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Biological Immunoassays Without Bound/Free
Separation Utilizing Magnetic Marker

and HTS SQUID
K. Enpuku, K. Soejima, T. Nishimoto, T. Matsuda, H. Tokumitsu, T. Tanaka, K. Yoshinaga, H. Kuma, and

N. Hamasaki

Abstract—We have developed a magnetic immunoassay system
utilizing a magnetic marker and HTS SQUID. In this system, the
magnetic marker was used to detect the biological material called
antigen. The magnetic marker was designed so as to generate a
remanence, and the remanence field of the markers that bound
to the antigens was measured with the SQUID. The measure-
ment was performed in a solution that contained both the bound
and free (or unbound) markers, i.e., without using the so-called
Bound/Free (BF) separation process. The Brownian rotation of
the free markers in the solution was used to distinguish the bound
markers from the free ones. Using the system, we conducted
the detection of the biological material called human IgE. Good
relationship was obtained between the detected signal and the
weight of IgE. Minimum detectable weight of IgE was 2.4 pg (or
15 atto-mol). This sensitivity was limited by the background signal
from the free markers.

Index Terms—BF separation, Brownian rotation, HTS SQUID,
immunoassay, magnetic marker, remanence.

I. INTRODUCTION

RECENTLY magnetic immunoassays utilizing a magnetic
marker and SQUID have been developed [1]–[9]. In this

application, binding reaction between an antigen and its anti-
body is magnetically detected by using the magnetic marker.
The magnetic field from the marker that bound to the antigen
is detected with the SQUID. Utilizing highly sensitive SQUID,
we can detect very small amount of antigen [8].

Another merit of this magnetic method is that immunoassay
can be performed in liquid phase, i.e., even when the bound and
free (or unbound) markers coexist in a solution [2]–[6]. We can
distinguish the bound markers from the free ones by using the
Brownian rotation of the free markers. Due to this property, we
can eliminate a time-consuming washing process to separate the
bound and free markers, i.e., BF (Bound/Free) separation.

In the previous studies, immunoassays without BF separa-
tion have been demonstrated by using the magnetic markers
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Fig. 1. Schematic figure of the magnetic immunoassay utilizing magnetic
marker and SQUID.

that show the super-paramagnetic property [2]–[6]. However,
the signal from the super-paramagnetic particle was small. In
order to increase the signal, we have been developing a mag-
netic maker that can keep remanence [7]. In this case, large re-
manence field from the marker can be used.

Using the remanence method, we demonstrated highly sensi-
tive immunoassay when we used the BF separation process [8].
We also showed the first result of the immunoassay without BF
separation [9]. In this paper, we show the improvement of the
immunoassay without BF separation. First, we show the prop-
erties of the maker. Next, we discuss the background signal from
the free makers in the solution. Finally, we show the detection
of IgE without BF separation.

II. MARKER AND DETECTION METHOD

In Fig. 1, magnetic immunoassay utilizing the magnetic
marker and the SQUID is schematically shown. The so-called
biotin-avidin system was used for the immunoassay. In this
system, an antibody that was conjugated by a biotin was coupled
to an antigen. Then, the antibody was coupled to the magnetic
marker that was conjugated by an avidin. The remanence field

from the bound marker is detected with the SQUID.

A. Magnetic Marker

The marker was made of polymer-coated nanoparti-
cles [7]. The particle was designed so as to generate
the remanence. From the Transmission Electron Microscope
(TEM) measurement, the shape of particle was cubic-
like, and the size was typically 25 nm. The particle was
coated with polymer, and avidin was immobilized on the sur-
face of the polymer. The hydrodynamic diameter of the marker
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Fig. 2. M �H curve of the free markers in the solution at low fields.

was 220 nm, which was measured with the Dynamic Light Scat-
tering (DLS).

The magnetic property of the marker was measured with vi-
brating sample magnetometer (VSM). From the curve
measured from the powder of the particles, we obtained
the saturation magnetization and the rema-
nence . The apparent coercive field that gave

was 9 mT. The remanence of the marker was also mea-
sured with the SQUID system after the excitation field of 0.1 T
was applied. We obtained the signal flux of 5 for 1 ng of
the marker, where is the flux quantum.

The susceptibility signal from the free markers in the solution
was also measured with a homemade magnetometer using the
MR sensor. In Fig. 2, curve of the free makers at low
fields is shown. As shown, the value of increased and then
began to saturate with the increase of the external field .
Although this behavior is similar to that of the maker showing
super-paramagnetic property [10], we note that the saturation of

occurred at very low value of in the present case, i. e,
. In the case of super-paramagnetic particles, on

the other hand, saturation of occurs between 100 mT and 1
T.

The curve of the free makers in the solution can be
given by [10]

(1)

where is the magnetic moment of the magnetic particle. Note
that (1) is similar to the curve of the paramagnetic par-
ticle.

The solid line in Fig. 2 shows the curve calculated
from (1). In the calculation, we took m so
as to obtain the best fit. As shown, the magnetic field dependence
of was explained well with (1).

Using the expression of , we estimated
the diameter of the magnetic particle. In the estimation, we
tentatively assumed two cases when and .
The diameter was estimated as nm and nm
when we used and , respec-
tively. These estimated values are larger than the size of
particles measured with TEM, i.e., 25 nm. This difference may
suggest that aggregation of particles occurred in the fab-
rication process of the magnetic marker.

Fig. 3. Background signal from the free markers in the solution. (a) Experi-
mental procedure, and (b) Waveform of the background signal detected with
the SQUID system. Peak-to-peak value of the waveform gives the background
signal � .

B. Detection Method Without BF Separation

When the markers are added, bound and free markers co-exist
in the solution as shown schematically in Fig. 1. In order to make
immunoassay without BF separation, we use Brownian rotation
of the free markers, as shown below. First, an external field of
0.1 T is applied to the sample in order to magnetize the bound
markers. In this case, the free markers are also magnetized.
When the external field is reduced to zero, however, Brownian
rotation of the free markers occurs. Due to the Brownian rota-
tion, the magnetic moment of the free marker also rotates with
time in a random manner, and the signal from the free markers
decay with time.

The Brownian relaxation time is given by ,
where is the viscosity of the liquid, is the hydrodynamic
volume of the marker, is the Boltzmann’s constant and is
the temperature [11]. Taking and ,
we find for the present marker with diameter of
220 nm. Therefore, if we wait a time much longer than
after the external field became zero, the signal from the free
markers becomes zero. On the other hand, the magnetic moment
of the bound marker is fixed, and keep the remanence signal .
Therefore, we can detect the bound marker even in the presence
of the free markers. In the present experiment, we tentatively
chose the waiting time as .

III. BACKGROUND SIGNAL

In ideal case, the signal from the free markers should be
perfectly zero due to the Brownian relaxation. However, we
note that some background signal was generated from the free
markers in practical case. In Fig. 3, the background signal is
shown. In the experiment, 5 of free markers were added
to a solution of 50 , as shown in Fig. (3a). An external
field of 0.1 T was applied to the sample outside the SQUID
system. Then, the external field was reduced to zero. Waiting

after the field becomes zero to complete the
Brownian rotation, we inserted the sample into the SQUID
system, and measured the signal as shown in Fig. (3a). Details
of the SQUID system were described elsewhere [12]. Briefly,
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Fig. 4. Background signals of different samples. Changes of the background
signal with time are shown after the free markers were added into the solution.

the size of reaction chamber was chosen as 5 mm in diameter.
Corresponding to this chamber size, a directly coupled high

SQUID gradiometer with two mm pickup coils was
used. The distance between the sample and the SQUID was set
to be 1.5 mm.

Fig. (3b) shows the waveform of the detected signal when
the sample passed through above the SQUID. As shown, the
background signal of was measured, where the
flux of 1.5 roughly corresponds to the field of 15 pT.

We note that the background signal was not caused by a mag-
netic contamination of a reaction chamber. The signal from the
reaction chamber was checked with the same experimental pro-
cedure as shown in Fig. (3a) without adding the free markers.
The signal from the chamber was 0.2 , which was much
less than the background signal from the free markers.

In Fig. 4, change of the background signal is shown after
the free markers were added into the solution. The horizontal
axis represents the time after the marker was added. The ver-
tical axis shows the background signal at each time. Here,
the sample was magnetized by the field of 0.1 T outside the
SQUID system in each measurement, and the background signal
from the free markers was measurement after the waiting time
of .

As shown in Fig. 4, behavior of the background signal
changed from sample to sample. In sample A, the background
signal was large. In sample B, the background was small at
the start, but increased with time. In sample C, the background
was kept small. We note that the remanence signal from the
dried sample was the same between the samples. Therefore,
difference in the background signal will be caused by the
occurrence of aggregation or precipitation of the free markers.

Another origin of the background signal is the residual dc
magnetic field existing in the SQUID system. In the present
system, the residual field of exists. When the
residual field exists, the susceptibility signal is generated
from the free makers as shown in (1). In order to study the ef-
fect, we set a small coil inside the SQUID system, and applied
a small dc field in the measurement. In Fig. 5, the relation-
ship between the background signal and the dc field is shown.
The horizontal axis represents the sum of the residual and ex-
ternal field. As shown, linear relation was obtained between the
background signal and the dc field, where the sensitivity was
roughly given by 62.5 .

Fig. 5. Relationship between the background signal from the free markers and
the dc field existing in the SQUID system.

When the external field is small, the susceptibility signal
given by (1) can be approximated as .
From this relation, we can expect that the background signal
from the free markers increases with the magnetic moment .
When aggregation of the marker occurred, the value of in-
creases due to the increase of the volume, and results in the in-
crease of the background signal. Therefore, it is expected that
the background signal can be much decreased by avoiding the
aggregation of the marker.

IV. EXPERIMENTAL RESULTS

We conducted an experiment to detect the antigen called IgE
using the remanence method. The sample shown in Fig. 1 was
prepared using the following standard procedure [9]. First, a
substrate was coated with capturing antibody called A116UN
for IgE. Secondly, a blocking material (Block Ace) was coated
to prevent nonspecific binding of the antigen to the substrate.
Thirdly, serially diluted IgE was added and incubated at room
temperature for 1 hour. Then, the antibody conjugated by the bi-
otin was added, and incubated for 30 min. Finally, the magnetic
marker conjugated by the avidin was added. The quantity of the
marker was 5 , and a 50 solution of the marker was used
in the experiment.

When the markers were added, binding reaction between
markers and antibodies begins to occur. We waited 60 min or
120 min so as to complete the binding reaction. Then, some of
the markers were bound to the antibodies, but others remained
unbound, i.e., bound and free markers co-existed in the solution
as shown schematically in Fig. 1.

The signal from the bound markers was detected without
BF separation. In order to generate remanence of the bound
marker, the external field of 0.1 T was applied outside the
SQUID system. We waited to complete the
Brownian rotation of the free markers. Then, we measured the
signal flux from the sample.

The measured flux is the sum of the signal flux from
the bound markers and the background signal from the free
markers, i.e., . In obtaining the signal flux ,
we regard the background signal as an offset, i.e., the signal flux

was evaluated by subtracting the offset from the measured
flux . The value of the background signal was obtained from
the measured flux in the absence of IgE.

In Fig. 6, the relationship between the signal flux from
the bound markers and the weight of IgE is shown. The trian-
gles and circles show the results obtained after the reaction times
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Fig. 6. Relationship between the signal flux � from the bound markers and
the weightw of IgE. The triangles and circles show the results obtained without
BF separation, which were measured after the reaction time of 60 min and 120
min, respectively. The symbols (+) show the results obtained with BF separa-
tion.

Fig. 7. Mean values and standard deviations of the detected flux � measured
without BF separation.

of 60 min and 120 min, respectively. As shown, good relation-
ship was obtained between the signal flux and the weight of
IgE. When the weight of IgE was small, the values of were
almost the same between the two reaction times. On the other
hand, the signal flux became larger for the longer reaction time
when the weight of IgE becomes large. This result may indicate
that the reaction speed slightly depends on the amount of IgE,
as pointed out in [5].

For comparison, symbols in Fig. 6 show the experi-
mental results when we used the BF separation process, i.e.,
when the free markers were washed out [8]. As shown, the
detected signals without BF separation agree well with those
obtained with BF separation. This agreement indicates that the
detection without BF separation was performed correctly.

In Fig. 7, mean values and standard deviations of the detected
flux measured without BF separation are shown. These re-

sults were obtained from the measurement of 8 samples. The
signal at is the background signal. As shown, we could
clearly detect the IgE down to 2.4 pg. On the other hand, the
difference between the case of and was not
clear when we took the standard deviation into account. Since
the molecular weight of IgE is 180,000, 2.4 pg corresponds to
15 atto-mol. We note, however, that the minimum detectable
weight of IgE was as small as 0.3 pg in the case with BF sepa-
ration, as shown in Fig. 6. Therefore, it is necessary to decrease
the background signal in order to improve the sensitivity in the
case without BF separation.

V. CONCLUSION

We performed a magnetic immunoassay without BF separa-
tion. In this system, the magnetic marker was designed so as to
generate a remanence, and the remanence field from the bound
markers was measured with the SQUID. The Brownian rota-
tion of the free markers in the solution was used to distinguish
the bound markers from the free ones. At present, minimum de-
tectable weight of IgE is 2.4 pg (or 15 atto-mol). In order to im-
prove the sensitivity, it is necessary to decrease the background
signal from the free markers.
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