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[57] ABSTRACT

An oxygen sensitive resistor for the detection of oxy-
gen levels. The resistor includes an oxygen permeable
membrane enclosing a reversible acting oxygen bind-
ing material. The oxygen binder absorbs oxygen dif-
fusing across the membrane in a reversible process to
vary the number of charge carriers between resistor
electrodes and correspondingly change the resistance
of the binding material as a function of bound oxygen.
When used in vivo, the binding of oxygen in the resis-
tor reaches an equilibrium representative of oxygen
content of the tissues or blood external of the mem-
brane so that accurate oxygen level measurements are
not dependent on rates of oxygen diffusion through
the membrane which are difficult to control. A similar
gas binding effect is employed to provide a carbon
monoxide detector.

16 Claims, 8 Drawing Figures
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1
OXYGEN OR CARBON MONOXIDE DETECTOR

FIELD OF THE INVENTION

This invention relates to condition responsive resist-
ances and in particular to an oxygen sensitive resistor
whose resistance varies in response to absorbed oxy-
gen.

BACKGROUND OF THE INVENTION

Several important aspects of human medical condi-
tions can be monitored or predicted by detection of the
oxygen level of the blood and of other human tissues.
As one example, cardiac arrest can be predicted by
monitoring a lack of oxygen at the heart muscle. The
condition of hyperoxia which manifests itself in too
great an abundance of oxygen in the blood stream and
fed to the tissues can lead to a number of disruptions
in body processes including damage to the lungs, cen-
tral nervous system and the optic system, and can be
detected from oxygen level monitoring.

These and other conditions of tissue oxygen level are
commonly monitored by detecting blood oxygen levels
as an indication of oxygen available to the tissues.
Many commonly used drugs, however, such as the an-
esthetic halothanes disrupt the process of transferring
oxygen from the blood to the tissues so that blood oxy-
gen level is not a reliable measure of oxygen which
reaches the tissues. A direct measurement of tissue ox-
ygen is thus often necessary to provide the desired indi-
cation.

Thus, in the many cases where it is desirable if not
critical to employ in vivo monitoring of tissue and
blood oxygen levels, particularly over extended periods
of time, to predict or monitor patient conditions with
a view toward preventive or curative treatment, an oxy-
gen level detector is needed which is small in size, non-
toxic, and adapted for long term accuracy. It is also de-
sirable to-have a detector respond relatively quickly to
changing oxygen levels and to provide such a minimal
consumption of oxygen as not to disrupt the oxygen
level in the blood or tissue where monitoring is desired.
While it is often preferable or necessary to measure ox-
ygen content in vivo because of a desire not to affect
or invade living blood or tissue by its removal, many of
the features for an oxygen level detector are also desir-
able for in vitro measurement outside of the body.

Because of the importance of being able to detect
blood oxygen levels and the complex requirements for
a simple and reliable blood detector, many methods
and devices have been developed to determine oxygen
level; but none have been able to provide all of the de-
sirable qualities discussed above. A particular signifi-
cant defect of the implantable detectors is that in mea-
suring the oxygen level they consume and destroy a
certain amount of blood oxygen as part of their mecha-
nism for detecting its concentration. This continuous
oxygen consumption, coupled with a need to isolate the
oxygen detector from the blood stream necessitates a
flow of oxygen from the tissue monitored to the detec-
tor through some physical barrier by the process of dif-

fusion. The rate of diffusion affects the level of oxygen

available for consumption by the detector and corre-
spondingly affects the indication of oxygen present in
the tissue. Thus, the accuracy of prior art implantable
oxygen detectors has been limited by a build up of fi-
brin and other proteins on the device which increases
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the diffusion path and lowers the diffusion rate. Ac-
cordingly, these prior art devices have been limited in
life times to several hours in vivo use. Additionally, this
diffusion limitation of prior art detectors has made
them sensitive to movement or position in the blood
stream or tissue and has often required that an aggita-
tion or oscillation of the detector be employed to stan-
dardize its response.

Among the implantable devices suffering from these
deficiencies are included the oxygen electrode, oxygen
cathode, Clark electrode, lead anode, H, fuel cell, O,
concentration cell, and the enzyme electrode. Also
mass spectrometers and paramagnetic detectors lo-
cated in vitro have been coupled through oxygen per-
meable membranes to provide monitoring of oxygen at
desired body locations. These techniques are generally
complicated, bulky or short lived in their usefulness.
External oxygen level measurement has typically been
provided by mass-spectrometers, manometric detec-
tors, paramagnetic detectors or optical and ultra violet
measurements which require the taking of a sample of
the blood or body tissue. Such samples may not be from
a desired location and there is a substantial time delay
before an accurate indication of oxygen level is avail-
able. Many additional factors such as temperature, pH,
and oxygen consumption by the tissue affect the accu-
racy of these in vitro techniques and they must be ac-
counted for if useful oxygen level measurements are to
be made.

BRIEF SUMMARY OF THE INVENTION

These and other desirable features for an oxygen
level detector are provided in a preferred embodiment
of the present invention comprising an encapsulated
oxygen sensitive resistor which may be used in vitro
and which is also readily implantable since it operates
by oxygen absorption rather than consumption to avoid
the problem of diffusion limitation.

The detector includes an efficient oxygen binding
substance in an electrolyte solution. The solution is
contained within an oxygen permeable membrane. Op-
posing electrodes are provided through the membrane
to contact the electrolyte and oxygen binding material
and the electrodes are excited with a low A.C. voltage.
The oxygen binding material is selected ‘to have the
property of reversibly reacting with the oxygen to re-
lease charge carriers, such as protons, that in turn af-
fect the conductivity of the material between the elec-
trodes.

When the entire detector is placed in vivo either in
the blood or the body tissue, oxygen diffuses across the
membrane and is bound until an equilibrium condition
is reached. The resistance of the solution between the
electrodes is detected by the impedance to the flow of
the alternating current excitation to provide an accu-
rate indication of the concentration of oxygen in the
neighborhood of the detector. At equilibrium there is
little or no net diffusion of oxygen across the mem-
brane so that the gradual formation of fibrin and other
materials around the exterior of the membrane has no
effect upon the accuracy of the reading but only in-
creases somewhat the response time of the detector to
changes in oxygen level. '

Additional substances may be added to chemically
bias the reversible oxygen binding reaction to a more
efficient operating condition. ‘
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BRIEF DESCRIPTION OF THE DRAWINGS

These and other features of the present invention will
be more clearly described below in a detailed descrip-
tion of the preferred embodiment presented for pur-
poses of illustration, and not by way of limitation, and
in the accompanying figures of which:

FIG. 1 is a diagrammatic view of the oxygen sensitive
resistor according to the invention;

FIG. 2 is a cross-sectional presentation of the FIG. 1
view; '

FIG. 3 is a diagram illustrating resistor operation;

FIGS. 4 and 5 are equations representing further op-
erational characteristics of the invention; and

FIGS. 6, 7 and 8 are graphs useful in explaining the
operation of the invention.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENT

With reference to FIG. 1 an oxygen sensitive resistor
is shown operating on the principle of a reversible oxy-
gen binding reaction rather than oxygen consumption
so that diffusion rates in the oxygen exchange between
the resistor and the environment affect only the time
constant of the measurement rather than the absolute
accuracy. In particular a cylindrical oxygen permeable
sheath 12 is closed at opposing ends 14 and 16 with re-
spective plugs 18 and 20. The plugs 18 and 20 have re-
spective electrodes 22 and 24 therethrough into an in-
terior cavity 26 of the sheath 12, An electrical conduc-
tor 28 connects the electrodes 22 in a series connection
to a low voltage A.C. source 30 and ammeter 32, and
closes the circuit by connection to the electrode 24.
FIG. 2 shows a sectional view of the resistor along the
section line perpendicular to the axis of cylindrical
sheath 12 as indicated by the section lines in FIG. 1.

In the design of the preferred resistor the material
forming the sheath 12 is formed from a 1 mm. thickness
of medical grade dimethy! siloxane to provide a highly
oxygen permeable diffusion membrane. Other materi-
als with a good oxygen permeability, particularly if they
have low permeabilities to other gases and materials,
may be substituted. The dimensions of the cylinder 12
are not critical and may be tailored to the specific ap-
plication or in vivo situs of the resistors use. Accord-
ingly the resistor may be located in the body blood
stream or positioned in tissues such as the cardiac wall
to predict heart attack.

The plugs 18 and 20 operate to close the end of the
cylindrical sheath 12 and may be replaced by any tech-
nique which similarly provides a closure. The elec-
trodes 22 and 24 are preferably platinized platinum to
increase the availability of protons. The excitation
source 30 provides a potential to the electrodes 22 and
24, This is preferably in the range of 20 millivolts to
200 millivolts to insure that cathodic oxygen reduction
does not take place as will be explained below.

The resistance between the electrodes 22 and 24 is
provided by filling the cavity 26 with a mixture 34 that
includes a reversible oxygen binding material in an
electrolyte solution. Additionally, biasing agents, thixo-
tropants and gascolators may be added as will be ex-
plained below. A typical oxygen binding material in the
preferred embodiment comprises adult human or bo-
vine haemoglobin (Hb) in a water electrolyte solution.
In addition to haemoglobin, cobalt dihistidine has been
found to have reversible oxygen binding properties
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which make it useful for the oxygen sensitive resistor of
the present invention. Other materials for reversible
oxygen binding include natural substances like hemery-
thin, erythrocruorin, chlorocruorin, hemocyanin, and
myoglobin and synthetic oxygen binding materials.

The concentration of haemoglobin useful in the resis-
tor can vary widely. As one example 107 moles per
liter of Hb in water has been found satisfactory and
provides a 10% resistivity change for a 0 to | atmo-
sphere oxygen change in the environment.

With reference to FIG. 3 the operation of the oxygen
sensitive resistor to reversibly bind rather than to con-
sume oxygen is indicated. A source 40 is provided for
generating a low voltage alternating current in the 2-
millivolt to 200 millivolt range for application to elec-
trodes 42 and 44 representing the electrodes 22 and 24
in FIG. 1. A barrier 46 is provided between a region 48
intermediate the electrodes 42 and 44 and an environ-
ment 50 such as blood or body tissue in which oxygen
molecules 52 occur in a predetermined concentration.
The barrier 46, which represents the cylindrical sheath
12, is permeable to the oxygen molecules 52, and
within a few seconds, the typical diffusion time con-
stant, the normal process of gas diffusion across the
barrier 46 will provide a concentration of oxygen mole-
cules 52 within the region 48 which is a function only
of the concentration of molecules in the region 50 and
not a function of the diffusion rate across the barrier
46. The concentration of oxygen molecules 52 in the
region 48 varies the degree to which hacmoglobin mol-
ecules 54 in the region 48 will bind an oxygen molecule
according to the equation indicated in FIG. 4 and be-
low:

HbHn* + O, & HbO, + nH™*

Where n is a statistical number reflecting the number
of proton released.

The reversible binding reaction results in the release
of a free proton 56 as indicated in the equation. While
biasing agents to be explained below can be added to
the mixture 34 to vary the tendency of the haemoglobin
to bind oxygen and release protons, for a given mixture
the amount of binding which takes place and corre-
spondingly the number of free protons will be a func-
tion of the concentration of oxygen in the region 48
and thus a function of the concentration of oxygen mol-
ecules 52 to be measured in the environment 50.

The free protons released from the oxygen binding
reaction of FIG. 4 reduce the A.C. impedance between
the electrodes 42 and 44 through the reversible ex-
change of electrons between the free protons as indi-
cated in FIG. 3. A free proton will accept an electron
from one of the platinized platinum electrodes 42 or 44
when acting as a cathode and will become attached to
the platinized platinum surface as a hydrogen atom.
When the electrode acts as an anode, the opposite re-
action takes place and an electron is released to the
electrical circuit from the hydrogen atom to provide a
free proton to the mixture in the region 48.

It is desirable to prevent the reduction of oxygen to
form water as indicated in FIG. 5 and in the dashed
rectangle 58 of FIG. 3 during the flow of current from
the source 40. Therefor the voltage applied to the resis-
tor terminals is kept below a few tenths of a volt to
avoid this and other reactions which might lead to a
false reading or consume oxygen. While a D.C. source
may be employed, an A.C source is preferred to pre-
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vent space charge polarization and a low dielectric con-
stant layer in front of the electrodes. A D.C. source be-
comes more practical if the haemoglobin is bound to a
polymer such as polyacrylamide to prevent drift of the
haemoglobin to the anode. Others include cross linked
dextran gels, polyamino styrene and acrylic polymers.
The binding of proteins such as haemoglobin to poly-
mers of this type is according to well known protein
binding reactions. For example, cyanogen bromide is
able to bind the amino groups of proteins including
haemoglobin to cross linked dextran gels. Dicyclohexyl
carbodiimide is able to bind proteins to acrylic poly-
mers through the protein amino groups.

Preferably a first biasing agent is added to the mix-
ture 34 to raise its pH to between approximately 6 to
7.5, the range of 6.5 to 7.0 appearing best as shown in
FIG. 8 by path 65 to point 66. This first biasing agent
is typically a base such as sodium hydroxide used with-
out buffering. The purpose of this pH change can be ex-
plained by reference to FIG. 6 which is a graph repre-
senting the Bohr effect with the vertical and horizontal
axes representing the ability of haemoglobin to release
free protons upon oxygenation as a function of pH.
From FIG. 6 it can be seen that the Bohr effect indi-
cates that between pH 6 and 7.5 the capacity of
haemoglobin to release protons is at a maximum and
accordingly the pH is adjusted in this range. With this
pH adjustment made there will be a significant varia-
tion in free protons released by the haemoglobin in the
mixture 34 as a result of a haemoglobin pK, change
upon oxygenation or oxygen binding.

It is further desirable to add a second biasing agent
to the mixture 34 so that the resistor will operate at a
more linear portion of its proton concentration versus
oxygen pressure curve indicated in FIG. 7. Without a
second biasing agent, curve 60 in FIG. 7 approximates
the variation in free proton concentration ¥, an indica-
tion of conductivity, with oxygen pressure which af-
fects oxygen binding. If the expected oxygen pressure
is at point 62, however, the curve 60 is inadvanta-
geously positioned to provide the greatest linear varia-
tion in y with pressure at point 62. The curve 60 is
shifted to the position of the curve 64 by the addition
of the second biasing agent to bring the linear range of
the curve above the point 62.

A typical biasing agent comprises DPG, 2,3 diphos-
phoglyceric acid, a substance found in the blood for
regulating the release of oxygen to the tissues. The ef-
fect of adding a second biasing agent is to shift the solu-
tion along a line 69 in FIG. 8. Other substances suitable
as second biasing agents include inorganic phosphates,
ATP, inositol hexaphosphate, and K,[Fe(CN)¢] as well
as K;]Co(CN);l. In the case of DPG the free proton
concentration v is to a first approximation:

v = Hb(0,)./(Hb + Hb(O,), + HbDPG)

or the ratio of haemoglobin bound to oxygen to all
haemoglobin.

With the addition of DPG, however, the pH is again
reduced necessitating the addition of more base. The
complete interaction is illustrated by FIG. 8 which is a
three axis graph of the affinity of haemoglobin for oxy-
gen as a function of pH and DPG concentration. The
Bohr effect indicates that a point 66 on the pH axis is
the desired pH point. The addition of DPG moves the
mixture to a point 68 below surface 72 near the point
of proper slope but at a reduction in pH which is com-
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pensated by the addition of more first biasing agent to
reach the point 70 at the same pH as point 66.

Additional agents can be added to the mixture 34
such as antioxidants like cholesterol BHT or butylated
hydroxytoluine to prevent undesired oxidation reac-
tions. Gascolators such as asbestos may also be placed
in the mixture 34 to absorb bubbles formed within the
resistors. .

While the described application for the present oxy-
gen sensitive resistor is in in vivo oxygen detection the
same reversible binding reaction may be emploved to
detect other gases. For example, the described oxygen
binding material haemoglobin will also bind carbon
monoxide with the release of free protons and accord-
ingly the resistor may be employed to detect toxic car-
bon monoxide such as in an automobile where oxygen
concentrations are relatively stable.

Additionally, while the charge carriers provided by
the reversible binding of oxygen have been indicated as
protons, it is possible that other charge carriers such as
holes or electrons provide the primary conductivity
change.

Having described above a preferred embodiment for
the present invention it will occur to those skilled in the
art that various modifications and alterations can be
made to the disclosed structure without departing from
the spirit of the invention. It is accordingly intended to
limit the scope of the invention only as indicated in the
following claims.

What is claimed is:

1. A detector for providing an indication of the rela-
tive concentration of oxygen in an environment com-
prising:

a material selected from the group consisting of
haemoglobin, cobalt dihistidine, hemerythin,
erythrocruorin, chlorocruorin, hemocyanin, and
myoglobin having the property of reversibly bind-
ing oxygen,

the binding of oxygen by said material resulting in the
release of charge carriers in said material;

means responsive to the concentration of charge car-
riers released from said material to provide a repre-
sentation of the conductivity of said material; and

membrane means for exposing said material to said
environment to permit reversible binding of oxygen
by said material to a degree representative of the
concentration of oxygen in said environment.

2. The detector of claim 1 further including:

a solution of the material which binds oxygen and a
base in said solution in a concentration which in-
creases the availability of said charge carriers.

3. The detector of claim 2 further including a biasing
agent selected from the group consisting of 2, 3 diphos-
phoglyceric acid, ATP, inositol hexaphosphate,
K [ Fe(CN)g] and K;[Co(CN)g] in a concentration
which provides a generally linear variation of material
conductivity with sensed oxygen concentration at a
predetermined oxygen concentration.

4. The detector of claim 1 wherein said means for
providing a representation of said material conductivity
includes:

a signal source;

means for applying the signal from said source to said
material; and

means for detecting the response to said signal of said
material to generate said representation of the con-
ductivity of said material.
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5. A carbon monoxide detector comprising:

a material including haemoglobin having a carbon
monoxide affinity which produces a reversible
binding of carbon monoxide in response to the ex-
posure of said material to carbon monoxide;

the reversible binding of carbon monoxide by said
material affecting the conductivity of said material;

membrane means for exposing said material to an en-
vironment to permit binding of carbon monoxide
from said environment by said material to a degree
representative of the concentration of carbon mon-
oxide In said environment;

means for determining the conductivity of said mate-
rial in response to the binding of carbon monoxide
thereby to provide a representation of the concen-
tration of carbon monoxide in said environment.

6. A gas sensitive resistor for measuring the concen-
tration of oxygen including:

first and second electrodes; ,

a material selected from the group consisting of
haemoglobin, cobalt dihistidine, hemerythin,
erythrocruorin, chlorocruorin, hemocyanin, and
myoglobin having the properties of reversibly bind-
ing oxygen with a resultant change in conductivity;

a gas permeable membrane enclosing said oxygen
binding material for containing said material and
permitting the diffusion of oxygen therethrough;

said first and second electrodes penetrating said
membrane to provide electrical contacts to said
material whereby the conductivity of said material
may be determined.

7. The gas sensitive resistor of claim 6 further includ-

ing:

biasing material selected from the group consisting of
2, 3 diphosphoglyceric acid, ATP, inositol hexa-
phosphate, K [Fe(CN)g] and Ky[Co(CN)g] in
combination with the oxygen binding material to
adjust the property of said oxygen binding material
to vary the concentration of charge carriers in re-
sponse ta the binding of oxygen to a predetermined
condition. )

8. The gas sensitive resistor of claim 6 further includ-
ing a base that raises the pH of said material a predeter-
mined amount.

9. The gas sensitive resistor of claim 6 further includ-
ing means attached to said electrodes to provide an
output indication of the conductivity of said binding
material.

10. An oxygen sensitive resistor comprising:
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first and second electrodes;

a thin membrane of a highly oxygen permeable mate-
rial;

a solution containing haemoglobin,

said membrane enclosing said solution to provide an
oxygen penetrable barrier between said solution
and its environment;

means for connecting said electrodes from said solu-
tion to said environment,

means for exciting said electrodes with an clectrical
potential insufficient for oxygen reduction to form
water; and

means for detecting the flow of current from said ex-
citing means through said electrodes and said solu-
tion.

11. The oxygen sensitive resistor of claim 10 includ-
ing a first further material in combination with said so-
lution to adjust the pH of said solution in the range of
between 6 and 7.5.

12. The oxygen sensitive resistor of claim 11 wherein
said first further material is a base.

13. The oxygen sensitive resistor of claim 11 further
including a biasing agent selected from the group con-
sisting of 2, 3 diphosphoglyceric acid, ATP, inositol
hexaphosphate, Ky [Fe(CN)g]l and K;3[Co(CN)4l in
combination with said solution to alter the variation in
conductivity of said solution as a function of bound ox-
ygen to provide a generally linear variation in conduc-
tivity at a predetermined oxygen concentration.

14. The oxygen sensitive resistor of claim 10 wherein
said membrane is a silicone.

15. The oxygen sensitive resistor of claim 10 wherein
said first and second electrodes include platinized plati-
num surfaces in the region contacting said solution.

16. A gas sensitive resistor for measuring the concen-
tration of carbon monoxide including:

first and second electrodes;

a material including haemoglobin having the proper-
ties of reversibly binding carbon monoxide with a
resultant change in conductivity,

a gas permeable membrane enclosing said carbon
monoxide binding material for containing said ma-
terial and permitting the diffusion of carbon mon-
oxide therethrough;

said first and second electrodes penetrating said
membrane to provide electrical contacts to said
material whereby the conductivity of said material

may be determined.
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