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(57) Abrege/Abstract:

The present Invention relates to a method and a circuit arrangement for testing and/or calibration, the circuit arrangement
comprising a sensor electrode and a first and second circuit unit coupled thereto, the second circuit unit comprising a capacitor,
and the sensor electrode being kept at a specified electrical target potential by means of the capacitor and the sensor electrode
being coupled such that matching of the electrical potential is made possible, and the second circuit unit being configured such
that, If the electrical potential of the capacitor is outside a reference range, said unit detects this event and brings the capacitor to a
reference potential, and, for the purpose of testing and/or calibration, a reference current source injecting an adjustable reference

current into the sensor electrode, measuring a reference current injected into another circuit unit, and/or injecting a reference
current into different portions of the sensor electrode.
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clectrode and a first and second circuit unit coupled thereto, the second circuit
unit comprising a capacitor, and the sensor electrode being kept at a specified
clectrical target potential by means of the capacitor and the sensor electrode
being coupled such that matching of the electrical potential 1s made possible,
and the second circuit unit being configured such that, if the electrical poten-
tial of the capacitor i1s outside a reference range, said unit detects this event
~ and brings the capacitor to a reference potential, and, for the purpose of testing
and/or calibration, a reference current source injecting an adjustable reference
| current 1nto the sensor electrode, measuri
e — | another circuit unit, and/or injecting a reference current into different portions
of the sensor electrode.

ng a reference current injected into
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Testing and calibration of a circuit arrangement

The present invention relates to the testing and/or the calibration of a circuit arrangement.
In particular, the present invention relates to a method for testing and/or calibrating a cir-
cuit arrangement according to the preamble of claim 1, and to a circuit arrangement ac-
cording to the preamble of claim 9.

A circult arrangement of the type on which the present invention is based is known by way
of example from EP 1 636 599 B1.

The circuit arrangement of the type in question is in particular designed for potential sta-
bilisation on a biosensor and for digitisation of a measurement current.

The problem addressed by the present invention i1s to improve the reliability of a circuit
arrangement.

The above-mentioned problem is solved by a method according to claim 1 or by a circuit
arrangement according to claim 9. Advantageous developments are subject of the de-
pendent claims.

The circuit arrangement of the type in question comprises a sensor electrode. Further-
more, the circuit arrangement comprises a first circuit unit that is electrically coupled to
the sensor electrode. In addition, the circuit arrangement comprises a second circuit unit
that comprises a first capacitor.

The first circuit unit is configured so as to keep the electrical potential of the sensor elec-
trode In a specifiable or predefinable first reference range around a specifiable or prede-
finable target electrical potential. This is achieved by means of the first capacitor and the
sensor electrode being coupled such that matching of the electrical potential is made pos-
sible or enabled.

Furthermore, the second circuit unit is configured such that, if the electrical potential of the
first capacitor 1s outside a second reference range, said unit detects this event and brings
the first capacitor to a first electrical reference potential.

A connectible reference current source i1s provided at the sensor electrode. Said current
source provides a known reference current that is intended for ensuring a reference cur-
rent when the reference current source 1S connected to the sensor electrode, such that
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the reference current is injected into the sensor electrode or into an electrical connection
line or wiring between the sensor electrode and the first circuit unit.

In other words, the reference current source therefore is or can be electrically coupled to
the sensor electrode or to the connection line or wiring connecting said electrode to the
first circuit unit such that, when the circuit arrangement is functioning correctly, the refer-
ence current source causes a current flow into or out of the first circuit unit, and in partic-
ular preferably through the sensor electrode and/or the connection line or wiring connect-
INng said electrode to the first circuit unit.

According to a first aspect of the present invention, in a testing and/or calibration mode of
the circuit arrangement, the reference current source is adjusted so as to inject into the
sensor electrode and/or the connection line or wiring no current as well as a first reference
current having a first current strength and at least one second reference current having a
second current strength that is different from the first current strength.

In other words, the reference current source can be set to or adjusted between different
current strengths. Preferably, said different current strengths are set or adjusted, prefera-
bly successively, in order to test and/or calibrate the circuit arrangement.

In particular, it has surprisingly been found that an adjustable reference current source,
by means of which different currents, 1.e. currents having different current strengths, are
Injected makes it possible to make more accurate statements regarding the functioning of
the circuit arrangement. It Is thus possible to assign measurement results, generated by
the circuit arrangement, to the respective current strengths, and in this way to create
and/or analyse a relationship between the results generated by the circuit arrangement
and the respective current strengths.

It IS In principle desirable for there to be an at least substantially linear relationship be-
tween the sensor current, which can be generated by electrochemical processes during a
measurement and can flow into the first circuit unit, and the result created by the circuit
arrangement. It i1s in any case desirable to know the relationship between the sensor cur-
rent and the measurement result, in order to be able to reliably conclude the sensor current
from the measurement result. The adjustability of the reference current source makes it
possible to determine the relationship between measurement results generated by the
circuit arrangement and the sensor current, for the relevant circuit arrangements. For this
purpose, in the case of correct functioning, the known reference current flows into the first
circuit unit as the sensor current or in a manner forming the sensor current. For the test
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and/or the calibration, the sensor current is therefore preferably formed or replaced by the
reference current.

In practice, circuit arrangements are produced In series and are subject to variation of the
component properties. It I1s therefore possible, by means of the reference current source
and/or the proposed adjustment thereof, to determine a linearity, i.e. the linear relationship
between measurement results and sensor currents or a deviation therefrom, for the rele-
vant circuit arrangement. Alternatively or in addition, the measurement results created by
the circuit arrangement can be checked and/or corrected on the basis of the relationships
determined. Using a reference current source that i1s adjusted or adjustable in the pro-
posed manner thus allows for both functional testing and calibration of the circuit arrange-
ment, and this improves the reliability of the functioning and the measurement results of
the circuit arrangement.

Another aspect of the present invention, which can also be implemented independently,
relates to a method in which a measurement result 1s generated depending on the current
Injected into the sensor electrode, said measurement result being analysed or checked
for a short circuit between the sensor electrode of the tested circuit arrangement on the
one hand and another sensor electrode or a reference electrode on the other hand. Alter-
natively or in addition, a connection problem between the sensor electrode and the first
circuit unit is determined or can be determined by means of the measurement result.

The measurement result is in particular a frequency or corresponds thereto. The meas-
urement result can be generated by the events or the counting thereof, or correspond
thereto, which events or countings are detected or detectable on account of the injected
current. The measurement result is particularly preferably a frequency of detected events,
the frequency depending on the reference current or the sensor current or the current
strength thereof.

In other words, a check iIs made In this aspect of the present invention as to whether the
sensor electrode has been unintentionally short-circuited to another electrode, and/or
whether the sensor electrode is properly electrically coupled to the first circuit unit, such
that a proper measurement can consequently be carried out.

If there 1s a short circuit of the sensor electrode to another electrode, for example of an
adjacent circuit arrangement, at least some of the reference current injected by the refer-
ence current source drains into or through the other sensor electrode, for example into the
adjacent circuit arrangement. This can be seen in the measurement result, such that a
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measurement result of this kind, for example having a frequency that i1s lower than ex-
pected or anticipated, allows a short circuit of this kind to be detected or a short circuit is
detected by means of a result of this kind. One or more target values may be provided,
predefined or specified, with which values the measurement results are compared. In the
case of deviations, a fault, in particular a short circuit or a break, can be detected.

Preferably, for the purpose of short-circuit detection, a corresponding test of the adjacent
circuit arrangement is in addition carried out. If measurement results differ from the ex-
pected value In these circuits, this may lead to drainage of current into said circuits, which
IS determined or determinable on the basis of the measurement results of said circuits. If
corresponding results or measured values are achieved here, fault handling can be trig-
gered, for example deactivation of the circuit arrangements affected.

When the reference current source of the circuit arrangement is activated, a measurement
result of one or more adjacent circuit arrangements iIs preferably also determined. This Is
carried out such that the reference current injected by the reference current source, pro-
vided said current drains into the adjacent circuit arrangements at least in part, is detected
or can be detected by said circuit arrangements.

The corresponding test methods can also be combined with one another, such that, on
the one hand, a measurement result 1Is checked, for example by means of a target value
comparison, and, on the other hand, the measurement results of one or more adjacent
circuit arrangements are checked for effects of the current injected by the reference cur-
rent source on the measurement results of said arrangements. This results in twice the
certainty when detecting short circuits.

In the case of a connection problem between the sensor electrode and the first circuit unit,
it should be assumed that the measurement results do not change, or do not change in
the expected extent, subject to the reference current. If the dependency of the measure-
ment results on the reference current i1s non-existent or 1Is weaker than expected, a con-
nection problem can be detected or detectable by means of a target value comparison or
the like.

In another aspect of the present invention, which can also be implemented independently,
the sensor electrode preferably forms what is known as an interdigital structure. An inter-
digital structure Is a finger-like arrangement of electrical strip conductors, referred to as
fingers, said strip conductors preferably being electrically interconnected and/or being ar-
ranged so as to alternate, but so as to be galvanically separated from fingers of another
electrode, In particular sensor electrode.
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In this case, the reference current source Is preferably used to inject the reference current
both into a first and into another, second portion of the sensor electrode. In this case, the
first portion 1s preferably part of the interdigital structure, while the second portion Is pref-
erably provided in the region of the connection between the interdigital structure and the
first circuit unit.

This advantageously makes it possible to check or verify the electrical coupling between
the sensor electrode and the first circuit unit, and in the process to differentiate between
a contact problem in the region of the interdigital structure and a contact problem in the
region of the connection of the interdigital structure.

It is thus possible to generate a first measurement result by means of the circuit arrange-
ment when the reference current provided by the reference current source Is injected into
the interdigital structure or the first portion. Furthermore, a second measurement result
can be determined when the reference current source injects the reference current into
the second portion or into the connection between the interdigital structure and the first
circuit unit. Said measurement results can be analysed individually and/or related or com-
pared with one another in order to identify a contact problem and, in particular, to locate a
region in which the contact problem is caused.

The above-mentioned aspects of the present invention, which can also be implemented
iIndependently of one another, can be implemented individually but can also be advanta-
geously combined with one another.

It Is thus possible, for example, by means of the reference current source to inject the first
reference current and at another time/subsequently to inject the second reference current,
and In each case to carry out a short circuit check, in particular by means of a target value
comparison.

For example, in the case of similarly or proportionally changed measurement results that
are determined by injecting the different first and second reference currents, it is possible
to conclude the existence of a short circuit to the sensor electrode of an adjacent circuit
arrangement.

The adjacent circuit arrangements are preferably in principle constructed at least substan-
tially identically, such that, in the case of a short circuit of the sensor electrodes of two
adjacent circuit arrangements, an injected current is divided at least substantially uniformly
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between the first circuit units of said circuit arrangements, which should have a corre-
sponding effect in the measurement results both in the first and in the second current
strength. If this is not the case, a short circuit is not clearly identified or is not complete or
IS low-ohmic or is not formed to an adjacent circuit arrangement, and this is determined or
determinable on account of the measurement results which correspond to different current
strengths of the reference current source.

Other combinations of the above-mentioned, mutually independent aspects of the present
Invention are advantageously possible in a corresponding manner.

Another aspect of the present invention, which can also be implemented independently,
relates to a circuit arrangement of the type in question that is designed such that, in a
testing and/or calibration mode, the reference current source can be adjusted or set so as
to inject into the sensor electrode and/or the connection line or wiring no current, a first
current having a first current strength, and at least one second current having a second
current strength that is different from the first current strength.

In measuring mode of the circuit arrangement, the reference current source is preferably
deactivated and/or decoupled from the sensor electrode.

Alternatively or in addition, the circuit arrangement is designed to determine electrical en-
ergy transmitted from the sensor electrode to the first circuit unit, both when the reference
current source I1s deactivated and when said source IS connected, as measurement re-
sults, such that a short circuit of the sensor electrode to another sensor electrode or a
counter-electrode, and/or a connection problem between the sensor electrode and the first
circuit unit can be determined by means of the measurement results.

Alternatively or in addition, the sensor electrode preferably forms an interdigital structure
and the reference current source Is selectively connectable to a first portion and to an-
other, second portion of the sensor electrode, such that the sensor current is injected into
the first or second portion. Preferably, the first portion forms part of the interdigital structure
and/or the second portion 1s provided in the region of the connection between the inter-
digital structure and the first circuit unit.

A reference current within the meaning of the present invention is preferably a known
and/or predefined current. In particular said current i1s a direct current or an at least sub-
stantially constant current. This does not exclude the possibility of the reference current
being adjustable and being able to change at the adjustment times. However, between
the adjustment processes or in a time period in which it is not adjusted, the reference
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current i1s at least substantially constant. The reference current is characterised in partic-
ular by the fact that it can be Injected into the sensor electrode. For this purpose, the
reference current source Is preferably electrically coupled to the sensor electrode, In par-
ticular galvanically attached or connected thereto. In this manner, the reference current
source can generate a current that 1s impressed into the structure of the sensor electrode.

A sensor current within the meaning of the present invention is preferably a current that
flows Iinto the input of the first circuit unit, proceeding from the sensor electrode. In the
testing and/or calibration mode, it is preferable for the sensor current to correspond to the
reference current at least when the sensor electrode is properly manufactured and is fully
functional. Some deviation may occur when the sensor electrode is not properly manufac-
tured or is not operating properly. Detecting this is a subject of the present invention.

In the Initial state, in which no sample is in contact with the sensor electrode, the sensor
electrode is preferably an electrically conductive structure that is connected exclusively to
the first circuit unit and can optionally be additionally connected to the reference current
source. If the reference current source is electrically decoupled from the sensor electrode,
the sensor electrode therefore has no direct electrical contact to other conductive struc-
tures and thus forms an open node for direct currents and/or DC voltages. This does not,
In practice, exclude the existence of stray currents or leakage currents or creeping cur-
rents. Furthermore, it iIs not excluded that high-frequency signals may couple into the sen-
sor electrode.

A strip conductor within the meaning of the present invention iIs preferably a galvanically
conductive or metallic, preferably elongate, element that is designed or suitable for estab-
lishing electrical (galvanic) contact to the surroundings, in particular to a sample located
In the surroundings. The sensor electrode therefore preferably has a conductive surface
that may be formed by the strip conductors. The strip conductors may comprise gold at
least on the surface or may be made of gold or coated with gold. This is also advantageous
In connection with the immobilisation of capture molecules, as will be described in more
detail with reference to the embodiments. However, other solutions are possible here, too.

A current source within the meaning of the present invention Is preferably an electrical
circuit that provides an at least substantially constant and/or specified, predefined, given
or known current. This can be achieved by means of a current source circuit controlling a
voltage such that the load of the current source results in an at least substantially invaria-
ble current. The reference current source within the meaning of the present invention is
preferably a real current source, In particular implemented by a circuit of this kind. The
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reference current source may have a finite internal resistance and/or the property of gen-
erating at most an operating or battery voltage of the circuit arrangement in the event of a
high load resistance. Current sources may be created by means of current mirrors, field-
effect transistors in the saturation region, or in other manners that are in principle known
to a person skilled in the art. However, there are also other solutions here.

Other aspects and advantages of the present invention will become apparent from the
claims and the following description of preferred embodiments with reference to the draw-
INgs, In which:

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

FiQ.

Fig.

Fig.

1

2A

2B

3A

3B

4A

4B

4C

O0A

IS a schematic view of a circuit arrangement according to a first embodiment
of the invention;

IS a cross section of a sensor according to the prior art in a first operating
state;

IS a cross section of the sensor according to the prior art in a second oper-
ating state;

IS a plan view of interdigital electrodes according to the prior art;

IS a cross section along the cutting line I-I' of the interdigital electrodes ac-
cording to the prior art shown in Fig. 3A;

shows a biosensor, based on the redox cycling principle, in a first operating
state according to the prior art;

shows a biosensor, based on the redox cycling principle, in a second oper-
ating state according to the prior art;

shows a biosensor, based on the redox cycling principle, in a third operating
state according to the prior art;

IS a functional curve of a sensor current within the context of a redox cycling
process;

IS @ schematic view of a circuit arrangement according to a second embod-
iment of the invention;
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Fig. 6B IS @ schematic view of a circuit arrangement according to a third embodi-
ment of the invention;
Fig. 7 IS @ schematic view of a circuit arrangement according to a further embodi-
ment of the invention; and
Fig. 8 IS a diagram or graph in which schematically reference currents and meas-

urement results are plotted against time.

In the following, a first preferred embodiment of the circuit arrangement according to the
iInvention is described with reference to Fig. 1.

The circuit arrangement 100 shown In Fig. 1 comprises a sensor electrode 101, a first
circuit unit 102 that is electrically coupled to the sensor electrode 101, and a second circuit
unit 103 that comprises a first capacitor 104.

The first circuit unit 102, which is preferably a potentiostat, is preferably configured so as
to keep the electrical potential of the sensor electrode 101 in a specifiable first reference
range around a specifiable target electrical potential by means of the first capacitor 104
and the sensor electrode 101 being coupled such that matching of the electrical potential
(by means of a current flow for feedback control) is possible.

Furthermore, the second circuit unit 103 is preferably configured such that, if the electrical
potential of the first capacitor 104 is outside a second reference range, said unit detects
this event and brings the first capacitor 104 to a first electrical reference potential.

As is furthermore shown in Fig. 1, capture molecules 105 are immobilised on the surface
of the sensor electrode 101; this may take place before or after a calibration and/or testing
of the circuit arrangement.

The capture molecules 105 in Fig. 1 have hybridised or are designed to hybridise with
molecules 106 to be detected, each of the molecules 106 to be detected preferably com-
prising an enzyme label 107.

Fig. 2A and Fig. 2B show a biosensor chip as I1s described in citation [1] and on which the
present invention Is preferably based.

Preferably, the sensor 200 comprises two electrodes 201, 202, in particular made of gold,
which are embedded in an insulator layer 203 made of electrically insulating material.
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Electrode connections 204, 205 are preferably connected to the electrodes 201, 202, by
means of which connections the electrical potential can be applied to the electrodes 201,
202.

The electrodes 201, 202 are preferably designed as planar electrodes.

For example, DNA probe molecules 206 (also referred to as capture molecules) are im-
mobilised on each electrode 201, 202 (cf. Fig. 2A). The immobilisation preferably takes
place in accordance with the principle of gold-sulphur coupling. The analyte to be tested,
for example a solution 207, in particular an electrolyte 207, i1s applied on the electrodes
201, 202.

If the solution/electrolyte 207 contains DNA strands 208 having a base sequence that is
complementary to the sequence of the DNA probe molecule 206, i.e. that sterically match

the capture molecules in accordance with the key-lock principle, said DNA strands 208
then hybridise with the DNA probe molecules 2006 (cf. Fig. 2B).

Hybridisation of a DNA probe molecule 206 and a DNA strand 208 takes place only if the
sequences of the relevant DNA probe molecule 200 and the corresponding DNA strand
208 are mutually complementary. If this is not the case, hybridisation does not occur. A
DNA probe molecule of a specified sequence is thus only capable of binding, 1.e. hybrid-
ISing with, a specific DNA strand, namely the DNA strand having the respectively comple-
mentary sequence, resulting in a high degree of selectivity of the sensor 200.

If hybridisation takes place, the value of the impedance between the electrodes 201 and
202 changes, as can be seen in Fig. 2B. This changed impedance is preferably detected
by means of applying a suitable electrical voltage to the electrode connections 204, 205
and by means of detecting the current resulting therefrom as the sensor current S.

In the case of hybridisation, the impedance between the electrodes 201, 202 changes.
This 1s due to the fact that both the DNA probe molecules 206 and the DNA strands 208
that possibly hybridise with the DNA probe molecules 206 are electrically less conductive
than the solution/electrolyte 207 and thus, preferably, electrically shield the relevant elec-
trode 201, 202 in part.

In order to improve the measuring accuracy, it 1Is known from citation [2] to use a plurality
of electrode pairs 201, 202 and to arrange said electrode pairs so as to be parallel to each



10

15

20

25

30

35

CA 03074169 2020-02-27

WO 2019/063663 PCT/EP2018/076209
-11 -

other, said pairs preferably being arranged in a mutually interlocked or intermeshed man-
ner so as to result in what is known as an interdigital electrode 300, the plan view of which

IS shown In Fig. 3A and the cross-sectional view of which, along the cutting line I-I' from
Fig. 3A, Is shown In Fig. 3B.

Furthermore, principles of a reduction-oxidation recycling process for detecting macromo-
lecular biomolecules are known from citations [1] and [3] for example, and preferably also
form the basis of the present invention or are compatible or can be combined therewith.
The reduction-oxidation recycling process, also referred to in the following as the redox

cycling process, will be explained in greater detail in the following, with reference to Fig.
4A, Fig. 4B and Fig. 4C.

Fig. 4A shows a biosensor 400 comprising a first electrode 401 and a second electrode
402 that are applied on or embedded in an insulator layer 403. A retaining region 404 is
applied on or provided on the first electrode 401. The retaining region 404 I1s used for
immobilising DNA probe molecules 405 on the first electrode 401. A retaining region of
this kind is preferably not provided on the second electrode 402.

If DNA strands 407 having a sequence that iIs complementary to the sequence of the
Immobilised DNA probe molecules 405 are to be detected by means of the biosensor 400,
the sensor 400 Is then brought into contact with a solution 406 to be tested, for example
an electrolyte, in such a way that DNA strands 407 having the complementary sequence,
which are possibly contained in the solution 406 to be tested, can hybridise with the se-
quence of the DNA probe molecules 405.

Fig. 4B shows the case in which the DNA strands 407 to be detected are contained in the
solution 406 to be tested and are hybridised with the DNA probe molecules 405.

The DNA strands 407 in the solution 4006 to be tested are preferably marked by an enzyme
408 or the like, by means of which it 1s possible to cleave molecules, described In the
following, Iinto partial molecules, at least one of which is redox-active. Usually a signifi-
cantly larger number of DNA probe molecules 405 are provided than there are DNA
strands 407 to be determined contained in the solution 406 to be tested.

After the DNA strands 407 possibly contained in the solution 406 to be tested are hybrid-
Ised, together with the enzyme 408, with the immobilised DNA probe molecules 405, the
biosensor 400 Is preferably flushed, as a result of which the non-hybridised DNA strands
are removed and the biosensor (chip) 400 is cleaned of the solution 406 to be tested. An
electrically uncharged substance containing molecules 409 that can be cleaved by means
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of the enzyme 408 on the hybridised DNA strands 407 into a first partial molecule 410 and
Into a second partial molecule is preferably added to the flushing solution used for flushing,
or to a solution 412 fed in separately during a further phase. One of the two molecules is
preferably redox-active.

As shown In Fig. 4C, the for example negatively charged first partial molecules 410 are
preferably drawn towards the positively charged first electrode 401, as indicated by the
arrow 411 in Fig. 4C. Alternatively or in addition, it is also possible for the negatively
charged first partial molecules 410 to reach the first electrode 401 by diffusion processes.

The negatively charged first partial molecules 410 are oxidised at the first electrode 401,
which has a positive electrical potential, and are drawn, as oxidised partial molecules 413,
to the negatively charged second electrode 402, where they are reduced again. The re-
duced partial molecules 414 in turn migrate to the positively charged first electrode 401.
In this way, an electrical circulating current is generated which is proportional to the num-
ber of charge carriers respectively generated by means of the enzymes 400.

The electrical parameter that is assessed in this method is the change in the electrical
current m=dl/dt as a function of time t, as is shown schematically in the diagram or graph
500 in Fig. 5.

Fig. 5 shows the function of the electrical current 501 depending on the time 502. The
resulting curve profile 503 has an offset current logset 904 that IS independent of the tem-
poral progression. The offset current logset 904 1S generated on account of non-idealities
or imperfections of the biosensor 400. A significant cause of the offset current logset IS the
fact that the covering of the first electrode 401 with the DNA probe molecules 405 is not
ideal, I.e. Is not completely dense. In the event of a completely dense covering of the first
electrode 401 with the DNA probe molecules 405, a substantially capacitive electrical cou-
pling between the first electrode 401 and the electrically conductive solution 406 to be
tested would result due to the so-called double-layer capacitance, which results from the
Immobilised DNA probe molecules 405. Incomplete covering, however, results in parasitic
current paths between the first electrode 401 and the solution 406 to be tested, which
current paths inter alia comprise ohmic portions.

In order to allow for the oxidation-reduction process, however, the covering of the first
electrode 401 with the DNA probe molecules 405 should not be complete at all, in order
that the electrically charged partial molecules, i1.e. the negatively charged first partial mol-
ecules 410, can reach the first electrode 401 as a result of electrical force and/or diffusion
processes. On the other hand, in order to achieve as great as possible a sensitivity of a
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biosensor of this kind and to simultaneously achieve as few parasitic effects as possible,
the covering of the first electrode 401 with the DNA probe molecules 405 should be suffi-
ciently dense. In order to achieve a high degree of reproducibility of the measured values
determined by a biosensor 400 of this kind, both electrodes 401, 402 should always pro-
vide a sufficiently large surface for the oxidation-reduction process within the context of
the redox cycling process.

Macromolecular biomolecules are to be understood for example as proteins or peptides
or also DNA strands of respectively specified sequences. If proteins or peptides are to be
detected as macromolecular biomolecules, the first molecules and the second molecules
are preferably ligands, for example active substances having possible binding activity,
which bind the proteins or peptides to be detected to the relevant electrode on which the
corresponding ligands are arranged.

Enzyme agonists, pharmaceuticals, sugar or antibodies, or any other molecule that is ca-
pable of specifically binding proteins or peptides, may be used as ligands.

If DNA strands of a specified sequence that are intended to be detected by the biosensor
are used as macromolecular biomolecules, it is then possible for DNA strands of a speci-
fled sequence to be hybridised with DNA probe molecules having the sequence comple-
mentary to the sequence of the DNA strands, on the first electrode, as molecules, by
means of the biosensor.

A probe molecule (also referred to as a capture molecule) is to be understood as a ligand
or a DNA probe molecule.

The value m=dl/dt introduced above, which value corresponds to the slope of the straight
line 503 In Fig. 5, depends on the length and the width of the electrodes used to detect
the measurement current. The value m is therefore approximately proportional to the lon-
gitudinal extension of the electrodes used, for example, in the case of the first electrode
201 and the second electrode 202, proportional to the lengths thereof perpendicular to the
drawing plane in Fig. 2A and Fig. 2B. If a plurality of electrodes are connected in parallel,
for example in the known interdigital electrode arrangement (cf. Fig. 3A, Fig. 3B), then the
change in the measurement current is proportional to the number of respective electrodes
connected in parallel.

However, the value of the change in the measurement current can have a very significantly
fluctuating value range on account of various influences, the current range that is detect-
able by a sensor being referred to as the dynamic range. A current range of five decads
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IS frequently cited as a desirable dynamic range. The significant fluctuations may also be
caused by biochemical constraints, in addition to the sensor geometry. It is thus possible
that different types of macromolecular biomolecules to be detected may bring about very
different value ranges for the resultant measurement signal, 1.e. in particular the measure-
ment current and the temporal change thereof, which in turn leads to an expansion of the
overall dynamic range required, together with corresponding demands for a specified elec-
trode configuration together with downstream uniform measurement electronics.

The demands for the large dynamic range of a circuit of this kind mean that the measure-
ment electronics Is expensive and complex in order to operate sufficiently accurately and
reliably in the required dynamic range.

Furthermore, the offset current losset IS Often much larger than the temporal change m in
the measurement current over the entire measurement duration. In a scenario of this kind,
a very small time-dependent change has to be measured within a large signal, at a high
degree of accuracy. This places very high demands on the measuring instruments used,
making the detection of the measurement current laborious, complicated and expensive.
This fact also resists attempted miniaturisation of sensor arrangements.

In summary, the demands on the dynamic range, and therefore on the quality of a circuit
for detecting sensor events are extremely high.

It Is known In circuit design to take account of the non-idealities or imperfections in the
components used (noise, parameter variations) in that an operating point in the circuit Is
selected for saild components in which said non-idealities or imperfections play as negli-
gible a role as possible.

However, If a circult i1s to be operated over a large dynamic range, it becomes increasingly
more difficult, more complex and therefore more expensive to maintain an optimal oper-
ating point over all the ranges.

Small signal currents, such as they arise at a sensor for example, can be raised, by means
of amplifier circuits, to a level that allows for transfer of the signal current for example to
an external device or allows for internal quantification.

For reasons of interference immunity and for the purpose of user friendliness, a digital
Interface between the sensor and the evaluating system Is advantageous. The analogue
measurement currents should therefore already be converted into digital signals close to
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the sensor, which may be achieved by means of an integrated analogue-to-digital con-
verter (ADC). An integrated concept of this kind for digitising an analogue small current
signal 1s described in [4] for example.

In order to achieve the required dynamic range, the ADC should have a correspondingly
high resolution and a sufficiently high signal-to-noise ratio. Furthermore, integrating an
analogue-to-digital converter of this kind in the immediate vicinity of a sensor electrode is
a significant technological challenge, and the corresponding process implementation Is
complex and expensive. Furthermore, it iIs extremely difficult to achieve a sufficiently high
signal-to-noise ratio in the sensor.

[5] discloses a current-mode analog-to-digital converter configured for a maximum input
current range of 5nA and a resolution of the order of 1pA.

[6] discloses a device for determining and characterizing the slopes of time-varying sig-
nals.

[7] discloses an electronic circuit for tracking an electronic signal to determine whether the
slope of the signal at a predetermined time is greater than or equal to a predetermined
value.

[8] discloses a sensor having sensor and collector electrodes whose potentials are ad-
justed by control circuits.

The sensor electrode 101 shown In Fig. 1, comprising the capture molecules 105 iImmo-
bilised thereon, functions in accordance with the principle of redox cycling (cf. Fig. 4A, Fig.
4B, Fig. 4C). Fig. 1 therefore shows electrically charged particles 108 that are generated
by the enzyme label 107 in the liquid to be tested, and that generate an electrical sensor
current that is coupled from the first sensor electrode 101 into the circuit arrangement 100.

Said sensor current changes the electrical potential of the sensor electrode 101 Iin a char-
acteristic manner. Said electrical potential is preferably applied at the input of a first control
unit 109 of the first circuit unit 102.

The first circuit unit 102, and in particular the first control unit 109, preferably ensure that
the sensor electrode 101 remains at a specifiable, constant electrical potential by means
of charge carriers being shifted between the first capacitor 104 and the sensor electrode
101 In the event of a sufficiently significant deviation of the sensor electrode potential from
the target electrical potential. This is indicated schematically in Fig. 1 by means of the
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controllable ohmic resistor 110 that can be (feedback) controlled by the first control unit
109.

The circuit block shown is a preferably analogue control loop that controls the current flow
between the capacitor 104 and the sensor electrode 101 such that the voltage at the sen-
sor electrode 101 remains constant.

A continuous (feedback) control of the current flow is made possible by means of the
controllable resistor 110. If the electrical potential of the sensor electrode 101 moves out-
side the first reference range owing to a sufficiently large number of sensor events on the
surface thereof, then the first circuit unit 102 and in particular the first control unit 109
ensures that the current flow between the sensor electrode 101 and the first capacitor 104
Increases or decreases, such that it is possible to match the electrical potential between
the first capacitor 104 and the sensor electrode 101.

Preferably, the resistance value of the controllable resistor 110 i1s thus increased or de-
creased by means of the first control unit 109 of the first circuit unit 102, such that a current
flow between the sensor electrode 101 and the first capacitor 104 1s made possible. In this
scenario, electrical charge can flow back and forth between the first capacitor 104 and the
sensor electrode 101.

If the electrical potential of the first capacitor 104 moves outside a second reference range
owing to this charge shifting, this event is then detected by the second circuit unit 103 and
In particular by a second control unit 111 of the second circuit unit 103, which control unit
preferably comprises a comparator. As shown in Fig. 1, this detection can consist in or
comprise an electrical pulse 112 being generated at an output of the second control unit
111.

Furthermore, If the electrical potential of the first capacitor 104 moves outside the second
reference range, the first capacitor 104 is brought to the first electrical reference potential
by means of the second circuit unit 103, and in particular the second control unit 111 of
the second circuit unit 103. This is indicated in Fig. 1 in that a further switch 113 is closed
as a result of a signal triggered by the second control unit 111 of the second circuit unit
103, as a result of which the first capacitor 104 is electrically coupled to a voltage source
114, with the result that the first capacitor 104 is brought to the first electrical reference
potential that is defined by means of the voltage source 114.

A basic concept of the circuit arrangement 100 can illustratively be seen in that a sensor
current to be detected is converted into a frequency proportional to the current without
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prior analogue amplification or gain. By means of the circuit arrangement 100, the poten-
tial at the sensor electrode 101 is kept constant and the electrical charge (with positive or
negative sign) required therefor is drawn from a capacitor 104 having the capacitance C.
As a result of the drawing of charge AQ

due to a current flow | between the first capacitor 104 and the sensor electrode 101, inte-
grated over time t, the voltage AU applied to the first capacitor 104 changes in accordance
with the relationship

The voltage applied to the first capacitor 104 is preferably monitored by means of a thresh-
old circuit. If a specified or predefined value is exceeded or if the voltage falls below said
value, the circuit then triggers a digital impulse or pulse 112 that closes a switch 113, as
a result of which the electrical voltage at the capacitor 104 i1s reset to a specified or pre-
defined value. This results in a pulse sequence from the threshold circuit, the frequency
of which sequence iIs proportional to the signal current, also referred to as the sensor
current.

As described above with reference to Fig. 1, in order to operate an electrochemical sensor,
the circuit arrangement 100 substantially comprises two circuit units 102, 103. The first
circuit unit 102 controls and/or monitors the electrical potential (i.e. the voltage with respect
to a reference point) applied to the sensor electrode 101.

For example, an operational amplifier can be used to compare the electrical potential of
the sensor electrode 101 to a reference potential, and to control the electrical current flow
between the sensor electrode 101 and the first capacitor 104 such that the electrical po-
tential of the sensor electrode 101 remains constant.

Preferably, the countercurrent required for matching the sensor current is, as described,
drawn from the first capacitor 104 of the second circuit unit 103. The voltage at the first
capacitor 104 is monitored in the second circuit unit 103 by means of a threshold circulit,
for example a comparator circuit. If a second reference range of the electrical potential
applied to the first capacitor 104 is exceeded, undershot or not met, the second circuit unit
103 emits a reset pulse. This digital pulse, which is preferably of a fixed temporal length,
resets the potential of the capacitor 104 (or the electrical voltage between the two capac-
itor plates) to a first electrical reference potential. The pulse should be of a constant length,
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since the countercurrent i1s drawn from a voltage source 114 during this time. This dead
time reduces the measured frequency and, provided that the dead time i1s not negligibly
small, has to be taken into account when evaluating the data.

In @ scenario in which the dead time 1s not negligibly small and/or i1s to be compensated,
In order to minimise the measurement error due to the resetting of the circulit, it is possible
for two (or more) capacitors to be provided which are operated alternately in the manner
described. If one (the active) capacitor is charged by the sensor current, the other (pas-
sive) capacitor i1s reset, in this time interval, to the first electrical reference potential. If the
potential at the active capacitor exceeds the specified or predefined value, the second
circuit unit 103 preferably does not immediately trigger a reset pulse but instead initially
switches between the two capacitors and only subsequently resets the now passive ca-
pacitor. This approach means that the sensor current is never drawn directly from a volt-
age source, but instead always from a capacitor which acts as a charge reservorr.

Referring again to Fig. 1, the reset process is preferably carried out by means of a switch-
Ing transistor that discharges the first capacitor 104, during the reset phase, to a specifi-
able potential (for example fully discharges said capacitor). The first electrical reference
potential i1s preferably a ground potential. The sensor current subsequently charges the
first capacitor 104 again. The temporal dependency of the electrical voltage at the first
capacitor 104 can be described by the following expression:

As will be described later with reference to Fig. 5, the sensor current lsensor discharged
from the sensor electrode 101 has a constant offset portion Tosset @and a signal current that
(Ideally) increases linearly with time:
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If equation (4) 1s inserted into equation (3) and the integral is calculated, the electrical
voltage that builds up between a first time point t; and a second time point t, results In:

U(t) — 1/0 (Igfﬁget {tgmtl} +m/2 [tzz“tlg] ) (5)

The time interval At in which a specific voltage difference AU is built up 1s therefore:
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In this case, t I1s the average time of the interval considered, I.e.
t = {(t1+t,) /2 (7)

The frequency f measured within a sufficiently short interval At, ignoring a dead time t
when resetting the capacitor, (tgeaq<<At) accordingly results in:

f = At = Ipgseer/ (CAU) +mt/ (CAU)

This frequency f can be directly conducted away from the circuit arrangement 100 as a
digital signal (for example from a chip, if the circuit arrangement is integrated into a semi-
conductor substrate) and processed further or evaluated. Equation (8) shows that the fre-
gquency f has a constant portion that i1s due to the offset current losset Of the sensor elec-
trode 101. The second term In (8) represents the frequency portion that increases linearly
with time (the assumption of an exactly linearly increasing current signal i1s of course ide-
alised), which portion i1s due to sensor events in accordance with the redox cycling princi-
ple and contains the actual measurement variable m.

The variable m that is to be determined, which corresponds to the temporal change of the
measurement current, IS obtained for example by carrying out two period or frequency
measurements at a specified temporal spacing Atyess = tg-ta. If ta Or tg are inserted into
equation (8), respectively, and the resultant frequencies fa and fg are subtracted from one
another, the following i1s obtained as the frequency difference Af:

Accordingly, the variable m can be directly determined from two measurements of the
output frequency of the sensor, In particular said variable m being the slope of the current-
time curve profile 503 in Fig. 5.

As an alternative to the frequency or period duration measurement described, it IS possible
to provide the pulses 112 of the second circuit unit 103, in particular of the second control
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unit 111, to the input of a counting element 606 (as shown in the exemplary embodiments
according to Figs. 6A and 6B) that adds the number or the temporal sequence of the
pulses 112 and preferably converts this into a binary word that codes the number of
elapsed time intervals At.

A counting element 606 of this kind can count the reset pulses 112 of the first capacitor
104 over a specified time, output the counter reading digitally following an external pulse,
and subsequently reset the counting element 606.

In a good approximation, the (counter) reading n of the counting element 606 of the circuit
arrangement after the expiry of the time period tcount = teo-te1 defined by the time points t;;

and teo 1S:
b3

n = [fdt = I.(t,-t,)/(CAU)+m(t -t )/ (2CAU) (11)
f

In accordance with what has been set out above relating to the determination of m from
frequency measurements, at least two measurements of the (counter) reading n are nec-
essary, from which measurements both lofset and the variable m can be determined by
means of equation (11).

An advantage of integrating a counting element 606 into the circuit arrangement 100 of
the Iinvention iIs the resultant automatic time averaging of the measurement result. Since
fluctuations In the instantaneous value of the measured variable (for example owing to
noise effects, etc.) are possible in the case of the expected small sensor currents, In par-
ticular when detecting biomolecules, averaging is particularly advantageous.

According to a preferred embodiment of the circuit arrangement 100, the second circuit
unit 103 comprises at least one second capacitor, the circuit arrangement 100 being con-
figured such that either one of the at least one second capacitors, or the first capacitor, or
at least two of the capacitors, is/are connected to the circuit arrangement 100 simultane-
ously.

In particular, in order to enlarge the dynamic range and to improve the measuring accu-
racy, a switchable storage capacitance is provided. If the sensor electrode 101 delivers
an increased electrical sensor current, which would result in an increased output fre-
quency, a further capacitor may be connected in parallel with the first capacitor 104 for
example. This reduces the output frequency and thus possible measurement inaccuracies
owing to the dead time when resetting the first capacitor 104. In addition to the switching
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of the measuring range that is achieved in this way, the interval AU, within which the ca-
pacitor voltage oscillates, can also be changed. This allows the measuring range to be
tuned continuously.

In the following, a circuit arrangement 600 according to a second preferred embodiment,
on which arrangement the present invention is preferably based, is described with refer-
ence to Fig. 6A. The aspects set out in connection with the preceding figures may be
correspondingly applicable or implementable here. In particular, similar or identical com-
ponents, such as sensor electrode 101, 601, first circuit unit 102,602 second circuit unit
103, 603, first capacitor 104, 604, and the like, may have the same or corresponding fea-
tures and advantages.

The circuit arrangement 600 comprises a sensor electrode 601, a first circuit unit 602 that
IS electrically coupled to the sensor electrode 601, and a second circuit unit 603 that com-
prises a first capacitor 604.

The first circuit unit 602 Is preferably designed so as to keep the electrical potential of the
sensor electrode 601 in a specifiable first reference range around a specifiable target elec-
trical potential by means of the first capacitor 604 and the sensor electrode 601 being
coupled such that matching of the electrical potential is possible.

Furthermore, the second circuit unit 603 Is preferably designed such that, if the electrical
potential of the first capacitor 604 is outside a second reference range, said unit detects
this event and brings the first capacitor 604 to a first electrical reference potential of the
second circuit unit 603, which potential is provided by a first voltage source 605.

Moreover, the circuit arrangement 600 preferably comprises a counting element 606 that
IS electrically coupled to the second circuit unit 603 and is configured to count the number
and the temporal sequence of the events.

Moreover, the first circuit unit 602 preferably comprises a first comparator element o607
having two inputs and one output, the first input being coupled to the sensor electrode 601
such that the first input is at the electrical potential of the sensor electrode 601.

The second input Is preferably brought to a third electrical reference potential which de-
fines the target electrical potential (or the first electrical reference range). The third elec-
trical reference potential, which is applied to the second input of the first comparator ele-
ment 607, Is provided by a second voltage source 608. Furthermore, the first comparator
element 607 is designed such that an electrical signal is generated at the output thereof,
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which signal is such that the electrical potential of the sensor electrode 601 is kept in the
specifiable first reference range around the specifiable target electrical potential.

As Is further shown by way of example in Fig. 6A, the first circuit unit 602 comprises a
transistor 609, the gate region of which 1s coupled to the output of the first comparator
element 607, the first source/drain region of which is coupled to the sensor electrode 601,
and the second source/drain region of which is coupled to the first capacitor 604.

Preferably, the (field-effect) transistor 609 is a variable ohmic resistor (controllable by the
first comparator element 607), by means of which the sensor electrode 601 can be cou-
pled to the first capacitor 604 of the second circuit unit 603 such that the electrical potential
of the sensor electrode 601 is kept in the predefinable first reference range, around the
predefinable target electrical potential.

In other words, any intermediate value between complete coupling and complete decou-
pling of the sensor electrode 601 and the capacitor 604 can be set or adjusted by means
of the transistor 609.

Furthermore, the second circuit unit 603 preferably comprises a second comparator ele-
ment 610 having two inputs and one output, the first input being coupled to the first ca-
pacitor 604 such that the first input is at the electrical potential of the first capacitor 604,
and the second input being at a fourth electrical reference potential provided by a third
voltage source 611, which fourth electrical reference potential defines the second electri-
cal reference range.

The second comparator element 610 Is preferably configured such that an electrical signal
IS generated at the output thereof, which signal is such that, if the electrical potential of
the first capacitor 604 exceeds the fourth electrical reference potential, the first capacitor
604 is brought to the first electrical reference potential. For this purpose, the second circuit
unit 603 provides the switch 612 (that may be designed as a transistor for example) with
an electrical signal that is such that the switch 612 1s closed and electrical coupling Is
established between the first voltage source 605 and the first capacitor 604.

Furthermore, a pulse generator 613 Is preferably connected to the output of the second
comparator 610, which pulse generator detects the event of the electrical potential of the
first capacitor 604 being outside the second reference range, and emits a digital pulse of
a defined length .
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As Fig. 6A further shows, said pulse signal of the pulse generator 613 Is preferably pro-
vided to the counting element 606 which counts the number of pulses and the temporal
sequence thereof (i.e. the frequency at which the pulses arrive).

Preferably, the first comparator element 607 and the second comparator element 610 of
the circuit arrangement 600 are, respectively, designed as an operational amplifier, but
can also be implemented in another manner.

The schematic circuit diagram of the circuit arrangement 600 shown in Fig. 6A thus pref-
erably comprises a potentiostat unit that is implemented by means of the first circuit unit
602 and/or by means of the first capacitor 604. Said potentiostat unit keeps the electrical
potential of the sensor electrode 601 at the target electrical potential within the first refer-
ence range that is defined by means of the third electrical reference potential.

The sensor current discharged from the sensor electrode 601 i1s drawn from the second
circuit unit 603 which in addition functions as a current-to-frequency converter.

The first capacitor 604 delivers electrical charge to the sensor electrode 601 in order to
hold the electrical potential thereof, the electrical voltage applied to the first capacitor 604
being monitored by means of the comparator circuit described.

If the electrical voltage of the first capacitor 604 falls below a threshold value, the compar-
ator 610 or the pulse generator 613 then preferably triggers a pulse of the defined length
| that changes the potential of the first capacitor 604 to the electrical potential of the first
voltage source 605 by means of the switch 612. The pulse in addition functions as a count
pulse for the optional counting element 606 that i1s coupled to the output of the second
comparator element 610.

It should be emphasised that the circuit arrangement 600 shown in Fig 6A Is configured
such that it provides electrical current to the sensor electrode 601; the sensor electrode
601 operates as a current sink in this case. If, In contrast, electrical currents generated at
the sensor electrode 601 are intended to be consumed by the circuit arrangement 600,
sald arrangement can be constructed in a complementary manner.

In the following, a third preferred embodiment of the circuit arrangement according to the
iInvention will be described with reference to Fig. 6B. The elements of the circuit arrange-
ment 620 that correspond to the circuit arrangement 600 shown in Fig. 6A and described
above are provided with the same reference signs. In the following, merely those compo-
nents of the circuit arrangement 620 that differ from the circuit arrangement 600 shown In
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Fig. 6A are described in greater detail. Furthermore, said components and further features
of the third embodiment may also be combined with other embodiments like the first em-
bodiment shown in Fig. 1.

The circuit arrangement 620 comprises a calibration device 621, that can be coupled to
the first circuit unit 602, for calibrating the circuit arrangement 620, which is configured
such that a second electrical reference potential can be applied to the first circuit unit 602
by means of the calibration device 621, the first circuit unit 602 being coupled either to the
calibration device 621 or to the sensor electrode 601.

It 1Is particularly advantageous in the circuit arrangement 620 shown In Fig. 6B for the
sensor electrode 601 to be optionally able to be decoupled from the first circuit unit 602
and to be able to be coupled instead to the calibration device 621, the main component of
which 1s a reference current source 621A.

The circuit arrangement 620 can be calibrated by means of a calibration current generated
by the calibration device 621. This is advantageous in particular when the exact value of
the capacitance C of the first capacitor 604 i1s not known.

In addition to statistical fluctuations of the capacitance of the first capacitor 604 owing to
variations in the process technology during the manufacturing method of the first capacitor
604, the parasitic capacitances of the circuit arrangement 620, which can be calculated
only with significant effort or which cannot be calculated exactly at all, contribute substan-
tially to the overall capacitance of the storage node and influence the resulting output
frequency in which the current signal to be detected is coded significantly.

Offset voltages, in particular of the second comparator 610 Iin the current-to-frequency
converter, and possible leakage currents or stay currents may also directly influence the
output frequency to be detected.

As shown In Fig. 6B, the calibration device 621 preferably comprises a connectible refer-
ence current source 621A that provides a known sensor current or increases or reduces
sald current by a specified amount when the reference current source 621A Is connected
iIn parallel with the sensor electrode 601. The frequency change resulting from the con-
nection 1s then used for calibrating the circuit arrangement 620. Calibration of this kind
may be carried out in particular before an analyte 1s applied on or to the sensor electrode
0601. In this case, the sensor electrode 601 does not provide any signal current originating
from sensor events, and the output frequency Is determined from the reference current of
the reference current source 621A.
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The selective connection of either the sensor electrode 601 or the calibration device 621
to the first circuit unit 602 Is preferably achieved by means of a further switch 622. The
switch 622 can preferably be switched in such a way that in the operating mode shown In
Fig. 6B the calibration device 621 Is connected to the second circuit unit 602, whereas In
the operating mode shown in Fig. 6B the sensor electrode 601 is not connected to the first
circuit unit 602. In a complementary scenario that corresponds to moving the further switch
622 shown In Fig. 6B, the sensor electrode 601 is connected to the first circuit unit 602,
whereas the calibration device 621 i1s not connected to the first circuit unit 602.

With regard to the possible structure and the preferred functioning of components of the
circuit arrangement 100, 600, reference is additionally made to the publication of Euro-
pean patent 1 636 599 B1, and in this case to the description of the figures for Fig. 7 to 16
on pages 15 to 23, the content of which is hereby incorporated in its entirety into this
application.

Fig. 7 schematically shows an embodiment of the present invention. The same reference
signs as those in the embodiments according to Fig. 6A to 6B are used, it being possible
for a corresponding structure, corresponding properties and corresponding advantages to
be achieved, even If repeated description thereof is omitted. In this respect, reference is
made to the above explanations regarding Fig. 6A and 6B, and in addition also to the
explanations regarding Fig. 1 to 5 with respect to further functions, features and properties
of the circuit arrangement 100 described therein and/or of the structure and the functioning
of the sensor electrode 101, which are in principle also applicable to or implementable on
the corresponding components of the embodiment in Fig. 6A and 6B and the embodiment
explained in the following. Therefore, in the following only substantial differences and de-
velopments are explained in detall.

Fig. 7 shows a proposed circuit arrangement 600. The circuit arrangement 600 comprises
a sensor electrode 601.

In the embodiment according to Fig. 7, the sensor electrode 601 is implemented as what
IS known as an interdigital electrode 601. In this case, the sensor electrode 601 comprises
finger-like strip conductors 601A. The finger-like strip conductors 601A may be electrically
or galvanically interconnected or coupled with each other by means of a group / common
line or wiring 601B. The sensor electrode 601 is preferably formed by the strip conductors
601A and the group line or wiring 601B. The strip conductors 601A and the group line or
wiring 601B thus preferably comprise a conductive surface on which capture molecules
105 can be immobilised.
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The sensor electrode 601, strip conductors 601A and/or the group line or wiring 601B
Is/are preferably electrically connected to the first circuit unit 602 by means of a connection
line or wiring 601C. The connection line or wiring 601C preferably connects the sensor
electrode 601 to an input of the first circuit unit 602.

The sensor electrode 601 is preferably a first electrode 401 of a biosensor 400, as is
explained by way of example in connection with Fig. 4. In principle, however, the sensor
electrode 601 can also be used for detecting substances other than those described In
connection with Fig. 4 and/or may have a surface finish, as described in Fig. 4 or differing
therefrom, for detecting different substances, in particular molecules.

A counterelectrode 601" is preferably assigned to the sensor electrode 601. Said coun-
terelectrode may be constructed in a manner corresponding to, similar to and/or comple-
mentary to the sensor electrode 601. The sensor electrode 601 and the counterelectrode
601" particularly preferably form the interdigital structure in that finger-like strip conductors
601A, 601°A run or extend, respectively, in an alternating manner and/or at least in por-
tions parallel to each other. The finger-like strip conductors 601A, 601'A particularly pref-
erably mutually engage in a finger-like manner such that a finger-like strip conductor 601A
of the sensor electrode 601 runs or extends so as to be substantially in parallel with a
finger-like strip conductor 601°A of the counterelectrode 601" in each case. As a result, the
strip conductors 601A, 601'A mutually engage in a finger-like manner, by means of which
the interdigital structure can be formed.

The counterelectrode 601" may comprise an optional group line or wiring 601'B. Alterna-
tively or in addition, the counterelectrode 601" comprises a connection line or wiring 601'C
that is earthed for example, I1s or can be kept at a reference potential, or, particularly pref-
erably, forms part of a further circuit arrangement 600’, the structure of which may be
similar to, may correspond to or may be identical to the structure described in connection
with Fig. 6A and 6B and the current Fig. 7.

The sensor electrode 601 is electrically coupled or connected to the first circuit unit 602.
This Is preferably carried out by means of the connection line or wiring 601C. In the ex-
ample shown according to Fig. 7, the connection line or wiring 601C is continuously and/or
directly connected or coupled to the first circuit unit 602. Therefore, unlike in the embodi-
ment according to Fig. 6B, no switch 622 1s arranged between the sensor electrode 601
and the first circuit unit 602 such that the sensor electrode 601 can be decoupled from the
first circuit unit 602. Alternatively or in addition, however, a switch 622 may also be pro-
vided, as explained in connection with Fig. 6B. Said switch 622 would then be capable of
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selectively (alternately) connecting the first circuit unit 602 either to the sensor electrode
601 or to a reference current source 621B.

In practice, the sensor electrode 601 preferably forms an electrically conductive surface
of a biosensor. In this case, the strip conductors 601A and/or the group line or wiring 601B
form a surface that is electrically conductive towards the surroundings, while the remaining
circuit arrangement 600 may be integrated at least substantially below the sensor elec-
trode 601 and/or in a semiconductor material. The circuit arrangement 600 is therefore
particularly preferably what is known as a system-on-chip (SoC) or a system-in-package
(SIP).

The circuit arrangement 600 preferably further comprises a second circuit unit 603 and a
first capacitor 604.

As already explained above, the first circuit unit 602 i1s designed so as to keep the electrical
potential of the sensor electrode 601 in a specifiable first reference range around a spec-
Iflable target electrical potential. This may be achieved by means of the first capacitor 604
and the sensor electrode 601 being coupled such that matching of the electrical potential
takes place. A preferred embodiment of this is explained in connection with Fig. 6A and
6B, to which reference Is made at this point.

The second circuit unit 603 is preferably configured such that, if the electrical potential of
the first capacitor 604 is outside a second reference range, said unit detects this event
and brings the first capacitor 604 to a first electrical reference potential. For details of a
preferred solution In this regard, too, reference iIs made to the above explanation of the
embodiment according to Fig. 6A and 6B.

A connectible reference current source 621B Is preferably provided at the sensor elec-
trode 601. Said reference current source 621B can impress a reference current R into the
sensor electrode 601 and/or the first circuit unit 602.

The reference current R may have a positive or negative sign, and so the reference current
source 621B can generate a reference current R into the sensor electrode 601 or out of
the sensor electrode 601.

Very fundamentally, a reference current R 1s preferably a direct current, i.e. a current that
IS at least substantially constant in portions. Alternatively or in addition, however, the ref-
erence current R may also comprise an alternating component or may be an alternating
signal. This can be used to test the inertia of the circuit arrangement 600 by means of
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determining the temporal spacing at which a measurement result M of the circuit arrange-
ment 600 follows the reference current R.

The reference current source 621B Is preferably designed to provide a known reference
current R or to increase or reduce the sensor current S that flows from the sensor elec-
trode 601 Into the first circuit unit 602 by a specific, preferably known, amount. This pref-

erably occurs when the reference current source 621B IS connected to the sensor elec-
trode 601.

In the example shown according to Fig. 7, in a manner differing from the example shown
in Fig. 6B, the reference current source 621B can be connected to the sensor electrode
601 such that a reference current R is injected (impressed) into the sensor electrode 601.
In the case of an intact sensor electrode 601, the reference current R is conducted into
the first circuit unit 602 as the sensor current S. Alternatively or in addition, the reference
current source 621B may be directly connected or connectable to the input of the first
circuit unit 602 or to the connection line or wiring 601C, the sensor electrode 601 prefera-
bly not being separated from or being inseparable from the first circuit unit 602 (not
shown). Alternatively, however, a switch 622 may also be provided, which switch sepa-
rates the sensor electrode 601 from the first circuit unit 602 when the first circuit unit 602
IS connected to the reference current source 621B directly or via the connection line or
wiring 601C.

In the example shown according to Fig. 7 it is thus also possible, alternatively or in addi-
tion, to connect the reference current source 621B to the sensor electrode 601 in a parallel
connection.

Within the meaning of the present invention, a current source, in particular the reference
current source 621B, is connected in parallel in particular when it is coupled to the sensor
electrode 601 in such a way that a (positive or negative) current is impressed into the first
circuit unit 602.

In this case "In parallel” is preferably to be understood such that the reference current
source 621B I1s connected In parallel with regard to a (virtual) ground or a reference po-
tential for the sensor electrode 601. The reference point may also be a small signal ground
or the like.

In an aspect of the present invention, which can also be implemented independently, the
circuit arrangement 600 is designed and the reference current source 621B can be oper-
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ationally adjusted or set such that the reference current source 621B injects into the sen-
sor electrode 601 either no reference current R or a first reference current R having a first
current strength / amperage and at least one second reference current R having a second
current strength / amperage that is different from the first current strength / amperage.

In other words, the reference current source 621B i1s adjustable. In this case, the reference
current source 621B can preferably be adjusted between different current strengths that
are specified, predefined and/or known in each case.

In this case, the reference current source 621B may be continuously adjustable. However,
In the example shown the reference current source 621B Is adjustable in steps, preferably
having at least two steps, in which the reference current source 621B delivers or injects
iInto the sensor electrode 601 and/or the first circuit unit 602 different reference currents
R, I.e. reference currents R of different current strengths.

"Injection” of the reference current R generated by the reference current source 621B
means In particular that the reference current source 621B Is electrically coupled to the
sensor electrode 601 and/or to the first circuit unit 602, in particular is (galvanically) con-
nected thereto, such that the reference current R that is provided by the reference current
source 621B Is impressed or fed into the conductive structure, 1.e. Iin particular into the

strip conductors 601A, the group line or wiring 601B and/or into the connection line or
wiring 601C.

The adjustability of the reference current source 621B provides the advantage of precise
and reliable functional testing and/or calibration. In this case, the preferred stepped ad-
justability of the reference current source 621B Is preferably made possible by realising
the relevant currents by means of individual current sources 623, 624, the currents of
which are or can be specified or predefined particularly well. Said currents of the current
sources 623, 624 can be used in combination and as a result provide a reference current
source 621B that has fewer influences, fluctuations and tolerances than a continuously
adjustable reference current source 621B although said continuously adjustable source is
also possible in principle.

The circuit arrangement 600 generates the measurement result M in a manner dependent
on the sensor current S, 1.e. the current that flows from the sensor electrode 601 into the
first circuit unit 602, and particularly preferably in the form of a frequency, as explained
above In particular in connection with Fig. 6A and 6B. Therefore, in the case of a specific
sensor current S, a specific measurement result M 1s to be anticipated or expected, In
particular in a manner dependent on the capacitance of the capacitor 604.
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