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ABSTRACT

The objective of this paper is to provide the fundamental mathematical formula to predict the effect of
magnetic fields (MF) on stem cell differentiation. The data were reviewed from journals related to the
effects of magnetic fields on stem cell differentiation. These data were given a value for differentiation
which is related to their MF strength with these conditions; MF strength that does not affect the stem cell
differentiation given the value of zero, MF strength that results in stem cells death given the value of 1, and
the MF strength that affects stem cells The differentiation given the value between 0.1 and 0.9. The graph
was plotted according to these data and the mathematical equation is designed from the graph. From this
review, we suggest that the intensity of MF that can affect the stem cell differentiation is between 600uT
and 9.4T in which the cell differentiation will not occur with intensity of less than 10uT and intensity of
more than 12T will cause the death of stem cells. We also suggest that the limit of MF effects on stem cell
differentiation lies between 10 uT and 600 uT, and the limit of MF strength that can lead to the death of
stem cells lies between 9.4 T and 12 T.
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1. INTRODUCTION

Stem cells are primitive cells, which are present in all organisms and have the ability to divide and give rise
to more stem cells, or switch to become more specialized cells in human body like cells in brain, heart,
muscle, and kidney [1]. There are two types of stem cell; embryonic stem (ES) cell and adult stem cell. ES
cells are pluripotent and harvested from inner cell mass of blastocyst and possess the ability to differentiate
into all of the specialized embryonic tissues [1], [2]. ES cells also may open the door to the rapidly
progressing field of therapeutic cell transplantation [3]. The adult stem cells are multipotent with capacity
to differentiate or transdifferentiate into cell types other than their tissue of origin [1]. Adult stem cells and
progenitor cells can be found in the adult tissue. Both of these cells act as a repair system for body,
replenishing the specialized cells, and maintaining the normal regenerative of organs, such as blood, skin,
or intestinal tissues.

Magnetic fields (MF) produced by moving electric charge and exist all around us like earth MF and man-
made MF sources. Numerous static and alternating MF arising from man-made sources have possible
biological effect [4]. There are many biological functions that are modulated by extremely low frequency
magnetic field (ELF-MF) [5]-[7]. However, there is not enough evidence that the ELF-MF could endanger
the human health [8]. ELF-MF is MF with a range of frequency of 3 to 30Hz. Even so, MF has been shown
to affect proliferation and growth factor expression in cultured cells [9]-[11] and also interfere with
endorphinergic and cholinergic system [12]-[14]. Other than MF, electrical fields (EF) also have biological
effects that can influence neural growth and orientation in vitro [15], and have been applied for the
treatment of spinal cord injuries in recent clinical trials [16]. The response of cells to the EF was essentially
passive and determined by the physical properties of the cell, however cells can also actively respond to EF
[17]. Electromagnetic fields (EMF) are produced when electric current flows through an electrical
conductor like power line [18]. Like MF and EF, EMF also has biological effects such as altered rate of cell
growth [5], [19], altered quantities of RNA transcript and proteins [20], altered cell surface properties [21]
and effect on development [22]. However EMF-based technologies have not progressed to clinical
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translation and the reason for this is the scepticism due to differences in experimental exposure protocols
and static MF (SMF) variation applied in experiment [23].

The objective of this paper is to design the mathematical formula to predict the effect of magnetic fields
on stem cells differentiation. To the extent of our knowledge, there is no standard range of suitable
magnetic fields provided which can affect the stem cells differentiation ability. Therefore, we review the
data of magnetic fields and its effect on stem cells differentiation used by previous researchers. From these
data, we design a mathematical equation to predict the suitable range of magnetic fields that can affect the
stem cells ability to differentiate. This work will provide an essential basis prior to any future in vitro
experiment, in which we can predict the strength of MF used either to trigger the cells differentiation or
vice versa. Therefore, we may avoid unnecessary failure during the experimental works.

2. METHOD

The data from several journals related to the effects of MF on stem cells differentiation that were
published in various journals from the year 2004 until 2010 were reviewed [23]-[29] as shown in Table 1.
Since EF and EMF can also affect the stem cells differentiation, this review only focuses on the effect of
MF and EMF on the stem cells differentiation. The data in Table 1 were revalued according to the MF
strength. The value for differentiation of related MF strength were given to these conditions (Table 2); MF
strength that does not affect the stem cells differentiation was given the value of zero and MF strength that
results in stem cells death was given the value of 1. For the MF strength that affects stem cells
differentiation, the value was given between 0.1 and 0.9. The given value for MF group that affect the stem
cells differentiation was done with the assumptions that the smaller or higher the value, the lesser the MF
effect on differentiation. The data were plotted into graph by using Microsoft Office Excel 2010 software
and the result of project presented in Graphical User Interface (GUI) design by using the Microsoft Visual
Studio Ultimate 2010.

Table 1: MF strengths that were used in reviewed journals and classified into their corresponding group; with group 0
for MF strength does not affect the stem cells differentiation, group 1 for MF strength that effects the stem cells
differentiation, and group 2 for MF strength that kill the stem cells.

MF intensity (T) Group
10p 0
600p 1
800p 1
Im 1
1.1m 1
10m 1
4.7 1
9.4 1
12 2
16 2
Table 2: Modified data of Table 1
MF strength, x (T) Value, y
10u 0
600p 0.1
800p 0.2
Im 0.3
1.1m 0.4
10m 0.5
4.7 0.7
9.4 0.9
12 1
16 1
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3. RESULTS

From Table 2, we design the graph using Microsoft Office Excel 2010 as shown in Fig. 1. From Table 2,
we observed that the effect of MF on stem cell differentiation still occur in 600uT but the differentiation is
not observed in 10uT. This may indicate that the minimum strength of MF to influence the stem cell
differentiation in frequency of 50Hz lies somewhere between 10uT and 600uT. We also observed that the
effect of MF on differentiation of stem cells still occur in MF strength of 9.4T. However, such high field
strength magnet like 9.4T is not easily available and such studies may not be translated into the clinical
study because the current limits for magnetic field strengths approved by U.S. Food and drug
Administration (FDA) is 3T [24]. This is the reason that many of the research works were carried out using
the magnetic fields less than 3T. The stem cells death will occur at the exposure of 12T for more than 24h.
Therefore, the minimum exposure of MF before resulting in stem cells death lies between 9.4T and 12T.
We revalued the data in Table 1 into Table 2, and as a result, the graph was plotted as depicted in Fig. 1.
The graph is reasonable as the trait of MF effect on the stem cells is almost resembling the growth model.
The closer the strength of MF to the lower asymptotes or upper asymptotes, the lesser the significance the
differentiation is observed. The smaller the intensity of MF used, the lesser the possibility of MF to affect
the stem cell differentiation. Whereas, the higher the intensity of MF used, the more possibilities that
differentiation will not occur since stem cells were more likely to die. From the logarithmic graph, we
design the mathematical function as shown in equation (1). From this equation, we can predict the strength
of MF which is able to influence the stem cells differentiation ability. Referring to the equation (1), the
value of ‘y’ is assumed to be ‘y=0" for value of ‘X’ less than 10pT and ‘y=1’ for ‘X’ value more than 12T.
The logarithmic function is inserted in GUI code shown in Fig. 2 so that it can be used in any future in vitro
experiment.

vy =0.0684In(x)+ 0.7518

Value of Differentiation, v

0 2 4 [ 8 10

~
b

Magnetic Fields. x (T)
Fig. 1 The graph of MF effects on stem cells differentiation

y =0.0684In(x) + 0.7518 (1)

Please enter the MF velue Tesla (T):
0.01 | Result } [ Cancel

The stem cells is likely to differentiate

Fig. 2 GUI for predicting the MF effects on stem cells
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4. DISCUSSION

Cardiosperes (CDps) and cardiospere-derived cells (CDCs) exposed to extremely low frequency magnetic
fields (ELF-MF) (10uT, 18Hz) did not affect the expression of cardiac and vascular markers (cTnl, Nkx
2.5, MHC, VEGF, KDR, and SMA) during the experiment, thus this may suggest an evidence that the stem
cells did not differentiate with MF of 10uT [23].

Human Mesenchymal stem cells (hMSC) are multipotential cells and possess high replication capacity,
and there are potentials to differentiate into different lineages of mesenchymal tissue such as bone,
cartilage, muscle, fat, and marrow stroma [30]. The exposure of human mesenchymal stem cells (hnMSC) to
600uT enables the MSC to differentiate into adipogenic cells as indicated by enhanced expression of
lipoprotein lipase and peroxisome proliferator-activated receptor gamma [24]. In addition, the immediate
exposure of MSC to MF has enhanced the cells differentiation. This research was accomplished to
investigate the effect of MF on hMSC and labelled with super magnetic particles of iron oxide (SPIO). This
was done by using SPIO to label the cells, and detect ion was done by using Magnetic Resonance Imaging
(MRI). The viability or differentiation potential of the cells has not been affected by SPIO-labelling of
MSC [31], [32], but it has an impact on the iron metabolism, the migration capacity, and the colony
formation of MSC [32]-[34]. The principle function of MRI is the exposure of cells to high MF and
magnetic force that can direct the iron labelled stem cells in vitro and in vivo [35]-[37], guided localization
of iron labelled stem cells to the desired region [35], [38], for the seeding of scaffolds with stem cells [36],
[39], or for the engineering of 3D tissues by stem cells [37]. Therefore, the effect of MF strength in vitro
experiment should be carried out in order to verify the equation (1).

The stem cell is able to differentiate in a sinusoidal MF of 800uT with frequency of 50Hz. Real-time
quantitative reverse transcriptase-polymerase chain reaction (RT-PCR) analysis revealed a remarkably
increased of GATA-4 and Nkx-2.5 mRNA expression for both embryoid bodies (EBs) and puromycin-
selected cardiomyocytes [25]. Hence, the result of exposing GTR1 embryonic stem cells with this MF was
the differentiation into cardiac specific cells, and this experiment was done without an aid of gene transfer
technology [25]. As for information, GATA-4 and Nkx-2.5 mRNA encode respectively for a zinc finger
containing transcription factor and homeodomain, and both of these have been shown to be essential for
cardiogenesis in different animal species [40], [41], and human [42].

The effects of MF were also done on P19 embryonal carcinoma cells (P19 cells) [26]. Differentiation
was detected by exposing the P19 cells to 1ImT of MF with frequency of 50Hz, however the analysis result
was not very significant. By exposing P19 cells into more intense MF with the strength of 10mT, P19 cells
were differentiated into neuronal cells [26]. The effects of ELF-MF after neuronal differentiation were
evaluated by morphological analysis, immunochemical analysis (MAP2 and GFAP), and developmental
neuronal network activities recorded by the micro-electrode arrays (MEAs). From the results, the
percentage of MAP2 positive cells and the spike frequencies had increased, but the percentage of GFAP
positive cells has reduced. These results suggest that an exposure to 10mT ELF-MF would affect the
characteristic of neuronal differentiation and functional neuronal properties [26]. These results also may
suggest that the effect of MF on stem cell differentiation will become less significant with lower intensity
of MF strength as verified by using our equation in Fig 1.

The stem cells are also able to differentiate in MF intensity of 1.1mT as demonstrated in previous work
using the bone morrow stem cells (BMSC) [27]. It results in the differentiation of BMSC into osteogenesis
and the increase of intracellular Ca®* after MF stimulation. From this result, they postulated that the
elevated Ca”" is possibly the underlying biochemical mechanism which is responsible for the induction of
terminal differentiation [27].

As mentioned above, most of the experiments were done to investigate the effect of MF on stem cells
ability to differentiate, and were performed with the intensity less than 3T. Even so, there are also
experiments done with the MF intensity above 3T. The MF intensity between 4.7T and 9.4T were found to
affect the stem cells differentiation [28]. Therefore, our range for cells differentiation was limited at 9.4T.

The effects of microgravity (MG) modelled by large gradient high magnetic field (LGHMF) with
intensity of 12T and 16T on hMSC led to cell death after 24 hours exposure. Almost all the cells died after
48 hours, but in the first 6 hours of osteogenic induction, it had resulted in suppression of the osteogenesis
of hMSC [29]. Therefore, we assumed that 12T and 16T still affect the cell differentiation for a short period
of exposure. This response may be due to the synergistic effect of high magnetic force and MG existed in
their experiment modelling systems [43]-[46]. Hence, from the data reviewed, we suggest that the MF
intensity between 9.4T and 12T could lead to stem cell death.
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As stated in the result section, the MF was classified into three groups according to their effects on stem
cell differentiation. From these groups, we know that MF less than 600uT or more than 9.4T do not lead to
stem cell differentiation. Also, the MF effect on stem cells differentiation will not occur at MF of 10uT and
below. However, MF of 12T and above will result in stem cell death.

The effects to stem cells differentiation by MF ranged from 600uT to 9.4T vary according to the MF
strength itself. It is likely that the MF of 10mT affects more cells differentiation as compared with 600uT
or 9.4T. By using the mathematical equation (1), not only we can predict whether the strength of MF is able
to affect the stem cells differentiation, but can also predict the strength of MF on stem cell differentiation.
This is because the mathematical formula was designed after considering the analysis of the reviewed data.

Stem cells have been used in several pre-clinical models of disease [47]-[49], and are currently applied in
clinical trials of phase I-111 [50]-[53]. Stem cells are also used in tissue transplantation, and the optimal cell
type to be transplanted should have these characters: (a) spontaneous disposition to integrate with the target
tissue without induction of immune reaction; (b) differentiate into specific cells commitment; (c) have the
capacity to develop gap junctions with host cells; and (d) have some degree of resistance to ischaemia, in
order to avoid massive apoptosis, which is currently observed during cell transfer [23], [54]. The current
findings of MF effect on stem cell differentiation may open a new prospective, in particular the use of MF
to direct the differentiation processes of stem cells into a specific cellular phenotype without the aid of gene
transfer technologies [25]. On the other hand, there are increasing public interests of possible health risk
associated with ELF-MF [8], [18], [55]. Therefore, fundamental studies are necessary to ensure the safe
method to differentiate stem cell into specific cell through MF exposure.

5. CONCLUSION

In conclusion, we suggest that the intensity of MF that can affect stem cell differentiation is between 600uT
and 9.4T. Also the differentiation will not occur if the intensity is less than 10uT and with intensity of more
than 12T, it will cause death of stem cells. We also suggest that the range of MF effects on stem cell
differentiation lies between 10pT and 600uT. The limit of MF strength that can lead towards the death of
stem cells lies between 9.4T and 12T. We conclude that the result of the exposure of MF on stem cells
differentiation depends not only on the MF intensity, but also on the period of exposure.
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