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Monitoring Minute Changes of Magnetic Markers Susceptibility by
SV-GMR Needle-Type Probe

Ryszard Haraszczuk, Sotoshi Yamada, Makiko Kakikawa, and Toshiyuki Ueno

Division of Biological Measurement and Applications, Institute of Nature and Environmenta Technology, Kanazawa University,
Kanazawa 920-1192 Japan

Theaim of thisstudy isto present the novel methodology for magnetic mar ker simmunoassay measurements by spin valve giant mag-
netoresistive (SV-GMR) needle probe. Extremely small size and specific construction of this probe type allow detecting the changes of
complex susceptibility directly from the sample. The needle-type probe consists of four SV-GMR elements connected in a Wheatstone
bridgeand it has sensitivity of 11 #V/uT. The SV-GMR sensing element hasdimensionsof 40 zm x 75 pem. Thispaper presentsa setup
feasible to perform spectroscopic magnetic markers measurement. It includes data related to signal changes caused by the magnetic
markers dilution. It shows the influence of particle size changes (120 nm, 1 m, 3.5 zm, 6.5 zm) on real and imaginary parts of the
complex susceptibility of the specimen. While perfor ming measurements, probe sensing elements were placed inside the sample. Mon-
itoring changes of samples susceptibility allows performing homogenous immunoassay measurementsin a liquid phase by SV-GMR

probe. Based on the measurement results, analytical model of changes of complex susceptibility is derived and described.

Index Terms—Biomarkers, giant magnetor esistance, magnetic susceptibility, nanoparticles, spin valves (SVs).

I. INTRODUCTION

AGNETIC ferrofluids have been successfully used in

various applications such as hyperthermia treatment,
magnetic drug delivery, the contrast enhancement of magnetic
resonance imaging, immunoassay, cell separation, etc. [1]{7].
The magnetic ferrofluid particles labeled with antigen (e.g.,
avidin) are able to combine with a specific antibody (e.g., bi-
otin). Freelabeled markers have specific complex susceptibility
characteristics. When they are combined with a target (e.g.,
bacteria and red blood cells) using a specific antibody, they
cause changesin the complex susceptibility of a specimen. This
paper presents a measurement method that detects complex
susceptibility changes caused by various amount of magnetic
markers and identifies changes caused by biological targets
of assorted sizes. One of the advantages of this method is the
capability to perform a direct examination of samples without
additional washing of superfluous targets.

Il. METHODOLOGY FOR MAGNETIC MARKERS STUDIES

The measurement method includes the placement of the
ferrofluid in an external ac magnetic field; the sample magne-
tization causes a change of its magnetic flux density. With the
amplitude of the external field high enough, this change can be
detected by the sensing element of a needle probe, as shown in
Fig. 1(a). The Wheatstone bridge structure of the needle probe
alows to simultaneously measure by giant magnetoresistive
(GMR) 1 asignal change caused by the sample and to eliminate
the influence of the external field by using GMR 2 located
2 cm above the sample. Due to this configuration, obtaining the
changes of flux density inside asample (B;) and of the applied
field (By), asshownin Fig. 1, is possible.

The signal change caused by the sample measured insideit is
practically independent from the sasmple size asit was presented
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Fig. 1. Principle of homogenousimmunoassay studies. (a) First, spectroscopy
characteristic of free magnetic markers is studied; biological targets are added.
(b) Freguency response of combined magnetic markers and biological target is
examined. (c) Binding of free marker and biological target.

inthe previousstudy [4]. Therelationship between the measured
value (B; — By) and the complex susceptibility y* = v +ix”
can be easily derived from (1) [4]
0 I

where N isthe samples demagnetizing coefficient and ;+* isthe
air magnetic permeability close to unity. When the sample di-
mensions are known, thevalue N is defined and the flux density
changesareproportional to therelative susceptibility of the spec-
imen. In case of diluted ferrofluids, where their susceptibility is
dominated by Brownian rotation time of particles, the rea and
imaginary part of susceptibility can be given by [1] and [2]

X' (W) = Xoo + H_(X#B)r_, %)
’ _ WTBX1
x'(w) = I_HTB)Q 3)

where 1 isthe constant susceptibility, x.. isthe susceptibility
a infinite frequency, w = 2« f, and 7 is the relaxation time
given by [3]
_ 3V
™B = kB—T (4)
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Fig. 2. Magnetic path and permeability of mixed fluids.

where V' is the particle volume, # is the viscosity of the liquid
carrier, T is the temperature in kelvins, kg is the Boltzmann
constant. The relaxation time and the complex susceptibility are
directly proportional to the particle volume.

I1l. SUSCEPTIBILITY OF MIXED MAGNETIC FLUID

The susceptibility of the mixed magnetic fluid that includes
both free magnetic bead and combined magnetic beads with
polymer beads is estimated according to the microscopic con-
cept. Let us assume that such mixture has density of particles )
(Um?*) consisting of @ ¢ (1/m?) of monodispersed free markers
and Q.. (1/m?) of combined particles. According to the previous
study [4], [5], the relative permeability and susceptibility are
given by

M; =1+ CdD'vf LL: =14 Cdec (5)

where Cy; =34 is the experimental coefficient and Dwv is the
fluid volume density. Therefore, two fluids have relative per-
meability 17 and p3 and these permeabilities (and susceptibil-
ities) are proportional coefficients to magnetic field strength H
(or magnetomotive force F,,) and magnetic flux density B (or
magnetic flux ®). When the uniform magnetic field is applied
to ellipsoidal cavity with mixed fluids, the magnetic flux density
is uniform and its vector has direction, as shown in Fig. 2. Let
us divide the ellipsoidal body into a number of columns com-
posed of small cylindrical elements. Each element corresponds
to onetype of fluid (free or combined). The number of each type
of column elementsis proportional to the volumeratio of fluids.
According to these assumptions, the total magnetic motiveforce
F,,, can be given by

Al AlG
Fp = ($Rp) = A¢ (A;f;f + AS?;)
b8y 810y ©
AS [y Ly

where the total number of small dlementsisQ = Q; + Q». The
ratios of volume of each fluid are a; and «. As the magnetic
field strength H is F,,/l and the magnetic flux density 3 is
AD/AS, (6) changes to

«_ B [A¢ Fo\ o Qs
== (55)/ ()= /Gieid) o

with additional transformation, (7) is expressed by

X" = aix] + a2xs- 8)
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Fig. 3. Measuring setup.

Equation (8) states that the susceptibility of mixed fluids is
proportional to the sum of products of the susceptibility and the
volumeratio of each fluid. According to Debye'stheory [8], the
complex susceptibility is assumed to have the frequency char-
acteristic given by

= a1x] X3 ©)
(14 jwr) (14 jwrs)

where ; and » are the relaxation times of each fluid.

IV. EMPLOYED SETUP

The construction of a setup feasible to detect minute changes
of complex susceptibility in a liquid phase is presented in
Fig. 3. The setup consists of two parts: the spin valve (SV)
GMR needle-type probe and a field generator. Helmholtz coil
was applied as the uniform magnetic field generator. It has
two coils with radius equal to 0.11 m and 106 turns each. The
distance between coils is equal to the coil radius. The ac mag-
netic field frequency was changed between 5 and 1000 Hz. The
needle-type SV-GMR consists of four GMR sensing elements
connected in a Wheatstone bridge configuration. Each sensing
element has dimensions of 40 ;:m x 75 zm. One sensing ele-
ment is placed at thetip of the needle and three other arelocated
close to the bonding pads. The length of the needle is equal to
2 cm and its cross section is 250 x 250 im. The needle probe
has the sensitivity of 11 xV/iT. The sensor’s measurement
range is between tens of nanotesla and few millitesla. Details
of the needle tip and the SV-GMR probe are depicted in Fig. 4.

V. CONCENTRATION, TARGET SIZE, AND PARTICLE BINDING
NUMBER DEPENDENCE

In order to perform immunoassay measurements, combina-
tions of four commercially available substances were investi-
gated. One was streptavidin ferrofluid produced by R&D sys-
tems, and the other were three types of molecules consisting of
biotin-coated polymer beads produced by Spherotech©. During
the measurements, the sensor was placed centrally in the sample
of asmall amount of mixture (70 ) located inside a container
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Fig. 4. SV-GMR probe. (a) Electrical connections of Wheatstone bridge.
(b) Needle-type probe with case. (c) Needle with flexible printed circuit with
enlarged needle tip and bonding pad. (d) Microscope picture of needle tip with
marked sensing axis of SV-GMR element.
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Fig. 5. Various ferrofluid volume density Dv influence on real part and imagi-
nary part of the signal.

in the middle of the Helmholtz coil. While performing the ex-
periments, temperature inside the setup was monitored and vari-
ations of temperature did not exceed 0.5 K. The average ampli-
tude of the probe offset voltage (measured in the air) was sub-
tracted from the sample’s signal changes.

A. Ferrofluid Particle Concentration Influence

The ferrofluid dilution influences the imaginary part of the
measured signal as presented in Fig. 5. Decrease in the amount
of magnetic fluid causes the decrease in the real-part signal’s
amplitude and lowers the peak of the signal’s imaginary part.
The peaks in the imaginary part of the susceptibility occurred
at frequency of 225 Hz. The sample's magnetization was mea-
sured by vibrating sample magnetometer (VSM), as shown in
Fig. 6(a). Free markers have “S’ magnetization shape in the
field range of 23 kA/m. They do not display a hysteretic be-
havior with coercivity and remanence. They have alinear mag-
netization pattern in the range +200 A/m that corresponds to
the amplitude of the applied external field in the Helmholtz
coil. Analytical calculations performed on the data from VSM
showed that a possible frequency peak of the signal’simaginary
part should appear at 250 Hz. Analytical and measurement re-
sults are close enough to conclude that dilution does not cause

IEEE TRANSACTIONS ON MAGNETICS, VOL. 47, NO. 10, OCTOBER 2011

. x10
a) 5 T :
Ferrofluid Dv=0.2% —__
4 g et i Sina
Dv=0.15% —_
—_ 3 - e T
E_' 2
= 2 2 Dv=01%_"~
£ Dv=0.05% e
= 1F 4 2 ; -t
3 l q
: oF : .- o .
D 4
=
& J
&
= 2 ]
3 4
4t 4

_3-3 00 =200 -100 0 100 200 300

s Externally applied field (A/m)
5 x 10
b "o iem
4 Heavy 1
" [ Free markers
4
2
g 2
S 1F
g
‘: 0 =
5]
= 1k
-
o
=-2F
3F
4 rl
5 : % X - M I-!DII =104} l.l 100 10!‘ o0
-3 -2 -1 0 1 2 3

Externally applied field (A/m)

Fig. 6. VSM measurement. (a) Dilution influence. (b) Characteristics of cen-
trifuged magnetic markers combined with polymer beads and free markers.

achange in the relaxation time of ferrofluid particles. The com-
plex susceptibility of the mixture is dominated mainly by free
markers. The magnetic marker’s real part of susceptibility is
nonzero for frequencies higher than 1 kHz what can be seen
in (2) (x=)- Subtracting sensor’s offset causes that .. is not
presented in graphs.

B. Binding Target Sze Relationship

Another possiblefactor that can influence the characteristic of
aferrofluid isthe particle size. In the case of this study, the par-
ticle size change is caused by a combination of polymer beads
and ferrofluid particles. Three sizes of polymer with mean di-
ameter 1.0, 3.5, and 6.5 ;«m were combined with ferrofluid par-
ticles. Achieved results of magnetization by binding ferrofluid
with target particles of various sizes are presented in Fig. 7.
When the size of the particle isincreasing, the peak of theimag-
inary parts is shifting to the left side of the graph. The graphs
have similar shapes as those in the results obtained by Enpuku
et al. [3].

C. Binding Target Number Relationship to Complex
Susceptibility

Various numbers of targets (polymer beads) were added
to the mixture and signal changes were monitored. Magnetic
marker signal changes are linearly proportiona to the number
of binding particles, as shown in Fig. 8. The same dependence



HARASZCZUK et al.: MONITORING MINUTE CHANGES OF MAGNETIC MARKERS' SUSCEPTIBILITY

. Ferrofluid
Polymer " ¢ s 3::' le il
bead n i 13{21_[1_1__.. particle

o s Real part o EE
= P 10 = Pt . P> FF&Polymer | pm|
P T R S B v A FF&Polymer 3 um
:..IJ a) i % .t E @g . :,' . 1 FF&Polymer 6 pm
I 4k P - BB B
i) i s i s ae
ER o
20 e
@« il

10 1

IlI:
Frequency (Hz)

x w' Imaginary part

-

) OFF :

=[F < FF&Polymer | ym|  *

5 X FF&Polymer 3 pm . .
— & FF&Polymer 6 um i o s b
E 1+ T T @ : : l
£h :

2 ééz

Frequency (Hz)

Fig. 7. Particlesizeinfluence. (a) Real part. (b) Imaginary part of susceptibility.

2

Lt 251Hz
U-SM
o
rs
L SR 251
. Pl il Lx 158Hz
o

- x" 158H= 4

F

%)
7
%

Susceptibility change % X

( L L L
0.4 0.6 0.8 |

Polymer bead number N (amol)
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Linear dependence validates that immunoassay has been performed properly.

is achieved for target beads with sizes equal to 1 and 3.5 ;«m.
Furthermore, examination of separated combined markers
and free markers by VSM was conveyed. Mixture (70 ul)
consisting of magnetic markers and 6 pm size polymer beads
was separated in a centrifuge. The resultant heavier (markers
combined with polymer beads) particles were extracted at first
from the mixture. The lighter free markers were condensed
with the aid of a bar magnet and extracted. The lighter and
heavier particles were examined in VSM. Fig. 6(b) presentsthe
shape of the magnetization curve of free markers and heavier
particles (magnetic markers combined with polymer beads)
and lighter particles (free markers extracted from solution).
Extracted free markers still demonstrate superparamagnetic
behavior, whereas combined with polymer beads markers
behave like paramagnetic materials.
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VI. SENSITIVITY OF PRESENTED SETUP

The SV-GMR needle-type probe is a gradient meter. It mea-
sures the differences between the applied field and changes of
the magnetic field caused by the sample. The differential ampli-
tude between the free markers (rea part) and that of the sensor
(Vout — Vier) was egual to 9 V. This signal amplitude is
achieved with 0.3 ;g of ferrofluid. With the current setup in a
nonshielded environment, it is possible to perform the measure-
ment of very small magnetic flux density changes as small as
50 nT. That time differential amplitude of the probe is equal to
300 nV. Experimentally, it is possible to measure 30 ng of fer-
rofluids. It can be assumed that 30 ng of ferrofluid corresponds
t0 6.5 x 107 of markers in 70 pl of solution. Assuming that
one marker can bind exactly one biological target, it is possible
to estimate molecular sensitivity of the system as 2.4 x 1019
mol/ml (or 0.24 fmol/ml). Setup sensitivity estimation does not
include false binding and partial binding of markers. Therefore,
the estimated value can decrease in a real reaction unless one
marker always binds with only one polymer bead.

VII. CONCLUSION

Presented measurement technique utilizes the SV-GMR
needle-type probe to estimate the complex susceptibility of
magnetic markers. In order to increase the setup’s sensitivity, a
higher excitation field and frequency arerequired. Currently, the
excitation field is equal to 160 A/m inside the Helmholtz coil.
Homogenous magnetic immunoassay studies were successfully
conducted with the presented setup that allows performing
direct examination of the sample, where additional washing
of superfluous targets is unnecessary. In the near future, this
novel technique can be extended to estimate the quantities of
bacteria, viruses, and cells.
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