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We have developed a liquid phase immunoassay system utilizing a magnetic marker and a
superconducting quantum interference device �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 measurement 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 biological material
called IgE without BF separation. At present, we could detect the IgE down to 7 pg �or 39 amol�.
© 2006 American Institute of Physics. �DOI: 10.1063/1.2337384�
I. INTRODUCTION

Immunoassays are widely used to detect disease-related
proteins for medical diagnosis. These proteins are generically
called antigens, and the so-called binding reaction between
antigen and its antibody is used for the immunoassay. The
antibody is labeled with a marker, and the binding reaction is
detected by measuring a signal from the marker. In making
immunoassay, sufficiently large quantity of antibodies is put
into a solution containing antigens. Then, some of them are
bound to the antigens, but others remain unbound. The
former and the latter are called bound and free markers, re-
spectively. In a conventional immunoassay, the free markers
need to be washed out after finishing the binding reaction in
order to detect only the bound markers. This washing pro-
cess, which is called bound/free �BF� separation, is time con-
suming and makes the high-speed detection difficult.

Recently, magnetic immunoassays utilizing a magnetic
marker and magnetic sensors have been developed.1–13 In
this case, the antibody is labeled with the magnetic marker,
and the binding reaction is detected by measuring the mag-
netic field from the marker. One of the merits of this mag-
netic method is that immunoassay can be performed in liquid
phase without using the BF separation process. The key idea
is to use Brownian rotation of the free markers in a
solution.3–9 Since the free markers make Brownian rotation
in a solution, magnetic moment of the marker rotates with
time. As a result of this Brownian rotation, the signal from
the free markers becomes zero with exponential time depen-
dence. On the other hand, the bound markers are fixed to the
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antigen and generate the signal field. Therefore, we can dis-
tinguish the bound markers from the fee ones without using
the BF separation process.

In the previous studies, magnetic markers that show
Néel relaxation were mainly used.3–5 Immunoassays without
BF separation were performed by utilizing the difference in
the relaxation time between the Néel relaxation of the bound
markers and the Brownian relaxation of the free markers. In
this case, however, the signal from the bound markers was
small. In order to increase the signal, therefore, magnetic
markers that do not show the Néel relaxation but generate a
remanence have also been used.1,10–13 In this case, rema-
nence field of the bound markers gives the signal. Since the
marker can generate a high remanence field and the rema-
nence measurement method is useful for low noise measure-
ment, we can expect to improve the sensitivity of the immu-
noassay.

In this paper, we show the immunoassay without BF
separation using the remanence method. A high Tc supercon-
ducting quantum interference device �SQUID� was used to
detect the remanence field from the marker. We first studied
the magnetic signal from the free markers. Although the sig-
nal from the free markers should be zero in ideal case, spu-
rious signal occurred in practical case due to imperfectness
of the Brownian rotation of the free markers in a solution.
Since this spurious signal limited the sensitivity of the im-
munoassay without BF separation, its possible origins were
studied. Next, we conducted the detection of the antigen
called human IgE without BF separation. Good relationship
was obtained between the detected signal and the weight of
IgE. The minimum detectable weight of IgE was 7 pg �or

39 amol�.

© 2006 American Institute of Physics01-1
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II. DETECTION PRINCIPLE AND SQUID SYSTEM

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 marker was made of Fe3O4 nanoparticles with average
diameter of d=25 nm so as to generate the remanence.10,11

The Fe3O4 particle was coated with polymer, and the diam-
eter of the polymer-coated Fe3O4 particles was typically
140 nm. Avidin was immobilized on the surface of the poly-
mer, and the marker was coupled to the antibody through the
biotin-avidin connection. The binding reaction between the
antigen and its antibody was detected by measuring the re-
manence field Mr from the bound marker.

When the markers are added, bound and free markers
coexist 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 in the solution, as
shown below. First, an external field of 0.1 T is applied to
the sample in order to magnetize the bound and free markers.
When the external field is reduced to zero, Brownian rotation
of the free markers occurs. Due to the Brownian rotation, the
magnetic moment of the free marker also rotates with time in
a random manner, and the signal from the free markers be-
comes zero. On the other hand, the magnetic moment of the
bound marker is fixed and generates the remanence signal
Mr. These properties were used to distinguish the bound
markers from the free ones.

The magnetic property of the marker was measured with
variable sample magnetometer �VSM�. From the M-H curve
measured from the powder of the Fe3O4 particles, we ob-
tained the saturation magnetization �0Ms=440 mT and the
remanence �0Mr=40 mT. The apparent coercive field that
gave M =0 was 9 mT. The remanence of the marker was also
measured with the present SQUID system after the excitation
field of 0.1 T was applied. We obtained the signal flux of
5 m�0 for 1 ng of the marker, where �0=2.07�10−15 Wb is
the flux quantum.

The SQUID system was described elsewhere.11,14

Briefly, disk-shape reaction chamber �sample disk� was used

FIG. 1. �Color online� Schematic figure of the magnetic immunoassay uti-
lizing magnetic marker and SQUID. The immunoassay is performed in liq-
uid phase without using the so-called bound/free �BF� separation process.
The Brownian rotation of the free markers is used to distinguish the bound
markers from the free markers.
in order to measure many samples. Twelve reaction cells
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were formed along a concentric circle with a diameter of
150 mm. The size of each reaction cell was chosen as 5 mm
in diameter. Corresponding to this cell size, a directly
coupled high Tc SQUID gradiometer with two 5�5 mm2

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

The SQUID was installed in a cylindrical magnetic
shield made of three layers of Permalloy. The sample disk
was inserted inside the magnetic shield through a slit hole of
the shield and was rotated by an ultrasonic motor. By rotat-
ing the sample disk, reaction cells pass through above the
SQUID one after the other, and the signal from each reaction
cell was measured serially. Thus, 12 samples could be mea-
sured in one rotation cycle. The rotation speed was typically
1/3 rotation/s. In the experiment, 100 times measurements
were averaged in order to improve the signal to noise ratio.
The system noise with the average was 0.2 m�0 in terms of
flux noise.

The whole measurement system was also set in an addi-
tional shield box in order to enhance the magnetic shielding.
The residual magnetic field �0Hres at the position of the
SQUID was �0Hres=40 nT in the present system, which was
measured with the flux gate sensor.

Since we use the remanence method, remanence field
from the reaction chamber must be kept as small as possible
after the excitation field of 0.1 T is applied. Unfortunately,
commercial chambers have a large magnetic contamination
and generate a large remanence signal. Therefore, we have
developed a reaction chamber with very few magnetic con-
tamination by improving the fabrication process of the
chamber.11 The remanence signal from the reaction chamber
was measured with the SQUID and was typically 0.2 m�0.

III. SPURIOUS SIGNAL FROM FREE MARKERS

In ideal case, the signal from the free markers should be
perfectly zero due to the Brownian relaxation. However, we
note that some spurious signal is generated from the free
markers in practical case. This spurious signal will be caused
by imperfectness of the Brownian rotation of the free mark-
ers. Since this spurious signal becomes an offset �or back-
ground signal� in the immunoassay, it limits the sensitivity of
the immunoassay without BF separation. We also note that
the quantity of the bound markers is very much smaller than
that of the free markers. For example, we have to detect 1 ng
bound markers in the presence of 5 �g free markers. There-
fore, the spurious signal from the free markers must be re-
duced as much as possible.

In Fig. 2, the spurious signal from the free markers is
shown. In the experiment, 5 �g of free markers were added
to a 0.1% Tween-20/phosphate buffer solution �PBST� of
50 �l, as shown in Fig. 2�a�. An external field of 0.1 T was
applied to the sample outside the SQUID system, so that the
magnetic moments of the free markers were aligned in the
direction of the magnetic field. Then, the external field was
reduced to zero. When the field becomes zero, Brownian
rotation of the free markers occurs. Waiting 2 min after the

field becomes zero, we inserted the sample into the SQUID
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system and measured the signal from the free markers, as
shown in Fig. 2�a�.

Figure 2�b� shows the wave form of the detected signal
when the sample passed through above the SQUID. Peak-to-
peak value of the wave form gives the signal flux. As shown,
the spurious signal of 1.5 m�0 was measured, where the
signal flux of 1.5 m�0 roughly corresponds to the signal
field of 15 pT.

We note that this spurious signal was not caused by a
magnetic contamination of a reaction chamber. The signal
from the reaction chamber was checked with the same ex-
perimental procedure as shown in Fig. 2�a� without adding
the free markers. The signal from the chamber was 0.2 m�0,
which was much less than the spurious signal from the free
markers shown in Fig. 2�b�.

For comparison, we measured the signal when the
sample was dried, which corresponds to the case of the
bound markers. In this case, markers of 0.01 �g were dried
and magnetized by the field of 0.1 T, as shown in Fig. 3�a�.
Then, the remanence field of the markers was measured with
the SQUID. As shown in Fig. 3�b�, the signal of 44 m�0 was
measured. The signal of the bound markers will become 44

FIG. 2. �Color online� Magnetic signals from the free markers. �a� Experi-
mental procedure. �b� Spurious signal from the free markers when 5 �g free
markers exist in a 50 �l solution.

FIG. 3. �Color online� Magnetic signal from the bound markers. �a� Experi-

mental procedure. �b� Remanence signal from the 0.01 �g bound markers.
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� �5/0.01�=22 000 m�0 when the weight of the markers is
increased to 5 �g as in the case of the fee markers. There-
fore, we can obtain the signal ratio between the bound and
the free marker as 22 000/1.5=14 700.

In the following, we discuss the origin of the spurious
signal from the free markers. The Brownian relaxation time
is given by �B=3�V /kBT, where � is the viscosity of the
liquid, V is the hydrodynamic volume of the marker, kB is
Boltzmann’s constant, and T is the temperature.15 Taking T
=300 K and �=10−3 kg/m s, we find �B=1 ms for the
present marker with diameter of 140 nm. Since the measure-
ment was started 2 min after the external field became zero,
the Brownian relaxation should be finished in ideal case, and
the magnetic field from the free markers should be zero. The
spurious signal of 1.5 m�0 shown in Fig. 2�b� indicates the
imperfectness of the Brownian relaxation in the present case.

We note that the value of the spurious signal from the
free markers changed from sample to sample, though the
remanence signal from the dried sample was the same be-
tween samples. Therefore, one possible origin of the spurious
signal will be the degradation of dispersion of the free mark-
ers in the solution, i.e., occurrence of aggregation and pre-
cipitation. When aggregation of the free markers occurs, a
cluster of free markers is formed. Due to a large volume V of
the cluster, Brownian relaxation time �B of the cluster be-
comes very long since �B is proportional to V. Precipitation
of the cluster will also occur. Since these effects prevent the
Brownian rotation, they will increase the spurious signal.
Although it is difficult to make a quantitative discussion at
present, we experienced a strong relationship between the
spurious signal and the dispersion of the maker. For example,
the spurious signal was much decreased when potential clus-
ters of free markers were removed using a 400 nm diameter
filter. Although quantity of the cluster could not be measured,
it was estimated to be very few since the remanence signal of
the dried sample is unchanged between the filtered and un-
filtered ones. Therefore, it is very important to avoid aggre-
gation and improve the dispersion of the marker in order to
reduce the spurious signal.

Another origin will be residual dc magnetic field Hres

existing in the SQUID system. When the residual field Hres

exists, the free markers in the solution are tending to be
aligned in the direction of the magnetic field. This prevents
the Brownian rotation and causes the spurious signal. In
other words, the residual field Hres causes susceptibility sig-
nal from the free markers. In order to study the effect, we set
a small coil inside the SQUID system and applied a small dc
field Hex in the measurement. In Fig. 4, the relationship be-
tween the spurious signal of the free markers and the dc field
is shown. The horizontal axis represents the sum of the re-
sidual field �0Hres=40 nT in the present system and the ex-
ternal field �0Hex. As shown, linear relation was obtained
between the spurious signal and the dc field. In the present
case, the sensitivity of the spurious signal to the dc field was
roughly given by 62.5 m�0 /�T. Therefore, it is also neces-
sary to decrease the residual field in order to reduce the spu-

rious signal from the free markers.
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IV. IMMUNOASSAY EXPERIMENT

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.11–13

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 h. Then, the antibody
conjugated by the biotin was added and incubated for
30 min. Finally, the magnetic marker conjugated by the avi-
din was added. The quantity of the marker was 5 �g, and a
50 �l solution of the marker was used in the experiment.
When the markers were added, some of them were bound to
the antibodies, but others remained unbound, i.e., bound and
free markers coexisted in the solution as shown schemati-
cally in Fig. 1. The signal from the bound markers was de-
tected without BF separation.

In Fig. 5, change of the detected signal is shown after the
marker was added. The horizontal axis represents the time
after the marker was added. The vertical axis shows the de-
tected signal �s at each time. Here, the sample was magne-
tized by the field of 0.1 T outside the SQUID system in each
measurement, and the remanence field from the sample was
measured after 2 min waiting time. As shown in Fig. 5, the
detected signal increased with time, and then began to satu-
rate. Since the marker begins to react to the antibody after
the marker is added, this time dependence represents the

FIG. 4. Relationship between the spurious signal from the free markers and
the magnetic filed existing in the SQUID system. The horizontal axis rep-
resents the sum of the residual field Hres and the applied field Hex.

FIG. 5. Change of the detected signal after the marker is added. The hori-
zontal axis shows the time after the marker is added. The vertical axis shows
the detected signal �s at each time. Weights of IgE are w=0, 24 pg, and

72 pg.
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binding process between them. In the present case, long re-
action time was needed since the reaction speed of the home-
made marker was slow. The reaction speed may be hampered
by the chemical property of the marker or the clumsy par-
ticles. The reaction time will become much shorter when
these properties are improved.

As shown in Fig. 5, the spurious signal from the free
markers was 2.0 m�0 just after the marker was added, i.e.,
for the case of IgE=0. The spurious signal, however, in-
creased with time and began to saturate. The reason of this
increase is not clear at present. We speculate that the precipi-
tation of the marker with time or nonspecific binding of the
marker to the substrate will cause the increase of the spurious
signal.

In Fig. 6, the relationship between the detected signal �s

and the weight w of IgE is shown. In obtaining the signal
flux, we regard the spurious signal from the free markers as
an offset. The signal flux �s was evaluated by subtracting the
offset from the measured value in the presence of IgE. The
value measured after the reaction time of 120 min was used.
The circles show the results obtained without BF separation
process. As shown, linear relationship was obtained between
the detected signal and the weight of IgE. The minimum
detectable weight was 7 pg, though the error was somewhat
large for the case of 7 pg. Since the molecular weight of IgE
is 180 000, 7 pg corresponds to 39 amol. We note that this
sensitivity was limited by the spurious signal from the free
markers.

For comparison, rectangles in Fig. 6 show the experi-
mental results when we used the BF separation process, i.e.,
when the free markers were washed out.12,13 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.
We note, however, that the minimum detectable weight of
IgE was as small as 0.3 pg in the case with BF separation. In
order to realize the same sensitivity without BF separation, it
is necessary to decrease the spurious signal from the free
markers.

V. CONCLUSION

We have developed the liquid phase immunoassay sys-

FIG. 6. Relationship between the signal flux �s and the weight w of IgE.
Circles show the result obtained without BF separation, while rectangles
show the results obtained with BF separation.
tem utilizing the magnetic marker and the SQUID. The mag-
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netic marker that shows the remanence was used, and the
remanence field of the bound markers was detected with the
SQUID. The Brownian rotation of the free markers was used
to distinguish the bound markers from the free ones without
using the BF separation process. Since imperfectness of the
Brownian rotation caused the spurious signal from the free
markers, the dispersion of the free markers in the solution
should be improved as much as possible. Using the system,
we showed the detection of the biological material called IgE
without BF separation. At present, we could detect the IgE
down to 7 pg. In order to improve the sensitivity, it is nec-
essary to decrease the spurious signal from the free markers.
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