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Abstract 

Since the development of the glucose sensor by Clark and Lyons in 1962, generally recognized as the first biosensor, many types of senso~ 
have been developed in which a physical or chemical transducer is provided with a layer containing a biological sensing elemenc The resulting 
device is called a biosensor, aimed to produce an electronic signal as a function of the concenuation of a chemical or biochemical constituent 
of a liquid, not necessarily of biological origin. Among the many proposed concepts, the integration of biologically active mae..':rials with a 
silicon chip is one of the most intriguing approaches, because it seems the most comprehensive integration between biology ~ electronics. 
In this paper the resulting biochips, mainly based on the field-effect principle as the coupling mechanism b~tween the two domains, will be 
described and discussed with an outlook on the future. 
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1, Introduction 

Biosensors consist principally of two basic components, 
connected in series: a molecular recognition system and a 
physicochemical transducer, as schematically given in Fig. 1. 

The division into two parts is not limited to biosensors, 
because any chemical sensor can in fact be divided into a 
selector part and a transducer part, although they are not 
always recognized as such. For example, potentiometric elec- 
trodes make use of selective interracial chemical reactions 
between the electrode material and the liquid surroundings, 
leading to an inteffacial potential. The transducer part is in 
this case very simple: a thermodynamically well.defined elec- 
trical contact to make the inteffacial potential available for 
further handling. This action is usually called d~tection and 
the transducer is therefore also referred to as a detector, most 
often connected to an electronic amplifier. In the case of 
biosensors the word receptor is often used for the actual 
recognition part of the sensor, because in the natural chemical 
senses, such as olfaction, taste and neural biochemical path- 
ways, the recognition phenomenon is performed by chemo- 
receptor cells. 

From a measurement point of view the interface between 
the receptor/selector and the transducer/detector part is very 
critical, because of the inherent sensitivity for interference 
from electrical fields in the case where the interface has a 
high electrical impedance. This becomes an even larger prob- 
lem if relatively long leads are being used to connect the 
interface to a rumote amplifier ci" impedance converter. This 
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Fig. I. Schematic diagram of a biosemor. 

measurement problem is one of the main reasons why in the 
field of chemical-sensor and bioscnsor research much atten- 
tion is paid to the integration of the receptor function and the 
electronic function of the device. Since electronic functions 
are usually realized in silicon, the consequeuce is that silicon 
technology, or more commonly photolitographic technology, 
was introduced in biosensor .-ese~_rch. In addition to the pur- 
pose of integration of electronic circuitry, the application of 
photolithography also appeared to be useful for shaping of 
elecErodes and deposition and shaping of membranes with 
immobilized biological molecules. Moreover, using the pos- 
sibilities of silicon etching techniques, biosensor systems 
could be developed containing etched channels and cavities. 
This means that the original development of single biosen- 
sots, for instance, suitable for in r ive monitoring, gradually 
moves towards the development of complete measurement 
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systems, incorporated in one and the same chip. This devel- 
opment will be outlined in this paper in order to get insight 
into the different possibilities and pitfalls and thus into future 
expectations concerning the development of b;ochips. 

Many examples can be found in the literature in which 
basic electronic components, such as FETs, thermistors, crys- 
tals, etc., with added biomolecular layers are used to create a 
specific biosensor. Because of the impact of ISLET devel- 
opment on biosensor chip development and because of the 
author's experience in this field, the above-mentioned future 
prospects will mainly be illustrated with examples of ISFET 
applications. Ultimately the ISFET forms one of the most 
elegant interfaces between an electronic device and a biolog- 
ical environment. 

2. The field effect as a sound base for biosensor chips 

The most critical point in information transfer from the 
(bio)chemical domain to the electrical dom~;n is Ihe actual 
interface between the two domains. A direct contac~ between 
an ionic conductor and an electronic conductor is often not 
thermodynamically defined, resulting in an unstable interface 
potential and impedance, disturbing any desired measure- 
ment. On the other hand, many insulating metal and semi- 
conductor oxides exhibit a stable contact with electrolytes. 
One of these oxides, e.g., silicon dioxide, when thermally 
grown on monocrystalline silicon, provides a stable contact 
with the silicon and thus with the electronic domain. The 
stabilization of the silicon dioxide-silicon interface is well 
known and fully exploited in MGS technology. Information 
transfer takes place by modulation of the electric field inside 
the oxide, resulting in a modulation of the so-called inversion 
layer in the silicon. This effect can be measured as a change 
in the resistance of a channel between a diffused source and 
drain region, which is the basic operation of the metal-oxide- 
semiconductor field-effect transistor (MOSFET), also 
referred to as insulated-gate field-effect transistor (IGFET), 
due to the insulating properties of the gate oxide. The tech- 
nological development of the ISFET is fully compatible with 
MOS technology, with the exception that the electrical field 
inside the oxide is not controlled by an applied voltage to a 
metal gate electrode, but by a voltage applied to a reference 
electrode placed in the electrolyte in contact with the gate 
oxide. In addition, the electric field and thus the drsin current 
is a function of the interfacial potential developed at the 
oxide/liquid junction, which is at least a function of the 
electrolyte pH. This is in fact the selector part of the sensor. 

From early IS l eT  experiments it is known that silicon 
dioxide is not the best pH-selective material, nor does it 
provide a stable contact between the sensor and the liquid, 
resulting in an unacceptable drift behaviour. Therefore other 
oxides have been chosen for the contact with the electrolyte, 
resulting ultimately in ISlETs with an oxide sandwich. The 
inner oxide provides for a stable contact with the electrical 
domain, whereas the outer oxide provides for a stable contact 
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Fig. 2. Schematic representation of ISFET biosensor, focused on the interface 
requirements. 

with the liquid. In addition, the outer surface has to be bio- 
compatible in case the sensor is to be used for in vivo moni- 
toring. The ultimate ISFET biosensor is schematically 
represented in Fig. 2. 

Improvements of ISFET behaviour have mainly been 
focused on the improvement of the stability. Based on a 
theoretical description of the oxide interfacial physicochem- 
icai phenomena, specific oxides as well as a technology of 
oxide preparation, by which the optimal values of the theo- 
retical key parameters were achieved, could be chosen. 

The model that is nowadays generally accepted for the 
description of the oxide-solution interface, and with that of 
the pH sensitivity of an ISFET, is based on the site-binding 
model [ 1 ], originally developed and used in colloid chem- 
istry [2]. 

The threshold voltage of an ISFETdepends on the potential 
difference ~'o over the oxide-solution interface, which is the 
result of a charged oxide surface. The charging of the oxide 
surface can be explained by the site-binding model that 
describes the equilibrium between amphoteric AOH surface 
sites and H + ions in the solution, according to the following 
reactions: AOH ** AO- + H, + and AOH + *~ AOH + H +, 
where H, + refers to the protons in the direct vicinity of the 
surface. The resulting surface charge density is 

O'o=q(n^oHI--n^o-) [C m-2i  

with q the unit charge and n~ the number of surface/-sites per 
m z. As a result of this charge, an equal amount of charge O'd~, 
but with opposite sign, exists in the solution. These two 
charges form a capacitance, the integral double-layer capac- 
itance Cdu. The relation between o'o, O'dl, Cd U and 'Po is given 
by o" o = - o" m = Cdu~o. 

A general expression for the pH sensitivity of an ISFET 
can be derived, defined as the change in the potential ~o over 
the oxide-solution interlace as a response to a change in the 
bulk pH: 0~tpo/0pHb [V pH- i ]. This sensitivity is expressed 
in terms of the chemical intrinsic buffer capacity of the oxide 
surface and the electric capacitance of the double layer [ 3]. 
It can be derived that the differential intrinsic buffer capacity, 
~i,x.d [m-2],  equals 

__, 
~inkd = q \OpHJ ( I ) 
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where pHs refers to the pH at the oxide surface and the dif- 
ferential double-layer capacitance, Cdj.d IF m-2] ,  can be 
expressed as 

,2) 

The combination of Eqs. (1) and (2) yields a simple 
expression for ¢30o/0pH, which can be related to the bulk by 
using the Boltzmann equation, resulting in the general expres- 
sion for the pH sensitivity of an ISFET: 

O~bo RT 
= - 2.3"='_ • a (3) 

P 

with 

[2.3RTCm d ~- t 
(x . . . .  ÷ 1) (4 )  

The parameter a is a dimensionless sensitivity parameter, 
varying between 0 and 1, depending on the value of/~,,.d and 

C d l . d .  

For oxide surfaces with a very high intrinsic buffe~ capacity 
the sensitivity parameter a approaches 1, resulting in the 
maximum sensitivity of - 59.2 mV pH- ' at 298 K, the so- 
called Nernstian response. Under this condition the value of 
the double-layer capacitance and thus, according to the 
Debye-Htickel theory, of the electrolyte concentration is of 
no influence any more. res~lting in an omimal selectivity for 
pH. At the same time, this condition favours a surface that 
exhibits a very low interfacial impedance: th~ interfacial 
potential in fact behaves as an electromotive force. 

The research concerning oxide/electrolyte inteffacial 
behaviour should thus focus on maximal buffer capacity of 
the oxide, which can be reached with a maximum number of 
amphoteric surface sites with pK values of the acidic surface 
reactions close together. On the other hand, the technology 
to make these oxides should be compatible with MOS tech- 
nology. Through the years different oxides as well as tech- 
nologies to make these oxides have been tested. In practice 
tantalum pentoxide behaves nearly ideally and combines pH 
selectivity with a maximal sensitivity and a minimal drift. 
This is illustrated in Fig. 3. 

From the results shown in Fig. 3 it may be concluded that 
at present ISFET behaviour can compete in all aspects with 
that of conventional pH glass membrane electrodes, winch 
might be the reason why ISFET pH probes are now offered 
for sale by many companies in Europe, Japan and the USA, 
As a result of this improved behaviour, the ISFET is v.,ell 
suited for use as a stable transducer for biosensors which are 
based on a recognition system that induces a local pH change 
in a membrane deposited on the ISFET surface and containing 
the receptor molecules. In this respect advantage can be taken 
of natural biochemical reactions which often induce a change 
in proton concentration, as in many enzymatic and immu- 
noreac~.ions. The fast response of an ISFET to local pH 
changes is another advantage of the combination. 
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Fig. 3. (a) I)14 sensitivity of silicon dioxide and tantalum pentoxide at 0.I 
M TBACI. (b) Influence of NaCI on both oxides at pH-5.8. (c) Drilt 
behaviour of both oxides. 

3.  T h e  m e a s u r e m e n t  c o n c e p t  

The conventional approach to measuring a non-electrical 
parameter with a sensor is based on one-directional infor- 
mation transfer fi-om the physical or chemical domain 
towards the electrical domain. This method is schematically 
shown in Fig. 4(a).  In Section 2 it was shown how improve- 
ments in the applied materials and technology can lead to 
improvements in the stability of the information transfer. 
Regardless of the necessity to continue the efforts to improve 
a sensor's stability, it should be mentioned that sensor prop- 
erties will never he constant for ever. This means that, 
depending on experience in relation to the required accuracy 
and reliability for a specific measurement, the sensor should 
be (re)calibrated regularly. 

The question arises whether sensors using silicon technol- 
ogy are favourable in this respect. For ISFETs the possibilities 
are sketched in Fig. 4(b).  It shows that now information can 
also be sent to the sensor, for instance, to reset its baseline to 
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Fig. 4. Schematic representations of: (a) conventional sensor measurement 
set-up: (b) silicon chip multisensor measurement set-up: (c) biosensor 
measurement set-up: (d) a sensor with integrated solid-state actuator. 

a predetermined level. This is only worthwhile if this action 
can be deduced from the sensor's behaviour during a meas- 
urement. Often additional information is necessary for the 
control unit, for instance, the temperature of the sensor. In 
this case the application of silicon technology is favourable 
over other technologies, because in silicon many sensors can 
easily be integrated. In general it can be expected that multi 
sensing of parameters delivers more information, which can 
be used in combination with an appropriate algorithm by the 
control unit to keep the sensor characteristics automatically 
within an acceptable range. This is of course a well-known 
and generally applied concept in making electronic functions 
operate within specifications independent of time and tem- 
perature. However, for chip-based chemical and biosensor 
systems this bi-directional information transfer is not enough, 
because it does not imply the proper functioning of the rec- 
ognition system. The activity of biomolecules will certainly 
change with time and bc a function of the (changing) com- 
position of the surrounding liquid. Therefore, the procedure 
of regular recalibration is still necessary, as schematically 
shown in Fig. 4(c).  Not only a calibration liquid has to be 
used, but often also a rinsing liquid to prevent possible fouling 
of the biosensor interface. 

It will be clear that for accurate and reliable measurements 
with a biosensor, the set-up as given in Fig. 4(c) will be 
necessary. However, this leads to more complex systems than 
originally expected when the first developments of biosensors 
started. It will also be clear that implantation of biosensors in 
human beings is not a realistic possibility when using the 
approach sketched in Fig. 4(c).  Accordingly, the systems as 
described in the literature over the last decade are not aimed 
at this application, but intended for temporary diagnostic 
measurements, for instance, during an operation. Since meas- 
urement and rinsing/calibration cycles are executed succes- 

sively, this type of measurement is in principle based on a 
sampling technique. The most promising developments are 
given below. 

Based on the original research of Sibbald at the University 
of Newcastle upon Tyne, the Central Research Laboratories 
of Thorn EMI developed a microprocessor-controlled ISFET 
analysis instrument [4]. Besides the control unit the instru- 
ment contains pump motors. A video-cassette-sized unit can 
be attached to the instrument, containing pump spindles, 
ISFET sensors, calibrant and flushing solutions as well as a 
waste container. The quantities of solution required for each 
measurement are very small and all liquids are passed to the 
waste container. The cassette unit holds enough calibrant 
solutions for about 200 measurements. After this the cassette 
has to be replaced by a fresh one. The instrument is tested as 
a bedside clinical blood analyser for pH, pNa, pK and pCa 
and can handle unheparinized blood samples. 

Although not developed as far as the aforementioned cas- 
sette, the University of Neuch[ltel has developed a flow- 
through cell for the measurement of pH, pCO2 and pO 2 [5]. 
The first parameters are measured with an ISFET-based sen- 
sor and the last one with an amperometric sensor. The liquid 
channel containing the sensors is 18 mm in length and 2 mm 
in width, resulting in an internal volume of only 5 pl. In total 
nine sensors are integrated to receive redundancy in the meas- 
urement in order to increase the reliability of the system. This 
system, shown in Fig. 5, can serve as the heart of a micro 
total analysis system (/zTAS). 

At Siemens AG in Erlangen, Gumbrecht et al. developed 
a system based on a double-lumen catheter [6], the outer 
lumen being longer than the inner one, connected to two 
pumps as schematically represented in Fig. 6. 

Inserted into a blood vessel, the outer lumen is first flushed 
with an air-saturated and pH-buffered calibration solution by 
pump nr. 2. Due to the higher flow rate of pump or. 2 com- 
pared to that of pump nr. I and the shorter inner lumen, the 
calibration solution is drawn through the inner lumen along 
the sensor array in the external flow-through cell. This cell 
contains, for instance, two pH-sensitive ISFETs at a certain 

Fig. 5. Photograph of the sensor system developed at the University of 
Ne ucl~el, together with a Swiss 5 Franc coin. The anow indicates the liquid 
channel. 
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Fig. 6. Calibration a~d uneasurement cycle of the Gumbtr.cht blood sampling and analysis system. 

distance. In this calibration cycle both ISFETs are in contact 
with one and the some calibration solution and should thus 
record the same pH value. If not, the control unit can reset 
the sensors. Interruption of pump nr. 2 allows blood to enter 
the cell, initially contacting the first ISFET, later the second 
one. This means that in two successive time intervals tem- 
porarily the blood pH is measured with respect to that of the 
calibration solution. The cycle can be repeated continuously, 
for instance once every two minutes, and the controlled pump 
speeds dictate l ie  timing and interpretation of the recordings. 
The system uses only 10 ml blood and 5 ml calibration solu- 
tion per 24 h and has also been built with a three-electrode 
amperometric pO2 sensor added to the ISFETs. 

The previous examples show how in practice the system 
approach, as schematically shown in Fig. 4(c),  has been 
adapted to create a system for continuous measurements as 
originally thought to be the ultimate possibility of biosensor 
chips. An alternative to the on-line measurement approach is 
l ie one-shot measurement, as known from the glucose, :n. 
For l ie  simultaneous measurement of glucose, urea, sodium, 

Fig. 7. Photograph of the disposable biosen.u~ camidge develolped by the 
company i-STAT. 

potassium, chloride, hematocrit and haemoglobin, the com- 
pany i-STAT in Princeton, USA, developed a disposable 
cartridg,~ with a size of 45 mm x 27 mm X 5 mm, containing 
the relevant biosensors, a calibration solution and a waste 
container [7], as shown in Fig, 7. A blood sample has to be 
inserted in the sample inlet by hand. Then the cartridge is 
inserted into a portable clinical analyser for processing. The 
analyser makes electrical contact with the cartridge and auto- 
matically recognizes the test to be run. Before the actual 
mcasurcment, l ie  calibrant solution is sent over l ie  biosensor 
array. After calibration the blood sample is automatically sent 
over the sensors and the analyser displays and stores the 
measured data. 

In all measurement concepts described above use is made 
of a flow cell with integrated biosensors, whilst the system 
operates with controlled transport of liquids. This means that 
liquid containers and a transport mechanism are essential 
parts of the system. This not only makes the systems rather 
complex but it also limits the operational time. It would there- 
fore be useful to develop a system which does not need these 
additional calibration liquids, but nevertheless has the same 
possibilities of intermed!at¢ testing. With this desire in mind, 
l ie  author of this paper started to develop solid-state actua- 
tors, to be integrated with the sensors and to be applied on an 
in situ base. This concept is schematically illustrated in 
Fig. 4(d).  

With respect to a pH-sensitive ISFET sensor, the matching 
pH actuator can be developed relatively easily, because pro- 
tons can be generated coulometrically at a noble metal elec- 
trode which is shaped around and/or above l ie  gate of an 
ISFET. When a current (pulse) is applied to l ie actuator 
electrode with respect to a remote counter electrode, the 
hydrolysis of water will result in a ApH in l ie  direct vicinity 
of the gate. In this way a coulometricaily induced very local 
uwddon can be performed in situ within some seconds, with 
current values of l ie order of 10 p.A. In a closed system (the 
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actuator is situated above the gate, for instance, as a porous 
electrode) the end point of the ,.itration is linearly related to 
the acid or base concentration of the analyte, whereas in an 
open system it is a square-root relation [8]. Note that in this 
type of concentration measurement no longer is the absolute 
value of the ISFET amplifier output voltage the measurand, 
but the time lag between the onset of the current pulse and 
the end point in the titration. This means that possible drift 
in the baseline and sensitivity of the ISFET is no longer of 
importance and the system can thus be used continuously 
without any recalibration for much longer periods of time 
than in the case of static measurements. In that respect the 
system is suitable for implantable use, because it does not 
need any calibration liquids. However, since chloride ions 
may interfere with the hydrolysis of water, for in vivo use the 
noble metal electrode has to be replaced by an electroactive 
material, such as lrOx [9]. Although an acid-base actuator 
was easy to find, it may become a problem to develop appro- 
priate actuators for other species. Therefore, more attention 
should be paid to the development of different types of chem- 
ical actuators, for instance, based on electrically controlled 
release of species from certain polymers as in use in 
pharmacology. 

Summarizing this section on measurement concepts, it 
should be noted that the application ofbtosensors moves from 
single use towards a system approach, in which case the 
necessary introduction of liquid-handling systems may be 
circumvented by the application of solid-state actuators. This 
will, however, need a fair future research effort. 

ever-present counter ions. The resulting double layer, with a 
thickness of the Debye length, is of the order of I nm thick 
in moderate electrolyte concentrations. Beyond this distance 
no external electric field exists. Hence the idea that a layer of 
charged molecules at the surface of an ISFET modulates the 
electric field in the gate oxide should definitely be forgotten 
[10]. 

Another idea was that protein molecules adsorbed in a 
porous membrane deposited on an ISFET surface would mod- 
ulate the gate input potential due to the existence of a Donnan 
potential. Although this idea also appeared not to be directly 
applicable as far as static measurements are concerned, the 
idea of exploiting the Donnan phenomenon in a dynamic way 
is quite interesting. To understand the Donna, phenomenon, 
which was first recognized by Donnan in 1911, the classical 
theory has to be summarized. In this theory the potential 
between two aqueous solutions separated by a semi-perme- 
able membrane is calculated. Both solutions contain a dis- 
sociable salt, for instance NaCI, of which in one solution the 
Ha + toils are partly replaced by an equivalent amount of 
positive charges on protein molecules. The membrane is sup- 
posed to be permeable for the small cations and anions, but 
not for the protein molecules. The sodium ions will diffuse 
through the membrane from the solution without protein mol- 
ecules due to the concentration gradient, initially tracking the 
chloride ions even against the developing concentration gra- 
dient. Donnan proved that the diffusion of both types of ions 
is in equilibrium as soon as the concentration ratios for Ha + 
and CI- ions, CN,÷ a~td co- ,  have become reciprocal in the 
two solutions: 

4. Dynamic measurements for biomolecular recognition 

In Section 3 the conventional approach of a static meas- 
urement has been abandoned and replaced by a dynamic 
measurement in order to circumvent the problem of calibra- 
tion and recalibration. The examples were limited to the 
measurement of rather simple electrolyte components. The 
most intriguing development in the field of biosensors is, 
however, the measurement of a large quantity of different 
biomolecules. The most selective recognition system in 
nature is that of the immune reactions, which resulted in many 
attempts to develop biosensors in which the ~tual recogni- 
tion takes place in a layer of antibodies at the surface of the 
sensor. In general these sensors with a biomolecular recog- 
nition system are refen'ed to as bioaffinity sensors. Since in 
principle FET devices measure a surface charge and since 
antibodies, or more generally, protein molecules are mostly 
charged molecules, it has long been expected that the simple 
adsorption of a layer of antibody molecules at the surface of 
an ISFET followed by the selective binding to it of antigen 
molecules would be a unique possibility to sense biomole- 
cules. Thi.~ imaginary device was calied an ImmunoFET 
(IMFET), but its operation has never been proven to exist. 
The reason is of course that no net charge is available, because 
the surface charges of protein molecules are neutralized by 

cN,+(1) =Cc!- (2) =rD (5) 
c . .÷(2)  Co - ( l )  

where ( l ) and (2) refer to the two solutions and re is the so- 
called Donnan equilibrium constant (the activity coefficient 
is assumed to be unity). Besides a difference in osmotic 
pressure between the two solutions, an electrostatic potential 
differeace is established over the membrane to prevent a net 
transport of ions. Its value is given by the Nernst formula: 

~=--~In c... (I) 
cn.+ (2) ~ - ~ l n  r D (6) 

From this theory it can be concluded that the Donnan 
phenomenon results in an electrical potential over a junction 
between two solutions, one of which contains immobilized 
protein molecules, as may be the case in a membrane, for 
instance. In addition the theory predicts that as well as this 
electrical potential a redistribution of all diffusible ions takes 
place, including the protons. With respect to a device con- 
sisting of a protein-containing membrane deposited onto a 
pH-sensitive ISFET. two possibilities are now manifest. If 
the membrane/ISFET interface consists of a very thin elec- 
trolyte interlayer, which is often the case in practice, the 
membrane develops a Donnan potential of the same magni- 
tude at both the ext-'.rnal and the internal interface. The result 
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is that the ISFET does not measure any effect, because both 
potentials cancel each other. I f  the membrane is very closely 
adsorbed or covalently bound to the ISFET surface and no 
electrolytic interlayer exists, the ISFET measures the external 
Donnan potential, but also the membrane pH. Eqs. (5) and 
(6) applied to the proton distribution predict that the 
membrane pH is adapted with respect to the bulk pH in a 
Nernstian way. Eq. (3) predicts that for an ISFET with ,1,-- 1 
the ISFET wil l resl~nd in a Nernstian way to this adapted 
membrane pH. The result is that the overall response is zero, 
because the adapted membrane pH just opposes the Donnan 
potential. Only in the case that an ISFET with a ~, 1 is u.~,d 
wil l a net response bc measured, but unfortunately th,~:,,, types 
of ISFETs are less stable and thus not suitable for static 
measurements. 

From the previous considerations it should be concluded 
that static measurements of Donnan-induccd effects can not 
or hardly be made. An alternative approach is, however, to 
exploit the Donnan effect of protein molecu:es on a molecular 
level instead of on the macro level as in the membrane phase 
described above. Considering a protein molecule as an 
impenetrable sphere, occupied by discrete ionizable groups 
such as amino and carboxyl groups, the theory as given for 
the operational mechanism of ISFET surfaces (Eqs. ( I ) -  
(3))  can be applied. Also a protein surface as defined in the 
sphere model exhibits a surface potential and a ~lated surface 
charse, coupled by the double-layer capacitance: 

#,  = ~,c~, (7)  

For ISFET surfaces as well as protein "surfaces' Eq. (7) 
prescribes that an externally induced change in the value of 
the double-layer capacitance will result in an adaptation of 
the .,;urface charge, because the surface potential remains 
determined by the bulk pH. The double-layer capacitance can 
be changed by changing the elecu'olyte concentration as 
described by the Debye-Hiickel theory. The larger the con- 
cen~tion, the smaller the Debye length and thus the larger 
the double-layer capacitance. With a sudden step in the elec- 
trolyte concentration, the double-layer capacitance changes 
nearly instantly, but the charge adaptation will be retarded 
due to the acid-base reaction kinetics of the surface groups. 
In order to obey Eq. (7), the surface potential will therefore 
temporarily be out of equilibrium and can only recover to its 
equilibri,.,m values as determined by the bulk pH by letting 
the surface groups take up or release protons. Both ISFETs 
and protein molecules react in this way to a sudden change 
in electrolyte concentration. Because at pH = 7 tantalum pent° 
oxide is negatively charged, the response to an ion step is a 
positive potential transient (Fig. 8, curve 1 ). Modifying the 
surface with a monolayer of a protein, for instance protamine, 
the added groups, with in this case a net positive charge, lead 
to a response on the same stimulus which is less positive (Fig. 
8, curve 2). After incubation of the device with heparin, 
which strongly binds to the protamine and modifies the sur- 
face again by the introduction of negative groups, the 
response is again more positive (~ig. 8, curve 3). 
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Fig. 8. Typical reslmnses to an ion step of 10 to I00 mM KC! at pH 7. Cm.ve 
I oelnesems the mspoese of a here ISEET, curve 2 of  the same ~ with 
a moaolayer of pmtamine. 

By subsequent incubations of only 2 rain in solutions hav- 
ing different beparin concentration, with regeneration steps 
in 5 M NaCI after each measurement, a linear relation could 
be found between AA (omplitude dtfference between tran- 
sient 2 acid 3) and the beparin concentration in U ml- ~ [ 11 ]. 
Similar measurements were done with ocher systems, where 
the protamine molecules were adsorbed in a porous 
membrane consisting of polystyrene beads in an agamse gel 
[ 12]. Also immunoreactions could be monitored in this way 
[131. 

Note that the stimt~lus/response experiment with the pro- 
tein-covered ISFETs as well as the coulometric titration as 
described in Section 3 explicitly make use of a dynamic 
me~-.urement concept as the ultimate solution for ilte wob- 
lems inherent to static measurements. 

5. Future btosensor system concepts 

Combining the system approach as schematically shown 
in Fig. 4(c) and (d) and illustrated with examples in Sec- 
tion 3 with the dynamic stimulus/response approach as 
described above may in the future lead to a new type of 
biosensor system. However, the implementation of an ion 
step may complicate the practical performatw.e, because in 
addition to the biosensor it needs a rather complicated liquid- 
handling system. It may however be expected that liquid- 
handling systems can in the future be integrated in a silicon 
chip or at least in the system substrate, a development pres- 
ently under investigation as the pTAS (micro total analysis 
system) [ 14]. An alteraative may be the introduction of 
another type of stimulus, preferably in the physical domain, 
to disturb an equilibrium temporary. A temperature step or 
a current through an actuator may be possible. The latter 
approach has already been shown to be possible and is called 
chronopoten~ometry [ 15 ]. 

Biocompatibility problems may be circumvented by com- 
bination of the sensor system with the micredialysis tech- 
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nique. Fundamental research in this direction has, however, and keeps itself alive. This development may ultimately lead 
been s~'ted only recen~:y, to the. existence of 'real' biosensors. 

6. Future realization o;  recognition systems 

A problem with all biosensor systems may be the limited 
lifetime of tb,' i ~omolecules used as receptor. As the tech- 
nology used tu produce the transducer part of the sensor is 
solid in the sense that it will in principle remain stable for 
ever, this is not the case with biological materials. So the 
question may arise wbether it is realistic to expect that bio- 
sensors can be produced in a factory and after a certain shelf 
life be brought into contact with a biologically or chemically 
active surrounding mid then operate continuously for a loag 
term measurement. If not, it may be expected that the bio- 
sensor systems can only be used for a one-shot measurement 
(disposable use). An escape from this rather disappointing 
conclusion may result from the considerations generated by 
the following experiment. 

In order to analyse the cause of accelerated caries with 
xerostomia patients, [SFETs were mounted in a dental pros- 
thesis and first tested in volunteers [ 16]. During the first days 
of wearing the prosthesis the ]SFET recording was rather 
noisy. However, the measurement stabilized during the fourth 
day. Rinsing the mouth with a little glucose water showed a 
dramatic decrease of the p[l, from 7 to 4. By chewing, the 
pH could again be restored to the initial value. This was not 
the c~.¢e with xerostomia patients. There mouth pH remained 
at tht; low value of 4, which is thought to be the cause of the 
accelerated caries. Analysing the measurement in more detail, 
it was concluded that initially the noisy signal was caused by 
the local variation in the saliva pH. At the fourth day it is 
assumed that a dental plaque has been formed on the teeth 
and on the ISFET surface. The bacteria in this plaque provide 
tor a certain buffer capacity in the micro surroundings of the 
ISFET, thus preventing the saliva pH changes from being 
measured. A stable recording is the result. Upon feeding the 
bacteria with glucose, they produce acids and the correspond- 
ing pH chan.'~e is directly measured by the adjacent ISFET. 
In fact the ISFET in the mouth is transformed into a glucose 
sensor. Unforlur~ately the bacteria are not selective for glu- 
cose, so this approach does not directly lead to a new type of 
glucose sensor. Nevertheless, the way of constructing the 
biosensor is interesting: a solid-state transducer was con- 
structed with human technology and as such implanted in the 
human body, which reacted by depositing a b~,cterial bio- 
reactor on its surface. The finishing touch, so to say, was 
given by the in rive surroundilig~, after which the transducer 
was transformed inl.o a biosensor. This line of reasoning may 
lead to a whole new approach to manufact,Jring biosensors. 
Only a semi-manufactured product has to be produced and 
implanted in the biological surroundings in which a meas- 
urement should take place and nature will do the rest. An 
advantage of this approach is that the biologically active 
material used for the recognition is by nature biocompatible 

7. Conclusions 

Along the lines of the earlier and present developments in 
the field of biosensor research and applications, it has been 
shown that the system approach gains in importance. Meas- 
urements with a single biosensor struggle with stability and 
calibration problems, mainly caused by the fact that a static 
measurement is most often performed. With the system 
approach dynamic measurements are possible, which de not 
have these problems. When suitable solid-state actuators for 
chemical species can be developed, dynamic measurements 
will gain in significance. With respect to the lifetime and 
s~ability of the recognition system, making the function in 
situ is an interesting philosophy. 
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