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Liquid-Phase Detection of Biological Targets with Magnetic Marker
and Superconducting Quantum Interference Device
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SUMMARY Liquid-phase detection of biological targets utilizing mag-
netic marker and superconducting quantum interference device (SQUID)
magnetometer is shown. In this method, magnetic markers are coupled to
the biological targets, and the binding reaction between them is detected by
measuring the magnetic signal from the bound markers. Detection can be
done in the liquid phase, i.e., we can detect only the bound markers even
in the presence of unbound (free) markers. Since the detection principle
is based on the different magnetic properties between the free and bound
markers, we clarified the Brownian relaxation of the free markers and the
Neel relaxation of the bound markers. Usefulness of the present method is
demonstrated from the detection of the biological targets, such as biotin-
coated polymer beads, IgE and Candida albicans.

key words: liquid-phase immunoassay, magnetic marker, Brownian relax-
ation, Neel relaxation, B/F separation, SQUID

1. Introduction

Recently, magnetic immunoassays utilizing magnetic mark-
ers have been developed to detect biological targets [1]—
[11]. In this method, the magnetic marker is made of mag-
netic nanoparticles coated with detecting antibodies. The
magnetic marker selectively couples to the biological target,
and the binding reaction between the target and the marker is
detected by measuring the magnetic signal from the bound
markers.

One of the merits of the magnetic method is that we can
perform immunoassay in the liquid phase, i.e., we can detect
only the bound markers even in the presence of unbound
(free) markers without using the so-called bound/free (BF)
separation process. We can distinguish the bound markers
from the free ones by utilizing the difference in the magnetic
properties between them. This function has been demon-
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strated using relaxation or susceptibility measurement of the
markers in solution [3]-[11]. Since time-consuming pro-
cess of the BF separation can be eliminated, we can expect
a high-speed immunoassay with the magnetic method.

Magnetic properties of the free markers are dominated
by the Brownian relaxation in solution. On the other hand,
magnetic properties of the bound markers are dominated by
the Neel relaxation. It is well known, however, that these
magnetic relaxations strongly depend on various parameters
of the marker, such as marker size, size distribution of the
marker and the degree of aggregation of the markers [12]—
[14]. Since these effects are significant in practical samples,
it is important to clarify the magnetic properties of practical
samples by taking account of these effects.

In this paper, we first show the magnetic properties of
the marker. The Brownian relaxation of the free markers is
studied from the frequency dependence of the susceptibil-
ity in solution. Analyzing the frequency dependence with
the mathematical technique called singular value decompo-
sition (SVD) method, we estimate the distribution of the
marker size. The Neel relaxation of the bound markers is
also studied. Next, we show detection system for the liquid-
phase immunoassay, which is based on the different mag-
netic relaxations between the bound and free markers. Us-
ing this system, we conduct the detection of biological tar-
gets, such as biotin-coated polymer beads, IgE and Candida
albicans, and show the usefulness of the present method.

2. Magnetic Properties of the Marker
2.1 Magnetic Marker

The magnetic markers were made of Fe;O4 particle coated
with polymer. Since the markers are under development,
we show an example of the markers. Transmission electron
microscopy (TEM) image of the Fe;Os/polymer particle is
shown in Fig. 1. As shown, size of single Fe;O,4 particle
was typically 20-25 nm. It was difficult to observe the poly-
mer coating, which means that the thickness of the polymer
coating was very thin compared to the Fe; O, particle.
Magnetization curve of the Fe;Os/polymer parti-
cle was measured with vibrating sample magnetometer
(VSM). The measurement was done using a powder of
the Fe;O4/polymer particles. We obtained the saturation
magnetization oM, = 460 mT and the remanence oM, =
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Fig.1 TEM image of the Fe3O4 particles. Typical particle size was 20—
25 nm. The aggregated structure of the particles was caused when the par-
ticles in liquid was dried for TEM measurement.
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Fig.2  Size distribution of the magnetic marker in pure water. The solid
line shows the dh,--n,-thl. curve obtained from the optical measurement
(DLS). The broken line shows the d;,;—niVﬁll. curve that was obtained by
analyzing the frequency dependence of the susceptibility shown in Fig.3
with the SVD method.

32 mT. The apparent coercive field that produced M = 0 was
2.6 mT.

Magnetic marker was made by coating avidin to the
Fe;Og4/polymer particle, i.e., avidin-coated Fe;Og4/polymer
particles. The size distribution of the magnetic marker
in pure water was measured with dynamic light scattering
(DLS). The result is shown in Fig. 2 by the solid line. The
horizontal axis is the hydrodynamic diameter dj;, while the
vertical axis on the left represents the distribution of niV}fi.
Here n; and V),; = (7r/6)d21. are the number and the hydrody-
namic volume of the i-th marker, respectively. As shown,
the diameter dj,; of the marker distributed in the range from
50 nm to 400 nm. Typical value of the diameter, which gave
the peak of n,-Vfi, was dp; = 120 nm.

We note that the size of the single Fe;O,4 particle was
typically 20-25 nm as shown in Fig. 1. Compared to this
value, the size of the marker is very large. This difference
indicates that aggregation of the Fe; Oy particles occurred in
making magnetic markers, i.e., the marker consists of ag-
gregated Fe; O, particles. Therefore, magnetic properties of
the marker correspond to those of the aggregated Fe; O, par-
ticles.
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Fig.3 Frequency dependence of the susceptibility of the magnetic
marker in solution. The open and closed symbols represent the real and
imaginary part of the susceptibility, respectively. The solid lines show the
analytical results calculated from Eqgs. (1) and (2) with the dp;-n; Vfu. curve
shown by the broken line in Fig. 2.

2.2 Brownian Relaxation of Free Markers

First, we study the Brownian relaxation of the free markers.
For this purpose, we measured ac susceptibility of the mag-
netic marker in solution, since the susceptibility shows the
frequency dependence characterized by the Brownian rota-
tion of the magnetic marker. When we take account of the
size distribution of the magnetic marker, the real and imag-
inary parts of the susceptibility, i.e., ¥’ and y”, are given by
[12].

’ #OM? nin%Li
= + Yoo 1
X = v, Zl+(a)‘r,-)2 X )
” H M2 wTinin%u’
X' (W) = 2)

- 3kgT V7 ; 1+ ((,()Tl')z

where Vy = Y n;V,,; is the total volume of the sample, and
X represents the susceptibility at high frequency limit. The
value V,,,; represents the magnetic volume of the i-th marker.

The relaxation time 7; of the Brownian rotation of the
marker is given by

Ti = 3nVui/kpT 3)

where 7 is the viscosity of the carrier liquid, kz is the Boltz-
mann constant and T is the absolute temperature. In the
present case 7 = 107> kg/ms for water, and T = 300 K.

In the experiment, 5 ug of the markers were diluted in
504 pure water. Susceptibility of this sample was mea-
sured with magneto-resistance (MR) sensor by applying an
external ac field of yoH = 200 uT. In Fig. 3, the frequency
dependence of the susceptibility is shown. The vertical axis
represents the value of the susceptibility in arbitrary unit.
Open and closed symbols represent the real and imaginary
part of the susceptibility, respectively. As shown, the real
part x’ decreased monotonically with the frequency, while
the imaginary part y”” had a broad peak around the frequency
f =380Hz.

From Eq. (2), we can see that the peak of y” occurs
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at the frequency f = 1/(2nt;). Therefore, typical relaxation
time corresponding to f = 380 Hz becomes 7; = 0.42ms.
Using this value and Eq. (3), we obtain the typical hydrody-
namic diameter of the marker as dj; = 110nm. This value
is in good agreement with the typical value of dj; = 120nm
measured with DLS, which is shown in Fig. 2.

Analyzing the frequency dependence of the suscepti-
bility shown in Fig. 3, we can estimate the size distribution
of the marker. For this purpose, we used the mathemati-
cal technique called singular value decomposition (SVD)
method. Details of the SVD method were described in
Refs. [15] and [16]. The estimated size distribution, i.e., dj;-
n,-Vnz“. curve, is shown in Fig. 2 by the broken line. We can
compare the size distribution obtained from the magnetic
measurement (SVD) and the optical measurement (DLS).
Here, we can assume V;; = V,,; since the thickness of the
coating material is very thin compared to the diameter of the
Fe; Oy particle. As shown, size distributions estimated from
the two measurements reasonably agree with each other.

Using the estimated size distribution shown in Fig. 2,
ie., dhi—n,-V,ii curve, we reconstructed the frequency depen-
dence of the susceptibility from Eqgs. (1) and (2). The solid
lines in Fig. 3 represent the results. As shown, good agree-
ments were obtained between the calculated results and the
experimental ones. This agreement also indicates the va-
lidity of the size distribution estimated with the magnetic
method.

We note that the diameter dj,; of the marker distributed
in the range 50 nm < dj; < 400 nm as shown in Fig. 2. From
Eq. (3), therefore, we can estimate that the Brownian relax-
ation time of the free markers distributes in the range of
47 us < 1; < 24 ms.

2.3 Neel Relaxation of Bound Markers

Next, we measured the Neel relaxation of the magnetic
marker, since it determines the magnetic properties of the
bound markers. For this purpose, the magnetic marker in
pure water was frozen. In this case, the Brownian rotation
of the marker is prevented, and relaxation of magnetization
is caused by the Neel relaxation of the Fe; O, particles. The
decay of magnetization M after the external field is turned
off is given by [16]

M(®) = ) Myexp(—t/Tn) @)

where 7y; and M; are the Neel relaxation time and the mag-
netization of the i-th marker, respectively.

In the experiment, the external field of yoH = 60 mT
was applied to the frozen sample, and then turned off. Re-
laxation of magnetization M of the sample was measured
with the SQUID sensor. The result is shown in Fig.4 by
open circles.

Analyzing the decay of M, we can estimate typical
Neel relaxation times of the sample. For this purpose, we fit
the experimental data with the so-called successive reduc-
tion method [16]. We obtained two typical sets (M;, Ty;)
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Fig.4 Relaxation of magnetization M when the magnetic marker in wa-
ter was frozen. Symbols show the experimental result of Neel relaxation,
while the solid line represents the analytical result calculated from Eq. (4)
with parameters (M;, Ty;) = (419, 3.8 s) and (119, 87.15).

= (419, 3.8s) and (119, 87.1s). The solid line in Fig.4
shows the analytical result calculated with these parame-
ters. As shown, the calculated result agrees well with the
experiment. We note, however, that the Neel relaxation time
depends on the temperature 7 as 7y = 7oexp(KV/kgT).
Therefore, strictly speaking, the Neel relaxation time of the
particles in liquid (7" = 300 K) is a little faster than that mea-
sured in the frozen sample (7" = 273 K).

As mentioned in Sect.2.2, the Brownian relaxation
times of the free markers distribute in the range of 47 us <
7; < 24 ms. The Neel relaxation times of the bound markers,
i.e., Ty; = 3.8 and 87.1 s, are much longer than the Brownian
relaxation times of the free markers. This difference can be
used in performing the liquid phase immunoassay, as will be
shown in the next section.

3. Principle of Liquid Phase Inmunoassay

In Fig.5, measurement process of the conventional solid
phase immunoassay is schematically shown. The experi-
mental procedures are as follow. First, (a) capturing anti-
bodies are fixed on the base of the reaction chamber, and
then (b) biological targets (antigens) are coupled to the cap-
turing antibodies. Next, (c) magnetic markers coated with
detecting antibodies are put into the reaction chamber. In
this case, some of the markers are bound to the targets, but
others remain unbound (free). In order to separate the bound
markers from the free ones, (d) the free markers are washed
out. This washing process is called bound/free (BF) separa-
tion. Then, (e) we can obtain the sample for the measure-
ment. As shown above, we need a lot of sample-preparation
procedures before measurement. Due to the time consuming
process, it is difficult to realize a high-speed detection.

In order to realize a high-speed immunoassay, we de-
veloped a liquid phase immunoassay as shown below. In
Fig. 6(a), measurement method is schematically shown. In
the present method, antigens are fixed on the surface of large
polymer beads with diameter d, = 3.3 um, instead of the
base of the reaction chamber. When the magnetic markers
are put into the solution, bound and free markers co-exist as
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Fig.6  (a) Detection principle of liquid phase immunoassay using
polymer beads. (b) Schematic figure of the detection system.

shown in Fig. 6(a).

The bound markers are distinguished from the free
ones by using the difference in the magnetic relaxation
between them. In Fig. 6(b), the measurement process is
schematically shown. As shown, there are three steps, i.e.,
(a) magnetization, (b) relaxation, and (c) detection. First,
the samples are magnetized by an external small magnet.
In this magnetization step, magnetic moments of both the
bound and free markers are aligned to the direction of the ex-
ternal filed. Next, the reaction cell is rotated, and the exter-
nal field becomes zero. In this relaxation step, the Brownian
rotation of the free markers begins to occur, and the direc-
tions of the magnetic moments tend to be random. Since the
relaxation time of the free markers is typically 7; = 0.4 ms as
shown in Sect. 2.2, the magnetic signal from the free mark-
ers rapidly decay to zero.

On the other hand, the Brownian rotation of the bound
markers is determined by the polymer beads. Due to the
large diameter of the polymer bead d,, = 3.3 um, the relax-
ation time becomes as long as 75, = 14s. This means that
the Brownian relaxation of the bound markers becomes neg-
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ligible compared to that of the free markers. Although Neel
relaxation occurs in the bound markers, its relaxation time
is also long, i.e., Ty > 3.8 s as shown in Sect. 2.3.

The waiting time 7, between the magnetization and
the detection is set as T, = 1s in the present case. During
this waiting time, the signal from the free markers decays
to zero. On the other hand, signal from the bound markers
is kept constant, and can be measured with the SQUID sys-
tem [17]. Therefore, we can detect only the signal from the
bound markers even in the presence of the free markers.

As shown in Fig. 6(a), many antigens are fixed to one
polymer bead. We note that we do not need to precisely
control the number of antigens fixed to one polymer bead,
since the magnetic signal is proportional to the total number
of the antigens fixed to the total polymer beads. If the total
number of the antigens is same, we obtain the same mag-
netic signal even when the number of antigens fixed to each
polymer bead is scattered.

4. Experimental Results
4.1 Detection of Biotin-Coated Polymer Beads

In order to confirm the validity of the present method, we
first detected biotin-coated polymer beads in suspension. In
the present experiment, antigens and the detecting antibod-
ies shown in Fig. 6(a) are biotins and avidins, respectively.
The magnetic markers couple to the polymer bead through
the binding reaction between biotin and avidin.

In the experiment, biotin-coated polystyrene particles
with diameter of d, = 3.3 um (Spherotech Inc., USA) were
used. The original polymer beads were diluted to change the
concentration, and were put into a reaction cell containing
10 mM phosphate buffer (pH = 7.4) solution. Then, 2 ug
of magnetic markers made of avidin-coated magnetic parti-
cles were added. Total volume of the sample was 30 ul, and
diameter of the reaction cell was 5 mm. After 15 min. reac-
tion time, some of the markers couple to the polymer beads,
while others remain free, as shown in Fig. 6(a).

The signal from the bound markers was detected with
the experimental procedure shown in Fig. 6(b), where the
excitation field was poH = 42 mT, and the waiting time was
T, = 1s. In Fig. 7(a), the experimental result is shown. The
horizontal axis is the number N, of the polymer beads, while
the vertical axis represents the signal flux @, detected with
the SQUID. As shown, the signal flux increased almost lin-
early with the number of the polymer beads. This result
indicates the validity of the present method, i.e., we can de-
tect only the bound marker even in the presence of the free
markers.

Noise signal from the free markers was measured with-
out adding the polymer bead, i.e., for the case of N, = 0. We
obtained the noise signal of 0.4 m®,, which gives the mini-
mum detectable signal from the bound markers.

For reference, magnetic relaxation of the bound mark-
ers is shown in Fig. 7(b). In the experiment, decay of the
signal flux ®; was measured after the field uoH = 42mT



ENPUKU et al.: LIQUID-PHASE DETECTION OF BIOLOGICAL TARGETS WITH MAGNETIC MARKER SQUID

2— i
10 = 8 =
G‘O 0 .- 1
é 1 - ’,@ i
- 107 . ]
o 0F ‘ 1
r oY ]
Le ]
100 Lol L
10° 10* 10°
N, @)
I I I I I
10°
eo
g
ev}
10" l l l l l

0 5 10 15 20 25 30
t(s) (b)

Fig.7 Detection of biotin-coated polymer beads with the liquid phase
immunoassay. (a) Relationship between the signal flux @ and the number
N, of the polymer beds. The broken line is for eyes. (b) Relaxation of
the magnetic signal from the bound markers. The solid line shows the
calculated result.

was removed. As shown in Fig. 7(b), the signal decreased
exponentially with time. Comparing the experimental result
with Eq. (4), we obtain (M;, Ty;) = (75, 1.9 s) and (65, 22 s).
The long relaxation time 7 = 22 s roughly agrees with the
Brownian relaxation time of the polymer beads 75, = 14s.
On the other hand, the short relaxation time 7 = 1.9 s rea-
sonably agrees with the Neel relaxation time 7y; = 3.8 s of
the magnetic marker shown in Fig. 4.

4.2 Detection of IgE

Next, we detected protein called IgE. In this experi-
ment, polymer bead coated with capturing antibody called
A116UN was used. First, serially diluted IgE was added to
the solution containing the polymer beads. Next, the detect-
ing antibody conjugated by the biotin was added. Finally,
the avidin-coated magnetic marker was added. The mark-
ers are bound to the targets through the biotin-avidin con-
nection. After finishing the binding reaction, we obtain the
sample as shown schematically in Fig. 6(a).

Then, we measured the magnetic signal from the
bound markers using the experimental procedure shown in
Fig. 6(b). The experimental result is shown in Fig.8 by
closed triangles. The horizontal axis is the amount of IgE,
while the vertical axis represents the signal flux ®,. As
shown, almost linear relationship was obtained between the
signal flux and the amount of IgE.
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Fig.8 Detection of IgE. Closed symbols show the experimental results
obtained with the liquid phase immunoassay. Open symbols show the re-
sults obtained with the conventional solid phase immunoassays, whose pro-
cedure is shown in Fig. 5.
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Fig.9 Detection of Candida albicans with the liquid phase immunoas-
say. Relationship between the number N of Candida albicans and the de-
tected signal is shown. The broken line is for eyes.

For reference, open circles in Fig. 8 show the exper-
imental results obtained with the conventional solid phase
immunoassay [18], whose procedure is shown in Fig. 5. We
can see that both results agree well with each other. This
agreement indicates that the liquid phase immunoassay us-
ing the present detection technique is performed correctly.

4.3 Detection of Candida albicans

Finally, we show the detection of the fungus called Candida
albicans [19]. The size of the fungus is typically 4 um. In
this experiment, we don’t use the polymer beads, but the
detection antibodies conjugated by the biotin, i.e., Anti-C.
albicans antibody, was directly coupled to the Candida albi-
cans. Then, the magnetic markers conjugated by the avidin
were added. After finishing the binding reaction, we obtain
the sample as shown schematically in the inset of Fig. 9.
Then, we measured the magnetic signal from the
bound markers using the experimental procedure shown in
Fig.6(b). The experimental result is shown in Fig.9 by
closed symbols. The horizontal axis is the number N of
the Candida albicans, while the vertical axis represents the
signal flux ®@,. As shown, the detected signal @, increased
almost proportionally to the number N of the fungus. The
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value of @, = 2.4 m®, was obtained for N = 30. Since the
noise of the SQUID system was about 0.4 m®,, we can ex-
pect to detect the fungus as small as N = 5.

5. Conclusion

We show the detection of biological targets using magnetic
marker and SQUID. In this method, detection can be done
in the liquid phase, i.e., we can detect only the bound mark-
ers even in the presence of unbound (free) markers without
using the BF separation process. Since the present method
is based on the difference in the magnetic relaxations be-
tween the free and bound markers, we clarified them, i.e.,
the Brownian relaxation of the free markers and the Neel
relaxation of the bound markers. Based on these results,
we setup the detection system. Usefulness of the present
method is demonstrated from the detection of the biological
targets, such as biotin-coated polymer beads, IgE and Can-
dida albicans.
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