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(57) Abréegée/Abstract:

A method of determining the number of magnetic particles within a sample using a tuned circuit having a capacitor and a coil. The
method comprises: a. determining the difference In the resonant frequency of the tuned circuit when the sample Is exposed to a
magnetic field generated by the coll and when the sample Is not exposed to the magnetic field generated by the coll; and b. using
the difference In the resonant frequency to determine the number of magnetic particles within the sample.
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ABSTRACT OF THE DISCLOSURE

A method of determining the number of magnetic

particles within a sample using a tuned circult having a

capacitor and a coil. The method comprises:

a .

determining the difference 1n the resonant
frequency of the tuned circuit when the sample
is exposed to a magnetic field generated by the
coil and when the sample is not exposed to the
magnetic field generated by the coil; and

using the difference in the resonant frequency

to determine the number of magnetic particles

within the sample.
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MAGNETIC PARTICLE DETECTION

FIELD OF THE INVENTION

The present invention relates to a method and

apparatus for determining the number of magnetic particles

within a sample, for example a method of determining the

number of magnetic particles when performing an
immunoassay.

The technique allows coated paramagnetic particles
(PMP's) to be used as labels and to detect them using a

novel electronic circuitry design.

DESCRIPTION OF THE PRIOR ART
The PMP's are typically 2.8 um in diameter and consist

of a core of a paramagnetic material coated with a suitable
polymer layer to which are attached antibody/antigen layers
depending on the particular application of the PMP.
Currently, the main application of these particles 1s 1in
sample separation, purification and as a solid phase for

lmmunoassays.
In a typical immunoassay, the PMP's are coated with

proteins allowing them to be used as the solid phase
material on which an immune reaction takes place. The
immune reaction is detected and quantified using a label
such as an enzyme, fluorescent or chemiluminescent
molecule. The PMP's are not permanently magnetised but are
attracted to permanent magnets allowing simple washing
procedures, therefore washing the coated PMP's does not
require filtration or centrifugation. Following the washing
steps, the immobilized label on the surface of the coated
PMP's is detected using a suitable technique.

The use of ferromagnetic particles as labels 1in an
immunoassay has been described in two papers by Kriz et al.
These are "Advancements Toward Magneto Immunoassays" from
Biosensors and Bioelectronics 13 (1998) pages 817 to 823
and "Magnetic Permeability Measurements In Bioanalysis and
Biosensors" from Analytical Chemistry 1996, 68, 1966 tCO
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1970. However, 1n these techniques the ferromagnetic
particles are detected by a simple measuring coilil which is
placed in a Maxwell bridge to allow measurement of the
magnetic permeability of a sample to be made. The magnetic
5 permeability is then used as an indication to determine the

number of particles within the substance.

SUMMARY OF THE INVENTION
In accordance with the first aspect of the present

10 invention, we provide a method of determining the number of
magnetic particles within a sample using a tuned circuit

having a capacitor and a coil, the method comprising:

a . determining the difference 1n the resonant

frequency of the tuned circuit when the sample

15 is, and when the sample is not, contained within
the coil;
b. using the difference in the resonant frequency

to determine the concentration of the magnetic

particles.
20 In accordance with a second aspect of the present
invention we provide apparatus for determining the

concentration of magnetic particles within a sample, the

apparatus comprising:
a. a tuned circuit having a capacitor and a coil;
25 b. a driver which generates a driving signal for
driving the tuned circuit;

C. a detector for detecting the resonant frequency
of the tuned circuit, the difference 1in the
resonant frequency of the tuned circuit when the

30 sample is, and when the sample is not, contained
within the coil representing the concentration of
the PMPs.

Accordingly, the present invention provides a method

and apparatus for determining the number of magnetic
35 particles within a sample. The present invention utilizes
the fact that the presence of magnetic particles, such as

paramagnetic, ferromagnetic particles, or the like will
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lead to an inherent change 1in the permeability of the
sample. Because the self-inductance of a coil depends on
the permeability of the material within the coil, placing
a sample containing magnetic particles 1n a coil will
result in a change in the inductance of the coil. The
present invention utilizes this effect by obtaining an
indication of the inductance of the coil by measuring the
resonant frequency of an LC circuit 1including the coil.
The resonant frequency of the circuit will be different

when the sample is placed within the coil compared to when

the sample is removed from the coil. Accordingly, by

circuit, it is possible to determine the number of magnetic
particles within the sample. Furthermore, by selecting the
coil to be one of a solenoid, a ring coil and a flat co1il,
this helps minimize the dead space between the coil and the

sample, thereby ensuring that an optimum signal 1s

obtained.
Typically, the step of determining the difference 1in

the resonant frequency of the tuned circuit comprises
placing the sample within the coil; determining the
resonant frequency of the tuned circuit; removing the
sample from the c¢oil; and, determining the resonant
frequency of the tuned circult. It 1is preferred to
determine the resonant frequency of the tuned circuit with
the sample present and then with the sample removed to
account for long term variation in the resonant frequency
of the coil. These long term variations are typically
caused by variations in temperature within the surrounding
environment, and other such factors. However, as these
variations are typically long term occurring over several
hours, then by making subsequent measurements with the
sample present and then shortly afterwards with the sample
removed, this ensures that any variation in the measured
resonant frequency is solely due to the presence and/or
absence of the sample. Accordingly, this helps prevent the

variations in the inherent resonant frequency of the coil
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affecting the measurements. However, it will be realised
that 1if a sufficiently stable tuned circuit could be
provided then the resonant frequency of the tuned circuit
without the sample would only need to be measured once and
then used for all subsequent measurements.

Typically the step of determining the resonant
frequency comprises applying the driver signal to the tuned
circuit; measuring the phase difference between the driver
signal and the output signal taken from the tuned circuit;
and adjusting the frequency of the applied signal until
there is no phase difference between the applied signal and
the output signal. Other suitable methods may be used but
this advantageously allows the circuit to be adjusted using

a feedback mechanism so that the circuit automatically

locates the resonant frequency.

The driver signal usually has a frequency of above
200kHz and more particularly preferably has a frequency
above 500kHz. This is because at higher frequencies a
given change in the inductance of a coil will result 1n a
larger change in the resonant frequency of the tuned
circuit. Accordingly, operating the circuit at a higher
frequency increases the sensitivity of the system.

Typically the magnetic particles used are paramagnetic
particles although ferromagnetic or any other magnetic
particles may also be used.

The detector for detecting the resonant frequency of
the tuned circuit may comprise a phase comparator, for
determining the phase difference between the driver signal
and an output signal obtained from the tuned circuit,
whilst the driver for applying the driver signal to the
circuit comprises a voltage controlled oscillator (VCO).
This apparatus configuration advantageously allows the
phase comparative to be coupled directly to the voltage
controlled oscillator such that the VCO is responsive tO
the phase comparator to alter the frequency of the driver

signal until there is no phase difference.
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Preferably the apparatus comprises a phase locked loop
oscilllator circuit. This 1s particularly advantageous
because as mentioned above, this allows the resonant
frequency of the tuned circuit to be accurately determined

without human intervention. This is an automatic procedure

resulting in highly accurate results.

The invention is particularly suited for use during an
immunoassay. However, it is also applicable for use with
other types of samples such as bottles and other
containers, labels etc.

In accordance with a third aspect of the present

invention, we provide a method of performing a pinding

assay, the method comprising:

a. immobilising a layer of molecules to a
substrate;

b. providing a number of magnetic particles as
labels;

C. performing a reaction using the molecular layer

so as to bind at least some of the magnetic
particles to the substrate; and,

d. determining the number of magnetic particles
bound to the substrate by determining the
difference in the resonant frequency of a tuned
circuit when the substrate 1is exposed to a
magnetic field generated by a coil, and when the
substrate is not exposed to the magnetic field

generated by the coil.
Accordingly, the present invention also provides a

method of performing an assay using magnetic particles as
labels. This is achieved using a substrate to which has
been immobilized a layer of molecules appropriate to the
assay. The reaction is designed in such a way that bonds
form between the coating on the magnetic particle and the
immobilized layer on the substrate. The number of particles

bonding to the substrate depends on the concentration of

species being measured. Accordingly, by measuring the
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change in the resonant frequency of the tuned circuit when

the substrate i1s contained within, and when the substrate

1s not contained within the coil, allows the number of

magnetic particles bound to the substrate to be determined.

Typically the magnetic particles are bound to a
respective number of second molecules and wherein the
reaction binds the second molecules with the layer of
molecules so as to bind the magnetic particles to the
substrate. Alternatively however the magnetic particles

may be designed to react directly with the molecules bound

to the substrate.
The reaction may be any form of reaction, such as a

DNA hybridization reaction. In this case, the first and
second molecules would comprise portions of DNA. However,
preferably the . binding assay 1is an immunoassay 1in which
case the molecule layer is an antibody/antigen layer and
the second molecules are antigens or antibodies.
Accordingly, the magnetic particles can be coupled to the
antigens or antibodies which then bind to the
antibody/antigen layer formed on the substrate.

As mentioned above, when samples are provided on a
substrate, it is preferable to minimize the dead space
between the coil and the sample. Preferably, therefore,
the tuned circuit is one of a solenoid, a ring coil and a
flat coil. In this case, if the coil is a solenoidal co1il,
the method typically involves exposing the sample to the
magnetic field by placing it in the coil. Furthermore, the
coil preferably has an oval cross-section, although a
rectangular cross-section can be used. Alternatively
however, flat coils may be used with the sample being
exposed to the magnetic field by placing the sample
adjacent the coil.

It will be realised that the third aspect of the
present invention can advantageously be implemented using
the first and second aspects of the present invention.
Accordingly, the above described electronic circultry can

be used to generate an output directly related to the
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number of immobilized PMP's on the strip. In this approach,
the PMP particles are now being used as markers and
separate fluorescent, radiocactive, chemiluminescent or
other markers are not required. This considerably reduces
the number of analytical steps and speeds up the time
required for an assay. Furthermore, the electronic
circuitry 1is physically small enough to allow the
development of a hand-held instrument.

Current analytical immunoassay systems using
fluorescent oY similar markers require expensive
specialized equipment and it is not practical to make them
into hand-held systems. The only hand-held systems
available at present use dipstick technology with colour
labels. They are mainly used for near patient testing such
as pregancy testing where the outcome of the test can only
be either positive or negative. They are generally not

suitable for use in tests where the actual concentration of

a species is being determined.

BRIEF DESCRIPTION OF THE DRAWINGS
Examples of the present invention will now be

described with reference to the accompanying drawings, 1in
which: -
Figure 1A is a schematic diagram of a first example of

a tuned circuit;

Figure 1B is a schematic diagram of a second example

of a tuned circuit;

Figure 2 is a schematic diagram of a conventional
oscillator circuit;

Figure 3 is a schematic diagram of a circuit according
to the present invention;

Figure 4 is a graph showing the decrease in frequency
against the concentration of particles obtained for the

circuit of Figure 3;

Figure 5 is a circuit diagram of a suitable oscillator

for use in the circuit of Figure 3;
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Figure 6 1s a graph showing the number of detected
PMPs against the change in resonant frequency of the tuned
circuit;

Figure 7 1s a schematilic diagram of a second example of
a coll for use in the tuned circuit of Figure 3;

Figure 8 is a graph showing the number of detected
PMPs against the change in resonant frequency of the tuned
circuilt for the coil of Figure 7;

Figure 9 is a schematic diagram of a third example of
a coil for use in a tuned circuit of Figure 3; and

Figure 10 is a graph showing the number of detected
PMPs against the change in resonant frequency of the tuned
cixrcuit for the coil ¢of Figure 9;

Figures 11A and 11B are examples of two flat coil
configurations for use in the tuned circuit of Figure 3;

Figure 12 1is a graph showing the number of detected
PMPs against the change in resonant frequency of the tuned
circuit for the coil of Figure 7; and,

Figure 13 1is a schematic diagram of an immunoassay

reaction according to the present invention.

DETATILED DESCRIPTION OF THE EMBODIMENTS

In one example of the present invention, the number of
coated paramagnetic particles on a plastic strip 1s
determined by placing the strip in a coil of insulated wire
and observing the effect their presence has on the self-
inductance, L, of the coil. The assumption is that the only
significant contribution to changes in the inductance of

the coil comes from the high magnetic permeability of the

particles.

The self-inductance of a uniform helical coil with a

large number of turns is given by:

L =~ upu,m°lA (1)

where: Ly, = permeability of a vacuum (4m x 1077 H m?') ;

4 = relative permeability of the core;
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m = number of turns per unit length;
1 = length; and,

A = crosg-sectional area of the coil.

When a plastic strip, with n paramagnetic particles
attached to it, is placed in the coil, the effective value

of 4 for the coil is some value related to the i1ndividual
permeabilities of the plastic in the strip u,, any residual

buffer solution on the plastic strip u,, the particles pu,,
and the air space in the coil u,. The 1inductance now

becomes:
L = {Culty + Cpla + Coptg+ NCH,}pom 1A
= {Cvuv + Cpfip + Cs#s}p’omzlp‘ T ncup#OmZ:l-A (2)
where: c, = effective quantity of plastic 1n the strip;
c., = effective quantity of buffer 1n the strip;
c, = effective quantity of air in the coil; and,
c = a constant relating the permeability ot

individual particles to the contribution

they make to the total permeability.

As the particles are very much smaller than the
internal volume of the coil, the magnetic field surrounding
each particle is non-uniform, but since the particles are
all the same shape and size (2.8um diameter) they
contribute equally to the total effective permeability. For
all samples in these investigations, the plastic strips
were of identical construction and the volume of the buffer
solution residue may be assumed to be constant. So all the

values in the first term are constant, or negligibly small,

and equation (1) may be rewritten:

where: k = cpppom’lA
= a constant; and,
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LO - {cvp'v + CaHp F Csﬂs}uOleA
= another constant correspondiling to the
inductance of the coil containing a plastic

strip with just the buffer solution residue

and no particles on 1it.

The inductance of the <coil therefore 1i1ncreases
uniformly with the number of particles on the strip. To
maximise the effect of n on L and so 1improve the
sensitivity of the detecting system, L, should be as small
as possible and k as large as possible. Keeping the dead
space in the coil to a minimum by decreasing the internal
dimensions of the coil so that they are just large enough
to contain the sample strip will reduce c, and hence IL,.
This will also ensure that more of the electromagnetic

field in the coil passes through the particles so

increasing ¢ and hence K.

The effect that the particles have on the inductance

of the coil is determined by putting the strip in a coil L

which forms a resonance circuit with a parallel capacitor

C (Figure 1A).

The resonant frequency of the circuit in Figure 1A 1is

given by:
f = {2m(LC)*}™ (4)

From equations (3) and (4):

£ = {2nC" (Lo + kn)"}" = {20(L0)"}7 {1 + (k/Lo)n}™
f = fo{l + (k/’Lo)n}*H (5)

where: f, = resonant frequency of the circuit
containing a plastic strip with Jjust the

residue buffer solution and no particles.
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Expanding equation (5) using the binomial theorem:

% (k/Lo)n + ....]
f = f,{1 - % (k/Ly,) n) (ignoring higher terms) (6)

Equation (6) predicts that the frequency of
oscillation of the LC-tuned circuit should decrease
linearly with increasing numbers of paramagnetic particles

present on the strip.

In a practical LC circuit, as shown for example in
Figure 1B, the coil has an internal resistance R,;, the
capacltor a leakage resistance R., and there 1s a stray
capacitance C, mainly existing between i1ndividual windings
1n the coil. For a good quality capacitor, R. is very large
and has a negligible effect on the performance of the
circuilt. The stray capacitance depends very much on the
construction of the coil and reduces the resonant frequency
of the circuit. If the coil has a rigid construction then
C, should remain constant so 1ts presence can be largely
ignored. A slight decrease 1n the resonant frequency 1is
usually observed when a blank plastic strip is inserted 1n
the coil which can be attributed to an increase in C; as
the plastic strip has a higher dielectric constant than the
alr 1t displaces. The internal resistance, R; probably has
the greatest effect as it reduces the resonant frequency

Co:
f = {1-(R,°C/L)}* {2m(LC)*}™* (7)

For a typical coil with L = 130uH, C = 4.7 nF and R
= 17Q, the effect o0of R, 1s to reduce the resonance

frequency from f = 203.61 kHz. (equation 4) to f = 202.54

kHz (equation 7), i.e. the resonant frequency falls by 1.07
kHz.

The resonant frequency of a practical LC circuilt 1is

very temperature dependant. The values of all of the
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components shown i1n Figure 1B vary with temperature to some
extent and so contribute to the drift 1n the resonant
frequency with temperature. The coil 1s made from thin
copper wire which increases in resistance with temperature.
Additionally, the dimensions of the <c¢oi1il and the
capacitance of the capacitor C also change with
Cemperature.

The frequency of oscillation of a LC circuit, and
hence the number of particles on the plastic strip, 1is
determined by using the LC circuit to control the frequency
of oscillation of an oscillator circult. Experimentation
showed that typically the resonant frequency decreases by
only a few Hz when a plastic strip with particles on 1t 1s
placed in a coil oscillating at about 250 KkHz. The
oscillator circuit therefore has to be very stable.

Conventional oscillator circuits such as the Colpitts
oscillator shown in Figure 2 were not found to be stable
enough to permit these very small changes 1in frequency to
be measured reliably. A possible explanation for this poor
performance is that the circuit oscillates at the frequency
given by equation 7 and so the resonant frequency 1is
affected by the internal resistance of the LC circuit. In
the circuit shown in Figure 2, the input impedance of
transistor, TR1l, also affects the resonant frequency of LC
circuit and as this is also temperature dependant it adds
to the instability of the oscillator.

A completely new approach was required and the most
stable oscillator circuit was found to be one based on a
phase-locked loop (PLL), an example of which is shown 1in
Figure 3.

The circuit shown in Figure 3 comprises a voltage
controlled oscillator (VCO) 1 whose output is coupled to a
frequency meter 2 and a phase detector 3. The output of
the voltage controlled oscillator 1 is also coupled via a
resistor 5 to a tuned LC circuit 4 which includes a coil L

and a capacitor C, as shown. The phase detector 3, as well
as being coupled to the output of the VCO 1 is also coupled
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Lo the tuned circuit 4. The output of a phase detector 23
1s transferred via a loop filter 6 to the VCO 1.

In use, the VCO 1 is used to generate a drive signal
which is applied to the tuned circuit 4 via the resistor 5,
which causes the tuned circuit 4 to oscillate.

When the tuned circuit 4 1s 1n resonance, the
potential differences across L and C cancel each other out
as they have exactly the same magnitude but are 180° (m
rads) out of phase with each other. The i1mpedance of the LC
circuit at resonance is entirely resistive (approximately
equal to R, in Figure 1B) and the current flowing in the
circuit is in phase with the applied voltage. The potential
difference across a resistor in series with the LC circuit
is in phase with the applied voltage when the circuit 1is in
resonance. The frequency at which this occurs 1s given by
equation (4) but with C replaced by C + C;,. This frequency
is largely independent of R, (which is probably one of the
biggest contributors to the instability of the LC circuit).

Accordingly, the phase detector 3 1is coupled to the
output of the VCO 1 so as to determine the phase of the
driver signal, and to the tuned circuit 4 to determine the
phase of the oscillation of the tuned circuit. The phase
detector 3 then generates a DC signal representative of the
difference in the phases of oscillation which 1s output to
the loop filter 6. The loop filter filters the signal
which is then returned to the voltage controlled oscillator
1.

The VCO 1 is controlled such that upon the application
of the DC error signal, it will change its output frequency
until no phase difference exists between the drive signal
and the oscillation of the tuned circuit and accordingly no
error signal is output from the phase detector 3.

The output frequency of the VCO is measured on the
frequency meter. This circuit gives a considerably improved
frequency stability and frequency changes of less than 1 Hz
in the resonance frequency of 200 to 300 kHz can be

measured.
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A practical circuit for a PLL VCO 1 is given in Figure
5. ICl 1s a VCO with a sine wave output which can be varied
over the range from about 18kQ to 38kQ using the 10kQ
preset. The output cof the VCO 1s fed to the LC circuit via
a 10kQ resistor. OP1 is a comparator which derives a square
wave from the sinusoidal wave at the output of the VCO and
drives IC2, a D-type flip-flop. The sinewave voltage across
the LC circuit is transferred via a high-input 1mpedance
buffer amplifier (OP2) to a second comparator (OP3) and
flip-flop (IC2). The flip-flops, 1n conjunction with the
NAND gates (IC4) and the diodes D1 and D4, form an edge-
sensitive lead-lag (type II) phase sensitive detector. The
+ve dc-error signal at the output of the PSD is amplified
by OP4 which is a high-gain, low-pass, filter (f;5 = 16
Hz). To speed up the lock-in process after switching on,
the error signal is limited to about +0.6 V by diodes D3
and D4. The loop 18 closed by feeding back the dc error
signal to the VCO via a buffer amplifier (OPS5).

To set up the circuit, it 1is necessary to (first
calculate an approximate value for the resonance frequency
for the LC circuit using equation (4). (this value must be
within the output frequency range of the VCO). The preset
is now adjusted until the frequency of the output of ICl 1is
about that of the calculated value. There is a range of
adjustment of the preset where there is little variation in
the output frequency. This shows that the PLL 1is locked
onto the resonant frequency of the LC circuit.

The performance of the PLL circuit shown in Figure 3
was 1nitially investigated wusing samples containing
relatively large numbers of PMP's in suspension. The
samples with known concentrations of PMP's suspended in
buffer solutions (0, 1.03, 2.11, 4.19, 6.22 and 8.21 mg/ml)
were used. The samples were contained 1in sealed,
cylindrical, plastic vials, 30 mm in diameter and 47mm
high. The vials contained 20 mls of suspension. The vials
were shaken vigorously to ensure a uniform mixing and then
placed in the coil (50 turns of 24 SWG enamelled copper
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wire, inductance = 75uH) attached to the phase-locked-loop
circuit (Figure 5) and the frequency of oscillation
measured. The sample vial was now removed and the increase
in frequency noted. The experiment was repeated 10 times
for all the vials and the difference in the two readings
was plotted against the concentration of particles in the
vials, as shown in Figure 4.

The results clearly show that the decrease 1n resonant
frequency of the LC tuned circuit 1is directly related to
the number of particles in suspension 1n the vial as
predicted by equation (6). This method was found to be very
reliable and it was possible to determine the concentration
of particles in an unknown vial to a precision of better
than 1%.

Another important finding from this work was that,
although the oscillator circuit had a good short term
stability of oscillation, there was still a general long
term drift in the frequency caused mainly by changes 1in the
inductance of the coil as the ambient temperature varies.
Over the course of a day, changes in room temperature could
cause the baseline frequency to drift by more than + 50HZz.
However this was found to have little effect on the change
in frequency produced when the sample was removed from the
coil. The following measurement procedure was therefore

adopted to take advantage of this observation.

® Insert the sample in the coil;

® measure the frequency;

® remove the sample rapidly from the coil; and,

® measure the frequency again and record the

increase 1n frequency.

Thus, providing the change in recorded frequency 1s
greater than the drift in baseline frequency over the
measurement period, then the results obtained are
independent of the baseline frequency. This procedure
largely eliminates any effects of temperature on the
results. Elaborate temperature control of the electronic

circuitry and the coil is therefore not necessary which 1s
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an i1mportant consideration in a hand-held, battery-powered,

instrument, where a temperature-controlled enclosure would

consume a relatively large amount of power.

The best overall performance with the coil L in the

PLL circuit of Figure 3 and a sample vial containing the

paramagnetic particles (PMPs) is obtained when the coil L:

o has internal dimensions Jjust large enough to
contain the sample so that the amount of dead
space 1s kept to a minimum;

® is rigid; and

® resonates between about 200 to 300kHz.

The system can be used for carrying out measurements
of a number of PMPs bonded to a substrate, as occurs for
example in the i1mmunoassay process.

In this case, using the same operating procedure as
previously described, a plastic strip with an unknown
number of PMP's on it was placed in the coil and the
frequency of oscillation of the circuit noted. When the
strip was rapidly removed from the coil and an increase 1in
frequency was observed which can be used to determine an
indication of the number of PMPs on the strip.

Calibration of the system was then performed by
producing a number of substrates, which i1n this case were
plastic strips such as those that would be used in an
immunoassay process, with known numbers of PMPs thereon.
These were then used to determine the frequency change
obtained for a given number of particles.

The particles used were Dynal M-280 which have
diameters of 2.8um. The concentration of particles 1in a
sample was determined by counting the number of particles
in a known volume. This was achieved using a New Neubauer
haemocytometer, which has calibrated squares etched into a
glass slide and a known depth. Knowing the concentration,
the number of particles applied to the plastic strip was
calculated. The particles were dried onto the plastic

strips. Several standards with numbers of particles ranging
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from 3.33 x 10° to 1.68 x 10> were made and these were used
Lo calibrate the response of the instrument.

The response of the PLL circuit of Figure 3 to the
standard plastic strips using a basic coil configuration
was determined. The method used was as described
previously. A test strip with a known number of PMP's on it
was 1nserted into the coil L and the resonant frequency of
the tuned circuit 4 measured. The sample was then removed
from the coil L and the resonant frequency again measured.
The change in the reasonant frequency was noted. The
experiment was repeated ten times using the same test
strip. The experiment was repeated using the other test
strips. The results are shown on a graph of the number of
PMPs against the change in resonant frequency as 1in Figure
6.

The results are plotted on log - log axes with a best
straight line being determined using a linear regression.
The points show the mean value of the readings for each
sample and the error bars are the standard errors of the
mean. The PLL circuit has a good linear response to the
increasing number of particles on the test strips as

predicted by equation (6) with a sensitivity of about 0.16

Hz/10°> particles.
Some of the scatter of the results could be accounted

for by the fact the samples were not deposited 1in exactly
the same place on all the test strips and that the samples

were not always placed in the coil 1n exactly the same

place each time for each measurement.

However, 1in order to improve the system, several
smaller coils were used in an attempt to reduce the dead
space inside the coil and so increase the sensitivity of
the coil L in the PLL circuit of Figure 3. It was
determined that the optimum coil 1is a solenoidal coil
having an oval cross-sectional shape into which the sample
substrates used in the immunoassay procedure just fit.

These can easily be constructed using the following

method:
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o wind 4-6 layers of plumber's PTFE thread tape

around a blank plastic strip;

¢ wind the coi1l on top of the PTFE tape;

coat the coi1l with a thick layer of quick-
setting Araldite;

¢ allow the Araldite to set hard;

® carefully pull the plastic strip to remove it

from the coil; and

® pull out the PTFE tape from inside the coil.

The result is a rigid coil with 1i1nternal dimensions
just large enough to take the test strips. A thin layer of
Aralidite can also be applied to the inside of the coil to
protect the wire against accidental damage.

The inductance of a coil increases with the effective
cross-sectional area of the coil and the number of turns in
the coil. Decreasing the cross-sectional area of the coil
means that the number of turns in the coil has to 1ncrease
to produce a coil with the required  1nductance.
Accordingly, the length of the coil is preferably made just
slightly larger than the length of the sample. This means
that the wire has to be very thin, otherwise a very thick,
multilayered, coil is produced.

Accordingly, a coil L, as shown 1in Figure 7, was
produced made with an oval cross-section of 2.5 x 7 mm and
7 mm long. The coil was wound using the thinnest enamelled
copper wire available (42 SWG). Four layers of wire were
used and for the finished coil, L=131pH and R= 17.18Q. The
coll resonated at 217kHz with a capacitor of C = 3.3 nF 1n
parallel with it.

The coil was then tested in the PLL circuit of Figure
3, as described above. The results are shown on the graph
in Figure 8.

This coil arrangement when used with the PLL circuit
also had a good linear response with an improve sensitivity
compared with the previous coil design of about 0.4Hz/10°
particles on the test strip. The error bars were also

smaller showing that the circuit was generally more stable.
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The sensitivity of this coil arrangement could be improved
further by making the coil smaller so that there is even
less dead space between the coil and the sample. Smaller
colls would require even thinner wire than the 42 SWG used
in this construction. Winding coils accurately by hand is
difficult with such thin wire so some sort of machine
winding would be necessary.

Recent observations also suggest that the components
used 1n the coil construction should have a low dielectric
constant to increase the Q value of the tuned circuit 4.

A further development to the coil construction 1is
shown in Figure 9. This comprises a ferrite ring 20 around
which 1s wound a winding 22. Ferrites are electrical
insulators which can have very high magnetic permeabilities
and which can operate at very high frequencies. This means
that a coil with a ferrite core requires a relatively small
number of turns to have a high inductance.

The ferrite ring 20 includes a gap 21 which has a
thickness of about 1lmm. The gap between the two ends of
the ferrite is small so that little of the electromagnetic
field produced by the coil is lost and it passes through a
sample strip placed in the slot. As 1n previous examples,
the presence of paramagnetic particles 1n the sample will
increase the inductance of the coil and accordingly this
configuration can be used as the c¢coil L 1n the tuned
circuit 4. Testing of the system was again performed, with
the results plotted on the graph shown in Figure 10. In
this case the ring had the following dimensions: o.d. =
23.6; 1.d.= 13.4; and height = 7.6 mm. A coil of 120 turns
of 40 SWG enamelled copper wire was wound on the ring and
coated with a thick layer of Araldite (L = 880uH, R = 4.6Q
and f, = 206 kHz with C = 680pF).

Again a good linear response to the number of
particles was obtained when the coil was used 1in the PLL
circuit of Figure 3. The sensitivity of the coil was about
0.3Hz/10°> particles which is less sensitive than the oval

coil construction of Figure 7. However the performance of
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this coil arrangement could be improved by using a ferrite
material which is better matched to this application and
with a narrower slot just wide enough to take the samples
(about 0.25mm) .

= A totally flat coil based on a circular or square
spiral arrangement ({(Figures 11A and 11B) can also be used.
This design has several advantages over previously
described arrangements. The coil can be placed in close
contact with the sample, thus reducing the dead space

10 between the sample and the coil, and reproducible coils
could be mass produced using a photo-lithographic or
similar technique. If two coils are connected in series and
placed facing each other with the sample between them, then
the presence of paramagnetic particles 1n the sample would

15 increase the inductance of the pair.

As stated earlier, the coils were generally operated
at frequencies between about 200 to 300kHz. This was found
by experiment to be the best operating frequency range when
the circuit was used with vials containing large numbers of

20 PMP's suspended in aqueous buffer solutions. However, the
presence of the water makes the circuits less stable when
operated at higher frequencies.

It is found to work better at much higher frequencies.
Figure 12 shows the response of the circuit with the oval

25 coll operating at 529kHz.

In this case the sensitivity 1s 1ncreased to 1.2
Hz/10°> particles compared with 0.4 Hz/10> particles when the
coil was operated at 217 kHz. The general technique would
demonstrate improved sensitivity at even higher

30 frequencies. However the VCO circuit of Figure 5 1is unable
to operate reliably at a frequencies much higher than
519kHz because of limitations in the performance of some of
the components used. To get it to operate at higher
frequencies, it will be necessary to modified the circuit

35 by using components which can operate at these frequencies.

In order to demonstrate the practical use of the

paramagnetic particle detector, a model assay system, using
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PMP's as a label, was developed. This was based on a
double antibody, sandwich assay for transferrin. The model
assay was developed so the immune reaction occurred on the
surface of a plastic film and the test area could be easily
introduced onto the detector. The label used to detect the
immobilized immune complex was a PMP coated with a suitable
antibody. This is shown schematically i1n Figure 13.

The concentration of the different antibody layers was
optimised to give maximum response over the working
transferrin concentration range. A dose response curve was
generated for the model assay, the numbers of particles
being quantified both by manual counting using a microscope
and using the detector.

Early results show that the upper regions of the
transferrin dose response curve (about 1.3 x 10° particles)
lie within the lower calibration range of the magnetic
detector and there is good agreement between the number of
bound PMP's on the strip determined by manual counting and

the number determined using the magnetic detector.
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The embodiments of the invention in which an exclusive

property or privilege is claimed are defined as follows:

1. A method of determining the number of magnetic
5 particles within a sample using a tuned circult having a
capacitor and a coil, the method comprising:

a. determining the difference 1in the resonant
frequency of the tuned circuit when the sample
is exposed to a magnetic field generated by the

10 coil and when the sample is not exposed to the
magnetic field generated by the coill; and

b. using the difference in the resonant frequency
to determine the number of magnetic particles
within the sample.

15 2 . A method according to claim 1, wherein step (a)
comprilses:
1. exposing the sample to the magnetic field

generated by the coil;
ii. determining the resonant frequency of the

20 tuned circuit;
iii. removing the sample from the magnetic field

generated by the coil; and,
iv. determining the resonant frequency of the
tuned circuit.
25 3. A method according to claim 2, wherein the step of

determining the resonant frequency comprises:

a. applying a driver signal to the tuned circuit;
b. measuring the phase difference Dbetween the
driver signal and an output signal obtained from
30 the tuned circuit; and,

C. adjusting the frequency of the applied signal
until there is no phase difference between the

applied signal and the output signal.

4. A method according to claim 3, wherein the driver

35 signal has a frequency of above 200kHz.
5. A method according to claim 1, wherein the magnetic

particles comprise PMPs.
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6. A method according to claim 1, wherein the coil is one
of a solenoid, a ring coil and a flat coil.
7. A method according to claim 6, wherein when the coil

is a solenoidal coil, the method of exposing the sample to

the magnetic field comprises placing the sample within the

solenoidal coil.
8. A method according to claim 6, wherein when the coil

is a flat coil, the method comprises placing the sample

adjacent the coil.

9. A method of performing a binding assay, the method
comprising:
a. immobilising layer of molecules to a substrate;
D. providing a number of magnetic particles as
labels;
C. performing a reaction using the molecular layer

so as to bind at least some of the magnetic
particles to the substrate; and,

d. determining the number of magnetic particles
bound to the substrate by determining the
difference in the resonant frequency of a tuned
circuit when the substrate 1s exposed to a
magnetic field generated by a coil and when the
substrate is not exposed to the magnetic field
generated by the coil.

10. A method according to claim 9, wherein the magnetic
particles are bound to a respective number of second
molecules and wherein the reaction binds second molecules
with the molecular layer so as to bind the magnetic

particles to the substrate.
11. A method according to claim 10, wherein the binding

assay 1s an immunoassay, the molecular layer being an
antibody/antigen layer and the second molecules being

antigens or antibodies.
12. A method according to claim 9, wherein the substrate

comprises a plastic strip.
13. A method according to claim 9, wherein the coil 1s one

of a solenoid, a ring coil and a flat coil.
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14. A method acccecrding to claim 9, wherein the method of

determining the number of magnetic particles comprises:

a. determining the difference 1n the resonant
frequency of the tuned circuit when the sample
5 is exposed to a magnetic field generated by the

coil and when the sample 1s not exposed to the
magnetic field generated by the coil; and
b. using the difference in the resonant frequency
to determine the number of magnetic particles
10 within the sample.
15. Apparatus for determining the number of magnetic

particles within a sample, the apparatus comprising:

a. a tuned circuit having a capacitor and a coil;

b. a driver which generates a driving signal for
15 driving the tuned circuit; and,

C. a detector for detecting the resonant frequency

of the tuned circuit;
wherein the difference in the resonant frequency of

the tuned circuit when the sample is exposed to a magnetic
20 field generated by the coil and when the sample 1s not
exposed to the magnetic field generated by the coil

represents the number of magnetic particles within the

sample.
16. Apparatus according to claim 15, wherein the detector

25 comprises a phase comparator for determining the phase

difference between the driver signal and an output signal

obtained from the tuned circulit.
17. Apparatus according to claim 15, wherein the driver

comprises a voltage controlled oscillator.

30 18. Apparatus according to claim 17, wherein the detector
comprises a phase comparator for determining the phase
difference between the driver signal and an output signal
obtained from the tuned circuit, and wherein the voltage
controlled oscillator is responsive to the phase comparator

35 to alter the frequency of the driver signal until there 1is

no phase difference.
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19. Apparatus according to claim 15, wherein the apparatus
forms a Phase-Locked Loop Oscillator circuilt.

20. Apparatus according to claim 15, wherein the magnetic
particles are PMPs.

21. Apparatus according to claim 15, wherein the coil 1is
one of a solenoid, a ring coil and a flat coil.

22. Apparatus according to claim 21, wherein when the coil
is a flat coil formed on a substantially planar surface,
the sample is positioned adjacent the coil to expose the
sample to the magnetic field.

23. Apparatus according to claim 21, wherein when the coil
is a solenoidal coil, the sample is positioned within the
solenoidal coil to expose the sample to the magnetic field.
24. Apparatus according to claim 23, wherein the
solenoidal coil has an oval cross sectilocn.

25. Apparatus according to claim 21, wherein when the coil
is a ring coil, the sample 1is positioned within a gap 1in
the ring to expose the sample to the magnetic field.

26. Apparatus according to claim 15, wherein the draiver

signal has a frequency of above 200kHz.

- vt e cANIBNIT AN AN AR VARG A X B wul L A s Pl P 1AL I vy e b D T o 1 e R T BIRECY w e 1PN Y ol B A ee o hP



CA 02342023 2001-07-06

FIig.1A.

) 0 0 €

F1g.1B.

BT LI PR TLEE PRI e e TR o L e Lt L TR T B ol T sl s s t et e Voo bl 0TS At e e oAb = e " " L T L Al : . * b o Ceatia . . WSl cal s Madb ke Bl 1S UG N BT P A, i .o AT ettt L MR R L e - DR L, e o CAM ST A e 6T BT RO e b R0 et St i o - M e e an e 12 e Loe o vt € - e e el B s AL A A T { - = ATy e W AY a® BAPEA A FSAS . aa¥ ol Bemsen . oe - sealallassll asn S Basnarnan o SBEAL . g L an o anapnnen e g o




CA 02342023 2001-07-06

2/9

Fi1g.2.

vee (+10v)

100N

|_ BC548
C1
L
C2 l 2K2
l Ov

L =750H —
C1=1n5, c2=4n7 for f = 400kHz
C1=470p, C2=1n5 for f =870kHz

. s nan s prrsoTelnd e WY ZA AN Lt TR K TR RSN T T Edit s AR o S a1 welieie rAg e s el it Wh g s iyt R S e R s den ey = e e ' SR CAe e RNT STV O U R S SRR AL R RG QURIEES I A 8 T o bR e AR £

O Qutput



CA 02342023 2001-07-06

3/9

F1g.3.

dc error signal Frequency ¢
i ' Meter
Voltage Controlled
Oscillator Phase C o]
Detector '

F1g.4.

oD
-

= N
- -

Decrease In Frequency (Hz)
oo
-

0 1 2 3 4 5 6 [ 8
Concentration of Particles, [P] (mg/ml)

VTN v b vt PRI FREIEA Ll SN » PRSI R AR 1 13 O i AN e O o R AT L b LA AN 1 LD A YS el Becdr o WmOReRAe. WG B T e e e - Tt T et a0 IR (LR ] e Y AT ) S M AL A R T M M IS DRI 1L Al A e T ILE -k o AT AR D SR D VA A 1N TR, s e 17y TR TR v W 21 e P 0 BN S M. IR < LLAATNES VAL | S PR B - e



CA 02342023 2001-07-06

— 691F €28l clal

Te—  OABMAUIS ()7
=

AST -t U4 01

- SCOXVW b

g Mol

e —V_S 134 L1
+ uj
10 59500 pavg

1IN
Aouanbal4
Of

6l 10 L

uo01
NG-

INV

T

uj

¥l |

) [AV4 8 || AcT 1e aeiado 1y |

8GEN14.=4d0

L LOY=P Ol
€ L0Y=CII+ 2l
0¥ cevVI=vd0+<2d0
COEWT1=Ed0+1d0

A=t U BT NPT SRS G TRITERA.

229 = MM AT £, 20 5174 riy oMt SOV M 2 - 20,0 of HARID vl daviri® SV Y BH ea iedee i

Toetr storm den oAl 0 M NI FIC MM Aic ) SRIE A N S o v A B Y

ZE1 1 EW TR AR C e I i T 5, e T e .

v T e kAR

BRSSP

LRE NN

el eges L

N Tt =R H ok At M gy S b T e qme 200N Pl ca MR SE I, §30 AR L daay,



CA 02342023 2001-07-06

5/9

Change in Frequency (Hz)

0.01 + - T " -
100000 1000000

Number of PMP's

10000000

+Thralg, L2 TRAE R a0LL ek s~ e Mkt 1L M T 1 A Ped LA Ay iy L i R S MO S T U TR e s RN 4 A7) Pl LA 13 D s A WO e AT It o PRI A e b LT P I AN J- 0] TR - . S o e PRI (i) it 1 B A AT BT O Bk ' T2 e 01

16 V0 S AT BV C 2 F R LA N G 45 5L oha v A A TP o i LT 4 [T Vi LA MR B bt M oD L fe e I U N S i e 300 e R N0 AT D 1 1 T o R SSh - NOARGE L1, v ] Iy e Py & eI v b e o e v - acryrs anpai Wt 1 S A=A (B A1



Change in Frequency (Hz)

CA 02342023 2001-07-06

6/9

Fi1g.7.

Fi1g.8.

r2:0.98

= ——
— - —
] T e
| | e -
_— S s e s T
iR D A (N R
NE—— S
- $ — v $-

I
|

ﬁ
I
|
I
t—

PEER" WY

i 1 W3

0.1

W

l w
l I
1l
]
il
1l
]

r
I
|

|

R
|
+—

S

e

|

0.014 | | i
100000 1000000 10000000

Number of PMP's

s et bt D e M LT AW JAOL SN MR D v WM L e Bl A v H i e e A L s O € Re g e e s Dl i A Sty el el L (K R e o Mol Il vAnD ey SR ot (gl et 1 BN AR AT, THIME .S T i B . PRSI IR L R SIS AT A 2% e S0 L B AT A K ISR € . - R e AP MY B ST i B T DN AT AR M 4 Py U M T A { e STy 8L bl el U A M Ml e Wt “d o



CA 02342023 2001-07-06

/

* 4 4 494949494999

..,.%:

.r.ﬂ'l'

L]
. L R L L L L L L L L
L L I DL D D D D D S )

- - -
* b &b .‘.‘b - '..CI’I

L LI
LN 2
- - a0
-
+* * 4+ ¢t b
& bbb
" EEF A LD
".‘.Q‘OQ‘OO“.O‘.O'
L 4 4 ¢+ 4 1 v L v
Fr s Er e r.
LR A L N O R
L N L L B T R
L R N N

B0 4 58 44 4 0 4 4 44 44440
4 & ¥ ¥ 4. 4 4 4

1g.10

F

Ferrite Ring Coil

r==0.91

10000000

$ +
+ ’ & + 4
[ ]
4 )
2 W -
TT1T T
A i——— 1
!
' |
' {
|
o |i. 4 %
{
1 ]
 § )
! |

1000000
Number of PMP's

+— +—
: :
1 H | I w “
d k
+ +

| 1 _

1

ZH) Aouanbaiq ul abueyn

100000

1

0.01-

HANL NS B pdv i Nl SR LN R vt AN RN U Akl Aedaits 14 A0 SRS LM o il L G0l s e

St PR R SRR O i I BT - WG 61 AN H IR AT S P e <. 6 A L o e BRSO Bkt e L P AR G A I A AT Sy A N A 2 AL IO Y (0, S, ey - K

RE T

DRI RS 1] ] OO VI T VRNA R 1 SR M e M 0 GG 1M MR O, 134 oS RN ¢ HAY &L $NREe 1241 4 PN GRS AR b reti Db oS00 ISV 0 e ¢ e O S S L R e Y 6 T 2l E ek 267 e R D ] R, T R A AT ot O g

AR LG B T vy L

=

AL L R Y

DL



CA 02342023 2001-07-06

F1g.11(B).

e U s Mk ——
m L —— s

ey - ———— i e—— e ———— il ——————

|

e 0 — .« S ——————(————_————————— e e - o m——
q Lo ke (g . —— e — iy
L—-———-n- 2 - e — N o -
| ° e < Sy p———_ e e ——— — - P Spgp— Sl o St ——_——
et Ean V———— - e - Emas e

CAEEE YR AT AP W A AT ¢ 1 AR AS L R e wlpM ST e e b 1t 1A S e I RN S 4 A S W B e e e A A il AR EAE A TG S b NS A s ey oy e T R - e LR A P - et et Tt Ll R ey K = P A BN M Y A Rl A S e ey e YR VAR L e ST RP et % B0t M Ao TG MU A - AR B T e AN RINWY A Tl TR RPN RN Rt b Al A G REl e e D iR G T, I kb, Yig S R P IR 3 £ an c e gaye ey o ir Ly e et (A 4 A PN bR, it s hE Lo A% I N car A~ "



CA 02342023 2001-07-06

/

12

Fig.

Oval coll @ 529 kHz

2=0.94
r=0.97

/

|
1.0x10

e—

-\

6

i

T N T

1.0x10

N

- NP
B
. H

NI

INH |
(

100

— \

-

1

ZH) Aouanbal} ul 8sealasa(g

1+—
1.0x10V

Number of particles

PMP coated with

antisheep 1gG

»
Y

L
*

r
L
-

-

»
LU S
-

L3

>

»

* &5 FerPFa

»
L]
..'OQQI

>

A
* &
>

X
.0
‘
'b
"
'
1]
1
’
r
r
1]
r
r
r
r
'1
'0
'I
r
»
Q.O L

»

L L L LR L
* e T 00000 lOO.. 600000.0400 4
MOt SO M S .0.“.000000 - Oon a .
L]
2 e oo e e e o te %t
v rvevin lta .
O Y T %

A4

L

a9
- ¢
*e e
“ea e
e e

’
!

Am A a .-
rerrdéderde

r
r
»

4 &
-

- . ‘.‘I ."l ."' .D '. v

- .
O
.
-
-
-
*n
Q.l.'
O

\d
.
»>
»
.

-
r
»
r

000

.
. *

v ¢

0.'0.
»

& & & & b b o

LR J
\d

L DL L

OO

-
*
-
-
-

LR L DL

-
-
.
00’000!'0'!
v
.

L)
]
»

& 1 a4 a

.
-

-
*
‘
*

-

-
II.QICIIQDODDO

-

o'.
*
¢
[
SaCHUI Nl MR
"
a1 e
0

r
1
“ar
r
4

e ata¥e et "

LR L

Sheep anti-

transferrin

ﬂ:a-:h’_'
."“ :'I
DR

1N

Transferr

-

:.:l n -
-" '.:.l

e

h

et
TnA

i
e
C
v
e
L
L
S
- -

 a—
"
| -
QO
Cfrem
P
-
qu
 —
-

Plastic Film

S v Tl Kl o 2vorie AT i A fr o x -

Rl TR

N L

R

emh A

Rt T ALY LR E T RIER a1 e 1 AT e T .

el I T

L PR GVl b B A SR S o H AW 1D

» Al

Tl A VL - AV oV AR T e e

PRl T

VIEP R T

< RS Trrdd R - Lo RISy

I Aue - Suords

e sagiv i e B SRt ASETY 1 - pthil: B

DTPO PUR T TSPRR L S R g et ¥ PP SRR

W AN e

AT A WA —

M AT AT LY P L R e

RIS

-t oWl B T ar s AL WA

PP IR N P PL 5 Ry S SR P 0 v S






	Page 1 - abstract
	Page 2 - abstract
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - claims
	Page 25 - claims
	Page 26 - claims
	Page 27 - claims
	Page 28 - drawings
	Page 29 - drawings
	Page 30 - drawings
	Page 31 - drawings
	Page 32 - drawings
	Page 33 - drawings
	Page 34 - drawings
	Page 35 - drawings
	Page 36 - drawings
	Page 37 - abstract drawing

