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Abstract

Mesenchymal stem cells (MSCs) play a major role in bone tissue engineering (BTE) thanks to their
capacity for osteogenic differentiation and being easily available. /n vivo, MSCs are exposed to an
electroactive microenvironment in the bone niche, which has piezoelectric properties. The
correlation between the electrically active milieu and bone’s ability to adapt to mechanical stress
and self-regenerate has led to using electrical stimulation (ES) as physical cue to direct MSCs
differentiation towards the osteogenic lineage in BTE. This review summarizes the different
techniques to electrically stimulate MSCs to induce their osteoblastogenesis in vitro, including
general electrical stimulation and substrate mediated stimulation by means of conductive or
piezoelectric cell culture supports. Several aspects are covered, including stimulation parameters,
treatment times and cell culture media to summarize the best conditions for inducing MSCs
osteogenic commitment by electrical stimulation, from a critical point of view. Electrical stimulation
activates different signaling pathways, including bone morphogenetic protein (BMP) Smad-
dependent or independent, regulated by mitogen activated protein kinases (MAPK), extracellular
signal-regulated kinases (ERK) and p38. The roles of voltage gate calcium channels (VGCC) and
integrins are also highlighted according to their application technique and parameters, mainly
converging in the expression of RUNX2, the master regulator of the osteogenic differentiation
pathway. Despite the evident lack of homogeneity in the approaches used, the ever-increasing
scientific evidence confirms ES potential as an osteoinductive cue, mimicking aspects of the in vivo
microenvironment and moving one step forward to the translation of this approach into clinic.
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1. Introduction

Bone is a dynamic tissue with the ability to repair and self-regenerate and many fractures heal
without further complications. Nevertheless, when the defect exceeds a critical size due to trauma,
tumor resection or infection, challenging medical interventions are required [1]. An autogenous
bone graft from the iliac crest is the gold standard treatment, even though it involves some
associated drawbacks, such as increased patient morbidity, lack of vascularization or the limited
guantity and availability of healthy tissue [2,3]. Other options, including allografts or xenografts, can
be related to disease transmission, immune rejection and may fail to be osteoinductive in humans

[4].

Bone tissue engineering (BTE) can help to overcome these issues by promoting bone regeneration
through osteoinductive, osteoconductive and osteogenic scaffolds. BTE strategies are based on the
use of biomimetic cell culture supports and provide a suitable environment for osteogenic
progenitors to grow and differentiate. Factors that promote healing, including biochemical and
biophysical cues, can be synergistically included to enhance these biological processes.

Mesenchymal stem cells (MSCs) are adult stem cells that reside in many organs and tissues of the
body, including the bone marrow, and were first described by Friedenstein in 1974 [5]. They are the
obvious choice in BTE approaches due to their self-renewal and differentiation capacity to
osteoblasts, among other cell types such as chondrocytes, adipocytes and hematopoiesis
supporting-stroma cells [6]. Their immunomodulatory properties and the fact that they are easy to
obtain make them perfect candidates to attain suitable clinical outcomes [7].

MSCs osteogenic differentiation is a complex and orchestrated process which involves the activation
of selected signaling pathways and leads to the progressive expression of osteogenic-related genes,
starting with the key integrator transcriptional factor RUNX2 (Runt-related transcription factor 2).
MSCs osteogenic induction in vitro is based on osteogenic medium (OM) containing
dexamethasone, ascorbic acid and glycerophosphate. Dexamethasone is a well-known
corticosteroid that can produce the undesired guidance of MSCs towards the adipogenic lineage
besides inducing osteogenic differentiation [8]. Other biochemical soluble factors, such as bone
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morphogenetic proteins 2 or 7 (BMP-2; BMP-7), are also considered strong inducers of the
osteogenic phenotype. They can trigger MSCs differentiation by binding the BMP receptors and
activating signaling transducers of the Smad family [9]. Despite their extended use in vitro, BMPs
require larger concentrations than the physiological ones to be effective in vivo, increasing the cost
of therapy and the risk of pathological side effects [10]. Due to the reduced specificity of this type
of biochemical approach, biophysical cues have been investigated as possible candidates to direct
MSCs differentiation in BTE strategies, since their precise action has been demonstrated by
metabolomic techniques [11]. Halim et al. [12] reviewed and summarized the recent evidence for
biophysical control of MSCs differentiation, in which cyclic mechanical strain, shear fluid stress,
matrix stiffness and topography, microgravity or electrical stimulation were described.

Electrical stimulation (ES) has gained attention since Yasuda described bone piezoelectricity in 1953
and was correlated with the bone’s capacity to adapt to mechanical stress and self-regenerate [13—
15]. From then on, hundreds of articles appeared in the scientific literature describing the effects of
electrical stimulation on bone healing. Basset, Pawluk & Pilla [16] were among the first to prove the
therapeutic effect of inductively coupled electromagnetic fields in canine osteotomies in 1974.
Later, many clinical studies reported successful outcomes in the treatment of non-union fractures
[17-19], osteoporosis [20,21] or osteonecrosis [22,23] in humans, delivering ES by means of
capacitively coupled electrical fields (CCFE) or pulsed electromagnetic fields (PEMF). This led to the
production of medical devices able to provide electrical cues for clinically treating indicated bone
defects, the first of which was approved by the US Food and Drug Administration (FDA) in 1979.

The satisfactory clinical outcomes of ES at tissue-level encouraged the scientific community to try
to explain the underlying cellular mechanism. Mesenchymal stem cells are key players in in vivo
bone regeneration. They migrate to the injury site in response to cytokines and growth factors
produced by inflammatory cells in a process known as homing. MSCs differentiate into osteoblasts
in the presence of osteogenic factors, especially members of the BMP family. Osteoblasts deposit a
mineralized bone matrix in a process known as primary bone formation [24]. These different stages
of bone repair take place in the bone niche, where MSCs find themselves subjected to an electrically
active environment. This physical stimulus together with other biochemical cues may play a role in
MSCs differentiation towards the osteogenic lineage, supporting the regeneration of bone tissue
and enhancing the results of regenerative therapies. It can also be useful for inducing MSCs
commitment in BTE strategies when combined with the appropriate scaffolds, recapitulating
aspects of the in vivo niche.

Electrical stimulation as a biophysical cue delivered at cell culture level has been thoroughly revised
in recent years [25—-31]. This review focuses specifically on current evidence on the effect of in vitro
electrical stimulation for MSCs osteogenic differentiation and offers a critical review of the data
published on this matter. The different methods of providing this cue are covered, including general
electrical stimulation (GES) through cell culture medium and substrate-mediated electrical
stimulation delivered by means of conductive and piezoelectric cell culture supports. Several
aspects are reviewed, including stimulation parameters, treatment times and cell culture media to
summarize the best conditions for inducing MSCs osteogenic commitment by electrical stimulation,
from a critical point of view. Possible clinical applications of an optimized stimulation protocol are
proposed, as are the potential drawbacks associated with this approach. Finally, the molecular
mechanisms underlying cell response are also discussed.



2. General Electrical Stimulation

This section discusses effects of general electrical stimulation on mesenchymal stem cell
differentiation. In this type of approach an electrical field is applied to cells cultured either on tissue
culture plates or on non-conductive scaffolds, with the electrical stimulus transmitted through the
culture medium. Three main methods of delivering this cue have been described: Direct Coupling
(DC), Capacitive Coupling (CC) and Inductive Coupling (IC), all excellently reviewed in [27,28,30].

2.1. Direct Coupling

In the Direct Coupling method conductive electrodes are placed inside the cell culture wells or
stimulation chamber in direct contact with the cell culture medium and the MSCs. Few authors have
described this approach to exploring MSCs differentiation towards the osteogenic lineage. In the
reviewed literature electrical fields ranging from 2 to 3300 V/m were used [32-40]. Applied
stimulation parameters, treatment time, the cell culture media used and the osteogenic markers
expressed during MSCs differentiation are summarized in Table 1.

Barker’s group made an in-depth study of the effect of DC on MSCs differentiation by means of a
stimulation chamber composed of platinum electrodes coupled to a 6-well plate lid. Their studies
showed that DC ES of 100 V/m for 1 hour/day, combined with osteogenic medium upregulated
genes related to the osteogenic differentiation process (RUNX2, osteopontin (OPN), collagen type |
(Col 1)). However, it also activated different cellular mechanisms in MSCs from different sources
(bone marrow and adipose tissue) [35].

This stimulation combined with osteoinductive B-tricalciumphosphate scaffolds, enhanced alkaline
phosphatase (ALP) activity, as well as Transforming Growth factor 1 (TGF-B1), BMP-2 and OPN
expression to a greater extent than cells cultured on tissue culture plates. Interestingly enough,
calmodulin (CaM) was also up-regulated compared to the control, suggesting the involvement of
the calcium/calmodulin pathway in the ES mediated differentiation process [33].

The combination of ostoinductive factors with direct coupling stimulation has also been explored by
Hronik-Tupaj et al. [37]. Cells electrostimulated in OM supplemented with BMP-2 showed
upregulated ALP and Col | expression compared to non-stimulated cells cultured in OM plus BMP-2.
Stress markers such as heat shock protein 27 (Hsp27) were also upregulated, although the
relationship between stress markers, osteogenic markers and ES is not yet fully understood.

This approach has certain disadvantages, including the production of reactive Faradic by-products
from the electrochemical reactions (hydrogen peroxide, hydroxyl ions and other free radicals),
changes in the pH or the oxidation of bare metallic electrodes, which can liberate traces into the cell
culture medium. Also, the cells closest to the electrodes can suffer morphological changes [34].
Concerned about these facts, Srirussamee et al. [36] studied the effect of the H,0, produced by
platinum electrodes used for DC electrical stimulation in MSCs differentiation. Surprisingly, H,0,
produced by ES enhanced MSCs proliferation, without causing oxidative damage, but did not have
any influence on their differentiation. However, by-products other than H,0, enhanced OPN
expression in electrically stimulated cells.

To overcome these issues some researchers have used different setups consisting of isolated
chambers connected via agar salt bridges to external Ag/AgCl electrodes immersed in Steinberg’s
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solution. In this approach short stimulation times (only 2 hours at the beginning of the culture) have
demonstrated that MSCs can migrate towards the anode, but the short stimulation time neither
increases or reduces their osteogenic potential based on calcium deposition analysis using OM [40]
.Reduced expression of osteogenic related gene OPN was found In the presence of growth medium
[38]. Longer times and continued stimulation may be needed to induce osteogenic differentiation,
as described by Hammerick et al. [39], in which 6 h/day stimulation enhanced ALP, Col | and OPN
expression, probably due to the increased cytosolic free-calcium and reduced cyclic adenosine
monophosphate (CAMP).

2.2. Capacitive Coupling

Capacitive coupling is a non-invasive electrical stimulation method in which an electric field is
created between two parallel conductive layers, capacitor plates, connected to a generator. These
are on the edges of the cell culture chamber or cell culture well, usually above and below the cell
culture medium, but not in contact with it. A small gap of air is left between the upper conductive
layer and the cell culture medium in the well. If this space between the medium and the top
capacitor plate is missing, the approach is known as semi-capacitive coupling. The electric field
created is homogeneously transmitted through the cell culture medium and the cells are evenly
stimulated, whatever their position in the cell culture well [41,42].

To the authors knowledge, this approach has never been reported for MSCs stimulation to induce
osteogenic differentiation, although capacitive coupling by capacitor plates not in contact with the
cell culture medium to stimulate other osteogenic cell types such as osteoblasts has been described
[41,43,44].

2.3. Inductive Coupling

Inductive coupling stimulation is based on inducing an electric field by means of a conductive coil or
a solenoid around the cell culture system. An alternating current flows through the coil generating
a magnetic and an alternating electric field perpendicular to the magnetic [45]. This stimulation
method avoids direct cell contact with the electrodes and eliminates the presence of undesirable
by-products.

IC is the most commonly used approach in terms of ES for stimulating MSCs. There is no consensus
on the optimal stimulation conditions to guide MSCs differentiation towards the osteogenic lineage,
making comparison between the published research studies difficult. Different magnetic field
densities, frequencies, pulse durations and stimulation times have been applied [46-57], as
reflected in Table 1. However, it seems clear that osteogenic medium is required in combination
with electromagnetic fields (EMF) to induce an osteogenic phenotype, although some authors have
reported the effect of EMF on osteogenic differentiation using growth medium [57].

Petecchia et al. [50] found that pulsed EMF by its own was not enough to enhance ALP and Col |
expression, while the combination with OM increased these early osteogenic markers through the
expression of L-type Voltage Gate Calcium Channels (VGCC) and the modulation of the
concentration of cytosolic free Ca%". These results agree with Bagheri et al. [46], who combined
pulsed EMF with OM, describing a synergistic effect which enhanced calcium deposition, ALP



production and expression of osteogenic markers (RUNX2, DIx5, osterix (OSX)), compared to OM
alone.

Martini et al. [48] went further by also adding BMP-2, proving additive effects due to the
simultaneous activation of Smad 1/5/8 and p38 MAPK pathways. These results disagree with those
obtained by Schwartz et al. [56], when calcium phosphate disks combined with PEMF and BMP-2
were needed to produce a synergistic effect, and not only tissue culture plates as cell substrate.
Changes in the cell culture surface make MSCs more sensitive to BMP-2 and BMP-2 treated cells are
more responsive to PEMF. This supports the hypothesis that PEMF can influence MSCs osteogenic
differentiation, although an osteoblast-inductive stimulus combined with an osteogenic
environment is required.

PEMF stimulation strategy inevitably links the presence of an electric and a magnetic field, which
can also contribute to MSCs stimulation. To get over this disadvantage Hess et al. [49,58] developed
a device based on Transformer-like Coupling (TC) to apply electrical stimulation without the
interference of a magnetic field. Their results confirm firstly that PEMF alone cannot induce
osteogenic differentiation unless combined with OM, and secondly supports Schwart’s hypothesis.
MSCs cultured in high-sulfated hyaluronan derivatives, which are able to present growth factors
efficiently, may be acting as the BMP-2 in the supplemented medium.

Table 1. Summary of general electrical stimulation applied to MSCs to induce osteogenic
differentiation. Abbreviations: AT-MSCs, Adipose Tissue-derived Mesenchymal Stem Cells; BM-MSCs,
Bone-Marrow derived Mesenchymal Stem Cells; OM, Osteogenic Medium; ALP, Alkaline
Phosphatase; BMP-2; Bone Morphogenetic Protein 2; OPN, Osteopontin; VEGF, Vascular Endothelial
Growth Factor; TGF-f1, Transforming Growth Factor f1; RUNX2, Runt-related transcription factor
2; Col I, Collagen type I; OCN, osteocalcin, IBSP, Integrin Binding Sialoprotein;, OPG, Osteoprotegerin;
MMP, Matrix metalloproteinase; DIx5, Distal-Less Homeobox 5.
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3. Substrate-mediated electric stimulation

Substrate-mediated electrical stimulation uses conductive and/or electroactive supports to apply
an electrical stimulus directly to cultured cells.

3.1 Conductive cell culture supports

Electrically conductive polymers are one of the most popular choices when developing cell culture
supports for substrate-mediated stimulation due to their chemical, electrical, and physical tailoring
possibilities. Among the generally investigated polymers for tissue engineering applications, such as
polypyrrole (PPy), poly(3,4-ethylenedioxythiophene) (PEDOT) or polyaniline (PANI) PPy is one of the
most intensively studied. In the context of tissue engineering, polypyrrole is mainly used in the field
of neural regeneration [59-62], although it has also been applied to bone tissue engineering,
specifically for inducing MSCs osteogenic differentiation via substrate-mediated ES [63-69].

PPy has poor mechanical properties and its processing once synthesized is by no means simple [70],
which makes it difficult to use by itself so that it tends to appear in combination with other
biodegradable polymers as a coating or filler, e.g. with poly-lactic acid (PLA) [71,72],
polycaprolactone (PCL) [73,74] or chitosan [67,75,76].

In addition to electroactive polymers, the family of carbon nanomaterials such as graphene,
graphene oxide (GO) or carbon nanotubes (CNTs) has gained importance in the biomedical field. In
tissue engineering, their large surface area and easy functionalization with bioactive molecules have
driven their use, but above all their outstanding electrical characteristics make them an effective
component for designing electroactive cell culture supports [77]. As in the case of conductive
polymers, carbon nanomaterials have been especially used to deliver electrical signals to well-
known excitable cell types, such as neural and muscle cells. Despite this, the rise of substrate-
mediated MSCs stimulation has promoted carbon nanomaterials for electroactive bone tissue
engineering [78—82]. A summary of the different conductive biomaterials used for MSCs substrate-
mediated stimulation can be found in Table 2.

Conductive cell culture platforms transmit the stimulus in situ to the cells when connected to an
external supply source. A common setup for substrate-mediated ES is based on the presence of a
conductive 2D biomaterial, usually in the form of a film. This cell culture support is in direct contact
with the electrodes at its ends and wired to an external current source. A sealed chamber, usually
made of polystyrene, polypropylene or polymethylmethacrylate (PMMA) is placed on the film
containing the cell culture medium and limiting the space for cell seeding, as shown in Figure 1
[64,68,80,83]. This assembly avoids direct contact between the electrodes and the culture medium.
This eliminates some of the drawbacks of GES based on direct coupling, such as Faradic by-products
or changes in pH due to medium electrolysis.
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Mesenchymal stem cells

Cell culture chamber Conductive tape

Electrical signal generator

Conductive film

Figure 1. Schematic representation of a common set-up for substrate-mediated electrical stimulation
using 2D conductive cell culture supports. Figure not to scale.

It is not always possible to avoid electrode immersion in the cell culture well. In these cases, the
electrodes are placed in direct contact with the cell culture support to maximize the total current
transmitted. In fact, some authors have shown that the current present in these setups in the cell
culture medium is negligible [66]. 3D culture systems such as scaffolds or hydrogels are two
examples of electrodes immersed in the medium [63,66,67,84,85]. However, they provide
homogeneous stimulation regardless of the distance to the electrode while they provide a more
biomimetic environment than 2D conductive supports.

The scaffolds used to deliver substrate-mediated ES to MSCs are usually composites manufactured
from biocompatible polymers and conductive materials such as PPy coatings or graphene fillers. The
commonly used architectures include highly porous interconnected scaffolds with a diameter range
of hundreds of microns [66,67,86]. Nonwoven mats of extruded fibers [63] or electrospinning
technique [65,69,78] have also been used for MSCs stimulation. 3D printing is making its way in the
field and 3D-printed conductive scaffolds are emerging as possible candidates for substrate-
mediated ES [82].

The conductivity of the scaffolds produced after incorporating the electroactive coatings and fillers
are between 10 and 10! S/cm [66,67,69,78,82,86], according to the type of conductive
component incorporated and its concentration.

Most of the studies performed in the field support the hypothesis that an initial osteogenic stimulus
from an inductive cell culture medium containing supplements such as dexamethasone, ascorbic
acid and B-glycerophosphate is necessary to trigger the effects of ES. Li et al. [80] studied the effect
of electrical stimulation on MSCs osteogenic differentiation using conductive graphene oxide-
cellulose films in growth and osteoinductive media. A combination of ES and osteogenic medium
improved mineral deposition more than growth medium and ES together. It should be noted that
osteogenic medium alone had the same effect as expansion medium combined with ES in terms of
ALP expression.
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Interestingly, Sayyar and collaborators [82] cultivated MSCs in OM 5 days before applying electrical
stimulation on graphene/poly(trimethylene carbonate), a process they called priming. This
induction was indeed necessary to observe the effects of electrical stimulation on osteogenic
differentiation. ALP and Col | were upregulated in primed cells compared to non-primed subjected
to the same stimulation parameters. Other authors have performed their studies in the presence of
growth medium and failed to obtain any improvement in osteogenic differentiation combined with
electrical stimulation [63,84].

The priming concept can be considered as a pre-condition or preparation of the cells for some
specific function or lineage-specific differentiation [87]. Besides using chemical agents such as
osteoinductive cell medium, MSCs have been primed with hypoxia, in vitro low oxygen
concentrations (1-7 %), that resemble the ones found in the bone marrow [88]. Nevertheless, the
use of hypoxia on determining MSCs fate has a controversial role in literature. Samal et al. reflected
this matter in their review [89]. Some authors have reported a significant impairment of osteogenic
differentiation when cells were cultured under hypoxia [90-93], others have reported enhanced
osteogenic differentiation [94-96] or even equal differentiation potential of MSCs cultured under
both normoxia and hypoxia [97-99]. These diverse data are associated to a variation in the
experimental design among studies. The moment when hypoxia is introduced can vary, the studies
generally involving expansion in normoxia and cells differentiation under hypoxia or expansion in
hypoxia and differentiation in normoxia.

The combination of this approach, as priming or during MSCs differentiation, with electrical
stimulation has not been reported. This could be an interesting research path to follow in the future,
even though the duration of exposure to hypoxia and O, concentration to obtain the best outcomes
is yet to be analyzed, as are the best ES parameters.

The lack of an initial osteogenic stimulus provided by osteoinductive supplements can be overcome
by combining ES with other physical cues such as nanopatterned surfaces. It has been proved that
these have a similar efficiency to that of osteogenic medium in stimulating MSCs to produce bone
mineral in vitro [100]. Balikov et al. [81] studied the effect of graphene patterned surfaces and ES in
the absence of supplemented medium. When used alone the patterned surfaces enhance the
expression of the early marker RUNX2, although they fail to enhance late osteogenic marker OPN,
unless combined with ES. The authors also investigated MSCs differentiation toward a neurogenic
lineage due to the potential of stem cells for multi-lineage commitment enhancing both neurogenic
and osteogenic markers. This shows the need to study markers from diverse lineages in
differentiation experiments and has scarcely been addressed to avoid the presence of mixed
populations.

Other research groups used coatings or osteoinductive biomaterials such as hydroxyapatite in
combination with conductive cell culture supports and ES to make up for the absence of
supplemented medium [69,86].

Table 2. Summary of substrate-mediated electrical stimulation applied to MSCs to induce osteogenic
differentiation. Abbreviations: AT-MSCs, Adipose Tissue-derived Mesenchymal Stem Cells; BM-MSCs,
Bone-Marrow derived Mesenchymal Stem Cells; PLA, Poly-lactic acid; PPy, polypyrrol; PCL,
polycaprolactone; PANI, polyaniline; sHya, hyaluronan derivatives; OM, Osteogenic Medium; ALP,
Alkaline Phosphatase; RUNX2, Runt-related transcription factor 2; Osteopontin, OPN; OCN,
osteocalcin; BMP-2; Bone Morphogenetic Protein 2; BSP, Bone Sialoprotein.
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3.2 Piezoelectric cell culture supports

Bone is a piezoelectric tissue due to the collagen fibers that form the organic component of its
extracellular matrix. The -CO- and -NH- units present in the amide bonds of the backbone amino
acids of the protein can act as permanent dipoles, as represented in Figure 2 I. The positively and
negatively charged centers are aligned in the helical structure of the a-helix and cause significant
permanent polarization. When the collagen fibers slip past each other under tension or
compression, the distortion of the dipoles generates a surface charge [25,103]. This phenomenon
known as the piezoelectric effect has been associated with bone’s capacity to remodel in response
to mechanical stress, described by Wolff’s Law, providing local stimulation to bone-related cell types
[14].
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Figure 2. Schematic representation of piezoelectric biomaterials. I. lllustration of a collagen a-helix molecule
present in bone’s organic extracellular matrix, responsible for the piezoelectricity due to the permanent dipoles
associated to the -CO- and -NH- units present in the amide bonds. Il. a) Schematic illustration of piezoelectric
ceramics with wurtzite and perovskite structures. b) Crystalline structure of unpoled and poled ceramics.
Dipoles are oriented after poling process. Ill. a) Chain conformation of «, and y phases of poly(vinylidene)
fluoride. The electronegativity of fluorine atoms compared to hydrogen ones generates an electrical dipole
moment in the monomer unit. The all trans conformation (TTT) and T3GTsG’ of fand yphases lead to an overall
dipolar contribution of the polymer chain, while the trans-gauche—trans-gauche (TGTG’) conformation of a-
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phase is non-polar, conferring non-electroactive properties to this polymorph. b) Crystalline and amorphous
regions of PVDF with randomly oriented dipoles before the poling process, that are oriented after it.

Since the discovery of bone’s piezoelectric properties, piezoelectric materials have emerged as a
possible approach to mimic the electrophysiological environment of bone tissue. These biomaterials
can convert mechanical strain into electrical output and vice versa, a mechanical deformation is
produced when a voltage is applied, known as the converse piezoelectric effect [104]. This property
generates electrical charges on the surface without the need for any external electric supply, as in
the case of other stimulation approaches, such as substrate-mediated ES by conductive cell culture
supports. Several reviews have been published regarding the properties and use of piezoelectric
polymers [103,105-108]. In this review the basic concepts of piezoelectric materials are explained
to facilitate the understanding of their use as cell culture supports for MSCs electromechanical
stimulation.

Piezoelectric biomaterials can be divided in two main categories, organic materials such as synthetic
or natural polymers, and ceramics, which are inorganic in nature.

Ceramics with piezoelectric properties are crystalline materials with a non-centrosymmetric
structure. Their piezoelectricity is typically based on the relative displacement of the ionic species
[105]. Some of the different piezoelectric crystals also show ferroelectric properties, meaning that
they exhibit an in-built spontaneous electrical polarization reversible under an applied electric field.
Zinc oxide (ZnO) and barium titanate (BaTiOs) are normally used as examples of nonferroelectric
and ferroelectric materials, respectively, which coincides with their crystallization form in the
wurtzite or perovskite structure [107]. ZnO and BaTiOs structures are represented in Figure 2 lla.
Barium titanate (BaTiOs), lithium niobate (LiNbOs3) or sodium potassium niobate (KO.5Na0.5NbO3 ;
KNN) have been used to influence MSCs fate toward the osteogenic lineage [109-114].

Regarding organic materials, synthetic polymers have emerged as an alternative to ceramics. Even
though bone is a hard tissue, some applications require mechanical flexibility, while polymers are
easier and less expensive to process. Their piezoelectricity is mostly based on the repositioning of
molecular dipoles [105].

Poly(vinylidene fluoride) (PVDF), poly(L-lactic) acid (PLLA) or polyhydroxybutyrate (PHB) are some
of the most frequently used piezopolymers for tissue engineering applications. PVDF stands out due
to its high piezoelectric coefficient, reaching values up to -34 pC/N according to the processing and
poling conditions [115]. PVDF has five crystalline phases, the B-phase being the most electroactive
due to its net permanent dipole generated by the all-trans chain conformation (TTT). Figure 2 llla
shows three PVDF polymorphs, including the electroactive  and y and the non-electroactive a-
phase. The strong dipole moment is produced by the difference between the electronegativity of
the fluorine and hydrogen atoms in its structure [116]. Although obtaining this crystalline phase is
based on the polymer processing conditions [117], PVDF copolymer poly(vinylidene fluoride-
Trifluoroethylen) (PVDF-TrFE) for specific VDF/TrFE ratios always presents the [ crystalline phase,
the addition of the third fluoride in the TrFE monomer unit with large steric hindrance favors the
all-trans conformation and thus induces the ferroelectric B-phase regardless of the processing
method [116].

Most of the piezopolymers used for BTE approaches are semi-crystalline, so that their structure can
be described as randomly oriented microscopic crystals which contain the aforementioned dipoles
dispersed around the amorphous regions (Figure 2 lllb). These dipoles can be reoriented to
maximize the material’s piezoelectric response in a process called poling, during which a high

22



electric field is applied at a high temperature to align the dipoles. When the dipoles are aligned, as
represented in Figure 2 lllb, the sample is cooled down in the presence of the electric field to
maintain the dipoles’ orientation [108]. Poling is directly related to a higher piezoelectric response
characterized by the piezoelectric coefficient d;;, which is defined as the electric polarization
variation along direction j in the material per unit mechanical stress of index j applied to it or vice
versa. d3; and ds; are the coefficients describing the electric polarization generated either in the
same direction or perpendicular to the direction of the applied stress [118].

Poled piezoelectric cell culture supports do not always rely on electromechanical stimulation due to
the piezoelectric effect. The polarization process and consequently the dipole alignment, implies
the presence of charged positive and negative surfaces with an associated surface potential, which
can also affect MSCs differentiation by maintaining an electric microenvironment. Two options arise
at this point, culturing the cells either on the positively or negatively charged surface.

Parssinen et al. [119] studied the effect of poled-positive and negative surfaces of -phase PVDF
films coated with fibronectin (FN) on MSCs behavior. Polarization enhances PVDF hydrophilicity best
on negatively charged surfaces favoring the adhesion of fibronectin in a more active formation,
exposing RGD sequences. This enhances cell adhesion and cytoskeleton tension and is reflected in
a higher number and area of focal adhesions (FAs). Cell cytoskeleton tension is related to the
activation of RhoA and MAPK pathways and subsequent cell signaling cascades, which can
determine MSCs fate via integrin mediated signaling. An increase in the number and size of FAs has
been reported during osteogenic differentiation [120], although the authors simply demonstrated
increased osteogenic differentiation based on ALP activity. These results agree with those obtained
by Zhou et al. [121] in which negatively charged surfaces were seen to accumulate the cations
present in the cell culture medium, which in turn attracted proteins such as fibronectin and the
negatively charged cytomembrane of cells, favoring their adhesion and subsequent osteogenic
differentiation, in agreement with the results of Parssinen et al.

Li et al. [110] used lithium niobate wafer, a ferroelectric crystal, with positive, negative or neutral
surface charges to investigate their effects on MSCs fate. Positive surfaces showed greater cell areas
than negative and non-charged surfaces, resulting in enhanced OPN, OCN and RUNX2 expression
and ALP activity. This phenomenon is associated with the capacity of positive surfaces to accumulate
negative charges due to the ionic component of the medium, and the ability of different proteins
and molecules such as dexamethasone to attract positive charges, generating electrostatic
interactions between the charged molecules and the charged surface. This can influence the
distribution of bioactive molecules regulating MSCs fate.

Itis not easy to decide whether MSCs should be cultured in positively or negatively charged surfaces
answer given the contradictory information published in recent years. What can be extracted from
the presented information is that either a positive or negative surface charge enhances protein
adsorption, helping adhesion and spreading of mesenchymal stem cells. The activation of integrin
mediated signaling will eventually lead to the activation of mechanosensitive genes, ultimately
promoting changes in cell growth, morphology and differentiation potential.

Interestingly enough, this concept was investigated in depth by Jia et al. [122] by using PVDF-TrFE
films containing Terfenol-D alloy, a magnetostrictive material, also coated with FN. These films were
responsive under a magnetic field, allowing to control the surface potential by applying different
intensities (0 to 2800 Oe). Positive and negative surfaces with different surface potentials were
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investigated. The spatial distribution of two functional sites of FN, RGD and PHSRN, which act in
synergy, is affected by the surface potential. While positive charged surfaces show a tight formation
of the functional sites at 55 mV, the same is true for negative surfaces at -20 mV. This tight FN
formation with distances below 3.5 nm fully binds the integrin and produces the strongest integrin-
mediated osteogenic differentiation.

The results obtained by Jia et al. disagree with those of Zhang et al. [123], who developed PVDF-
TrFE membranes containing different concentrations of BaTiOs; nanoparticles and therefore
different surface potentials. Membranes with a surface potential of -76.8 mV were selected for cell
culture because of their similarity to endogenous biopotential [124], comparing their performance
with non-poled ones. The best osteogenic behavior was found when the cells were cultured on the
negative surface with this surface potential. However, Zhang et al. [125] also studied different
surface potentials of PVDF-TrFE films, varying the B-phase content and showed that lower surface
potentials (-53 mV) (a range not taken into account in [123]) enhanced MSCs osteogenic
differentiation more than higher surface potentials (-76 mV).

These differences can be attributed to the fact that Jia et al. used a magnetic bioreactor to modulate
surface potential in the polymer matrix due to the presence of magnetostrictive nanoparticles, while
Zhang et al. used different B-phase contents to do so, thus with different material surface stiffness
and dynamic stimulation.

On another note, the piezoelectric properties of the cell culture supports mean that a mechanical
strain needs to be applied to obtain the maximum electric response. As a matter of fact, different
bioreactors compatible with cell culture conditions have been developed to deform polymeric
samples and induce a change in the surface charge, as described in Figure 3. The Lanceros-Méndez
research group developed different bioreactors based on mechanical deformation using a vertical
vibration module to deform the polymer matrix [126—128] in which stimulation programs were
applied simulating daily human activity (16 h of stimulation and 8 h of rest) (Figure 3 I). Magnetic
bioreactors have also been described to exploit the magnetoelectric effect when the piezoelectric
polymer is combined with magnetostrictive nanoparticles [129,130]. Moving neodymium magnets
below the cell culture plate generates an alternating magnetic field whose intensity depends on the
position of the well, as can be seen in the simulation in Figure 3 lic). Other types of bioreactors based
on dynamic compression [131-133] (Figure 3 Ill) or ultrasound activation [107,111,113] have also
been described. Commercial fracture healing systems approved by the FDA have already been used
to stimulate cells with ultrasound in vitro by connecting them to a tissue culture plate (Figure 3 1V)
[134]. In the same setup, piezoelectric biomaterials can be placed in the wells of the tissue culture
plate to electrically stimulate the MSCs activating the cell culture supports by US.
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Figure 3. Examples of bioreactors used for generating an electric response on piezoelectric cell culture
supports. I. a) Schematic representation (left) and actual image (right) of a mechanical bioreactor based on a
vertical vibration module. Several cell culture plates can be placed on top of the bioreactor. Reproduced from
Ref. [128] by permission of the Royal Society of Chemistry, Copyright 2012. I. b) Diagram of a proposed
stimulation program using a vertical vibration module bioreactor to reproduce daily human activity by applying
16 h of stimulation and 8 h of rest. Adapted by permission of Ref. [127], Copyright 2020 American Chemical
Society. Il. a) Magnetoelectric bioreactor operating principle using electrical and mechanical controls to
produce an alternated magnetic field for the stimulation of biomaterials based on the combination of
piezoelectric polymers and magnetostrictive nanoparticles. Il. b) Schematic representation of the bioreactor
assembled with a cell culture plate. ll. ¢) Magnetic field intensity distribution at the bottom of 24-well cell
culture plates (left) and magnetic field force lines simulation in frontal and side planes (right). Adapted from
Ref. [129], Copyright 2020 Multidisciplinary Digital Publishing Institute (MDPI). lll. Schematic representation
of a cyclical compression bioreactor in which the specimens are subjected to dynamic compressive loading. A
load cell and a linear variable differential transformer (LVDT) measure the load response of specimens and the
imposed displacement. Adapted from Ref. [133], Copyright 2004 Wiley. IV. Ultrasound therapy unit for the
application of low-intensity ultrasound in vitro. The therapy unit consists of two sonic accelerated fracture
healing system SAFHS® devices and transducers (with coupling gel) to which the tissue culture plate can be
connected. Reproduced from Ref. [134], Copyright 2001 Wiley.

Damaraju et al. [132] used a bioreactor to apply dynamic compression to electrospun PVDF-TrFE
scaffolds with different piezoelectric responses to exploit the electromechanical stimulation of
piezoelectric samples combined with osteogenic and chondrogenic media. Chondrogenesis was
favored with inductive medium and the less piezoresponsive scaffolds (ds; = - 10 pC/N), although
osteogenesis was enhanced when using osteogenic medium and the scaffolds with the highest
piezoelectric response (ds3 = - 20 pC/N). ALP, RUNX2, OPN and OCN were significantly upregulated
at day 28 in the dynamic stimulated scaffolds compared with the rest of the conditions.

These results again suggest the possibility of combining a physical stimulus with biochemical
stimulation provided by soluble factors present in the differentiation medium. Their need to be
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combined is not so obvious as in the case of electrical stimulation using conductive cell culture
supports. MSCs osteogenic fate determination has been reported as a result of using piezoelectric
biomaterials as cell culture supports in the presence of growth medium
[109,111,112,121,123,125,131]. These results allow speculation that electromechanical stimulation
and surface charge may be stronger inducers of MSCs osteogenic differentiation than ES mediated
by conductive cell culture supports, in which an initial osteogenic stimulus is needed to trigger MSCs
osteoblastogenesis.

4. Defining electrical stimulation treatment time

Mesenchymal stem cell osteogenic commitment is the first step in the osteoblast differentiation
pathway. These cells become preosteoblasts and acquire the characteristic osteoblastic phenotype,
expressing mature markers such as osteocalcin (OCN) and osteopontin [135]. This transition is
regulated by the expression of different transcription factors, starting with RUNX2 and followed by
OSX in a more advanced stage [136]. Conceiving differentiation as an organized cascade of
expression events involves the fact that ES application can be introduced at different time points
influencing its outcomes.

Three parameters may be carefully adjusted to determine the most suitable stimulation program to
induce MSCs osteogenic differentiation regarding treatment time. On the one hand, stimulation
time per day, thus, the number of hours that cells are under stimulation each day. On the other
hand, stimulation period along the duration of the culture should be considered, ergo, the number
of days cells are subjected to ES. Finally, the moment in which stimulation is introduced, at earlier,
middle or later stages of the osteogenic differentiation process. Just few authors have considered
treatment time as a determining parameter when studying the effects of ES on MSCs osteogenic
differentiation, thus the number of studies covering this aspect is reduced.

Regarding general electric stimulation, most of the approaches use a constant ES stimulation rate,
usually from 3 minutes up to 8 hours per day, for the total duration of the cell culture [32,33,35-
37,39,50-53,56-58]. In few cases, cells are continuously exposed to the electric stimulus [46,48,54],
and it is even more unusual the application of ES at the start of the culture with no reapplication
thereafter [38,40]. Interestingly enough, Zhao et al. [40] applied ES just for 2 hours at the start of
the culture and no effects on calcium deposition were observed compared to the non-stimulated
control, suggesting that treatment time may need to be adjusted to obtain better results.

In the case of substrate mediated stimulation, most of the published research is based on the use
of ES some minutes or hours per day for the whole culture, following the pattern applied in GES
[63,66,67,69,80,86,101,102]. Still, some efforts have been made aiming to elucidate the optimal
treatment time.

Wechsler et al. [137] showed that for MSCs cultured in indium tin oxide-coated glass and stimulated
with a 10 Hz and a current of 10 pA sinusoidal waveform the optimal stimulation time per day was
6 hours rather than shorter (1-3 hours) and longer (24 hours). Nevertheless, Zhu et al. [78] went
further, and artificially divided the 21-day culture time into 7-day periods and applied ES for 1.5
hours a day for the whole selected period. The authors found that the early ES (day 1-7) on MSCs
improved the expressions of bone-related markers and genes more than later ES applications (day
8-14 and day 15-21). These results are in agreement with those obtained by Hu at al. [68], in which
ES was only applied for 4 h on selected days (day O, 2, 4, 6, 8, 10 and 12 after initiation with
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osteogenic medium). Cells stimulated on day 8 showed a higher level of mineralization after 14 days,
which was supported by the upregulation of osteogenic genes, especially RUNX2 immediately after
the ES treatment.

These data reveal that ES application for osteogenic differentiation induction is a time-dependent
process and if optimized can only be applied at specific time-points of the differentiation process.

As mentioned in section 3.2, the use of piezoelectric cell culture supports to provide substrate
mediated ES can rely on two properties, the first one being the presence of an electric
microenvironment due to the surface charge that may affect protein conformation and enhance cell
adhesion triggering different mechanotransduction signaling pathways. The second one is related
with the piezoelectric effect induced by applying a mechanical stress as depicted in Figure 3. This
kind of approach is the one allowing the application of different treatment times and their
comparison with those obtained applying GES and substrate mediated ES using conductive cell
culture supports.

Authors that use bioreactors to produce electromechanical stimulation by means of piezoelectric
samples usually apply it for the total duration of the culture. Short periods a few times a day or
continued stimulation may be chosen although, again, there is no consensus. Lanceros-Méndez
group has defined a stimulation program based on reproducing human daily activity, which means
16 hours of stimulation, where a short cycle of 5 minutes of stimulation and 25 minutes of rest is
repeated, and 8 hours of rest. This stimulation program has been applied using either magnetic or
vertical vibration module bioreactors [127,130]. Damaraju et al. [132] applied dynamic compression
three times a day for 1 hour on and 1 hour off. In the case of Zhou et al. [131] a 5 N constant dynamic
cyclic force was applied. Liu et al. [114] used a pressurized culture and stimulated the cells for 1 hour
a day for the whole duration of the culture. In the case of piezoelectric scaffolds activated by
ultrasounds, stimulation was applied three times a day for 20 seconds each time by Yang et al. [111]
and 10 minutes daily for 4, 7 and 14 days in the case of Fan et al. [113].

As far as the authors know, no studies have been published on the optimization of stimulation times
using piezoelectric cell culture supports. This could be a new path to explore, since
osteoblastogenesis is a time-dependent process and applying stimulation at early stages of the
differentiation process (days 1 to 7) may be enough to determine MSCs fate, as has been
demonstrated using conductive substrate mediated ES.

Nevertheless, it is worth to mention that treatment time cannot be considered as an isolated
parameter that may affect ES outcome. It influences MSCs osteogenic differentiation together with
other factors such as electric stimulation parameters, cell culture media or cell source, which may
vary along the different published studies. This reflects the need of performing systematic studies
regarding treatment time for different experimental approaches in vitro since the combination of
multiple and varying factors may produce different results even if the treatment time is maintained
the same.

5. Expression profile of stimulated MSCs and activated signaling pathways

Bone morphogenetic proteins are osteogenic inductive cytokines that belong to the TGF-p family
and are the ligands of the BMP signaling pathway, which plays a fundamental role in the regulation
of bone organogenesis. They are able to bind and bring together the serine/threonine kinase bone
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morphogenetic protein receptors | and Il (BMPRI; BMPRII) forming the heteromeric complex
required for signal propagation [138]. BMP ligand initiates a signaling cascade based on Smad
proteins, the downstream effectors taking charge of transducing the signals from the cell surface to
the nucleus. Once imported to the nucleus, these proteins can regulate transcription of targeted
genes by directly binding to specific DNA sequences. MSCs osteogenic differentiation is based on
the physical interaction of RUNX2, master regulator of the osteogenic differentiation pathway, and
Smad [9]. BMP ligands can also activate mitogen-activated protein kinases (MAPK) signaling
pathways, especially extracellular signal-regulated kinases 1/2 (ERK1/2) and p38, which are smad-
independent, as described in Figure 4c. MAPK pathways (ERK1/2, p38 and c-Jun N-terminal kinases
(JNK)) have been reported to be activated in a time-dependent manner during MSCs differentiation
in osteoinductive cultures [139]. Due to the important character of the BMP pathway on MSCs
osteogenic fate determination, several authors have evaluated different molecular players of this
cascade as potential targets activated by electrical stimulation.

Pulsed electromagnetic fields, either used alone or in combination with BMP-2, have been
demonstrated to simultaneously activate by phosphorylation Smad 1/5/8 and the non-smad MAPK
pathway p38 in MSCs. PEMFs can also enhance BMPRI (ALK2) expression in the middle-late phase
of MSCs osteogenic differentiation. Inhibition of these signaling pathways resulted in a reduced
expression of RUNX2, ALP activity and OCN production [48]. Similarly, Zhang et al. [67] confirmed
the upregulation of BMP-2 and its receptor BMPRIA (ALK3) when MSCs were cultured and
electrically stimulated on chitosan/polypyrrol scaffolds. Huang et al. [85] also used conductive
silicon surfaces to stimulate osteogenic progenitors and related their differentiation to BMP-2 and
4 upregulation and phosphorylation of Smad 1/5/9. All these results show the ability of ES to
promote osteogenesis via BMP/Smad signaling pathway, among other signaling cascades.

Yong et al. [57] corroborated the role of MAPK signaling cascades in osteogenic fate determination
of MSCs when stimulated by electromagnetic fields. p38 and ERK1/2 were phosphorylated whereas
JNK was found not to be activated. The authors also confirmed the involvement of the cAMP-PKA
pathway, but no relation was described between both signaling cascades, bringing out the fact that
electromagnetic fields could independently activate at least two signaling pathways. On the other
hand, Jansen et al. [54] did not find increased ERK phosphorylation after MSCs stimulation and
osteogenic differentiation using PEMFs. The use of different magnetic fields (frequencies, strengths
and waveforms) leads to contradictory results, indicating that different stimulation parameters
could induce different signaling pathway activities and result in different effects.
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Figure 4. Activated signaling pathways in MSCs by electrical stimulation. a) G-protein coupled receptors
bind phospholipase C (PLC) liberating Ca?* from the endoplasmic reticulum. The increase in intracellular
calcium concentration activates protein kinase C (PKC) activating MAPK pathway. b) Voltage gate calcium
channels allow the entrance of calcium in the cytoplasm, which binds to calmodulin (CaM) that interacts
calmodulin-dependent protein kinases (CaMKs) promoting osterix (OSX) expression. c¢) Bone
morphogenetic protein receptors can be activated by a combination of BMP ligands and electrical
stimulation, activating either the smad-dependent pathway, which leads to Runt-related transcription
factor (RUNX2) expression or the independent one by activation of Mitogen activated protein kinases
(MAPK) ERK and p38, which in turn can induce RUNX2 and OSX expression. d) Piezoelectric substrates
with associated surface potential enhance protein adsorption and can modify their conformation,
exposing adhesion domains recognized by integrins. Integrins mediate the response by activating focal
adhesion kinase (FAK). e) Notch signaling pathway may be activated by electrical stimulation, promoting
Heyl, Hes5 and Hes1 expression when the Notch receptor intracellular domain (NICD) is cleaved and
travels to the nucleus. f) Cell-cell connections together with piezoelectric stimulation can produce the
activation of the Wnt/f-catenin signaling pathway. [-catenin liberates from E-cadherin, due to a
reduction in intracellular calcium concentration, leading to its accumulation in the cytoplasm and its
translocation to the nucleus, promoting T cell factor/ lymphoid enhancer factor (TCF/LEF) expression.

General ES by direct coupling has also proved that the signal is transduced to the cells through MAPK
pathways [36]. ES induced ERK1/2 phosphorylation within the first 30 minutes of treatment leading
to an increase in c-FOS and c-JUN mRNA expression in the early stage of ES. Once again, JNK could
not be related to osteogenic differentiation mediated by ES, narrowing the circle to p38 and ERK1/2
as main effectors of the MAPK pathway in response to electrical stimulation. Hronik-Tupaj et al. [37]
went further and demonstrated the upregulation of hsp27 and hsp70 and hypothesized that hsp70
can activate the ERK1/2 pathway through Raf-1 and Bagl, enhancing the expression of RUNX2.
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Intracellular calcium oscillations have also been described as potential effectors of MSCs
differentiation caused by ES, since Ca®* is a well-known second messenger involved in several
cellular responses [140]. Osteoinductive factors, including physical stimuli, have been shown to
reduce intracellular calcium spikes to a similar level to those found in terminally differentiated
human osteoblasts. Electrical stimulus seems to be involved in mediating differentiation through G-
protein coupled receptors (GPCR), coupling to phospholipase C (PLC) near the cell surface, which in
turn liberates Ca%* from the endoplasmic reticulum. It is hypothesized that PLC-mediated signaling
can activate Protein kinase C (PKC) and potentially couple to the MAPK cascades, as described in
Figure 4a [141].

Calcium ion channels, such as VGCC, can also mediate Ca?* influx into the cell in response to
membrane depolarization and might activate ERK1/2 cascade acting downstream of Ras [142]. They
have been considered as the main targets of PEMF action [143]. Petecchia et al. [50] detected an
augmented expression of L-type VGCC when MSCs were stimulated with osteogenic media and
PEMF for 27 days, while PEMF seemed to influence [Ca®*]; after 9 days of exposure, leading to an
increase of 30 % compared to cells cultured in OM. Zhang et al. [66] also described the role of VGGC
in MSCs osteoblastogenesis in response to substrate-mediated ES, demonstrating that matrix
mineralization was mediated by an influx of Ca** and not via Ca®* release from internal stores. They
also detected the role of other ion channels (Na*, K* and CI') in the ES-induced enhancement of MSCs
functions, but not as important as that of VGCC. Jing et al. [69] corroborated this hypothesis
reporting an increase in [Ca2*];in MSCs stimulated on conductive coated PPy fibers attributed to the
activation of voltage-gated Ca?* channels.

This increase in intracellular calcium concentration is mainly mediated by the Ca?* binding protein
calmodulin, which undergoes pronounced conformational changes to activate downstream
effectors [140]. CaM expression has reported to be increased in MSCs after 21 days of ES suggesting
the involvement of calcium/calmodulin pathway in the differentiation process mediated by this
stimulus [33]. Osteogenic differentiation activated by Ca?*/CaM might be related with the activation
of the osteoblast specific transcription factor Osterix. CaM is able to interact with calmodulin-
dependent protein kinases (CaMKs), specially CaMKII, which in turn regulate Osx during osteoblast
differentiation. Osterix proteins regulate the expression of many osteogenic factors including
osteonectin, osteopontin, osteocalcin and alkaline phosphatase [144]. Piezoelectric stimulation has
proven to activate the same signaling pathway. Liu et al. [114] demonstrated an increase in
intracellular calcium concentration which lead to p38 phosphorylation and promotion of osterix
expression, thereby achieving the osteogenic differentiation of MSCs when cultured in dynamic
conditions in piezoelectric cell culture supports (Figure 4b).

Other signaling pathways have been proposed as activated in response to ES, such as the Notch
pathway. Notch receptors are activated by a ligand (Jagged-1,-2 and Delta-like (DII)-1,-3 and -4) on
adjacent cells, resulting in the cleavage of the Notch intracellular domain (NICD) and its
translocation to the nucleus, activating the transcription of nuclear gens of the Hes/Hey family,
described in Figure 4e [145]. Contradictory effects of Notch cascade on osteoblastogenesis have
been described due to its role in the inhibition of the Wnt/B-catenin pathway, but the
overexpression of NICD or ligand jaggedl enhanced mineralization in MSCs cultures [146]. Bagheri
et al. [46] described the upregulation of the Notch target genes Hes5, Hes1 and Heyl during the
middle-late times of differentiation (14-21 days) in response to PEMFs. Nevertheless, the inhibition
of the Notch pathway did not reduce the expression of Heyl, indicating that it is not directly
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modulated by Notch but might be regulated by the BMP pathway. This again highlights the idea of
a synergistic activation of different signaling cascades acting together in response to electrical
stimulation.

Activated signaling pathways take a different turn when culturing MSCs on piezoelectric cell culture
supports. The presence of an associated surface potential, already mentioned in Section 3.2, can
influence protein conformation, either from cell culture media or coatings, and exposure of
adhesion motifs, modifying cell response. Fibronectin is a typically used protein to coat hydrophobic
biomaterials lacking cell adhesion properties, specially the piezoelectric polymer PVDF [147-149]. It
has been demonstrated that RGD adhesion domain presentation can vary depending on the
presence of a surface charge [147]. It is therefore obvious to think of integrins, the principal
receptors for binding extracellular matrix proteins and integrating the signals between the ECM and
the cytoskeleton [150], activating mechanotransduction signaling pathways. lJia et al. [122]
described the expression of a5-f1 integrin pair, a fibronectin receptor, in MSCs cultured on PVDF-
TrFE films with different surface potentials coated with fibronectin. This expression was consistent
with the one of focal adhesion kinase (FAK), the main protein of the integrin-mediated osteogenic
differentiation signaling pathway. When FAK is recruited to focal adhesions by cytoskeletal anchor
proteins such as talin and paxillin, clustered FAK molecules phosphorylate, create a phosphotyrosine
docking site for members of the Src family. These Src protein bind Growth factor receptor bound 2
/ son of sevenless (Grb2/Sos), which in turn are able to activate ERK (Figure 4d) [150,151]. As
explained earlier, ERK activation leads to MSCs osteogenic differentiation. Other authors have
described an increase in cell adhesion and consequently an enhanced osteogenic differentiation
when MSCs were cultured on charged substrates, which may lead to hypothesizing about the
involvement of the FAK/ERK signaling pathway [119,121].

Mitochondrial function, and therefore changes in oxygen metabolism, have also been related to the
regulation of MSCs osteodifferentiation induced by electroactive materials [125]. Mitochondrial
membrane potential (MP) and reactive oxygen species (ROS) can vary regarding the surface charge
of the piezoelectric material and their ds; coefficient, indicating that the electrical environment has
a dose-response relationship with bone regeneration. Nevertheless, no related signaling pathway
has been proposed to be activated in response to these variations in Mitochondrial MP and ROS.
Further research may be needed to elucidate the underlying mechanism.

Besides interactions with ECM proteins, cell-cell connections through connexins such as E-cadherin
and their cytoplasmatic effectors, catenins, have been described as potential mechanisms of
piezoelectric signaling transduction. Zhang et al. described an increase in B-catenin expression in
the middle-late stage (14 days) closely related to the presence of more connected cells. This
connection help to generate a stable hyperpolarization in the cell membrane potential in response
to piezoelectric stimulation. In earlier stages, cells are not well connected, leading to the
impossibility of reaching a stable hyperpolarized state. In response to cell membrane
hyperpolarization calcium channels close, resulting in the separation of 3-catenin from E-cadherin
and its accumulation in the cytoplasm. Wnt/B-catenin signaling pathway is hypothesized as
responsible activated signaling cascade, depicted in Figure 4f [152]. In fact, Wnt/B-catenin can
activate osteogenic differentiation program in MSCs through B-catenin binding to T cell factor/
lymphoid enhancer factor (TCF/LEF) transcription factor [153]. The involvement of the Wnt signaling
pathway was also described by Li et al. [110]. Wnt4 was found to be urpregulated during MSCs
osteogenic differentiation cultured on piezoelectric crystal substrates. BMP2 was also
overexpressed, although there is insufficient evidence to explain the relationship between TFG-
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B/Wnt signaling pathways and osteogenic differentiation. This work reinforces the idea of the
influence of a charged surface in enhancing serum protein adsorption and therefore enhancing
MSCs spreading ability.

6. From bench to clinic. Moving forward beyond in vitro electrical stimulation

The detailed analysis of different MSCs in vitro electrical stimulation methods arises an obvious
question from a tissue engineering point of view. Could the described approaches be easily
translated into clinic?

Bone tissue engineering has been postulated as a feasible option to replace the autogenous bone
graft, the current gold standard, but its clinical application is still far from being implemented on a
day-to-day basis. Although the number of pre-clinical studies using MSCs and biomaterials to treat
bone defects has increased in the recent years, the approaches that made their way into clinical
studies, with low number of patients, show non consistent results [154,155]. These inconsistent
results may be related with MSCs limitations regarding cell selection, association of cells and
biomaterials, MSCs susceptibility to compromised microenvironments and the lack of osteogenic
differentiation of the implanted cells.

MSCs high sensitivity to harsh environments and their inefficient osteogenic differentiation once
implanted may be overcome by using priming approaches. Pre-differentiation of MSCs prior to
transplantation increases mineral deposition and results in a better integration in the damaged site
compared to undifferentiated MSCs [156—158]. Biochemical approaches based on dexamethasone
supplementation are currently used for MSCs priming. They generate mixed populations containing
fat cells that can reduce treatment efficiency [8], moreover, MSCs osteogenic phenotype induced
by biochemical pretreatment is reversible after stimuli deprivation [159]. The absence of efficient
pre-differentiation approaches opens the door for the introduction of electrical stimulation
protocols.

General and substrate-mediated ES by means of conductive cell culture supports can be introduced
as pre-differentiation approaches for MSCs, achieving a stable osteogenic phenotype, after which
they can be seeded on the appropriate scaffolds prior to implantation. These approaches require
the presence of an external power supply, electrodes that need to be in direct contact either with
the cell environment (general ES) or the conductive material where cells are growing on (substrate-
mediated) making their direct implantation in the human body very difficult and reducing their
clinical translation to priming strategies. Protocol standardization is the first step in a devious and
long road until these approaches could be used in clinic. Ensuring a stable and non-reversible MSCs
osteogenic phenotype may be the next goal for the scientific community working in the field.

Regarding piezoelectric cell culture supports, their biggest advantage relies on the piezoelectric
effect itself. The absence of an external power supply is overcome by the mechanical deformation
of the scaffold, produced by the movements of the human body, which generates an electrical
output. Moreover, the presence of an associated surface charge provides an electric
microenvironment enhancing protein adsorption in an active conformation favoring cell adhesion,
already described in section 3.2.

Piezoelectric cell culture supports have been tested in vivo to treat critical size bone defects with
positive results when compared with non-poled piezoelectric materials or non-piezoelectric ones
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[109,113,123,125,160-162]. The scaffolds are implanted in the defect without previous seeding of
MSCs. When placed in the injured site cells from the surrounding healthy tissue invade the scaffold,
recruited by the biomaterial electrical cues. Among the different cell types, MSCs are present and
can be induced to differentiate into osteoblasts in response to the electrical stimulus, initiating the
process of bone regeneration. This approach presents some drawbacks, as can be the non-
degradability of the piezoelectric scaffolds, which in most cases are ceramics or non-biodegradable
polymers that will reside in the body unless surgically removed. Moreover, bone microenvironment
at the injured site can be compromised due to immune-mediated, inflammatory, and degenerative
diseases hindering MSCs homing and thus the regeneration process. This problem may be solved by
using piezoelectric biodegradable materials or piezoelectric cell culture supports as priming
platforms for MSCs pre-differentiation. In the latest, once a stable phenotype is achieved, cells can
be harvested and seeded onto biodegradable and already FDA approved scaffolds.

Again, priming platforms are still far ahead from being real candidates for clinical application. Once
a standard protocol for MSCs pre-differentiation is achieved, these platforms must accomplish the
criteria of quality cell therapy standards following good manufacturing practices (GMP), maintaining
and ensuring a long-lasting osteogenic phenotype but at the same time being convenient for their
commercialization.

7. Conclusions and future perspectives

This review provides a comprehensive and integrated vision of the effect of different electrical
stimulation techniques on the osteogenic differentiation of MSCs, including general stimulation or
substrate-mediated using conductive or piezoelectric supports. Whether ES has an osteoinductive
influence in MSCs is not an easy question to answer. Ideally, this biophysical cue should be powerful
enough to induce osteoblastogenesis in MSCs in the absence of biochemical soluble factors to avoid
their undesired side effects. Nevertheless, the revised literature indicates that while some authors
have reported successful results using expansion medium, the general trend is a combination of ES
and osteogenic medium to induce a synergistic cell response. It is hard to elucidate the appropriate
parameters that will lead to a standardized protocol for MSCs electrical stimulation since a variety
of experimental techniques and conditions as well as biomaterials have been used. Even when the
same kind of stimulation has been applied, different authors have employed diverse waveforms,
electrical potentials and stimulation times. Nonetheless, it has been proved that electrical
stimulation activates different signaling pathways that converge in the expression of osteogenic
related genes, such as RUNX2 and Osterix. These cascades are not independent, they tend to overlap
at different cell levels revealing that their boundaries are not tight. Once again, the lack of uniformity
in selecting stimulation parameters may be responsible for the resulting heterogeneity. Future steps
may be focused on defining proper stimulation conditions, at least when using similar types of
stimulation, to facilitate the integration and interpretation of the results for future ES applications
in bone tissue engineering approaches.

33



Aknowledgements

This work was supported by the Spanish State Research Agency (AEl) through Projects PID2019-
106000RB-C21 / AEl / 10.13039/501100011033, PID2019-106099RB-C41 / AEl /
10.13039/501100011033 and PID2019-106099RB-C43/AEI/10.13039/501100011033 (including
FEDER funds). The CIBER-BBN initiative is funded by the VI National R&D&I Plan 2008-2011, Iniciativa
Ingenio 2010, Consolider Program. CIBER actions are financed by the Instituto de Salud Carlos IlI
with assistance from the European Regional Development Fund. Maria Guillot-Ferriols received
government funding for her doctoral thesis [Grant Number BES-2017-080398FPI]. Funding from the
FCT — Fundac&o para a Ciéncia e Tecnologia (FCT) under the strategic funding UID/FIS/04650/2020
and from the Basque Government Industry Departments under the ELKARTEK program is also
acknowledged.

References

[1] E. Roddy, M.R. DeBaun, A. Daoud-Gray, Y.P. Yang, M.J. Gardner, Treatment of critical-sized
bone defects: clinical and tissue engineering perspectives, Eur. J. Orthop. Surg. Traumatol.
28 (2018) 351-362. https://doi.org/10.1007/s00590-017-2063-0.

[2] D. Tang, R.S. Tare, L.Y. Yang, D.F. Williams, K.L. Ou, R.O.C. Oreffo, Biofabrication of bone
tissue: Approaches, challenges and translation for bone regeneration, Biomaterials. 83
(2016) 363-382. https://doi.org/10.1016/].biomaterials.2016.01.024.

[3] A. Oryan, S. Alidadi, A. Moshiri, N. Maffulli, Bone regenerative medicine: Classic options,
novel strategies, and future directions, J. Orthop. Surg. Res. 9 (2014) 1-27.
https://doi.org/10.1186/1749-799X-9-18.

(4] A. Jamjoom, R.E. Cohen, Grafts for Ridge Preservation, J. Funct. Biomater. 6 (2015) 833-
848. https://doi.org/10.3390/jfb6030833.

[5] A.J. Friedenstein, Precursor Cells of Mechanocytes, Int. Rev. Cytol. 47 (1976) 327—-359.
https://doi.org/10.1016/50074-7696(08)60092-3.

[6] P. Bianco, M. Riminucci, S. Gronthos, P. Gehron Robey, Bone Marrow Stromal Stem Cells:
Nature, Biology, and Potential Applications, Stem Cells. 19 (2001) 180-192.
https://doi.org/10.1634/stemcells.19-3-180.

[7] A. Uccelli, L. Moretta, V. Pistoia, Mesenchymal stem cells in health and disease, Nat. Rev.
Immunol. 8 (2008) 726—736. https://doi.org/10.1038/nri2395.

(8] 0. Ghali, O. Broux, G. Falgayrac, N. Haren, J.P.T.M. Van Leeuwen, G. Penel, P. Hardouin, C.
Chauveau, Dexamethasone in osteogenic medium strongly induces adipocyte
differentiation of mouse bone marrow stromal cells and increases osteoblast
differentiation, BMC Cell Biol. 16 (2015) 1-15. https://doi.org/10.1186/s12860-015-0056-6.

9] M.S. Rahman, N. Akhtar, H.M. Jamil, R.S. Banik, S.M. Asaduzzaman, TGF-B/BMP signaling
and other molecular events: Regulation of osteoblastogenesis and bone formation, Bone
Res. 3 (2015). https://doi.org/10.1038/boneres.2015.5.

[10] A. Aravamudhan, D. M. Ramos, J. Nip, A. Subramanian, R. James, M. D. Harmon, X. Yu, S. G.
Kumbar, Osteoinductive Small Molecules: Growth Factor Alternatives for Bone Tissue
Engineering, Curr. Pharm. Des. 19 (2013) 3420-3428.
https://doi.org/10.2174/1381612811319190008.

[11] T. Hodgkinson, P. Monica Tsimbouri, V. Llopis-Hernandez, P. Campsie, D. Scurr, P.G. Childs,
D. Phillips, S. Donnelly, J.A. Wells, F.J. O’Brien, M. Salmeron-Sanchez, K. Burgess, M.

34



[12]

[13]

[14]

[15]

[16]

[17]

[18]

(19]

[20]

[21]

(22]

(23]

(24]

[25]

[26]

Alexander, M. Vassalli, R.0.C. Oreffo, S. Reid, D.J. France, M.J. Dalby, The use of
nanovibration to discover specific and potent bioactive metabolites that stimulate
osteogenic differentiation in mesenchymal stem cells, Sci. Adv. 7 (2021).
https://doi.org/10.1126/sciadv.abb7921.

A. Halim, A.D. Ariyanti, Q. Luo, G. Song, Recent Progress in Engineering Mesenchymal Stem
Cell Differentiation, Stem Cell Rev. Reports. 16 (2020) 661-674.
https://doi.org/10.1007/s12015-020-09979-4.

E. Fukada, I. Yasuda, On the Piezoelectric Effect of Bone, J. Phys. Soc. Japan. 12 (1957)
1158-1162. https://doi.org/10.1143/JPSJ.12.1158.

A.C. Ahn, Alan J. Grodzinsky, Relevance of collagen piezoelectricity to “Wolff’s Law”: A
critical review, 31 (2010) 733-741.
https://doi.org/10.1016/j.medengphy.2009.02.006.RELEVANCE.

The classic: Fundamental aspects of fracture treatment by Iwao Yasuda, reprinted from J.
Kyoto Med. Soc.4:395-406, 1953, Clin. Orthop. Relat. Res. (1977) 5-8.

A.C. Basset, R.J. Pawluk, A.A. Pilla, Augmentation of Bone Repair by Inductively Coupled
Electromagnetic Fields, Science (80-. ). 184 (1974) 575-577.
https://doi.org/10.1126/science.184.4136.575.

R.B. Simonis, E.J. Parnell, P.S. Ray, J.L. Peacock, Electrical treatment of tibial non-union: A
prospective, randomised, double-blind trial, Injury. 34 (2003) 357—-362.
https://doi.org/10.1016/50020-1383(02)00209-7.

G.. Traina, G. Fontanesi, P. Costa, G.I. Mammi, F. Pisano, F. Giancecchi, P. Adravanti, Effect
of electromagnetic stimulation on patients suffering from non-union. A retrospective study
with a control group, J. Bioelectr. 10 (1991) 101-117.
https://doi.org/10.3109/15368379109031402.

A.K. Gupta, K.P. Srivastava, S. Avasthi, Pulsed electromagnetic stimulation in nonunion of
tibial diaphyseal fractures, Indian J. Orthop. 43 (2009) 156—160.
https://doi.org/10.4103/0019-5413.50850.

F. Tabrah, M. Hoffmeier, F. Gilbert, S. Batkin, C.A.L. Bassett, Bone density changes in
osteoporosis-prone women exposed to pulsed electromagnetic fields (PEMFs), J. Bone
Miner. Res. 5 (1990) 437-442. https://doi.org/10.1002/jbmr.5650050504.

H.F. Liu, L. Yang, H.C. He, J. Zhou, Y. Liu, C.Y. Wang, Y.C. Wu, C.Q. He, Pulsed
electromagnetic fields on postmenopausal osteoporosis in southwest China: A randomized,
active-controlled clinical trial, Bioelectromagnetics. 34 (2013) 323-332.
https://doi.org/10.1002/bem.21770.

L. Massari, M. Fini, R. Cadossi, S. Setti, G.C. Traina, Biophysical stimulation with pulsed
electromagnetic fields in osteonecrosis of the femoral head, J. Bone Jt. Surg. - Ser. A. 88
(2006) 56—60. https://doi.org/10.2106/00004623-200611001-00009.

J.L. Cebrian, G.L. Milano, A. Francés, Y. Lopiz, F. Marco, L. Lopez-Durdn, Role of
Electromagnetic Stimulation in the Treatment of Osteonecrosis of the Femoral Head in
Early Stages, J. Biomed. Sci. Eng. 07 (2014) 252-257.
https://doi.org/10.4236/jbise.2014.75028.

A. Schindeler, M.M. McDonald, P. Bokko, D.G. Little, Bone remodeling during fracture
repair: The cellular picture, Semin. Cell Dev. Biol. 19 (2008) 459-466.
https://doi.org/10.1016/j.semcdb.2008.07.004.

T. Zheng, Y. Huang, X. Zhang, Q. Cai, X. Deng, X. Yang, Mimicking the electrophysiological
microenvironment of bone tissue using electroactive materials to promote its regeneration,
J. Mater. Chem. B. 8 (2020) 10221-10256. https://doi.org/10.1039/d0tb01601b.

D. Khare, B. Basu, A.K. Dubey, Electrical stimulation and piezoelectric biomaterials for bone

35



[27]

[28]

[29]

[30]

[31]

[32]

[33]

(34]

(35]

(36]

(37]

(38]

(39]

[40]

tissue engineering applications, Biomaterials. 258 (2020) 120280.
https://doi.org/10.1016/j.biomaterials.2020.120280.

R. Balint, N.J. Cassidy, S.H. Cartmell, Electrical stimulation: A novel tool for tissue
engineering, Tissue Eng. - Part B Rev. 19 (2013) 48-57.
https://doi.org/10.1089/ten.teb.2012.0183.

G. Thrivikraman, S.K. Boda, B. Basu, Unraveling the mechanistic effects of electric field
stimulation towards directing stem cell fate and function: A tissue engineering perspective,
Biomaterials. 150 (2018) 60-86. https://doi.org/10.1016/j.biomaterials.2017.10.003.

C. Ning, Z. Zhou, G. Tan, Y. Zhu, C. Mao, Electroactive polymers for tissue regeneration:
Developments and perspectives, Prog. Polym. Sci. 81 (2018) 144-162.
https://doi.org/10.1016/j.progpolymsci.2018.01.001.

C. Chen, X. Bai, Y. Ding, |.S. Lee, Electrical stimulation as a novel tool for regulating cell
behavior in tissue engineering, Biomater. Res. 23 (2019) 1-12.
https://doi.org/10.1186/s40824-019-0176-8.

Z. Liu, X. Wan, Z.L. Wang, L. Li, Electroactive Biomaterials and Systems for Cell Fate
Determination and Tissue Regeneration: Design and Applications, Adv. Mater. 33 (2021) 1-
33. https://doi.org/10.1002/adma.202007429.

R. Balint, N.J. Cassidy, L.A. Hidalgo-Bastida, S. Cartmell, Electrical stimulation enhanced
mesenchymal stem cell gene expression for orthopaedic tissue repair, J. Biomater. Tissue
Eng. 3 (2013) 212-221. https://doi.org/10.1166/jbt.2013.1081.

L. Leppik, H. Zhihua, S. Mobini, V. Thottakkattumana Parameswaran, M. Eischen-Loges, A.
Slavici, J. Helbing, L. Pindur, K.M.C. Oliveira, M.B. Bhavsar, L. Hudak, D. Henrich, J.H. Barker,
Combining electrical stimulation and tissue engineering to treat large bone defects in a rat
model, Sci. Rep. 8 (2018) 1-14. https://doi.org/10.1038/s41598-018-24892-0.

S. Mobini, L. Leppik, J.H. Barker, Direct current electrical stimulation chamber for treating
cells in vitro, Biotechniques. 60 (2016) 95-98. https://doi.org/10.2144/000114382.

S. Mobini, L. Leppik, V.T. Parameswaran, J.H. Barker, In vitro effect of direct current
electrical stimulation on rat mesenchymal stem cells, PeerJ. 2017 (2017) 1-15.
https://doi.org/10.7717/peerj.2821.

K. Srirussamee, R. Xue, S. Mobini, N.J. Cassidy, S.H. Cartmell, Changes in the extracellular
microenvironment and osteogenic responses of mesenchymal stem/stromal cells induced
by in vitro direct electrical stimulation, J. Tissue Eng. 12 (2021).
https://doi.org/10.1177/2041731420974147.

M. Hronik-Tupaj, W.L. Rice, M. Cronin-Golomb, D.L. Kaplan, |. Georgakoudi, Osteoblastic
differentiation and stress response of human mesenchymal stem cells exposed to
alternating current electric fields, Biomed. Eng. Online. 10 (2011) 9.
https://doi.org/10.1186/1475-925X-10-9.

N. Tandon, B. Goh, A. Marsano, P.H.G. Chao, C. Montouri-Sorrentino, J. Gimble, G. Vunjak-
Novakovic, Alignment and elongation of human adipose-derived stem cells in response to
direct-current electrical stimulation, Proc. 31st Annu. Int. Conf. IEEE Eng. Med. Biol. Soc.
Eng. Futur. Biomed. EMBC 2009. (2009) 6517—6521.
https://doi.org/10.1109/IEMBS.2009.5333142.

K.E. Hammerick, A.W. James, Z. Huang, F.B. Prinz, M.T. Longaker, Pulsed direct current
electric fields enhance osteogenesis in adipose-derived stromal cells, Tissue Eng. - Part A.
16 (2010) 917-931. https://doi.org/10.1089/ten.tea.2009.0267.

Z. Zhao, C. Watt, A. Karystinou, A.J. Roelofs, C.D. McCaig, I.R. Gibson, C. De Bari, Directed
migration of human bone marrow mesenchymal stem cells in a physiological direct current
electric field, Eur. Cells Mater. 22 (2011) 344-358. https://doi.org/10.22203/eCM.v022a26.

36



[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

(50]

(51]

(52]

(53]

(54]

M. Hartig, U. Joos, H.P. Wiesmann, Capacitively coupled electric fields accelerate
proliferation of osteoblast-like primary cells and increase bone extracellular matrix
formation in vitro, Eur. Biophys. J. 29 (2000) 499-506.
https://doi.org/10.1007/s002490000100.

M. Griffin, S.A. Igbal, A. Sebastian, J. Colthurst, A. Bayat, Degenerate wave and capacitive
coupling increase human MSC invasion and proliferation while reducing cytotoxicity in an in
vitro wound healing model, PLoS One. 6 (2011).
https://doi.org/10.1371/journal.pone.0023404.

M. Stephan, J. Zimmermann, A. Klinder, F. Sahm, U. van Rienen, P.W. Kdmmerer, R. Bader,
A. Jonitz-Heincke, Establishment and Evaluation of an In Vitro System for Biophysical
Stimulation of Human Osteoblasts, Cells. 9 (2020) 1-19.
https://doi.org/10.3390/cells9091995.

C.C. Clark, W. Wang, C.T. Brighton, Up-regulation of expression of selected genes in human
bone cells with specific capacitively coupled electric fields, J. Orthop. Res. 32 (2014) 894—
903. https://doi.org/10.1002/jor.22595.

S.A.W. Pickering, B.E. Scammell, Electromagnetic Fields for Bone Healing, Int. J. Low.
Extrem. Wounds. 1 (2002) 152-160. https://doi.org/10.1177/153473460200100302.

L. Bagheri, A. Pellati, P. Rizzo, G. Aquila, L. Massari, M. De Mattei, A. Ongaro, Notch
pathway is active during osteogenic differentiation of human bone marrow mesenchymal
stem cells induced by pulsed electromagnetic fields, J. Tissue Eng. Regen. Med. 12 (2017)
304-315. https://doi.org/10.1002/term.2455.

L. Ferroni, C. Gardin, O. Dolkart, M. Salai, S. Barak, A. Piattelli, H. Amir-Barak, B. Zavan,
Pulsed electromagnetic fields increase osteogenetic commitment of MSCs via the mTOR
pathway in TNF-a mediated inflammatory conditions: An in-vitro study, Sci. Rep. 8 (2018)
1-13. https://doi.org/10.1038/s41598-018-23499-9.

F. Martini, A. Pellati, E. Mazzoni, S. Salati, G. Caruso, D. Contartese, M. De Mattei, Bone
morphogenetic protein-2 signaling in the osteogenic differentiation of human bone marrow
mesenchymal stem cells induced by pulsed electromagnetic fields, Int. J. Mol. Sci. 21
(2020). https://doi.org/10.3390/ijms21062104.

R. Hess, H. Neubert, A. Seifert, S. Bierbaum, D.A. Hart, D. Scharnweber, A Novel Approach
for In Vitro Studies Applying Electrical Fields to Cell Cultures by Transformer-Like Coupling,
Cell Biochem. Biophys. 64 (2012) 223-232. https://doi.org/10.1007/s12013-012-9388-4.

L. Petecchia, F. Sbrana, R. Utzeri, M. Vercellino, C. Usai, L. Visai, M. Vassalli, P. Gavazzo,
Electro-magnetic field promotes osteogenic differentiation of BM-hMSCs through a
selective action on Ca2+ -related mechanisms, Sci. Rep. 5 (2015) 1-13.
https://doi.org/10.1038/srep13856.

Y.C. Fu, C.C. Lin, J.K. Chang, C.H. Chen, I.C. Tai, G.J. Wang, M.L. Ho, A novel single pulsed
electromagnetic field stimulates osteogenesis of bone marrow mesenchymal stem cells and
bone repair, PLoS One. 9 (2014). https://doi.org/10.1371/journal.pone.0091581.

L.Y. Sun, D.K. Hsieh, P.C. Lin, H.T. Chiu, T.W. Chiou, Pulsed electromagnetic fields accelerate
proliferation and osteogenic gene expression in human bone marrow mesenchymal stem
cells during osteogenic differentiation, Bioelectromagnetics. 31 (2010) 209-219.
https://doi.org/10.1002/bem.20550.

M.T. Tsai, W.J. Li, R.S. Tuan, W.H. Chang, Modulation of osteogenesis in human
mesenchymal stem cells by specific pulsed electromagnetic field stimulation, J. Orthop.
Res. 27 (2009) 1169-1174. https://doi.org/10.1002/jor.20862.

J.H.W. Jansen, O.P. Van Der Jagt, B.J. Punt, J.A.N. Verhaar, J.P.T.M. Van Leeuwen, H.
Weinans, H. Jahr, Stimulation of osteogenic differentiation in human osteoprogenitor cells

37



[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

(64]

(65]

(66]

(67]

by pulsed electromagnetic fields: An in vitro study, BMC Musculoskelet. Disord. 11 (2010)
1-11. https://doi.org/10.1186/1471-2474-11-188.

L. KiTaek, J. Hexiu, K. Jangho, S. Hoon, C. W.J,, C. P.-H., Effects of electromagnetic fields on
osteogenesis of human alveolar bone-derived mesenchymal stem cells, Biomed Res. Int.
2013 (2013) 296019. https://doi.org/https://doi.org/10.1155/2013/296019.

Z. Schwartz, B.J. Simon, M.A. Duran, G. Barabino, R. Chaudhri, B.D. Boyan, Pulsed
electromagnetic fields enhance BMP-2 dependent osteoblastic differentiation of human
mesenchymal stem cells, J. Orthop. Res. 26 (2008) 1250-1255.
https://doi.org/10.1002/jor.20591.

Y. Yong, Z.D. Ming, L. Feng, Z.W. Chun, W. Hua, Electromagnetic fields promote
osteogenesis of rat mesenchymal stem cells through the PKA and ERK1/2 pathways, J.
Tissue Eng. Regen. Med. (2014). https://doi.org/10.1002/term.1864.

R. Hess, A. Jaeschke, H. Neubert, V. Hintze, S. Moeller, M. Schnabelrauch, H.P. Wiesmann,
D.A. Hart, D. Scharnweber, Synergistic effect of defined artificial extracellular matrices and
pulsed electric fields on osteogenic differentiation of human MSCs, Biomaterials. 33 (2012)
8975-8985. https://doi.org/10.1016/j.biomaterials.2012.08.056.

L. Forciniti, J. Ybarra, M.H. Zaman, C.E. Schmidt, Schwann cell response on polypyrrole
substrates upon electrical stimulation, Acta Biomater. 10 (2014) 2423-2433.
https://doi.org/10.1016/j.actbio.2014.01.030.

Y. Zhao, Y. Liang, S. Ding, K. Zhang, H. quan Mao, Y. Yang, Application of conductive PPy/SF
composite scaffold and electrical stimulation for neural tissue engineering, Biomaterials.
255 (2020) 120164. https://doi.org/10.1016/]j.biomaterials.2020.120164.

E. Tomaskovic-Crook, Q. Gu, S.N.A. Rahim, G.G. Wallace, J.M. Crook, Conducting Polymer
Mediated Electrical Stimulation Induces Multilineage Differentiation with Robust Neuronal
Fate Determination of Human Induced Pluripotent Stem Cells, Cells. 9 (2020) 1-14.
https://doi.org/10.3390/cells9030658.

V. Gopalakrishnan-Prema, A. Mohanan, S.B. Shivaram, P. Madhusudanan, G. Raju, D.
Menon, S.A. Shankarappa, Electrical stimulation of co-woven nerve conduit for peripheral
neurite differentiation, Biomed. Mater. 15 (2020). https://doi.org/10.1088/1748-
605X/abaf06.

J. Pelto, M. Bjérninen, A. Palli, E. Talvitie, J. Hyttinen, B. Mannerstrém, R. Suuronen
Seppanen, M. Kellomdki, S. Miettinen, S. Haimi, Novel polypyrrole-coated polylactide
scaffolds enhance adipose stem cell proliferation and early osteogenic differentiation,
Tissue Eng. - Part A. 19 (2013) 882-892. https://doi.org/10.1089/ten.tea.2012.0111.

W.W. Hu, Y.T. Hsu, Y.C. Cheng, C. Li, R.C. Ruaan, C.C. Chien, C.A. Chung, C.W. Tsao,
Electrical stimulation to promote osteogenesis using conductive polypyrrole films, Mater.
Sci. Eng. C. 37 (2014) 28-36. https://doi.org/10.1016/j.msec.2013.12.019.

C.E. Hardy, John G., Villancio-Wolter, Maria K., Sukhavasi, Rushi C., Mouser, David J.,
Aguilar Jr., David, Geissler, Sydney A., Kaplan, David L., Schmidt, Electrical Stimulation of
Human Mesenchymal Stem Cells on Conductive Nanofibers Enhances their Differentiation
toward Osteogenic Outcomes, Macromol. Rapid Commun. 36 (2015) 1884—1890.
https://doi.org/DOI: 10.1002/marc.201500233.

J. Zhang, M. Li, E.T. Kang, K.G. Neoh, Electrical stimulation of adipose-derived mesenchymal
stem cells in conductive scaffolds and the roles of voltage-gated ion channels, Acta
Biomater. 32 (2016) 46-56. https://doi.org/10.1016/j.actbio.2015.12.024.

J. Zhang, K.G. Neoh, E.T. Kang, Electrical stimulation of adipose-derived mesenchymal stem
cells and endothelial cells co-cultured in a conductive scaffold for potential orthopaedic
applications, J. Tissue Eng. Regen. Med. 12 (2018) 878—889.

38



[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

(80]

(81]

https://doi.org/10.1002/term.2441.

W.W. Hu, T.C. Chen, C.W. Tsao, Y.C. Cheng, The effects of substrate-mediated electrical
stimulation on the promotion of osteogenic differentiation and its optimization, J. Biomed.
Mater. Res. - Part B Appl. Biomater. 107 (2019) 1607-1619.
https://doi.org/10.1002/jbm.b.34253.

W. Jing, Y. Huang, P. Wei, Q. Cai, X. Yang, W. Zhong, Roles of electrical stimulation in
promoting osteogenic differentiation of BMSCs on conductive fibers, J. Biomed. Mater. Res.
- Part A. (2019) 1443-1454. https://doi.org/10.1002/jbm.a.36659.

J. Mao, Z. Zhang, Polypyrrole as Electrically Conductive Biomaterials: Synthesis,
Biofunctionalization, Potential Applications and Challenges, Adv. Exp. Med. Biol. (2018)
347-370. https://doi.org/10.1007/978-981-13-0950-2_18.

Y. Zou, J. Qin, Z. Huang, G. Yin, X. Pu, D. He, Fabrication of Aligned Conducting PPy-PLLA
Fiber Films and Their Electrically Controlled Guidance and Orientation for Neurites, ACS
Appl. Mater. Interfaces. 8 (2016) 12576—12582. https://doi.org/10.1021/acsami.6b00957.
Y. Xu, Z. Huang, X. Pu, G. Yin, J. Zhang, Fabrication of Chitosan/Polypyrrole-coated poly(L-
lactic acid)/Polycaprolactone aligned fibre films for enhancement of neural cell
compatibility and neurite growth, Cell Prolif. 52 (2019) 1-11.
https://doi.org/10.1111/cpr.12588.

S. Vijayavenkataraman, N. Vialli, J.Y.H. Fuh, W.F. Lu, Conductive collagen/polypyrrole-b-
polycaprolactone hydrogel for bioprinting of neural tissue constructs, Int. J. Bioprinting. 5
(2019) 31-43. https://doi.org/10.18063/ijb.v5i2.1.229.

B. Maharjan, V.K. Kaliannagounder, S.R. Jang, G.P. Awasthi, D.P. Bhattarai, G. Choukrani,
C.H. Park, C.S. Kim, In-situ polymerized polypyrrole nanoparticles immobilized poly(e-
caprolactone) electrospun conductive scaffolds for bone tissue engineering, Mater. Sci.
Eng. C. 114 (2020) 111056. https://doi.org/10.1016/j.msec.2020.111056.

J. Huang, X. Hu, L. Lu, Z. Ye, Q. Zhang, Z. Luo, Electrical regulation of Schwann cells using
conductive polypyrrole/chitosan polymers, J. Biomed. Mater. Res. - Part A. 93 (2010) 164-
174. https://doi.org/10.1002/jbm.a.32511.

F.Qi, Y. Wang, T. Ma, S. Zhu, W. Zeng, X. Hu, Z. Liu, J. Huang, Z. Luo, Electrical regulation of
olfactory ensheathing cells using conductive polypyrrole/chitosan polymers, Biomaterials.
34 (2013) 1799-1809. https://doi.org/10.1016/j.biomaterials.2012.11.042.

Z. Zhang, L.H. Klausen, M. Chen, M. Dong, Electroactive Scaffolds for Neurogenesis and
Myogenesis: Graphene-Based Nanomaterials, Small. 14 (2018) 1-22.
https://doi.org/10.1002/smll.201801983.

S. Zhu, W. Jing, X. Hu, Z. Huang, Q. Cai, Y. Ao, X. Yang, Time-dependent effect of electrical
stimulation on osteogenic differentiation of bone mesenchymal stromal cells cultured on
conductive nanofibers, J. Biomed. Mater. Res. - Part A. 105 (2017) 3369-3383.
https://doi.org/10.1002/jbm.a.36181.

D. Jamal, R.C. De Guzman, Silicone Substrate with Collagen and Carbon Nanotubes Exposed
to Pulsed Current for MSC Osteodifferentiation, Int. J. Biomater. 2017 (2017).
https://doi.org/10.1155/2017/3684812.

J. Li, X. Liu, J.M. Crook, G.G. Wallace, Electrical stimulation-induced osteogenesis of human
adipose derived stem cells using a conductive graphene-cellulose scaffold, Mater. Sci. Eng.
C. 107 (2020) 110312. https://doi.org/10.1016/j.msec.2019.110312.

D.A. Balikov, B. Fang, Y.W. Chun, S.W. Crowder, D. Prasai, J.B. Lee, K.I. Bolotin, H.J. Sung,
Directing lineage specification of human mesenchymal stem cells by decoupling electrical
stimulation and physical patterning on unmodified graphene, Nanoscale. 8 (2016) 13730-
13739. https://doi.org/10.1039/c6nr04400;.

39



[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

(93]

[94]

[95]

S. Sayyar, M. Bjorninen, S. Haimi, S. Miettinen, K. Gilmore, D. Grijpma, G. Wallace, UV
cross-linkable graphene/poly(trimethylene carbonate) composites for 3D printing of
electrically conductive scaffolds, ACS Appl. Mater. Interfaces. 8 (2016) 31916—-31925.
https://doi.org/10.1021/acsami.6b09962.

J. Zhang, K.G. Neoh, X. Hu, E.T. Kang, W. Wang, Combined effects of direct current
stimulation and immobilized BMP-2 for enhancement of osteogenesis, Biotechnol. Bioeng.
110 (2013) 1466—-1475. https://doi.org/10.1002/bit.24796.

C.M. Creecy, C.F. O’Neill, B.P. Arulanandam, V.L. Sylvia, C.S. Navara, R. Bizios, Mesenchymal
stem cell osteodifferentiation in response to alternating electric current, Tissue Eng. - Part
A. 19 (2013) 467-474. https://doi.org/10.1089/ten.tea.2012.0091.

Y. Huang, H. Deng, Y. Fan, L. Zheng, J. Che, X. Li, K.E. Aifantis, Conductive nanostructured Si
biomaterials enhance osteogeneration through electrical stimulation, Mater. Sci. Eng. C.
103 (2019) 109748. https://doi.org/10.1016/j.msec.2019.109748.

K. Ravikumar, S.K. Boda, B. Basu, Synergy of substrate conductivity and intermittent
electrical stimulation towards osteogenic differentiation of human mesenchymal stem
cells, Bioelectrochemistry. 116 (2017) 52—-64.
https://doi.org/10.1016/j.bioelechem.2017.03.004.

N.D.C. Noronha, A. Mizukami, C. Caliari-Oliveira, J.G. Cominal, J.L.M. Rocha, D.T. Covas, K.
Swiech, K.C.R. Malmegrim, Priming approaches to improve the efficacy of mesenchymal
stromal cell-based therapies, Stem Cell Res. Ther. 10 (2019) 1-21.
https://doi.org/10.1186/s13287-019-1259-0.

C. Fehrer, R. Brunauer, G. Laschober, H. Unterluggauer, S. Reitinger, F. Kloss, C. Giilly, R.
GaRner, G. Lepperdinger, Reduced oxygen tension attenuates differentiation capacity of
human mesenchymal stem cells and prolongs their lifespan, Aging Cell. 6 (2007) 745-757.
https://doi.org/10.1111/j.1474-9726.2007.00336.x.

J.R.K. Samal, V.K. Rangasami, S. Samanta, O.P. Varghese, O.P. Oommen, Discrepancies on
the Role of Oxygen Gradient and Culture Condition on Mesenchymal, Adv. Healthc. Mater.
10 (2021) 1-18. https://doi.org/10.1002/adhm.202002058.

P. Zhang, N. Ha, Q. Dai, S. Zhou, C. Yu, L. Jiang, Hypoxia suppresses osteogenesis of bone
mesenchymal stem cells via the extracellular signal-regulated 1/2 and p38-mitogen
activated protein kinase signaling pathways, Mol. Med. Rep. 16 (2017) 5515-5522.
https://doi.org/10.3892/mmr.2017.7276.

P. Malladi, Y. Xu, M. Chiou, A.J. Giaccia, M.T. Longaker, Effect of reduced oxygen tension on
chondrogenesis and osteogenesis in adipose-derived mesenchymal cells, Am. J. Physiol. -
Cell Physiol. 290 (2006) 1139-1145. https://doi.org/10.1152/ajpcell.00415.2005.

E. Potier, E. Ferreira, R. Andriamanalijaona, J.P. Pujol, K. Oudina, D. Logeart-Avramoglou, H.
Petite, Hypoxia affects mesenchymal stromal cell osteogenic differentiation and angiogenic
factor expression, Bone. 40 (2007) 1078-1087.
https://doi.org/10.1016/j.bone.2006.11.024.

E. Volkmer, B.C. Kallukalam, J. Maertz, S. Otto, |. Drosse, H. Polzer, W. Bocker, M. Stengele,
D. Docheva, W. Mutschler, M. Schieker, Hypoxic preconditioning of human mesenchymal
stem cells overcomes hypoxia-induced inhibition of osteogenic differentiation, Tissue Eng. -
Part A. 16 (2010) 153-164. https://doi.org/10.1089/ten.tea.2009.0021.

W.L. Grayson, F. Zhao, R. Izadpanah, B. Bunnell, M. Teng, Effects of Hypoxia on Human
Mesenchymal Stem Cell Expansion, J. Cell. Physiol. 207 (2006) 331-339.
https://doi.org/10.1002/JCP.

D.P. Lennon, J.M. Edmison, A.l. Caplan, Cultivation of rat marrow-derived mesenchymal
stem cells in reduced oxygen tension: Effects on in vitro and in vivo osteochondrogenesis, J.

40



[96]

[97]

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

Cell. Physiol. 187 (2001) 345-355. https://doi.org/10.1002/jcp.1081.

L.B. Boyette, O.A. Creasey, L. Guzik, T. Lozito, R.S. Tuan, Human Bone Marrow-Derived
Mesenchymal Stem Cells Display Enhanced Clonogenicity but Impaired Differentiation With
Hypoxic Preconditioning, Stem Cells Transl. Med. 3 (2014) 241-254.
https://doi.org/10.5966/sctm.2013-0079.

Y. Hu, B. Lou, X. Wu, R. Wu, H. Wang, L. Gao, J. Pi, Y. Xu, Comparative study on in vitro
culture of mouse bone marrow mesenchymal stem cells, Stem Cells Int. 2018 (2018).
https://doi.org/10.1155/2018/6704583.

C. Holzwarth, M. Vaegler, F. Gieseke, S.M. Pfister, R. Handgretinger, G. Kerst, |. Mdiller, Low
physiologic oxygen tensions reduce proliferation and differentiation of human multipotent
mesenchymal stromal cells, BMC Cell Biol. 11 (2010). https://doi.org/10.1186/1471-2121-
11-11.

J. Liu, H. Hao, H. Huang, C. Tong, D. Ti, L. Dong, D. Chen, Y. Zhao, H. Liu, W. Han, X. Fu,
Hypoxia regulates the therapeutic potential of mesenchymal stem cells through enhanced
autophagy, Int. J. Low. Extrem. Wounds. 14 (2015) 63-72.
https://doi.org/10.1177/1534734615573660.

M.J. Dalby, N. Gadegaard, R. Tare, A. Andar, M.O. Riehle, P. Herzyk, C.D.W. Wilkinson,
R.O.C. Oreffo, The control of human mesenchymal cell differentiation using nanoscale
symmetry and disorder, Nat. Mater. 6 (2007) 997—-1003.
https://doi.org/10.1038/nmat2013.

M. Bjorninen, A. Siljander, J. Pelto, J. Hyttinen, M. Kellomaki, S. Miettinen, R. Seppéanen, S.
Haimi, Comparison of chondroitin sulfate and hyaluronic acid doped conductive polypyrrole
films for adipose stem cells, Ann. Biomed. Eng. 42 (2014) 1889—-1900.
https://doi.org/10.1007/s10439-014-1023-7.

G. Thrivikraman, P.S. Lee, R. Hess, V. Haenchen, B. Basu, D. Scharnweber, Interplay of
Substrate Conductivity, Cellular Microenvironment, and Pulsatile Electrical Stimulation
toward Osteogenesis of Human Mesenchymal Stem Cells in Vitro, ACS Appl. Mater.
Interfaces. 7 (2015) 23015—-23028. https://doi.org/10.1021/acsami.5b06390.

A.H. Rajabi, M. Jaffe, T.L. Arinzeh, Piezoelectric materials for tissue regeneration: A review,
Acta Biomater. 24 (2015) 12-23. https://doi.org/10.1016/j.actbio.2015.07.010.

Z.L. Wang, Nanopiezotronics, Adv. Mater. 19 (2007) 889—-892.
https://doi.org/10.1002/adma.200602918.

M.T. Chorsi, E.J. Curry, H.T. Chorsi, R. Das, J. Baroody, P.K. Purohit, H. Ilies, T.D. Nguyen,
Piezoelectric Biomaterials for Sensors and Actuators, Adv. Mater. 31 (2019).
https://doi.org/10.1002/adma.201802084.

B. Tandon, J.J. Blaker, S.H. Cartmell, Piezoelectric materials as stimulatory biomedical
materials and scaffolds for bone repair, Acta Biomater. 73 (2018) 1-20.
https://doi.org/10.1016/j.actbio.2018.04.026.

A. Cafarelli, A. Marino, L. Vannozzi, J. Puigmarti-Luis, S. Pané, G. Ciofani, L. Ricotti,
Piezoelectric Nanomaterials Activated by Ultrasound: The Pathway from Discovery to
Future Clinical Adoption, ACS Nano. 15 (2021) 11066—11086.
https://doi.org/10.1021/acsnano.1c03087.

K.S. Ramadan, D. Sameoto, S. Evoy, A review of piezoelectric polymers as functional
materials for electromechanical transducers, Smart Mater. Struct. 23 (2014).
https://doi.org/10.1088/0964-1726/23/3/033001.

P.Yu, C. Ning, Y. Zhang, G. Tan, Z. Lin, S. Liu, X. Wang, H. Yang, K. Li, X. Yi, Y. Zhu, C. Mao,
Bone-inspired spatially specific piezoelectricity induces bone regeneration, Theranostics. 7
(2017) 3387-3397. https://doi.org/10.7150/THNO.19748.

41



[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

J. Li, X. Mou, J. Qiu, S. Wang, D. Wang, D. Sun, W. Guo, D. Li, A. Kumar, X. Yang, A. Li, H. Liu,
Surface Charge Regulation of Osteogenic Differentiation of Mesenchymal Stem Cell on
Polarized Ferroelectric Crystal Substrate, Adv. Healthc. Mater. 4 (2015) 998-1003.
https://doi.org/10.1002/adhm.201500032.

Y. Yang, S. Peng, F. Qj, J. Zan, G. Liu, Z. Zhao, C. Shuai, Graphene-assisted barium titanate
improves piezoelectric performance of biopolymer scaffold, Mater. Sci. Eng. C. 116 (2020)
111195. https://doi.org/10.1016/j.msec.2020.111195.

Y. Li, X. Dai, Y. Bai, Y. Liu, Y. Wang, O. Liu, F. Yan, Z. Tang, X. Zhang, X. Deng, Electroactive
BaTiO3 nanoparticle-functionalized fibrous scaffolds enhance osteogenic differentiation of
mesenchymal stem cells, Int. J. Nanomedicine. 12 (2017) 4007-4018.
https://doi.org/10.2147/1JN.S135605.

B. Fan, Z. Guo, X. Li, S. Li, P. Gao, X. Xiao, J. Wu, C. Shen, Y. Jiao, W. Hou, Electroactive
barium titanate coated titanium scaffold improves osteogenesis and osseointegration with
low-intensity pulsed ultrasound for large segmental bone defects, Bioact. Mater. 5 (2020)
1087-1101. https://doi.org/10.1016/j.bioactmat.2020.07.001.

W. Liu, X. Li, Y. Jiao, C. Wu, S. Guo, X. Xiao, X. Wei, J. Wu, P. Gao, N. Wang, Y. Lu, Z. Tang, Q.
Zhao, J. Zhang, Y. Tang, L. Shi, Z. Guo, Biological Effects of a Three-Dimensionally Printed
Ti6Al4V Scaffold Coated with Piezoelectric BaTiO3Nanoparticles on Bone Formation, ACS
Appl. Mater. Interfaces. 12 (2020) 51885-51903. https://doi.org/10.1021/acsami.0c10957.
J. Gomes, J.S. Nunes, V. Sencadas, S. Lanceros-Mendez, Influence of the B-phase content
and degree of crystallinity on the piezo-and ferroelectric properties of poly(vinylidene
fluoride), Smart Mater. Struct. 19 (2010). https://doi.org/10.1088/0964-
1726/19/6/065010.

P. Martins, A.C. Lopes, S. Lanceros-Mendez, Electroactive phases of poly(vinylidene
fluoride): Determination, processing and applications, Prog. Polym. Sci. 39 (2014) 683—706.
https://doi.org/10.1016/j.progpolymsci.2013.07.006.

R. Gregorio, Determination of the a, B, and y crystalline phases of poly(vinylidene fluoride)
films prepared at different conditions, J. Appl. Polym. Sci. 100 (2006) 3272-3279.
https://doi.org/10.1002/app.23137.

J.S. Harrison, Z. Ounaies, Piezoelectric Polymers; ICASE Report No: 2001-43; Langley
Research Center: Hampton, Virginia, (2001) 1-26.

J. Parssinen, H. Hammarén, R. Rahikainen, V. Sencadas, C. Ribeiro, S. Vanhatupa, S.
Miettinen, S. Lanceros-Méndez, V.P. Hytonen, Enhancement of adhesion and promotion of
osteogenic differentiation of human adipose stem cells by poled electroactive
poly(vinylidene fluoride), J. Biomed. Mater. Res. - Part A. 103 (2015) 919-928.
https://doi.org/10.1002/jbm.a.35234.

A.J. Engler, S. Sen, H.L. Sweeney, D.E. Discher, Matrix Elasticity Directs Stem Cell Lineage
Specification, Cell. 126 (2006) 677—689. https://doi.org/10.1016/j.cell.2006.06.044.
Z.Zhou, W. Li, T. He, L. Qian, G. Tan, C. Ning, Polarization of an electroactive functional film
on titanium for inducing osteogenic differentiation, Sci. Rep. 6 (2016) 1-8.
https://doi.org/10.1038/srep35512.

F. Jia, S. Lin, X. He, J. Zhang, S. Shen, Z. Wang, B. Tang, C. Li, Y. Wu, L. Dong, K. Cheng, W.
Weng, Comprehensive Evaluation of Surface Potential Characteristics on Mesenchymal
Stem Cells’ Osteogenic Differentiation, ACS Appl. Mater. Interfaces. (2019).
https://doi.org/10.1021/acsami.9b07161.

X. Zhang, C. Zhang, Y. Lin, P. Hu, Y. Shen, K. Wang, S. Meng, Y. Chai, X. Dai, X. Liu, Y. Liu, X.
Mo, C. Cao, S. Li, X. Deng, L. Chen, Nanocomposite Membranes Enhance Bone
Regeneration Through Restoring Physiological Electric Microenvironment, ACS Nano. 10

42



[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]

(2016) 7279-7286. https://doi.org/10.1021/acsnano.6b02247.

C. Ribeiro, D.M. Correia, S. Ribeiro, V. Sencadas, G. Botelho, S. Lanceros-Méndez,
Piezoelectric poly(vinylidene fluoride) microstructure and poling state in active tissue
engineering, Eng. Life Sci. 15 (2015) 351-356. https://doi.org/10.1002/elsc.201400144.

C. Zhang, W. Liu, C. Cao, F. Zhang, Q. Tang, S. Ma, J.J. Zhao, L. Hu, Y. Shen, L. Chen,
Modulating Surface Potential by Controlling the B Phase Content in Poly(vinylidene
fluoridetrifluoroethylene) Membranes Enhances Bone Regeneration, Adv. Healthc. Mater.
7 (2018) 1-12. https://doi.org/10.1002/adhm.201701466.

C. Ribeiro, J. Parssinen, V. Sencadas, V. Correia, S. Miettinen, V.P. Hytonen, S. Lanceros-
Méndez, Dynamic piezoelectric stimulation enhances osteogenic differentiation of human
adipose stem cells, J. Biomed. Mater. Res. - Part A. 103 (2015) 2172-2175.
https://doi.org/10.1002/jbm.a.35368.

S. Ribeiro, C. Ribeiro, E.O. Carvalho, C.R. Tubio, N. Castro, N. Pereira, V. Correia, A.C.
Gomes, S. Lanceros-Méndez, Magnetically Activated Electroactive Microenvironments for
Skeletal Muscle Tissue Regeneration, ACS Appl. Bio Mater. 3 (2020) 4239-4252.
https://doi.org/10.1021/acsabm.0c00315.

C. Ribeiro, S. Moreira, V. Correia, V. Sencadas, J.G. Rocha, F.M. Gama, J.L. Gédmez Ribelles,
S. Lanceros-Méndez, Enhanced proliferation of pre-osteoblastic cells by dynamic
piezoelectric stimulation, RSC Adv. 2 (2012) 11504. https://doi.org/10.1039/c2ra21841k.
N. Castro, M.M. Fernandes, C. Ribeiro, V. Correia, R. Minguez, S. Lanceros-Mendez,
Magnetic Bioreactor for Magneto-, Mechano- and Electroactive Tissue Engineering
Strategies, Sensors. 20 (2020) 3340. https://doi.org/10.3390/s20123340.

M.M. Fernandes, D.M. Correia, C. Ribeiro, N. Castro, V. Correia, S. Lanceros-Mendez,
Bioinspired Three-Dimensional Magnetoactive Scaffolds for Bone Tissue Engineering, ACS
Appl. Mater. Interfaces. 11 (2019) 45265-45275. https://doi.org/10.1021/acsami.9b14001.
Z.Zhou, P. Yu, L. Zhou, L. Tu, L. Fan, F. Zhang, C. Dai, Y. Liu, C. Ning, J. Du, G. Tan,
Polypyrrole Nanocones and Dynamic Piezoelectric Stimulation-Induced Stem Cell
Osteogenic Differentiation, ACS Biomater. Sci. Eng. 5 (2019) 4386—4392.
https://doi.org/10.1021/acsbiomaterials.9b00812.

S.M. Damaraju, Y. Shen, E. Elele, B. Khusid, A. Eshghinejad, J. Li, M. Jaffe, T.L. Arinzeh,
Three-dimensional piezoelectric fibrous scaffolds selectively promote mesenchymal stem
cell differentiation, Biomaterials. 149 (2017) 51-62.
https://doi.org/10.1016/j.biomaterials.2017.09.024.

C.C.-Y. Huang, K.L. Hagar, L.E. Frost, Y. Sun, H.S. Cheung, Effects of Cyclic Compressive
Loading on Chondrogenesis of Rabbit Bone-Marrow Derived Mesenchymal Stem Cells,
Stem Cells. 22 (2004) 313-323. https://doi.org/10.1634/stemcells.22-3-313.

P.A. Nolte, J. Klein-Nulend, G.H.R. Albers, R.K. Marti, C.M. Semeins, S.W. Goei, E.H. Burger,
Low-intensity ultrasound stimulates endochondral ossification in vitro, J. Orthop. Res. 19
(2001) 301-307. https://doi.org/10.1016/S0736-0266(00)00027-9.

P. Gavazzo, F. Viti, H. Donnelly, M.A.G. Oliva, M. Salmeron-Sanchez, M.J. Dalby, M. Vassalli,
Biophysical phenotyping of mesenchymal stem cells along the osteogenic differentiation
pathway, Cell Biol. Toxicol. (2021). https://doi.org/10.1007/s10565-020-09569-7.

K. Nakashima, X. Zhou, G. Kunkel, Z. Zhang, J.M. Deng, B. de Crombrugghe, The Novel Zinc
Finger-Containing Transcription Factor Osterix Is Required for Osteoblast Differentiation
and Bone Formation, Cell. 108 (2002) 17-29.

M.E. Wechsler, B.P. Hermann, R. Bizios, Adult Human Mesenchymal Stem Cell
Differentiation at the Cell Population and Single-Cell Levels Under Alternating Electric
Current, Tissue Eng. Part C Methods. 22 (2016) 155-164.

43



[138]

[139]

[140]

[141]

[142]

[143]

[144]

[145]

[146]

[147]

[148]

[149]

[150]

[151]

[152]

https://doi.org/10.1089/ten.tec.2015.0324.

G.P. Allendorph, W.W. Vale, S. Choe, Structure of the ternary signaling complex of a TGF-B
superfamily member, Proc. Natl. Acad. Sci. U. S. A. 103 (2006) 7643—7648.
https://doi.org/10.1073/pnas.0602558103.

R.K. Jaiswal, N. Jaiswal, S.P. Bruder, G. Mbalaviele, D.R. Marshak, M.F. Pittenger, Adult
human mesenchymal stem cell differentiation to the osteogenic or adipogenic lineage is
regulated by mitogen-activated protein kinase, J. Biol. Chem. 275 (2000) 9645-9652.
https://doi.org/10.1074/jbc.275.13.9645.

M.J. Berridge, P. Lipp, M.D. Bootman, The versatility and universality of calcium signalling,
Nat. Rev. Mol. Cell Biol. 1 (2000) 11-21. https://doi.org/10.1038/35036035.

S.Sun, Y. Liu, S. Lipsky, M. Cho, Physical manipulation of calcium oscillations facilitates
osteodifferentiation of human mesenchymal stem cells, FASEB J. 21 (2007) 1472-1480.
https://doi.org/10.1096/fj.06-7153com.

I. Wortzel, R. Seger, The ERK cascade: Distinct functions within various subcellular
organelles, Genes and Cancer. 2 (2011) 195-209.
https://doi.org/10.1177/1947601911407328.

M.L. Pall, Electromagnetic fields act via activation of voltage-gated calcium channels to
produce beneficial or adverse effects, J. Cell. Mol. Med. 17 (2013) 958-965.
https://doi.org/10.1111/jcmm.12088.

Y.H. Choi, J.H. Choi, J.W. Oh, K.Y. Lee, Calmodulin-dependent kinase Il regulates osteoblast
differentiation through regulation of Osterix, Biochem. Biophys. Res. Commun. 432 (2013)
248-255. https://doi.org/10.1016/j.bbrc.2013.02.005.

Z. Luo, X. Shang, H. Zhang, G. Wang, P.A. Massey, S.R. Barton, C.G. Kevil, Y. Dong, Notch
Signaling in Osteogenesis, Osteoclastogenesis, and Angiogenesis, Am. J. Pathol. 189 (2019)
1495-1500. https://doi.org/10.1016/j.ajpath.2019.05.005.

V. Deregowski, E. Gazzerro, L. Priest, S. Rydziel, E. Canalis, Notch 1 overexpression inhibits
osteoblastogenesis by suppressing Wnt/B-catenin but not bone morphogenetic protein
signaling, J. Biol. Chem. 281 (2006) 6203-6210. https://doi.org/10.1074/jbc.M508370200.
C. Ribeiro, J.A. Panadero, V. Sencadas, S. Lanceros-Mendez, M.N. Tamafio, D. Moratal, M.
Salmeron-Sanchez, J.L. Gomez Ribelles, Fibronectin adsorption and cell response on
electroactive poly(vinylidene fluoride) films, Biomed. Mater. 7 (2012).
https://doi.org/10.1088/1748-6041/7/3/035004.

M. Guillot-Ferriols, J.C. Rodriguez-Hernandez, D.M. Correia, S.A.C. Carabineiro, S. Lanceros-
Méndez, J.L. Gomez Ribelles, G. Gallego Ferrer, Poly(vinylidene ) fluoride membranes
coated by heparin / collagen layer-by-layer, smart biomimetic approaches for mesenchymal
stem cell culture, Mater. Sci. Eng. C. 117 (2020) 111281.
https://doi.org/10.1016/j.msec.2020.111281.

R. Sobreiro-Almeida, M. Tamafio-Machiavello, E. Carvalho, L. Cordén, S. Doria, L. Senent, D.
Correia, C. Ribeiro, S. Lanceros-Méndez, R. Sabater i Serra, J. Gomez Ribelles, A. Sempere,
Human Mesenchymal Stem Cells Growth and Osteogenic Differentiation on Piezoelectric
Poly(vinylidene fluoride) Microsphere Substrates, Int. J. Mol. Sci. 18 (2017) 2391.
https://doi.org/10.3390/ijms18112391.

B. Alberts, A. Johnson, J. Lewis, M. Raff, K. Roberts, P. Walter, Molecular Biology of the Cell.
4th edition, New Yor: Garland Science, 2002.
https://www.ncbi.nlm.nih.gov/books/NBK26867/.

J.L. Guan, Focal adhesion kinase in integrin signaling, Matrix Biol. 16 (1997) 195-200.
https://doi.org/10.1016/50945-053X(97)90008-1.

J. Zhang, X. He, X. Chen, Y. Wu, L. Dong, K. Cheng, J. Lin, H. Wang, W. Weng, Enhancing

44



[153]

[154]

[155]

[156]

[157]

[158]

[159]

[160]

[161]

[162]

osteogenic differentiation of BMSCs on high magnetoelectric response films, Mater. Sci.
Eng. C. 113 (2020). https://doi.org/10.1016/j.msec.2020.110970.

T.F. Day, X. Guo, L. Garrett-Beal, Y. Yang, Wnt/B-catenin signaling in mesenchymal
progenitors controls osteoblast and chondrocyte differentiation during vertebrate
skeletogenesis, Dev. Cell. 8 (2005) 739-750. https://doi.org/10.1016/j.devcel.2005.03.016.
J.R. Perez, D. Kouroupis, D.J. Li, T.M. Best, L. Kaplan, D. Correa, Tissue Engineering and Cell-
Based Therapies for Fractures and Bone Defects, Front. Bioeng. Biotechnol. 6 (2018) 1-23.
https://doi.org/10.3389/fbioe.2018.00105.

E. Gomez-Barrena, P. Rosset, D. Lozano, J. Stanovici, C. Ermthaller, F. Gerbhard, Bone
fracture healing: Cell therapy in delayed unions and nonunions, Bone. 70 (2015) 93—-101.
https://doi.org/10.1016/j.bone.2014.07.033.

X. Ye, X. Yin, D. Yang, J. Tan, G. Liu, Ectopic bone regeneration by human bone marrow
mononucleated cells, undifferentiated and osteogenically differentiated bone marrow
mesenchymal stem cells in beta-tricalcium phosphate scaffolds, Tissue Eng. - Part C
Methods. 18 (2012) 545-556. https://doi.org/10.1089/ten.tec.2011.0470.

A. Peters, D. Toben, J. Lienau, H. Schell, H.J. Bail, G. Matziolis, G.N. Duda, K. Kaspar, Locally
applied osteogenic predifferentiated progenitor cells are more effective than
undifferentiated mesenchymal stem cells in the treatment of delayed bone healing, Tissue
Eng. - Part A. 15 (2009) 2947-2954. https://doi.org/10.1089/ten.tea.2009.0058.

H. Castano-lzquierdo, J. Alvarez-Barreto, J. van der Dolder, J.A. Jansen, A.G. Mikos, V.1.
Sikavitsas, Pre-culture period of mesenchymal stem cells in osteogenic media influences
their in vivo bone forming potential, J. Biomed. Mater. Res. Part A. 79 (2006) 129-138.
https://doi.org/10.1002/jbm.a.

A.l. Hoch, V. Mittal, D. Mitra, N. Vollmer, C.A. Zikry, J.K. Leach, Cell-secreted matrices
perpetuate the bone-forming phenotype of differentiated mesenchymal stem cells,
Biomaterials. 74 (2016) 178-187. https://doi.org/10.1016/].biomaterials.2015.10.003.
H.B. Lopes, T.D.S. Santos, F.S. De Oliveira, G.P. Freitas, A.L. De Almeida, R. Gimenes, A.L.
Rosa, M.M. Beloti, Poly(vinylidene-trifluoroethylene)/barium titanate composite for in vivo
support of bone formation, J. Biomater. Appl. 29 (2014) 104-112.
https://doi.org/10.1177/0885328213515735.

Y. Liu, X. Zhang, C. Cao, Y. Zhang, J. Wei, Y. jun Li, W. Liang, Z. Hu, J. Zhang, Y. Wei, X. Deng,
Built-In Electric Fields Dramatically Induce Enhancement of Osseointegration, Adv. Funct.
Mater. 27 (2017) 1-9. https://doi.org/10.1002/adfm.201703771.

F. Zhao, C. Zhang, J. Liu, L. Liu, X. Cao, X. Chen, B. Lei, L. Shao, Periosteum
structure/function-mimicking bioactive scaffolds with piezoelectric/chem/nano signals for
critical-sized bone regeneration, Chem. Eng. J. 402 (2020) 126203.
https://doi.org/10.1016/j.cej.2020.126203.

45



46



47



