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A Single Magnetic Field Exposure System
for Sequential Investigation of Real Time
and Downstream Cellular Responses

Raj R. Rao and William S. Kisaalita*

Cellular Bioengineering Laboratory, Biological & Agricultural Engineering Department,
University of Georgia, Athens, Georgia

To be able to correlate real time membrane potential or ion flux changes with further downstream gene
transcription responses due to extremely low frequency (ELF) electromagnetic field (EMF) exposure,
we devised an experimental system consisting of a pair of symmetric circular coils. This system can be
used on an inverted microscope stage (real time signaling) as well as inside controlled environment
incubators (gene transcription end points). The system includes a unique, custom made switch box for
blinding the experimental staff and a power amplifier. We report herein the design and characterization
of the system with respect to parameters considered important in in vitro ELF—EMF exposure studies,
including linear magnetic field distribution, compensation for microscope objective lens inter-
ference, heating effects of the coils, and harmonic content of the signals. Bioelectromagnetics 25:

27-32,2004. © 2003 Wiley-Liss, Inc.
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INTRODUCTION

Exposure systems have been designed to study the
effects of extremely low frequency (ELF) electromag-
netic fields (EMF) over a wide range of frequencies
[Mullins et al., 1993] and also for the induction of
uniform electric and magnetic fields [Bassen et al.,
1992]. Several types of apparatus for generating
uniform magnetic fields for in vitro studies have been
described [Misakian et al., 1993]. The most commonly
used system uses circular or rectangular loops of wire of
many turns. The critical factors that experimenters have
tended to address when subjecting field exposed and
sham exposed cultures are temperature, atmosphere,
lighting levels and cycles, and vibration from the field
generating apparatus. In addition, design of experi-
mental systems has focused on two criteria: first the
magnetic fields must be well characterized, and second
the apparatus should not exert any additional influence
on the cells [Goodman et al., 1995]. A Helmholtz pair
[Krause, 1984] approximation has been used exten-
sively by many investigators. In gene transcription
studies, ELF magnetic fields have been generated
by Helmholtz coils [Goodman et al., 1989; Lin et al.,
1996], solenoids [Harrison et al., 1997], and a double
wound, square, four coil configuration [Saffer and
Thurston, 1995]. Unfortunately, most exposure devices
reported to date were either designed for use inside CO,
incubators or on microscope stages and not for both
applications. Use of the same device providing iden-
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tically controlled ELF magnetic field exposure para-
meters, for measurements of real time signaling and
gene transcription is needed to enable more exact
correlation of real time signaling, e.g., resting mem-
brane alterations, and downstream changes in gene
transcription levels.

We describe here a low cost, custom made circular
coil ELF magnetic field exposure system designed to
serve the above dual purpose. The system has been
characterized with respect to parameters commonly
considered in ELF magnetic field exposure system
evaluation for in vitro studies. These include linear
magnetic field distribution, as well as changes in the
nature of the distribution in the presence of a micro-
scope objective lens, coil heating effects, and harmonic
contents of the ELF magnetic field signals. Application
of the system to real time membrane potential and gene
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Fig. 1. Overall hardware schematic of the magnetic field exposure
system.

transcription level changes have been published else-
where [Rao et al., 2002].

SYSTEM DESIGN

The system schematic is shown in Figure 1.
Briefly, the components of the system are a symmetric
pair of coils in parallel, a signal generator, a power
amplifier, and a custom made switch box. Detailed
descriptions of each component are given below.

Coils

The details of the coils are given in Figure 2. Two
coil pairs were required for blinding the experimental
staff; the operator could energize either coil without
knowing which coil was active. The coils had an inner
diameter of 2.5 in. (63 mm) and an outer diameter of
3.25 in. (83 mm). The vertical distance between the
coils was 0.3125 in. (0.80 mm). Each coil consisted of
90 turns of 30 gauge enameled, double twisted (red and
green) copper wire (T2301121-10, 10 twists per inch,
MWS Wire Industries (Westlake Village, CA). The
diameter of the 1/16 inch (1.6 mm) plate (Fig. 2) was
made such that the coils assembly dove-tailed in the
microscope stage circular opening.
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Fig. 2. Scale drawings of circular coils showing: (a) top view of
coil; (b) side view of coil (¢, diameter; 1, bottom coil; 2, micro-
scope stage plate; 3, top coil; all dimensions in inches). The
stage plate and coil form were made from Plexglass and PVC,
respectively.

Switch Box

The switch box was composed of three eight pole,
six position rotary (RS1, RS2, RS3) switches (Electro-
switch Inc., Raleigh, CA; Model # C4DO0806N-A).
Three double-pole, double-throw front panel switch
(FPS1, FPS2, FPS3) combinations were used to rando-
mize exposure, sham, and external coil activations.
Since many switch settings could make possible a given
exposure/sham exposure combination, an operator is
less likely to guess or reason out which is which. The
RS and FPS labeling used in this paper is shown in
Figure 3a. The schematic of the system circuitry linking
the RS, FPS, coils, and the power amplifier are shown
in Figure 3b,c,d. The switch settings shown in
Figure 3b,c,d for the “exposed’ condition (first setting
of Table 1) where the microscope coil is energized to
expose cells to the magnetic field generated.

Amplifier

The coils were driven by a sinusoidal signal from a
function generator (LFG 1300S, Leader, Electronics
Corp., Yokohama, Japan) and an in-house built class
AB power amplifier. The amplifier had a frequency and
current ranges of 5—100 Hz and 0-1 A, respectively.
Current was varied through a rheostat.

Fig. 3. Detailed schematic of the custom made switch box: (a) label key for the rotary switch (RS),
front panel switch (FPS), and Pole “common”connections; (b) circuit diagrams for RS1; (c) circuit dia-
gram for RS2; and (d) circuit diagram for RS3. Different combinations of RS1and RS2 defined the
experimental settings (exposure or sham) of the microscope coil, while the setting of RS3 defined

the inactivation/activation of the external coil.
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TABLE 1. Sample Output in Response to Different
Combination of the Three Front Panel Switch Settings

FPS1 FPS2 FPS3 Result

0 0 0 MIC-EXP

0 1 0 MIC-SHAM
1 0 0 MIC-SHAM
1 1 0 MIC-EXP

X X 1 EXT

X X 1 EXT

X X 1 EXT

X X 1 EXT

The three rotary switches designated RS1, RS2, and RS3, controlled
the “meaning” of the three front panel switches FPS1, FPS2, and
FPS3. RS1 and RS2 controlled the polarity of the magnetic fields
that were generated by the two coils. The various combinations of
RS1 and RS2 yielded field exposure (EXP) and cancellation
(SHAM). “EXT” sends current to external coil (see Fig. 1). The
setting of RS3 determined which one of the three front panel
switches controlled the “Microscope (MIC)/External (EXT)” coil
state. FPS1, FPS2, and FPS3 could have three combinations,
namely, 0, 1, or X (0/1). A manual for all possible switch com-
binations is available on request.

SYSTEM PERFORMANCE
AND CHARACTERIZATION

Measurement of Ambient Magnetic Fields

The background AC magnetic field in the
laboratory near the microscope and the background
AC magnetic field inside the incubator were measured
over a period of 4 h using the EW. Bell gaussmeter
(Model 9550, Orlando, FL) and probe (Model T-99-
253). The probe was placed in the center of the
incubator close to the location of the exposure device.

The maximum levels of the ambient AC magnetic
field near the microscope and inside the incubator were
0.1 puT and were consistent with the required back-
ground levels measured by others [Davis et al., 1999].
The DC magnetic field in the laboratory and inside the
incubator ranged between 30 and 40 pT. The DC
magnetic field level in the laboratory was not
considered as one of the exposure parameters due to
its constant value both near the microscope and in the
incubator. The absence of stray AC fields from the
incubator was noted.

Linear Magnetic Field Mapping
of the Exposure System

The magnetic field levels across the coil were
measured with the FW. Bell gaussmeter and probe.
Since applied field intensity distortion by the micro-
scope objective was expected [Publicover et al., 1999],
experiments were carried out to map the magnetic field
intensity in presence and absence of the microscope
objective (Nikon, Inc., Melville, NY; Apo 60X, 1.40).
The magnetic field levels across the stage plate were

also measured with the coil system located off the
microscope. The mapping was conducted at 60 Hz with
input current levels of 50, 100, 200, 300, and 500 mA.
The choice of 60 Hz frequency was patterned after
previous studies focusing on power-frequency mag-
netic fields.

The results from the linear magnetic field map-
ping are presented in Figures 4 and 5. The presence of
the objective elicited an increase in the magnetic field
level around the edges of the objective and the relative
difference increased with current. In the absence of
the objective, the exposure system elicited a relatively
uniform magnetic field across the coil stage plate (as
shown in Fig. 4) in accordance with minor variation
with increased distance from the center [Misakian et al.,
1993]. As expected, the magnitude of the field was
directly proportional to the applied current. The relative
difference in magnetic field levels at the center of the
coils due to the presence of the objectives were found to
change by 7.1,4.3,5.3, 4.9, 4.8% in response to current
values of 50, 100, 200, 300, and 500 mA, respectively.
The results from the linear magnetic field mapping of
the coil at different currents indicates that under normal
conditions, the magnetic field across the coil measured
on the bottom plate is a direct measure of the input
current and the spatial distribution is maintained. The
presence of the microscope objective disrupted the
spatial distribution of the magnetic field intensity with
the major increase seen around the edges of the ob-
jective. For example, at the center of the coil (see Fig. 6),
the magnetic field difference in the presence and
absence of the objective was linearly related to
the input current. No differences in field intensity were
observed at finer spatial resolution (0.1 cm), ruling out
the likelihood of more severe distortions undetected
at the higher resolution (0.5 cm). Also, lack of more
severe distortions at finer spatial resolution in our
case confirmed that the observed distortions were not
due to objective coating as previously suggested by
Publicover et al. [1999]. It is important to note that the
results presented in Figure 6 can be used to determine
the amount of current adjustment required to compen-
sate for the presence of the objective at a specific
location.

Monitoring of Heating Effects

The heating in the system (difference between coil
and room temperatures) due to current passing through
the coils was measured using a Cole-Parmer (Vernon
Hills, IL) Temperature and Humidity Logger Model
#91090-70. Measurements were done with thermocou-
ples at linear positions of 0, 12.5, and 25 mm from the
center of the coil along the stage plate. Temperature
differences between room and plate were recorded at
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Fig. 4. Atypical linear magnetic field distribution of the coil setup,
with (e) and without (o) the microscope objective, atafrequency of
60 Hzand aninputcurrentof100 mA.

current levels of 50, 100, 300, and 500 mA, at 10 min
intervals over a period of 4 h.

Figure 7 gives a summary of the temperature
distribution with time at three different positions of the
coil in response to different input currents. At an input
current of 50 mA, there was no measurable temperature
change. Temperature differences were observed in
response to input currents of 100, 300, and 500 mA. It
is, however, important to note that the magnetic field
intensities in our experimental conditions were usually

less or equal to 200 uT (corresponding to input currents
less or equal to 50 mA).

hange (AmT)
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Fig. 5. Magnetic field change due to microscope objective inter-
ference across the coil at different input currents (60 Hz). [Color
figure can be viewed in the online issue, which is available at
www.interscience.wiley.com]
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Fig. 6. Differenceinmagneticfieldintensityat60 Hzatthe centerof
the coil at different input currents. The lines are almost identical
suggesting a nonsignificant (maximum of 4.9%) disruption of the
spatial magnetic field distribution by the microscope objective.

Measurement of Harmonic Contents

The harmonic content of a 60 Hz signal from the
function generator was measured with an Onosokki CF
360 Portable Dual Channel (Ono Sokki Technology,
Inc., Yokohama, Japan) FFT Analyzer at 15 Hz in-
tervals. Measurements were done over a 4-h period with
input signals from the signal generator before and after
amplification. The rationale for harmonic content
characterization was based on the need to ensure that
the system would expose cells to only one fundamental
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Fig. 7. Temperature difference (microscope stage plate vs. room)
at different currents of 50 (a), 100 (b), 300 (c), and 500 (d) mA ata
constant frequency of 60 Hz over a 4 h time period. [Color
figure can be viewed in the online issue, which is available at
www.interscience.wiley.com]
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frequency throughout the exposure period. Four-hour
exposure period was based on the previous stress
studies requiring several hours to maintain transcription
levels [Rodeberg et al., 1999].

The amplitude of harmonics was expressed as
percentages of the 60 Hz signal. Since most electric
power is generated at a frequency of 60 Hz, we were
interested in studying the effects of magnetic fields
generated at that particular frequency. The fundamental
frequency (f,)) was thus 60 Hz and harmonic signals (15,
30, 45, 90, 120 Hz) were analyzed from the output of
both the amplifier and the signal generator. The results
indicated that 60 Hz is the fundamental frequency in
both the outputs from the amplifier and the signal
generator. The amplitude of the harmonics was of the
order of 0.1-0.2% of the fundamental frequency which
was an indication that the signal generator and the
amplifier were suitable for exposure studies at 60 Hz.

Other Factors

Blurring of edges of cells, which is a characteristic
of severe vibration, was not observed at all magnetic
field intensities studied, suggesting that vibrations were
minimal. Magnetic field levels decreased sharply with
increasing distance from the coils (data not shown),
suggesting that control and exposure experiments could
be conducted simultaneously in the same incubator.
This eliminated the need for a second incubator nor-
mally used in magnetic field exposure studies with large
coil setups.

SUMMARY

In conclusion, the exposure system devised and
characterized in this study should be useful for measur-
ing real time biological changes (e.g., membrane
potential, ionic fluxes, pH) as well as gene transcription
studies [Rao et al., 2002] that involve longer exposure
times traditionally conducted in cell culture incubators.
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