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A spin-valve giant magnetoresistive (SV-GMR) sensor of needle-type configuration is reported to estimate the volume den-
sity of magnetic fluid inside human body. The magnetic fluid is usually injected into human body to kill cancerous cell using
hyperthermia-based treatment. To control the heat treatment, a good knowledge of temperature is very much essential. The SV-
GMR-based needle-type sensor is used to measure the magnetic flux density of the magnetic fluid inside the human body from
which the temperature is estimated. The needle-type sensor provides a semi-invasive approach of temperature determination.
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1. INTRODUCTION

In recent times, due to the development of several novel sen-
sors and sensing technologies, there is a tremendous progress
in biomedical sensing. Modern biomedical sensors devel-
oped with advanced microfabrication and signal processing
techniques are becoming inexpensive, accurate, and reliable
[1]. To develop sensors to analyze cells at a single-cell level,
it is very demanding to have high-performance sensing and
instrumentation techniques [2, 3]. A hyperthermia cancer
treatment based on induction heating is achieved by inject-
ing magnetic fluid with magnetic nanoparticles into the tu-
mor. The potential benefit of using magnetic nanoparticles
is the use of localized magnetic field gradients to attract the
particles to a chosen site, to hold them there until the ther-
apy is complete, and then to remove them [4]. To destroy
the tumor, a time-varying magnetic field is applied to the
nanoparticles for heating up the tumor. The applied heat de-
pends on the amount of nanoparticles, magnetic flux den-
sity, exciting supply frequency, and the distance from the ex-
citing coil to the location of tumor inside the body. To con-
firm that the tumor can be destroyed when exposed to heat-
ing, it is required to measure the temperature of the mag-
netic liquid inside the body. The control of temperature is

a paramount important task in achieving success using this
treatment method. But it is difficult to fabricate temperature
sensor of very small size with sufficient accuracy to measure
the temperature. So an indirect approach has been taken to
measure the temperature in the tumor area inside the human
body. This approach is based on the measurement of mag-
netic flux density of the magnetic liquid which is injected for
treatment. In order to calculate temperature in an indirect
way, knowledge about the density of nanoparticles is impor-
tant before and during the treatment. This paper reports the
development of a needle-type nanosensor based on the spin-
valve giant magneto-resistive (SV-GMR) technique to mea-
sure the magnetic flux density inside the body via pricking
the needle inside the body. The modeling and experimental
results of flux-density measurement have been reported here.
From the information of flux density, the temperature rise
can be estimated to permit the delivery of controlled heat-
ing to precisely defined locations in controlled hyperthermia
cancer treatment. The sensor needs to be used in a uniform
magnetic field region which is provided by Helmholtz coils.
The complete paper is divided into six sections. After the
introduction that covers the first section, sensor has been dis-
cussed in Section 2. The hyperthermia treatment and use of
the sensor have been described in Section 3. The Helmholtz
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FiGURE 1: SV-GMR needle sensor.

coil, analytical results, and experimental results are provided
in Sections 4 and 5. The experimental results are reported in
Section 6. Finally the conclusion is summarized in Section 7.

2. SV-GMR NEEDLE-TYPE SENSOR

The SV-GMR sensor as shown in Figure 1 is used to esti-
mate volume as well as weight density of the magnetic fluid
inside human body. The needle-type construction paves for
easier application for measurement inside the human body.
The SV-GMR element with sensing area of 75 ym x 40 um is
on the tip of the needle. Sensing direction is parallel to the
needle. The volume/weight density of the magnetic fluid can
be estimated by measuring and comparing the applied mag-
netic flux density (outside body) and the flux density in the
magnetic fluid. A constant current of 0.5 mA is applied to the
SV-GMR sensor. Figure 2 shows the AC characteristics of the
sensor and the sensitivity is approximately 10 yV/uT.

3. SV-GMR SENSOR AND
HYPERTHERMIA TREATMENT

The block diagram representation of hyperthermia-based
cancer treatment is shown in Figure 3. Hyperthermia treat-
ment is a rapidly evolving cancer cure that has many ad-
vantages compared to other common methods of treatment.
These include no side effects or pain for the patient, which
is a major problem in treatments such as chemotherapy.
A low/minimally invasive treatment method such as the
one reported here takes less time for treatment compared
to chemotherapy and radiotherapy. Even though the can-
cer cells do not die completely, they could quite possibly be
more susceptible to treatments such as ionizing radiation or
chemotherapy, allowing such therapy to be given in small
doses.
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FiGuRre 2: AC characteristics of the SV-GMR sensor.
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FiGURE 3: Hyperthermia treatment as a cancer therapy.

Hyperthermia is based on the principle that cancer cells
are more sensitive to heat than normal healthy cells. Mag-
netic fluid with magnetic nanoparticles as shown in Figure 4
is inserted into the affected area.

When a time-varying external magnetic field is applied
on the magnetic particle, magnetic particles absorb and gen-
erate heat due to hysteresis loss, and temperature is thus in-
creased. It is essential to correctly control the temperature in
hyperthermia treatment. The magnetic fluid density in the
body is an important parameter to estimate the heat that
needs to be given. This serves as a critical aspect in the suc-
cess of the treatment. However when injected into the af-
fected area, the magnetic fluid spreads inside the cancer cells
and as a result, the volume as well as weight density of mag-
netic fluid decreases. As a consequence, it is vital to estimate
the density of magnetic fluid in the body. The magnetic fluid
weight density is the ratio of weight of magnetic nanoparti-
cles in 1 mL volume to weight of magnetic nanoparticles and
water in 1 mL volume.
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z TABLE 1: Magnetic fluid parameters.
Ratio wf (g/cc) D,, (mgFe/cc) D, (%)
1:120 0.00481 0.00479 0.105
. 1:100 0.00576 0.00574 0.126
1:70 0.00820 0.00814 0.179
- y 1:50 0.01141 0.01131 0.249
% 1:40 0.01420 0.01404 0.31
d 1:27 0.02079 0.02045 0.454
: T / 1:22 0.02530 0.02481 0.552
d ‘ 1:18 0.03063 0.02992 0.669
x d 1:13 0.04157 0.04026 0.908
- 1:10 0.05291 0.05081 1.155
d d 7 1:8 0.06467 0.06156 1.412
(a) Uniform distribution of magnetic nanoparticles 1:7 0.07275 0.06884 1.588
1:6 0.08314 0.07807 1.815
1:5 0.09700 0.09016 2.118
| "’ | 1:4 0.11640 0.10669 2.541

Th

Permeability = oo, 1,7, < d

(b) Close-up view of a single magnetic nanoparticle

FIGURE 4: Model showing magnetic nanoparticles distributed uni-
formly in magnetic fluid.

The essential parameters of magnetic fluid are

(i) wf: weight rate of magnetic bead in grams per cubic
centimeter (g/cc),

(ii) D,,: weight density of the magnetic fluid in milligrams
of ferrite per cubic centimeter (mgFe/cc),

(iii) D,: magnetic fluid volume density measured as a per-
centage.

Given that D, and D,, are small, then the relationship be-
tween them can be simplified to

D, = P». (1)

Vs

where y = 4.58 (W-35 sample, Taiho Co., Japan) and is the
specific gravity of magnetic bead.

Table 1 provides the volume and weight densities for dif-
ferent combination of nanoparticles and water. From Table 1,
it can be seen that the D, percentage change between the
lower weight densities is low. For example, the D, percent-
age change between D,, of 0.00479 and 0.00574 is 0.021%.

So it is essential that the percentage change in uniform mag-
netic field region be less than this value. An error percentage
of < 0.01% was decided for 0.05m in the positive and neg-
ative axial direction (z-axis) between the coils, and the same
was in the radial direction.

4. HELMHOLTZ COIL AND EXPERIMENTAL SETUP

Helmbholtz coils are used in a variety of applications, pri-
marily due to its ability to produce a relatively uniform field
configuration, ease of construction and flexibility. The ac-
curacy of the relative magnetic field produced depends on
how precise the Helmholtz coils are constructed and how
accurate the current through them is maintained [4-9]. A
helmholtz coil system consists of two coils, either circu-
lar or square, of equal radius and equal number of turns
along an axis through the centre of the coils, separated
by a distance equal to the radius of the coils. The total
field produced is the sum of the two coils. The helmholtz
coil has many applications in a variety of areas such as
bioelectromagnetic/biomedical, diagnostic studies on elec-
tron beams, calibration of magnetic instruments and probes
and in the study of the magnetic properties of materi-
als.

Figure 5 shows the setup used for measurement of vol-
ume density of magnetic fluid; the whole system is inside a 2-
square Helmholtz coil. The theoretical distribution of mag-
netic flux is shown in Figure 6.

The Helmholtz coil system is used to produce a magnetic
flux density of By. The flux density will concentrate on the
magnetic fluid-filled cavity. The needle-type sensor is placed
at the center of the cavity, hence the center of the common
axis of the coil pairs. The magnetic flux in the cavity can
be assumed as B;. By changes with the content density of
the magnetic fluid. The theoretical equation estimating the
magnetic fluid volume and thus the weight density from the
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FIGURE 5: A 2-square Helmholtz coil system.
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FIGURE 6: Model of magnetic flux distribution produced by
Helmholtz coils and the flux distribution inside an embedded cav-

ity.

difference between the applied flux and the flux in the cavity
is [10]
B, - By

S S40-ND, )

The change between the applied magnetic flux and the flux
in the container is directly proportional to the magnetic fluid
volume density. The change is usually of the order of 10%—
12%.

The above equation is based on the assumption that the
2-square Helmbholtz coils produce a uniform magnetic field
distribution. But in practice, the magnetic field distribution
is not very uniform as shown in Figure 7. So a new coil system
has been explored and developed.

5. DEVELOPMENT OF A NEW
HELMHOLTZ COIL SYSTEM

A Helmholtz coil system has been designed and constructed
to obtain a uniform magnetic field distribution with an esti-
mated error < 0.01% for 0.05m in the z and r axes. After a

lot of discussions to meet the specifications and experimen-
tal setup, the ideal system was decided as a planar coil system
consisting of three coil pairs. The intended coil is shown in
Figure 8. The three-coil system is used to produce a uniform
magnetic flux distribution inside the region of interest.

The magnetic flux distribution as well as the comparison
(error in Figures 9 and 10) of the magnetic flux density at
any point with respect to the center has been calculated ana-
lytically. Figures 9 and 10 show the surface plot and contour
plot of analytical results for Helmholtz tri-coil system. It is
seen that the error margin with the region of interest is neg-
ligible.

The magnetic flux density distribution inside Helmholtz
tri-coil system has been measured using a gaussmeter (MTI-
HM315). An area of 400 mm? in the uniform region was
tested for a Z-direction range from —20 mm to +20 mm.
However it must be noted that the display of the gaussme-
ter was accurate only to 0.01% and the error in the system
was approximately 1%. Figures 11 to 13 show measured er-
ror margin of contour plot at different positions.

6. EXPERIMENTS AND EXPERIMENTAL RESULTS

Helmbholtz tri-coil system has been used for providing mag-
netic flux. Magnetic fluid is injected into a tray with embed-
ded cylindrical cells as shown in Figure 5. The SV-GMR nee-
dle sensor tip is set-up in the center of the Helmholtz coil.
The tray is moved to get the needle in the middle of the
magnetic fluid-filled cylindrical shell. The function genera-
tor provides the AC excitation current with the Helmholtz
coil to produce a magnetic flux density of 100 4T. The fre-
quency of operation is set at 100 Hz and 200 Hz, respectively.
Constant current of 0.5 mA is applied to the SV-GMR sen-
sor. The output of the GMR sensor is obtained by the NF
Electronic Instruments 5610B two-phase lock in the ampli-
fier and shown in Figure 14.

The experiments above were performed with the tip of
the needle sensor placed at the middle of the magnetic fluid.
Experiments were then performed to see the effect of pen-
etration depth (y-direction) on the output. The model is
shown in Figure 15.

Figure 15 above shows the needle sensor at the start
(0 mm). This is when the needle sensor initially comes into
contact with the magnetic fluid. The fluid is filled with up to
1 cm of the cylinder. The center is then 5 mm from the start.
Between the start and the middle, four points are tested in
Imm steps, that is, at 1 mm, 2mm, and until 5mm. After
the middle, a further two steps are tested. Four concentra-
tions from the 15 samples are tested (two extremes and two
from the middle). Figures 16 and 17 show the variation of the
change of magnetic flux density as a function of penetration
depth of the needle sensor for 100 Hz and 200 Hz, respec-
tively. It is seen that the signal increases with the increase in
penetration depth in the beginning and attains a maximum
value and then it decreases slightly and reaches a steady state
value. The value for 200 Hz is slightly less than 100 Hz. The
reason of the increase of change linearly in the beginning is
that first the sensor creates an indentation while it touches
the magnetic liquid and then the sensor gets more magnetic
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FIGURE 9: 3D surface plot of error in the z and p axes.

FiGure 10: Contour plot of error in the p and z axes.
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Figure 11: Contour plot at Z = 0 mm.
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Figure 12: Contour plot at Z = +20 mm.
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Figure 13: Contour plot at Z = —20 mm.

material with the increase in the depth of the needle. When
the sensor is just inside the magnetic fluid, there is an effect
of crowd of magnetic flux at the upper layer of the magnetic
fluid. With the increase in depth, the edge effect is negligible.

In this study, the volume (or weight) density of the mag-
netic fluid has been estimated by the needle-type GMR sen-
sor. In practical situation, it is essential to know the actual
temperature. In order to obtain the temperature accurately,

Change in magnetic

flux density (%)
[N [ [e)} oo

0 '4.‘./‘ t t - -
0 2 4 6 8 10
Magnetic fluid weight density (%)

* 100 Hz(%)
= 200Hz(%)
—— Theoretical calculation

FiGure 14: Change in magnetic flux density for varying fluid weight
density.
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FIGURE 15: The model showing the effect of penetration depth.

12
§ / \\K\k
< 10 /
5}
=
g 8
3]
&% /
s 6
g /(M
g
> 4
o0
g
—Lﬁ) 2

0'_ ° 4 b4 4 4 e

0 1 2 3 4 5 6 7

Penetration depth (mm)

—&— Water (100 Hz)
—=— 1:70 (100Hz)
1: 22 (100 Hz)

—»—1:10 (100 Hz)
—*— 1: 5 (100 Hz)

FIGURE 16: Magnetic field change for penetration depth at 100 Hz.

it is very important to know the volume density of the mag-
netic fluid. So by using the needle-type GMR sensor, the vol-
ume density has been estimated on trial. While researches
into the heating effect on cells have been carried out for a
long time, it is only recently that safe methods have been
found to increase the temperature in treatment or in vivo
trials. Numerous trials have been carried out on the rela-
tionship between temperature and dextran magnetite and
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reported in literature with very encouraging results [14-18].
Furthermore, there is a widespread belief that hyperthermia
has the potential to be an effective treatment, validated by
the fact of the number of clinics that carry out such treat-
ment currently. However the side effect of possible damage
to healthy cells means that an effective and accurate method
is needed to estimate the magnetic fluid volume density. The
SV-GMR sensor can be utilized in such a way to estimate
the magnetic fluid volume density in vivo paving the way for
less/no side effects for patients, as well as the widespread pos-
sibility of being a stand-alone cancer therapy rather than an
adjunct to other cancer treatments, which seems to be the
popular practice at the moment.

7. CONCLUSION

A needle-type spin-valve giant magneto-resistive(SV-GMR)
sensor has been developed for measurement of flux den-
sity inside human body. It is important to estimate the vol-
ume density of magnetite inside the body for the hyperther-
mia cancer treatment based on induction heating. A new
Helmholtz three-pair coil system has been developed for pro-
viding uniform flux distribution in the region of interest. The
relationship between the difference of magnetic flux density
and magnetic fluid volume density contained in an embed-
ded cavity has been obtained and it is linear. It can therefore
be concluded that the volume density of magnetite injected
into the body may be estimated by the proposed technique.
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