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Abstract: We developed a system to detect the magnetic nanoparticles utilizing AC suscepti-
bility measurement. In this system, room temperature pickup coil made of copper wire was used
as a sensor to detect the magnetic signal from the particles. In this method, an AC excitation
field was applied to the particles, and the resulting signal field from the particles was detected
with pickup coil. We used the differential double pickup coils with special configuration in order
to reduce the coupling of the excitation field to the pickup coil and to suppress an additional
magnetic noise from a substrate. With this configuration, the coupling of the excitation field to
the pickup coil can be reduced to less than 1/10°%, and the additional noise from substrate can be
also eliminated. We also increased the number of turns of pickup coil and used the sample with
high magnetic susceptibility in order to enhance the detectable field signal from particles. As a
result, the minimum detectable weight of particles reaches to 1 ng. With experimental result and
simulation, we calculated the magnetic susceptibility of particles in applied excitation field.
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1. Introduction

Recently, magnetic nanoparticles have been ap-
plied to biological immunoassay, i.e., detection of
the binding reaction between an antigen and its
antibody »» In this application, the antibody is
labeled with the magnetic nanoparticles, and the
binding reaction is detected by measuring the mag-
netic field from the nanoparticles. Several sensors
have so far been developed for this application, such
as Hall probes ), giant magneto-resistance arrays %,
atomic force microscopy *, and superconducting
quantum interference devices (SQUIDs) 1267,

Due to the advantages of easy handle and low
cost, a room temperature normal pickup coil made
of copper wire was used to detect the magnetic field
from nanoparticles ®. The room temperature nor-
mal pickup coil connected with SQUID was also
used in magnetometer ®, and successfully applied
to the measurement of impedance- magnetocardio-
gram (I-MCG) signals 19,

For the detection of the magnetic nanoparti-
cles, three methods have so far been developed,
i.e., susceptibility, relaxation and remanence mea-
surements. Table 1 shows the differences of three
methods in the detection of magnetic nanoparticles.
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Among these methods, susceptibility measurement
has an advantage that the magnetic signal is deter-
mined only by the total weight of the particles and
is almost independent of the size of the particles.
On the other hand, the magnetic signal depends
strongly on the size of the particles in the case of
relaxation and remanence measurements.

In the susceptibility measurement, however, the
magnetic signal must be measured in the presence
of the excitation field. This excitation field is much
larger than the magnetic signal from the particles.
Therefore, key point in this measurement method
is to minimize the interference from the excitation
field V27,

In this paper, we present a detection of magnetic
nanoparticles with AC susceptibility measurement.
In this method, pickup coils made of copper wire
with special configuration are used as a sensor to
detect the signal from nanoparticles. In the ex-
periment, an AC excitation field is used to magne-
tize the particles, and the resulting signal field from
the particles is detected with pickup coil. First,
we describe the configuration of coils. The perfor-
mance of system is improved by using differential
double pickup coils that can cancel the additional
field noise from substrate. The coupling of the ex-
citation field to the pickup coil can be reduced to
less than 1/10% by using mechanical and electrical
adjustments. Next, using this system, we show the
detection of the Fe3Oy4 particles. The minimum de-
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Table 1 Methods to detect magnetic nanoparticles.

Methods Excitation field B, Advantage Disadvantage
Susceptibility | DC or AC field (1 mT) any particles detection inside Be,
Relaxation pulse field {1 mT) detection outside B, strong size effcet
Remanence outside the system (0.1 T) detection outside B., strong size effect

tectable weight of particles reached to 1 ng. Finally,
using the experimental value, we calculate the mag-
netic susceptibility of the particles.

2. Pickup Coil Design and Improve-
ment

In previous study ¥, we developed a measurement
system for the detection of the magnetic nanoparti-
cles utilizing AC susceptibility method. Using this
system, we can detect FesO4 magnetic nanoparti-
cles down to the weight of 7 ng at room temper-
ature. However, improvement of the system per-
formance is desired since the minimum detectable
value was limited by the additional noise from the
substrate.

In the measurement, the substrates used for
nanoparticles are usually made of glass or plastic.
When a larger external field is applied, these sub-
strates show magnetization due to the impureness of
substrate. The additional magnetic field noise pro-
duced by the substrates is comparable to or larger
than the magnetic signal from the nanoparticles
when the weight of the particles becomes less than 7
ng. Therefore, it is desired to reduce the field noise
from the substrate.

In order to improve the system performance, we
adopted the differential method, i.e., double-pickup
coils instead of single-pickup coil in the previous
study. This double-pickup coils can cancel the addi-
tional magnetic field noise from the substrate. The
configuration of coils is shown in Fig. 1(a), which
consisted of three coils made of copper wire, i.e.,
the pickup coil L, for the detection of the magnetic
signal, the field coil L,, for applying the magnetic
field to the nanoparticles, and the compensation coil
L.. Here, two identical coils were used for pickup
coil at lower position, which were separated apart
by a distance of about 5 mm, and the direction the
winding of the two coils was opposite each other.
This double pickup coils were made of copper wire
of 80 mm diameter, and the average radius of the
coil was r = 2.5 mm. In the measurement, the sam-
ple passed just beneath only one of two coils. The
size of sample is 3 mm diameter in an area, which
is smaller than the distance of two coils. Another

Magnetic
nanoparticles

Fig. 1 AC susceptibility measurement system with nor-

mal pickup coil for the detection of the magnetic
nanoparticles. (a) Configuration with differential
double pickup coils. (b) Equivalent circuit of the
system.

pickup coil was placed at upper position, and apart
from the center of field coil L,, by a few millimeters.
This coil was made of wire of 80 mm diameter, and
number of turns was 50.

The field coil L,, consisted of two identical coils
made of copper wire of 200 mm diameter, which
were mounted outside of the pickup coils and sepa-
rated apart by a distance of about 25 mm, but the
direction of the winding of two coils was opposite.
Compensation coil L, was at the middle of pickup
coil, and the number of turns was 50.

Compared to the previous system, we increased
the number of turns from n= 100 to 200 for the dou-
ble pickup coils, since the detected voltage signal Vj
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is proportional to the number of turns of pickup coil.
We also increase the excitation field B, by increas-
ing the numbers of turns of field coil L,, from 150
to 200, since the resulting signal field B, increase in
proportion to the excitation field B.,. After these
improvements, the detected signal much increased.

3. AC Susceptibility Measurement

Since the signal field B; from nanoparticles is
much smaller than the excitation field B, it is
important to avoid the interference from excitation
field B,. It is also desired to reduce the field noise
B, from the substrate. As shown in Fig.1(a),
the field Be; + By, + B couples to one of double
coils, while the filed —(Bey + By) couples to an-
other of double coils. In the ideal case, the field
(Bes + By,) are completely canceled by the differen-
tial double pickup coils, and only the signal field B,
is detected, i.e., the additional interference B,, from
the substrate is eliminated.

However, due to the larger value of the excitation
field B, and small asymmetry of double coils, the
excitation field B, can not be completely canceled
at double pickup coils. Therefore, we first carefully
adjusted the position of the double coils relative to
the center of the field coil L,,. Another coil at up-
per position was also set to cancel B.,. With this
configuration and mechanical adjustment, the cou-
pling of the excitation field to the pickup coil can be
canceled each other to about 1/10% of Be;. Then,
we used the compensation coil L. for further can-
cellation by the pickup coil at upper position. By
finely tuning the amplitude and the phase of the AC
current to the compensation coil, we can compen-
sate the residual coupling in the pickup coil to less
than 1/10%. As a result, the total coupling of the
excitation field to the pickup coil can be reduced
to less than 1/108 of B.,. Therefore, we can mea-
sure very small magnetic signal B, of a few pT from
nanoparticles.

Figure 1(b) shows the equivalent circuit of the
measurement system. As shown, the oscillator sup-
plies AC current to the field coil L,, and the com-
pensation coil L. by Chl and Ch2, respectively,
where the amplitude and phase of the AC current
can be carefully adjusted. The transformer was used
to amplify the magnetic signal from the pickup coil
L, by a factor of 10, and the lock-in amplifier was
used to detect the signal.

In the experiment, an AC current with a fre-
quency of f = 25 kHz was supplied to the field
coil L,,. Then, the excitation field B., of about
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Fig. 2 (a) The typical output signal of the lock-in-
amplifier when the magnetic nanoparticles were
moved beneath the pickup coil. (b) Dependence
of the magnetic signal on the distance d between
pickup coil and the particles. The particles of of
A with weight w = 7 ug was used in the mea-
surement.

1 mT was applied in perpendicular to the magnetic
nanoparticles, which were placed on a plastic sub-
strate, and moved at a speed of 55 mm/s. When the
nanoparticles passed just beneath the one of double
pickup coils, the resulting signal field from the par-
ticles was lock-in detected. Here, the output of the
lock-in Amplifier is band passed from 1 Hz to 20 Hz.

Two samples, A with low magnetic susceptibility
and B with high magnetic susceptibility, were used
in the measurement.

4. Results and Discussions

The typical waveform of the detected signal is
shown in Fig. 2(a), which was obtained when the
particles passed beneath the pickup coil. The peak
value of the signal becomes proportional to the
amount of the Fe3O4 magnetic particles.

Figure 2(b) shows the dependence of the mag-
netic signal on the distance d between the pickup
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coil and the particles. In the experiment, the pickup
coil with number of turns n = 100 and sample A
with weight of w =7 ug were used. The distance
d between the pickup coil and the particles was
changed from 1 mm to 10 mm. The left side of the
vertical axis shows the voltage V, across the pickup
coil, while the right side shows the average magnetic
filed Bs at the pickup coil. Here, the relation be-
tween V, and B, was given by V, = 27 fn(nr?)Bs.

As shown, the magnetic signal strongly depends
on the distance d. When the distance d is close to 1
mim, the magnetic signal changed by 1/d. However,
the magnetic signal changed rapidly by 1/d® when
the distance becomes larger than 5 mm. Therefore,
in order to increase the signal from nanoparticles,
the pickup coil is expected to be near the sample as
closely as possible.

We also measured the magnetic signals with dif-
ferent weight w of the particles. In the measure-
ment, the distance between the pickup coil and the
particles was d = lmm. Curve (b) in Fig. 3 shows
the result when sample A was used. As shown, lin-
ear relationship was obtained between the magnetic
signal and the weight w of the particles. For this
case, the minimum detectable weight was down to
3.5 ng. For comparison, curve (a) shows the result
measured in previous study. As shown, this value of
3.5 ng in curve (b) was 2 times better than the min-
imum detectable weight of 7 ng in curve (a). This
improvement is mainly due to the introduction of
the differential double pickup coils that can cancel
the additional field noise from substrate.

It is well known that the magnitude of the sig-
nal field from particles depends not only on the
applied excitation field Be., but also on the mag-
netic susceptibility of the particles itself, i.e., the re-
sulting signal becomes larger for the particles with
higher magnetic susceptibility. Therefore, in order
to detect the minimum weight of particles more effi-
ciently, sample B with high magnetic susceptibility
was used. Curve {(c) shows the result. Similarly, the
linear relationship was obtained, and the minimum
detectable weight was down to 1 ng. This value is
3.5 times better than the curve (b), and 7 times
better than the curve (a). Here, the signal voltage
across the pickup coil was V; =4 nV, corresponding
to the signal field of Bs; = 6.5 p'I'. This result sug-
gests that it is effective to use particles with high
magnetic susceptibility.

From the above results, we can estimate the value
of susceptibility x of the magnetic particles with
AC susceptibility method. Fig. 4(a) shows the ar-
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Fig. 3 Relationship between the weight of particles and
the detected signal. Curve (a) shows the result of
sample A with the configuration of single pickup
coil of n =100. Curve (b) and (c) show the re-
sult of sample A and B with the configuration of
double pickup coils of n = 200, respectively.

rangement of the pickup coil for the case of number
of turns n = 10x 10 in measurement. As shown,
the distance from sample and the diameter of each
turn of pickup coil change with the sequence from
position A to D.

Using the configuration of the pickup coil, we
can calculate the magnetic signal detected with the
pickup coil. Fig. 4(b) shows the simulated result
of magnetic flux that interlinks to each of the pickup
coil. As shown, the signal flux changes with the se-
quence of pickup coil from N = 1 to 100. For this
case, therefore, the total signal flux is calculated as
b, = 0.944 x pom,/4n [Wb]. Here, the value of
m, can be expressed as uom, = poM, X NV/A =
uoM, x w/Ap. Therefore, we obtain the following
relationship

. w
P, = ym X poMs X 'A_ﬁ 1

where pg is the space permeability, m, is the mag-
netic moment of the sample per unit area, M, is
the average magnetization of the sample, V is the
volume of each particle, and A, N w, p =5.2 are the
area, amount, weight and specific gravity of parti-
cles of Fe3Qy, respectively.

For the curve (a) in Fig.3, the applied exci-
tation field B.; is about 0.76 mT. The minimum
detectable weight is 7 ng, corresponding to the sig-
nal voltage of Vy= 4.5 nV across the pickup coil.
From the relationship V; = 27®,f, we can obtain
the flux ®,= 2.87 x 10~!* [Wb] from the measure-
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Fig. 4 (a) Arrangement of the pickup coil. The pickup

coil at four different positions are indicated by
A, B, C and D, and distance from sample and
the size of each turn of pickup coil change by the
sequence from A to D. (b) Dependence of the sim-
ulate signal flux detected by each turn of pickup
coil on the sequence from N = 1 to 100.

ment. Substituting this value into Eq.(1), we can
estimate the average magnetization as about pgM,
= 2 mT. Therefore, the magnetic susceptibility can
be estimated as x = poM,/Be,= 2.63 for the par-
ticles of sample A. For sample B, the magnetic sus-
ceptibility x is estimated by about 3 times higher
than the sample A.

5. Conclusions

Normal pickup coil made of copper wire was used
as a sensor for the detection of the magnetic parti-

cles with AC susceptibility measurement. In this
method, the differential double pickup coils with
special configuration were designed to cancel the ad-
ditional magnetic noise from the substrate. With
this configuration, the coupling of the excitation
field to the pickup coil can be reduced to less than
1/10% by using mechanical and electrical adjust-
ments. The additional noise from substrate can also
be effectively eliminated. Furthermore, by increas-
ing the number of turns of pickup coil and using
the sample with high magnetic susceptibility, the
detectable signal field from particles was much en-
hanced. As a result, the minimum detectable weight
of particles reaches to 1 ng. This value is 7 times
better than the previous reported value of 7 ng. By
calculation, it was shown the magnetic susceptibil-
ity x of samples A and B were about 2.63 and 7.9,
respectively.
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