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Abstract Introduction: Ongoing research in the use of electromagnetic stimulation as coadjuvant in fracture healing

has led the authors to begin generating computer models in order to predict cellular growth changes when cells
are electromagnetically stimulated. By generating these models, scientists will be able to better understand
how electromagnetic fields affect cellular development. The experimental design integrated a cellular culture
bioreactor along with an external magnetic stimulation system, which allowed for dermal models to be exposed
to controlled magnetic fields. Methods: Initially, it was necessary to analyze the static growth of Normal
Human Skin Fibroblast (NHSF) cells when they were exposed to Extremely Low Frequency — Electromagnetic
Fields (ELF-EMFs). Using optimal conditions for the NHSF culture, from stimulation signal to scaffolding
material, we were able to perform the dynamic flow stimulation experiments. Results: The following systems
were developed: (1) a bioreactor aimed at cellular tissue culture, and (2) Helmholtz coils capable of generating
stimulation signals for the cultured tissue. The authors were able to appreciate the quantified values of cellular
density diluted in all the experiment samples that were taken and overall, the irradiated samples displayed an
average increase of 53% higher cellular density for the same amount of initial cellular seeding when the cells
were exposed to a 1 mT, 60 Hz magnetic field signal. Conclusion: ELF-EMF’s indeed alter NHSF cell growth
rates and it is the challenge of the authors to continue investigating what cellular mechanisms are altered when
cells are exposed to ELF-EMF’s.
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radiation.

Introduction

Long bone fractures such as the femur are very
common in Colombia, mainly due to car-motorcycle
and motorcycle-motorcycle traffic accidents. Many
of these fractures do not heal in the expected window
of time after treatment, which raises socio-economic
concerns for both the patients and society (Martinez-
Rondanelli et al., 2014). Doctors have had to explore
different ways to promote or decrease recovery time
for fracture union. One of the methods explored has
been surrounded by controversy in medical literature,
which is the use of electromagnetic fields to promote
bone healing. Electromagnetic stimulation consists
of using a device that generates an electromagnetic
field as a non-invasive way to improve fraction union
success. Clinical trials have explored the effects of
electromagnetic stimulation in fracture healing with
contradictory results. Some clinical trials report that
fraction union times are decreased when fractures
are exposed to electromagnetic fields (Cook et al.,
2015; Iryanov and Kiryanov, 2015; Li et al., 2007,
Massari et al., 2015; Moncada et al., 2011), while other
trials report that fraction union times actually increase
when the fractures were exposed to the electromagnetic
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fields with respect to the control studies (Handoll and
Brorson, 2015; Shi et al., 2013). Whether fraction
union times decrease or increase it seems that one
thing is certain and that is that there is some sort of
effect occurring to the normal reproduction of cells in
the body when they are exposed to the electromagnetic
fields. Recent studies have explored the possibility
of electromagnetic stimulation promoting different
cellular processes including synthesis of growth
factors, collagen fibers, proteoglycans, and cytokines.

In order to better understand how electromagnetic
fields interact with human body cells, a sterile environment
where human body cells could grow and be exposed to
electromagnetic fields to be studied was proposed for
construction. This sterile environment would be called
a bioreactor and it would be a space where different
cellular structures could be exposed and then tested
to better understand the cellular mechanisms that are
being activated or promoted when exposed to the
electromagnetic fields. The main difference between
cellular culture in a petri dish and in a bioreactor is
that inside a bioreactor the cellular tissue would allow
for three-dimensional growth, which gravity restricts
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when growing cellular tissue in a petri dish. Therefore
by constructing a bioreactor and being able to grow
cellular tissue in three dimensions, the possibility of
eventually growing cellular tissue is a possibility.

The use of bioreactors, allows users to maintain
the specific environmental conditions necessary for
the proper survival of the tissue that is being cultivated
(Griffith and Naughton, 2002; Martin et al., 2004;
Martin and Vermette, 2005). Due to the fact that
tissues, unlike cellular monolayers, need to grow
in multiple layers, they begin to form a thickness
and three-dimensional structure. Normally the most
common technique used in research laboratories
is to perform cellular experiments in petri dishes
or culture plates, which allow investigators to
assess individual cellular behavior. In the case of
tissue culture, however, these petri dishes are not a
viable option because they do not allow the cellular
nutrients to disseminate throughout the thickness of
the tissue. The in vitro growth of three-dimensional
tissues requires the development of devices that can
satisfy the physical and chemical requirements of the
cellular mass growing inside the matrix (Griffith and
Naughton, 2002). Amongst the main aspects in the
development and implementation of a bioreactor for
this specific purpose are cell nutrition in the matrix,
control over the environmental conditions, long-term
cellular culture maintenance, evaluation and control
of the biological parameters and automation of the
procedure (Vunjak-Novakovic, 2003).

The aim of using bioreactors to facilitate tissue
engineering is to be able to recreate the most controlled
environment possible in low gravity conditions in
order to reproduce optimal growth conditions for
cellular cultures in a three-dimensional environment
(Alvarez Barreto, 2009), similar to the growth that
occurs naturally in biological organisms. By being able
to have such strict control of the multiple variables
that affect tissue growth, we are then able to simplify
the study of physiological changes in cells when a
specific variable or set of variables are altered, in
order to determine how it affects the normal cellular
development.

Based on this rigorous control that we have over
tissue growth cultured inside a bioreactor, we decided
to expose the cells growing inside the bioreactor to
electromagnetic fields in order to better understand
the effects occurring to the normal reproduction of
cells in the body when they are exposed to these fields.
The bioreactor serves the purpose of allowing growth
around a cellular matrix, as shown by Griffith and
Naughton (2002) and Malda et al. (2003), which will
be irradiated by a magnetic field from the outer part of
the bioreactor. The main aspects of the development
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and use of the bioreactor are to provide nutrition
of the cells, to gain control over the environmental
conditions and long term maintenance of the cultures,
and to control the evaluation of biological parameters.
Various models have been developed in order to
use extremely low frequency electromagnetic field
(ELF-EMF) stimulation to induce cellular growth
and alter proliferation growth rates, by increasing
the cellular expression of specific growth factors in
different cellular culture models, such as those by
Focke etal. (2010) and Martino et al. (2010a, 2010b).

We had previously studied the possibility of
combining these two lines of research and develop
a cellular culture bioreactor coupled with external
magnetic stimulation coils in order to study the effects
of magnetic field exposure on tissue growth of a skin
model, this study was published by Restrepo etal. (2013)
where the computational model of the integration of
these two systems is presented. The main objective
is to achieve proper function of the bioreactor for the
culture of cellular tissues coupled with an external
electromagnetic stimulation system, with the endpoint
of recreating an ideal environment, which would
allow for the culture and growth of cells in a sterile
and favorable environment for the development of
tissue grafts exposed to controlled electromagnetic
fields. The present study aims at implementing and
materializing said study and initiating tests with
cellular models.

Methods

Previous studies carried out by our group explored
the static growth rates of the proposed skin model
exposed to ELF-EMFs when using traditional cellular
culture techniques. Also, the skin model was validated
by analyzing whether appropriate cellular growth
occurred on the Chitosan-covered polylactic acid
(PLA) scaffolds used for the tissue growth and cellular
viability tests were carried out. After these preliminary
experiments were successful, we were able to proceed
with our end goal of creating an integrated bioreactor
with an external electromagnetic stimulation system as
a favorable environment for the development of skin
grafts exposed to controlled electromagnetic fields.

Cellular culture

The required cellular lines were extracted and then
maintained in the laboratory environment required
for the cells to have adequate growth conditions.
Cell line CRL-1474 [CCD-25Sk], which is a cell
line of normal human skin fibroblasts (NHSF), was
used. The cell line was used to explore whether
different intensities of ELF-MFs can exert altered
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proliferation effects other than the classical apoptosis.
The cell lines were acquired and remain available in
the IN-VITRO Cell Culture Laboratory cell bank in
the School of Pharmacology in the Health Faculty
at the Universidad del Valle.

The procedure to cultivate NHSF cells on
bioorganic-synthetic scaffolds began by seeding the
cells at a concentration of 7x106 cells on the scaffold
support on a petri dish and allowing it 2 hours to adhere
along with a D-MEM culture medium supplemented
with 10% calf FBS, 100U/mL of penicillin, 100/mL
of streptomycin, 2 pg/mL of amphotericin, which
were incubated with a 5% CO2 humid atmosphere at
37 °C. Once the primary fibroblast cultures reached
confluence, they were inactivated using Mitomycin C
ata concentration of 4 pg/mL for 2 hours. The isolated
cells were then cultured inside the bioreactor with the
scaffold supports at a concentration of 2x106 over
a monolayer of inactivated fibroblast cells (6x106)
and cultured in a humid atmosphere with 5% CO2
at 37 °C. The cell culture growth medium is made
up of D-MEM and Ham-F12 at a 3:1 proportion
supplemented with 10% FBS (Hyclone), insulin
(5 pg/mL), hydrocortisone (0.4 pg/mL), triiodothyronine
(1.3 ng/mL), choleric toxin (8 ng/mL) (Sigma), adenine
(24 pg/mL), penicillin (100U/mL), and streptomycin
(100pg/mL). The culture medium was replenished
every 2 to 3 days and after the first medium change,
some epidermal growth factor (EGF, 10 ng/mL) was
also added to the medium. This was the protocol that
was mirrored when attempting to treat the cultured
growth tissue (Ferreira et al., 2010; Price et al., 2001;
Reid et al., 2007).

Electromagnetic stimulation

When we refer to the electromagnetic stimulation
system, we are taking into account the set-up of two
pieces of equipment that, in conjunction, make up
the magnetic stimulation system. The first equipment
basically consists of the source system where the
magnitude, frequency and waveform are defined for the
generated magnetic field, while the second equipment
is the irradiating system where the geometry of the
final element is defined for the magnetic field as well
as for the positioning of the biological system within
the area of interest for the generated field. Both the
signal generating and control equipment and the
magnetic field generator are described in the work
developed by Restrepo et al. (2013).

The magnetic stimulation system includes a variable
voltage source which allows the user to infer the
frequency and the intensity of the stimulation signal
and includes a pair of Helmholtz coils as the final
element of magnetic irradiation. This system satisfies
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the electrical as well as the physical characteristics
necessary to support the current, voltage and magnetic
field specifications for the extremely low frequency
range. In addition, the system source input has
regulation characteristics, power dispersal and the
necessary protection in order to guarantee the produced
signal. The system does not have a backup during
the power phase in the case of electrical starvation.
Figure 1 shows the first prototype of the magnetic
stimulation system.

Bioreactor

The bioreactor has a Couette-Taylor design which
is made up of two concentric cylinders: the external
cylinder consists of a constant rotation powered by an
external motor while the internal cylinder is maintained
static and the cellular growth medium flows in and
out and provides the necessary nutrients for adequate
growth of the tissue, as well as proper removal of
cellular respiration products. This system satisfies
the electrical and physical characteristics required to
support the operating conditions needed by the system
(continuous, sterile functioning). Figure 2 is an image
of the bioreactor system prototype. The bioreactor
system prototype was developed by the research
group in high voltage (GRALTA) of the Universidad
del Valle as part of a research project funded by an
internal call for projects by Pinedo et al. (2011).

Figure 1. Image of Helmholtz coils and power generating system.

Figure 2. The constructed bioreactor with coupled rotating motor.
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Integration of the systems

For the actual systems, certain devices have to
be considered, such as auxiliary equipment like the
signal generator for the coils, which is part of the
electromagnetic stimulation system, and auxiliary
equipment for the bioreactor, such as the motor, O2
and CO2 tanks, flow pumps (tubes and valves), etc.
For the integration of the two systems, the placement
of the bioreactor at the center of the Helmholtz coils
is explored, as seen in Figure 3. Now the experiments
for tissue culture were carried out in order to begin
correlating results, with the future possibility of
clinical studies.

However, once the tissue is being cultured and
grown in the bioreactor, we must keep in mind the
research performed by Litovitz et al. (1994), in which
a series of experiments were developed from which
it was established that at least two mechanisms
surround the effects of time-varying low intensity
magnetic fields on animal cells. The first is through
Faraday’s law of induced electric fields, which
consequently induces an electrical current within
the cells experiencing the field, and which give the
same results as those obtained when the current is
applied directly through electrodes with the same
current density. The second mechanism indicates
that the direct current (DC) magnetic field generated
from the application of an alternating current (AC)
signal also influences the observed effects. Thus, if
we are starting from the principle that there exists
an induced current traveling through the exposed
cells, and due to the complex nature of how cells are
asymmetrically arranged within themselves, one must
assume that a variable that has to be considered is the
cellular tissue growth in relation to the orientation of
the magnetic field. Different studies have concluded
that exposure to magnetic fields can have different
effects on growth rates depending on the orientation of
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Figure 3. Schematic set-up of the different components making up
the experimental system, including medium reservoir, stimulation
coils, bioreactor, peristaltic pump, and gas containers.
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certain macromolecules in the cells, such as collagen.
Human skin fibroblasts have also been shown to orient
themselves based on collagen orientation with respect
to the magnetic fields, (Miyakoshi, 2005).

The human skin fibroblast tissue, which was grown
inside the bioreactor, based on its orientation, grew along
the length of the bioreactor and the thickness of the
tissue grew perpendicular to the axis of the cylindrical
bioreactor. This orientation favors growth because the
magnetic field is oriented in the same direction along
the axis of the cylinder. It can be established that the
field is oriented in such a direction because, since the
Helmbholtz coils are parallel in one dimension, this
means that the resultant field will be perpendicular to
the direction of the current. Therefore, the cylinder,
the tissue and the magnetic field are all aligned. Since
collagen aligns itself with the field, this property is
ideal with respect to stimulation of growth, which is
a desired property for the project’s aims.

Control samples

When our group carried out the static growth
stimulation experiments, it was necessary to also include
a control sample with each experiment which was not
exposed to any controlled magnetic fields. This was
done because we needed baseline measurements in
order to compare if there was indeed any change in
growth when the cellular tissue was exposed to said
magnetic fields. With each iteration of the experiment, a
control sample was seeded from the same batch of cells
in order to minimize confounding variables. Then for
our dynamic flow growth stimulation experiments it
was necessary to also culture and grow cellular tissue
without controlled magnetic field exposure, so that
we again had a baseline measurement against which
to compare our stimulated tissue.

Initially, the equipment was setup and the system
ran continuously for one week. For the non-stimulated
tissue, the Helmholtz coils were placed but not energized,
thus generating no magnetic field. When the week had
elapsed, the scaffold was removed, and the cellular
tissue was removed in order to measure the density
of the cellular tissue that was present. Temperature
was controlled by keeping the DMEM in a water
bath at 37 °C, thus ensuring that in the 2 minutes it
takes the medium to flow through the system it will
not substantially lose temperature. The project aims
that the changes in growth are due to the stimulation
and not temperature or shear stresses, because both
the control and the stimulated tissue were subject to
the same conditions, and repeated n=4 times; thus,
all other variables being equal, changes should stem
from the stimulation alone.
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The tissue was removed using 0.25% Trypsin, then
neutralized, and the remaining cellular structure was
diluted in 10 mL of DMEM. Also, 10 mL samples
of the DMEM flowing within the system were taken
from the medium reservoir in the water bath, the flow
tubes and from inside the bioreactor itself, in order
to count the cells and compare their density with
that of samples growing on the scaffold. This was to
allow us to determine if the tissue was growing on the
scaffold, or if any sample was just that of the cellular
tissue growing in the enclosed system.

Experimental samples

Once the results for the non-irradiated cellular tissue
culture were obtained, we continued by performing the
controlled magnetic field stimulation experiments for
tissue under dynamic flow conditions. After obtaining
the cellular tissue and preparing the bioorganic-synthetic
scaffold, we setup the stimulation equipment and the
bioreactor and seeded the cellular tissue and began
the experiments. This time, however, the Helmholtz
coils were turned on for a period of 4 hours each day
during the course of the week-long time period, just
like all the other stimulation experiments performed
up until this point. Also, in the same manner as the
previous non-stimulated experiments, at the end of
the week, we removed the scaffold and detached the
NHSF cellular tissue from the scaffold and diluted
it in 10 mL of DMEM to measure cellular density.
We also took samples from the reservoir, the tubes
and the bioreactor cylinder itself, in order to compare
cellular densities and ensure an actual difference in
concentration being grown on the scaffold.

Results

Once the optimal culture conditions were
established, we proceeded to the culture of the NHSF
cells within the Couette-Taylor bioreactor coupled
with the magnetic field stimulation system, in order
to evaluate tissue growth within the established
parameters. These results allowed us to identify the
optimal characteristics for cellular culture conditions
as well as adequate bioorganic-synthetic scaffolding
for the possible development of skin grafts. Figure 4
shows the experimental set-up that was outlined in the
previous Section II-D in Figure 3, as it was organized
in the laboratory.

Figure 5 shows the quantified values of cellular
density diluted in all the experiment samples that
were taken, including the non-stimulated cellular
tissue; in each case, the irradiated samples displayed
an average increase of 53% higher cellular density for
the same amount of initial cellular seeding. Actually,
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Figure 4. Couette-Taylor bioreactor set-up working with cellular
tissue seeded on scaffold.
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Figure 5. NHSF cellular density for irradiated and non-irradiated
iterations.

the non-irradiated experiments were conducted with
an initial seeding of 20,000 cells/mL, with average
results of 280,000 cells/mL, whereas the irradiated
experiments were conducted with an average initial
seeding of 15,333 cells/mL, with average results of
430,000 cells/mL.

We can also observe from the cellular tissue density
results that, even though there were higher densities
in all the irradiated samples, not just on the scaffold,
but also in the DMEM samples from other areas of the
system, the growth rates were not as high as with the
scaffold samples, thus showing that indeed only the
target stimulated areas are displaying the increased
growth rates, just like the intended consequences from
performing the irradiations. The increase in the other
areas of the system can be attributed to the fact that
not just the sample is being irradiated, but also cells
floating in the interstitial DMEM that are not attached
to the material, but are nonetheless reproducing and
being exposed to the stimulation. However, since
they are not receiving the same amount of magnetic
field waves, due to the constant DMEM interchange
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that is taking place due to the system flow, they are
not growing at the same rate as the cells attached to
the biomaterial scaffold.

Discussion

Based on the previous approximations modeled
in the work by Restrepo et al. (2013), we were able
to develop and build the a bioreactor design for a
Couette-Taylor bioreactor with sufficient processing
capacity to allow us to culture cells into biological
tissue and allow for the required amounts of growth
medium culture within the vessel required for a dermal
model, while at the same time having a magnetic
stimulation system coupled to its design.

The aforementioned computer model consisted
of a three-dimensional coil system which helped
the authors evaluate the generated magnetic field.
The model verified the magnetic field distribution
between the separated coils and their surroundings
at different operating conditions, thus verifying the
bioreactor and coils system design, and also succeeded
in creating a computational model on which to estimate
the electrical variables induced under different
experimental conditions in vitro (Restrepo et al., 2013).
Overall, we obtained a very accurate approximation
of the behavior of the magnetic field and how it was
acting upon our cellular tissue samples.

After having the validated computational model
of the prototype and the magnetic fields, everything
here on after belongs to this new project, which
consists in the development of the physical prototype.
The prototype bioreactor and coil system were
developed and constructed for the University, either
here at the University, as in the case of the coil system,
or through third-party contractors with sufficient
experience working with related designs, as in the
case of the bioreactor. Even though the design was
sufficient to perform the required experimental tests
on cellular culture, we still observed and identified
key new requirements relating to the conditions which
should be met by future prototypes.

Once the equipment was setup and ready for work
to be performed, and the cellular lines were sufficiently
confluent, the experimental protocols were carried out
and the experimental tests performed with the bioreactor
under blank control and stimulation conditions.
Following the experiments, growth rates were assessed
and compared to determine differences in proliferation.
Afterwards, the respective cell characterization tests
were performed on the tissue in order to test for cell
viability and compatibility and to compare them with
the growth rates to look for patterns. The obtained
results were analyzed and validated by comparing them
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with the experimental tests and procedures that were
previously outlined. The results were characterized
based on the stimulation variables that were applied
on the cells in order to form a relationship between
the cells and the simulation results. The results also
helped us validate the experimental protocol and to
improve the methodology for measuring the electrical
properties of the stimulated cellular tissue. Despite both
methodologies still not being completely accurate,
they offer us the prospect of a constantly evolving
procedure which opens the way to continue improving
research techniques for in vitro tissue measurement
that can lead to results based on more accurate and
verifiable protocols and methodologies.

We compared the 53% growth rate change between
irradiated cellular tissue and non-irradiated cellular
tissue under flow rate conditions, to the growth rate
changes for cellular tissue under static conditions
which, before reaching 100% cellular confluence,
exhibited growth changes from 20% to 38%, thus
having comparable changes between flow and static
conditions. The reason we concluded that they are
comparable rate changes, even though 53% is 15 points
higher than the 38% change in static conditions, is
that they are still in the same order of magnitude
between 0-100% change, as opposed to values that
would increase cellular growth by 10%, or even some
documented cases where changes can even range in
the 100x variance. This allowed us to conclude that
these are comparable results, which in turn let us
continue performing our analysis of why we were
observing these changes.

As initially stated in the introduction, the goal of
this work was to establish a baseline for the actual
changes that occur in different cellular cultures
when exposed to ELF-EMF’s. This work showed
measurement techniques for electrical properties in the
in vitro tissue, the correlations between growth rates
and cellular mechanisms, the equipment measurements
of magnetic fields and the elaboration of coils that
can shield and generate frequencies at ambient and
geomagnetic magnitudes, and the computational
models developed to approximate intensity values
of the MFs.

However this is only the beginning for this area
of research. We previously stated that the ultimate
end-point would be to find the underlying effect that
is altering the normal reproduction of cells in the
body when they are exposed to the electromagnetic
fields. It is clear that cellular mechanisms are being
altered based on studies that have explored the
possibility of electromagnetic stimulation promoting
different cellular processes including synthesis of
growth factors, collagen fibers, proteoglycans, and
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cytokines. Future work should focus on tracking
these different molecules inside cells in real time,
in order to observe how electromagnetic fields alter
their normal concentration levels and thus being
able to correlate their variations to the variations in
cellular growth rates.
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