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ABSTRACT

Electrical stimulation of cells allows exogenous electric signals as stimuli to manipulate cell growth, pref-
erential orientation and bone remodelling. In this study, commercially pure titanium discs were utilised
in combination with a custom-built bioreactor to investigate the cellular responses of human mesenchy-
mal stem cells via in-vitro functional assays. Finite element analysis revealed the homogeneous delivery
of electric field in the bioreactor chamber with no detection of current density fluctuation in the pro-
posed model. The custom-built bioreactor with capacitive stimulation delivery system features long-term
stimulation with homogeneous electric field, biocompatible, sterilisable, scalable design and cost-effective
in the manufacturing process. Using a continuous stimulation regime of 100 and 200 mV/mm on cp Ti
discs, viability tests revealed up to an approximately 5-fold increase of cell proliferation rate as compared
to non-stimulated controls. The human mesenchymal stem cells showed more elongated and differenti-
ated morphology under this regime, with evidence of nuclear elongation and cytoskeletal orientation
perpendicular to the direction of electric field. The continuous stimulation did not cause pH fluctuations
and hydrogen peroxide production caused by Faradic reactions, signifying the suitability for long-term
toxic free stimulation as opposed to the commonly used direct stimulation regime. An approximate of
4-fold increase in alkaline phosphatase production and approximately 9-fold increase of calcium depo-
sition were observed on 200 mV/mm exposed samples relative to non-stimulated controls. It is worth
noting that early stem cell differentiation and matrix production were observed under the said electric
field even without the presence of chemical inductive growth factors.

Statement of significance

This manuscript presents a study on combining pure titanium (primarily preferred as medical implant
materials) and electrical stimulation in a purpose-built bioreactor with capacitive stimulation delivery
system. A continuous capacitive stimulation regime on titanium disc has resulted in enhanced stem cell
orientation, nuclei elongation, proliferation and differentiation as compared to non-stimulated controls.
We believe that this manuscript creates a paradigm for future studies on the evolution of healthcare
treatments in the area of targeted therapy on implantable and wearable medical devices through tailored
innovative electrical stimulation approach, thereby influencing therapeutic conductive and electroactive
biomaterials research prospects and development.
© 2021 The Authors. Published by Elsevier Ltd on behalf of Acta Materialia Inc.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction

2017. With a compound annual growth rate (CAGR) of 6.6% and
3.8%, the correspondence forecast of dental and orthopaedic im-

The global market of dental and orthopaedic implants is now plants are expected to worth $7.5 billion and $66.2 billion in the
weighted at $5.1 billion and $52.8 billion, respectively, in the year year 2023 [1,2]. Commercially pure titanium (cp Ti) is amongst

* Part of the Special Issue on Conductive and Electroactive Biomaterials and Bio-
electronics, guest-edited by Professors Jonathan Rivnay and Mehdi Nikkhah.

* Corresponding author.

E-mail address: sarah.cartmell@manchester.ac.uk (S.H. Cartmell).

https://doi.org/10.1016/j.actbio.2021.08.010

the most widely used implant material due to its exceptional bio-
compatibility, great corrosion resistance, high specific strength to
weight ratio (tensile strength of 550 MPa [3] and elastic modulus
of 110 GPa [4]), and exceptional osseointegration properties [5-9].
The formation of oxide layer that is readily found on the surface of
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titanium protected the titanium from corrosion damage caused by
physiological changes or biological variations such as metabolism
rate, pH, charges and temperature, making it an exceptional ma-
terial for medical and biochemical applications [10-13]. In recent
years, there has been an increasing interest in surface treatment
[14,15], modification [16,17], alloying [18,19], and the application of
external stimuli [20,21] to amplify the efficacy of Ti-based implant
material.

The rapid advances of electrical stimulation (ES) as an external
stimulus have brought an extensive amount of attention in ranges
of clinical approaches to improve fracture healing and bone re-
modelling [22-24]. In particular, ES was affirmatively applied in
numerous studies to treat and reduce the risk of bone non-union
[25-27]. Dental implants can also benefit from the directionality
guidance and improved osseointegration provided by ES [28-30].
It is proven, from previous studies, that electrical stimulation on
titanium-based surfaces could increase the their morphology and
bioelectrochemistry properties, which in turns enhances the ef-
ficacy of titanium implantation and promotes bone healing pro-
cesses [13,31,32]. Despite the promising effects of both cp Ti and
ES on bone-related applications, there are only a limited amount
of studies combining these two smart notions into an independent
conceptual study. Our research aims to utilise cp Ti as a conduc-
tive substrate in an electrical regime with the hypothesis that the
integration of cp Ti and ES could synergistically improve stem cell
osteogenesis.

In addition to bone tissue engineering, researchers in the last
three decades have collectively proven that ES provides potential
benefits for wound healing [33-37] and spinal cord rehabilitation
[38-43]. The efficacy of ES mainly involves the presence of an
electric field (EF), which is capable of inducing biochemical and
biophysiological responses [44-47]. Although it has been observed
that the strength of EF could influence the biological behaviours,
the underlying principle of electrically-induced osteogenesis is not
fully understood.

Direct stimulation usually involves ES system with conductive
electrodes (made up with low or non-corrosive materials) being
positioned in contact with the culture medium [28,48]. This ES
regime provides an actual amount of potentials between the anode
and cathode. The EF can be estimated using the applied voltage per
distance between the two electrodes. In all other ES system, the
relative EF and current density (CD) distributions can be modelled
using three-dimensional finite element model analysis [33,49,50].
The computer simulation allows one to visualise the outcomes of
the ES system even before the construction of the real set of exper-
iment. It empowers one to select the final design setup in align-
ment with the research objectives.

Compared to direct stimulation, the isolation of electrodes from
the medium permits capacitive stimulation to be a better option
in terms of the avoidance of unwanted Faradic by-products (such
as hydrogen peroxide and free radicals which contribute to pH
changes) and low to no fluctuation of CD during the stimula-
tion [51,52]. Although a considerably higher potential is needed
to achieve the same EF when using direct stimulation, capaci-
tive stimulation is capable of generating a more homogeneous EF
across the system to ensure that equal amount of stimulation sig-
nal can be delivered equally to every cell regardless of the position
within the ES system [53,54]. It is possible to minimise the produc-
tion of the reactive Faradic by-products by introducing an agar salt
bridge between the cell vessel and external electrodes immersed in
a buffered solution [47], but it is reported that the effectiveness of
this configuration can be massively restricted as it depends heavily
on the adsorption of proteins on the electrodes [55].

Several seminal studies conducted by Ercan et al. [21,56,57]
suggested that direct stimulation using a commercially available
multi-channel electrical stimulator has increased osteoblast pro-
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liferation and decreased Staphylococcus aureus biofilm growth on
anodised nanotubular cp Ti substrate. The positive effect on os-
teoblast functions and antibacterial properties upon ES have given
a robust fundamental basis to this research, proving the potential
adaptation of cp Ti substrate and electrical stimulation. It is no-
table that the studies proposed by Ercan et al. have employed di-
rect stimulation for one hour each day for up to three weeks.

Building on this promising data demonstrated by Ercan et al,
we proposed to design a system that used capacitive rather than
direct stimulation to reduce or eliminate Faradic by-products. Also,
we examined ways to optimise the stimulation regime rather than
use an ES regime of one hour per day, which has been frequently
used in other studies. In consideration of the prospective clinical
and physiological application in an amputated limb, it is a contin-
uous stimulation rather than one hour of stimulation per day dur-
ing the treatment and recovery; a system with a more homoge-
nous stimulation wherein the cells surrounding the cp Ti disc can
be equally stimulated is also more favourable.

In order to address these research questions, we have designed
a viable, reusable, sterilisable and cost-effective ES bioreactor setup
for use in biological laboratory tests. Using Finite Element Analysis,
we have optimised the design of the bioreactor that would deliver
homogenous ES regime on cp Ti disc in the culture medium. The
cellular responses on the cp Ti disc with the combination of ES
were also investigated by analysing the stem cell activity over the
period of 14 d under continuous capacitive stimulation.

2. Materials and methods
2.1. Capacitive ES bioreactor design and finite element modelling

A three-dimensional assembly of the capacitive ES bioreactor
design was created using SolidWorks CAD package 2017 version
(Dassault Systémes) before exported to COMSOL Multiphysics®
v5.2 (COMSOL Inc.), a finite-element simulation software used to
perform in-silico modelling of the EF and CD distribution within
the bioreactor. The bioreactor model was designed in such a way
that vertically placed conductive electrodes were embedded and
insulated by polymer structures, which in isolation to the culture
medium reservoir, as illustrated in Fig. 1c.

As the modelling of the capacitive stimulation models may give
rise to the fringing field, the capacitance of the bioreactor sys-
tem was computed to predict the optimal radius of air sphere do-
main for the boundary condition used in the modelling (Fig. 1d).
The plotted graphs showed that sphere radius between 100 and
180 mm would provide an accurate capacitance evident by the
convergence of the numerical data. 120 mm was chosen as the ra-
dius of the air domain of the bioreactor, as illustrated in Fig. le.
The parameters used in the computational modelling were listed
in Table 1, 120 mm was chosen as the radius of the air domain.
Other settings employed in the COMSOL finite-element simulation
includes Electrostatics interface which solves Gauss’ Law was used
to compute the electric field, electric displacement field and poten-
tial distribution in dielectrics; Charge Conservation was assigned to
all domains; Zero Charge was assigned to the exterior boundaries

Table 1
The parameters used in the computational modelling.

Electrical conductivity, Relative

Materials o (S/m) permittivity, &,
Titanium disc (grade 4) [31,58-60] 7.4 x 103 1

Culture medium [61,62] 1.7 80

Tissue culture plastic [63] n/a 2

Electrode [63] n/a 1

Air [63,64] n/a 1
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Fig. 1. (a) Full electrical stimulation experimental setup and (b) close view of in-vitro bioreactor assembly; (c) Geometry and components of bioreactor design; (d) Re-
lationship between spherical radius of the air domain and capacitance of the system for capacitive stimulation models; (e) Geometry with air domain for finite element

modelling.

of the air volume; Stationary Study step was computed, and a 30 V
potential difference was assigned between the electrodes to sim-
ulate the applied experimental constant potential. Approximately
300,000 tetrahedral mesh elements were generated for the model.

2.2. Cell culture

Human mesenchymal stem cells (hMSCs) from bone marrow
were obtained commercially (PT-2501, Lonza Group Ltd., UK).
Frozen vials of cells were thawed, cultured and expanded to reach
the desired confluency based on the instructions provided by the
company. Cells of passage 8 were cultured in growth medium (GM)
consisting of Dulbecco’s Modified Eagle’s Medium (DMEM) with
4500 mg/L glucose, L-glutamine, and sodium bicarbonate, without
sodium pyruvate, supplemented with 10% fetal bovine serum (FBS)
and 1% Penicillin/Streptomycin (10,000 units/mL) all obtained from
Sigma-Aldrich, UK. The cells were maintained at 37°C and 5% CO,
in a humidified incubator.

The as-received commercially pure Ti discs grade 4 (14 mm di-
ameter, 0.25 mm thick, 99.5% purity, Alfa Aesar, UK) were ultrason-
ically cleaned and degreased followed by air drying. The surface
roughness on the cp Ti disc was around 8-13 nm [65,66]. The cp
Ti discs were designed with a tag to assist handling of specimens
using tweezers, which could be folded into L-shaped to ease the
transference of specimens without damaging the living cell culture
during in-vitro experiments.

Before cell seeding, a water-repellent circle is drawn on the
edge (width approximately 3 mm) of the cp Ti disc (diameter
14 mm) using a PAP pen (Thermo Fisher Scientific, UK), leaving
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an 8 mm diameter of working area on the cp Ti disc for the cells
to be seeded on. The water repellent circle acted as a boundary to
limit the cells fluid pooling within the working area of the disc and
to ensure that the cells fluid was evenly spread within the capped
circle for the cells to adhere securely on the surface of cp Ti disc.
Before cell seeding, a water-repellent circle is drawn around the
top edge of the cp Ti disc using a PAP pen (Thermo Fisher Scien-
tific, UK) to keep the cell seeding fluid pooled in a single droplet
on the surface of cp Ti disc.

All the cp Ti discs were then sterilised using ultraviolet (UV)
light for 45 min each side. 100 pL of cell fluid containing 1 x 10%
cells were seeded on each of the cp Ti discs. After one hour of
cell seeding, GM was added to each well carefully from the wall
of the well plate to minimise the turbulence of medium in the
well. One day after the initial cell seeding (termed Day 1), half
of the samples were refreshed with GM (n = 8). The other half
(n = 8) were treated with osteogenic medium (OM), prepared by
adding 50 mg/mL ascorbic acid, 10 mM gB-glycerophosphate and
10 nM Dexamethasone (Sigma-Aldrich, UK) to the GM. The non-
stimulated control group was incubated in a separate incubator
with identical conditions but without electrical stimulation. The
media were changed every three days.

2.3. In-vitro electrical stimulation

The full in-vitro electrical stimulation experimental setup was
displayed in Fig. 1a. The ES bioreactor (Fig. 1b) is custom built as
a replica of the simulated model, which provides homogeneous EF
and no CD, according to the simulation. Briefly, the 8-well polyte-
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trafluoroethylene (PTFE, Alfa Aesar, UK) bioreactor consists of three
embedded stainless-steel electrodes (Alfa Aesar, UK), i.e. two pos-
itive electrodes located on both sides of the bioreactor, one nega-
tive electrode located in the middle of the bioreactor to separate
the four wells from each side of the bioreactor, creating an in-
verted symmetry well configuration. The bioreactor was sterilised
in a steam autoclave before the in-vitro experiments.

On Day 1, the cp Ti discs seeded with cells were transferred
to the bioreactor using sterilised tweezers. The bottom of the cp
Ti discs was smeared with autoclave sterilised Dow Corning high-
vacuum silicone grease (Sigma-Aldrich, UK) to ensure a fixed posi-
tion of cp Ti discs during the stimulation and expose the cells to
constant direction of EF. The smearing procedure was performed
by gently pressing the disc bottom onto the grease and removing
with a sudden vertical motion for even distribution of grease on
the disc bottom, as described by Ryan [67]. The cp Ti discs were
then fixed in the middle of the bioreactor with the tag of cp Ti
disc faced upwards and paralleled to the electrodes, where the left
side of the disc was positioned near to the positive terminal, and
right side of the disc was positioned near to the negative terminal,
aligned according to the abovementioned inverted symmetry. The
tag was present on the cp Ti disc to allow for tracking of sample
position and to aid sample handling. GM and OM were added to
respective wells of the experimental group and secured with the
lid of standard cell culture plates (Sigma-Aldrich, UK).

The bioreactor was connected to a calibrated Triple Output Pro-
grammable Direct Current Power Supply (Model 9130; B&K Preci-
sion Corporation, Yorba Linda, CA, USA). The full setup of the ex-
periment is displayed in Fig. 1a. Continuous stimulation with con-
stant potentials of 14.2 V and 28.4 V was applied to the bioreac-
tor, corresponding to, respectively, 100 mV/mm and 200 mV/mm
simulated EF obtained from the modelling data (Fig. 2c). The ex-
perimental group was incubated under standard conditions during
the ES. The media were changed every three days. All assays were
performed immediately after last exposure to the EF.

Samples were harvested at two time points, Day 7 and Day 14,
for AlamarBlue™ assay (n = 8); viability and morphology assess-
ment using LIVE/DEAD cell viability assay (n = 4); and Day 14 for
cell lysate collection for alkaline phosphatase (ALP) (n = 8); cal-
cium concentration using alizarin red staining quantification assay
(n = 8); and nuclei aspect ratio and cytoskeleton orientation mea-
surement using immunofluorescence staining assay (n = 4).

2.4. AlamarBlue™ assay

To assess the cellular metabolic activity, the control and stimu-
lation groups were assayed at day 7 and 14 using AlamarBlue™
assay. Briefly, 300 pL AlamarBlue™ mixture containing 10%
AlamarBlue™ stock solution (Thermo Fisher Scientific, UK) and
90% cell culture medium (GM) was added directly to the samples
in a 24 well plate, then incubated at 37°C for 60 min. Following
incubation, three 50 pL replicates of the aliquots were transferred
from each sample into a clear 96 well plate. Fluorescence read-
ings were taken using a FLUOstar OPTIMA microplate reader (BMG
Labtech) at 560 nm excitation, 590 nm emission. After the assay,
the samples were washed with fresh GM and replaced with re-
spective media (GM or OM). The same samples were measured at
each time point.

2.5. LIVE/DEAD cell viability assay

Cell viability and morphology on the cp Ti disc upon ES was
assessed by a fluorescence-based LIVE/DEAD cell viability assay
(Thermo Fisher Scientific, UK). The assay was performed at day 7
and 14. 4 mM calcein-AM in anhydrous dimethyl sulfoxide (DMSO)
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Fig. 2. Electric field distribution (mV/mm) on (a) the titanium disc and in (b) the
culture medium. The maximum and minimum electrical field values are shown at
the top-left corner. Note that there was no simulated current density. (c) Relation-
ship between simulated average electric field and simulated electric potential on
the titanium disc.

and 2 mM ethidium homodimer-1 in DMSO/H,0 1:4 (v/v) in phos-
phate buffered saline (PBS) were added to each sample and incu-
bated for 30 min, washed again with fresh PBS, and visualised us-
ing a fluorescence light microscopy (Nikon Eclipse 50i, equipped
with Lucia GF-DXM1200 version 4.82 imaging software).

2.6. Cell lysate preparation

Cell lysis was performed to allow the extraction of intracellular
contents such as proteins, lipids, and nucleic acid. At day 14, the
samples in a 24 well plate were washed twice with PBS before a
300 pL of Gibco® EDTA-free 0.25% Trypsin solution (Thermo Fisher
Scientific, UK) was added to each sample and incubated for 4 min.
Mild vortex and gentle tapping were performed following incuba-
tion to ensure that the cells were detached from the samples. The
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trypsinised cells were transferred to a 1.5 mL microcentrifuge tube.
300 pL of GM was added twice to the well plate to wash and col-
lect the leftover cells, then transferred to the same microcentrifuge
tube and centrifuged at 300 g for 5 min. Following centrifuge, the
supernatant was removed, and 250 pL of ALP assay buffer (BioVi-
sion, UK) was added to the cell pellet with an addition of the high-
speed vortex to lyse the cells. The cell lysate was kept at -70°C for
further use.

2.7. Alkaline phosphatase (ALP) assay

The level of alkaline phosphatase (ALP) activity indicates an
early marker of osteogenic differentiation. Before performing the
ALP assay, the cell lysate was centrifuged at 13,000 g for 3 min to
remove insoluble material. The ALP colourimetric assay kit (BioVi-
sion, UK) was used to measure the ALP activity in the samples. The
p-nitrophenyl phosphate (pNPP) working solution was prepared ac-
cording to the manufacturer’s instruction. ALP assay buffer and
stop solution were readily prepared in the assay kit. To begin the
assay, an optimal volume of cell lysate was aliquoted to a clear
96 well plate in duplicate, and the ALP assay buffer was added to
bring the total volume to 80 pL. 20 pL of stop solution was added
to one of the duplicated lysate mixtures (as background reading)
to terminate the ALP activity. 50 pL of 5 mM pNPP solution was
added to all the mixtures and incubated for 60 min at room tem-
perature protected from light. The reaction was stopped by adding
20 pL of stop solution to the reacted samples (as sample read-
ing), making a total volume of 150 pL in each well. The absorbance
readings were taken using a Multiskan Ascent Microplate Reader
(LabSystems, Inc.) at 405 nm. The actual absorbance reading of the
sample was obtained by subtracting the background readings from
the sample readings.

2.8. Alizarin red staining quantification assay

The level of bone mineralisation and calcium deposition in the
cell culture were determined by alizarin red staining. At day 14, the
control and experimental groups were washed twice with PBS and
fixed with 10% formalin solution (Sigma-Aldrich, UK) for 15 min at
room temperature. The fixed cells were then washed three times
with deionised (DI) water. The samples in the 24 well plate was
stained 30 min with 2% w/v alizarin red staining solution (Sigma-
Aldrich, UK) in DI water and maintained at pH 4.1-4.3. The staining
solution was removed, and the samples were washed five times
with DI water. For quantitative analysis, the red-stained calcium
contents were dissolved at 37°C for 30 min with gentle shaking
using 300 pL of 10% w/v cetylpyridinium chloride (CPC) (Sigma-
Aldrich, UK) in PBS. Subsequently, three 50 pL replicates of the
dissolved solution were pipetted from each sample into a clear 96
well plate. Absorbance readings were taken using a Synergy II plate
reader (Biotek Instruments Ltd.) at 550 nm.

2.9. Immunofluorescence staining

After cells were fixed using 10% formalin solution (Sigma-
Aldrich, UK) for 15 min at room temperature, they were washed
three times with PBS and permeabilised with 0.1% Triton X-100
in PBS for 10 min at room temperature. The cell cytoskeleton fil-
aments (F-actin) were stained with Alexa Fluor® 488 phalloidin
(1:1000 dilution, Invitrogen) for 30 min and carefully mounted
with ProLong® Gold Antifade Mountant with DAPI (Thermo Fisher
Scientific, UK) to stain the cell nucleus. The samples mounted on
glass slides and coverslips were sealed with transparent nail pol-
ish for microscopy imaging using a fluorescence light microscopy
(Nikon Eclipse 50i, equipped with Lucia GF-DXM1200 version 4.82
imaging software). Images captured were then used to quantify the
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nuclei aspect ratio (n = 25) and cytoskeleton orientation (n = 600).
The length and angle were manually traced using Image] software.
The nuclei aspect ratio was determined by the ratio of the longest
to the shortest dimension of the stained nuclei (blue), where 1.0
was considered fully rounded nucleus and 0.1 was considered a
high extent of elongation. The angle of cytoskeleton orientation
was measured as the angle between the cell major axis and the
direction of the electric field, i.e. positive (+) terminal as 0° and
negative (-) terminal as 180°.

2.10. H,0, concentration and pH measurements

H,0, concentration in the media was detected using a fluori-
metric hydrogen peroxide assay kit (Sigma-Aldrich, UK). 50 pL of
master mix solution was prepared according to manufacturer’s in-
struction and added to 50 pL of media in a 96 well plate. Room
temperature incubation for 15 min and the fluorescence readings
were taken using a Synergy II plate reader (Biotek Instruments
Ltd.) at 540 nm excitation, 590 nm emission.

The media in cultured were collected during media change and
tested immediately with a Checker pH tester (Hannah Instruments,
Accuracy: + 0.2 pH).

2.11. Statistical analysis

Statistical significance was analysed using the two-tailed paired
Student’s t-test in Microsoft Excel [68]. Data are presented as mean
+ standard deviation (S.D.). Probability (p-value) less than 0.05 was
considered to be significant.

3. Results and discussion
3.1. Capacitive ES bioreactor design and finite-element modelling

As early as the 1960s, the concept of exogenous capacitive stim-
ulation has been employed by Goldenthal as a technique for bilat-
eral and unilateral activation of the diaphragm [69]. Brighton et al.
later showed that capacitive stimulation electric field could en-
hance the in-vivo growth plate in a highly consistent manner [70].
Thereafter, the development of capacitive stimulation has been in-
creased gradually following a number of successful in-vivo stud-
ies that confirmed the efficacy of this non-invasive, infection-free
stimulation on bone healing [51,71], spinal fusion [72] and fracture
non-union treatments [73,74]. Capacitive stimulation is known to
improve the success rate of metallic fixated implantation by pro-
moting bony ingrowth and overcoming the biochemical effects of
stress shielding [72]. Furthermore, in-vitro studies revealed that the
intracellular signalling mechanisms for which the capacitive stimu-
lation modulates the bone remodelling process is different from di-
rect and inductive stimulation, including the regulation of cytosolic
calcium through voltage-gated calcium channels [44,51]. However,
appropriate strength and homogeneity of the applied electrical sig-
nal are desired to attain effective signal transduction in the stimu-
lated cells [74,75].

In this study, cp Ti disc was utilised in combination with a
custom-built capacitive ES bioreactor to investigate the cellular re-
sponses of human mesenchymal stem cells via in-vitro functional
assays. We compared four bioreactor designs through the use of fi-
nite element simulation to obtain a design that delivers the most
homogeneous electric field across the disc. Delivering a homo-
geneous electric field is a critical factor in designing a bioreac-
tor model. It does not only facilitate the ease of use for anyone
who handles the bioreactor, more importantly, but it also ensures
that at any position in a single well of the bioreactor receives an
equal amount of electric stimuli, including the substrates and cells
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that are in the culture. ES on basic cell culture is a two-way pro-
cess: while the applied EF can induce a change on the cellular
transmembrane potentials, the EF can also be perturbed and re-
distributed by the cells at the same time [76]. However, when a
substrate or scaffold is introduced into the ES system, a few other
factors should be considered. For instance, the distribution of EF
between the substrate and ES system, the change of transmem-
brane potentials triggered by the stimulated substrate with pre-
existing concerns on conductivity, chemical, mechanical and sur-
face characteristics. For this reason, we utilised the pre-tested and
biocompatible cp Ti discs in this study, which were trimmed from
commercially pure titanium film without additional modification
of the surface and chemical composition. Given these facts, by
making sure that the electric field is distributed homogeneously
across the system would assist us to eliminate the uncertainties
contributed by this multifactorial paradigm and to focus only on
the interaction mechanism between the cells and the applied EF.

The EF distributions on the cp Ti disc surface and inside the cul-
ture medium are plotted in Fig. 2a and b, respectively. In addition
to a homogeneous EF distribution both on the cp Ti disc as well
as in the culture medium, the design modelled in finite element
analysis featured no current density in the medium of capacitive
stimulation. This is mainly due to no direct contact of the electrode
in the ionic medium during the stimulation, and the electrostatic
EF is delivered indirectly through the capacitance of the electrodes
external to the culture medium. The isolation of the stainless-steel
electrodes which are embedded in the PTFE chamber ensures that
no direct contact of the metallic electrode in any near to the cul-
ture medium (Fig. 1c). With this non-invasive approach, the con-
cerns of electrochemically induced pH changes and radical species
can be minimised or even eliminated [77]. At the same time, all
the components contained in the chamber will have an equivalent
stimulation regardless of the position in the chamber [24]. This
gives an added benefit to an ES system because the possible oc-
currence of imbalanced or partial stimulation will be disregarded,
in addition to no simulated CD is computed with this model. In
spite of that, a relatively higher potential is required to maintain
the desired EF, as compared with other models, because the EF
is partially impeded by the PTFE layer that separates the culture
medium and the electrode. This simulated bioreactor model dis-
played a significantly uniform and small difference as compared
to conventional direct stimulation, i.e. 2-fold difference, in the EF
strength across the cp Ti disc. In the culture medium, higher EF
strength was discovered in the culture medium near to both of the
electrodes, where almost linear vector distribution was observed.
To understand the relationship between the EF magnitude and ap-
plied voltage of the model, the average simulated EF magnitude on
the cp Ti disc with varying simulated input voltage was computed
and plotted (Fig. 2c). When setting up the stimulation experiment
using our custom-built capacitive ES bioreactor design, the actual
direct current voltage reflected to stimulate desired EF can be es-
timated by the projected graph based on the linear equation of
y = 7.0398*x, where y is the average simulated EF and x is the sim-
ulated voltage. In a physiological manner, direct contact with high
voltage might impose a risk to the user of the device. However,
a capacitive simulation electrotherapy device is non-percutaneous
and can be regarded as a wearable device because the signal gener-
ator is typically encapsulated in an insulated case made from resis-
tive materials that are capable of promoting continuous, perpetual
stimulation for rapid healing [78-80].

3.2. In-vitro capacitive electrical stimulation
Preliminary studies were conducted to deduce the optimal ES

regime for use in the in-vitro experiments. 10 and 50 mV/mm sim-
ulated EF was initially tested using the bioreactor, but there was
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a minimal effect on the hMSCs. Hence a higher EF was chosen for
the present work. As 30 V (i.e. 211 mV/mm) was the maximum al-
lowable potential difference that can be generated using the direct
current power supply unit, we presented data from 100 and 200
mV/mm simulated EF in this work.

The custom-built ES bioreactor (Fig. 1b) featured some promi-
nent attributes for in-vitro assessments. The bioreactor made from
PTFE main chamber and embedded stainless steel electrode can be
manufactured in a reasonable cost (under £30 per set, price as of
the year 2020), can be sterilised under high heat humidified auto-
clave, can stimulate a sample size of 8 in one batch, and have the
potential to scale up the production and sample size. The position
of cp Ti disc partially fixed using medical grade silicone grease in
the culture would also give the advantage to visualise the effect of
ES on preferential alignment of the cells cultured on the cp Ti disc.
The power supply of our setup brought about a limitation to our
study, although this did not impact the main aim. As the allowable
voltage range of the direct current power supply was between 0
and 30 V, and 30 V was reflected as 211.2 mV/mm simulated EF,
according to the linear equation computed in the simulation. Given
this point, any EF desired above the aforementioned EF was not
achievable due to the limit of the power supply. However, in fu-
ture work, a power generator with a wider voltage range can be
incorporated in the experiment, to have a broader understanding
on influence of the high EF strength on cellular responses, and to
appreciate the upper EF threshold that the cells can hold up to, ul-
timately maximising the regulation of ES in in-vitro investigations,
as alleged in one of the previous studies [81].

For the selection of EF wise, Qi et al. previously compared dif-
ferent ES intensities delivered via a direct stimulation on olfac-
tory unsheathing cells through a biodegradable conductive com-
posite made of conductive polypyrrole (2.5%) and biodegradable
chitosan (97.5%), had concluded that 100 mV/mm were able to
promote proliferation and differentiation expressions, but ES inten-
sity above 300 mV/mm could induce apoptosis, and 1000 mV/mm
would lead to a destruction of healthy cells [82]. On another study,
Banks et al. reported cell viability was maintained on EF strengths
between 20 mV/mm to 200 mV/mm showed high cell viability,
but 300 mV/mm evinced a slightly lower viability but retained a
maximum migration ability, while cell death was discovered on EF
strength of 500 mV/mm within 5 h of ES application [47]. Studies
conducted by Mooney et al. and Canillas et al. confirmed that 150
mV/mm would sustain cell proliferation and cytoskeletal orienta-
tion with the ability to differentiate into specific functional cells
[83,84]. Furthermore, Bai et al. and Petrov et al. have elucidated
that 200 mV/mm and 250 mV/mm, respectively, did not inhibit the
upregulation of long-term growth factors and preferential align-
ment of cell network [85,86]. All things considered, we believe that
our selected EF range, i.e. 100 mV/mm and 200 mV/mm simulated
EF would give an adequate understanding on how ES affects the
cellular mechanism, although a higher EF is limited by the power
supply.

The bioreactor setup in the present study effectuated a contin-
uous stimulation without compromising cell viability. The in-vitro
viability assays revealed a denser cell number at an increasing EF
intensity. It is important to stress that a continuous stimulation is
of prominence in some practical electrophysiological applications.
A perpetual flow of electrical signal at an appropriate regime does
not only facilitate rapid healing in a fraction of time, but it would
also reduce the treatment cost in a long run because there is no
need for the patient to attend to the rehabilitation centre periodi-
cally to receive electrotherapy from the practitioners. In some pre-
vious works, a long-term stimulation was not achievable. Especially
for those using direct stimulation methods, Hu et al. demonstrated
that direct stimulation on polypyrrole (PPy) conductive films with
a magnitude of 35 mV/mm evinced the best cell viability and
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calcium deposition rate exhibited on stimulation time of 4 h per
day; while 12 h of stimulation would dramatically reduce the cell
activity and cause cell death [87]. Liu et al. further established in
their study that direct stimulation of 15 mV/mm for above 6 h
per day would cause a reduction in cell proliferation and differ-
entiation abilities, while 1 h stimulation per day would lead to
increased viability and earlier differentiation relative to 0.5 h per
day because it was believed that the induction of osteogenesis is
strongly related to the time-dependent intracellular calcium ion
signalling pathway, where 1 h per day of stimulation was suffi-
cient to induce a transient change in intracellular Ca?* concentra-
tions [88]. On the contrary, Kim et al. suggested that a direct stim-
ulation with biphasic electric current would promote cell survival
upon continuous stimulation (24 h per day) for 4 d, and increase
the production of vascular endothelial growth factor (VEGF), an es-
sential mediator for bone repair and regeneration, but did not in-
duce cell differentiation [89]. Using salt-bridge configuration, Bai et
al. confirmed that EF of 200 mV/mm for 24 h of stimulation have
no significant difference in the upregulation rate of VEGF with 4
and 8 h of stimulation, indicating a better ES system for use in
comparison with direct stimulation [85].

Fitzsimmons et al. suggested that a continuous stimulation was
made possible with the use of capacitive stimulation, where an ap-
proximate of 3-fold increase of tibial collagen production was at-
tained in comparison with non-stimulated controls, although an EF
exposure of 30 min per day was able to improve bone matrix for-
mation when compared with non-stimulated controls [90]. A fur-
ther investigation conducted by Hartig et al. confirmed the pos-
itive effect of long-term in-vitro capacitive stimulation in induc-
ing bone matrix maturation with the significant synthesis of fi-
bronectin, type-I collagen, proteoglycans, osteocalcin and other os-
teogenic expressions upon a course of 18-day continuous stimu-
lation as compared with non-stimulated controls [91]. On another
study, Brighton et al. compared three different types of ES deliv-
ery systems on MC3T3-E1 mouse osteoblastic cells, namely capaci-
tive, inductive and combined electromagnetic fields [44]. They con-
cluded that 24 h of capacitive stimulation (2 mV/mm) resulted in
the best proliferation among all delivery systems; although a sig-
nificant proliferation relative to non-stimulated controls also ob-
served on two other delivery systems, the rate of proliferation
was stagnant after the first 30 min of stimulation. However, the
capacitive stimulation did not increase the intracellular Ca2* re-
lease as compared to both the inductive and combined electromag-
netic field. It was explained that the signal transduction pathways
of capacitive stimulation is not a straightforward process, where
the mechanism of cytosolic Ca%+ secretion via capacitive stimula-
tion is translocated through the voltage-gated calcium channels of
the plasma membrane which then increases the intracellular cal-
cium concentration, whereas the signalling of cytosolic Ca2* re-
lease corresponding to inductive and electromagnetic field was di-
rectly transduced by intracellular calcium storage [51].

3.3. Cell viability, morphology and preferential alignment

Titanium has been recognised as a promising bone implant ma-
terial thanks to its exceptional corrosion resistance, biocompati-
bility and high specific strength. Commercially pure titanium is
amongst the most widely used Ti-based materials nowadays, es-
pecially in dental and bone replacement procedures [5,92]. In the
present study, cp Ti discs without ES (at 0 mV/mm) have attained
good MSCs viability, proliferation, osteogenic differentiation and
bone cell mineralisation. The cells cultured in both growth and
osteogenic medium evinced a doubling of metabolic activity from
day 7 to day 14 in culture. The growth medium exhibited a higher
metabolism rate than the osteogenic medium in general, which
has been considered a typical phenomenon [93]. This is because
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osteogenic medium comprised of growth factor to induce specific
functionalised differentiation of stem cells over time, while the
growth medium maintained the normal growth and multiplica-
tion of cells without chemically inducing the specific differentia-
tion [94]. The more apparent effect of osteogenic induction can be
observed in differentiation assays.

AlamarBlue™ assay evinced that a significant increase in cel-
lular metabolism rate was observed on 200 mV/mm as compared
to that of control (non-stimulated) and 100 mV/mm (Fig. 3a). For
growth medium (GM), a significant increase of cell metabolic activ-
ity is seen as the EF increased to 100 mV/mm and 200 mV/mm for
both day 7 and day 14. For osteogenic medium (OM), an increas-
ing trend was also displayed as the EF increases. As compared to
the control group (OM day 14), it is demonstrated that an approx-
imately 5-fold increase of cell metabolism rate on 200 mV/mm on
OM day 14. OM day 7 on 100 mV/mm, however, showed a higher
proliferation rate as compared with OM day 7 on 200 mV/mm.

The metabolism rate has displayed an increasing trend at an el-
evated EF intensity (Fig. 3a). It is worth noting that the growth
medium, on both day 7 and 14, has a linear escalation with the
increase in EF intensity, but osteogenic medium on 100 mV/mm
has shown a higher metabolism rate than 200 mV/mm on day
7 followed by a plateau. This finding was not reported in any
other capacitive stimulation regime, but it might be related to a
combinational effect of the modulation of electrochemically ac-
tive molecules at this particular EF intensity [95,96] correlating
with the polarisation of intracellular potential which triggers the
cytoskeleton activation in directing cell migration and orientation
[97]. This combination effect was not observed in 200 mV/mm be-
cause the dominating potential difference in conjugation with the
higher EF has overcame the polarisation at an earlier stage of cell
development and activated early cell migration [98,99], which also
explain the most oriented cell alignment under EF exposure of 200
mV/mm, even on day 7 in culture (Fig. 4c and e). Some studies
demonstrated that the cell proliferation rate in capacitive stimula-
tion delivery system is mediated by cytoskeletal calmodulin path-
way which is activated by intracellular calcium concentration via
transmembrane voltage-gated calcium channels [44,52].

None of the cells exposed to 100 and 200 mV/mm showed
signs of toxicity. As the cp Ti discs were fixed in position, the
cells on the cp Ti discs could experience a constant vector of EF
at any time point during the experiment. In comparison to non-
stimulated controls, the Live/Dead Imaging (Fig. 4a-j) showed that
hMSCs cultured on the discs were majority aligned in a direction
and greatly stretched across the discs - either multiplying them-
selves or differentiating into osteoblastic cells. The cell morphology
exhibited in LIVE/DEAD assay demonstrated that the cells on cp Ti
disc aligned perpendicularly to the direction of EF. While, in gen-
eral trend, both GM and OM have better cell growth and coverage
on day 14, the increase in EF also promoted higher cell elongation
and alignment.

For GM day 7, cells started to demonstrate signs of extension
and orientation as the EF increased although the morphological
changes were not very significant. For GM day 14, 200 mV/mm
(Fig. 4h) showed a significant extension of cells that have an el-
evated coverage as compared to 100 mV/mm (Fig. 4g). Signs of
alignment also became apparent when the EF increased from 100
mV/mm to 200 mV/mm.

Due to the osteogenic conditions provided to cells, the hMSCs
cultured in OM exhibited signs of differentiation to osteoblastic
cells. A relatively lower sign of differentiation was displayed on
OM day 7 on 100 mV/mm (Fig. 4d). However, as the EF increased
to 200 mV/mm (Fig. 4e), the cells showed a stronger indication of
differentiation as the hMSCs proliferated into pre-osteoblastic like
cells. Similar to GM day 14, OM day 14 also displayed a greater
extent of cell alignment. OM day 14 on 200 mV/mm (Fig. 4j)
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demonstrated a significant cell extension and coverage, the differ-
entiated cells have not only shown directionality but also cell ma-
trix maturation.

The immunofluorescence staining of hMSCs on cp Ti disc re-
vealed the ellipticity of cell nuclei (blue) and directionality of the
actin filaments (green), as shown in Fig. 4k-o. For comparison pur-
pose, the control group was conducted against the GM on day 14 of
culture, while the experimental group was conducted on both GM
and OM on 100 mV/mm and 200 mV/mm upon 14 d of continu-
ous exposure to EF. The experimental group demonstrated a highly
aligned cell structure with elongated cytoskeleton across the sam-
ples as compared with the control group.

Cell morphology and elongation play a critical role in regulating
stem cell commitment, especially for the osteogenic differentiation
of MSCs [100]. Electrical stimuli are known to promote cell elon-
gation and extension by altering the local electrical fields of ex-
tracellular matrix molecules [101], protein adsorption and cell sur-
face receptors to push the cellular membrane in the direction of
movement [102]. Cell elongation is mediated by the cytoplasmic
actin filaments which support the cytoskeletal membrane struc-
ture and transmit intracellular forces to the nucleus [103], leading
to the direct correlation between the cells and nuclei aspect ratio
[104]. In the present study, the measurements of nuclei aspect ra-
tio (Fig. 4p-t) displayed that the nuclei in the experimental group
was more elongated as compared with the control group. The nu-
clei of the control group exhibited a rather spherical shape with
the highest count on the aspect ratio of 0.8; both GM and OM on
EF of 100 mV/mm displayed an aspect ratio of 0.6 and 200 mV/mm
showed an aspect ratio of 0.5 at the highest counts. The lower the
aspect ratio, the more elongated the nucleus is. It is notable that
cells stimulated at 100 mV/mm demonstrated a mean nuclear as-
pect ratio of 0.6 for both GM and OM. Similarly, cells stimulated at
200 mV/mm exhibited a mean nuclear aspect ratio of 0.5 in both
media, suggesting that the nuclei were more elongated along the
longer axis of their cell body at a higher EF. The findings reflected
that the capacitive stimulation was able to enhance a considerable
cell stretching in comparison to non-stimulated controls, while EF
at a higher intensity could further promote cell elongation. These
findings further support the preferred aspect ratio committed by
MSCs to differentiate towards osteogenic lineage [105].

It is well known that directional migration and cell network ex-
tension can be predominated by the introduction of electric cues.
Bone repair and wound healing are some of the examples that ex-
plain the mobility of cells through endogenous membrane poten-
tials [106,107]. It is evinced that the actin filaments of cells re-
sponse positively toward electrical regime and could contribute to
the change of cytoskeleton shape and orientation when exposed
to EF. For the first time, the effect of capacitive stimulation on
MSCs alignment and morphological changes on cp Ti disc is anal-
ysed. About 600 actin filaments from images of different regions
were measured for the tabulation of data in the rose plot. The con-
trol group has an equal dispersion of cytoskeleton orientation from
0° to 180°; cytoskeletons in the experimental groups were more
perpendicularly aligned as compared with the control group, i.e.
higher counts between 75° and 105° for both media conditions and
both EF strengths. The respective calculated percentage of actin
filaments that aligned perpendicularly to the direction of EF (75°
to 105°) was at 20.5% (control; Fig. 4u), 42.5% (GM 100 mV/mm;
Fig. 4v), 53.3% (GM 200 mV/mm; Fig. 4w), 41.3% (OM 100 mV/mm;
Fig. 4x), and 46.2% (OM 200 mV/mm; Fig. 4y).

Through the cytoskeleton orientation analysis, it can be seen
that the cells were aligned perpendicularly with elongated mor-
phology on the increasing EF intensity. It is encouraging to com-
pare these findings with those found by other researchers, who
suggested that the stimulated cells elongated perpendicularly to
the direction of field while the non-stimulated controls retained
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a random orientation [47,83,85,108-112]. This observation may be
explained by the fact that the cells elongated and aligned perpen-
dicularly to the direction of applied electric field to minimise the
voltage drop across the cells [113-115]. As the EF increases, the
cells aligned more vertically as evinced from the increase in per-
centage from 20.5% (GM control) to 42.5% (GM 100 mV/mm) to
53.3% (GM 200 mV/mm) to minimise the EF gradient across them-
selves [30].

The structural reorganisation and cell orientation are strongly
correlated with the intracellular signalling pathways that lead to
functional differentiation [116,117]. Under the influence of ES, the
intracellular calcium distribution, a mediator for signal transduc-
tion, will accelerate the internal rearrangement of cytoskeletal net-
work and regulate the release of calcium to facilitate bone min-
eralisation process [118]. On a related note, Mendoza suggested
a paradigm to explain the perpendicular alignment of the cells
through an adaptation process of retraction and elongation [109].
The adaption process that involved the exertion of tensional force
on the cell membrane, initiated by the EF at the anodic and ca-
thodic poles, which later on cause an increase in calcium ions in
the cell cytoplasm, followed by a cytoskeletal reorganisation in
association to a retraction on the cell body an each side of the
electrodes, and subsequently a directional re-extension of lamellae
cause an elongation of the cells in perpendicular to the EF. Zhao
et al. and Kotwal et al. further elucidated in their study that the
types of culture medium were not a dominating factor contribut-
ing to the directionality of the cell alignment, but will facilitate the
intracellular growth and reorganisation of cytoskeleton [101,111].

3.4. Stem cell osteogenic response and calcium deposition

Electrical signals have been recognised as a prominent exter-
nal cue for stem cell differentiation [24]. Several functional assays
can be employed to determine the level of stem cell differentia-
tion. Alkaline phosphatase (ALP) activity is a quantifiable marker
for osteogenic differentiation of MSCs, and is often used in con-
junction with Alizarin Red calcium concentration analysis to mea-
sure the bone mineralisation ability of MSCs in culture [119,120].
In the present study, OM in the control group showed a higher
ALP activity than GM, denoting a positive promotion of ALP level
under osteogenic medium. The combination of osteogenic induc-
ing media and EF revealed a significant enhancement of ALP level
of cells cultured on cp Ti disc. ALP activity was highest at OM 200
mV/mm followed by OM 100 mV/mm and OM non-stimulated con-
trols. Compared to the control group, the cells simulated under EF
of 200 mV/mm revealed a significant increase (approximately 4-
fold) of ALP activity both GM and OM, denoting that EF of 200
mV/mm was capable of inducing osteogenic differentiation even
without the addition of osteogenic growth factors.

The cells cultured for 14 d on cp Ti disc showed a signifi-
cantly higher mineralisation rate on both GM and OM when ex-
posed to EF of 200 mV/mm (Fig. 3d). On increasing EF, a steady
increase of calcium content was discovered on GM without the ad-
dition of osteogenic growth factors. As compared to the control
group, approximately 3-fold and 9-fold increase of calcium con-
tents were evinced on 100 mV/mm and 200 mV/mm, respectively.
For OM, there was a significant decline of mineralised calcium on
100 mV/mm than the control group and 200 mV/mm. In general
trend, the OM still possessed a higher calcium deposition than the
GM. The most striking result to emerge from the findings is that
GM 200 mV/mm have a considerable close resemblance to OM
non-stimulated controls in both differentiation tests, further sig-
nifies that the presence of higher intensity EF could bring about
stem cell mineralisation even without the need of chemically in-
duced growth factors.



J.S. Khaw, R. Xue, NJ. Cassidy et al.

The major difference between ALP and Alizarin Red detection
is that ALP enzyme expression is a predictor of extracellular in-
organic phosphate, which acts as a mineralisation promoter [121],
while alizarin red is a measurement of the content of miner-
alised calcium compound, known as calcium pyrophosphate dehy-
drate (CPPD) crystals [122]. Both methods are extensively used and
highly recognised as the prime indicator for osteogenic differen-
tiation. However, as the production of the mineralised matrix oc-
curs at the end point of osteoblast maturation [123], the induc-
tion of calcium deposition might not have a confirmatory effect
at early time points. Our unanticipated finding is broadly consis-
tent with earlier investigation using ES regime on conductive sub-
strates, where a predominant enhancement of calcium deposition
would be more substantial at a later time point, i.e. a minimum
of 21 d in culture [124-126]. Other researchers explained this sit-
uation as a delayed differentiation because the cells under a spe-
cific EF would maintain the proliferative process with unchanged
or decreased calcium deposition, and this phenomenon is not un-
common when capacitive stimulation is used in conjugation with
osteogenic medium [75,89,91]. The delayed differentiation coupling
with increased proliferation often upregulates insulin and fibrob-
lastic growth factors which do not modulate calcium deposition
but have shown to enhance bone formation during in-vivo implan-
tation [127,128].

There are slight differences between the bone remodelling
mechanism of capacitive and direct stimulations. Briefly, capacitive
stimulation modulates bone formation and maturation through the
activation of voltage-gated calcium channels, followed by the am-
plification of cytosolic calcium before boosting the intracellular cal-
cium storage [44,129]. Concentrations of calmodulin, a mediator
for proliferation and bone formation, are then activated to regulate
bone healing processes by triggering osteoblastic growth factors,
including bone morphogenetic protein (BMP) and transforming
growth factor beta-1 (TGF-81) [52,130]. The growth factors synthe-
sised in direct stimulation, on the other hand, are mainly governed
by BMP and vascular endothelial growth factor (VEGF) in associa-
tion with increased pH and reduced oxygen levels [52,89]. The re-
sultant hydroxyl ions produced from the redox reactions elevated
the pH levels, and the secondary production of hydrogen perox-
ide (H,0,) activates bone formation through osteoclasts resorption
[51,131]. In the present study, as no statistically significant differ-
ence on pH level and H,0, concentration (Fig. 3b) were discov-
ered in any of the experiment parameters as compared to the con-
trol group, one would hypothesise that the upregulation of calcium
deposition levels was modulated by BMP and TGF-B1 osteoblastic
growth factors. However, it was recognised that BMP coupled with
VEGF could expedite bone regeneration and stem cells differentia-
tion [132]; hence a further experiment could include the addition
of VEGF growth factors, especially to 100 mV/mm group, to further
induce the calcium mineralisation rate [89,133].

On the other hand, it is encouraging to notice that EF at a
higher intensity (200 mV/mm) demonstrated early calcium min-
eralisation regardless of culture medium type. This finding is of
major significance for the development of capacitive stimulation.
Conventional culture medium with growth factors such as ascorbic
acid and dexamethasone is widely employed in providing chemi-
cal cues to induce osteogenic responses in stem cells, but trans-
lating this practice into in-vivo settings is still far from ideal, be-
cause dexamethasone, for example, would cause systemic damage
to animal tissues when used in-vivo [133]. Therefore, the utility of
non-chemical methods in stem cell differentiation would prospec-
tively provide an exciting opportunity to allow precise control of
cellular behaviour with well-defined parameters and toxic-free ap-
proach in directing cell growth, directionality and stem cell differ-
entiation. Additionally, this non-invasive electrotherapy approach
would further benefit researchers in a variety of applications, such
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as wound healing [134], nerve regeneration, cardiovascular treat-
ment, musculoskeletal rehabilitation, limb regeneration [135,136],
and orthopaedic implant osseointegration [22].

3.5. Limitations and future work

Although the study has successfully demonstrated that the
presence of capacitive stimulation regime incorporated with cp Ti
discs has a positive impact on stem cell proliferation, orientation
and bone mineralisation, it has certain limitations that need to
be acknowledged. Firstly, the simulated EF used in this study was
determined based on the finite element modelling data, and the
validation of EF parameters was not feasible due to practical and
technical constraints. Furthermore, the direct current power sup-
ply unit employed in this study was limited to a maximum poten-
tial of 30 V, hence an in-vitro investigation using higher EF inten-
sity was not achievable, although it might be favourable to discover
and comprehend the effect of higher intensity EF on cell cultured
on cp Ti discs under our capacitive stimulation bioreactor.

A number of possible future studies using the same experimen-
tal set up are apparent in the following areas: (1) a wider study
range of EF intensity to find out the upper permissible intensity
on the stem cells with this capacitive stimulation bioreactor. With
this, a maximum effect of ES will also provide a better understand-
ing of the cell-stimuli interactions; (2) mathematical verification or
physical validation of the simulated EF would offer a more accurate
measurement and precise analysis; (3) extended experiment pe-
riod to investigate long-term continuous capacitive stimulation on
cellular responses; (4) the incorporation of more detailed in-vitro
functional assays to study the cellular mechanism under the influ-
ence of capacitive ES regime, such as real-time polymerase chain
reaction (RT-qPCR) for specific growth factors, and migration as-
say for wound healing applications; (5) the manipulation of differ-
ent electrical modality in association with the capacitive stimula-
tion to examine the effect of pulsatile, biphasic and multi-levelled
frequency stimulation regimes on cellular behaviours [21,27,137];
(6) different biocompatible substrates with varied conductivity to
explore the effect of substrate conductivity on stimulated cells
[126,138]; and (7) in-vitro assessment with a variety of cell lin-
eage, including a diversity of mammalian cells, phagocytes, bacte-
rial species and viruses [139,140] to widen the range of application
using this bioreactor.

4. Conclusion

Electrical Stimulation (ES) has been widely employed in a great
number of research and clinical settings, including nerve regenera-
tion, intervertebral rehabilitation, musculoskeletal and orthopaedic
applications. With the use of the appropriate electric field, ES
therapy evokes biochemical and physiological pathways that lead
to effective and targeted healthcare treatment. This manuscript
presents an imperative approach on combining cp Ti (primarily
preferred as medical implant materials) and ES in a purpose-built
bioreactor with capacitive stimulation delivery system. A continu-
ous capacitive stimulation regime on titanium disc has resulted in
enhanced cell proliferation rate of human mesenchymal stem cells
with an elongated and differentiated morphology under the regime
of 200 mV/mm on cp Ti discs, with evidence of nuclear elonga-
tion and cytoskeletal orientation perpendicular to the direction of
electric field. As opposed to the commonly used direct stimula-
tion regime, the capacitive stimulation were proven to be suitabil-
ity for long-term toxic free stimulation as there were no pH fluc-
tuations and hydrogen peroxide production caused by Faradic reac-
tions. The increase in alkaline phosphatase production and calcium
deposition observed on samples exposed to 200 mV/mm evidently
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showed that early stem cell differentiation and matrix produc-
tion were observed even without the presence of chemical osteo-
inductive growth factors.

This study showed the first time that the upregulation of stem
cell function and commitment through capacitive stimulation in
conjugation with MSCs cultured on cp Ti discs. The findings of this
study have a number of important implications for future prac-
tice. As the capacitive stimulation bioreactor was able to evident
the potential use in regenerative bone therapy, it can be trans-
lated with clinical relevance for further use in in-vivo animal tests,
for which the stimulator design, with or without the titanium im-
plant, could be further optimised and commercially viable in cor-
relation to anatomical and physiological responses. In the event
of successful use of this capacitive stimulation regime in implant
integration and fracture rehabilitation with minimal inflammatory
response, an ultimate translation of this bioreactor model into a
wearable stimulation device would be possible to assist the unmet
clinal need relating to limb regeneration, nerve rehabilitation, bone
fracture treatment and wound healing electrotherapy.
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