APPARATUS FOR HI GHEST SENSI TI VI TY MAGNETI C DETECTI ON OF ANALYTES The
i-nventi on concerns an apparatus for qualitative and/or quantitative
detection of .analytes, particularly in biological sanples, by neans of
receptor |igand binding using a nmagnetizing device for the production of a
magnetTc field at a location of the sanple and having a detection device
for measurenent of magnetic properties of the sanple. 2 Simlar
apparatus can be inferred fromprior art through the description of a
measur enent procedure for execution on an appropriate apparatus in
accordance wth JP 63 09 0765-A2. Apparatus for the neasurenent of receptor
| i gand bi ndi ng are based on the neasurenent of signals generated by signal
produci ng | abels with which structure-specific substances are narked. The
nost sensitive current apparatus are based on the detection of radioactive
mar ki ng substances (Radi o I mMmuno Assay, RIA). The utilization of

radi oactive | abel s has obvi ous di sadvant ages, for exanple problens with
storage and di sposal of the radioactive substances. In addition, this type
of apparatus requires a device for separating the bound fromthe unbound

| abel s. Wthout this separation, a quantitative prediction is generally not
possi bl e. -

APPARATUS FOR HIGHEST SENSITIVITY MAGNETIC
"\ DETECTION OF ANALYTES

The invention concerns an apparatus for qualitative and/or
quantitative detection of analytes, particularly in
biological samples, by means of receptor ligand binding
using a magnetizing dévice for the production of a magnetic
field at a location of the sample and having a detection
device for measurement of magnetic properties of the sample.



Al ternative apparatus are based on the optical nmeasurenent of

aggl ut-i nation, fluorescence, and color reactions. (FIA ELISA). Herein, one
is dealing substantially with photodetectors. Separation is also normally
reqU|red in these methods for quantitative_analysis. On the other hand
there “are a | arge nunber of apparatus for £he deternmination of magneti c
properties of sanples which, however, have generally not been applied to
the direct detection of receptor Iigand binding up to this point in.time. A
nunber of apparatus are known in the art which are based on nethods using
magnetic | abels. For exanple, application of a magnetic field causes notion

of magnet | caldyp Rk efbpardb oL eaihben; 628 0Ea0k s8R S i K- RIS

a laser. In a tlon e are appara ased
magnetic | abdlesaridtiion |Qédafmeasépemantoprgﬁeéamd ford execytioenl an

conponents. i aste tAShEEREut NEhCaBEBrighYef ft R 3lugsMhiLh are

based on neasurenent of the nmagnetic properties of the sanple. JP-23 57 74
describes a SQUI D i mmuno assay method based on nagnetically marked
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producing labels with which structure-specific substances
are marked. The most sensitive current apparatus are based
on the detection of radioactive marking substances

N (Radio Immunc Assay, RIA). The utilization of radioactive
labels has obvious disadvantages, for example problems with
storage and disposal of the radiocactive substances. In
addition, this type of apparatus requires a device for
separating the bound from the unbound labels. Without this
separation, a guantitative prediction is generally not
possible.

Alternative apparatus are based on the optical measurement
of agglutination, fluorescence, and color reactions. (FIA,
ELISA). Herein, one is dealing substantially with
photodetectors. Separation is also normally required in
these methods for quantitative analysis. On the other hand
there are a large number of apparatus for the determination
of magnetic properties of samples which, however, have
generally not been applied to the direct detection of
receptor ligand binding up to this point in time.

A number of apparatus are known in the art which are based
on methods using magnetic labels. For example, application
of a magnetic field causes motion of magnetically marked
particles which can be observed using, for example, a laser.
In addition, there are apparatus based on methods with which
magnetic labels are utilized for separation of bound and
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device for separating the bound fromthe unbound | abels. The magneti zati on
of ‘the sanple is neasured subsequent to separation in the presence of a
magnetic field, i.e. neasurenent of the magnetization takes place in the
field. US 4,913,883 describes an appar at us for imuno-agglutination assay.
Sanme ts based on the neasurenent of the agglutination of antibodies marked
Wi th magnetic particles in the [err]msize-range. The apparatus necessarily
conprises a device for isolating the agglutinate and a device for transport
of .this agglutinate through the detection device using a fluid stream JP
3-220442 A discloses a neasuring process for carrying out agglutination

| MTuNo- assay§b¥hhl WehporiditAMt e HtAd Whepeto) tRepB! bV e ¢k ned
using a nmethod fo yrenent Qf the particle size of aﬁglonerate
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swi t chi ng apregaetiesf ol dhehisdmgienetrates the stationary fluid sanple and
nmeasuring the residual magnetic flux density of the aggl onerated magnetic
particles. In accordance with JP 3-220442 A determ nation of the degree of
aggl uti nat i IP-2an53| 3¢ deswaribex 0 BQUED nEmmmof aspay cméthod4basedesnes
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portions must, however, be removed from the sample

(separation) following the antibody-antigen reaction. An
appropriate apparatus therefor must consequently contain a
o device for separating the bound from the unbound labels.
The magnetization of the sample is measured subseguent to
separation in the presence of a magnetic field, i.e.
measurement of the magnetization takes place in the field.

US 4,913,883 describes an apparatus for immuno—agglutination
assay. Same is based on the measurement of the agglutination
of antibodies marked with magnetic particles in the um size
range. The apparatus necessarily comprises a device for
isolating the agglutinate and a device for transport of this
agglutinate through the detection device using a fluid
stream.

JP 3~220442 A discloses a measuring process for carrying out
agglutination immuno-assays with which the amount of
agglutination is antibody determined using a method for
measurement of the particle size of agglomerated magnetic
particles disclosed in the publication. The method consists
of switching a magnetic field which penetrates the
stationary fluid sample and measuring the residual magnetic
flux density of the agglomerated magnetic particles.

In accordance with JP 3-220442 A determination of the degree
of agglutination can also be carried out by means of optical



the determ nation of the particle size of magnetic particles resulting from
aggl utination which can only be utilized in the manner described for

aggl onerates of magnetic particles, wherein the particle size of the
agglonerate lies in the mcronmeter range. A nmeasuring process described in
US 5-486 457 serves for the deternination%f the mobi lity of magnetic
particles bound to cells. The apparatus described therein neasures nmagnetic
fields in the presence of a weaker magnetic field which is rotated through
90[err] with respect to the magnetizing field. An article by Val beg et al.

I n Science 1984, volunme 424, pp. 513-516 discloses a met hod based on
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descri be met hods and conpounds for the magnetorel axonetric detection of

~anal ytes or for the detection of analytes by neans of
A measuring process described in US 5 486 457 serves for the

N4 determination of the mobility of magnetic particles bound to
cells. The apparatus described therein measures magnetic
fields in the presence of a weaker magnetic field which is
rotated through 90° with respect to the magnetizing field.

An article by Valbeg et al. in Science 1984, volume 424, pp.
513-516 discloses a method based on magnetic field
measurements under rotation of magnetic particles with
particle sizes of typically 0.7 gm. Lock-in-technology is
explicitly used to increase the measuring sensitivity. This
is a modulation process with which the measured signal is
recorded in a narrow band fashion.

The article by Philo et al. in Rev. Sci. Instrum. 1977,
Volume 48, pp. 1529-1536 describes a process with which
volume susceptibilities can be measured with the assistance
of SQUID technology. Those advantages of SQUIDs for
high-sensitivity measurements which could be useful to
future instrumentation are explicitly mentioned.

The German patent applications DE 195 03 664.6 and

DE 195 08 772.0, which do not constitute prior art, describe
methods and compounds for the magnetorelaxometric detection
of analytes or for the detection of analytes by means of



5 remanence neasurenents. In the follow ng, nmagneto- rel axonetric detection
desi gnat es the bindi ng-specific detection of analytes in liquid or solid
phase characterized by the use of ferro- or ferrimagnetic coll oida
particles as a detectable magnetic marking for the detection of anal ytes by
means of |igand receptor binding with relg&ation of their magnetization
being determ ned as the neasured quantity. Bel ow, detection of anal ytes by
means of renmanence neasurenent (also referred to bel ow as neasurenents of

t he bi ndi ng remanence) desi gnates the bindi ng-specific detection of
analytes in liquid or solid phases characterized by the use of stable or
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magnetization being determined as the measured quantity.
Below, detection of analytes by means of remanence
measurement (also referred to below as measurements of the

w binding remanence) designates the binding~specific detection

of analytes in liquid or solid phases characterized by the
use of stable or quasi-stable ferro- or ferrimagnetic
substances as detectable magnetic markings for the detection
of analytes by means of ligand receptor binding with the
remanence of their magnetization being determined as the

measured quantity. In the latter two methods:

I) - the relaxation (the time decay of the magnetization)
of the sample is measured directly after switch-off or
removal of the magnetic field or

II) the freguency-dependent magnetization of the sample in
the presence of a magnetizing field is measured or

III) the binding-specific remanence of the sample is
nmeasured following magnetization.

Towards this end it is desirable to:

1. sufficiently suppress external interfering signals (for
example power line hum, fluctuations in the earth's
magnetic field) and to avoid production of internal
interfering signals to the extent possible,



Towards this end it is desirable to: 1. sufficiently suppress external
interfering signals (for exanple power |ine hum fluctuations in the
earth's magnetic field) and to avoid production of internal interfering
signals to the extent possible, 6 2. avoid difficult or expensive
magnetic shielding, as well as 3. effect sinple and rapid sanpl e change.
A new type of apparatus is therefore needed to carry out the above

menti oned new et hods which facilitates highly sensitive quantitative and
gqualitative detection of receptor |igand binding through neasurenment of the
magneti c properties of sanples. Since no apparatus of this type are
currently known in the art which are suitable for a routine econom cal
execution of, the abave described new procedures, it is the pose of the
resent i nvdit | of R AT EELERTE A5, SRRSREL Ve BAgB A RN G nd w t b
whi ch these new tasgpeseld amasurenents can be carried out. |In accordance
with a first aspect of the present invention this purpose is achieved in
that, with an apparatus having the above nentioned features, the

‘magnet i zi ng 3devi cfflect miinpleéyandspapdd samhleeshavgeto t he detection

device in

A new type of apparatus is therefore needed to carry out the
above mentioned new methods which facilitates highly
sensitive quantitative and qualitative detection of receptor
ligand binding through measurement of the magnetic
properties of samples. .

Since no apparatus of this type are currently known in the
art which are suitable for a routine economical execution of
the above described new procedures, it is the purpose of the
present invention to introduce apparatus of the above
mentioned kind with which these new types of measurements

can be carried out.

In accordance with a first aspect of the present invention
this purpose is achieved in that, with an apparatus having
the above mentioned features, the maghetizing device is
spatially disposed with respect to the detection device in
such a fashion that the magnetic field produced by the
magnetizing device at the location of the magnetization is
attenuated by at least a factor of 10, preferentially by a
factor of 1000 or more at the location occupied by the
sample during the measurement.

In a second aspect of the present invention, the above
mentioned purpose is achieved in that a circuit is provided
for which can switch-off the magnetic field of the



such a fashion that the magnetic field produced by the magneti zing device
at*the location of the nagnetization is attenuated by at |east a factor of
10, preferentially by a factor of 1000 or nore at the | ocation occupied by
the sanple during the neasurenent. In a second aspect of the present

I nvention, the above nentioned purpose is ‘achieved in that a circuit is
provi ded for which can switch-off the magnetic field of the 7
magneti zi ng device at the location of the sanple for a predeterm ned anount
of time, in particular during the neasurenent phase of the detection
device, and a device is provided for noving the sanple during the
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of the sanple aré carri
: field. By means of averaging or filtering, the signal-to-

noise ratio can be substantially improved in this
embodiment. In addition, a simplification and automatization

W of the sample transport as well as an automatic operation of
the entire measurement system with a large number of samples
is facilitated.

It is thereby important with the associated apparatus that,
although the sample is magnetized, measurement of the
magnetic properties of the sample are carried out in the
absence or with sufficient attenuation of the magnetizing
field (measurement phase).

This can be achieved in accordance with the invention either
through a spatial separation of the magnetizing device from
the detection device or by means of a separation of the
magnetizing process from the measurement in time.

Use of the device in accordance with invention for carrying
out the new types of methods described above, has the
particular advantage that the measured signal of bound
magnetic markers can be clearly distinguished from the
signal of unbound magnetic markers so that a separation of
the unbound from the bound markers is not necessary. In
addition, the binding dynamics can be investigated without
changing samples.



absence or with sufficient attenuation of the magnetizing field
(measurenent phase). This can be achieved in accordance with the invention
either through a spatial separation of the nagnetizing device fromthe
detection device or by neans of a separatgon of the magnetizing process
fromthe measurenent in tinme. Use of the device in accordance with

I nvention for carrying out the new types of nethods descri bed above, has
the particul ar advantage that the nmeasured signal of bound nagnetic markers
can be clearly distinguished fromthe signal of unbound magnetic markers so
that a separation of the unbound fromthe bound markers is not necessary.
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t he spati al e magneti zIing device Tromthe neasuring
location facilitates extrenely high nmagnetizing field strengths w thout
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the invention, the spatial separation of the magnetizing device
from the measuring location facilitates extremely high
magnetizing field strengths without influencing the

o detection device. Magnetization can already begin during the

binding process. Sample preparation can be done away from
the measuring location, for example in different
laboratories or even in different cities. Permanent magnets
can also be utilized for magnetizing which do not require

the input of energy during the magnetizing phase.

In the device in accordance with the above described second
aspect of the invention, the field necessary for magnetizing
the sample can be switched-off so that measurements can be
carried out in the absence of the magnetizing field.

An embodiment of the apparatus in accordance with the
invention is particularly preferred with which the detection
device includes a device for measuring the magnetization of
the sample. The magnetization is the measured quantity which
can be most sensitively measured in these types of samples.

Another embodiment is also advantageous with which the
detection device includes a device for measuring the binding
remanence of the analyte in the sample. The measurement of
the binding remanence facilitates a multianalyte assay. In
addition, sample preparation can be carried out away from
the measuring location, for example, in different



bi ndi ng process. Sanple preparation can be done away from the neasuring

| ocat.ion, for exanple in different |aboratories or even in different

cities. Permanent nmagnets can also be utilized for magnetizing which do not
require the input of energy during the netizing phase. In the device in
accordance wth the above descri bed secon% aspect of the invention, the
field necessary for nagnetizing the sanple-can be switched-off so that
measurenents can be carried out in the absence of the magnetizing field. An
enbodi ment of the apparatus in accordance with the invention is
particularly preferred with which the detection device includes a device
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in different cities. This type of neasurenment also achieves a high
detection sensitivity, with sanple preparation and the neasurenent
procedure banndn vivo application is also possible in an embodiment of

the device in accordance with the invention with which the
detection device includes a device for magnetorelaxometric
o/ detection.

This device facilitates short measurement phases which, for
example, allow for studies of reaction dynamics in a sample
with high time resolution.

An embodiment is highly preferred with which the detection
device includes at least one SQUID (superconductinq quantum
interference device) as part of the magnetic field sensor,
since SQUIDs are the most sensitive type of magnetic field
sensor currently known.

In an additional embodiment, the detection device includes
at least one induction coil as part of the magnetic field
sensor. This type of induction coil is simple to construct,
economical to produce and relatively sensitive at high
frequencies.

In a third aspect of the invention a circuit is provided for
switching-off the magnetic field of the magnetizing device
at the location of the sample, in particular, during the
measurement phase of the detection device and the circuit
includes a first device for switching-on and -off the
magnetic field produced by the magnetizing device as well as



relatively sinple. Measurenment of the binding remanence can al so be
utilized for in vivo investigations. An in vivo application is also

possi ble in an enbodi nent of the device in accordance with the invention
wi th which the detection device includes a ,gevice for magnetorel axometric
detection. This device facilitates short neasurenent phases which; for
exanpl e, allow for studies of reaction dynamcs in a sanple with hlgh tinme
resolution. An enbodinment is highly preferred with which the detection
device includes at |east one SQUI D (superconducting quantuminterference
device) as part of the magnetic field sensor, since SQU Ds are the nost
sensitive typeseicomyidvice  £bfl SePBEhiggFoRNahd “BE¥Nthendeteaddidn onal
enbodi nent, t.he.detection device includes at |east one induction coil as
part of the ﬁﬁgﬂéilc field sensor. This type of induction coil is sinple to
construct, econom cal to produce and relatively sensitive at high
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the magnetic field pr.oduced by the nagneti zjng device as wel
after switching-off the magnetic field and after a suitable

time delay.

\_/ In an alternative improvement of the above embodiment, the
first device can be switched in predetermined fixed time
correlation with respect to the second device. In this
embodiment, a suitable choice of the switching time
facilitates a filtering-out of processes having short time
constants and thereby a selective signal detection. The
switching-~on of the measuring device at as early a time as
possible which is facilitated thereby, additionally allows
for improvement in the signal-to-noise ratio in relaxation

measurements.

An improvement of the latter mentioned three embodiments of
the invention is preferred with which the first device can
produce predetermined field amplitudes and field polarities
of the magnetic field produced in the magnetizing device. In
this fashion the sample can be magnetized in a particularly
directed fashion and the signal-to-noise ratio can be
improved by time averaging over a plurality of periods. This
can, e.g. be achieved through chopper operation. These
embodiments are particularly well suited for carrying out
multianalyte assays.

An improvement in the latter embodiment provides that the
first device can produce predetermined time varying



10 a second device for switching-on and -off the detection device. In a
fifst. i mprovenent of this enbodi mrent of the invention, the first and second
devi ces can be sw tched independently of each other. In this fashion
measurement can be started after switching-off the magnetic field and after
a suirtable tine delay. In an alternative I nprovenent of the above

enbodi nent, the first device can be switched in predetermned fixed tine
correlation with respect to the second device. In this enbodinent, a

sui tabl e choice of the switching time facilitates a filtering-out of
processes having short tine constants and thereby a selective signal
detection. dhplitutiebi agd praiddtrmissiitiime datrginqtpasaeitligsaocti theas
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oper at i on. q%%§€an r stationary interfering fields can als8 be easily
compensated. The signal-to-noise ratio can be improved to a
further extent through comparative measurements and

W, averaging procedures. Measurement of the magnetization curve

is also possible with the device and, finally, the SQUID
system can be permanently operated in the FLL-mode more
closely described below, whereby the applied magnetic field

itself can be measured.

An embodiment of the apparatus in accordance with the
invention is particularly preferred which provides for a
device for the electronic suppression of interfering
signals. In this fashion an even better signal-to-noise
ratio is possible and non-shielded measurements can be
carried out. Complicated and expensive shielding is
therefore obviated. These type of apparatus can furthermore

“ be operated in practically any environment. In addition, the
results are largely site-independent.

In an improvement of this embodiment, the device for
electronic suppression of interfering signals includes a
device for adaptive filtering. This facilitates an even
better signal-to-noise ratio, since interfering signals are
actively suppressed. Adjustment to the excitation signal
also allows for increased detection sensitivity.

An embodiment of the apparatus in accordance with the



enbodi ments are particularly well suited for carrying out nultianal yte
assays. An inprovenent in the |latter enbodi nent provides that the first

devi ce can produce predeterm ned tinme varying anpl i tudes and
predetermned tine varying polarities of the magnetic field produced by the
magneti zi ng device. This facilitates remanénce neasurenents w thout spati al
noti on of the sanple. The bindi ng remanence neasurenent principle can
therefore also be utilized for the case of in vivo nmeasurements. In
addition, nultianal yte assays are possible. Constant or stationary
interfering fields can also be easily conpensated. The signal -to-noise

ratio can bejh{Bheved 4ie ifdy tﬁ'@x‘tf&ﬁﬁ‘ﬂ*‘rﬁf’é‘ﬂ@rﬁ@&p@ﬁ%h@rmaé@w S
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measur enent s- can-bé carried out. nprTcated and eéxpensrve shielding is
facilitates a substantially better balancing of the
apparatus. In addition, the speed of signal change of the
sensor SQUIDs can be improved and a checking of the

Y homogeneity of the exciting magnetic field is facilitated.

The embodiments of the apparatus in accordance with the
invention described above, in particular those suitable for
measurement of the binding remanence or of the
magnetorelaxometric detection can also, in particular, be
adapted for in vivo measurements on people or on
-experimental animals.

Further advantages of the invention can be derived from the
description and the drawing. The above mentioned features as
well as those to be further described below can be
individually or collectively utilized in accordance with the
invention in arbitrary combination. The embodiments shown
and described are not to be considered as exhaustive
enumeration, rather have exemplary character only for
illustration of the invention.

The invention is represented in the drawing and will be more
closely described in connection with an embodiment.

Fig. 1 shows a schematic longitudinal cut of a first
embodiment of the apparatus in accordance with the
invention;



therefore obviated. These type of apparatus can furthernore be operated in
practically any environnment. In addition, the results are largely
site-independent. In an inprovenent of this enbodi ment, the device for

el ectroni c suppression of interfering signals includes a device for
adaptive filtering. This facilitates an even better signal-to-noise ratio,
since interfering signals are actively suppressed. Adjustnent to the
excitation signal also allows for increased detection sensitivity. An
enbodi ment of the apparatus in accordance with the 12 invention is al so
particularly preferred which provides for a device for the measurenent of
interfering fields and a device connected thereto for corresponding

conpensati aof, he si naI red.b the det.ectjon device and/gr of the
rmgnet ¢ 1B o oqubEleRe tIRA TG R Ay SHARAL SRR ETEn OF ¢ he
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sensor SQUI Ds can be Tnprove hoanenel y- of the
exciting magnetic fietd is facilitated. The enbodi nents of the apparatus in

accordance;yiih the ﬁﬂgﬁgt3ogcg@ﬁ§gfgugdguyé? éﬁkﬂﬁgéiéﬂn&% d hose suitable
for neasurenent of the bin remanence or f.t e .
second embodiment of the apparatus in accordance

with the invention;

\/ Fig. 4 shows a schematic cut representation of a third
embodiment of the apparatus in accordance with the
invention; and

Fig. 5 shows a schematic cut representation of a fourth
embodiment of the apparatus in accordance with the
invention.

The following detectors are proposed for measurement of the
magnetic field produced by binding of magnetically marked
structure-specific substances:

1. SQUIDs (high Tc as well as low Tc)

2. Induction coils (possibly in combination with a
magnetic core analogous to the magnetic head used for
magnetic tapes)

3. Flux gate sensors
Magnetoresistive resistors, in particular GMR sensors

Magnetic field detectors having very fine energy resolution
are required in order to be able to detect the smallest
amounts of bound analytes in a solution. This can, e.g. be
accomplished with SQUIDs. These types of SQUIDS can, under
certain boundary conditions, also be operated with
relatively large magnetic fields and are suitable as



magnet or el axonetric detection can also, in particular, be adapted for in

vi vo nmeasurenents on people or on experinental animals. Further advantages
of the invention can be derived fromthe description and the draw ng. The
above nentioned features as well as those;fo0 be further described bel ow can
be individually or collectively utilized Tn accordance with the invention
in arbitrary conbi nation. The enbodi nents shown and descri bed are not to be
consi dered as exhaustive enuneration, rather have exenplary character only
for illustration of the invention. The invention is represented in the
drawing and will be nore closely described in connection with an

egogi ment . dei&hctbrs iorén atﬁéhﬂ@;tiaﬁlii)ﬁﬂi bfdtRal asdbcobtadf i rst ,
enbodi ment of the aratus in cordance wt vention .
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di sposed i nchlre aflonhd replkeced By okhér adebachsesci(akedabenedr. | ine; Fig.
3 shows a schematic cut representation of a second enbodi nent of the

apparatus in accordance with the invention; Fig. 4 shows a schenmatic cut
repr esent at The gireferiedl apparatus in accordance with the invention for

solving the associated problem uses the same detector
configuration for relaxation as for remanence measurements
of the analytes. Measurement method specific differences are
substantially related to the manner of magnetizing the

W, sample and the operation mode of the detectors. For example,
figure 1 shows a schematic diagram of one possible apparatus
configuration.in accordance with the invention.

In detail, Fig. 1 shows an electronic circuit 1 which is
designated below as "FLL-electronics", since the SQUID can
be operated in closed loop regulation mode (FLL-mode)
therewith. Also shown is a vacuum connector 2, an
arrangement of baffles 3, a Dewar 1lid 4, an overflow
connector ‘5, a sensor mount 6, a magnetically shielded SQUID
container 7, a field recording coil for the reference
gradiometer 8, a vector magnetometer 9, a field recording
coil for the sensor gradiometer 10, an excitation coil 11, a
sample 12 as well as a position changeable compensation coil
13.

One or a plurality of SQUIDs 71 are utilized as sensors. Due
to their principle of operation, it is necessary for the
sensors to be operated in a cryostat 14 which holds the
cooling liquid (liquid helium LHe or liquid nitrogen LN,) to
establish the superconducting condition. Alternatively, in
embodiments not shown, the cooling can be effected by a
refrigerator. Since the samples are usually present in
liquid form, thermal insulation between the SQUID and the



enbodi ment of the apparatus in accordance with the invention; and Fig. 5
shows- a schematic cut representation of a fourth enbodi nent of the
apparatus in accordance with the invention. The follow ng detectors are
proposed for measurenent of the magnetic field produced by binding of
magnetical ly marked structure-specific sublst ances: 1. SQUI Ds (high Tc as

well as low Tc) 2. | nduction coils (possibly in conbination with a
magneti c core anal ogous to the nmagnetic head used for magnetic tapes) 3.
Fl ux gate sensors 4. Magnet oresi stive resistors, in particular GWR

sensors Magnetic field detectors having very fine energy resolution are

required in te_b I tegt the I u o] n
anal ytes in gglggp'ﬁ't Iggn?xe%sgatg n%elfcg?' blte}’ e@%%n%ﬁé}ﬁ%%ngéﬁes&ﬁﬁg. q“?hese
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coils. If apbebperat adalydesalisp the saarkean) recfligddcresprsdisge

above) . coil of the sensor gradiometer, the separation between same
must be minimized, wherein the separation should
preferentially be smaller than the effective diameter of the
recording coil. '

— The liquid sample can also, if appropriate, be heated in
order to prevent freezing of same; e.g. optically by means
of a laser.

Normally conducting excitation coil 11 located outside of
the cryostat 14 is usually utilized to magnetize the sample
12. A superconducting or a normally conducting coil can also
be utilized inside the Dewar. In the above mentioned new
measurement processes I and III (measurement of the
relaxation and measurement of the time-independent remanence
of the sample) the sample should be located in nearly
magnetic field-free space during the measurement. This can

s be effected using compensation measures which will be more
closely described below. A flux gate sensor or a movable
field recording coil can be utilized as a reference sensor
to determine the absolute magnitude of the field in the
vicinity of the sample and appropriate site-dependent
compensation coils 13 can compensate same (compensation of
the interfering field).

In method II (measurement of the frequency-dependent

magnetization of the sample), the sample is exposed to an
alternating magnetic field which has changeable freéuency.
The excitation field should be homogeneous in the vicinity



The preferred apparatus in accordance with the invention for solving the
associ ated probl emuses the sane detector configuration for relaxation as
for remanence neasurenents of the anal ytes. Measurenent nethod specific
differences are substantially related to the manner of nagnetizing the
sanpl-e and the operati on node of the detectéors. For exanple, figure 1 shows
a schemati c di agram of one possi bl e apparatus configuration in accordance
with the invention. In detail, Fig. 1 shows an electronic circuit 1 which

I s designated bel ow as "FLL-el ectronics”, since the SQU D can be operated
In closed Ioop regul ati on node (FLL-node) therewith. Al so shown is a vacuum
connector 2, an arrangenent of baffles 3, a Dewar |lid 4, an overfl ow
connector 5,°5 tBRsBE ﬁHEHPQBVq}qﬂﬁﬂmnlcajly shi el ded SQUID container 7, a
field recording coil for the reference gradloneter 8 a vector nagnetoneter

9, afieldr cordig%gcohl f.or _the sensor adlo %#g n excitagion coi
11, a sanple S 4 FF ?lgnﬁ'mﬁﬁ(ﬁ? TP BRI PH3. one
or a plural |mg<‘_=m$_ SQJaDsu'iraéurle Lﬁuellldzeiiammmml Dcmntennhbl. rThisncipl e

of operatio i
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the sanples are,usually present i.n liquid form, thermal insulation,between-

t he SQUI D ante¥hes or 1n parallel. The sample is advantageously disposed
in such a fashion that same is enclosed by one of the coils

v or is located directly below same as shown in Fig. 1. A

minimal separation between the active regions of the sample
and the antenna coil is necessary for achieving very high
measurement sensitivity. This can be achieved by minimizing
the thickness of the cryostat wall in this region. The
cryostat can have a substantially thicker wall away from the

sample region.

The balance of the sensor gradiometer 10 (e.g. deviation of
the effective directed surfaces of the two coils relative to
the effective surface) caused by its geometry and the
symmetry of the magnetizing field is of essential importance
L and can be improved by the coupling-in of a compensation
field using the additional compensation coil 13 which can be
controlled synchronously with the excitation coil 11. The
compensation of the sensor gradiometer 10 in the magnetizing
field can, e.g. be effected by means of a
computer-controlled potentiometer or can be permanently
aligned. Using a calibration without sample, the excitation
coil is preferentially fed with an alternating current and
the current through the compensation coil 13 is adjusted
until a minimum signal results at the SQUID output. This
configuration is maintained for the sample measurement. A
phase correction must also be carried out if necessary.



15 sanple is necessary which, in the sinplest case showmm in Fig. 1, can be
acconpl i shed by neans of the wall of the cryostat. In order to guarantee
good nmagneti.c coupling between the analytes in the sanple and the field
recording coil of the sensor gradioneter,.the separation between sane nust

be minimzed, wherein the separation sho 7d preferentially be smaller than

the effective dianeter of the recording coil. The |liquid sanple can al so,
i f appropriate, be heated in order to prevent freezing of sane; e.qg.
optically by nmeans of a laser. Nornmally conducting excitation coil 11

| ocat ed outside of the cryostat 14 is usually utilized to nmagneti ze the
sanple 12. A superconducting or a normally conducting coil can al so be

utilized inside the Dewar. In the ahove nentioned new nmeasurenent processes
| and-111 (TReS8rBRRAVTEF FAYSEeMAXAMUSH SHPPLASEIAT RN 1RPreFsSions 1in

time-i ndepegiienant 8ARACEEE 10gebietegNRlsevellle axd HY yinnid i &k ben | @@t ed i n
nearly magnetic %Leld-free pac yring th surenent. This can, be
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t he
unexpected balance displacements occur during the

measurement or in the event that the compensation is not
. sufficiently precise, these errors can be compensated for
o e.g. by positioning the sample 12 under the other
coil of the sensor gradiometer 10. In some cases it can be
advantageous to not fully balance the sensor gradiometer 10
in order to maintain a measure for the strength of the
magnetization.

These features facilitate:

1. measurement of the weak frequency-dependent
magnetization of the sample in the presence of a strong
alternating field and _

2. measurement of the relaxation of the sample directly
after switch-~off of the magnetizing field, since the

K/ switching-off of the field itself no longer contributes
to the measured signal.

One must take into consideration that the SQUID sensors 71
(or the Josephson contacts) themselves are magnetic field
dependent and can displace their point of operation in an
uncontrollable fashion in the event of excessively large
magnetizing fields. In order to nevertheless guarantee a
rapid tracking of the FLL-electronics 1 or a continuous
measurement operation, the SQUID can be spatially displaced
from the field recording coil as suggested in Fig. 1.
Towards this end the SQUID can be positioned in the



vicinity of the sanple and appropriate site-dependent conpensation coils 13
can conpensate sane (conpensation of the interfering field). In nmethod I
(measurenent of the frequency-dependent magnetization of the sanple), the
sanple is exposed to an alternating nmagnetic field which has changeabl e
frequency. The excitation field shoul d b&8honmpgeneous in the vicinity of
the nmeasuring volune. The neasured signal. is coupled into the SQUI D sensor
by neans of a suitable field recording coil (antenna). This antenna
configuration is advantageously a planar gradi oneter having two nutually
conpensating field coils of as simlar a geonetry as possible, wherein the

coils can b ed | LeS; s Lnpat:akl:el . SUBH a5 :
advant ageoucgqrgl‘e%%%%szdhf&ngggg haalg?' a?? E:IE oﬁ’rli_& k‘éﬁ’ ?a-r%% S encﬁ%%?%ys%ﬁ%l%f
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necessary eving very high neasurenent sensitivity., This can be
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disposed about the superconducting shield (SQUID container
7) of the SQUID through which a portion of the exciting
field current flows. The purpose of same is to reduce the

/. field strength in the vicinity of the shield and to reduce

the stray field produced by the magnetization. The
superconducting shield and the demagnetizing coil should be
disposed in such a fashion that the field distortions at the
location of the field recording coil and the sample are
minimized.

In order to achieve the highest possible field resolution of
the measurement system and to attain a linear dependence
between the output quantities and the measured magnetic
field, the SQUID should, as already mentioned above, be
operated in a closed regulating loop (FLL electronics 1).
Towards this end the SQUID is utilized as a zero field
detector. Each deviation from the zero field detected by the
SQUID is oppositely coupled by means of the corresponding
FLL-electronics 1 through production of a compensation field
in the field recording coil. This signal is preferentially
fed into the shielding via an appropriate coupling coil
which is in series with the field recording coil. This
method minimizes magnetic field distortions within the
regulation range of the electronics.

The introduction of magnetically decoupled chambers into the
shielding can prevent crosstalk of the opposite coupling



the.effective surface) caused by its geonetry and the symetry of the
magnetizing field is of essential inportance and can be inproved by the
coupling-in .of a conpensation field using the additional conpensation coi
13 which can be controll ed synchronously mnth the excitation coil 11. The
conpensation of the sensor gradioneter 10 1Pn the magnetizing field can,

e.g. be effected by neans of a conputer-controlled potentioneter or can be
permanently aligned. Using a calibration w thout sanple, the excitation
coil is preferentially fed with an alternating current and the current

t hrough the conpensation coil 13 is adjusted until a nininun1signal results

reasur enent > SHHa.2nts ShEPEOUEH; SrhoBris  TRTLENIRGS A WHerAlIRE
17 These mm%@bml%xfﬁﬁntbapﬁiéégl secerdiingr eoiidi dﬁ)s im e antenna

coi | geomet it asndMid | £ @s%BBL é&%ﬁnhﬁg&Bﬁs”&B“%&n‘l&' Regi18HE rRlahiyerd O
the field recording coi I _and the neasuréd beCones nearly i ndependent

of the tinme ORR W IMAFIITIRE FUBAER] 2PngbeRi §8HIDI Angdh &hepe o tipduce
unexpect ed a@ﬁﬁwfaﬁmn@aﬁﬁauuwr the sbemew&@ﬁﬁu@fg ithd he

event that th ensat on is n suff.Lci entl recise, errors,_can
be. conpensatdF e THe pEeFELbiRAg LS CURDER JOTRR IR e GeS
in order to analyze the measurement with the magnitude of
the output of the regulator then indicating the fraction of
a flux quanta in the SQUID. In this fashion, the dynamic
range of the SQUID regulation electronics can be
substantially increased. In addition, in this manner the
dynamic rangé of an A/D converter possibly required for
analysis can be kept relatively small, since the high bit
values are recorded with the counter.

In order to create an apparatus without expensive and
difficult magnetic shielding, ambient interfering fields
(e.g. power line hum and the earth's magnetic field) must be
compensated for at the location of field recording coil 10.
Towards this end a reference gradiometer 8 can be utilized
at some distance from the first, disposed however with

U/ corresponding symmetry with respect to the excitation field.

| Subtraction of the output voltages of both gradiometers 8,

10 after the FLL-electronics 1 leads to an electronic
gradiometer of higher order. These preprocessed signals can
then be introduced to an A/D converter after appropriate
computer-controlled offset compensation. In this fashion the
required dynamic range of the A/D converter can be reduced.
The output signal of the reference gradiometer 8 can be
digitalized via a second equivalent data recording channel
in order to achieve additional suppression of interfering
signals through use of special filter algorithms
(compensation of delay time differences, optimization



coi| of the sensor gradioneter 10. In sone cases it can be advantageous to
not fully bal ance the sensor gradi oneter 10 in order to nmaintain a neasure
for the strength of the magneti zation. These features facilitate: 1.

measur ement of the weak frequency-dependem© nagneti zation of the sanple in
the presence of a strong alternating field and 2. neasurenent of the

rel axation of the sanple directly after switch-off of the magneti zi ng
field, since the switching-off of the field itself no | onger contributes to
t he neasured signal. One nust take into consideration that the SQU D

sensors 71 (por.the Jasephson contacts) thenselves are etic.field
dependent an%‘%%ﬁrdi gﬁgggsnf'ﬁe%?ngoip#ssofog%eercéﬁod?‘ﬁi Egﬁh cgﬁf?gr | abl e
fashion in the event of excessively large magnetizing fields. In order to
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superconducting shield orthqgonal ,to the magnetizing directjon., The
connecti on Shilelding. The direction of interfering magnetic fields can
also be measured with the assistance of the vector
magnetometer 9 and an effective suppression of interfering
fields achieved. In addition, all interferences caused by
the magnetizing of magnetic objects located in the
surroundings are to be avoided through appropriate choice of
materials used in construction of the apparatus or are to be
determined through appropriate calibration measurements and

taken into account in the analysis.

In particular it is also possible for a plurality of
samples, e.g. as shown in Fig. 2, to be disposed in the form
of a sample matrix 15 and simultaneously investigated using
a multichannel measurement system. Towards this end the
sensors can be disposed in a single plane e.g. in the form

- of an array or of a sensor line 16. This measurement
configuration is likewise suitable for detection of the

(g spatial distribution of analytes as is e.g. particularly

advantageous in in vivo measurements.

A rapid change of the magnetic field in the sample volume
must be guaranteed in order to detect analytes through
measurements of the relaxation of the analyte magnetization.
The more rapid the fields change, the smaller the relaxation
time which can be detected.

A measurement cycle can proceed as follows:



between the field recording coil and the SQUI D can be effected e.g. by
means of tw sted superconducting | eads which can al so be nagnetically
shielded (lead capillaries). In addition a "demagnetization coil" can be
utilized di sposed about the superconducting shield (SQU D container 7) of
the SQUI D t hrough which a portion of the exciting field current flows. The
purpose of sane is to reduce the field strength in the vicinity of the
shield and to reduce the stray field produced by the nmagnetization. The
superconducting shield and the demagneti zing coil should be disposed in
such a fashion that the field distortions at the |ocation of the field
recording col) anoﬁhstiﬁqﬂafzaemagnétﬁzing fiebddeithothehexedtatdon
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utilized as a zero field detector. Each deviation fromthe zero field
detected by the SQUID is oppositely coupled by means of the corresponding
FLL-el ectronggs &wtlhrm-wmm ltﬂﬂe ala meﬂsamoanalmédsuﬁehbﬁtf b€l d
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range of the elegbgyyegﬁ during the entire process in FLL-mode. In the

W, event that the speed of change of the magnetic field

gradient at the sensor gradiometer 10 is larger than the
speed of change of the outbut signal of the
FLL-electronics, the regulation loop should be first
closed shortly after switch-off of the magnetizing
field. This can also occur automatically when reaching

the regulating region.

3) The time dependence of the SQUID output signal can then
be analyzed e.g. by a computer.

4) After decay of the transient processes, the procedures
. 1) and 2) can be repeated in order to be able to obtain
- an average value. This can be carried out repeatedly
using magnetizing fields of opposite polarity.

5) If appropriate an additional measurement cycle can be
repeated below the other sensor gradiometer 10 field
coil.

6) The next sample can, possibly automatically, be
positioned and measured below the sensor gradiometer
field recording coil.



The introduction of magnetically decoupl ed chanbers into the shielding can
préevent crosstal k of the opposite coupling 19 signal onto the SQUID. In
order to achieve an increased control region for the field recording coi
10 in the FLL-node, it can be advant ageous,4 0 only regul ate out up to one
or nore flux quanta in the SQU D and then to induce gathering of flux
quanta into the SQU D by resetting the integrator. The resulting flux
guanta junps nust be counted in order to analyze the nmeasurenent with the
magni tude of the output of the regulator then indicating the fraction of a
flux quanta in the SQUD. In this fashion, the dynam c range of the SQU D

regul ati on eypct renies aQad posuistaid ddnry Ut asbaal tanaddst tefipatisbhi S
manner the dynam c_range of_ an A/ D converter ossi?% requited.for analysis
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difficult nmagnetic shielding, anbient interfering fields (e.g. power line

hum and the earth's magnetic field) nust be conpensated for at the |ocation
of field recbtdnay bei Rpr¥opriatialsa Marmhdut refeakioragiani cyeler 8 can

be uti!ized pLeSpOPalhSbafiRald il ifdidsionidl AP LhOMEUShrthElt cycle
correspondi ng symretry wth respect to the excitation field,
is carried out without a measuring sample or with a
corresponding calibrating sample. The reference measurements °
thereby obtained can be utilized to correct the sample

L measurement.

Measurement of the binding remanence can likewise be carried
out with the above described apparatus to detect analytes
through measurement of the remanence magnetization. A
possible measurement procedure is described below:

a) The sample disposed in or below one of the field
recording coils of the sensor gradiometer is magnetized
periodically (at low frequency) with opposing direction
and possibly changing amplitude of the magnetic field. A
ramp-shaped time dependence of the magnetization is
advantageous (Advantages: maximum signal change speed of
the FLL-electronics is hot exceeded and the sensor
gradiometer can be coperated during the entire measurement
cycle in FLL-mode). Pauses remain between the magnetizing
phases during which the sample is not exposed to an
excitation field.

b) The FLL-electronics remains in regulation mode during the
entire measurement cycle. Interfering transients are
detected by means of the possibly substantially faster
reference gradiometer and are directly coupled back into
the sensor gradiometer.

c) A slight detuning of the sensor gradiometer can



Subtraction of the output voltages of both gradioneters 8, 10 after the
FLL-el'ectronics 1 |eads to an el ectronic gradi oneter of higher order.
preprocessed signhals can then be introduced to an A/D converter after

appropriate conputer-control |l ed of fset coygpensation.
required dynam c range of the A/ D converter can be reduced. The out put

si gnal

of the reference gradioneter 8 can be digitalized via a second

equi val ent data recordi ng channel in order to achieve additional ,
suppression of interfering signals through use of special filter algorithns
(conpensation of delay tine differences, optim zation 20 filter,
frequency bandspasiteaeoesliyopxranidid e nedsjrerentel etttheafisbdel di ng of

the SQUI Ds and
t he superlnsula

ﬁ%l&Q Ieads i s advant ageous (RF shielding). In nost cases
on o the.cryostat provi des for sufficient shielding.
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In this fashion the

The

assi stance of phg ueelholn ngg@@%@gg{ é& &l fective suppression of
interfering fi ngs achi eve In ﬁl on, ;iﬁ%ﬂ-? nterferences caused by the
magneti zing of magnetic objects located in the surroundings are to be

avoi ded thrmehdaae&q%aa&%v@waqedﬁ ﬂrpéeéx@i@lweﬂlémcg@ﬁtructlon of the
apparatus or. are.,to be determ ned throgtg1 a%Pro r1ate callbrgtlon

neasurenentgaﬁﬁaltate compensatlon of

drift
processes. The sample can be moved during the measurement

terference fiel

order to improve the signal-to-noise ratio (vibration,
rotation, ultrasound, hydraulic, trap door and the like).
This can be facilitated by non-magnetic extensions of
elevating platforms, linear motors and the like. In
constructing the apparatus, one should avoid all
ferromagnetic impurities which could falsify measured
results.

in

Instead of magnetizing the sample in the measurement volume,

the magnetizing can occur spatially separated from the .
detection device as represented in Fig. 3.:

In this case the sample 12 is transported from the site of

the magnetizing device, where same is magnetized in the

excitation coil 11', to the measuring location by means of

a

mechanism e.g. using a conveyor belt 17. This mechanism can

simultaneocusly be used to change the samples 12. In

addition, the above mechanism produces a modulation of the

magnetic field generated by the sample at the location of
the field recording coil.

In addition, the following additional means for suppression

of interfering fields can be utilized:

A triaxial vector magnetometer 9 or a vector gradiometer can



taken into account in the analysis. In particular it is also possible for a
plurality of sanples, e.g. as shown in Fig. 2, to be disposed in the form
of a sanple matrix 15 and sinultaneously investigated using a nultichannel
measur enent system Towards this end the sensors can be disposed in a
single plane e.g. in the formof an array #* of a sensor line 16. This
measurenment configuration is |ikew se suitahle for detection of the spati al
distribution of analytes as is e.g. particularly advantageous in in vivo
measurenents. A rapid change of the magnetic field in the sanple vol une
nmust be guarant eed in order to detect anal ytes through neasurenents of the

rel axation of__t 1O T 8 M0 rapi d. the fields, change,
the smal |l er ?%eqﬁé axa |oﬁg%%g§%%% ﬁeggﬁe 5%8?@§.Wklﬁ§a§8P8&EﬁF cycle
can proceed &§Shmﬂln&iy ofthngeFﬁmﬁM@llEnonthagaag&eSQﬂEﬁgmagab¢omaﬁen5ma
excitation cqi; T qgﬁpl : S d I e f

bel ow one ofgl gjq‘]slee gﬁcm S %}%eggg%]s%gse ot ?%ngtagg &,%gngag cedng'rgff
of the nagnefid-mader Surpressiencef bnten esegﬁas pSegéhtlemedt ﬁbrmmut

of the FLL-r agh@dd:hted afd Ik &S JubtiabeislVept #H8OYe ribeRcthe 1gRdi2 can

be
from the gradiometer output signal. This can advantageously

transpire in two steps. Manual compensation of weighted
output signals of the vector magnetometer 9 and the sensor
gradiometer 10 reduces the dynamic range of the measured

() signal for subsequent A/D conversion and processing by a
computer. In a second stage, the individual signals of the
vector magnetometer 9 are combined with the assistance of
appropriate algorithms in such a fashion that a maximum
interference suppression is achieved in the measured signal.
This can be accomplished by matched optimized filters which
take into consideration the existing correlation between
the signals.

Appropriate offset compensation is provided for each signal
prior to A/D conversion in order to optimize the dynamic
range of the converter. Should the vector magnetometer 9

U have small SQUID inductance, regulation band widths in the
FLL-mode of several MHz can be achieved to also regulate-out
and compensate for transient interference.

As an alternative to the above described apparatus, bound
remanent particles can also be measured on an appropriately
prepared conveyor belt 17' by passing the belt by a magnetic
field sensor 20 (analogous to magnetic tape technology) as
shown in Fig. 4. A belt 17' prepared e.g. with antigens 18

is moved through a bath 19 containing antibodies marked with -
remanent particles, subsequently magnetized through a
suitable exciting coil 11'', and then passed by a magnetic



operated during the entire process in FLL-node. In the event that the speed
of change of the magnetic field gradient at the sensor gradionmeter 10 is

| arger than the speed of change of the output signal of the

FLL-el ectronics, the regulation |oop shoulg be first closed shortly after
switch-of f of the magnetizing field. This c%n al so occur automatically when
reaching the regulating region. 3) The tinme dependence of the SQUI D out put
signal can then be analyzed e.g. by a conputer. 4) After decay of the
transi ent processes, the procedures 1) and 2) can be repeated in order to
be able to obtain an average value. This can be carried out repeatedly

usi ng magnet ifdlend detlsts afo OppOsis ep@@tfé{ularlf) adiyanBRgeBuEALe dFoduce
addi ti onal neasg&gl nt c%gle can_ be r%geated.bg ow the_oth 5 sgnsor

gr adi ometer | FOSFFUCHIES (BY @I 6 @PREGRE LE8 Pepiodifry 1, AorRrReS | v,
be positi onedoatdngeasfurtdte B by 1he espsowith aambigens fisewlichcdedidag to
coil. 22 Lt g al Sibl e-t r | ; I.son
reasur ement s “HECEA i KAEme OF, Foll Yelithett WaLBISTLS, SRY2TES

pl anar gradi segdiensf ite drasiuce a defined periodicity.

The above effect can also be achieved with a continuous
coating of the belt 17' if the belt prepared with bound
remanent particles is moved through an alternating magnétic

/ field (again analogous to magnetic tape technology). Both
procedures mentioned above lead to a signal on the magnétic
field sensor 20 of known frequency and binding-dependent
amplitude and can advantageously be measured by means of
e.g. lock-in~measuring technology. The technology utilized
is similar to that of a tape recorder.

An apparatus can be utilized which deviates slightly from
the apparatus described in Fig. 1 in order to measure
complex frequency-dependent magnetic material properties:

A magnetizing device is advantageous which produces a

\/, homogeneous magnetizing field at the location of the field
recording coils of the sensor gradiometer. The homogeneous
magnetic field is advantageously directed along the
direction of lowest field sensitivity of the field recording
coils and can be produced e.g. with a Helmholtz coil
configuration 21. Analogous to the above described
compensation methods, the sensor gradiometer can be adjusted
for minimum sensitivity to the excitation field.

The magnetizing device is fed with an alternating current of
variable frequency (taking into consideration the skin
effect and the frequency-dependent dispersion of the



It may be appropriate to carry out a calibration cycle before a
measurenent. Towards this end the nmeasurenment cycle is carried out wthout
a nmeasuring sanple or with a corresponding calibrating sanple. The
reference neasurenents thereby obtai ned c%glbe utilized to correct the
sanpl e measurenent. Measurenent of the bifdi ng remanence can |ikew se be
carried out with the above descri bed apparatus to detect anal ytes through
measur enent of the remanence magneti zation. A possi bl e neasurenent
procedure is described below a) The sanple disposed in or bel ow one of the
field recording coils of the sensor gradioneter is magnetized periodically

(at |OWfI’€0éJ:S£I i1 h Si dizrsect ?qﬂé ' ﬁ?@% égg{]' de
of the nmagneti CE?%EP%E 38?2213-.2%%?&%% ﬁ%,eperﬁ%%@ﬁ%’t e naggnét | za}t:légn
i's advantagéﬁﬂst?ﬁdmaﬁﬂaﬁé§:f#&%ﬂmﬁﬂﬂﬁ%ﬁﬁmlacﬁﬁﬂ?ﬁ?ﬁﬁﬁgpﬁﬁyt#ﬁ@lYZEd by
ELL_- el eﬂ] r Orﬂlfénés s°ﬁ01oexcgafleécﬁ:i%1?d§gﬁﬁn&q(r?s§& %gié?g@tﬁléﬁibxb%w.?petat fﬂ
uring e entirge, neasurenent ¢ e in,FELL- auses .remain yeen e
magneti zi ng s%%kﬁUF?ﬁgmﬁﬁFBF%%hégﬁ%ﬁ&qg:Ei%iﬁ SELFREd b ot eRRtFati on
field. b) Theadhior| ethéonagaitada ahd rtheephladd @T Mite mhgnegi zdeientMre
measurenent cycl.e. lLnterfering,transient. et,ected hy neans.of the
possi bly subd a‘ﬁl??a??g}pi‘ﬁsf ar ng gﬁ}ﬁ??l&g%%@%ettg}e a??cf%?sep%ﬁjelg?l y
coupl ed bac kexmbathensﬁneqnegca’di Anetompardsoh did grefealsnoe nueasurémwents
Sensor gradHQPEﬁﬁﬁoﬁﬁa analytes leads to high sensitivity measurement of -

analyte binding.
.b’
Finally, the combination apparatus represented in Fig. 5 can
be used to measure analyte binding using each of the
methods I, II, and III. A Helmholtz coil 21 is additionally
provided for susceptibility measurements. An apparatus of
this type serves for the quantitative detection of analytes
in fluid and solid phase by means of relaxation
measurements, binding remanence measurements as well as by
means of frequency-dependent complex magnetic material
properties.

The above described embodiments of the apparatus in

&/ accordance with the invention, in particular those with
which the detection device comprises a device for
measurement of the binding remanence and/or the
magnetorelaxometric detection, can also be specially
configured for in vivo measurements on people or animals.



23 sinul taneously provide a measur ement of the.field anplltude
residual field produced by the sanple can be neasured in the mmﬁmﬂmu““‘
pauses. . The .descri bed reversal of the exciting field can facili

conpensatlon of the interference field drijht processes. The sanple can be

noved during the nmeasurenent in order to |nprove the signal-to-noise ratio
(vibration, rotation, ultrasound, hydraulic, trap door and the like). This

can be facilitated by non-nagnetic extensi ons of el evating platforns,

| i near notors and the like. In constructing the apparatus, one should avoid

all ferromagnetic inpurities which could falsify nmeasured results. Instead

of magnetizing the sanple in the neasurenent vol une, the magnetizing can

occur spatially separated fromthe detecgtiqn device as represented in Fig.
3.: Inthis case the sanple 12 is trans fromthe site of the
magneti zi ng device, where sanme is magnetized in the excitation coil 11', to

the measuring, | ogabl ey BB ACTIEURAA At or it e £A0YFY O bel

17. This nec can S|nu aneou y e use € sanples 12. In
addi ti on, the abwe@swsengnisefpadadytesa Mdmaat’qmlcﬁr tire biological

samples, by means of receptor ligand binding with a
magnetizing device for the production of a magnetic
field at the location of the sample and with a detection
device for measurement of magnetic properties of the

S sample,

characterized in that

the magnetizing device (11'; 11'') is spatially disposed
with respect to the detection device (71, 8, 9, 10; 16;
26) in such a fashion that the magnetic field produced
by the magnetizing device (11', 11'') at the location of
magnetization is attenuated by at least a factor of 10
at the location occupied by the sample during the
measurement.

2. Apparatus according to claim 1, characterized in that
the magnetic field is attenuated by a factor of 1000 or

more.

3. Apparatus according to one of the preceding claims,
characterized in that a device (17; 17') is provided for
moving the sample (12) during the measuring phase of the
detection device (71, 8, 9, 10; 16; 20).

4., Apparatus for the qualitative and/or quantitative
detection of analytes, in particular in biological
samples, by means of receptor ligand binding having a



magnetic field generated by the sanple at the |ocation of the fi ‘
recording coil. In addition, the follow ng additional neans for Em’mﬂk’mmm""
of interfering fields can be utilized: A triaxial vector magnetomneter O s
a vector gradioneter can 24 be utilizedgto produce reference signals '

whi ch” consi sts essentially of three nmutually orthogonal SQUI D magnet oneters

di sposed at the sides of a cube with each being operated in FLL-node.
Suppression of interferences is achieved through appropriate wei ghted
subtraction of the reference signals fromthe gradi onmeter output signal

Thi s can advantageously transpire in two steps. Manual conpensation of

wei ght ed out put magnatizahgt dewies dormipec praduwrt st taensgnesvic

gradi oneter 10 rgduces_th .G .ran & t he sured signal fo .
subsequent A/ D cgfdﬁ\eligs?%n%}al%&%r 3%’ S %’3 8: € s 51{%% il i saec%%éengﬁﬁ,
t he individual sdgwate 6brt hbhevachsurenent oferagretic pomperelesi ¢f the
assi stance of ap, L at I t.h T 2g¥ teet %@x' m
interference sup%%lgég{ebn%flgkggh tgvggﬁﬁlﬁhggn%gs@?ﬁ;i%%;?' N sé%%n. be
acconpl i shed by sMitabdost ithiez dagnettisr Sigdidc et ghe impgneblsingrdeydaet he
exi sting correlagipﬂ et pREN 1LRA SN RIS theP R IAt @ Of fAgt £onpensati on
I's provided for each signal } . ]
_ predetermined time, preferentially during the
measurement phase of the detection device (71, 8, 9, 10;°
16; 20), and wherein a device (17; 17') is provided for
. moving the sample (12) during the measurement phase of

the detection device (71, 8, 9, 10; 16; 20).

5. Apparatus for the qualitative and/or quantitative
detection of analytes, in particular in a biological
sample, by means of receptor ligand binding having a
magnetizing device for the production of a magnetic
field at the location of the sample and with a detection
device for measurement of magnetic properties of the
sample, wherein a switching device is provided for which
can switch~off the magnetic field of the magnetizing
device (11) at the location of the sample (12) for a
predetermined length of time, in particular during the
measurement phase of the detection device (71, 8, 9, 10;
16), wherein the switching device has a first device to
switch-on and switch-off the magnetic field produced in
the magnetizing device (11) as well as a second device
for switching-on and switching-off the detection device
(71, 8, 9, 10; 16).

6. Apparatus according to one of the preceding claims,
characterized in that the detection device contains a
' device for measurement of the magnetization of the

sample.
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prior to A/D conversion in order to optimze the dynam c rang

converter. Should the vector nagnetoneter 9 have small SQUI D Tﬂgwumm‘u"mmm
regul ati on band widths in the FLL-node of several MHz can be aehi eved s %

al so regul ate-out and conpensate for trar@ent interference. As an
alternative to the above descri bed apparatus, bound remanent particles can
al so be neasured on an appropriately prepared conveyor belt 17' by passing
the belt by a magnetic field sensor 20 (anal ogous to magnetic tape

technol ogy) as shown in Fig. 4. A belt 17" prepared e.g. with antigens 18
I's nmoved through a bath 19 contai ning anti bodi es marked wi th remanent
particles, subsequently magnetized through a suitable exciting coil 11'",

agd t hen passedmpagam@natddbrdir@ 1%& edrte Sﬁﬂs?ie Xredtédisg p@l&iﬁgl, ar : Iy

advant ageous to_produce_a structuyre by .nmeans_of approprjate periodically

di sposed coat i nﬁgﬁﬁgrﬁéetdr il Ucé’agt Wwe ea?ﬁ‘?‘b’e‘g‘g ‘g%"%l’ﬁ cﬁgli“gﬁﬁeﬁoa

al ternating regderndicef floaumbasmremarit paf tihed dsisding reemsinghoasofotheoduce

a defined periodigGh e 0 fect can also be achieved with a
Argtte, 130 R Gpills

conti nuous coatli ng “the belt prepared with bound renmanent
particles is noved through an alternating nagnetic field (again anal ogous

Lo magnet i fﬁt.apgpbstsalﬂatsowm%atm; ROHHISS ROt NGRS aDoverbagH 0 @
si gnal .on e magnetic
g characterized in that the detection device comprises a

device for magnetorelaxometric detection.

9. Apparatus according to one of the preceding clainms,
characterized in that the detection device comprises at
least one SQUID (71) as part of the magnetic field
sensor.

10. Apparatus according to one of the preceding claims,
characterized in that the detection device comprises at
least one induction coil (20) as part of the magnetic
field sensor.

11. Apparatus according to one of the claims 5 through 10,
characterized in that the first and the second devices
o can be switched independently of each other.

12. Apparatus according to one of the claims 5 through 10,
characterized in that the first device can be switched
with a predetermined fixed time correlation with respect
to the second device.

13. Apparatus according to one of the claims 5 through 10,
characterized in that the first device can produce
predetermined field amplitudes and field polarities of
the magnetic field produced in the magnetizing device



field sensor 20 of known frequency and bi ndi ng-dependent anplit
advantageously be neasured by neans of e.g. |ock-in-nmeasuring tam!ﬁuggj@“u,””"
The technology utilized is simlar to that of a tape recorder. ol
can be utilized which deviates slightly frgnthe apparatus described in

Fig. 1 in order to nmeasure conpl ex frequency-dependent nmagnetic materi al
properties: A magnetizing device is advantageous whi ch produces a

honbgeneous magneti zing field at the | ocation of the field recording coils

of the sensor gradionmeter. The honmpbgeneous magnetic field is advantageously
directed along the direction of lowest field sensitivity of the field

recording coils énti;cam)be produced e.g. with a Helnholtz coi

configuration 21. Anal ogous to the above descri bed conpensation nethods,

t he sensor gradi oneter can be adjusted for m ninmum sensitivity to the
excitation fi4l dippavakugnacceirdgnde kioc eliadnf dd wicharactanigeditimgtibatr ent

of variable fre C¥3 Kj s -t ORSI i ' f ;@AM t he
frequency- depeng%?? gllg%gr tsiia(;g'rjfh%f %?&eﬁ%%%éa%ﬁ%f)gﬁ%e

ti me- dependent n&iRet A2RENERNFEEs @REd PRRAeterRidind iRC¥IRIEY deli®rs i s

advant ageous|y adgb¥A@EnbrsTBZNEnel madgletil I MmBadded | i dHdase
relationship to the |I|kew se neasured eXC|S|ng field strength H In this
magnetizing device (11; 21).

15. Apparatus according to one of the preceding claims,
W characterized in that a device is provided for
" electronic suppression of interfering signals.

16. Apparatus according to claim 15, characterized in that
the device for electronic suppression of interfering
signals comprises a unit for adaptive filtering.

17. Apparatus according to one of the preceding claims,
characterized in that a device (9) is provided for
vector measurement of interfering fields with a device
connected thereto for appropriate compensation of the
signal measured by the detection device (71, 8, 9, 10;

U 16; 21) and/or of the magnetic field produced by the

magnetizing device (11).

18. Apparatus according to one of the preceding claims, in
particular according to claims 7 or 8, characterized in
that the device is adapted for in vivo measurements.



fashi on, the magni tude and the phase of the nagnetization Mof the sanple
can be determned for the correspondi ng excitation frequency. A conparison
to Teference neasurenents of unbound anal ytes |l eads to high sensitivity

t he conbi nati on apparat us

measyr enent of anal yte bindi ng. Finpalljy,

in

represented in Fig. 5 can be used to neasure anal yte binding using each of
the nethods I, Il, and Il1. A Hel mhol ffZ-cort—23+—s—addi-tiohal | y provi ded
for susceptibility neasurenents. An agparatus of this type,serves for the
guantitative detection of ana —Ford—ard su%%d—pﬁﬁsg by means of
rel axati on nmeasurenents, bindiing rgmanence neasurenments asowell as by neans
of frequency-dependent conp! et naterial pr { The above
descri bed enbodi nents of th ppa 18 i n_ad h_yhe inventi on,
particular those with which |t he d@tlect| on dgw s a device for
measur enent of the binding rie emge e r orel axonetric
detection, can al so be specigll anti gu Vi VO neasurenments on
peopl e or ani mal s. 27 d aj ns AT at us r the qualitative and/or
guantitative neasurenent of panal ytlEgt— rticular in biological
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sanpl es, by neans of receptor ligand binding with a magneti zing device for
the production of a nagnetic field at the location of the sanple and with a
detection device for neasurenment of nagnetic properties of the sanple,
characterized in that the magnetizing device (11'; 11'') is spatially

di sposed with respect to the detection device (71, 8, 9, 10; 16; 20) in
such a fashion that the magnetic field produced by the nagnetizi ng device
(11", 11'") at thﬁ hocatsion of s gpagneti zat4ion i s attenuated at |east a
factor of 10 at t Z Ioc]t on ol upied b ]the sanpl e during e measurenent.
2. Apparatus accor/di ng claiml1, charag¢terized in that the magnetic field
is attenuated by fa of 1900 or norg. 3. Apparatus acgording to one of

the preceding clajns,/c in that a device (17; {17') is provided
for noving the sappl 12) duriing tjhe neasuri ng phase ofp#he~detection
device (71, 8, 9,{19; Q147 par. s for the qualfiftatjijve and/ or

quantitative detectfion/ dftanalytes | inbgadticular in big
means of receﬁFHr“TTgand'BTnaTﬁg—ﬁaVTﬁngj 28—
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magnet i zi ng device for the production of a magnetic field at the |ocation
of the sanple and with a detection device for the nmeasurenent of nagnetic

properties of the sanple,

wherein a circuit

is provided for which can

switch-off the magnetic field of the magnetizing device (11) at the
| ocation of the sanple (12) for a predetermned tinme, preferentially during

t he nmeasurenent phase of the detection device (71, 8, 9, 10; 16; 20),

and

wherein a device (17; 17') is proviy for noving the sanple (12) during
t he neasurenent phase of the detectlion device (71, 8, 9, 10; 16; 20). 5.
Apparatus for the qualitative and/ gr antitative detection of analytes, in
particular in a biological sanple, |pby heans of receptor |igand binding
havi ng a nagneti zi ng device f t he| prbduction of a magfetic field at the
| ocation of the sanple and wt : eEtion devi ce for neasurenent of
magnetic properties of the san = it chi device is provided
for which can switch-off the|nagn ield jof the magneti zing device (11)
at the location of the sanple (12) \a\giideternined |l ength of time, in
particul ar during the measurénent s@ O he_det ecti onydevice (71, 8, 9,
10; 16), wherein the switching dew Tfﬁ;4;——ﬁzz;;g$2tr to switch-on and
swtch-off the magnetic field dlin the izing device (11) as
wel | as a second device for gwitch -gn and|swi tching-off the detection-
device (71, 8, 9, 10; 16). | b—
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6. Apparatus according to one of the preceding clains, characterized in
that the detection device contains a device for neasurenent of the

magneti zati on of the sanpl

e.

7.

Appar atus according to one of the

precedi ng. clains, characterized in that the detection device conprises a
devi ce for neasurenent of the binding remanence of the analyte in the
sanple. 8. Apparatus according to one of.the clains 4 through 6,

characterized in that the detectj
9

magnet or el axonetri c det ect

i on.

precedi ng clains, characterized

| east one SQUID (71) as part of

according to one of the pr
detection device conprises
magnetic field sensor. 11.

Da

n

B

- devi ce conprises a device for

Appar atus according to one of the

fthat the detectioq devi ce conprises at

thelmagnetic field sensor. 10. Apparatus
ding cllaims, characterizpd in that the
3st {one i nduction coil (20) as part of the

ding to onedof the clains 5

t hrough 10, characterized
swi t ched i ndependently of
claims 5 through 10, chara

T n thpt
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each

cteri g
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he fir$t and the second devi ces can be
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'%u 12. |Appar atus according to one of the

int ~he first gevice can be swi tched
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with a predetermned fixed tinme correlation with respect to the second

devi ¢e. 13. Apparatus according to one of the clains 5 through 10,
characterized in that the first device can produce predetermned field
anplitudes and field polarities of the mpgnetic field produced in the
magneti zi ng device 30 (11; 21) 14. Apparatus according to claim13,
characterized in that the first device can produce predeterm ned anplitude
ti me dependences and predeterm ned polarity tine dependences of the
magnetic field produced in the magnetizing device (11; 21). 15. Apparatus
according to one of the preceding clains, characterized in that a device is
provi ded for electronic suppressi on bstesgg eri ng signals. 16. Apparatus
according to claim 15, characterized in that the device for electronic
suppression of interfering signals conprises a unit for adaptive filtering.
17. Appar adnsappevrttiusg fioxr die afuaictgirisoe dimd)/ ot agqumantihataveeri zed in
that a devj LS +PLQVI Y PEASH | ri el ds
with a devflnggsé%)ﬁﬁgéfc e(?q':t ﬁg%%%so'r %'g; g‘;r?)pr I at eggg#peﬁggil'?ggg%g % Hg‘pg:e%nal
measur ed byyt meanst oft reseptax s igemd dinding:and having a magnetizing

device for the production of a magnetic field at the

location of the sample and with a detection device for

measurement of magnetic properties of the sample is

_ characterized in that the magnetizing device (11'; i1'') is

&,; spatially disposed with respect to the detection device (71,
8, 9, 10; 16; 20) in such a fashion that the magnetic field
produced by the magnetization device (11', 11'') at the
location of the magnetization is attenuated by at least a
factor of 10, and preferentially by a factor of 1000 or
more, at the location occupied by the sample during the
measurement, or in that a switching device is provided for
which, throughout a predetermined time duration and in
particular during the measurement phase of the detection
device (71, 8, 9, 10; 16), can switch-off the magnetic field
of the magnetizing device (11; 21) at the location of the
sample (12). In this fashion new types of measurements for
magnetorelaxometric detection of analytes or for the
detection of analytes by means of remanence measurements can
be carried out in a routine and economical fashion in wvitro
or in vivo. (Fig. 1)

Ky



o fhog _
16, 21) and/ or of the magnetic field produced by the nagnet|2|ng§§§;ice
Sul ar

(11). 18. Apparatus according to one of the preceding clains
according to clains 7 or 8, characterized in that the device is adapted for

in vivo neasurenents. )

similar apparatus can be inferred from prior art through the
description of a measurement procedure for execution on an
appropriate apparatus in accordance with JP 63 09 0765-aA2.

Apparatus for the measurement of reoeptor ligand binding
are based on the measurement of signals generated by signal
producing labels with which structure-specific substances
are marked. The most sensitive current apparatus are based
on the detection of radioactive marking substances

(Radio Immuno Assay, RIA). The utilization of radioactive
labels has obvious disadvantages, for example problems with
storage and disposal of the radiocactive substances. In
addition, this type of apparatus requires a device for
separating the bound from the unbound labels. Without this
separation, a quantitative prediction is generally not
possible. ' '

Alternative apparatus are based on the optical measurement
of agglutination, fluorescence, and color reactions. (FI3,
ELISA). Herein, one is dealing substantially with
photodetectors. Separation is also normally required in
these methods for quantitative analysis. On the other hand
there are a Iarge number of apparatus for the determination
of magnetic properties of samples which, however, have
generally not been applied to the direct detection of
receptor ligand binding up to this point in time.

A number of apparatus are known in the art which are based
on methods using magnetic labels. For example, application
of a magnetic field causes motion of magnetically marked
particles which can be cbserved using, for example, a laser.
In addition, there are apparatus based on methods with which
magnetic labels are utilized for separatlon of bound and
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