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RECENT DEVELOPMENTS OF BIOSENSORS BASED ON THERMISTORS AND SEMI-
CONDUCTORS

Bengt Danielsson

Pure and Applied Biochemistry
University of Lund
Box 124, S-221 00 Lund, SWEDEN

SUMMARY

The enzyme thermistor (ET) is a simple flow calorimeter primarily in-
tended for rapid metabolite assays with use of immobilized enzymes,
but it can be used as a general biocalorimeter as well. The reaction
heat produced in a small column containing immobilized biocatalyst is
measured with a thermistor as a temperature change of the effluent of
the column. The temperature change is linear vs. the substrate con-
centration over wide ranges from about 1 uM to several hundred mM de-
pending on the actual enzyme reaction. Considerably higher sensitivi-
ties can be obtained by using recycling enzyme systems. Up to 60 samp-
les per hour can be analyzed. A large number of metabolite assays of
clinical as well as of biotechnological interest has been studied.
The ET assay can easily be automated and is well suited for monitoring
and control of biotechnological processes due to its high operational
stability. For the monitoring of larger molecules a thermometric en-

zyme immunoassay (TELISA) has been developed and automated.

Hydrogen- and ammonia-sensitive semiconductors of Pd-MOS type could be
combined with enzymes and cells into highly sensitive biosensors.

Addition of another catalytic metal, such as Ir on the gate of the MOS-
device results in enhanced ammonia-sensitivity. Highly sensitive meth-
ods for the determination of e.g. urea and creatinine have been develo-

ped. Detection is made in the gas phase, which is advantageous.
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INTRODUCTION

In the last few years biosensors have attracted a considerably increas-
ed interest. This may be due to the increasing importance of new bio-
technological processes and the associated demand for sensors suitable
for specific monitoring and process control. There is also a growing
need for sensors in the biomedical field for decentralized clinical
chemistry and, for instance for in vivo monitoring of glucose in attempts
to develop systems for diabetes control. In these fields thermal bio-
sensors have definite advantages. Biological processes are generally
more or less exothermic. The combination of a specific biocatalyst
with a heat sensor therefore leads to a biosensor concept with general
applicability capable of measuring a particular compound present in a
complex mixture, irrespective of the optical properties of the sample.
Hydrogen- and ammonia-sensitive semiconductors of the type we are using
are gas sensors and have to be separated from the reaction solution.
This is usually done with a gaspermeable porous teflon membrane, which
greatly facilitates work with crude sample solutions and protects the

sensor from fouling.
ENZYME THERMISTORS

The ET-calorimeter shown in Fig. 1 comprises a carefully thermostated
aluminium cylinder, 80 x 250 mm, containing an aluminium block with
cavities for two columns, which can be used for two different reactions
or with one of the columns as a reference column. Up to 1 ml of the
immobilized biocatalyst can be applied in each of the columns which are
attached at the end of the temperature probes by which they are readily
inserted into the calorimeter. Enzymes are bound to a mechanically
stable, highly porous support, such as controlled pore glass or Euper-
git C. A large excess of enzyme, 10-100 units or more, is applied to a
column, which leads to an excellent operational stability. A continu-
ous flow (0.5-5 ml/min) of buffer is pumped through the heat exchanger
tubes in the calorimeter and through the column. The temperature of
the effluent is continuously monitored with thermistors coupled to a
Wheatstone bridge with a maximum sensitivity of 1 m°c for a full scale
deflection of the recorder. Commonly used measuring ranges are within
10-50 m°C permitting determination in the range of 0.01-100 mM. The ET
is normally operated as a FIA-system (flow injection) with rather small
sample pulses (0.1 - 1 ml), too small to give a thermal steady state,
but resulting in temperature peaks linear with the substrate concentra-
tion. More comprehensive descriptions of the system can be found in

re sl (Tisand i f(2)":
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A number of assays of clinical interest has been described including
glucose, oxalate, urea, lactate, ethanol and blood lipids (1,2). These
methods are clinically useful, have few or no interferences and corre-
late well with conventionally used tech-
niques. Serum or urine samples can be
applied directly after dilution (typi-
cally 10-fold) with buffer or, if small
sample volumes are used (<25 ul), applied

directly in the buffer stream.

Several studies have been performed on

H process control by the ET. 1In a recent
study we demonstrated that sucrose can

be monitored in the range of 0.1-100 mM

or at higher concentrations by on-line

dilution, using only one enzyme, invert-
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ase (3). 1In the same study glucose was
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semicontinuously monitored by an automa-

ted FIA-technique using glucose oxidase

and catalase. The purpose of the study

was to show that any of these techniques

Sl Al A could be used to control the degree of
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b I Sl applying ET-FIA to penicillin determina-

H;L tion by B-lactamase. This procedure was

automated at a company producing peni-

L i cillin in product control involving over
v /

Hﬂj 3 200 samples per day (4). An example of |
Ao 7 ?/// e a print-out is shown in Fig. 2. Because |

! of the relatively low instrument cost,

low reagent and column costs, high spe-

Fig. 1. Cross=-section of an cificity and high analysis speed the ET
ET calorimeter: 1. Thermosta-
ted Al-jacket; 2. Heat exchang-
er; 3. Al-cylinder (heat sink); alternative instruments like HPLC.
4., Enzyme column; 5. Tempera-

ture probe.

competes very well in such cases with

Since most enzymic reactions are exo-
thermic, the possibility to design an ET-assay is virtually only limited
by the access to suitable enzymes. As the total enthalpy change of Yl
reactions taking place in the column is registered, the sensitivity can

easily be increased by adding sequentially operating enzymes. This is
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Fig. 2. Calibration curve from 22 standard solutions in the concentra-
tion range from 0.5 to 10.0 mg/ml of penicililin®V. M(Ereomitefs 4)

generally utilized when oxidases are employed by co-immobilizing cata-
lase, which increases the linear working range from about 0.4 mM to

0.7 mM by oxygen recycling and more than doubles the sensitivity. At

the same time the deleterious effect of hydrogen peroxide is eliminated.
Further increased sensitivity can be achieved with use of substrate or
coenzyme recycling systems. A 1000-fold enhancement of the detectability
for lactate or pyruvate was obtained by using a column of co-immobilized
lactate dehydrogenase, lactate oxidase and catalase (5). This means that
a molecule of lactate introduced to the column is converted to pyruvate
(by LOD) and back again to lactate (by LDH) up to 1000 times at the con-
ditions used, 0.5 ml samples at 1 ml/min. At each cycle a heat of 225
kJ/mole is developed. Concentrations as low as 10 nM could be detected.
In later studies this system was combined with other cycles, for instance

hexokinase/pyruvate kinase for ATP/ADP determinations in picomolar amounts.

In TELISA the ET contains an immunosorbent column with antibodies to the
sample. The sample is mixed with peroxidase- or catalase-labelled anti-
gen and the concentration of bound antigen is determined by introduction
of a substrate pulse to the enzyme, whereafter the sample is washed out
by a pulse of glycine at low pH. The whole cycle takes less than 13 min
and the sensitivity is adequate for the determination of hormones, anti-
bodies etc. produced by fermentation (6).

A specific enzyme detector, which e.g. can be used as a chromatography
monitor (7) can be accomplished by mixing the sample stream with another

stream containing excess of the enzyme substrate and letting the mixture
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react during its passage through an empty ET-column. In a similar way
microorganism metabolism can be studied (1,2) and this configuration can
furthermore conveniently be used for studies of metabolic effectors and

for toxic monitoring. Immobilized cells are also very useful in the ET.
'ENZYME TRANSISTORS'

We are investigating 'enzyme transistors' based on H2— and NH3—sensitive
semiconductors. Hz—detecting PAMOS-structures are made by evaporating

a non-porous 100-200 nm thick Pd-film on a p-silicon chip with a 100 nm
oxide layer (8). The sensors can be fabricated as FETs or capacitors.
Hz-molecules in the surrounding gas are dissociated on the sensor sur-
face and some of the atoms diffuse into the Pd-layer where they become
polarized in the electrical field over the component. The dipole layer
so formed causes a voltage drop proportional to the square root of the
hydrogen pressure. The voltage drop can easily be registered by a simple
circuitry. H-atoms will leave the Pd-layer on recombination to H2 or by
combination with O2 to HZO' Consequently, the sensitivity will be much
higher in inert gas than in air, 10 ppb compared to 1 ppm. Oxygen short-
ens the recovery time, which can also be reduced by increasing the work-
ing temperature to 100-150 oC, the normal temperature of a PAMOSFET.

The response time is about 1 min. A hydrogen leak detector is produced
by the small company Sensistor AB, Link&ping, Sweden. The PAMOSFET is

incorporated on a 1 mm2 silicon chip containing heating circuitry as well.

The Hz—sensor is useful as such in bioanalysis as was recently demon-

strated in a study on the ampicillin sensitivity of E. coli bacteria (9).
A versatile biosensor concept is created by combining the Hz—sensor with
the enzyme hydrogenase (E.C. 1.12.1.2), which reversibly catalyzes the

reaction: NAD(P)+ HiH :;ﬁf NAD (P)H + H+, by which in principle any

2
dehydrogenase reaction can be utilized for analysis by this sensor. We

are working with the hydrogenase from Alcaligenes eutrophus H16, which

is rather stable when immobilized to CPG and it is not sensitive to oxy-
gen (10). The reactions are usually carried out in solutions, while the
detection is made in the gas phase after separation of the H2 from the
solution by a gas permeable, porous teflon membrane (Goretex). We have
also studied reactions in moist columns with volatile analytes transpor-

ted through the enzyme column by a gas stream.

If a 3-10 nm porous layer of a catalytic metal, such as Ir of Pt is
applied on the metal gate of a MOS-device a considerably increased NH3-
sensitivity with detectability below 1 ppm is obtained (8). Ir has re-

latively low H,-sensitivity. Similar to the H,-sensor these sensors are

2 2
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Fig. 3. FIA-system with an immobilized enzyme column. Enlarged is

the flow-through cell delimited by a porous teflon membrane.
gas sensors, but the working temperature can be lower, even down to room
temperature. A bioprobe with the biocatalyst placed very close to the
sensor, only separated by a gas permeable teflon membrane can therefore
be designed, but a flow injection system, as illustrated in Big. 3,
is generally employed to transfer the NHZ to be measured from the liquid
phase to thé gas phase. This arrangement overcomes many of the diffi-
culties associated with other solid state devices related to insulation,
the high buffer capacity of biological samples and biocompatibility.
With short sample pulses the response of the sensor will be linear. The
gas transfer results in a surprisingly high sensitivity (<0.1 uM NHZ),
even at rather low pH (> 7) due to high efficiency. Highly sensitive
(detectability < 0.1 uM) assays for urea (8) and creatinine (11) using
immobilized urease and creatinine deiminase have been proposed. Very
47 which

would interfere, can be efficiently removed by a small precolumn with

small samples are required for clinical use. Endogeneous NH|

glutamate dehydrogenase. Several other ammonia producing enzymes have

been studied with similar results (8, 10).
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