive and nega-
tive charges, resulting in the generation of electrical potential.21

The piezoelectric properties of natural bone were first reported 
in 1957.22 However, it was not until 2012, that Lipieca et al23 con-
firmed the piezoelectric effect of bone at the molecular level via 
infrared spectroscopy, by showing that collagen fibrils are rich in 
–CO– and –NH– groups, which are dipoles. Indeed, the piezoelectric 
properties of bone tissue can be mainly attributed to its abundance 
of collagen.24,25 The application of mechanical force on bone tissue 
causes dipole rearrangement as collagen fibers slide over each other, 
with subsequent separation and polarization of charged groups, 
which in turn generates a physiological electrical potential (piezo-
electric) during routine physical activities such as walking, running 
and jumping. It had been reported that the polarity of the generated 
piezoelectric charges is dependent on the direction of mechanical 
stress or bone deformation,26 with tension and compression gen-
erating positive and negative piezoelectric charges, respectively 
(Figure 1). The piezoelectric constant (d33) of bone tissue has been 
reported to lie within a range of 0.7–2.3 pC/N.27

The piezoelectric properties of collagen in turn enable bone 
to be a dynamic tissue capable of responding to mechanical stress 
(Wolff's law28), via piezoelectric stimuli on endogenous cells within 
bone tissue such as osteoblasts and osteocytes, as well as through 
generation of a greater zeta potential via increased surface charge 
density, which in turn increases streaming potential and electro-
osmosis (Figure  2), ultimately resulting in higher stiffness of bone 
tissues while decreasing hydraulic permeability.29

2.3  |  Pyroelectric properties of bone tissue

Pyroelectric materials refer to materials that can generate an elec-
tric field through polarization of negative and positive charges in 
response to changing temperature. Bone tissue has been demon-
strated to exhibit pyroelectric properties, which is attributed to its 
abundance of collagen fibers.30,31 It is hypothesized that changes in 
temperature cause distortion in the triple helical structure of col-
lagen, resulting in polarization of its charged amino acid residues, 
thus generating a temporary voltage and hence electric field.32 Lang 
et al33 reported that the pyroelectric coefficient of human femur is 
approximately 0.0036 ± 0.0021 μC/m2K, within a temperature range 
of 25–60°C. Nevertheless, it must be noted that the study of Lang 
et al33 was based on dry bone samples, and it is doubtful that pyro-
electric properties are relevant to living bone tissues, in which tem-
perature is maintained close to 37°C in the human body. Even with 
fever, the relatively small temperature increase is highly unlikely to 
lead to appreciable pyroelectric effects.

2.4  |  Ferroelectric properties of bone tissue

Ferroelectric materials refer to materials that exhibit reversible 
spontaneous polarization and hysteresis loop even in the ab-
sence of an electric field, similar to typical ferroelectric domain 
alignment. In bone tissue, the collagen fibers can spontane-
ously and reversibly change their orientation in different direc-
tions, even in the absence of an electric field.34 The existence 
of permanent dipoles and hysteresis loops within bone struc-
ture has been confirmed by the study of Hastings et al,35 which 
also reported remnant polarization (Pr  =  0.00068 μC/cm2) in 
bone tissue. The fact that collagen fibers within bone tissue can 
spontaneously change their polarization, even in the absence of 
an external electric field, is thus indicative of the ferroelectric 
properties of bone.34,35

2.5  |  Streaming potential and electro-osmosis in 
bone tissue

Streaming potential refers to generation of electrical poten-
tial by the flow of fluid and ions driven by mechanical loading 
of bone.36,37 Exposure of bone to mechanical stress via physical 
activity forces the flow of fluids containing charged ions through 
the canaliculi and pores of bone tissue, and it is this flow of ions 
against the charged bone surface that results in the generation of 
an electric field, which is termed streaming potential,38 as illus-
trated in Figure 3. Electro-osmosis refers to the flow of interstitial 
fluid through the channels and pores of bone tissue (canaliculi, 
lacunae), induced by endogenous electrical potential, for exam-
ple generation of piezoelectric potential by physical activities.39,40 
This in turn exerts a profound influence on bone remodeling and 
regeneration.39,40

F I G U R E  1  The piezoelectric potential induced by mechanical 
deformation of bone is negatively charged in areas of bone 
compression and positively charge in areas of traction. Adapted 
from Kao et al.83
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3  |  ELEC TROAC TIVE AND ELEC T​ROS​ENS​
ITIVE COMPONENTS OF BONE TISSUE

3.1  |  Cells

3.1.1  |  Cell membrane potential

Within bone tissues, there is an electric field around endogenous 
cells such as osteoblasts, osteocytes and osteoclasts due to 
transmembrane potential.41 This arises from differences in ionic 

concentrations inside and outside the cell (i.e. K+, Na+, Ca2+), as 
a result of the action of ion pumps, with an estimated strength 
within the range of 40–500 mV mm−1.41 Changes in transmem-
brane potential can be effected in response to electrical or me-
chanical stimuli, via voltage-gated and mechanoresponsive ion 
channels respectively, which could in turn alter cell metabolism, 
as well as regulate various signaling pathways that control biologi-
cal processes such as cell migration, adhesion, proliferation and 
differentiation, which in turn exert a wider effect on bone tissue 
homeostasis and remodeling.42

F I G U R E  2  Tissue compression can lead to an increase in the surface charge density of the bone matrix. This in turn increases the zeta 
potential and streaming potential, as well as electro-osmosis, all of which contributes to a stronger endogenous electric field. Adapted from 
Tikhonova et al.112

F I G U R E  3  Schematic illustration depicting how the flow of fluids containing charged ions against the charged bone surface results in the 
generation of an electric field, which is termed streaming potential.
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3.1.2  |  Voltage-sensitive ion channels

There exist a diverse array of Ca2+, Na+, K+ and Cl− ion channels 
within bone tissue that play key roles in homeostasis, remodeling and 
regeneration, many of which are known to be voltage sensitive and 
responsive to electrical stimuli.41 These include Piezo1/2 channels, 
NMDA receptors, TRP family channels, voltage-sensitive calcium 
channels (VSCCs), purinergic receptors, Ca2+ release-activated Ca2+ 
channels (CRACs), calcium and voltage-dependent big conductance 
potassium (BKCa) channels, small conductance channels, calcium-
activated potassium (SKCa) channels, TREK2 potassium channels, 
and epithelial sodium channels (ENaCs).42 Although most of these 
play mechanosensory and mechanotransduction roles in bone tis-
sue, they are also sensitive and responsive to electrical stimuli, re-
sulting in ionic flux, which in turn deactivates or activates various 
signaling pathways that play key roles in bone tissue homeostasis, 
remodeling and regeneration.

Of particular interest is the role of voltage-gated Ca2+ ion chan-
nels in regulating osteogenesis, osteoblast and osteoclast functions, 
as well as bone regeneration. It was reported that voltage-gated 
Ca2+ channels43–47 mediated an influx of Ca2+ ions into osteoblasts 
upon application of electrical stimuli, which in turn enhanced os-
teogenic differentiation via calmodulin-mediated upregulation of 
transforming growth factor-beta 1 (TGF-beta1).48 Although electri-
cal stimuli can also trigger the activation of voltage-gated Na+, K+ 
and Cl− channels, enhanced osteogenesis is thought to be mediated 
predominantly by voltage-gated Ca2+ channels, as shown by the 
study Zhang et al49; who observed that the pro-osteogenic effects 
of electrical stimuli were completely nullified by specific inhibitors 
of voltage-gated Ca2+ channels, whereas only a slight detrimental 
effect was observed with inhibitors of voltage-gated Na+, K+ and 
Cl− channels.

In the case of osteoclasts, however, it was reported that the influx 
of Ca2+ ions mediated by voltage-gated Ca2+ channels upon expo-
sure to electrical stimuli resulted in cytoskeletal changes (disruption 
of actin ring formation) that impeded formation of the osteoclast-
specific adhesion structure – the podosome, which in turn inhibited 
the bone resorption activity of these cells.50,51

3.1.3  |  Intracellular signaling pathways

Electrical stimuli such as piezoelectric potential generated through 
physical activities, trigger the opening of voltage-gated Ca2+ chan-
nels on cell membranes, thus leading to an influx of Ca2+ ions within 
the cytosol. The increased level of intracellular Ca2+ levels activates 
calmodulin, causing it to bind and activate calcineurin, which in turn 
dephosphorylates nuclear factor of activated T cells (NFAT), ena-
bling its translocation to the cell nuclei.52 Subsequently, NFAT then 
facilitates the transcription of various pro-osteogenic genes such as 
bone morphogenetic proteins (BMPs) and transforming growth fac-
tor β (TGF-β), which are responsible for upregulating bone extracel-
lular matrix production, as well as the synthesis of various proteins 

and growth factors involved in bone metabolism, homeostasis and 
growth.53,54 Indeed, upregulation of TGF-β expression induced by 
electrical stimuli via the calcium/calmodulin signaling pathway, ap-
pears to play a key role in bone defect healing and regeneration.48 
Besides the calcineurin-calmodulin-NFAT signaling cascade, el-
evated intracellular Ca2+ levels can also activate the Ras and extra-
cellular signal-related protein kinase (ERK) signaling pathways that 
promote transcription of pro-osteogenic genes such as Runx2.55–57 
Additionally, elevated intracellular Ca2+ levels can promote cell ad-
hesion by facilitating the binding of integrin to fibronectin,58 as well 
as promoting cell migration by activating gelsolin to release more 
actin.59

3.1.4  |  Cell surface receptors

Cell surface receptors for epidermal growth factor (EGF), fibronectin 
and concanavalin, which are transmembrane proteins connected to 
cytoskeletal actin, have been reported to undergo redistribution on 
the cell membrane, in response to electrical stimuli, which in turn 
modulates cell adhesion, spreading and migration.60

3.2  |  Extracellular matrix

3.2.1  |  Collagen

As mentioned earlier, collagen (particularly Type I collagen) is highly 
abundant in bone extracellular matrix, and the dielectric, piezoelec-
tric, pyroelectric and ferroelectric properties of bone tissue can be 
mainly attributed to the unique structural properties of collagen 
fibers. To briefly summarize, the dielectric properties of bone arise 
from the separation of hydrogen bonds between collagen and hy-
droxyapatite (HA) upon application of an external electrical field,14 
while piezoelectric properties are generated by polarization of –CO– 
and –NH– groups upon sliding of collagen fibers over each other, 
when mechanical force is applied.24–26 The pyroelectric properties 
of bone are due to distortion in the triple helical structure of col-
lagen in response to changing temperature, resulting in polarization 
of its charged amino acid residues, thus generating a temporary volt-
age and hence electric field.33 Finally, the ferroelectric properties 
of bone are due to the ability of collagen fibers to spontaneously 
and reversibly change their orientation in different directions, in re-
sponse to electric and magnetic stimuli, similar to typical ferroelec-
tric domain alignment.34,35

3.2.2  |  Hydroxyapatite

Although the bioelectrical properties of bone can be attributed 
mainly to collagen, the inorganic mineralized component of bone 
tissue, in particular hydroxyapatite, also contribute significantly 
to its bioelectrical properties. There are two major ways by 
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which hydroxyapatite can influence the bioelectrical properties 
of bone tissue. Firstly, the high elastic moduli of hydroxyapatite 
crystals influence the transmission of mechanical loads on bone, 
and hence the mechanical response of collagen fibers to tensional 
or compressive forces, which in turn determines the generation 
of piezoelectric effect.28 Secondly, hydroxyapatite restricts the 
ability of collagen to form hydrogen bonds with water molecules, 
thereby exerting a profound influence on its bioelectrical proper-
ties.61 It is well known that there are significant differences in 
the dielectric and piezoelectric properties of wet versus dry bone 
samples.15,62

3.2.3  |  Proteoglycans and glycosminoglycans

Proteoglycans are glycosylated proteins, which mean that they 
have a protein core that is covalently attached to highly anionic 
glycosaminoglycan chains (such as chondrotin sulfate, keratan sul-
fate, dermatan sulfate, and heparan sulfate).63 The major proteo-
glycans in bone tissue include biglycan, lumican, and osteoadherin. 
The abundance of negative charges present on glycosaminogly-
can chains enable sequestration of Ca2+ ions and various bioac-
tive growth factors, as well as contributing to the overall negative 
charge of bone tissue, which is the reason why bone regeneration 
and healing is promoted when the natural electrical microenviron-
ment at the defect site is recapitulated by negatively charged scaf-
fold implants.64,65

4  |  ELEC T​ROP​HYS​IOL​OGIC AL 
PROPERTIES OF BONE TISSUE DURING 
DEFEC T HE ALING AND REGENER ATION

Bone defect healing is a complex physiological process involving 
hemorrhage, coagulation, inflammation, angiogenesis, cell migra-
tion, and progressive tissue remodeling, which has been described 
in detail in several excellent reviews.66–68 The focus here will be 

on how the electrophysiological properties of bone tissue changes 
during injury, and how these in turn influence bone defect healing 
and regeneration. Injury of bone tissue is associated with reduced 
electrical potential at the defect site. For small defects below critical 
size, the local electrophysiological microenvironment of the defect 
site is often quickly restored by the formation of periosteum-like 
tissue.69,70 Consequently, restoration of the electrophysiological 
microenvironment by periosteum-like tissue exerts a galvanotactic 
effect that recruits cells from surrounding endogenous tissues into 
the defect site.71 The cell recruitment mechanism involves surface 
charges attracting ions, which enhance cell attachment and protein 
adsorption via ionic charge interactions.72,73 The larger the defect 
(still below critical size), the longer it will take for periosteum-like 
tissue to form, thus delaying electrophysiological microenvironment 
recovery, which in turn slows down the healing process. In the case 
of defects exceeding critical size, the healing capacity is completely 
lost because of failure of periosteum tissues to form at the defect 
site; hence the need for implantation of an electroactive scaffold in 
situ to aid bone defect healing by recapitulating the electrophysi-
ological environment of healthy bone tissue,74,75 as illustrated in 
Figure 4.

More recently, some studies have suggested that the electro-
physiological properties of bone can also modulate the inflamma-
tory response at the defect site, which in turn influences the healing 
and regeneration process.76,77 It has been reported that an electrical 
field could regulate macrophage migration, phagocytic activity and 
cytokine production.76,77 In a recently published study, Dai et al78 
demonstrated that recapitulation of the physiological electrical 
microenvironment at bone defects with polarized nanocomposite 
membranes promotes the transformation of pro-inflammatory M1 
macrophages to the pro-healing M2 phenotype, thereby facilitating 
bone repair and regeneration. It can thus be hypothesized that for 
smaller less than critical-sized bone defects, rapid restoration of the 
electrical microenvironment via formation of periosteum-like tissue 
is likely to mitigate inflammation at the defect site through promot-
ing polarization of macrophages to the M2 phenotype, thus facilitat-
ing bone healing and regeneration.

F I G U R E  4  Restoration of the 
physiological electrical potential at 
the defect site with an electroactive 
scaffold can facilitate bone repair and 
regeneration. Adapted from Zhang et al.71
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5  |  ELEC TROAC TIVE SC AFFOLDS 
PROMOTE BONE REGENER ATION BY 
SIMUL ATING AND REC APITUL ATING THE 
BIOELEC TRIC AL PROPERTIES OF HE ALTHY 
BONE TISSUE

As previously discussed in section 4, bone defects arising from trau-
matic injuries compromise the electrophysiological properties of 
bone tissue. Hence the implantation of electroactive biomaterials 
is a biomimetic strategy to promote bone healing and regeneration 
by simulating and recapitulating the natural bioelectrical properties 
of healthy bone tissue. Currently to date, there have already been 
several excellent reviews that have provided a comprehensive over-
view and critical analysis of electroactive scaffolds in bone tissue 
engineering.74,75 Hence, only a brief overview and summary will be 
provided here.

Generally, electroactive bone tissue engineering scaffolds 
can be broadly classified into four distinct types: (i) piezoelectric 
scaffolds, (ii) electroconductive scaffolds, (iii) electrostimulation 
scaffolds with implantable energy harvesters and (iv) electrore-
sponsive scaffolds, each of which will be briefly described in turn. 
Piezoelectric scaffolds are capable of generating electrical stimuli in 
response to mechanical loading or deformation of the scaffold.79,80 
Their main advantage is that pro-osteogenic electrical stimuli can 
be generated without requiring an external power source; they are 
instead produced by natural bodily movement and routine physical 
activity. By contrast, electroconductive scaffolds promote osteo-
genesis and bone regeneration not by generation of electrical stim-
uli, but by enabling electron transport at the cell-substrate interface, 
which in turn facilitates cell-substrate interaction, cross-talk, and 
intercellular communication.81,82 Electrostimulation scaffolds with 
implantable energy harvesters harness various potential sources of 
energy within the human body to generate pro-osteogenic electrical 
stimuli, for example, mechanical motion83–85 and electrochemical 
energy.86,87 Electroresponsive scaffolds, on the other hand, do not 
produce electrical stimuli, but instead respond to electrical stimuli, 
to effect drug release88,89 or to induce changes in cellular function.90

Electroactive scaffolds are known to promote bone defect heal-
ing and regeneration via five major mechanisms that involve (i) en-
hancement of osteogenesis, (ii) enhancement of angiogenesis, (iii) 
mitigation of inflammation, (iv) suppression of osteoclastogenesis, 
and (v) anti-bacterial effects, each of which will be briefly described 
in turn. The enhancement of osteogenesis by electroactive scaffolds 
is thought to be effected by promoting the clustering of focal adhe-
sions (FAs), which in turn trigger the mechanotransduction signaling 
axis to drive osteogenic differentiation via YAP/TAZ signaling.91,92 
Additionally, electroactive scaffolds can also elevate intracellular 
levels of Ca2+ ions via modulation of voltage-gated calcium chan-
nels93 or connexin 43,94 which in turn promote osteogenic differen-
tiation via the calcineurin/NFAT signaling pathway52 or the protein 
kinase C (PKC) signaling pathway.95 Enhancement of angiogenesis by 
electroactive scaffolds may involve activation of multiple signaling 
pathways by electrical stimuli, which include the VEGF/VEGFR,96 

ERK/MAPK,97 PI3K-Akt and Rho-ROCK,98 Akt, Erk1/2, and JNK99 
signaling pathways. Although suppression of osteoclastogenesis 
by electroactive scaffolds has been reported,100–102 the underlying 
mechanisms are still unclear. Another mechanism by which electro-
active scaffolds promote bone healing and regeneration is by mit-
igating inflammation by enhancing polarization of macrophages to 
the pro-healing M2 phenotype,78,103 which involves the AKT2-IRF5/
HIF-1α78 and RhoA/ROCK103 signaling pathways. Finally, electroac-
tive scaffolds can also promote bone defect healing and regeneration 
by exerting an anti-bacterial effect through electropermeabilization 
of bacterial membrane,104 increased generation of ROS105 and dis-
ruption of the respiratory chain on the bacterial membrane.106

Currently, the overwhelming majority of animal studies on the 
use of electroactive scaffolds to promote bone regeneration have 
focused on traumatic injury in young healthy animals, of which 
there are many excellent reviews.74,75,107–109 What is lacking in the 
scientific literature are studies on using electroactive scaffolds to 
facilitate bone healing under degenerative conditions due to disease 
pathology, such as type II diabetes and osteoporosis. To date, there 
are only two known studies that have utilized electroactive scaffolds 
to promote bone healing under diabetic conditions,78,103 which are 
characterized by increased inflammation110 and bone resorption.111 
In the study of Dai et al,78 it was demonstrated that hyperglycemic 
conditions under type II diabetic conditions aggravated the inflam-
matory action of macrophages, which impeded bone regeneration in 
a rat bone defect model. Inflammation was mitigated by covering the 
bone defect with a polarized BaTiO3/P(VDF-TrFE) nanocomposite 
membrane that promoted transition of macrophages from the pro-
inflammatory M1 phenotype to the pro-healing M2 phenotype. A 
favorable osteoimmunomodulatory environment was thus created 
by the implanted electroactive nanocomposite membrane, which 
was conducive to bone defect healing. Similar results from the study 
of Li et al103 were reported, which demonstrated that an electro-
active scaffold composed of polydopamine-mediated graphene 
oxide (PGO) and hydroxyapatite nanoparticle (PHA)-incorporated 
conductive alginate/gelatin (AG), could promote periodontal bone 
healing in a diabetic rat model, by facilitating M1 to M2 transition of 
macrophage phenotype. In the future, more animal models of vari-
ous human diseases that lead to bone degenerative conditions are 
needed for pre-clinical investigations of how electroactive scaffold 
can promote bone healing under pathological conditions.

6  |  CONCLUSIONS

The dielectric, piezoelectric, pyroelectric and ferroelectric proper-
ties, and the streaming potential and electro-osmosis of bone tissue 
can be attributed to close interdependence and interaction of its 
various electroactive and electrosensitive components, including 
cell membrane potential, voltage-gated ion channels, intracellular 
signaling pathways, cell surface receptors, and various matrix com-
ponents such as collagen, hydroxypapatite, proteoglycans and gly-
cosaminoglycans. These various interactions and cross-talk, which 
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define the electrophysiological properties of bone tissue, in turn 
exert a profound influence on its metabolism, homeostasis and re-
generation in health and disease. Hence, a deeper understanding 
of the bioelectrical properties of bone tissue could therefore pro-
vide cues for new therapeutic strategies in bone tissue engineering 
and orthopedic surgery. For this purpose, animal models of various 
human diseases that lead to degenerative bone conditions would 
be particularly useful for studying how disease pathology affects 
the bioelectrical properties of bone tissues, and could facilitate the 
development of new treatment modalities to enhance bone healing 
via recapitulating the bioelectrical properties of healthy bone.
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