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Title

Detection device and Method
Technical field of the invention

Detection of Brownian relaxation times by measuring the dynamic magnetic susceptibility
(sinus excitation) and the magnetic relaxation (pulsed excitation)

Background of the invention

Brownian relaxation of a magnetic particle system with thermally blocked magnetic single
domains (in the particles) can be detected by sweeping the frequency of the measuring field
and measure the magnetic response, i.e. the real and imaginary part of the magnetic
response, see for example WO 03/019188, by the same applicant and incorporated herein
by reference. At the characteristic Brownian relaxation frequency the real part of the
magnetic response decreases and the imaginary part exhibit a maximum. From the
frequency dependent magnetic response the Brownian relaxation frequency can be
determined. This method may be sensitive since it is possible to use the sensitivity of the
lock-in amplifier technique in order to detect the magnetic response from the detection coil
system placed in (the centre of) an excitation coil. The sensitivity of this technique can be
further increased by tuning the resonance of the detection coil by an external capacitor in
such way that the measurement at each excitation frequency is made at the peak value of
the response of the detection coils. However, this technique requires that the frequency is
swept over the Brownian relaxation frequency peak. This technique is described below.

Moreover, the detection in the frequency domain is usually relatively slow and requires
changes of the sample position from one detection coil to another.

Summary of the invention
The invention uses a particular mode of the detection in the time domain. The excitation field
is pulsed and then the decay (change) of magnetisation of the sample with time is monitored

by monitoring the decay of the voltage in the detection coil.

One object of the present invention is to measure small magnetic signals from samples with
low magnetic content or low magnetic properties. Another object of the present invention is fo
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measure the increase of the magnetisation of the sample when the field is applied and the
decrease of magnetisation when the field is turned off. Yet another object of the invention is
to eliminate frequency sweep of a measuring field.

An important advantage of the sample response measurements according to the invention is
its speed; the measurements are much faster than the previously described technique based
on the sweeping of the frequency of the excitation field.

These and other objects and advantages, further described in the following description, are
achieved by means of a method for detecting changes of a magnetic response of at least
one magnetic particle in a carrier fluid, the method comprising: using a measuring procedure
comprising measuring the characteristic rotation time of the magnetic particle, the measuring
procedure further involving measuring Brownian relaxation in the carrier fluid under influence
of an external pulsed excitation magnetic field, and based on the influence of the external
pulsed excitation magnetic field measuring a hydrodynamic volume of a particle or a change
in a hydrodynamic volume of the particle change upon modification of an effective volume of
the particle or its interaction with the carrier fluid by detecting change of magnetisation of the
particle with time by monitoring change of an output signal in a detection coil. Preferably, the
detection coil system detects a differential induced voltage which is dependent on change of

a magnetic flux over a period.

Accordingly, The differential induced voltage from well balanced detection coil system is:
a
dt
wherein N is a number of turns in two identical detection coils, A is the cross sectional area in

AV =N—(®,-0,) =,u0NAa—;it(H+M——H) =,uONAa%M

the detection coils, H the magnetic field produced by the excitation coil, « a magnetic
coupling factor and M is a magnetization of the particle system. Thus, a dynamic

susceptibility for a magnetic particle system with a Brownian relaxation time is provided by

(not exclusively):
- Zo _ S
x= '}.(1+jCl7TB(}”H))f(rH)drH Xo '[(I-Fja)TB(}”H))f(’H)drH [1]

where yp is a DC susceptibility, @ the angular frequency (2xf), ry a hydrodynamic radius of

particles, f(ry) is a hydrodynamic radius distribution function and 7 is the Brownian relaxation

time according fo:

3y 4777'3,77
P kT kT
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where Vj, is the hydrodynamic volume, 7 viscosity of the fluid in which the magnetic particles
are placed in, kg Boltzmann constant and T is the temperature. Preferably, approximation
depends on magnetic particles containing a number of magnetic single domains and a total
magnetic moment is a vector sum of the individual magnetic moments from each of the
single domains. A hydrodynamic size distribution of the magnetic particle system is
determined using mentioned model or any other similar models.

The method may further comprise absorption of molecules on a surface of particles whereby
the hydrodynamic radius of the particles increases, and when the surface is saturated with
molecules, a hydrodynamic volume have increased by a shell that has a thickness
surrounding the original particle, and that the hydrodynamic radius increase is linear to the

coverage.

Preferably, the Brownian relaxation time after molecule absorption is expressed as:

o 47 (ry +5)3 n
P kT
where ry is the initial hydrodynamic radius before the particle surface became covered with
molecules. A new dynamic susceptibility is expressed as:
1
X =Xo I(l+jer (}‘H’e))f(rH)drH

whereby the Brownian relaxation time is also dependent on a coating, which is dependent on

an analyte concentration.

Preferably, the particle is provided with an external layer.

The invention also relates to a device for detecting a magnetic field response or changes in a
magnetic response of at least one magnetic particle in a carrier fluid. The detection
comprises measuring the magnetic particles characteristic rotation period, and the
measurement involving measurement of a Brownian relaxation in the carrier fluid under
influence of an external pulsed magnetic field. The device comprises means for generating
the pulsed magnetic field, at least two substantially identical detection coils connected in
gradiometer coupling and means for connecting to detection electronics for measuring the
frequency. The device further comprises a detection coil system comprising a first detection
coil and a second detection coil, an excitation coil and a sample holder, wherein a voltage
difference is dependent on the detection coils’ number of turns or physical characteristics.

Preferably, the excitation coil is wound as a solenoid with a specific length, diameter and
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number of turns of the winding. The excitation coil produces an excitation field (H) and has

an effect on the signal response as:
d

d d
AV = N;];(cb1 ~-®,)= ,uONAaZZ;(H+M—H) = o Ndor—- M

The device may further comprise extra shim coils at top and bottom of the solenoid in order
to generate a more homogenous magnetic field in the excitation coil. The detection coil
system may be arranged in a form of a first order gradiometer coupling placed in the center
of the excitation coil. According to another embodiment the detection coil system is arranged
as two well matched coils coupled together. The detection coil system is arranged to detect a
rate of a magnetic flux difference between the two coils.

Preferably, the detection coil system is formed by positioning two matched coils with their
length axis substantially parallel to a length axis of the excitation coil. Preferably, the two
detection coils have a specific length, diameter and a number of turns of the wirings and the
excitation coils gives a signal strength from the detection coil system. According to an
advantageous embodiment, the detection coils are wounded in two different directions, i.e.
clockwise and counterclockwise and coupled in series or the detection coils are wounded in
the same directions but coupled together so that the induced voltages in the two coils are in

the opposite direction.

Preferably, a magnetic signal is measured first from a measurement with a sample in one of
the coils and then another measurement of the sample in the other coil. A total voltage
detected when the sample is in the first coil is V4 + Vpackgrouna @nd the total voltage detected
when the sample is in the second coil is - V; + Vpacekgroung, @nd a difference of the two
measurements results in V4. V, which eliminates a background noise and the mean value of

V, + V, represents a signal from the sample.

Most preferably, an external pulsed magnetic field is applied over the same patrticle system,
and a magnetization of the particles is measured in time domain either by measuring the
increase of magnetisation immediately after application of a pulse or by measuring the decay
of magnetisation after the pulse has been switched off. .

A pulsed magnetic field may be applied over the same particle system, and a magnetization
of the particles increases when the field is applied and decrease exponentially when the field
is removed; where the exponential behaviour is characteristic of relaxation time which is
proportional to the inverse of the Brownian relaxation frequency.
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In one embodiment, the frequency of a measuring field is not swept but same information is
obtained by performing a Fourier transformation of the relaxation of the magnetic response in
the time domain.

The information is a frequency dependent magnetic response.

Preferably, the hydrodynamic size distribution of the magnetic particle system is determined
by measuring the induced voltage, both when the field is on and when the field is switched
off. Preferably, a duty cycle of the pulse train (a/T) is chosen so that an exponential increase
of the magnetization, when the field is on, and an exponential decay of the magnetization,
when the field is switched off, is fully detected in the detection time window. The device may
comprise a tunable capacitance coupled in parallel to a capacitance of the system and a
resonant frequency of each coil is adjusted to a measuring frequency.

The device according to one embodiment may comprise a capillary as a sample holder and a
fluidic flow system to deliver the sample to a detection area. Accordingly, the sample is
injected into a flow as an assembly having a width that is determined by an injection time and
speed. The device may further comprise means for regulating the flow so that the assembly
can be stopped at a desired position, such as at a measuring position.

The device may also have means for using several assemblies of the same or different

materials created by successive injections.

The invention also relates to a method of calibrating a previously mentioned system. The
method comprises: a first step of measuring the system response with an empty sample
holder, a second step of computing difference in signal when the empty sample holder is in
the first coil to when the sample holder is in the second coil, a third step of measuring the
system with a sample containing a material with a known and preferably frequency
independent magnetic susceptibility; and calibrating the system based on the measurements.
In the first step the difference is attributed to the dielectric properties of the sample holder
and the mechanical arm moving the sample holder. The resulting (complex) voltage, Vi, =
V€ + j*V,™ is a background signal which is subtracted from any measured signal in the
subsequent measurements. In the third step, the material is a paramagnetic material. The
calibration materials are chosen to have a frequency independent susceptibility in the
frequency range that is used the system. The value of the susceptibility of the calibration
material is in the same range as for the measured sample. The geometry and dimensions of
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the calibration sample is in the same as for the measurement samples, in order to get the
correct coupling factor in the detection coil.

Short description of the drawings

In the following, the invention will be described with reference to enclosed non-limiting

exemplary drawings, in which:

Fig. 1 is a cross section of a schematic coil system according to one
embodiment of the invention,

Figs. 2a-2b is a graph over the hydrodynamic radius increase versus particle

surface coverage and an exemplary particle,

Fig. 3 is an example of pulse trains for the excitation field,

Fig. 4 is a typical circuit representation for the induction coil (LHS circuit),

Fig. 5 is an equivalent circuit for the detection coil with a tunable external
capacitance,

Fig. 6 illustrates typical increase of the detection voltage when the

detection takes place close to or at the coil resonance, and

Fig. 7 is schematics of typical situations when clustering takes place,

Figs. 8aand b is schematic illustration of embodiments according to the invention,
and

Fig. 9 is a detection window image according to the present invention.

Detailed description of the embodiments

According to the invention, a detection coil system detects the differential induced voltage
which is dependent on the change of the magnetic flux over a period.

The differential induced voltage from the well balanced detection coil system can be

expressed as:

d d d
AV=N;Z;(CD]—(Dz)=,uONAa;i;(H+M—H)=,u0NAa;Z;M 1]

where N is the number of turns in the two identical detection coils (that is forming the
detection coil system described below), A is the cross sectional area in the detection coils, H
the magnetic field produced by the excitation coil, & a magnetic coupling factor which

depends on the geometry and dimensions of the sample with respect to the detection coil
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dimensions and M is the magnetization of the particle system. The coupling factor « is
usually determined from calibration of the induction coil system with a substance with 1) a
known well defined susceptibility and 2) the same dimensions of the calibration sample as for
the measured sample. This equation is the same for both an excitation field with a sinus field
or a pulsed magnetic field. For the sinus field the magnetization can be expressed by:

M=y"H=(y-jy"H 2]

where y' is the real part and x” is the imaginary part of the dynamic magnetic susceptibility.

Thus, in this case the amplitude of the differential induced voltage from the detection coils

becomes:
AV = uyNda(y' - jx")joH, = pNAoHyee (3" + j 1) [3]

where H, is the amplitude of the magnetic field. By using this equation, the real and
imaginary part of the frequency dependent susceptibility can de determined and thereby
determine how the Brownian relaxation time is changing when chemical reactions on the

magnetic particles takes place. This is described in above mentioned WO 03/019188.

In order to model the dynamic susceptibility for the magnetic particle system with a
distribution of Brownian relaxation times (due to a distribution of hydrodynamic sizes of the

particles), the Debye model is integrated over the size distribution according to:

Ao 3 _ 1 .
2= o o) =1 f ( /) 4]

T5(ry) 1+ jors(ry)

where y, is the DC susceptibility, @ the angular frequency (2=f), ry the hydrodynamic radius
of the particles, f(ry) is the hydrodynamic radius distribution function (where the log-normal

distribution can be used) and 3 is the Brownian relaxation time according to:

3
7, = Vyn _ drryn 5]
kT kT

where Vj is the hydrodynamic volume, 7 the viscosity of the liquid the magnetic particles are

placed in, kg the Boltzmann constant and T is the temperature. The last step in equation [4] is
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valid, provided that the DC susceptibility is independent on the hydrodynamic volume of the
particles. This approximation can be used since magnetic particles contain a large number of
magnetic single domains and the total magnetic moment is the vector sum of the individual
magnetic moments from each of the single domains. Numerous tests have shown that this
approximation gives results which are comparable to, or better than, other methods
determining the hydrodynamic size. By fitting experimental data of the dynamic susceptibility
to the above described model, equation [4], it is possible to determine the hydrodynamic size
distribution of the magnetic particle system.

When absorption of molecules on the surface of the particles takes place the situation can be
pictured as that the hydrodynamic radius of the particles increases. It is possible to define
particle surface coverage, 6, where =1 means that the entire surface of the particle is
covered with molecules. When the surface is saturated with molecules it is possible to define
that the hydrodynamic volume have increased by a shell 251 (Fig. 2b) that has a thickness =
0o, surrounding the original particle 250, and that the hydrodynamic radius increase is linear

to the coverage, see Fig. 2a.

The number of analyte molecules that can be absorbed by a particle with a specific

hydrodynamic radius is approximated by:

Nptotf(rH )drH 47”‘13
J.szmf(’"ﬂ )47WH2drH

[6]

N, analyt _ partikel (1” H ) =N, analyt

where Nanayt is the total number of molecules and N is the total number of particles in the
liquid. The maximum number of molecules that can be absorbed on a particle with a specific

hydrodynamic radius is:
N, analyt __ partikel _max (7" H ) =nN ptutf (l‘ H )di" 47 13 [7]

where n is the number of molecules per unit particle surface area. The coverage can then be

expressed as:

N analyt _ partikel (7‘ H ) N analyt

O=kN, = - - 8]
Jyt _ partikel 2
Nanalyt_partikel_max (rH ) _[antot f(rH )47Z7"H dI‘H
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Thus, the coverage of a particle is independent on the hydrodynamic radius; however, the
actual number of absorbed molecules is dependent of the hydrodynamic radius, equation 6.

The Brownian relaxation time after molecule absorption can be expressed as:

- 47 (ry -i—é’)3 n
B 6T [0l

where ry is the initial hydrodynamic radius before the particle surface became covered with
molecules. The new dynamic susceptibility can then be expressed as:

1
rex J.(l'*' Jortz(ry,0)

)f(rH Ydry [10]
whereby the Brownian relaxation time is also dependent on the coverage, which is

dependent on the analyte concentration.

A preferred detection coil system 100 is illustrated schematically in Fig. 1. The system
comprises 1 first detection coil 110 and a second detection coil 120, an excitation coil 130
and a sample holder 140. The detection coils have a number of (N) turns so arranged that
they produce a voltage difference. Other physical characteristics, such as diameter, size etc.
may also be used to produce a voltage difference. A current | passes through the excitation
coil 130.

The excitation coil 130 is wound as an ordinary solenoid with a specific length, diameter and
number of turns of the winding. The excitation coil produces the excitation field, H, and have
the effect on the signal response as described in eq. 1—-eq. 3. The number of turns of the
windings per unit length of the solenoid and the current in the excitation coil produces the
excitation field. Extra shim coils may be placed at the top and the bottom of the solenoid in
order to generate a more homogenous magnetic field in the excitation coil, see for instance
“Modelling the Static Fringe Field of Superconducting Magnets” by P. Jeglig, et al, J. Stefan
Institute, University of Ljubljana, Jamova 39, Ljubljana, SI-1000, Slovenia. This document
discloses that the resonance frequency—space and the frequency gradient-space relations
are evaluated analytically for the static fringe magnetic field of superconducting magnets
used in the NMR diffusion measurements. The model takes into account the actual design of
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the high-homogeneity magnet coil system that consists of the main coil and the cryoshim
coils and enables a precise calibration of the on-axis magnetic field gradient and the
resonance frequency inside and outside of the superconducting coil. The use of shim coils
allows the excitation coil to be considerably shorter than an excitation coil built from only one
solenoid.

The detection coil system 110, 120 in a form of a first order gradiometer coupling is placed in
the center of the excitation coil. The detection coil system can also be viewed as two well
matched coils coupled together. The detection coil system detects the rate of the magnetic
flux difference between the two coils. The detection coil system is formed by positioning two
well matched coils with their length axis (substantiaily) parallel to the length axis of the
excitation coil. The two detection coils have a specific length, diameter and a number of turns
of the wirings. The design of the excitation coils gives the signal strength from the detection
coil system according to eq. 1 — eq. 3. The detection coils can either be wounded in two
different directions (clockwise and counterclockwise) or coupled in series, or the coils may be

wounded in the same directions but coupled together so that the induced voltages in the two

_coils are in the opposite direction. Preferably, the detection coils should not be placed to

close (typically not within the distance of the diameter of the detection coil) to each other so
that they interact with each other. On the other hand the detection coils should not be
distanced so that the length of the excitation coil becomes too large.

Even though the two detection coils are well matched there always may be some small
differences. Thus, there will be an unbalance in the detection coil which results in a signal
Vbackgroud €VEN When no sample is present in any of the coils. There will also be a difference in
the signal V, induced by the sample when it is inside the first detection coil (the first loop of
the gradiometer) and the signal -V, will be induced when the sample is in the second coil (the
second loop of the gradiometer). In order to measure small magnetic signals from samples
with low magnetic content or low magnetic properties, the small variations of the two coils
must be considered. It is done by measuring the magnetic signal first from a measurement
with the sample in one of the coils and then another measurement of the sample in the other
coil. The total voltage detected when the sample is in the first coil is V4 + Vpackgrouna @nd the
total voltage detected when the sample is in the second coil is - V2 + Viagkgrouna. Taking the
difference of the two measurements results in V4. V2 which eliminates the background and

the mean value of V4 + V, represents the signal from the sample.
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When a pulsed magnetic field is applied over the same particle system, the magnetization of
the particles will increase when the field is applied and decrease exponentially when the field
is off where the exponential behaviour is characteristic of relaxation time which is ‘
proportional to the inverse of the Brownian relaxation frequency (described above). In this
case the frequency of a measuring field does not need to be swept; instead the same
information, e.g. the frequency dependent magnetic response, is obtained by performing a
Fourier transformation of the relaxation of the magnetic response in the time domain. The
main, and most important, advantage of the sample response measurements to pulsed
magnetic excitation fields is its speed; - the measurements are much faster than the
previously described technique based on the sweeping of the frequency of the excitation
field. The speed advantage increases with particle size. For large particles, the changes in
the magnetic dynamic susceptibility occur at low frequencies, which necessitate long
measurement times to achieve similar signal to noise ratios (SNRs) as the ones achieved for
smaller particles. Fast measurement procedure opens a possibility for other measurement
modes. One example is where one determines the kinetics of particle agglomerations as a
measure of the changes in hydrodynamic volume, will be described in some detail below.

Another advantage is that there is no need to move the sample up and down between two
coils. By dispensing with sample movement the whole system becomes much smaller,
handier and cheaper. Moreover, it is also possible to determine the relaxation time
distributions and the hydrodynamic properties of particle suspension as described above. To
obtain the dynamic magnetic susceptibilities the sample must be moved between the two

coils.

The signal sensitivity when using time domain measurements is less than the frequency
sweep method (described above) which is the price one has to pay for the faster
measurements compared to the measurements in the frequency domain. The distribution of
Brownian relaxation times can also be determined from the time domain measurements
since the experimental data in the time domain can be fitted to a distribution of exponential

decay, as described below.

When pulsed magnetic field is used, the magnetization of a magnetic particle system with a
distribution of Brownian relaxation times due to a distribution of hydrodynamic volumes of the

particle system the magnetization can be expressed as:
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! t !

My = [My(L=e ™) f )iy = My [(-¢ ) £r, Y = 70 [(1—& ) £(0, ),

[11]
when the field is applied where t is the time after the field is applied, and:

4

Moy = [M© ™ f(r, )dry = M(©O) [ & ™ f(r e, = [12]

when the field is switched off and the time t is now the time after the field is switched off and
M(0) is the magnetization of the sample when the field is switched off. In equations 11 and
12, it is assumed (as done before in the frequency sweep method) that the total magnetic
moment of the particles is independent of the hydrodynamic size of the particles.

The differential induced voltage in the case of puised magnetic field can then be expressed
as (with the help of equation 1):

t
AV, = ,uONAaiMon = NAy Ho I——l——e wCa) f (v, Vdr, [13]
dar T5(7y)

on
H

when the field is on and:

AV,

d 1 oo
o = HoNA— M iy =~ 11, NAM (0) jr_(;_)e 2o £(r Vdr, [14]
B\'H

when the excitation field is off (zero magnetic field in the pulse train). There is slight field
dependency in the Brownian relaxation time [2] but this can be neglected since the applied
field is very small. This means that the Brownian relaxation time is equal both when the field

is on and when the field is switched off.

By measuring the induced voltage, both when the field is on and when the field is switched
off, it is possible to determine the hydrodynamic size distribution of the magnetic particle
system very fast. This can be done in two ways: either the experimental data is fitted to
equations 13 and 14 or a FFT (Fast Fourier Transformation) is performed on the
experimental data (and the frequency dependent real and imaginary part of the complex
susceptibility is obtained) and fitted as described above in the text. There is some ringing in
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the detection coil system due to the stray capacitance in the coil systems and the capacitive
coupling between the excitation and detection coil system, but this does not give an
exponential behaviour of the output signal from the detection coils, it is only the magnetic
particle system that gives the exponential decrease. The ringing in the coil system can be
electronically filtered or taken care of in the signal analysis.

An exemplary pulsed magnetic excitation field is illustrated in Fig. 3. Each pulse has an
amplitude H, and a width, a. The FFT for the response to such excitation contains all the
information available using the previously described response detection in the frequency
domain.

The pulsed magnetic field can be characterised by the field amplitude, H,, the width in time,
a, when the field is on and the period time, T, of the pulses. The duty cycle of the pulse train,
alT, is chosen so that the exponential increase of the magnetization (when the field is on)
and the exponential decay of the magnetization (when the field is switched off) can be fully
seen in the detection time window, as is shown in figure 9, at least an amount large enough
for conducting a relevant analysis. Too fast pulses yield only detection of a small part of the
relaxation and to long pulses yield that the magnetization is constant or zero and gives
detection of only noise and the signal to noise ratio is decreased. The optimum pulse train in
this application have a duty cycle of, e.g. 50 % and with a period time T equal to
about? =37, = 3—1~—, where f3 is the frequency where the imaginary part of the dynamic
B

susceptibility is maximum.

A typical coil can be represented by the equivalent circuit of Fig. 4. C is the parasitic
capacitance between the turns of the insulated wires, L is coil inductance and R the

resistance of the wire.

4V is the induced voltage in the detection coil system according to eq. 1, while V is the

output voltage from the detection coil system. The output voltage can be described by:

1
V =AV =u NAH a(y"+ jy'
l—a)zLC+ja)RC Hy (X" +ix)

“ [15]
1-&’LC+ joRC
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from eq. 15 it can be seen that the sensitivity of the detection coil system can be increased if
it is near or at the resonance frequency. The resonance frequency can be approximated by
(for low values of R):

1

Jr=omdIC

[16]

By using a tunable capacitance, C;, coupled in parallel to C, illustrated in Fig. 5, the
resonance frequency can be tuned to the measuring frequency and thereby increase the
detection sensitivity. The total capacitance is then C; + C and shall replace C in egs 15 and
16.

Fig. 6 illustrates a plot of sensitivity is increase (expressed as number times the ordinary
sensitivity given by eq. 3) versus the frequency is plotted in the figure below for one specific

case.

The real part and the imaginary part of the dynamic susceptibility change the inductance and

the resistance according to:

L=L(1+y%
o (1+2) [17]

R=R,+27mfL,x"

where L, and R, is the inductance and resistance of the equivalent circuit without the sample.

Since the values attained by the dynamic susceptibility are relative small in this application

the inductance and resistance does not change too much. The resonant frequency does not

change too much either and this variation can be neglected.

The FWHM of the resonance is determined mainly by R. It is well known that for a coil that is
connected in parallel to the rest of the detection equipment the impedance at resonance, Zgs,
attains its maximum value and can be much higher then the impedance far away from the
resonance, Z<< Z., as is shown in figure 6. As discussed above, the resonance frequency

of a coil can be tuned using an additional capacitance in parallel with the coil as in Fig. 5.

WO 03/019188 describes the procedure of sweeping the frequency of the external magnetic
field that is created by the excitation coil and detected the response of the system under

investigation differentially, using a system of two suitably wounded detection coils. Each
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detection coil is chosen to be as close to the other one as possible to decrease the off-set
voltage (current) that is necessarily created by the electrical mismatch of the two coils,
connected in parallel (series) to the rest of the system. Furthermore, each coil is designed so
that its resonance frequency is far away from the maximum frequency corresponding to the
response of investigated system. This has been considered advantageous since the further
each coil was from its resonance frequency the smaller was the change in its voltage
(current) measured at slightly different frequencies. The result is however that a system
induced voltage (current) excursions is very low (for a magnetic particle system with low
susceptibility).

In order to increase the available signal and simultaneously keep the differences in coil
responses with changed frequency at minimum, it is instead possible to adjust the resonant
frequency of each coil to a measuring frequency. Thus, it is possible to adjust the resonant
frequency of each coil to a value at which a measurement of the system response would be
performed and then change the resonant frequency and perform the measurement at the
new frequency, and so on. This would of course increase the signal available at the coil
terminals and therefore increase the S/N ratio. This adjustment can be made using an
additional capacitance, C; in parallel with the coil, as in Fig. 5. Preferably the frequency
change should occur after the measurement has been performed. A suitable (but not only)
parameter that may be chosen to signal the end of measurement is when measurement at a
given frequency has attained a preset S/N ratio. Once the preset ratio has been attained the
system should sent a signal that would initiate the change in coil resonant frequency by
changing the extra, variable, capacitance, Cne, and a new measurement at a new frequency

can start.

Note that the capacitance in series with the coil will not allow to tune the frequency too much

since the resonant frequency is then given by

It is well known that particles dispersed in a solvent may aggregate. Particle aggregation
models able to describe rather accurately a variety of experimental conditions have been set
up and solved. Although the kinetics of aggregation has been described for many practical
cases it is still an active field of investigation, in particularly regarding the interaction of soft
and non-spherical particles like proteins, or interaction of rigid particles of sizes where the

sedimentation also occurs, both for flowing and for the still solvent, respectively.



10

15

20

25

30

35

16
WO 2007/120095 PCT/SE2007/000314

All these studies have established that there is a direct link between the particle
concentration and cluster growth rate, although this link is often given by a complicated
functional equation or form and is often non-linear.

As an example consider binary collisions of particles whose motion are predominantly

Brownian, having diameter (typically) < 3 um.

The rate of decrease of the number of particles/volume from its initial value, n, (at t=0) is
governed by:

dn 2
—— = K7 [18]
where n is number of particles/liter while k is the aggregation rate constant. Here it is
assumed that the already formed clusters are stable on the time scale of the experiment. The
rate constant k contains information on the stability of the clusters as well as on their mobility
and on the probability of reaction given two particles, two clusters, or a cluster and a particle,
collide. The solution to eq. 15 is given by

1y
1+ nykt

, Which shows initially the number of formed particles decreases linearly with

n(t) =

the initial number of particles. Since cluster mobility depends on the cluster size the rate of
collisions decrease rapidly with cluster sizes and mirrors mainly the collisions between the
smallest clusters, i.e., the initial particles. This means that after time t the particle size
increased while their number decrease, n<ny, but that the clusters formed are made
predominantly from two initial particles (particle-cluster and cluster-cluster collisions are rare

compared to particle-particle collisions).

At any rate when applying aggregation to the case of magnetic nano-particles, it is found that
the relaxation time increases rapidly during the aggregation (since it depends on the
hydrodynamic volume and thus grows as fast or faster then the particle volume grows. The
reason is that hydrodynamic volume is given by the particle-solvent interaction. The latter
depends, among many other things, on surface roughness which increases with the cluster
size. Therefore as agglomeration proceeds the dynamic magnetic susceptibility appears at
lower and lower frequencies, e.g. less than 1 Hz, and eventually disappears from the
measurement window when the measurements are performed in frequency domain as
described in WO 03/019188. When measurements are performed in time domain there is an
increasing time lag with respect to the external magnetic field (the excitation field) as cluster

size increases when particle respond to a pulse train.
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Since it is much easier to monitor signal disappearance or discriminate between time-varying
signals vs. the constant one the monitoring of agglomeration rate is more sensitive than
ordinary detection.

On the other hand if one does want to monitor the agglomeration kinetics the appropriate
choose is to perform measurement in the time domains since one is able to detect relaxation
times much longer then the equivalent frequencies in the frequency domain. Typically the
lower limit of measurements in the frequency domain is approximately 1Hz which is
equivalent to a relaxation time of 1 sec. However by measuring in the time domain it is
relatively easy to detect relaxation times > 10sec.

In the following, few applications are described where clustering rate may be tailored to
correspond to a number (or concentration) of molecules of interest in a solution. The
description starts from a general situation and then procedures are exemplified by few
specific examples. Referring to Fig. 7, consider a particle 750 with some analyte 752
adsorbed to its surface. The target molecules are denoted 753.

Clustering may occur if the analyte bound to the particle can form dimers (multimeres) and
these additional bonds are exposed towards the outside. The particles may form cluster with
a cluster formation rate that depends on the analyte coverage.

Assume that the molecules to be detected form multiple bonds 755 with the analyte
adsorbed to the particles. If particles with the adsorbed analyte are added to a solution
containing an unknown concentration of such target molecules then clusters will be formed
where the particles are held together with each other by the bonds mediated via the target
molecule. The cluster formation rate is in such case a function of the concentration of target

molecules in solution.

Yet another situation may arise if the molecules aimed to be detected bind to different
analytes 756 with their different parts. In that case, particles covered by different or similar
concentration of such analytes are added to a solution containing target molecules. The
agglomeration rate will again be dependent from the concentration of target molecules.

In all these cases the signal does not only depend on the target molecule but also on the
concentration of particles in solution and on their size and analyte coverage (among other
things). This is actually of value since it allows (among other things) to adjust to some extent
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the decrease rate and/or the response amplitudes to levels manageable by the measuring
equipment used.

In the following, specific examples are given for few of the general cases depicted in figure 7.

Example 1
Consider particles covered with biotin added to a solution with (strept- , neutro-, etc.) avidin.
Since these molecules each have multiple biotin binding sites it is possible to determine their

amount in solution by monitoring the agglomeration rate.

Example 2

Consider particles that are covered with (strept- , neutro-, etc.) avidin. If the target molecule
is able to form multiple bonds with biotin and these target molecules with multiply bound
biotins are exposed to avidin covered particles it is very probable that particle clustering will

occur.

Example3

Assume that the concentration of a known DNA sequence is required that is characteristic of
for example TBC or HIV or other bacterias, cells, etc. It is possible then to extract DNA from
the cell or micro-organism, cut into suitable sequence lengths and amplify it. Then it is
possible to add to the solution containing the target DNA strands particles covered with
suitable complementary single strands, split the double target strands into a single ones and

allow the strands on the particles to hybridise with the target strands in solution.

it is possible to monitor hydrodynamic volume changes either in the time domain or in the

frequency domain.

If however the cut DNA pieces are long enough to be able to hybridize to the two different
DNA single strands on the particles then the clustering will occur. In this case, it is possible to
monitor the agglomeration in the time domain. The agglomeration rate will be a measure of
the concentration of such long DNA strands in solution.

Example 4

Virtually any antibody based diagnostic procedures require two antibodies: one which
catches the target antigen and the second one suitably modified to allow detection that is
adsorbed to the catching antibody — antigen complexes. Similar assay can be performed

using magnetic nano particles covered with catching antibody and with the detection
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antibody, respectively. To a solution containing the target antigen, nano particles covered
with each kind of antibody are added. The clustering will occur since antigen will be able to
form bonds with each type of antibody and thus will hold together particles of each kind.

Example 5

It is also possible to allow particles covered with suitable protein that binds specifically to
membrane bound proteins of a virus, a cell or a micro-organism (or to their
lipopolysaccharide strands) to interact with the object. The particles will then bind to this
object and are lost from the detection window if an object they bind to is large, i.e. its

Brownian motion is slow.

Another example of the systems 800a and 800b for sample arrangement is shown in figs. 8a
and 8b. A capillary 840a and 840b is used as a sample 840 holder and a fluidic flow system
to deliver the sample to the detection area. The sample is injected into a flow as a “plug” 840
of certain width that is determined by the injection time and speed. The flow is regulated so
that the plug can be stopped at a desired position, for example at the measuring positions
850a, 850b and 860a, 860b. It is also possible to anticipate using several plugs of the same

or different materials created by successive injections.

Fig. 8a shows that different positions/geometries inside the detection coil(s) 810 and 820 are
possible while the sample and capillary arrangements in Fig. 8b are similar to
aforementioned embodiment The plug width, w, as well as the distance between the coil(s)
loi CanN be varied so that the part of the sample where the measurement is performed is
homogeneous and is not subject to intermixing with the rest of the fluid. This is possible

" given the plug flows under laminar flow since the mixing is then due only to diffusion and is

relatively slow.

Preferably, the measurement system is calibrated by a two-step routine. In the first step, the
system response is measured with an empty sample holder. The effect this measurement
picks up is the difference in signal when the empty sample holder is in the upper coil to when
the sample holder is in the lower coil. The difference is attributed to the dielectric properties
of the sample holder and the mechanical arm moving the sample holder. The resulting
(complex) voltage, Vi, = V.7 + j*V,'™, is a background signal which is subtracted from any
measured signal in the subsequent measurements. The second step is performed with a
sample containing a material with a known and preferably frequency independent magnetic
susceptibility, for instance a paramagnetic material such as Dy,Os. The calibration materials
are chosen preferably to have a frequency independent susceptibility in the frequency range
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used in our sensor system. The value of the susceptibility of the calibration material should
preferably be in the same range as for the measured sample. The geometry and dimensions
of the calibration sample should preferably be the same as for the measurement samples, in
order to get the correct coupling factor in the detection coil(s). The measured voltage minus
the background gives the (complex) voltage-to-susceptibility transfer factor, G = Xcq / (Vea —
V).

The frequency dependency of the gain and the phase between the applied excitation field
and the magnetic response from the detection coil(s) is a major concern in construction a
high bandwidth susceptometer. The frequency dependency of the gain and the phase
becomes strong at high frequencies, especially at frequencies close to the resonance
frequency of the detection coil(s) or the excitation coil. The gain and phase can also become
frequency dependent due to the properties of the excitation electronics and/or the detection
electronics. The measured sample data will become incorrect, especially at high frequencies,

if these effects are not compensated for.

The frequency dependency of the gain and the phase shift are compensated by means of a
routine similar to the calibration described above. The difference is that the two calibration
steps at many different frequencies are performed. Hence, the result is a frequency
dependent background (complex) voltage Vi (f) and a (complex) frequency dependent
voltage-to-susceptibility transfer factor, G(f) = Xcal (f)/ (Vca (f)— Vi(f)) . Using a frequency
independent reference sample (a sample with a constant X)) simplifies the second step in

the compensation routine.

The invention is not limited to the described and illustrated embodiments and the teachings
of the invention can be varied in a number of ways without departure from the scope of the

invention as claimed in the attached claims.
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Claims

A method for detecting changes of a magnetic response of at least one magnetic particle
in a carrier fluid, the method comprising:
using a measuring procedure comprising measuring the characteristic rotation time
of said magnetic particle, said measuring procedure further involving measuring
Brownian relaxation in said carrier fluid under influence of an external pulsed
excitation magnetic field, and
based on said influence of said external pulsed excitation magnetic field
measuring a hydrodynamic volume of a particle or a change in a hydrodynamic
volume of the particle change upon modification of an effective volume of the
particle or its interaction with said carrier fluid by detecting change of
magnetisation of the particle with time by monitoring change of an output signal in

a detection cail.

The method of claim 1, wherein the detection coil system detects a differential induced

voltage which is dependent on change of a magnetic flux over a period.

The method of claim 2, wherein said differential induced voltage from well balanced
detection coil system is:

d
dr

wherein N is a number of turns in two identical detection coils, A is the cross sectional

AV =N—(®,-D,) =,u0NAag;(H+M—H) =,uoNAa%M

area in the detection coils, H the magnetic field produced by the excitation coil, «a

magnetic coupling factor and M is a magnetization of the particle system.

The method of claim 3, wherein a dynamic susceptibility for a magnetic particle system
with a Brownian relaxation time is provided by:

1
+ jotg(ry)

_ Xo
r= j(l+ja)TB(rH)

)f(’”H)d"H =Xo _[(1 )f(’"H)d”H [1]

where y, is a DC susceptibility, o the angular frequency (2xf), ry a hydrodynamic radius
of particles, f(ry) is a hydrodynamic radius distribution function and 3 is the Brownian

relaxation time according to:
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. = Wy 47rr§77

P kT kT
where V, is the hydrodynamic volume, # viscosity of the fluid in which the magnetic
particles are placed in, kg Boltzmann constant and T is the temperature.

The method of claim 4, wherein approximation depends on magnetic particles containing
a number of magnetic single domains and a total magnetic moment is a vector sum of the
individual magnetic moments from each of the single domains.

The method of claim 4, wherein a hydrodynamic size distribution of the magnetic particle
system is determined using said dynamic susceptibility for a magnetic particle system
with a Brownian relaxation time.

The method of claim 1, further comprising absorption of molecules on a surface of
particles whereby the hydrodynamic radius of the particles increases, and when the
surface is saturated with molecules, a hydrodynamic volume have increased by a shell
that has a thickness surrounding the original particle, and that the hydrodynamic radius

increase is linear to the coverage.

The method of claim 7, wherein the Brownian relaxation time after molecule absorption is
expressed as:
471y +6 )3 n
Ty = —————
? k,T

where ry is the initial hydrodynamic radius before the particle surface became covered

with molecules.

The method of claim 7, wherein a new dynamic susceptibility is expressed as:

1
J‘(1 +joty(ry, 9))f(rﬂ)dry

whereby the Brownian relaxation time is also dependent on a coating, which is

X=X

dependent on an analyte concentration.

The method according to any of previous claims, wherein said particle is provided with an

external layer.
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A device for detecting a magnetic field response or changes in a magnetic response of at
least one magnetic particle in a carrier fluid, said detection comprising measuring said
magnetic particles characteristic rotation period, and said measurement involving
measurement of a Brownian relaxation in said carrier fluid under influence of an external
pulsed magnetic field, said device comprising means for generating said pulsed magnetic
field, at least two substantially identical detection coils connected in gradiometer coupling

to detection electronics for measuring the frequency .

The device of claim 11, comprising a detection coil system (100) comprising a first
detection coil (110) and a second detection coil (120), an excitation coil (130) and a
sample holder (140), wherein a voltage difference is dependent on the detection coils’

number of (N) turns or physical characteristics.

The device of claim 12, wherein the excitation coil (130) is wound as a solenoid with a

specific length, diameter and number of turns of the winding.

The device of claim 13, wherein the excitation coil produces an excitation field (H) and
has an effect on the signal response as:

d d d
AV =NE(CD1 -®,)= yONAaE(HJrM-H) = tpNdor— M

The device of claim 13, wherein comprising extra shim coils at top and bottom of the

solenoid in order to generate a more homogenous magnetic field in the excitation coil

The device of claim 12, wherein the detection coil system (110, 120) is arranged in a form

of a first order gradiometer coupling placed in the center of the excitation coil.

The device of claim 12, wherein the detection coil system is arranged as two well

matched coils coupled together.

The device of claim 12, wherein the detection coil system detects a rate of a magnetic

flux difference between the two coils.

The device of claim 12, wherein the detection coil system is formed by positioning two
matched coils with their length axis substantially paraliel to a length axis of the excitation

coil.
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The device of claim 19, wherein the two detection coils have a specific length, diameter
and a number of turns of the wirings and the excitation coils gives a signal strength from
the detection coil system.

The device of claim 12, wherein the detection coils are wounded in two different

directions, i.e. clockwise and counterclockwise and coupled in series.

The device of claim 12, wherein the detection coils are wounded in the same directions
but coupled together so that the induced voltages in the two coils are in the opposite

direction.

The device according to claim 12, wherein a magnetic signal is measured first from a
measurement with a sample in one of the coils and then another measurement of the

sample in the other coil.

The device according to claim 12, wherein a total voltage detected when the sample is in
the first coil is V4 + Viackgrouna @nd the total voltage detected when the sample is in the
second coil is - V, + Vyackgrouna, @and a difference of the two measurements results in Vi, Vo
which eliminates a background noise and the mean value of V; + V, represents a signal

from the sample.

The device according to claim 12, wherein an external pulsed magnetic field is applied
over the same particle system, and a magnetization of the particles is measured in time
domain either by measuring the increase of magnetisation immediately after application
of a pulse or by measuring the decay of magnetisation after the pulse has been switched
off. .

The device according to claim 12, wherein a pulsed magnetic field is applied over the
same particle system, and a magnetization of the particles increases when the field is
applied and decrease exponentially when the field is removed; where the exponential
behaviour is characteristic of relaxation time which is proportional to the inverse of the

Brownian relaxation frequency.

The device according to claim 26, wherein the frequency of a measuring field is not swept
but same information is obtained by performing a Fourier transformation of the relaxation

of the magnetic response in the time domain.
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The device according to claim 27, wherein said information is a frequency dependent
magnetic response,

The device according to claim 26, wherein a differential induced voltage in the case of
pulsed magnetic field is expressed as:

d ——
NV, = o NAG M, = pNA gyt [——e ™ £ 1,

on
T5(ry)

when the field is on and:

VLTS L%
AV g = o NA—- My = =11, NAM (0) jm-)e F(ry)dry

when the excitation field is off.

The device according to claim 29, wherein the hydrodynamic size distribution of the
magnetic particle system is determined by measuring the induced voltage, both when the
field is on and when the field is switched off.

The device according to claim 30, wherein a duty cycle of the pulse train (a/T) is chosen
so that an exponential increase of the magnetization, when the field is on, and an
exponential decay of the magnetization, when the field is switched off, is fully detected in

the detection time window.

The device according to claim 11, comprising a tunable capacitance (C) coupled in

parallel to a capacitance of the system

The device according to claim 11, wherein a resonant frequency of each coil is adjusted

to a measuring frequency.

The device according to claim 11, comprising a capillary as a sample holder and a fluidic

flow system to deliver the sample to a detection area.

The device according to claim 34, wherein the sample is injected into a flow as an
assembly having a width that is determined by an injection time and speed.

The device according to claim 35, comprising means for regulating the flow so that the

assembly can be stopped at a desired position, such as at a measuring position.
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37. The device according to claim 36, having means for using several assemblies of the
same or different materials created by successive injections.

38. The device according to any of claims 11-37, wherein said particle is provided with an
external layer.

39. A method of calibrating a system according to any of claims 11-38, the method
comprising:

- a first step of measuring the system response with an empty sample holder,

- a second step of computing difference in signal when the empty sample holder is
in the first coil to when the sample holder is in the second coil,

- a third step of measuring the system with a sample containing a material with a
known and preferably frequency independent magnetic susceptibility;

- - calibrating the system based on said measurements.

40. The method of claim 39, wherein in said first step the difference is attributed to the
dielectric properties of the sample holder and the mechanical arm moving the sample
holder, and the resulting voltage, V, = V.7 + j*V,', is a background signal which it is
subtracted from any measured signal in the subsequent measurements.

41. The method of claim 40, wherein in said third said material is a paramagnetic material.

42. The method of claim 39, wherein calibration materials are chosen to have a frequency
independent susceptibility in the frequency range that is used the system.

43. The method of claim 42, wherein the value of the susceptibility of the calibration material

is in the same range as for the measured sample.

44. The method of claim 42, wherein the geometry and dimensions of the calibration sample
is in the same as for the measurement samples, in order to get the correct coupling factor

in the detection coil.
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