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Chapter 1.4 Microcoaxial Needle Sensor for Polarographic
Measurement of Local O, Pressure in the Cellular Range of
Living Tissue. Its Construction and Properties

H. Baumgirtl and D.W. Liibbers!

1 Introduction

With the progress in polarographic analysis and with the development of various types
of needle sensors, in vivo determination of oxygen supply to tissue has become feasible
[10-15, 19-21, 23, 43, 56, 57, 68—70, 75, 77]. The smallest types of these polaro-
graphic oxygen sensors (POS) have tip diameters of 1—5 um. Their spatial and tempo-
ral resolutions are sufficiently high for satisfactory measurement of intercapillary oxy-
gen partial pressure Po, [4, 11,24,29-32,40, 49, 52, 67]. However, POS of this size
may still cause considerable damage to the tissue. To avoid structural damages and to
allow almost punctiform measurements of Po, in the cellular range, further miniatur-
izing has been desirable. For this purpose, the techniques and materials used so far
have proved insufficient. Aside from poor polarogram characteristics, increasing in-
stability of the measuring signal, sensitivity to mechanical pressure, high residual cur-
rents, intolerable drift of calibration curves, reduced stability, as well as insufficient in-
sulation resistance and relatively high ionic sensitivity of the glass shaft of the sensor
were observed.

Investigation of the technical details which influence the function of the POS has
shown that the measuring properties essentially depend on the quality of the cathode
material, chemical composition of the glass, features of the reference electrode, quality
of the membrane, and special techniques of treatment. By choice of the proper raw
material and suitable techniques — among others vacuum coating — we succeeded in
eliminating the main sources of error and have been able to produce a small and reli-
able needle sensor of mean tip diameter of 0.6 um, the so-called microcoaxial sensor.

2 Construction of the o, Microcoaxial Needle Sensor

Figure 1 shows a schematic drawing of the microcoaxial needle sensor used for polaro-
graphic py measurements in the cellular range of living organisms. It is an improved
2
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Fig. 1. Schematic drawing of the P, microcoaxial needle sensor. A chassis socket; B nut; C metal-
lic contact; D polyethylene-coated Cu wire; E readily exchangeable Plexiglas housing ground coni-
cally and fitting into serew thread; F siliconized O-ring; G metallic spiral; H glass shaft; I sputtered
Ta-layer, ca. 8 nm; J sputtered Pt-layer, ca. 30 nm; K sputiered Ag-layer, ca. 62 nm; K, electro-
chemically produced AgCl-layer; L sputtered dielectric layer such as 8i0,, AL, O, Si,N,, Ta, O,
BaTiO, ; M adhesive, nontoxic O,-permeable double-membrane (collodion, polystyrene, silicone,
acrylic-polymere); NV electrochemically polished cathode surface with recess, electrodeposited gold-
layer and electropolymerized membrane [polystyrene or poly-diacetone-acrylamide (PDAA)]

modification of the sensors described by Baumgirt]l and Liibbers [13, 14] and Baum-
girtl [10] where platinum cathode and reference electrode are situated behind one and
the same membrane. The characteristics of this POS are as follows:

1. The active measuring element, the cathode (Pt), is made of a physically or spec-
trally pure platinum wire (W.C. Heraeus GmbH, D—6450 Hanau) that is 0.2 mm thick
and approx. 50 mm long for reasons of mechanical stability. On one end the wire is
conically etched down to tip diameters between 0.1 and 0.5 um over a length of
1525 mm, using alternating current of controlled voltage.

| &
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2. The electrode shaft (H) consists of melting glass free from lead, (GW-Glas, Glas-
werk Wertheim, D—6980 Wertheim; or melting glass — 8510, Jenaer Glaswerk Schott
& Gen., D—6500 Mainz). The glasses have been selected with regard to their electrical
insulation properties, viscosity, wettability, and chemical resistance. Their coefficient
of thermal expansion corresponds to that of platinum. Before melting, the glass is
thoroughly cleaned in aqueous watery detergent with ultrasound during the organic
solvent vapor phase, as well as by heat treatment and ionic bombardment in glow dis-
charge.

3. Under microscopic control the tip of the platinum cathode is fused to the
glass capillary (H) over a length of ca. 25 mm with an electrically heated loop.
Temperature is continuously controlled. After finishing the tip, the electrode is
re-fused in the tip area over about 20 um with a micro heating loop in order to
ensure high stability of the fusion zone platinum/glass and to remove splits and
microcracks.

4. Mechanical stability and rigidity, chemical stability and electrical insulation resis-
tance of the glass shaft (H), which is only 100 nm thick in the tip region, are essential-
ly increased by further treatment, such as annealing, chemical heat treatment through
ionic exchange in a KNO;-melt at 350°—400°C, applying electrical tension, ionic bom-
bardment in a glow discharge, or by sputtering thin dielectric layers, such as Ta, Os,
Si0,, Al,05, SizN,, BaTiOs, etc. Best results have been obtained with layers of
Al, O3 or Si0,, as well as with double layers of Al, 03/Si0,.

5. The form of the electrode tip is determined either by etching and grinding pro-
cesses or by “pushing” to break off the projecting glass of the tip. The following tip
forms are produced: plane (Fig. 1, enlargement of cutout), obliquely ground at an
angle of 20°—-30° (Fig. 2a) and cone-shaped (Fig. 2b) ones. These procedures result in
circular, elliptic, and conic cathode surfaces. In general, the smallest circular cathodes

Fig. 2a,b. Scanning electron micrographs of tips of two needle electrodes: a obliquely ground,
b etched with hydrofluoric acid
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have diameters between 0.2 and 0.5 uym. This corresponds to surfaces of ca. 0.03—
0.2 um?. In the polarographic circuit the small cathode surfaces produce low O, re-
duction currents ranging from 1 x 107'° to 2.2 x 107'% A in air-saturated solutions.
The oxygen consumption of the cathodes themselves of 3.5 x 1077 —7.7 x 1077 mm?
O, /min (= 1.5 x 10%-3.4 x 10% pmol O,/min; or 5.0 x 107—1.1 x 10° ug 0,/
min) is negligibly small and does not essentially influence the Pp, Measurements.
Under these conditions, the theoretically expected decrease in O, pressure of a fluid
sample of 1 mm® with solubility coefficient a = 0.01 (cm® O, /cm® atmi ™) is ca. 3.6—
7.7 Pajmin (= 2.7 x 10?—5.8 x 102 mm Hg/min). The signal obtained with an ob-
liquely ground electrode tip (angle of 30°) is about 10% higher than that of the plane
electrode of identical total diameter. A cathode obliquely ground at 45° augments the
signal by about 20%. Cone-shaped cathode surfaces provide an increased signal as well.
This is of advantage for measurements requiring an increased signal which is then
achieved without increasing the outer diameter of the electrode.

6. A sputtered thin-layer package of Ta/Pt/Ag/AgCl serves as the reference elec-
trode (I-Kx) located at short distance from the tip. It is covered by a thin, sputtered,
high-ohmic insulating layer (L) such as to from a small ring. Due to this arrangement,
artifacts caused by dc-voltage shifts are rather ineffective. When using rf-sputtering, the
very thin metallic reference element is produced with high accuracy. The total thick-
ness of the multicomponent layer is ca. 100 nm (Ta-layer = 8 nm 480 A; Pt-layer =
ca. 28 nm; Ag-layer 2 ca. 64 nm). The Ta-layer (I) sticks well to the glass surface, while
the intermediate platinum layer (J) guarantees a good electrical conductivity even if
the Ag-layer (K) has chlorinated. Usually, a thin AgCl-layer (K,,) develops during rou-
tine tests of the measuring properties in the polarographic circuit at ca. —800 mV. The
distance of 1-5 um between platinum cathode and metallic layer serving as the refer-
ence anode is produced by etching under the microscope. In addition, the metallic
layer is a good electrical shield. The electrical stability of such a reference electrode is
excellent.

7. The surface of the platinum cathode may be polluted by foreign metallic influ-
ence ‘or abrasives etc. and therefore it is electrochemically polished. The surface condi-
tion reached this way favorably influences the measuring properties of the po, needle
sensor. In some cases, the small recess (N) additionally developing through electro-
polishing, is also electroplated with a gold layer and thus improves the quality of the
cathode surface. Moreover, the recess may be used to reinforce membrane (M) on the
cathode and to increase its adhesiveness.

The polarograms of the electrochemically polished platinum cathode and the gold-
tipped electrode usually show a clear plateau between —550 and —850 mV and be-
tween ca. —500 and —1200 mV, respectively, after intensive rinsing. The electrodepo-
sited gold layer enlarges the cathode surface by its fine granular structure and produces
a signal distinctly higher than that of the polished platinum surface. In a bg, range of
1.3—18.0 kPa (= 10—135 mmHg) the signal drifts + 9.3% in 30 days with either type.
At high O, concentration (above 85%) the value is less constant. The small recess (N)
can also be filled with fine-spread palladium. This increases the sensitivity to hydrogen
so that the sensor is applicable to pH, measurements after adequate polarization. pgy-
sensors with good selectivity are produced by coating the platinum surface with silver
and chlorinating it.

-

Microcoaxial Needle Sensor for Polarographic Measurement of Local O, Pressure 41

Fig. 3. a Scanning electron micrograph of a polystyrene membrane produced by gas phase poly me-
rization in glow discharge. Nontempered membranes show a coarse-grained structure (size of grain
0.1-0.3 pm), while layers tempered at 200°C are characterized by a fine-grained surface with good
sticking properties (bar = 1 um). b Light micrograph of an electropolymerized polydiacetonacryl-
amid layer (PDAA) on a round, plane macro-Pt cathode
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8. The sensor is covered with nontoxic, Q,-permeable membranes (M) made of
hydrophilic and hydrophobic materials such as collodion, polystyrene, zapon lacquer,
silicone, acrylic polymeres. The filmlike layers are single or multiple, and are produced
either in a dipping process or by electropolymerization or by gas phase polymerization
in glow discharge (Fig. 3a,b); they adhere to cathode and anode. They produce a de-

fined diffusion field in front of the sensor. This is necessary for absolute P, mea-

surements; only a defined Po, field allows Po, calibration of the POS. The membrane
thickness of our POS approxlmately corresponds to the dimension of the cathode
diameter. For a double membrane of collodion and polystyrene, the diffusion error is
< 5% and the response time 13 s. In most cases, this is sufficient to measure the kine-
tics of the Po, field. The quality of the membrane must be controlled in a special test.

9. The tip diameter of the p , microcoaxial sensor, visualized under the scanning elec-
tron microscope, is about 0.6 um when measured about 0.2 ym from the extreme tip,
while the diameter of the platinum cathode, the glass shaft and the membrane each
account for about 0.2 um (see enlargement in Fig. 1). At 1 -5 um from the tip the thin-
layer reference element (I-K,) thickens the sensor for another 0.2 um. A total diam-
eter of about 15 um is measured about 150 um from the tip. Due to these dimensions,
compression of the vessels is avoided in most cases. Neither microcirculation nor O,
diffusion are influenced so that almost punctiform measurements are feasible. Further
improvement is attained with optimum membranization as achieved by electropoly-
merization. With this technique the surface is membranized without appreciably
thickening the electrode shaft. The diameter of the POS is reduced by about 0.2 um
and so an actual diameter of 0.3—0.4 um is obtained.

10. A connecting system for the small measuring current (A-G) protected against
wetness also serves as the sensor housing (E) with ground and screw thread and makes
the sensor handy and easy to exchange by a simple plug (A,C,D,G). The complete
POS is sterilizable and may also be used for chronic implantations.

The production of this type of POS requires a relatively high technical investment
in a specially equipped laboratory. The laboratory is under slight excess pressure and
can only be entered via several dust-binding mats (Unichem GmbH, D—6000 Frank-
furt 90). Here, three Laminar-flow clean work benches are combined with two clean
work cabins with vertical current (Ceag-Schirp-Reinraumtechnik, D—4714 Selm-Bork)
in such a way that the critical phases of production can be carried out under the condi-
tions of extreme cleanliness absolutely necessary. The single steps in producing the
Po, [9] microcoaxial needle sensor are shown as a schematic block picture in Fig. 4.
A detailed description of production methods will be published elsewhere.

3 Test of Function and Measuring Properties of
Po, Microcoaxial Needle Sensor

3.1 Performance of Bare Electrodes

3.1.1 Po, Signal of Platinum Cathode

The quality of a py  electrode is, apart from the melting process which determines the
boundary platinumf glass, mainly influenced by the surface condition of the cathode.

R

Fig. 4. Schematic drawing of the single steps necessary for producing the Po, microcoaxial needle
sensor

Experience has shown that high cleanliness of the surface and the purity of the plati-
num used are of extreme importance. Tests in the polarographic measuring circuit have
shown that the surface condition is favorably influenced by electrochemical polishing
of the Pt-cathode. Figure 5 shows an original registration of the O, reduction currents
of three needle sensors in an unpolished (I) and electrochemically polished (II) condi-
tion. In an untreated condition the three sensors show continuously increasing signals,
whereby sensors a and b exhibit an especially unsteady behavior. After electropolish-
ing the same sensors in diluted KCN-solution with ac current, the reproduceability of
the signal was improved, the unsteadiness was essentially diminished, and the drift was
reduced to a minimum. An effect of electropolishing was observed in 95% of sensors.
Only in a few cases was re-etching necessary.

Apart from a clean cathode surface, electropolishing produces a small recess, the
size of which is assessed by determining the so-called stirring effect R, (diffusion
error). The stirring effect is determined under defined convection conditions and is
calculated according to formula
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E ig. 5. Behavior of nontreated (I) and electrochemically polished (II) platinum needle sensors. The
signals of unpolished sensors (g, b, ¢), recorded in Theorell buffer solution (pH = 7.2) at continual
change of calibration gas steadily increase, whereby sensors a and b show considerable unrest. After
plolishi.ng with ac current in dilute KCN solution, the reproduceability of the signal improves, the
high amplitude essentially diminishes and the drift is eliminated. The small stirring effects (R ) of
sensors @ and ¢ indicate recesses greater than that of b. 4 stop of gas supply (unstirred mcdigm)
B switching on gas supply (stirred medium)

_ 1"11 jri
R, = 7 xloo%or(l—T)xloo%, (1)

where [ is the P signal produced in stirred solution and I}, the Py signal in unstir-
red solution. : :

A. low R va]ug suggests a big recess and means that the O, particle flow is mainly
restricted to the interior of the recess [see Eq. (4) with large z]. Figure 5 shows a big

recess in curve a (R, = 1.78%) and curve ¢ (R, = 1.96%) and a smaller one in curve b
(R, = 10.2%).
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Table 1. Reduction current /] in H, O and diluted aqueous
solutions (25°C and 37°C) at air saturation in dependence
on the size of platinum cathode surface. ry = radius of
platinum cathode, A = surface area of platinum cathode

Reduction current (nA) Dimension of cathode
2570 37°C By A
(um) (um?)
= 0.04 0.05 0.008
0.07 0.09 0.1 0.031
0.1 0.13 0.15 0.071
0.13 0.18 0.2 0.126
0.16 0.22 0.25 0.196
0.19 0.27 0.3 0.283
0.22 0.32 0.35 0.385
0.26 0.36 04 0.503
0.29 04 045 0.636
0.33 045 0.5 0.785
0.36 0.5 0.55 0.950
0.4 0.55 0.6 1.131
0.43 0.6 0.65 1.327
047 0.64 0.7 1.539
0.5 0.69 0.75 1.767
0.54 0.74 0.8 2.011
0.58 0.78 0.85 2.270
0.61 0.83 0.9 2.545
0.64 0.89 0.95 2.835
0.68 0.95 1.0 3.141

Under conditions in other respects constant, the O, reduction current depends on
the size of the cathode surface and so this parameter provides information about the
platinum surface of the needle electrode. Table 1 shows the data obtained from mea-
surements on bigger and exactly defined platinum surfaces extrapolated to thin ca-
thode diameters. In general, the O, reduction currents of our smallest needle elec-
trodes amount to 0.06—0.25 nA in air-saturated, diluted electrolytes (such as 0.1 mol
dm® KCl, NaCl etc.) at 37°C, which corresponds to cathode diameters of 0.15—
0.5 pm. This has been confirmed with control measurements made under the scanning
electron microscope.

3.1.2 p, Signal of the Gold Cathode

In comparison to platinum as a cathode material, gold has a broader plateau in the
polarographic measuring circuit. This has the advantage that with P, measurements
in vivo in various tissues, the effective polarization current is not influenced by small
biological dc fluctuations. We prefer electrodeposition of Au on the Pt-cathode sur-
face, as it is extremely difficult to seal thin tips of gold wire into glass because no glass
available matches the coefficient for thermal expansion. Satisfactory layers must be
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very thin and require careful cleaning in bidistilled water. The best measuring proper-
ties of galvanically gold-plated electrode tips were seen after watering for 10days.
Figure 6 shows a polarogram of a galvanically gold-plated microcoaxial needle sen-
sor with a layer thickness of about 1 um. Polarogram (A) was recorded immediately
after galvanizing and (B) after 10 days of thorough cleaning by watering. The broad
plateau seen in curve B reaches from 600 to 1100 mV which is typical for gold. Gold-
plated needle sensors usually have a higher signal, because the fine-grained surface
structure enlarges the cathode surface. According to information received from MRC
(Materials Research Corporation,Orangeburg/New York), platinum even of the highest
degree of purity produceable contains, aside from dissolved gases (14.5 ppm of H,,
0;, N;), impurities such as 17.5 ppm nonmetal (C, S), 30 ppm Fe, 15 ppm Rh, 7 ppm
Al, S ppm W, 2.5 ppm Cr, Ni, Ti, Zr each. It cannot be excluded that some of these
impurities unfavorably influence the Po, measurements. For some applications we

therefore use the galvanic Au-layer for further improvement of the platinum micro
electrodes.

3.1.3 Insulation Resistance and Ionic Sensitivity of Thin Glass Electrode Shaft

Routine control has shown that the quality of electrical insulation is recognizable from
the size of the current in N, saturated solution, /.
This current should be very low. The ratio 1, /1, is high if

1. the Pt-cathode is especially well fused to the glass,
2. the glass has a high electric insulation resistance and
3. the thin glass wall has not been damaged by microcracks.

In general, a mean quotient of 35 (max: > 100; # = 923) is reached with GW-
glasses. POS with a quotient < 5 should not be used for P, measurements. Such sen-
sors usually have microcracks and splits between platmum and glass wall. In most
cases, they also have long response times.

Apart from GW-glass, the lead-free soft glass 8510 has been used for the glass shaft
of the sensor. Its coefficient of thermal expansion is about 9.3 x 10 in the range
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20°—300°C. Its insulation resistance (tx =322) s especially high, and during fusing in
it forms very thin and mechanically stable insulation layers on the platinum wire. As
compared with other melting glasses, this glass shows little sensitivity to K" and Na*
ions. Layers of untreated and thin GW-glass of 0.1 um may have a pH sensitivity of
16—20 mV/pH. The ionic sensitivity is strongly decreased by a layer of Siz Ny sputter-
ed onto the glass shaft and by the metallic thin-layer package mentioned above, which
is used as the reference electrode. Though lead glasses are superior because of their
high insulation resistance, they cannot be used for sealing platinum cathodes because
their chemical resistance in aqueous solutions is so low that Pb is released.

32 Performance of Membranized Sensor

3.2.1 Effect of the Membrane on the Q4 Diffusion Field
in Front of the Platinum Cathode

With polarographic Pg, measurement, oxygen molecules are reduced on the cathode
surface. In the neutral and alkaline ranges the chemical reaction is as follows:

0, +2H,0+4¢ =4 OH". 2)

Electrochemical reduction generates the signal in the polarographic circuit. Since the
cathode continuously consumes oxygen, a continuous flux of oxygen molecules to-
ward the electrode develops. Under the assumption that at optimum polarization all of
the oxygen molecules are immediately reduced, the number of oxygen molecules on
the cathode surface and, hence, po, are zero. With this boundary condition, the pg
in the diffusion field developing in front of the electrode has been calculated. The cal-
culation provides information about the catchment range of the electrode [28, 29, 65].
Using cylindrical coordinates, the stationary state of the O, diffusion field of the
plane and circular electrode is described by

p0y?)=po, 0~ 2) [k 5 () exp (), ©)

where p(rg.z) is Po, it the diffusion field
Po, true Po, of medium, uninfluenced by O, diffusion field
radius of cathode
horizontal distance from the centre of electrode
vertical distance from that plane
zero order Bessel function
integration variable

I S e T |
~a m o

(for solutions of Eq. (3) see [28]).

Figure 7 shows the Po, distribution calculated for three different sites (r =
0.73 mm, 0.6 mm, 0.01 mm) of the bare, circular cathode surface (r, = 0.75 mm).
Percentage Po, is plotted on the ordinate and distance (z) from the cathode surface in
mm, on the abscissa. The zero point on the abscissa indicates the cathode surface
where Po, is zero. We see that the diffusion field of a bare electrode in any case
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Fig. 7. a Calculated P, distributions in the stationary diffusion field of a plane, circular cathode
surface (r, = 0.75 mm3 for three different horizontal distances from the center of the electrode
(rE = 0.73 mm, 0.6 mm, 0.01 mm). Ordinate: percentage py of true tissue P, of medium,
abscfissa.‘ distance (z) from cathode surface. The zero point on the abscissa indicates the cathode
surface where Po, is zero. With a bare electrode, the diffusion field spreads far into the medium to
be measured. 3 mm (£ 4 r,) distant from the cathode surface, P, is about 85% of the true py

of the medium. The PO, distribution is different at different sites. I the center of the cathode, its
course is flatter than at the periphery, since the flow density increases toward the border of the
caﬂ‘mde. b Comparison between measured and calculated P, distribution in the diffusion field of
a _mrculm: Pt-cathode (¢) (ro = 0.75 mm) for a horizontal distance from the electrode, rg = 0.6 mm.
With a macro POS, M (¢ plane, circular Pt cathode of 1.5 mm diameter, g glass insulation, b ring-
shaped Ag/AgCl reference electrode) a diffusion field is produced in a defined agarose layer, 4 (d
13.0 mm; z 6 mm). The P, distribution satisfactorily agrees with the calculated P, course, as

measured with a microneedfe sensor, N, by advancing it continuously from the agarcse layer to-
ward the macro POS
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spreads asymptotically with increasing distance from the cathode surface, reaching far
into the medium to be measured. When defining the catchment range of an electrode
as being that area which supplies 90% of the oxygen to the electrode, the approximate
value is zgo = 6.3 1. Accordingly, in our example, the distance of the zgq plane from
the plane circular electrode is 4.7 mm, which implies that up to this distance from the
cathode surface, the electrode current is influenced by disturbances of the O, diffu-
sion field, e.g., by convection or changes of the diffusive properties of the medium.
Because of the particularly large catchment range of the bare electrode, such elec-
trodes mostly do not develop a constant diffusion field in front of the platinum wire
and therefore are not applicable to absolute P, measurements in the tissue. With an
ideal membrane the O, permeability, P of which is very small as compared to that of
the sample medium, P_ the Po, decrease would be entirely restricted to the mem-
brane. In practice, however, the diffusion field,i.e., the Po, decrease, always begins in
the medium. The effect of a Po, decrease in the medium can be shown by stirring.
The difference in the reduction current between stirred and unstirred medium of a
membranized electrode directly indicates the diffusion error, i.e., the difference be-
tween true pg of the medium (stirred) and Po, which is falsified by the O, diffusion
within the medium (unstirred). Therefore the stirring effect can be used to test the
POS.

The pg, distribution determined theoretically in the stationary diffusion field of a
bare electrode has been experimentally confirmed [11, 13]. The result of such an ex-
periment is shown in Fig. 7b. In that case, an O, diffusion field was produced with a
maero POS, M, in an agarose layer, A, superimposing the sensor. The Po, distribution
thus produced was measured with a membranized needle sensor, N. Comparison of the
measured values (out of five experiments) with the calculated Po, distributions shows
a very good agreement which substantiates the validity of the model mentioned above.
Apart from the fact that all of the oxygen molecules are immediately reduced on the
cathode surface and so pg, on the cathode surface is zero, the experiments show that
the spatial resolution, i.e., the catchment range, of our micro needle sensor is small
enough to allow absolute — almost punctiform — pg  measurements.

3.2.2 Control of the Membrane

Exact Pp, measurements require covering of the electrode with a membrane which is
homogeneous, pinhole-free, adhesive, nontoxic, gas-permeable and water-resistant. The
P, can be clearly related to the O, reduction current only if such a membrane deter-
mines the O, diffusion toward the electrode. Not being visible on our small needle sen-
sors, the membranes are not optically measurable, and so indirect methods such as de-
termination of the stirring effect must be used.

With the aid of the stirring effect the signal difference between stirred and unstirred
solutions is described. According to [28, 29], the stirring effect (diffusion error) for a
membranized sensor is:

)

F4
R, =—1-x 100% with s=-% x - @
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Table 2. Stirring effect (R.) in dependence on membrane thickness and radius of cathode (z,/7)
under different permeability coefficients (medium/membrane = P /P,). The stirring effect be-
comes smaller (1) with increasing thickness of membrane, (2) with increasing ratios of permeabil-
ity, (3) with decreasing radius of the cathode. According to the values reported for oxygen perme-
ability (37°C) in the literature (see Table 3), the ratios for permeability PS,"Pm of an electrode
covered W1th a collodion membrane (P, =149 X 10**mol O, cm* s atm™ A 1.47x 1014
mol O, em™* ¢! kP 1) are: 235mwater(w1thP =3.5X 10'11 mol O, e &' atm™? "345 X
1073 mol 0O, cm? §! kPa'); 13.5 in brain cortcx (with Pg=2.01 X 107" mol O, cn’ 5

atm? £ 1.98 x 10’1 ® mol O, cm™* §' kPa ‘), 12.5in lung tlssue (with Py = 1.86 X llT‘ ! mol O,

cm™ ¢! atm™ & l 82 X lCF‘ 2 mol 0, cm! §' kPa'); 12 2 in heart muscle (with P; = 1.82 X
107" mol O, cm? §* atmi? £1.81.X 1072 mol 0, enr! s kPa'); 4.0 in 30% protcm solution
(with P = 595 X 1072 mol O, cm™* s atm™ £ 5.87 X l(T” mol O, cm™* §7! kPa™*). To ob-

tain a stu'rmg effect lower than 5% e.g. when measuring Po, in brain tissue, the membrane thick-
ness should be 1.5 times the cathode radius

Zmifo Py/Pp=1 ByfP =2 PP =5 PP =10 PP, =15 PP, =20 PP = 25
0.1 90.9 83.3 66.7 50.0 40.0 33.3 28.6
0.5 66.7 50.0 28.6 16.7 11.8 91 74
1.0 50.0 333 16.7 9.1 6.2 4.8 3.8
15 40.0 250 11.8 6.3 4.3 32 . 2.6
20 33.3 200 9.1 4.8 3.2 24 2.0
25 28.6 16.7 74 38 2.6 20 1.6
3.0 25.0 143 6.3 32 22 1.6 1.3
35 22.2 125 54 2.8 1.9 1.4 1.1
4.0 20.0 11.1 4.8 24 1.6 1.2 1.0
4.5 18.2 10.0 4.3 2.2 1.5 11 0.9
5.0 16.7 9.1 3.8 2.0 1.3 1.0 0.8
Here Py = §; x Dy is the permeability coefficient (Chap. 1.3) of oxygen in the sample

medium where S is the solubility coefficient and D the diffusion coefficient (see
Tables 2 and 3), P, is the permeability coefficient of oxygen in the membrane (see
Table 2 and Chap. I.1), z,, is the thickness of the membrane, and ¥, the radius of the
cathode.

Accordingly, diminishing with increasing 5, a small stirring effect is achieved if (1)
the ratio of the permeability coefficients P/P, is great, (2) the membrane is thick, (3)
the radius of the electrode is small. Table 2 shows the stirring effect in dependence on
the membrane thickness under various conditions of diffusion permeability. It follows
from Eq. (4) that an insufficient membrane (small Zm, Py close to Py) produces a
large stirring effect,

However, there may be cases where determination of the stirring effect is not suffi-
cient and so an additional test becomes necessary. Since significant differences exist
between bare and membranized electrodes in different solutions, the difference can be
used to determine quickly and reliably the quality of a membrane. The Po, signal of
POS with unsatisfactory membranes continuously decreases down to 1nsen51t1v1ty to
oxygen in calibration solutions containing Ca®" and Mg?* as cations and phosphate,

carbonate and/or sulfate as anions. In contrast, optimally membranized sensors show
stable measuring properties in the presence of these critical ions. A bicarbonate buffer
(pH = 7.4) of the following composition has proved to be a good test solution:

»
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Fig. 8. Po, signals of (2) an optimally membranized and (b) a bare or too thinly membranized
needle sensor in CO,-bubbled Ringer solution containing calcium and magnesium (37°C). The sig-
nals of needle sensors with defect or too thin membranes drift considerably to low values and may
sink down to Q, -insensitivity when kept in this solution for some time. In addition, when changing
the calibration gas from N, to O,, the signal shows an overshoot. Changing calibration gas from O,
to N, results in a two-phase course of the signal. Optimally membranized sensors are superior due
to stable measuring behavior

26 mmol dm® NaHCOs, 2.6 mmol dmi® CaCl, x 2 H,0, 10 mmol dm” glucose,
124 mmol dm™> NaCl, 4.9 mmol dm> KCl, 1.3 mmol dni® KH,PO, and 1.3 mmol
dm > MgSO,; x 7 H, 0.

Figure 8 shows an example of an original registration. The pg signal of sensor a
having an intact membrane always returns to initial values after change of the cali-
bration gas, whereas the O, reduction current of sensor b having a defect membrane
continuously decreases and, in addition, strongly overshoots in CO,-bubbled bi-
carbonate solution when changing from N, to air. At change from air to N, in most
cases the curves of the insufficiently membranized POS show a two-phase course in
that test solution (see sensor b). We have not yet investigated which chemical reactions
are responsible for this behavior. We assume that insoluble compounds of Ca** and
Mg** with hydroxides, phosphates, carbonates, and sulfates are formed and precipitate
on the defect membrane and perhaps on the bare platinum surface. As a consequence,
the diffusion path for O, increases continuously, the precipitate also changes the sur-
face conditions of the platinum cathodes and thus, the Po, signal decreases. This has
been substantiated by the fact that the measuring pr0pertles of such POS are almost
completely normalized by dissolving the precipitates of hydroxide, phosphate, and car-
bonate by acidification of the calibration medium to pH of approx. 4.5. Here it should
be mentioned that salts of carbonate, sulfate, and phosphate, which do not form preci-
pitates, do not affect the polarographic behavior of the platinum cathode.

Organic sulfur compounds especially influence imcompletely membranized sensors.
We added 16 mg of cystein to a 200 cm® magnesium-phosphate calibration solution
and observed extreme changes in the signal. While an optimally membranized sensor
scarcely perceives a deviation of the signal, with incompletely membranized sensors
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the signal decreases in the presence of O, and increases in N;-equilibrated solution.
This behavior is reversible by acidifying the medium to pH = 4.0. The above effects are
eliminated by repeatedly membranizing the sensor. As the membrane determines the
response time, it must not be too thick in order to avoid long response times. For
application to tissue, the properties of the membrane were additionally improved by
keeping the POS for some time in tissue, tissue homogenates or protein solutions. Oc-
casionally, with too-thick membranes of polystyrene sealed directly onto the cathode
surface in a sinter process at 200°—250°C, the Po, signals slowly and continuously
decreased. Such a decrease of the signal was observed only in neutral or alkaline milieu
of the calibration solution. In the acid range, at pH of about 4, a stable signal was at-
tained again. We assume that this behavior is caused by the different chemical reac-
tions during electrochemical reduction, where either the removal of OH ions from the
cathode surface is hindered by the membrane, or the OH™ ions are immediately neu-
tralized to water by H' ions.

3.2.3 Response Time

The time needed by the POS to reach 90% of the new gas pressure value after a sudden
change in gas pressure, is called response time, 79¢ :

ZZ
Top = —2. | 5
9= (€))

where z,, is thickness of membrane; D, diffusion coefficient of membrane; ¢, a con-
stant ([28, 30] Chap. I.1).

The response time can be kept short if the membrane is easily diffusible and its
thickness is low. As mentioned above, the membrane characteristics determine the stir-
ring effect as well. Both parameters appear as systematic errors. Since they behave con-
trarily, a sensible compromise must be made by choosing the proper membrane:

l.a thick membrane for a small stirring effect, and a thin membrane for a short re-
sponse time. However, the membrane must still be thick enough to prevent the O,
signal from overshooting;

2.a low diffusion conductivity for a small stirring effect, and a high diffusion coeffi-
cient for a short response time.

In practice it is very difficult to fulfill all of these conditions at the same time. It
has to be taken into account that the membrane thickness influences the response time
quadratically, the stirring effect linearly. A material suitable for a good membrane
should have a high O, diffusion coefficient, but a small solubility for O,. So far, vari-
ous materials have been used, such as collodion [13, 22, 77], polystyrene [8, 12, 68],
zapon lacquer [13] as well as other film-forming polymeres [15, 34, 69]. We measured
90% response times of 1—3 s with membranes of collodion, polystyrene, and cellulose
derivates whose thicknesses approximately corresponded to the diameter of the cath-
ode. Hydron membranes (Hydron-Polymer Type XE-3, Hydron Laboratories Inc., New
Brunswick, N.J. 08902) made of polyhydroxyethylmethaceylates show an interesting
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behavior. Their response time is short when the stirring effect is reduced. The good
compatibility with biological tissue is another advantage of hydron.

3.2.4 Sensitivity to Temperature

We tested the temperature sensitivity in the range between 1° and 50°C on 36 sensors
and found that the mean changes in the signal per °C were 2.1% from 15°—25°C, 2.3%
from 25°—35°C and 2.7% from 35°—45°C. The temperature sensitivities of different
sensors differ immensely. Precise measurements require calibration of each POS at the
temperature of the object to be measured.

3.2.5 Senmsitivity to Light

At certain wavelengths the microcoaxial needle sensor shows sensitivity to light and
reacts with an increase in the signal. In some special calibration experimensts we illum-
inated the shaft of the sensors laterally with a microscopic lamp (Osram 6 V/15 W
with heat filter) in Theorell buffer solution (pH = 7.2) and found an immediate in-
crease in the signal by about 1.4%. Assoon as illumination was interrupted, the signal
decreased to its initial value. At re-llumination, the signal increased again by the same
amount. Nlumination of the same sensor with light guides (type KL 150 B, Schott/
Mainz) did not change the signal.

3.2.6 Stability and Drift of the Signal

For each POS the signal is different and can change with time. We investigated the
stability of the signals of seven microcoaxial needle sensors (0.1—-0.15 nA) in air-satu-
rated Theorell buffer solution at 37°C over a period of 30 days. During this period we
observed a change of + 9.3% in the air value. The change of the zero point (in nitrogen)
was only * 1.3%. It was interesting that the most constant values were measured be-
tween the 11th and 23rd day (during this period the stability of the polarogram was
also best).

3.3 Accuracy of Calibration and Measurement of Needle Sensors

To allow an exact quantitative p, measurement, needle sensors should be calibrated
in a solution whose diffusion condzuctivity for O, resembles that of the medium to be
measured. We calibrate in a glass vessel placed in a Faraday cage. The vessel made of
highly insulating laboratory glass is earthed by a calomel electrode. Temperature is
continuously monitored by a thermosensor. Four sensors can be calibrated at the same
time. For reasons of accuracy, calibration curves should be measured in the p_range
in which the measurements are to be made. Figure 9 shows that linear calibration
curves are obtained in both high (A) and low (B) Po, Tanges.
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Fig. 9A B. Calibration curves of a po microcoaxial needle sensor at high (A 0-760 mmHg 0—
101 kPa) and low (B 0—7 mmHg = 0~ 0.9 kPa) pQ, ranges. The two original registrations show 11

spot calibrations in Theorell buffer (pH = 7.2) at 37°C. Plotting reduction current (ordinate) versus
O, partial pressure (gbsecissz) results in linear calibration curves in both pressure ranges

=

Fig. 10a. Comparison of the pO signals to be theoretically expected (— e —) with those actually
recorded (— % —) using bare platmurn cathodes with circular surfaces (ry = 10 um) in different
biological media (37°C). Dotted area indicates the size of the signals to be thcoreticaﬂy expected in
water. The experimentally determined values for both water and diluted aqueous solutions are
within these boundaries. When relating the Po, values measured in tissue to the calibration curve
recorded in diluted electrolyte solution, considerable errors of measurement may arise if either
bare electrodes or POS with defective membranes were used. These errors are due to the different
diffusive properties. The absolute values determined may be too low: in brain by a factor of 1.4, in
the lungs'of 1.5, in heart of 1.7, in muscle of 2.6, and in connective tissue of 3.2
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In practice, in most cases a 3- or 4-point calibration is sufficient. We use tanks of
“extremely pure” nitrogen and oxygen. The calibration gases are two-component mix-
tures of oxygen and nitrogen produced by a calibrated gas-mixing pump (Type 1 M-
100/a-F, Apparatebau H. Wosthoff, D—4630 Bochum). Zero point can also be deter-
mined in a saturated Na, SO3 solution.

For determination of the calibration curve p versus reduction current, the re-
spective oxygen partial pressure is calculated from the known oxygen concentration of
the calibration gas. The following formula is used to calculate the oxygen partial pres-
sure:

=(bP_PH10)X ¢'02’ (6)

where Po, is oxygen partial pressure in kPa (or mmHg); p, temperature-corrected
barometer pressure in kPa (or mmHg); Py, o> Water vapor pressure at calibration tem-
perature in kPa (or mmHg); ¢o, > volume fraction of oxygen in dry calibration gas
(App. B).

Since the slope of the calibration curve can change with time, it is advisable to cali-
brate the POS before and after each experiment. On an average, the sensitivity of the
microcoaxial needle sensor in watery system at 37°C is about 1.2 x 107" A kPa'
2 1.6 x 102 A/mmHg).

Special care is needed to relate the O,-reduction currents measured in tissue to
those of the calibration curves obtained in watery medium. Too thin or defect mem-
branes can produce immense measuring errors if the O,-diffusion properties of calibra-
tion solution and biological media are different. The extent of such errors which might
theoretically occur is shown in Fig. 10a. The O, reduction current of a bare electrode
with circular surface (r, = 10 pm) at 37°C has been calculated for various media with
different diffusion properties. The signal is plotted on the ordinate in dependence on
0, up to a value of 20 kPA = 150 mmHg on the abscissa. The Po, signal was calculat-
ed as follows:

Il=4nFroSstp02, (7)

where n is the number of elementary charges transported per molecule; F, Faraday
constant; r,, cathode radius; D, diffusion coefficient; S, solubility coefficient.

Using the different diffusion coefficients reported in the literature (Table 3), we
obtain the highest signals in water or diluted electrolytes such as 0.2 mol dm™> NaCl or
KCl. This is a finding of practical significance. Assuming, for instance, that with the
Sensor a pg, signal of 2 nA is measured in connectlve tissue, and plotting this value on
the calibration curye determined in 0.2 mol dm™® NaCl solution, a Po, of about
35 mmHg results ( 4.7 kPa). However, according to the calibration curve calculated
by using the proper diffusion coefficient, 2 nA correspond to 112 mmHg (— 15.0 kPa)
in connective tissue. This means that for this particular case, the absolute pq  deter-
mined was too low by a factor of about 3.2, Since it cannot be excluded that the
membrane of a sensor has been damaged during an experiment, mistakes can arise.
Po, values determined in the cortex may be too low by a factor of up to approx. 1.4,

Microcoaxial Needle Sensor for Polarographic Measurement of Local O, Pressure 57

Table 3. Coefficients for O, diffusion and solubility of various biological media (37°C). The values
given in parentheses have not been measured but estimated with the aid of D¢ = Pg/S¢ and then
converted to 37°C according to the dependence on temperature [25]. The Correctcd values of Ps
are: in muscle = 9.73 X 107'? mol O, em™* §! atm? £ 9.59 X 107"'* mol O, em* s kPa*
connective tissue = 7.95 X 1072 mol 0, cm! st atm* & 7 83 X 107 mol 0, cor* 57! kPa
In both cases S5 was assumed to be 8.93 X 1077 mol O, cm™® atm™ = 0.02 em® O, cm™ atm
£88% 107 mol O, ecm® kPa’

Medium Diffusion Solubility coefficient Ref.

coefficient

mol O cem® O

Dy X107 [C_Tijl Big X 108 |icm3 k;’a] w10 [cm3 atumjl
Water 2.5 1.06 2.4 [27]1
Water 33 1.06 2.4 [26]
Serum 2.54 0.94 2.13 [25]
Brain 2.0 0.99 2.25 [741
Lung tissue 2.3 0.79 1.8 [26]
Heart muscle 1.95 0.93 2.1 [27]
Erythrocytes 1.15 1.11 2.5 [27]
Muscle (1.09) - - [41]
Connective (0.89) - = [41]
tissue

in the lungs to 1.5, in heart to 1.7, and in muscle to 2.6. These errors cannot be elimi-
nated by intermediate calibration, and hardly by correction factors. The most effective
remedy is coordination of the O, diffusion properties of the calibration solution with
those of the medium to be measured.

With exactly defined Ptcathode surfaces we measured the Po, signal in water and
serum (cf. Chap. IL.10) under standardized conditions and compared the values with
those calculated. The values were in good agreement, and the values for serum were al-
most identical. The large scattering range for water shown in Fig. 10a (dotted area)
was caused by the different O, diffusion coefficients given in the literature. The dot-
ted area is limited by the lowest and highest D value.

In other experiments the Po, signal was medsured with bare circular Pt-cathodes
(diameter 15 ym) in 0.2% agarose as well as KCl and NaCl solutions of different con-
centration at 37°C. The result calculated for a 10-um radius of the cathode shows that
the effects of different O,-diffusion properties of tissue are easily simulated with mix-
tures of fluids (Fig. 10b).

Another shift of the calibration curve can result when the pH-values of the calibra-
fion solution are in the acid range. We observed that the signal increased in the acid
milieu and that the N, value shifted to higher signals. The N, value often increased
already by changing pH from about 7.4 to 6.0. When pH further decreased to about
4.0, the N, value distinctly increased. As a consequence, when calibrating the POS in
an acid medium and using the calibration curve for measurement in neutral or slightly
alkaline solutions, the absolute Po, values become too low. Since physiological NaCl
solutions or 0.2 mol dm™ KCl may have acidic pH values under normal calibration
conditions, they cannot be used to calibrate needle sensors. It is therefore necessary to
adjust the pH of the calibration solution to that of the measuring medium. Such cali-
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bration problems are most important with regard to precise polarographic measure-
ments with any kind of electrode systems. They have been discussed by other authors
as well [44].

4 Application of Po, Needle Sensor

Up to now, the microcoaxial needle sensor presented here and some of its modifica-
tions have been applied to physiological basic research and used for studies such as

— Estimation of oxygen supply and microcirculation of kidney in vivo and of isolated
perfused organs [12, 45].

— Determination of the diffusion coefficients for hydrogen and oxygen in agar-agar-
layer and blood as well as in brain and liver homogenates [13, 33].

— Local measurement of Po, and py _ in the three bones of the inner ear of guinea-
pig and cat under conditions of upper cervical sympathectomy as well as of hemor-
rhagic hypotension and noise [58, 61].

— Po, and PH, clearance in the central nervous system [72].

— Determination of O,-supply in duck egg to investigate the oxygen partial pressure
distribution in albumen, yolk, and embryo in dependence on the breeding period
(Lombholt, Baumgirtl, Liibbers, unpubl.).

— Local pg -measurement in tissue and the hemolymph of Tarantula eurypelma [5, 6].

2

— Examination of O,-transport conditions in the pericardium of the crayfish [7].

— Direct determination of diffusion layers in biological systems [42].

— Measurement of oxygen supply and microcirculation in the liver [38, 80].

— Measurement of circulatory disturbance in the hypothalamus of freely moving cats
(Betz, Baumgirtl, Reschke, Liibbers, unpubl.).

— Measurement of oxygen consumption in the retina of the crayfish eye (Lues, Baum-
girtl, Liibbers, in prep.).

— Measurement of O, and H, — diffusion in the anterior chamber and vitreous body
of the cateye [17, 18, 64].

— Measurement of Po, fields and flow-through rates in the carotid body [1-3, 16,
36, 76].

— Estimation of O, transport in Walker-tumor in connection with the influence of O,
supply and Po, distribution through the cancer inhibitor “ICRF-159" [79].

— Measurement of Po, profiles for investigation of capillary structure and O, regula-
tion in the brain cortex [46, 48, 50].

— Differentiation of flow parameters and O, supply to the gray and white matter of
the brain [47, 73, 78, 80].

Figure 11 shows an example of Po, -profiles recorded with needle sensors. The pro-
files were recorded by continuously advancmg the sensor into the rat brain cortex.
When the tip of the needle sensor (a) approached the arterial beginning of a capillary,
high Po, values were measured, whilst on other sites po, Was fairly constant or rela-
tively low. The P, measured on the brain surface with a statlonary needle sensor (b)
was almost constant throughout the experiment. This means that the fluctuations
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Fig. 11. po profile recorded with a needle sensor vertically inserted into rat cerebral cortex. With
continuous speed of 150 um/min the sensor (g) is impaled into the right hemisphere of the expos-
ed cortex at three different points. Apart from arterial Po, values, a rather steady and relatively
low PQ, course is seen at other sites. Throughout the experlment the sensor (D) registers the Po,
statlonanly on the surface of the cerebral cortex showing a more or less steady course

measured with the sensor (a) were not caused by changes in blood perfusion. The ex-
periment shows quite clearly that oxygen pressure is not uniform in vascularized
tissue, but that a Po, field with different Po, levels exists. .

To estimate rehably the oxygen supply to a tissue, it is useful to investigate the Po,
frequency distribution with the aid of a Po, -histogram [37, 39, 54, 68], since each
stationary situation of oxygen supply has a characteristic Po, distribution. Figure 12
shows a pq_-histogram recorded from the gray matter of the *brain cortex during nor-
moxia. The figure shows the mean value of seven puncture channels (three animals)
measured in a tissue layer of 02—2.1 mm over steps of 10 um each and united to
classes of 0.65 kPa 2 5 mmHg (abscissa). The ordinate shows the frequency of the
classes. More than half of the Po, values are 1n the range of 11-30 mmHg (— 1.5—
4.0 kPa), IS% of values are below 10 mmHg (— 1.33 kPa). 25% are between 31 and
90 mmHg ( 4.0—-12.0 kPa). To interpret the Po, histograms exactly, we calculate
the mean Po, value and determine the sites of maximum (module) and median indi-
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Fig. 12, po histogram of the rat cerebral cortex (depth 0.2—2.1 mm) during normoxia. Abscissa:
5 mmHg (0 %5 kPa) classes; ordinate: percentage frequency (» = 854 out of seven puncture chan-
nels, three experiments). Under normal condltlons the PO, -histogram is left-shifted and bell-
shaped, characterized by the median (19 mmHg = 2 2.5 kPa) and modulus (16—20 mmHg = £21-
2.7 kPa). The mean PO, = 24.4 mmHg £ 3.2 kPa)

cating which values are above or below 50% of the characteristic values. For the histo-
gram ShOWIl in Fig. 12 we obtain a mean p_of 24.4 mmHg (A 3.2 kPa), a median of
19 mmHg( 2.5 kPa) and a module of 16-2b mmHg (A 2.1-2.7 kPa).

When plotting the Po, -differences measured from one 10 ym-step to another in a
two-dimensional coordinate system, the Po, gradient histogram shown in Fig. 13 is
obtained. The steepest gradient measured over a length of 10 um in the rat cortex was
24 mmHg (A 3.2 kPa). 34% values do not show a pressure d1fference over is distance,
while about 50% have a pg, decrease of 1-4 mmHg/10 pum (* 0.13—-0.53 kPa). Ac-
cording to results of expenments on oxygen supply to tissue, we conclude that oxygen
is mainly transported by diffusion.

As well as a carefully prepared sensor, a stable polarization voltage without leaking
currents and an exact experimental setup (suitable electrical shielding, stable and sen-
sitive amplifiers) are necessary for reliable Do, measurements. In some cases, interpre-
tation of the signal is difficult or even mlsleadmg because the signal is superimposed
by artifacts. To exclude such mistakes, the polarographic setup has to be checked be-
fore each experiment by interrupting the measuring circuit by disconnecting the refer-
ence electrode for a short time. Whith an adequate measuring arrangement, the signal
must immediately decrease to zero when switched on after a short period of polariza-
tion, and then return to initial Po, values.

The damage to tissue thmugh puncturing with needle sensors is one of the main
problems. Apart from possible methodological errors arising with the polarographic
technique, the fact has to be considered that every puncture causes changes of the
physiological milieu of a living object. So far, only very few systematic studies on
histologically visible tissue damage have been performed. Together with E. Seidl, we
carried out light microscopic investigations to identify the puncture channels in brain
preparations. Sensors with an outer diameter of about 3 ym were found to leave chan-
nels in the cortex that were marked by vacuolization of the interstitial substance, pyk-
nosis of ganglia cells, and bleeding when vessels were punctured.
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Fig. 13. p(y,-gradients over 10 um in the gray matter of the rat brain (0.2-2.1 mm). 34% of the
values (n = 854) show a steady PO, - The highest Po, decrease was 24 mmHg/10 pm = 3 2 kPa/
10 pm and was only found twice. 50% of values range between 1 and 4 mmHg/10 um = £ 0,13
0.53 kPa/10 pm

In the region of both the sensor tip and lateral shaft, damage to tissue was seen
which may influence the experimental results. Damaged tissue was also seen in liver
preparations after inserting a simple glass needle sensor (tip diameter about 2 um)
such as used for measurements of ionic activity [66]. In contrast, histological investiga-
tion of kidney tissue showed only little damage. In any case, tissue damage is kept at
a minimum if the tip diameter of the sensor ranges below 1 um and if the shaft is very
thin. We think that these requirements are satisfactorily fulfilled by the microcoaxial
needle sensor developed in our laboratory.

The results of our investigations have shown that micro needle sensors have found
broad application to the medico-biological field.

Lately, microelectrodes have also been used for Pg, measurements in marine sedi-
ments for ecologico-physiological purposes (Chap. TI1.2 [35 62,63, 717).
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