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(7) ABSTRACT

Embodiments of the invention include a biosensor, such as
an implantable biosensor, that includes a sensor material
sensitive to at least one analyte in a pressure measurement
chamber coupled to a pressure sensor. In embodiments of the
invention, a pressure prevailing in the pressure measurement
chamber may be determined by the pressure sensor. The
sensor material is coupled in the pressure measurement
chamber to a compensation material, which includes a
relationship between a temperature and a volume of the
pressure. The relationship is opposite to a temperature-
dependent change in pressure or volume of the sensor
material and at least partially compensates for a cross-
sensitivity-induced change in volume of the sensor material.
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1
CROSS-SENSITIVITY-COMPENSATED
BIOSENSOR

This application claims the benefit of German Patent
Application No. DE 10 2015108644.1, filed on 1 Jun. 2015,
the specification of which is hereby incorporated herein by
reference.

BACKGROUND OF THE INVENTION

Field of the Invention

Embodiments of the invention generally relate to a cross-
sensitivity-compensated biosensor.

Description of the Related Art

Hereinafter, a sensor used for the detection or concentra-
tion determination of analytes in media inside or outside a
human or animal body will be referred to as a biosensor. In
addition, hereinafter, a medium that potentially contains an
analyte which is to be detected or of which the concentration
is to be determined will be referred to as a test medium.

Generally, in order to provide new sensors for the con-
centration determination or the detection of substances,
polymer networks may be used. Polymer networks are
polymers of which the molecules are chemically linked (for
example by covalent or ionic bonds) or physically linked
(for example by entanglement of the polymer chains) to
form a three-dimensional network. A network of this type
swells in the presence of an opportune solvent by absorbing
the solvent. Typically, the swollen network is then also
referred to as a gel or polymer gel. If water is the swelling
agent, reference is also made to a hydrogel. As special gels,
“smart” gels (“smart” hydrogels when water is used as
swelling agent) have the ability under certain preconditions
to selectively respond to changes in ambient variables, this
response being manifested by changes in volume. Sensitivi-
ties may be attained in particular with respect to tempera-
ture, pH value, ion concentration, or substance concentra-
tion. Such polymer networks may thus respond by means of
a significant volume change as a result of water uptake or
water release in the event of a change to the concentration
of a substance, for example in the blood. Introduced into a
defined volume, the concentration-dependent volume
change may be converted into a concentration-dependent
pressure change. This is relevant in particular in the case of
sensors by means of which the concentration of certain
substances (for example what are known as biomarkers, for
example in the blood) may be determined.

For the production of “smart” gels, base materials are
often used that, besides being dependent on the sensitivities
to the substances for detection or concentration determina-
tion of which said materials have been produced, addition-
ally are heavily dependent on other ion or substance con-
centrations and/or temperature and/or pH value, ie. these
gels may change their solvent content (or volume) depend-
ing on ion or substance concentrations and/or depending on
temperature and/or pH value. The volume change or pres-
sure change of the gel are thus dependent on the concen-
tration of the substance, i.e. the actual sensor measurand,
and the concentration of other ion and/or substance concen-
trations and/or the temperature and/or pH value. It has been
found that the volume change or swelling pressure change in
the event of variations in temperature and/or pH value are
much greater than those volume or swelling pressure
changes caused by a change to the actual sensor measurand,
for example the concentration of the blood component when
using “smart” hydrogels.
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The sensitivity of a sensor to variables other than the
variable to be measured is referred to as cross-sensitivity.
The variable to be measured is the measurand or also sensor
measurand. A variable that is not the measurand, however,
influences the information delivered by the measuring
device concerning the measured value, i.e. is an influencing
variable. The influencing variable means that the measured
value changes merely as a result of a change to the influ-
encing variable.

United States Patent Publication 2010/0056888 Al, to
Skerl et al., entitled “Implantable Biosensor and Sensor
Arrangement”, discloses an implantable biosensor, in which
a hydrogel may be used for the detection of an analyte. As
disclosed in Skerl et al., a hydrogel may undergo a signifi-
cant volume change in the presence of a suitable analyte.
According to Skerl et al., pressure sensors are used in order
to measure a concentration of an analyte. One measures the
pressure in a measurement chamber, which pressure may
vary by the analyte, whereas another measures the pressure
outside the measurement chamber. In Skerl et al., the content
of the analyte in the measurement chamber is determined
from the pressure difference. The two pressure values may
also be used for temperature compensation.

For example, United States Patent Publication 2009/
0275815 Al, to Bickoff et al., entitled “Temperature-Com-
pensated In-Vivo Sensor”, discloses a system comprising a
biosensor for measuring the concentration of an analyte and
a temperature sensor, which detects the temperature in a
region as close to the biosensor as possible. In Bickoff et al.,
the output signal of the biosensor is corrected with the
measured temperature in order to determine the measured
analyte concentration.

The high technical demands on the sensor system, such as
measurement ranges and resolution of the pressure and
temperature sensor, may be satisfied only with difficulty for
the highly precise detection of medically relevant concen-
tration changes in the blood, in particular in a transportable
or implantable system.

BRIEF SUMMARY OF THE INVENTION

One or more embodiments of the invention include an
improved cross-sensitivity-compensated biosensor, which
allows a reliable and precise detection of analytes to occur.

At least one embodiment of the invention is achieved in
accordance with elements of the independent claim.
Embodiments of the invention will emerge from the further
claims, the description and the drawings as presented herein.

One or more embodiments of the invention include a
biosensor that includes a sensor material that is sensitive to
at least one analyte. In at least one embodiment, the sensor
material is in a pressure measurement chamber coupled to a
pressure sensor. In one or more embodiments, a pressure
prevailing in the pressure measurement chamber may be
determined by the pressure sensor. In at least one embodi-
ment, the sensor material may be coupled in the pressure
measurement chamber to a compensation material, which
compensates at least in part for a cross-sensitivity-induced
change in volume of the sensor material.

By way of one or more embodiments, a pressure sensor
may include any device that may determine the pressure
prevailing in the pressure measurement chamber.

In at least one embodiment, the biosensor may include a
biosensor implantable in a human or animal body.
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In one or more embodiments, the sensor material sensitive
to at least one analyte is preferably a polymer gel, or
hydrogel, or “smart” hydrogel sensitive to at least one
analyte.

In one or more embodiments, the sensor is introduced, for
the measurement, into a test medium in which the at least
one analyte may be contained and of which the presence
and/or concentration is determined. In at least one embodi-
ment, an analyte-dependent sensor signal, for example a
concentration-dependent sensor signal, may be completely
or at least predominantly independent of cross-sensitivity
due to the coupled use of the sensor material and compen-
sation material in the pressure measurement chamber. At the
same time, in one or more embodiments, the sensitivity to
the at least one analyte, for example a blood component, and
therefore the concentration-dependent pressure change
remains unchanged.

According to at least one embodiment, to compensate for
the cross-sensitivity dependency of the sensor signal, the
compensation material in the biosensor may mechanically
decouple the cross-sensitivity effect of the sensor material
from the concentration-dependent sensor signal, such that
the concentration-dependent sensor signal is independent of
the cross-sensitivity.

In one or more embodiments, the cross-sensitivity-in-
duced change in volume to the sensor material may be one
or more of a temperature-dependent volume change and a
pH value-induced volume change.

Embodiments of the invention solve a central problem of
biosensors including the detection or concentration deter-
mination of substances, wherein the biosensors may be
based on a swelling pressure measurement of hydrogels that
are one or more of temperature-sensitive and sensitive to pH
value. In at least one embodiment, one or more of the
temperature dependency and the pH value dependency may
be mechanically decoupled from the sensitivity to the at
least one analyte or analytes, such that a concentration-
dependent swelling pressure includes a reduced, or even no
longer includes any temperature dependency and/or pH
value dependency.

For compensation of the temperature dependency and/or
pH value dependency of the sensor signal, in one or more
embodiments, the compensation material in the biosensor
may mechanically decouple the temperature effect and/or
pH value effect of the sensor material, such as of the
hydrogel, from the concentration-dependent sensor signal.
As such, in at least one embodiment, the concentration-
dependent sensor signal may be independent of temperature
and/or independent of pH value.

In one or more embodiments, the compensation or at least
reduction of the temperature-induced and/or pH value-in-
duced pressure change of the hydrogel may be implemented
by a mechanical design. As such, at least one embodiment of
the invention may include pressure sensors that have a much
smaller measurement range and greater measurement reso-
lution. In one or more embodiments, the measurement
resolution to determine the sensor measurand may be
increased and for example may enable the determination of
physiologically relevant concentration fluctuations in the
implant model.

One or more embodiments may include biosensors based
on “smart” hydrogels that determine the concentration of
substances or that detect substances. In at least one embodi-
ment, smart hydrogels include a special type of hydrogels. In
one or more embodiments, in isobaric conditions, such as
during free swelling at atmospheric pressure, the smart
hydrogels may respond to very minor changes in certain
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ambient variables, including temperature, pH value, ion or
substance concentrations, using volume changes. In at least
one embodiment, such hydrogels may include polymer
networks, which respond to a stimulus, such as a change in
the concentration of a substance in the tested medium, for
example blood, using a significant volume change as a result
of water absorption and water release. Introduced into a
defined volume, in one or more embodiments, the concen-
tration-dependent volume change may be converted into a
concentration-dependent pressure change. In at least one
embodiment with implantable biosensors, the concentra-
tions of certain substances, for example what are known as
biomarkers, may be determined in bodily fluids, such as
blood. Generally, in prior art systems, the necessary high
demands on the pressure and temperature sensors and/or
probes contained in the biosensor for determining a pH
value clearly, from a technical and economical viewpoint, do
not support a realization of sensors based on hydrogels, such
as for mobile use as an implant. According to one or more
embodiments of the invention, it may not be necessary to
keep the temperature and/or the pH value constantly in the
measurement range or to use highly precise pressure and
temperature sensors and/or probes in order to determine a
pH value. In at least one embodiment, the biosensor may be
used in an organism that has fluctuating temperatures and/or
pH values, for example in the presence of fever or in the
presence of other influences.

In one or more embodiments, using the biosensor, a
multiplicity of substances may be specifically detected, or
the concentration thereof may be determined. In at least one
embodiment, the multiplicity of substances may include one
or more of electrolytes, carbohydrates, fatty acids, lipids,
sugars, nucleotides. deoxyribonucleic acids, ribonucleic
acids, amino acids, peptides, proteins, antibodies, hormones,
neurotransmitters, metabolites, metabolic products, anti-
gens, active substances, drugs, nanoparticles, toxins and any
other appropriate substance as one skilled in the art would
appreciate. In one or more embodiments, the sensitivity to
the substance to be detected, referred to herein as analyte,
may be achieved via components that are introduced into the
hydrogel network, for example covalently.

In at least one embodiment of the invention, a volume
effect of the sensor material based on a cross-sensitivity of
the sensor material and on a change in concentration of the
analyte may be determined at the sensor material.

In at least one embodiment of the invention, a volume
effect of the sensor material based on a change in one or
more of the pH value and a temperature change, and/or
based on a change in concentration of the analyte, may be
determined at the sensor material.

By way of one or more embodiments, the “smart” hydro-
gels may include base materials that, besides the sensitivity
to the at least one analyte in question, may include a strong
temperature dependency and/or pH value dependency,
wherein such smart hydrogels may change their water
content depending on the temperature.

In at least one embodiment, when the hydrogel swells up
or shrinks back freely, this may be identified based on a
significant change in volume; wherein when the hydrogel is
limited to a given volume, the pressure in the volume
changes accordingly. In one or more embodiments, due to
the pronounced temperature dependency and/or pH value
dependency, the water release and therefore volume or
pressure change may be amplified in the event of a change
in concentration of the substances at constant measurement
temperature and/or at constant pH value.
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In at least one embodiment, the volume and pressure
change of the hydrogel may be dependent on the concen-
tration of the analyte, which includes the actual sensor
measurand, and may be dependent on one or more of the
temperature and the pH value. In one or more embodiments,
due to the compensation material, the presence and/or the
concentration of the analyte may be determined precisely. In
at least one embodiment, the volume change or swelling
pressure change may be greater in the case of variations in
temperature and/or pH value than volume or swelling pres-
sure changes caused by a change to the actual sensor
measurand, for example the concentration of the blood
component.

In one or more embodiments, a hydrogel may be used to
determine the concentration or to detect the substances
relevant from a medical, biochemical, molecular biological,
biotechnological or environmental viewpoint. In at least one
embodiment, biosensor may be used to detect or determine
the concentration of physiologically relevant markers, such
as electrolytes, carbohydrates and proteins.

According to one or more embodiments, a hydrogel,
besides the sensitivity to the substance, may include a
temperature dependency and/or a pH value dependency,
wherein the hydrogel may release water or may absorb water
depending on the concentration of the substance, the tem-
perature, and the pH value. In at least one embodiment, the
water release or absorption may be noticed in a concentra-
tion-dependent, temperature-dependent and pH value-de-
pendent swelling pressure, which may be determined using
the pressure sensor. In one or more embodiments, the
pressure changes produced as a result of temperature and
concentration changes and changes to the pH value may be
determined.

At least one embodiment of the invention may include a
hydrogel that includes, for example, a negative relationship
between temperature and volume. For example, in one or
more embodiments, when the temperature rises, the volume
decreases as a result of water release and the measured
pressure influenced by temperature change thus decreases.
For example, in at least one embodiment, when temperature
decreases, the volume increases as a result of water absorp-
tion and the measured pressure influenced by temperature
change thus rises. In one or more embodiments, in order to
partially or fully mechanically compensate for the tempera-
ture dependency, the compensation material may be intro-
duced into the biosensor in contact with the hydrogel. In at
least one embodiment, the compensation material, in con-
trast to the hydrogel, includes an opposite relationship, for
example a positive relationship between volume and tem-
perature, wherein when temperature rises the volume and
therefore the measured pressure influenced by temperature
change increases, and wherein when temperature decreases
the volume and therefore the measured pressure influenced
by temperature change decreases. In one or more embodi-
ments, the absolute value of the change in volume of the
compensation material may be identical to the absolute
value of the change in volume of the hydrogel. In at least one
embodiment, if complete compensation of the temperature
effect is not desired, the absolute values may also differ from
one another.

By way of one or more embodiments, to provide a
negative relationship between temperature and volume, the
hydrogels may include a lower critical solution temperature
(LCST). In at least one embodiment, the hydrogel is swol-
len, for example high swelling pressure, below the LCST,
and the hydrogel is collapsed, for example low swelling
pressure, above the LCST. In embodiments of the invention,
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one or more of the following hydrogels with LCST may be
used to provide the negative relationship: poly(N-isopropy-
lacrylamide), methacrylate macromonomers (ether-ester
structure), poly(N,N-diethylacrylamide), poly(N-vinly-
caprolactam), poly[2-(dimethylamino)ethyl methacrylate],
poly(ethylene glycol) (PEG), PEG methacrylate, diethylene
glycol methyl ether methacrylate, oligo(ethylene glycol)
methyl ether methacrylate, and poly(methyl vinyl ether).

At least one embodiment of the invention may include
hydrogels with an “upper critical solution temperature”
(UCST), with volume increase with rising temperature, or
may include hydrogels with a mixture of both UCST and
LCST hydrogels. One or more embodiments of'the invention
may include hydrogels that include both a UCST and an
LCST.

In addition to or alternatively to the temperature depen-
dency, at least one embodiment may include a hydrogel that
includes a negative relationship between pH value and
volume. For example, in one or more embodiments, when
the pH value increases, the volume decreases by water
release and therefore the measured pressure influenced by a
change in the pH value decreases, and when the pH value
decreases, the value the volume increases as a result of water
absorption and therefore the measured pressure influenced
by a change in the pH value rises. In order to partially or
fully mechanically compensate for the pH value depen-
dency, by way of at least one embodiment, the compensation
material may be introduced into the biosensor in contact
with the hydrogel, wherein the compensation material may
include, in contrast to the hydrogel, an opposite relationship,
for example a positive relationship, between volume and pH
value. For example, in one or more embodiments, with an
increase of the pH value, the volume and therefore the
measured pressure influenced by a change in pH value
increases, and with a reduction of the pH value, the volume
and therefore the measured pressure influenced by a change
in the pH value decreases. In at least one embodiment, the
absolute value of the change in volume of the compensation
material may be identical to the absolute value of the change
in volume of the hydrogel. In one or more embodiments, if
complete compensation of the pH effect is not desired, the
absolute values may also differ from one another.

In order to provide a negative relationship between pH
value and volume, at least one embodiment of the invention
may include hydrogels with basic groups, wherein such
hydrogels include an increased volume at lower pH values,
and wherein the volume is smaller at higher pH values.

In order to form a positive relationship between pH value
and volume, one or more embodiments of the invention may
include hydrogels with acidic groups, wherein such hydro-
gels include an increased volume at higher pH values, and
wherein the volume is smaller at lower pH values.

In order to provide an alternating relationship between pH
value and volume, at least one embodiment of the invention
may include hydrogels with both basic and acidic groups,
wherein such hydrogels include an increased volume at
lower pH values, wherein the volume reduces at medium pH
values, and wherein the volume is increased at higher pH
values.

In one or more embodiments, to compensate for the
respective change in volume depending on pH value, the
hydrogels may be expediently combined in sensors.

In at least one embodiment of the invention, the pressure
measurement chamber may include at least two compart-
ments, wherein the sensor material may be arranged in a first
of the two compartments and the compensation material
may be arranged in a second of the two compartments. In
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one or more embodiments, the first of the two compartments
may include a region that is permeable for the analyte and
the test medium. In at least one embodiment, the compart-
ments may border one another directly or may be distanced
from one another. In the latter case, however, in one or more
embodiments, the two compartments may be interconnected

In at least one embodiment of the invention, a flexible
membrane may be arranged between the two compartments.
In one or more embodiments, both compartments may
include a region that is permeable for the analyte and the test
medium. By way of at least one embodiment, when the
compensation material comes into contact with the test
medium containing the analyte, the compensation material
may be used to also compensate for other cross-sensitivities
of the sensor material besides the temperature dependency.

In one or more embodiments, the invention may be
extended to all polymer-based sensors for compensation of
cross-sensitivities. In at least one embodiment, the sensitiv-
ity of the sensor material and of the compensation material
of the biosensor to certain analytes, for example blood
components, may be determined, for example in polymer-
based systems such as hydrogel, by the used polymer
system.

In at least one embodiment of the invention, the pressure
sensor may be arranged at least in part in the second
compartment and may be surrounded at least in regions by
the compensation material. In one or more embodiments, the
compensation material may be or may include oil. In at least
one embodiment, the compensation material may be used to
transfer pressure between the sensor material in the first
compartment and the pressure sensor in the second com-
partment. In one or more embodiments, the pressure sensor
may be expediently surrounded by the oil. In at least one
embodiment, the second compartment may not be perme-
able for the test medium or the analyte.

According to one or more embodiments, oil includes a
positive relationship between temperature and volume,
wherein a hydrogel includes a negative relationship between
temperature and volume. In at least one embodiment, the
thermally induced expansion of the used oil with rising
temperature and therefore the temperature-induced pressure
rise may be compensated for mechanically.

In one or more embodiments, the sensor material may be
mixed in the pressure measurement chamber with the com-
pensation material, such that sensor material and compen-
sation material may be arranged in one compartment. In at
least one embodiment, the one compartment may include a
region that is permeable for the analyte and the test medium.
In one or more embodiments, sensor material and compen-
sation material may fully or at least partially compensate for
their volume changes depending on material selection. In at
least one embodiment, the sensor material together with the
compensation material may form a stack arrangement hav-
ing alternating layers of sensor material and compensation
material. In one or more embodiments, the stack may be
formed by, or may include, sheets placed on top of one
another or may be formed by application of a coating, for
example spincoating. In at least one embodiment, a mixture
of particles of sensor material and compensation material
may be provided.

In at least one embodiment of the invention, the pressure
sensor may be arranged within the pressure measurement
chamber in an additional compartment. In one or more
embodiments, depending on the type of pressure sensor, the
additional compartment may be filled with a pressure trans-
fer medium. In at least one embodiment, the arrangement of
the pressure sensor within the pressure measurement cham-
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ber in an additional compartment may be expedient when
the sensor material and the compensation material are pres-
ent mixed together in one compartment or are arranged in
two adjacent compartments and the compensation material
is not the pressure transfer medium in which the pressure
sensor is arranged.

In at least one embodiment of the invention, the pressure
sensor may be arranged outside the pressure measurement
chamber in an additional compartment, which is filled with
a pressure transfer medium. In one or more embodiments,
such an arrangement may be expedient when the sensor
material and the compensation material are present mixed
together in one compartment or are arranged in two adjacent
compartments and the compensation material is not the
pressure transfer medium in which the pressure sensor is
arranged.

In at least one embodiment of the invention, the pressure
sensor may be connected to the wall of the pressure mea-
surement chamber, or one or more components of the
pressure sensor may be part of the wall of the pressure
measurement chamber. In one or more embodiments, such
an arrangement of the pressure sensor may be expedient
when mechanical deformations of the pressure measurement
chamber are used to measure the pressure.

In at least one embodiment of the invention, the first
compartment may be coupled to the second compartment by
a pressure piston connection, such that a change in volume
of the first compartment leads to a change in volume of the
second compartment.

In at least one embodiment of the invention, the first
compartment may be coupled to the second compartment by
an extendable pipe connection, such that a change in volume
of the first compartment leads to a change in volume of the
second compartment. In one or more embodiments, such an
arrangement allows for a coordination of dimensions of the
biosensor and of the pressure measurement chamber.

In at least one embodiment of the invention, the compen-
sation material may be or may include a hydrogel. In one or
more embodiments, the hydrogel may include a relationship
of temperature and/or pH value and volume opposite to that
of the sensor material, wherein the absolute value of the
change in volume of the compensation material may be
identical to the absolute value of the change in volume of the
sensor material. In at least one embodiment, if complete
compensation of the temperature effect and/or the pH value
effect is not desired, the absolute values may also be
different from one another.

In at least one embodiment of the invention, the biosensor
may be used to detect or to concentrate measurement of
components in the blood, such as to detect of concentrate
measurement of glucose or potassium.

One or more embodiments of the invention may perform
a specific detection or concentration determination of a
multiplicity of substances or may determine the concentra-
tion thereof. In at least one embodiment, the multiplicity of
substances may include one or more of electrolytes, carbo-
hydrates, fatty acids, lipids, sugars, nucleotides, deoxyribo-
nucleic acids, ribonucleic acids, amino acids, peptides, pro-
teins, antibodies, hormones, neurotransmitters, metabolites,
metabolic products, antigens, active substances, drugs,
nanoparticles, toxins and any other appropriate substance as
one skilled in the art would appreciate. By way of at least
one embodiment, the sensitivity to the substance to be
detected (analyte) may be achieved via molecule parts that
are introduced into the hydrogel network, for example
covalently.
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BRIEF DESCRIPTION OF THE DRAWINGS

The above and other aspects, features and advantages of
at least one embodiment of the invention will be more
apparent from the following more particular description
thereof, presented in conjunction with the following draw-
ings, wherein:

FIG. 1 shows a schematic illustration in section of a first
variant of a biosensor according to at least one embodiment
of the invention;

FIG. 2 shows a schematic sectional illustration of a first
variant of a biosensor according to at least one embodiment
of the invention;

FIG. 3 shows a schematic sectional illustration of a first
variant of a biosensor according to at least one embodiment
of the invention;

FIG. 4 shows a schematic sectional illustration of a first
variant of a biosensor according to at least one embodiment
of the invention;

FIG. 5 shows a schematic sectional illustration of a first
variant of a biosensor according to at least one embodiment
of the invention; and

FIG. 6 shows a schematic illustration of a graph with
reversible shift of the pressure change by binding potassium
using a potassium-sensitive hydrogel.

DETAILED DESCRIPTION OF THE
INVENTION

The following description is of the best mode presently
contemplated for carrying out at least one embodiment of
the invention. This description is not to be taken in a limiting
sense, but is made merely for the purpose of describing the
general principles of the invention. The scope of the inven-
tion should be determined with reference to the claims.

In the figures, functionally like or similarly acting ele-
ments are referenced in each case using the same reference
signs. The figures are schematic illustrations of the inven-
tion, and are not limited to specific parameters of the
invention. Furthermore, the figures reproduce one or more
embodiments of the invention and are not intended to limit
the invention to the illustrated embodiments.

FIG. 1, according to one or more embodiments of the
invention, shows a first variant of a biosensor 10. In at least
one embodiment, the biosensor 10 may be an implantable
biosensor and may include a sensor material 60 sensitive to
at least one analyte, such as a hydrogel sensitive to at least
one analyte. In one or more embodiments, the sensor mate-
rial 60 may be arranged in a compartment 22 of a pressure
measurement chamber 20 and may be coupled to a com-
pensation material 70 in a second compartment 24 of the
pressure measurement chamber 20. In at least one embodi-
ment, the compensation material 70 may be, may be formed
by, or may include oil 72.

In one or more embodiments, the two compartments 22,
24 may be separated by a flexible membrane 40. In at least
one embodiment, the flexible membrane 40 is flexible such
that it may forward a change in volume of the sensor
material 60 onto the compensation material 70. In one or
more embodiments, the compensation material 70 may
include a relationship between temperature and volume
opposite that of the sensor material 60, such that a change in
volume of the sensor material 60 and of the compensation
materials 70 caused by a change in temperature is fully
compensated for when both materials 60, 70 are fully
coordinated with one another.
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According to at least one embodiment, the overall volume
of the hydrogel, such as sensor material 60, may be approxi-
mately constant, for example including isochoric behaviour,
on account of its encapsulation in the first compartment 22
of the pressure measurement chamber 20. In one or more
embodiments, the pressure rises when the swelling pressure
of the hydrogel, such as sensor material 60, increases in the
compartment 22. In at least one embodiment, the relation-
ship may be dependent on the cross-sensitivity, for example
temperature, and the measurement effect, for example a
change in the concentration of the analyte in the test
medium.

One or more embodiments of the invention may include
a pressure sensor 56, for example an ASIC module, that may
be located in the oil 72 in the second compartment 24. In at
least one embodiment, the pressure of the surrounding oil 72
may be measured. In one or more embodiments, the mea-
sured pressure may be conveyed via the membrane 40 to the
oil 72 and the pressure sensor 56 embedded therein. In at
least one embodiment, the hydrogel may be coupled as
sensor material 60 via the membrane 40. In one or more
embodiments, the test medium may be in contact with the
hydrogel, such as sensor material 60, via a mechanical
abutment 30, which is permeable to the medium and the
analyte and may be embodied in the form of a porous
membrane.

In at least one embodiment of the invention, the sensor
material 60 may include a chemo-mechanical converter,
which converts the concentration of the test medium into a
physical pressure. In one or more embodiments, the pressure
sensor 56 may correspond to a mechano-electrical converter,
which remodels the physical pressure into a signal that may
be further processed, from which for example an analyte
concentration in the test medium may be determined.

At least one embodiment may include “smart” hydrogels
as sensor material 60. In one or more embodiments, smart
hydrogels include a special type of hydrogels. In isobaric
conditions, for example free swelling at atmospheric pres-
sure, in at least one embodiment of the invention, the smart
hydrogels respond using volume changes to very minor
changes in certain ambient variables, which may include
temperature, pH value, ion or substance concentrations. In
one or more embodiments, due to the resultant swelling
forces, the smart hydrogels may perform mechanical work.
In at least one embodiment, in isochoric conditions, for
example at constant volume, the change in the ambient
variable may lead to a pressure change. In one or more
embodiments, the analytes to be detected may penetrate the
hydrogel from the outside through the mechanical abutment
30 permeable to the medium and the analyte, wherein the
abutment 30 may be embodied in the form of, or may
include, a porous membrane. In at least one embodiment,
due to the combination of response to ambient variables and
change in volume or pressure, hydrogels may include both
sensor functionalities and actuator functionalities.

One or more embodiments may include LCST hydrogels
as sensor material 60, which include a negative relationship
between temperature and volume.

In at least one embodiment, the degree of compensation
of the temperature effect of sensor material 60 and compen-
sation material 70 may be determined by coordination of
hydrogel volume and oil volume in the two compartments
22, 24.

According to one or more embodiments, LCST hydrogels
swell with decreasing temperature, such that the swelling
pressure increases, for example as cross-sensitivity. In at
least one embodiment, the swelling pressure change caused
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by the measurement effect, for example by a change in
concentration in the test medium, may be much smaller than
the temperature effect. In one or more embodiments, the
compensation material 70 in the form of oil 72 shrinks with
decreasing temperature. In at least one embodiment, the
cross-sensitivity may be compensated for by offsetting the
temperature-induced swelling of the hydrogel, such as sen-
sor material 60, by the volume reduction of the oil 72.

In one or more embodiments, the sensitivity for the
ambient variables may be achieved by use of hydrogel
modules, which include special affinities for external
stimuli. By way of at least one embodiment, the hydrogel
modules, and as a result also the hydrogels, may identify
substances in a specific manner, for example in accordance
with the key-lock principal, complexing, or other physico-
chemical interactions.

In one or more embodiments, in order to obtain a com-
plete compensation of the temperature effect in the sensor
material 60 and in the compensation material (1:1 conver-
sion), an estimation of the oil volume/hydrogel dry mass
ratio may be provided. For example, in at least one embodi-
ment, compensation means that AV_,/AT=-AV /AT,
wherein the temperature-induced change in the oil volume
corresponds to the temperature-induced change in the hydro-
gel volume accompanied by water absorption/release.

In one or more embodiments, for a present hydrogel, such
as sensor material 60, a ratio V,,/mg, of the oil volume V.,
to the dry mass of the hydrogel m,, such as sensor material
60, of V,,/m4,=360 pl/mg is given. In at least one embodi-
ment, in an implantable biosensor 10, a filling with m,=2
mg may be provided. In one or more embodiments, for
complete compensation, an oil volume V-, of 720 pl may be
used. In at least one embodiment, the hydrogel, such as
sensor material 60, may be adapted with respect to the
swelling properties, wherein the temperature dependency of
the swelling may be reduced and increased. By way of one
or more embodiments, the necessary oil quantity V., may be
reduced or increased. In at least one embodiment, hydrogels
in which the ratio is considerably different, for example
10,000 pl/mg, 1,000 ul/mg, 100 pl/mg, 10 ul/mg, 1 ul/mg, or
0.1 pl/mg, may be used as sensor material 60. In one or more
embodiments, if complete compensation or an overcompen-
sation of the temperature dependency is not desired, the ratio
V. ./, of the oil volume V., to the dry mass may be
adapted accordingly.

In at least one embodiment, small quantities of the hydro-
gels, such as sensor material 60, may be introduced into the
compartment 22 of the biosensor 10, for example via spin-
coating, and for larger quantities of the hydrogels, particles
and/or sheets may be used. In one or more embodiments, the
hydrogels, such as sensor material 60, may be synthesised
directly in the biosensor 10.

In at least one embodiment of the invention, the mem-
brane 40 between the compartment 22 that includes the
sensor material 60 and the compartment 24 that includes the
compensation material 70, in this case oil 72, may be very
flexible.

FIG. 2 shows a further embodiment of a biosensor accord-
ing to one or more embodiments of the invention. In at least
one embodiment, the sensor material 60 may be or may
include a hydrogel as discussed above regarding FIG. 1. In
one or more embodiments, both an LCST hydrogel and a
UCST hydrogel may be used.

As shown in FIG. 2, in one or more embodiments of the
invention, the pressure sensor 56 may be arranged in a
separate compartment 50, which borders the compartment
24 and may be separated therefrom by a membrane 52. In at
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least one embodiment, the pressure sensor 56 may be
embedded in oil as transfer medium 54.

In one or more embodiments, the sensor material 60 may
be arranged in a first compartment 22, and the compensation
material 70 may be arranged in a second compartment 24.
As shown in FIG. 2, by way of at least one embodiment, the
compensation material 70 is not oil, but may include or may
be a hydrogel 74, which includes a relationship between
volume and temperature opposite that of the sensor material
60.

In at least one embodiment, the first compartment 22 that
includes the sensor material 60 may be in contact with a test
medium using a mechanical abutment 30, which is perme-
able to the medium and the analyte and may be embodied in
the form of, or may include, a porous membrane. In one or
more enbodiments, the compensation material 70 may be in
contact with a test medium via a mechanical abutment 32,
which is arranged at least in regions at the side walls of the
second compartment 24, is permeable to the medium and the
analyte, and may be embodied in the form of, or may
include, a porous membrane. In at least one embodiment,
both compartments 22, 24 may be separated by a flexible
membrane 40, which is flexible to enable the volume com-
pensation between the compartment 22 and the compartment
24.

In one or more embodiments, a compensation of the
temperature effect may be implemented by coordinating the
hydrogel, such as sensor material 60, and the hydrogel 74,
such as compensation material 70.

According to one or more embodiments, hydrogels as
sensor material 60 having different cross-sensitivities, for
example pH value, may be offset via the hydrogel 74 as
compensation material. In at least one embodiment, the test
medium rises over both hydrogels 60 and 74.

In one or more embodiments, the compensation material
70 may change its volume depending on the cross-sensitivity
of the hydrogel as sensor material 60 with constant absolute
value and reversed algebraic sign. In at least one embodi-
ment, the swelling pressure in the pressure measurement
chamber 20 may only be dependent on the measurement
effect. In order to be able to adapt the hydrogels 60, 74 to one
another in terms of their temperature dependencies, by way
of one or more embodiments, pH value dependencies and/or
dependencies of other cross-effects, the hydrogels 60, 74
may be modified during the synthesis within broad ranges,
for example via cross-linking degree, used polymer propor-
tion, and the like.

At least one embodiment of the invention may include a
conventional membrane 52 between the compartment 24
and compartment 50, in which case the demands on mem-
brane flexibility are not as high, since there is no membrane
deflection by cross-sensitivity in the event of complete
volume compensation between sensor material 60 and com-
pensation material 70.

FIG. 3 shows a further embodiment of a biosensor 10
according to one or more embodiments of the invention. In
at least one embodiment, the sensor material 60 may be or
may include a hydrogel and may be, as described above
regarding FIG. 2, an LCST hydrogel or a UCST hydrogel. In
one or more embodiments, the compensation material 70
may include or may be a hydrogel 74.

In at least one embodiment, the sensor material 60 may be
mixed in the pressure measurement chamber 20 in a com-
partment 26 with the compensation material 70 and may
form a stack arrangement that includes alternating layers of
sensor material 60 and compensation material 70 or may be
a mixture of particles of sensor material 60 and compensa-
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tion material 70. In one or more embodiments, due to the
mechanical abutment 30, which is permeable to the medium
and the analyte and which may be embodied in the form of,
or may include a porous membrane, the sensor material 60
and compensation material 70 may come into contact in the
compartment 26 with a test medium.

In at least one embodiment, the pressure sensor 56 may be
arranged in a manner bordering on the compartment 26 in a
compartment 50, which may be filled with a pressure
transfer medium 54, for example oil. In one or more embodi-
ments, a membrane 52 may be arranged between the com-
partment 26 and compartment 50.

In at least one embodiment, a compensation of the tem-
perature effect in the sensor material 60 and compensation
material 70 may be implemented by mixing the hydrogel of
the sensor material 60 and the hydrogel of the compensation
material 70.

One or more embodiments of the invention may not
include a membrane between the sensor material 60 and
compensation material 70. In at least one embodiment, a
conventional membrane 52 may be provided between the
compartment 26 and compartment 50, in which case the
demands on membrane flexibility are not as high, since there
is no membrane deflection by cross-sensitivity in the event
of complete volume compensation between sensor material
60 and compensation material 70.

FIGS. 4 and 5 show two further exemplary embodiments
of biosensors 10 according to one or more embodiments of
the invention. As shown in FIGS. 4 and 5, in at least one
embodiment of the invention, the compensation material 70,
similarly to the embodiments discussed above regarding
FIG. 1, may be or may include an oil 72, which includes a
relationship between volume and temperature opposite that
of the sensor material 60. In one or more embodiments, the
sensor material 60 may be arranged in a first compartment
22, and the compensation material 70 may be arranged in a
second compartment 24 of the pressure measurement cham-
ber 20. In at least one embodiment, the test medium may be
in contact with the hydrogel, such as sensor material 60, via
a mechanical abutment 30, which is permeable to the
medium and the analyte and which may be embodied in the
form of, or may include, a porous membrane.

One or more embodiments may include a pressure sensor
56, for example an ASIC module, in the oil 72 in the second
compartment 24. In at least one embodiment, the pressure of
the surrounding oil 72 may be measured.

As shown in FIGS. 4 and 5, in at least one embodiment
of the invention, the variants may allow for a reduction/
increase of the oil volume necessary per dry mass of the
hydrogel, such as sensor material 60, via a hydraulic
approach.

As shown in FIG. 4, according to one or more embodi-
ments, the change in volume of the sensor material 60 in the
compartment 22 may be forwarded via a pressure piston
connection 80 to the oil 72 in the compartment 24 and the
pressure sensor 56 embedded therein.

In at least one embodiment, the amplification of the oil
expansion to compensate for the oil volume in the second
compartment 24 may be achieved via the pressure piston
connection 80. In one or more embodiments, in the event of
a volume increase of the oil 72, a piston 84 guided in a guide
86 may be pressed upwardly. In at least one embodiment, the
volume of the pressure measurement compartment 22, in
which the hydrogel is located as sensor material 60, may
then be corrected by the lifting table 82 depending on
temperature.
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As shown in FIG. 5, according to one or more embodi-
ments of the invention, the change in volume of the sensor
material 60 in the compartment 22 may be forwarded via an
extendable pipe connection 90 to the oil 72 in the compart-
ment 24 and the pressure sensor 56 embedded therein.

In at least one embodiment, the intensification of the
compensation by the oil expansion in the second compart-
ment 24 may be achieved via the extendable pipe connection
90. In one or more embodiments, in the event of an increase
in volume of the oil 72, the lifting table 92 may be pressed
upwardly. In at least one embodiment, the volume of the
compartment 22, in which the hydrogel is located as sensor
material 60, may then be corrected depending on tempera-
ture by the lifting table 92.

One or more embodiments may estimate the oil volume/
hydrogel dry mass ratio with 1:n conversion, wherein a 1:n
conversion may be defined herein as the change in volume
of the oil 72 leads to an n-times compensation volume at the
hydrogel, such as sensor material 60, via an amplification
principle.

In at least one embodiment, an amplification may be
implemented by reducing the cross section of the mecha-
nism, such as the piston cross section A84 in FIG. 4 or the
pipe cross section A96 in FIG. 5 compared with the area of
the lifting table 82 (A,,), 92 (As,) in accordance with the
hydrogel area. In one or more embodiments, the cross-
sectional areas A,, and A, are referred to herein as ,,,, and
the cross-sectional areas Ay, and A, are referred to herein
as ;.

In at least one embodiment, compensation may be defined
as the amplified temperature-induced change in the oil
volume AV,, corresponds to the temperature-induced
change in the hydrogel volume AV, accompanied by water
absorption/release, with n*AV,,/AT=-AV /AT.

In at least one embodiment, including lifting table 82, 92,
a ratio of the volume V., of the oil 72 to the dry mass mg,
of the hydrogel, such as sensor material 60, of V.,/m,
equals 360 pl/mg may be given for a present hydrogel, such
as sensor material 60. Without conversion, in one or more
embodiments, an oil volume of V,,=720 pl may be neces-
sary for complete compensation in the case of a filling with
mg=2 mg. In at least one embodiment, a possible conver-
sion may result from ,,~10*,,. With the described con-
version n=10, in one or more embodiments, the oil volume
V., may reduce to 72 pul for complete compensation in the
event of a filling with m,,=2 mg. In at least one embodi-
ment, an adaptation of the hydrogel quantity may be possible
with a 1:n conversion. If complete compensation or an
overcompensation of the temperature dependency is not
desired, in one or more embodiments, the ratio V,,/mg, of
the oil volume V., to the dry mass my, may be adapted
accordingly.

According to one or more embodiments, as described in
FIGS. 1-5, the biosensor 10 may be used to detect or
concentrate measurement of components in the blood as test
medium. In at least one embodiment, since the measurement
effect is dependent on the material of the used hydrogel,
such as sensor material 60, the design may be of a platform
nature. By way of one or more embodiments, a glucose
sensor may be used for a glucose-sensitive hydrogel as
sensor material 60.

FIG. 6 shows measurement curves A, B of a potassium-
sensitive hydrogel for a temperature range typical for an
implant, according to one or more embodiments of the
invention. As shown in FIG. 6, in at least one embodiment,
curve A shows the course of the pressure p over temperature
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T without potassium in the test medium. In one or more
embodiments, curve B shows the course with potassium
addition.

In isochoric conditions, for example conditions with
constant volume of the sensor material 60, in one or more
embodiments, the hydrogel may present a potassium-depen-
dent shift of the pressure-temperature curve. In at least one
embodiment, the addition of KNO, may shift the curve to
the left from A to B in FIG. 6.

In one or more embodiments, the temperature dependency
of the volume and therefore the pressure may decisively
influence the sensitivity. In at least one embodiment, the
dependency may be dependent on the hydrogel formulation.
By way of one or more embodiments, as a result of a lesser
use of the used cross-linker(s), a greater temperature-depen-
dent volume change and therefore pressure change may be
observed based on the resultant reduced restoring forces. In
at least one embodiment, the filling degree of the hydrogels,
such as sensor material 60 and compensation material 70, in
the pressure measurement chamber 20 of the potassium-
sensitive biosensor 10 may influence the temperature-de-
pendent pressure change. In one or more embodiments, the
filling degree may include the used dry mass of hydrogel per
volume. In at least one embodiment, if more dry mass of the
hydrogel, such as sensor material 60 and compensation
material 70, is introduced into the predefined volume of the
pressure measurement chamber 20, the rise in the pressure-
temperature curves may be increased, which results in a
higher sensitivity of the biosensor 10 at the measurement
temperature and with a given relationship between volume
(pressure) and temperature.

One or more embodiments of the invention, with hydro-
gels that contain identifying components for potassium, may
detect changing potassium concentrations via changes in
pressure. In at least one embodiment, with the biosensor 10,
the difficult problem of separating temperature changes from
changes in the potassium concentration may be solved.
Technical considerations have shown that the determination
of temperature that would be necessary for a measurement
without temperature compensation may be achieved from a
technical viewpoint at the required level only with difficulty,
in particular in the implant model. In the case of the
potassium-sensitive hydrogel, presented by way of example,
the requirement of a resolution of 0.1 mM potassium con-
centration is accompanied by the requirement of a tempera-
ture resolution, necessary for assessment of the temperature
and potassium influence at the measurement pressure, of less
than 7.5 mK without use of the sensor according to embodi-
ments of the invention. In the event of complete compen-
sation by the sensor, according to one or more embodiments
of the invention, the temperature measurement may be
omitted in full. If the compensation succeeds with use of the
sensor, according to one or more embodiments the inven-
tion, with a tolerance of 5%, the necessary temperature
measurement resolution may increase by a factor of 20 to
150 mK. In at least one embodiment, such as value may
easily be achieved by integrated temperature sensors based
on microsystem technology. At the same time, in one or
more embodiments, the sensitivity to the analyte to be
detected (determined by potassium-dependent pressure
change) may remain uninfluenced thereby.

In one or more embodiments, the compensation material
70, in order to fully eliminate the temperature-dependent
change in pressure of the sensor material 60 in the form of
an LCST hydrogel, may include a positive relationship
between volume and temperature, wherein the temperature-
dependent change in volume of the compensation material
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compensates for the temperature-dependent change in vol-
ume of the sensor material. When heated, according to at
least one embodiment of the invention, the hydrogel may be
provided with a smaller volume, and when cooled, may be
provided with a greater volume. In one or more embodi-
ments, such a process may occur in an isobaric manner, i.e.
with no pressure change.

In at least one embodiment of the invention, the potassium
sensitivity may remain uninfluenced because the hydrogel,
such as sensor material 60, still absorbs/releases water
depending on the potassium concentration. In one or more
embodiments, such a change may occur in an isochoric
mannet, i.e. at constant volume. In at least one embodiment,
by decoupling the two effects, temperature dependency and
potassium sensitivity, via division into isobaric (—compen-
sation of the temperature dependency) and isochoric (—=po-
tassium sensitivity) state changes, the potassium concentra-
tion may be determined with a high level of precision in the
presence of fluctuating temperatures. By way of one or more
embodiments, the combination of sensor material 60 and
compensation material 70 with opposed temperature depen-
dencies with respect to pressure and volume may enable a
combination of isochoric and isobaric state changes. In at
least one embodiment, a highly accurate temperature mea-
surement that is difficult to perform from a technical view-
point, in particular in the typical implant model, may no
longer be necessary in such cases.

According to one or more embodiments, the compensa-
tion material 70 may be formed such that other cross-
sensitivities, for example pH value, of the used hydrogel or
all usable polymers and test media may be compensated for.

It will be apparent to those skilled in the art that numerous
modifications and variations of the described examples and
embodiments are possible in light of the above teaching. The
disclosed examples and embodiments are presented for
purposes of illustration only. Other alternate embodiments
may include some or all of the features disclosed herein.
Therefore, it is the intent to cover all such modifications and
alternate embodiments as may come within the true scope of
this invention.

What is claimed is:

1. A biosensor (10) comprising:

a sensor material (60);

a pressure measurement chamber (20);

a pressure sensor (56); and

a compensation material (70);

wherein said sensor material (60) is sensitive to at least
one analyte;

wherein said sensor material (60) is in the pressure
measurement chamber (20),

wherein said compensation material (70) is in the pressure
measurement chamber (20),

wherein said pressure measurement chamber (2) 1s (20) is
coupled to the pressure sensor (56),

wherein a pressure prevailing in the pressure measure-
ment chamber (20) is determined by the pressure sensor
(56),

wherein the sensor material (60) is configured to undergo
a change in volume in response to a cross-sensitivity of
the sensor material (60) comprising a change to at least
one ambient variable detected at said sensor material
(60),

wherein the compensation material (70) is configured to
undergo a change in volume in response to a change to
the at least one ambient variable, and
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wherein the change in volume of thr compensation mate-
rial (70) is opposite to the change in volume of the
sensor material (60),

such that the change in volume of the sensor material (60)
is at least partially compensated for by the change in
volume of the compensation material (70).

2. The biosensor according to claim 1, wherein the
cross-sensitivity-induced change in volume of the sensor
material (60) is one or more of a temperature-induced
change in volume and a pH value-induced change in vol-
ume.

3. The biosensor according to claim 1, wherein the sensor
material (60) sensitive to at least one analyte is a polymer
gel, or hydrogel, or a smart hydrogel sensitive to at least one
analyte.

4. The biosensor according to claim 1, wherein said at
least one ambient variable detected at said sensor material
(60) comprises one or more of a change to a pH value,
temperature change, and change in concentration of the at
least one analyte.

5. The biosensor according to claim 1, wherein the
pressure measurement chamber (20) comprises at least two
compartments (22, 24), wherein the sensor material (60) is
arranged in a first compartment of the at least two compart-
ments and the compensation material (70) is arranged in a
second compartment of the at least two compartments, and
wherein the first compartment comprises a region (30)
which is permeable to the at least one analyte and a test
medium.

6. The biosensor according to claim 5, wherein

the first compartment and the second compartment border

one another, or

the biosensor further comprises a flexible membrane (40)

arranged between the first compartment and the second
compartment, or

both wherein the first compartment and the second com-

partment border one another and wherein the biosensor
further comprises a flexible membrane (40) arranged
between the first compartment and the second compart-
ment.

7. The biosensor according to claim 6, wherein said
second compartment comprises a region which is permeable
to the at least one analyte and the test medium.

8. The biosensor according to claim 5, wherein the
pressure sensor (56) is arranged at least in part in the second

10

15

20

25

30

35

18

compartment and wherein regions of the pressure sensor
(56) are surrounded by the compensation material (70).

9. The biosensor according to claim 8, wherein the
compensation material (70) is oil (72).

10. The biosensor according to claim 1, wherein the
pressure measurement chamber (20) comprises one com-
partment (26), wherein the sensor material (60) is mixed in
the pressure measurement chamber (20) with the compen-
sation material (70) within the one compartment (26), and
wherein the one compartment (26) comprises a mechanical
abutment which is permeable to the at least one analyte and
a test medium.

11. The biosensor according to claim 10, wherein the
sensor material (60) together with the compensation material
(70) form a stack arrangement comprising alternating layers
of sensor material (60) and compensation material (70), or
wherein the sensor material (60) together with the compen-
sation material (70) comprise a mixture of particles of sensor
material (60) and compensation material (70).

12. The biosensor according to claim 1, wherein the
pressure sensor (56) is arranged within the pressure mea-
surement chamber (20) in an additional compartment (50),
wherein the additional compartment (50) is filled with a
pressure transfer medium (54).

13. The biosensor according to claim 5, wherein the first
compartment (22) is coupled to the second compartment
(24) by a pressure piston connection (80) or by an extend-
able pipe connection (90), such that a change in volume of
the first compartment (22) leads to a change in volume of the
second compartment (24).

14. The biosensor according to claim 1, wherein the
compensation material (70) is a hydrogel.

15. The biosensor according to claim 1, wherein the
biosensor (10) is configured to be implanted in a human or
animal body.

16. The biosensor according to claim 1, wherein the
pressure measurement chamber (20) comprises a wall, and
wherein

the pressure sensor (56) is connected to the wall of the

pressure measurement chamber (20), or

one or more components of the pressure sensor (56) are

part of the wall of the pressure measurement chamber
(20).
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