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Figure 5 | Practical model of a biomagnetic field. (a,b) A pair of linear insulated electric cables (30 cm in length, 0.5 mm in radius: R) are piled on top of
an MS1 magneto sensor and separated by a cover glass plate (100 pm thick). The distance between the two cables (Dy,) is ~1.1 mm. Various
amplitudes of current (I1,) were applied to the paired cables, which were raised with various gaps. (c,d) Changes in the output voltage of the magneto
sensor amplifier (Eys) by applying various I, with no gaps. (e,f) Changes in E by shifting the I , gap distance by 1904 pA. The results of single cable
(Fig. 2 d and f: I = 476 pA) are reproduced to show the difference. Also, in (f), changes in E,, with an I, of 476 PA are shown.

sensor with a higher spatial resolution, such as a multi-channel
amorphous metal-based magneto sensor, and by using more accur-
ate models of an effective circuit (Fig. S7).

Special pacemaker cells are known to exist in the ileum, and play
an essential role in generating spontaneous electric activity. From
histological features, the pacemaker cells are referred to as interstitial
cells of Cajal (ICC)">'®. However, in light of the distinct expression of
ion channels, the TEA facilitation of biomagnetic waves is ascribed to
an electric current in the smooth muscle. 1) In smooth muscle cells,
TEA blocks a major K" current, and also amplifies intracellular Ca>*
transients, both being known to enhance excitability'”*°. On the
other hand, a TEA-insensitive K* current plays a major role in regu-
lating pacemaker activity in ICC*. 2) Upon depolarization, L-type
Ca*" channels (Ca,l1.2) are responsible for a voltage-gated inward
current in smooth muscle*??, while T-type Ca®* channels (Ca,3.2) as
well as TTX-insensitive voltage-gated Na* channels are suggested to
play a major role in ICC pacemaking®*?*. The fact that application of
nifedipine, an L-type Ca?* channel-specific blocker, abolishes bio-
magnetic waves in the presence of TEA (Fig S3), reinforces a pre-
dominant contribution of smooth muscle electric current to

intercellular electric current under normal conditions. It is consid-
ered that although ICC pacemaker current underlies smooth muscle
spontaneous activity?>*, a major component of electric current
propagating through the muscle layer is regenerated in smooth mus-
cle cells.

To date, SQUID has been employed as a major tool to measure
biomagnetic fields, such as magnetoencephalography and magneto-
cardiography**”~*. Recently, atomic magnetometers utilizing vapors
of polarized alkaline metals (Rb, Cs and K) have become popular as
an alternative tool>**. These two magnetometers are currently
available for biomagnetic field measurements. The former is a vector
magnetometer, while the latter is a scalar magnetometer. Therefore,
only the former SQUID magnetometer is available for measuring
biomagnetic vector fields, similar to the present measurements.
Since the former and latter are normally operated at extremely low
and high temperatures, respectively, compared to body temperature,
sensor devices are mounted in containers separated from biological
systems. SQUID microscopy with small pickup coils (500 pm in
diameter) has been applied to an isolated whole heart to measure
electric stimulation-evoked magnetic fields with a sub-pT range
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Figure 6 | Computer simulation of a biomagnetic field. (a) An illustration of cellular organizations with intercellular propagating current and
extracellular return current. The return current may consist of intercellular currents towards surface cells as well as extracellular surface currents. (b)
Simplified circuits for simulation of a biomagnetic field. Five electric circuits (L—, to L,) are combined and a 1 pA currentis conducted in each circuit. In
brackets, X, y and z coordinates of points in the circuit are indicated in mm. The distance of current propagation corresponds to ~60 cells in a longitudinal
direction, assuming a cell length of 150 pm. (c) Biomagnetic field maps of L, = 0.2, 0.5 and 1 mm. Ps; — Ps4 are the four corners of the map. Note the
amplification of the magnetic field by increasing the L, distance of the circuit.

sensitivity®>**. More recently, atomic magnetometers operated at a
room temperature have been reported, but sensitivity is similarly
reduced®. Also, both magnetometers require a magnetic shield to
reduce the environmental magnetic field within a maximal detec-
tion limit. Therefore, the total system becomes large in these
magnetometers.

In thelight of the present experiments, we propose a new option to
measure biomagnetic fields, depending on the aim and objective of
study. The gradiomagneto sensor device used herein is made of an
amorphous metal wire and ordinary electro-magnetic materials, and
is operated at ambient temperature. Thus, our sensor can be placed
very close to the sample, and can also detect the magnetic fields of a
limited region that corresponds to the volume of the amorphous
metal wire. On the other hand, magnetometers with very high sens-
itivity, such as SQUID and atomic magnetometers, have the same
average volume of detector coils and vapor containers, respectively.
Also, amorphous metal-based sensors do not require any magnetic
shield against geomagnetic fields, because voltage conversion of the
magnetic field is linear over a range of =50 uT®. For these reasons,
our magneto sensor is applied to measure small biological samples,
and can be compacted for portable use.

Details of single cell and single ionic channel properties are now
being elucidated due to the development of micromanipulation and
fine voltage-clamp technologies®. In contrast, electric properties of
cellular organizations remain unknown. Since innumerous electric
syncytia of excitable cells with intercellular electric coupling, exist
over the entire human body, such information enables the evaluation

of integrated functions of biological systems. The magneto sensor
used in this study could be a good tool for such a purpose. Also, in
regenerative medicine, magneto sensors with high sensitivity may be
useful for aseptic and non-invasive evaluations of spatial activity in
cellular tissue samples derived from stem cells’**”. Especially, for
small samples of biological systems, magneto sensors that can closely
approach the sample are advantageous to detect magnetic fields,
because biomagnetic fields induced in small circuits rapidly decline
even over a small distance (Fig. 6¢).

The sensitivity and stability of amorphous material-based mag-
netic sensors are expected to improve further with additional
development®. The intrinsic noise of the sensor is estimated to be
less than 10 fT/{ (Hz) in the same sized wire used in this study,
assuming the electron spin density of a typical Co-rich amorphous
metal without a significant magnetic domain movement®™*'.
Therefore, in order to improve this magneto sensor, it is crucial to
use uniformly manufactured paired transducer coils designed for
amorphous metal materials, and to find good amorphous metal
materials and electric devices that more efficiently convert excita-
tion-pulse-induced induction potentials into the signal output of a
magnetic field*. Also, amorphous metal-based magneto sensors
could be developed as micro-electro mechanical system (MEMS)-
like integrated circuits, thus allowing the total apparatus to be com-
pacted for use in small labs, hospitals and even for home use, without
using any magnetic shield. In initial studies of biological electric
activity, such as electrocardiograms, measurements were carried
out using a galvanometer, which converts changes in a magnetic field
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to induction potentials, a remind that measurements of biological
magnetic and electric fields are closely related. Unfortunately, at
present, biomagnetic field measurements are performed at only a
few sites, while portable bioelectric detectors are available in electro-
cardiography and electroencephalography. We anticipate that
amorphous metal-based magneto sensor technology would make
biomagentic fields a more realistic aspect in our lives, and that this
technology could be employed to make new detectors for biological
and medical samples, depending on the aim and objective of the
study.

Methods

Magneto sensor. The set of panels in Fig. 1 shows the amorphous metal-based
gradio-magneto sensor system used in the present study. To improve the gradio-
sensing of a magnetic field, a pair of transducer solenoid coils (0.5 mm in radius;
10 mm in length; 300 turns) was mounted at both ends of a single amorphous (Am)
wire (30 pm in diameter, ~50 mm in length) of no magnetostriction. The
composition of the wire used was (in atomic percentages): Co-F alloy (94 vs 6) 72.5; Si
12.5; B 15. Presumably, due to the symmetrical magnetic fields distributed along the
amorphous wire, the induction potentials in the paired transducer coils were much
more identical in terms of the amplitude and decay time course, compared with those
induced in a pair of separated magneto-impedance (MI) elements previously used®”.

The driving and detecting devices were as follows: A clock CMOS IC triggers a
pulse gate (PG) CMOS IC that supplies electric excitation pulses (Pe) of 5 V (100 ns)
to the magnetic amorphous wire at 2 psec intervals. The intermediate portion of the
wire was electrically shunted with an electric cable in order to reduce the resistance of
the excitation circuit to ~50 Q. The same clock IC simultaneously triggers a pair of
sample-and-hold circuits (SH1, SH2) to detect the induction potential of the coils in
MS1 and MS2 magneto detectors. The detection devices for the paired coils were
essentially similar to those used previously®” (See Fig S1 for magneto detection
mechanisms).

High-speed operation amplifiers with a frequency range of several MHz were used
to follow and differentiate the SH1 and SH2 voltages (subtracting the induction
potential of SH2 from that of SH1) to cancel environmental magnetic noise. Also, the
differentiated signal was amplified ~1000 times. After the operation amplifiers, high
and low cut electric filters (H/L filter: 20 and 0.3 Hz, respectively) were applied, and
the resulting voltage output was sampled to computer memory through a data logger
with a frequency of 1 kHz. Positive (upward) signals in figures represent the direction
of the magnetic field from MS2 to MS1.

Specifications of the gradio-type magneto sensor were assessed using a model
system. A linear electric cable 1 mm in diameter and 30 c¢m in length was crossed on
MS]1 at the center, and oscillating electric currents (sine waves) were applied at 3 Hz
(Fig. 2). The magnetic field (output voltage) detected progressively decreased as the
distance between the electric cable and MS1 increased. The conversion efficacy of
magnetic field into output voltage was estimated to be ~25 pV/nT (~0.031 V/A/m,
ie.B = poH, and o = 1.256 X 10~¢ T/A/m). The noise level was ~30 pT/Hz". Also,
the performance of the subtraction (gradio-sensing) between MS1 and MS2 was
assessed by changing the amplitude and frequency of the external magnetic field,
when the whole sensor system was placed in a Helmholz coil of 30 cm diameter. The
output potentials of SH1 and SH2 differ at most by ~3% at 1-20 Hz.

Animals and preparations. Animals were treated ethically, in accordance with the
guidelines for proper conduct of animal experiments by the Science Council of Japan.
All procedures were approved by the Animal Care and Use Committee of Nagoya
University Graduate School of Medicine (Permission #23357). Guinea pigs of ~3
weeks after birth were killed by cervical dislocation and exsanguination after deeply
anaesthetising with diethyl ether. Smooth muscle tissues were isolated with a pair of
fine scissors. For magnetic measurements connective tissue and the mucous
membrane were carefully removed using forceps and fine scissors under a binocular
microscope (SZ61, Olympus, Tokyo, Japan).

Measurements of biological magnetic field. Musculatures isolated from the ileum
(~5 mm wide X 25-35 mm long X 0.5-1 mm thick) were mounted in a recording
chamber with the bottom of a cover glass of 100 pm thick, using a tissue anchor rig
made by thin strings (SDH series, Harvard Apparatus Japan, Tokyo, Japan). The
chamber contained a ‘normal’ extracellular solution kept at 34-36°C using a plastic
panel heater in which warm water was sufficiently circulated before measurements
(Fig. 3a).

Changes in magnetic fields were measured along the amorphous wire by dis-
criminating the direction. One of the paired magneto detectors (MS1 in Fig. 1 a) was
placed below the recording chamber, while the other (MS2) magneto detector at the
other end of the amorphous wire was used to sense the environmental magnetic field.
The differentiated potential of MS2 from MS1 after the sample-and-hold circuits was
recorded as biomagnetic fields arising from ileal musculature samples.

In some experiments, pharmacological interventions were carried out in order to
enhance or suppress biological magnetic (and electric) activity (Figs. 3 and 4; Fig. $3).

Solutions and drugs. The composition of the ‘normal’ extracellular solution
(modified Krebs solution) used, was (in mM): NaCl 125; KCl 5.9; MgCl, 1.2; CaCl,

2.4; glucose 11; Tris-HEPES 11.8 (pH 7.4). TEA was purchased from Sigma-Aldrich
(St Louis, MO, USA).

Simulation. A practical model of a biological magnetic field was made with a pair of
electric cables (1 mm in diameter; 30 cm in length) with a center distance of
~1100 um (Fig. 5). Magnetic fields were measured using the gradio-magneto sensor
by changing the amplitude of the oscillating electric current and the distance between
the cable and MS1.

In computer simulation, the magnetic field in a certain point was estimated using
the ‘P and Qm’ software package, by integrating a current-element-induced magnetic
field along the electric circuit according to Biot-Savart law (Shift Lock Corp.,
Kishiwada, Japan). Pseudo-color magnetic field maps were drawn using MATLAB
software (MathWorks, Arkansas Garden City, USA).

Data analysis. Digital band-pass filter, and linear spectrum analysis were performed
using commercial add-in software (Kyowa Electronic Instruments, Tokyo, Japan). In
histogram analysis, recording data of magnetic fields thinned out by 1/10, and 5000
data points (corresponding to 50 sec) were used. Histograms were constructed with a
bin width of 5 pT, and plotted with cumulative curves (Fig. S2).

Numerical data are expressed as means + S.D. Significant differences were eval-
uated by paired t-tests (P < 0.05).
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