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Abstract The new electrochemical thick film biosensors
from Roche Diagnostics are presented. Following consid-
erations about the principal requirements that biosensors
have to fulfil to be useful for diagnostic purposes, the ba-
sic design of these thick film biosensors is shown. In this
paper, the new generation of biosensors for glucose, lac-
tate and urea are presented, as well as data from a new
biosensor for creatinine. All biosensors are designed for
multiple use, at minimum 500 samples or 1 week in-use
(depending on type of enzyme used), for determinations
in undiluted whole blood or plasma, with extra electrodes
to compensate for interferences. The sensors are inte-
grated in a disposable cassette requiring 38 pl sample vol-
ume. The analytical ranges of the sensors scope well with
the normal and pathological concentrations of metabolites
in human blood, e.g. for glucose 0.5-40.0 mmol/L. Both
biosensors and interference-compensating electrodes are
developed to have a cycle time of 90 s maximum. Method
comparison diagrams show excellent correlation of results
obtained by biosensors compared to results achieved by
reference methods. In addition, the possibility of urea and
creatinine determinations in diluted urine is presented.
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Introduction

Since the pioneering work of Updike and Hicks [1], ava-
riety of electrochemical biosensors for diagnostic pur-
poses have been developed and described [2, 3, 4, 5, 6, 7,
8]. From a practical point of view two main groups of
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multiple-use biosensors have been commercialised, mem-
brane-based sensors from Y SI [9, 10], Eppendorf [11],
Nova Biomedical [12, 13, 14] and Radiometer [15], as
well as thick film biosensors from Bayer [16] or Roche
[17]. Membrane-based biosensors have an advantage in
fabrication by using prefabricated membrane materials
with well known properties, but the necessary membrane
change is sometimes rather cumbersome. Multiple-use
thick film biosensors, on the contrary, are easy to ex-
change by the customer, but rather complex in production,
because al layers have to be applied in a chemical way.
Although some technol ogical aspects such as screen print-
ing have been developed for electrochemical thick film
sensors for single use before, avariety of production prob-
lems dtill exist, often simply because of much lower pro-
duction volumes of multiple-use biosensors compared to
single-use biosensors. Additional reasons for developing
thick-film biosensors are the possibility of miniaturisa-
tion, with the opportunity of introducing different param-
eters as well as several interference-compensating elec-
trodes into one sensor housing with minimised additional
costs. There is also the advantage of a maintenance-free
base electrode which is renewed together with the biolog-
ical part automatically.

When determining metabolites in undiluted samples
with biosensors, several aspects have to be taken into con-
sideration. First, and most prominent, the huge analytical
range which should be covered by the biosensor, e.g. for
lactate at minimum arange of 0.2—20 mmol/L is required.
This is especialy a problem for potentiometric devices
because of their logarithmic response. Secondly, neces-
sary co-substrates, such as oxygen for oxidase reactions,
may be not present or present at concentrationstoo low to
achieve linear response of the biosensor over the required
range. Furthermore, matrix effects such as buffer capacity,
pH or ionic strengh of the sample play aprominent role in
creating failures in measuring undiluted samples. On the
contrary, electrochemical interferences from uric acid or
paracetamol can not be diminished by diluting the sample,
because the ratio of analyte to interfering species remains
unchanged by dilution. Although there are several reasons



why it is much better to detect metabolitesin diluted sam-
ples, there are two reasons to do the determinations from
undiluted samples: speed in whole blood and combination
with blood gas analysis. With undiluted whole blood as
sample material, haematocrit appears as an additional ma-
trix component with capability to interfere [10, 13]. The
main advantage of detecting metabolitesin whole blood is
the possible short time to result because no sample ma-
nipulations like producing serum or plasma are required.
On the other hand, photometric reference methods such as
the hexokinase method for glucose are based on plasma,
and it is somehow sophisticated to compare whole blood
and plasma results [18, 19, 20, 21, 22]. In addition, pre-
analytical errors become more expressed using heparin-
ised whole blood as sample, due to glycolysisin the ery-
throcytes [23, 24].

Design of the thick film biosensors
and working principles

Basically the Roche thick film biosensor cassette is made
by polymer film screen printing on a polycarbonate sub-
strate. Printing on plastics rather than ceramics give both,
advantages in the possible design of the sensor and aso
restrictions to the exclusive use of low temperature curing
inks. After printing the conductive tracks by a polymer-
based Ag ink, respectively Ag/AgCl ink, which form also
the amperometric counter and reference electrodes, re-
spectively, carbon inks are printed to act as solid state
contact for potentiometric sensors as well as conductive
base [25] of the amperometric working electrode. In a
next step, a carbon ink enriched with manganese dioxide
[26] is printed to form the amperometric working elec-
trode. Finally, the whole sensor is coated by an insulating
ink, except the areas of the sensor spots (diameter 1.0—
1.2 mm) as well as some contact area. A schematic of this
biosensor array is given in Fig. 1. In this example, a sen-
sor for glucose, lactate and urea is shown, with all corre-
sponding interference-compensating electrodes as a so-
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Fig.1 Schematic of the Roche thick film biosensor platelet, show-
ing two possible sensor combinations, one for glucose, lactate and
urea and the other for creatinine and urea. Tracks: 1, 6, and 7, ref-
erence electrodes of the amperometric sensors; 3, 4, and 9, counter
electrodes of the amperometric sensors; 2, working electrode for
interference compensation; 5, working electrode for lactate respec-
tively creatine; 9, working electrode for glucose or creatinine; 10,
11, and 12 are the potentiometric sensors for ammoium, potas-
sium, and urea, respectively
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called BSA-electrode to compensate for amperometric
electrochemical interferences, and a potentiometric am-
monium and potassium sensor to correct for accurate urea
results. The same screen-printed base sensor can be used
to measure creatinine, creatine and urea simultaneoudly.

Glucose and lactate sensor

The basic design and advantages of screen-printed thick
film biosensors has been described elsewhere [27, 28].
A three-electrode system has been chosen by the fact that
the sensor may respond with several 100 nA, making a
two-electrode system not appropriate. The base sensor
made from manganese dioxide in a carbon ink responds
with approximately 1 pA/mm? to 1 mmol/L hydrogen per-
oxide when used without diffusional barrier. A further ad-
vantage of the manganese dioxide system is the ability of
regenerating the oxygen used by the enzymatic reaction,
resulting in fairly linear sensors over an analytical range
much larger than required for diagnostic purposes (Figs. 2,
3). Polarisation of the manganese dioxide working elec-
trodes can be performed at 250450 mV, versus Ag/AgCl
reference electrode, and typically 350 mV are used. This
relatively low polarisation voltage allows a very good
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Fig.2 Aqueous linearity of the screen-printed glucose biosensor
based on a manganese dioxide electrode
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Fig.3 Aqueous linearity of the screen-printed lactate biosensor
based on a manganese dioxide electrode



256

Table1l Resultsof an ex-

tended interference test of the Sample Concen-  pH Glucose Lactate Creatinine Urea
polymer thick film biosensors. tration
{Qégje;’l% (%?fe?qn‘éﬁg e, 2TomCo? 8.27 -84%  —75% 180%  —6.8%
tionsin aspl ked certified 86 Torr CO? 7.05 —4.9% -9.5% -23.1% —7.2%
bovine serum. Concentrations 40 Torr O? 7.36 —5.5% -8.7% -18.6% —2.1%
are given in mmol/L, unless 512 Torr O? 741 -3.3% 4.3% -8.6% -3.8%
stated otherwise pH 7.28 7.28 -1.1% —A4.7% —5.8% 7.9%
pH 7.88 7.88 —2.6% —2.9% 41% -10.4%
Acetone 10.33 7.78 0.7% 2.1% 10.8% 0.2%
Acetylcysteine 0.92 7.61 1.7% —0.4% 3.1% —2.7%
Ampicillin 2.69 7.87 —2.9% —2.8% 10.9% 0.7%
Ascorbate, sodium salt 0.03 7.72 -3.2% —5.7% 0.3% -1.3%
Acetylsdicylic acid 3.00 7.73 —7.3% —-6.9% 27.3% 2.5%
Bilirubin 0.34 7.81 —4.0% -1.9% -56% -21.3%
Bovine albumine 7.00% 7.54 -0.6% 0.2% 5.6% 1.2%
Calcium chloride 3.00 8.18 0.6% 1.2% 14.2% 3.1%
Cefoxitin 5.56 7.94 —4.2% —4.4% 11.5% 3.7%
Chlorpromazine 0.20 7.65 0.9% 5.1% 7.1% -0.8%
Citrate, sodium salt 34.00 8.27 -1.7% 5.9% 2.6% 8.9%
Cyclosporin 0.004 7.91 -5.1% -5.9% 149%  -2.3%
Dobesilate 0.09 7.75 2.3% —-5.6% 1.2% 14.2%
Dopamine 0.14 7.91 -3.2% -1.7% -1.1% 5.0%
Doxycyclin 0.10 7.55 0.0% 2.0% —-8.9% -1.5%
Ethanol 91.17 7.80 -0.6% 0.9% 5.0% 1.9%
Gentisic acid 0.32 7.94 -5.9% -8.7% -16.7% 3.0%
Glutamate, sodium salt 0.86 821 -5.8% —7.8% 7.2% 0.9%
Glutathion 0.33 8.03 —4.3% -8.2% 76%  4.4%
Heparin 8000 iu 7.91 -1.3% -1.0% 6.1% —0.4%
HEPES 20.00 7.54 -1.0% 2.2% 8.2% 4.2%
Ibuprofen 242 7.84 —2.6% -1.9% 13.0% -3.5%
Intralipid 1.00% 7.97 -3.4% —6.6% 21%  —4.6%
Levodopa 0.12 7.82 -1.7% -0.9% -0.5% 1.3%
Lithium nitrate 3.00 8.19 0.2% 1.2% 12.8% 1.0%
Magnesium nitrate 3.00 8.20 0.6% 3.6% 14.8% 2.9%
Methyldopa 0.08 8.00 -10.0% -8.1% —28.4% —9.3%
Metroinidazole 117 7.75 —1.6% -1.1% 3.5% —1.7%
Ox0-(2)-butyric acid 161 7.67 1.6% 2.5% 5.9% 7.1%
Paracetamol (Tylenal) 1.32 7.87 -1.9% -3.2% -30.0% -0.2%
Phenylbutazone 1.30 7.87 -1.3% 0.0% 6.0% —1.3%
Potassium thiocyanate 2.39 7.74 -1.2% —9.8% -3.1% 14.4%
Rifampicin 0.07 7.90 —-3.5% —2.9% 12.4% 2.3%
Salicylic acid 3.62 7.53 1.1% -3.3% -1.5% 0.3%
Sodium hydrogencarbonate  20.00 8.40 0.6% 2.0% -5.6% 2.8%
Sodium hydrogenphosphate  2.00 8.16 1.1% 0.8% 12.6% -1.5%
Teophylline acetic acid 0.42 7.86 —4.3% -1.9% 10.4% —2.2%
Theophyllin 1.39 7.38 6.2% 7.5% —21.2% 4.5%
Uric acid 119 777 1.2% -1.1% —9.3% —-3.3%
Bovine serum mean 7.66 505mM 149 mM 98 uM 2.63 mM
a1 Torr=133.322 Pa Bovine serum target 7.56 5.16 mM 106 puM 2.50 mM

suppression of signals from electrochemically interfering
substances.

The enzyme layer, glucose oxidase for the glucose sen-
sor and lactate oxidase for the lactate sensor, respectively,
are immobilised via a self cross linking acrylate polymer
[29] a room temperature. Using this immobilisation
method, a good adhesion of the enzyme layer to the screen-
printed manganese dioxide layer can be achieved, as well

asagood immobilisation of the enzyme in the layer itself.
It is assumed that both processes, matrix encapsulation
and covaent enzyme immobilisation via amine groups,
take place during the curing period. The enzyme in the
water/acrylate prepolymer mixture is applied via a pipet-
ting processto the working electrode, a process which can
be performed automatically. In a similar way, the outer-
most membrane is applied as cover membrane to protect



the sensor from membrane fouling as well as acting as
suppressior for certain electrochemical interfering sub-
stances. This membrane is made of a vinylacetate-vinyl-
mal ei nate-polyvinylchloride-co-polymer [30]. In addition
to the sensors for glucose and lactate a third amperomet-
ric electrode is printed on the sensor platelet, identical in
construction, but with bovine serum abumine (BSA) im-
mobilised rather than the enzymes. This sensor acts as a
further tool to minimise interferences by compensating all
kinds of unspecific electrochemical interferences. To
avoid differencesin signal response due to the fabrication
process, this interference compensation €lectrode can be
calibrated by e.g. uric acid. Using all three types for elim-
inating interferences (polarisation at low voltage, cover
membrane, and compensation electrode) nearly interfer-
ence-free results can be achieved, as is shown in Table 1.
The in-use stability of the lactate biosensor is limited
mainly by the temperature applied in the instrument with
1-2 weeks at 37°C, and 2—3 weeks at 25°C. The glucose
biosensor, on the contrary, has a nearly unlimited in-use
stability enzymatically but membrane fouling by whole
blood samples limits in-use time to approximately two
months.

Urea sensor

This sensor is based on the hydrolysis of urea by urease
[31] with potentiometric measurement of the ammonium
ions produced by the enzymatic reaction. The base sensor
isasolid state potentiometric ammonium ion sensor made
of the ionophore nonactin in plasticised polyvinylchloride
(PVC). The PVC is doped with amino groups (approx.
1%) to allow covaent immobilisation of the urease and
acrylate prepolymer [29] onto the plasticised PVC sur-
face. Solid state contact is made ssmply by dispensing the
amino-PVC membrane cocktail on a printed carbon ink
layer. To avoid interferences by potassium and endoge-
nous ammonium ions, both a separate ammonium ion sen-
sor and a potassium ion sensor, are located on the same
platelet. The responses of all three potentiometric elec-
trodes, detected via an external reference electrode, are
used to calculate the urea concentration of the sample.
Due to the logarithmic nature of the response, potassium
ions can be compensated very well in the physiological
range by using a modified Nernst equation extended by a
diffusional parameter, but not at unphysiological potas-
sium concentrations (Table 1). Although the in-use life
time of the urea sensor alone is rather high (>4 weeks for
adecrease of 20% in signal) the combination with screen-
printed amperometric devices in the same flow channel
shows detrimental effects on the urease. The sulfhydroxy-
groups of the urease are easily blocked by silver ions from
the amperometric counter and reference electrodes. With-
out further action, the resulting in-use life time would thus
decrease to afew hours only. Carbon layers on the counter
and reference electrodes as well as a permanent exchange
of the flow-through sensor volume with uncontaminated
liquid increases the in-use life time of the urea biosensor
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to 1-2 weeks. Further developments will include ex-
change of the silver-containing counter and reference
electrodes by materials free of heavy metal ions.

Creatinine sensor

A variety of creatinine detecting principles were investi-
gated, before finally the three-enzyme cascade [32] with
creatininase, creatinase and sarcosine oxidase was found
to be the best suited for the development of a screen-
printed creatinine biosensor. Interference by creatine has
to be compensated by an additional creatine sensor with
creatinase and sarcosine oxidase only. To compensate for
electrochemical interferences, which are much more ex-
pressed at creatinine sensors compared to glucose sensors
(due to the approximately 100 times smaller normal range
in biological samples), athird electrode for compensation
of electrochemical interferencesis required. Basically the
same manganese dioxide base sensor as for glucose and
lactate can be used, but the immobilisation of the enzymes
has to be different. Obvioudly, it is quite tricky to immo-
bilise three enzymes with different properties together.
Thus a new procedure has been developed [33]. First, all
three manganese dioxide working electrodes are impreg-
nated with a droplet of sarcosine oxidase in water. This
procedure leads to an intimate contact of the oxidase with
the hydrogen peroxide electrode, resulting in much higher
signals compared to separate membrane layers. In a sec-
ond step, the creatinine sensor spot is covered by a mix-
ture of creatininase, creatinase, glutardialdehyde and
glycerol, the creatine electrode spot by a similar mixture
but without creatininase. The third electrode spot is cov-
ered with BSA rather than the enzymes. The signals of all
three electrodes together give a nearly interference-free
result for creatinine in biological samples (Table 1). For
creatinine sensors the use of cover membranes to achieve
diffusional control, making the sensor response indepen-
dent from the actual immobilised enzyme activity, is
rather critical. One has to compromise between absolute
signal height, which is rather low at physiological creati-
nine concentrations, and good diffusional control of the
sensor. Because of that compromise an additional interfer-
ence could be found, the competitive inhibition of creati-
nase by bicarbonate [34]. To overcome this interference,
calibration reagents are used containing bicarbonate at an
average physiological concentration. The creatinine sen-
sors, described so far, without the use of any outer mem-
brane have in-use life times of approximately 1-2 weeks,
before losing half of the initial signal.

Another interesting feature of calibrating creatinine
sensors is the internal conversion of creatinine to creatine
in solution. Although described very early in the last cen-
tury [36, 37], it has been ignored by many of the creati-
nine biosensor scientists in the last decades. To achieve
stable liquid reagents at least three reagent parts are nec-
essary. To calibrate the creatine sensor a solution contain-
ing the thermodynamic equilibrium of creatinine and cre-
atine (approximately 40:60) can be used. To have a stable
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Fig.4 Picture of the fully assembled Roche thick film biosensor
cassette, ready to use

reagent to calibrate the creatinine sensor, creatinine can be
stored nearly creatine-free in solutions at pH around 3.0,
and has to be mixed before use with an akaline buffer to
give a creatinine solution with physiological pH for cali-
bration [35].

Biosensor cassette

Besides the polymer platelet with the screen-printed and
dispensed sensor spots, the disposable sensor cassette has
to be assembled as shown in Fig.4. The upper part of the
cassette, forming the flow-through channel with 38 pul in-
ternal filling volume, is fastened to the sensor platelet
with a polymer gasket between both parts [38, 39]. Fi-
nally, the system has another gasket to seal the opening
for liquid transport. This sensor design allows the use of
many different sensors of thistypein-line, e.g. the contact
with the external reference electrode. Storage of these
biosensor cassettes sealed in aluminium pouches dry with
inert atmosphere at 4°C is possible without loss of any
signal for a minimum of six months.
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Results of the thick film biosensors
with undiluted biological samples

Although designed for whole blood measurements, method
comparison studies have to be performed with plasma
samples because of the availability of reference methods
for plasma only. For glucose and lactate, it has been found
that sample handling and pre-analytical errors due to gly-
colysis are usually more expressed than errors due to the
methods themselves. Figures 5, 6 and 7 show the correla-
tion plots of the human plasma results of the thick film
biosensors for glucose, lactate and urea versus the results
of a Hitachi 902. Figure 8 presents the correlation graph
of the human plasma results from the thick film creatinine
sensor system compared to the enzymatic method of the
Roche Reflotron V. For glucose determinations the pho-
tometric reference method with hexokinase has been used
in the Hitachi.

All sensors show an excellent correlation with the ref-
erence method. There is a nearly linear relationship over
the whole analytical range such as 0.5-40.0 mmol/L for
glucose and urea, 0.2-20.0 mmol/L for lactate, and
20-1000 pmol/L for creatinine. One should take into con-
sideration that these results are obtained with different
sensors from different production lots and, in addition,
blood results are expected to be different due to severa
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reasons [18,19, 20, 21, 22]. As an example of the possi-
bility for using the glucose sensor both in plasma and
whole blood, Fig.9 presents a correlation study between
split human whole blood and plasma samples. To achieve
asignal correction of the whole blood result, the raw sig-
nal hasto be recal culated with the haematocrit of the sam-
ple. Haematocrit can be measured roughly by a simple
conductivity determination of the whole blood sample.
Similar results have been achieved with lactate, urea, and
creatinine biosensors.

Results of the thick film biosensors with diluted urine

Biosensor determinations in urine with sensors devel oped
for plasma or whole blood measurements are somewhat
difficult because of the big difference in concentration be-
tween these sample types. Creatinine in plasma is in the
100 pmol/L range, but in urine in the 10 mmol/L range.
The same relation is valid for urea, leading to the neces-
sity of diluting the urine sample before measurement. For
urine this can be done easily by using a buffered physio-
logical saline solution. The buffer substance is necessary
because of the large variance of sample pH in urine.
A plasma equivalent electrolyte composition is required
because of the ionic interferences affecting the urea sen-
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sor. Figures 10 and 11 show the comparison of results ob-
tained in 1:25 diluted human urine with the Roche Re-
flotron 1V with the thick film biosensors for urea and cre-
atinine, respectively. The correlation in both comparison
plots is good. As the calibration of the biosensors to ob-
tain these results has been done at concentrations of ap-
prox. 25 mmol/L for urea and 250 pmol/L for creatinine,
these two curves show clearly the wide linear range of
both sensor systems.

Conclusion

These newly developed biosensors should improve
metabolite determination in biological samples with re-
gard to minimised interference effects and maximised ro-
bustness of the system, compared to those planar biosen-
sors using prefabricated membranes [40]. Further devel-
opments will be done to miniaturise the system: screen-
printed electrode spots even in the range of 200 um ap-
pear to be feasible, resulting in sensor arrays requiring
only afew pl of blood. Because the in-use stability of the
biosensor cassette is limited by the electrode spot with the
shortest life-time, improvements have to be achieved to
maximise in-use stability of all biosensors except glucose.
Although the production yield of the existing biosensors
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is rather high with 99.8% per electrode spot or >98% per
fully assembled cassette, further optimisation is required
if there are sensor arrays in future with many more pa-
rameters on one sensor platelet. An expansion of the
menu in both directions, new metabolites such as uric acid
or cholesterol, and combination with other solid state
blood gas and electroyte sensors will be the goal for the
future.
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