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Introduction 1

1.1 Chemical sensors and biosensors

A chemical sensor can be defined as a device which converts the
concentration of a chemical species into an electrical signal. As other sensors,
chemical sensors usually consist of a selective detecting system and a transducing
element. A biosensor is a special type of chemical sensor and can be defined as a
sensor that makes use of biological material for its selective detecting system.

The prospects for the use of chemical sensors and biosensors is very
promising according to the prognosis of the market for these devices ttl. The
impressive figures mentioned, which are also regularly presented at scientific
conferences, apparently provide the motivation for a lot of companies and research
institutes, to develop different kinds of chemical- and biosensors. However, the
present number of commercially available chemical sensors is much lower then was
expected about ten years ago. This is probably the result of a combination of
commercial and technical factors. Apparently, the market was (or maybe still is) not
ready yet for the large scale introduction of chemical- and biosensors, replacing well
known standard equipment and sampling procedures. on the other hand, also the
technical aspects can be a delaying factor. The successful development of chemical
sensors asks for very specific chemical expertise, as well as specific expertise on the
transducing element. The interdisciplinary character of this type of research makes
it, in the authors opinion, very difficult and time consuming.

For chemical sensors in general the detecting systems can vary from acid-
base equilibria at inorganic oxides to synthetic ionophores which specifically capture
an ion. For biosensors, the detecting systems vary from enzymatic- and
immunoreactions to specific interactions with whole cells. The transducing elements
in chemical- and biosensors can vary from acoustic wave devices and resonating
microstructures to ion-sensitive transistors and optical waveguides and fibres.

The heparin sensor which is described in this thesis, uses the electrostatic
interaction between heparin and a specific protein (or a synthetic molecule), as the
selective detecting system and an ion-sensitive field effect transistor (ISFET) as the
transducing element. In this chapter the ISFET will be introduced and a brief
review of the possibilities and limitations of the ISFET as a transducing element for
chemical sensors will be given.
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1.2 The ion sensitive field effect transistor (ISFET)

The ISFET was first described by Bergveld in 1970 tzl, and is today a well-

known transducing element for the development of chemical- and biosensors' The

transducing principle of an ISFET is based on the dependence of the drain current

of the transistor on the surface charge of the inorganic gate insulator which is in

contact with an aqueous solution. The surface charge is determined by the pH of the

solution in which the ISFET is immersed. The coffesponding drain current is

electronically converted to an output voltage of an amplifier 1:1'

The ISFET is deduced from the MOSFET, which is a well known electronic

device. cross sections of the MOSFET and the ISFET are shown in fig'1'1' A

MOSFET consists of a p-type silicon substrate in which two n-type diffusions are

realized,which are called the source and the drain. The structure is covered with an

insulating layer (usually SiO2) and a metal gate electrode is deposited over the area

between the source the and drain.

v"^a" V".,.

r[]

n*n*

sio? sio?

psi

ISFETMOSFET

Fig.1.l Cross sections of a MOSFET and an ISFET

In normal operation, the drain is maintained at a voltage v, with respect to

the source, which is normally at 0 v. when a positive voltage vo is applied to the

gate with respect to the substrate (which is also normally at 0 v), and this voltage

exceeds the so-called threshold voltage V1, electrons (the minority carriers in the

substrate) are attracted to the surface and create a conducting channel between the

Source and the drain. The current I,, which consequently flows between source and

drain, is determined by the electrical resistance of the conducting channel

(determined by V6) and the magnitude of Vo. For the condition that Vp<(V6 - Vr)'

the drain current is given bY:

C^"pW , -. I rr rr \ rt 1l.l),o - -'r!, lvt )vD- vr) vD

Psi
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where Co* is the gate insulator capacitance per unit area, p the electron mobility in
the channel and WL the width to length ratio of the channel.

The expression for the drain curent is also valid for the ISFET which in fact
is a MOSFET without a metal gate, immersed in an aqueous solution. The reference
electrode, which defines the potential of the solution in which the ISFET is
immersed, has the same function as the metal gate of a MoSFET. However, the
threshold voltage v, of a MOSFET is constant, whereas the threshold voltage of an
ISFET is influenced by the surface potential ryo which exists at the oxide surface-
solution interface. The acid-base equilibria at the oxide surface makes the surface
potential rpo a function of the pH of the solution 1+1. This will be described in more
detail in chapter 3.

If an ISFET is connected to a so-called source-drain follower, a change in the
threshold potential vr, resulting from a change in the surface potential vo (which
is caused by a pH change), is compensated by an equal change of the gate-source
voltage which is the output of the source-drain follower. The final result is an output
voltage vor which has a Nernstian dependence on the pH of the solution (see also
chapter 3):

RT._m
F

Vcs=a 3H. * constant (1.2)

where ar* represents the activity of the protons in the solution and cr the sensitivity
factor of the ISFET (O<cr<l), which is I for maximum Nernstian behaviour. The
constant reflects, among other constants, the reference electrode potential.

1.3 The rsFET as transducing element in chemical sensors

The transducing principle of an ISFET makes it an interesting device for the
development of chemical sensors. Several chemical sensors have alreadv been
developed with the use of an ISFET as transducing element.

pH-sensitive ISFETs
The most direct application is of course the direct use of the ISFET as a pH

sensor. As described in the previous section, the surface potential at the interface
between the gate oxide and the solution, is determined by the acid-base equilibria
of the oH-groups and is therefore a function of the pH. In chapter 3, the
operational mechanism will be described in more detail. For the development of pH_
sensitive ISFETs, several gate oxides have been investigated including si3N4, Al2o3



EnzymeFETs (ENFETs)

ISFETs are also used as transducing element in so-called ENFETs (enzyme

FETs). An enzyme is immobilized in a membrane deposited on the ISFET, and if

a reaction with the specific substrate from the solution results in a change in the pH

in the membrane, this is measured by the ISFET t6l. To avoid problems with the

pH-dependent activity of the enzymes, van der Schoot developed the pH-static

"rry*" 
sensor by integrating a coulorhetric H+-actuator, which is incorporated in

a feed-back loop together with the ISFET. This actuator is used to keep the pH in

the membrane at a constant predetermined value. The current which is needed to

achieve this constant pH, linearly depends on the substrate concentration I7l'

12
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and TarO, t3l. These oxides were believed to have better properties then sior,

which was initially used, and were deposited on top of the initial Sio, layer' It

appears that Taro, has the best properties resulting in a pH sensitivity factor cr of

almost I and thus resulting in a pH sensitivity of 59 mV/pH at 25oC t5l' Today,

several pH-meters, based on a pH-sensitive ISFET, are commercially available' Most

of them use AlrO, or Si,No as gate oxide'

CHEMFETS
Another successful application of ISFETs as transducing element, is the

development of so-called CHEMFETs, which are modified ISFETs with a selectivity

for ions other than H* tsl. The ISFETs are modified by applying a two layer

membrane.ThefirstlayerisahydrogelinwhichthepHiskeptconstantthus
ensuring a constant .uriu"" potential at the gate oxide of the ISFET. The second

layer is a membrane containing ionophores for the specific entrapment of ions'

Across this membrane a potential is established, which is a function of the

concenrration of the specific ion and measured by the underlying ISFET. In this case

the ISFET is purely used as a potential sensor because its pH response is suppressed

by the buffering hydrogel. GHEMFETs have been developed for the measurement

of K+ tsl, Na* ttol, heavy metal ions Ittl and various anions [tz]'

ImmunoFETs (IMFETs)
The understanding that an ISFET is in fact a device which is able to measure

surface charges, was the reason that several research projects were started to

investigate the possibility to detect proteins deposited in a layer on the ISFET

surface. lt was expected that the protein charge could be measured with an ISFET'

ln 1976, Schenck proposed to use an ISFET to detect an immunological reaction

tl3].Hesuggestedtoimmobilizealayerofantibodyonthegateoxide,andafter
reacrion of this antibody with its specific antigen, the altered charge of the protein
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layer should affect the drain current of the transistor. Many research groups have
tried to realize this concept but experimental results with this type of devices have
been very disappointing, mainly due to a poor understanding of the operational
mechanism.

In 1990 Schasfoort et al. reviewed the different exertions to determine
proteins by measuring the protein charge, and described the possibilities and
limitations of the ISFET as a direct protein charge measuring device t141. In 1991,
Bergveld published a critical review on direct electrical protein detection methods
t1sl. In the following, a brief description will be given of rhe ISFET as possible
protein sensor.

If an ISFET is considered with a monolayer of protein on top of the gate, the
layer must fit into the electrical double layer at the oxide-solution interface to be
able to directly modulate the drain curent. Outside the double layer, the protein
charges are screened by counter ions which are always present in the solution. This
means that the dimensions of the proteins must be smaller than the Debye length
which is determined by the ionic strength of the solution. In a physiological salt
solution, the Debye length is about 0.8 nm which is much smaller than the
dimensions of an average protein (5-10 nm). consequently, for direct detection of
protein charges, the ionic strength of the solution must be much lower then 0.15.
However, even at low ionic strength it remains questionable if an immunological
reaction can be detected because interaction between immobilized antibodies and
antigens results in at least two layers of protein which then both have to fit within
the thickness of the electrical double layer.

If the proteins are immobilized in a membrane matrix, which is deposited on
an ISFET, a different theoretical approach for describing the effects of the protein
charges on the ISFET must be applied. Schasfoort et al. used the theory first
presented by Donnan, which describes the potential and ion distribution in a
membrane with a fixed charge density t141. A brief review will be given here.

Consider a membrane containing a constant concentration of charged groups,
for instance immobilized proteins in the membrane matrix, which is deposited on
the ISFET surface. The ISFET is immersed in a solution which only contains KCl.
The potassium and chloride ions can diffuse freely through the solution as well as
through the membrane whereas the protein charges are immobilized in the
membrane. As a result of the fixed protein charges in the membrane, there is a
difference between the ion concentrations in the membrane and in the solution. At
equilibrium the ion concentrations must fulfil the equality of electrochemical
potentials:

Fo,r. * RTln a*.," * F0" = Fo,r. + RTln a*.., * F6- (1.3)
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Vo,ct- + RTlndct," - F$" = lto,ct + RTlnao-,. - FQ- (l'4)

where po,** and pro,61- are the electrochemical standard potentials of K+ and cl-

respectively, u*.," und acl',e the activities of the potassium and chloride ions in

the solution (electrolyte), oK*,- and a.,-,nl the activities of the potassium and

chloride ions in the membrane, $" and Om the electrical potentials in the solution

and the membrane. R,T and F have their usual meaning'

If equations 1.3 and 1.4 are written as an electrical potential difference, it results

in:

6 -6 =!!ndK'," (1.s)
t e F oK',,

, t RT r^ zct ., (1.6)6 -6 Inrm te F ,cl 
''

The ratio between the activities of the ions in the solution and in the

membrane is called the Donnan ratio (rp) and is given by:

2K'., _ zct-,- (1.7)

2K., Lct-,,

The H+ and OH- ions must also fulfil the equality of electrochemical

potential and are therefore also distributed according to the Donnan ratio' This

means that the pH in the membrane will be different from the pH in the solution'

The difference in pH is given bY:

pH, - pH" = logro (1'8)

As a total result of the redistribution of the ions, a membrane potential is

established as well as a change in the pH inside the membrane. Both effects will

affect the gate-source voltage Vo, of the ISFET connected to a source-drain

follower circuit. The gate-source potential Vo, of an ISFET with a protein-loaded

membrane is therefore given by (using eq.1.l):

Vcs = consrant . "#^dn.,. 
* Q, 

(1.9)

RT
= constant + o(-

F
RT,^ 2r+ ,,lna,,. L 
- 

m-n 'IIt F 2H',,

Rearranging this equation results in:
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ll
F 2H,,_

(1.10)

= constant - "#^dH,,, * (L-a)$o

If cr=l, the gate-source voltage vo, is only determined by the pH of the bulk
solution and the protein-loaded membrane has no influence. The effect of the
Donnan potential is fully compensated by the membrane pH. This means that it
is impossible to measure the effect of a protein-loaded membrane with an ISFET
in this way. only when an ISFET with a reduced sensitivity is used (o<1), the
static measurement of the Donnan potential seems feasible.

Kruise investigated the feasibility of static measurement of partly
compensated Donnan potentials with ISFETs with a reduced pH-sensitivity (C[<1)
t16lt17l. He used ISFETs with SiO, as a gare oxide (g=0.9, for 4<pH<g) and
ISFETs with Taro, as a gate oxide which was covered with a thin layer of epoxy
(cx=0.08, for 4<pH<8). Although these ISFETs also showed a response to other
ions than H+, Kruise concluded that in theory it should be possible to detect the
partly compensated Donnan potential with both the sio2 and epoxy-covered
Taror-ISFETs. However, he was unable to prove this experimentally. The
explanation was found in the existence of a so-called interlayer between the
ISFET and the protein membrane. If this interlayer has the same composition as
the bulk solution, which is reasonable to assume, the Donnan potential will be
present at both sides of the protein membrane. In this case the potential between
the ISFET surface and the reference electrode in the bulk solution is not
influenced by the protein membrane.

1.4 The ion-step measuring method

The understanding that it would be difficult to measure a Donnan potential
across a protein membrane with an ISFET, brought Schasfoort to a total new
approach ttsl. The essential aspect of this approach is that the measurement is not
carried out during thermodynamical equilibrium, but rather the effect of a
disturbance of this equilibrium is measured. The ISFET with protein membrane is
incorporated in a flow-through system and thermodynamical equilibrium is
established in a 10 mM KCI solution at a certain pH. The equilibrium is then
disturbed by a sudden increase of the electrolyte concentration to (for instance)
40 mM KCI at constant pH. The response of the ISFET to this 'ion-step' is a
transient potential which eventually returns to the same value as before the ion-

Vcs = constant . "#^4H.," + (1-a) rn 
2'.,"
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step. The amplitude of this potential peak is a measure of the charge density in

the protein membrane.

Schasfoort claimed that the origin of the ISFET response is a transient

diffusion potential across the membrane which is created due to the difference in

the mobility of cations and anions inside the charged protein membrane [19]'

However, later it became clear that the response is a combination of a changing

Donnan potential and a temporary pH-change in the membrane due to the release

or uptake of protons by the protein molecules in the membrane [20]. The release

or uptake of protons by protein molecules is caused by the fact that the titration

curves of proteins are a function of the ionic strength of the solution. If the ionic

strength is changed, as occurs during an ion-step, the amount of bound protons

per protein molecule also changes. A detailed description of the mechanism of

the ion-step response is given in chapter 3.

By using the ion-step method, Schasfoort showed the possibility to

measure lysozyme and HSA concentrations in buffer solutions and to measure

the HSA-crHSA immuno-reaction [18]. Moreover, the ion-step method was used

to detect an immuno-reaction involving the non-chargeC antigen progesterone by

using competitive binding of progesterone and a charged progesterone lysozyme

conjugate 12t1.

1.5 The background of the research proiect described in this

thesis

In September 1989 a research project was started in the Biosensors group

(project of J.C.T. Eijkel) to continue the development of the ion-step measuring

method as initiated by R.B.M. Schasfoort t221. This project has resulted in a

profound theoretical description of the different mechanisms behind the ion-step

measuring method, endorsed with an impressive numerical simulation model tz:l'

In July 1990 the project of which the results are described in this thesis

was started. The aim of the project has been the development of a sensor system,

based on the ion-step measuring method, focusing on a specific application' As a

first practical application, the anticoagulant drug heparin has been chosen, which

is used to delay the clotting process of blood, thereby preventing the formation of

bloodclots. There are two main reasons for choosing heparin as the first specific

application. The first reason is the fact that heparin molecules are highly charged

which is favourable for detection with the ion-step measuring method. The other

main reason is the presumption that there is a need and a significant clinical

market for a simple sensor system determining heparin concentrations in blood'
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Because the insight in the mechanisms behind the ion-step measuring
method evolved during the project, a substantial part of the research effort has
been focused on the measuring method itself, rather than on the specific
application. However, heparin has always served as the 'model' analyte to be
determined.

1.6 Outline of this thesis

In this chapter an introduction is given on the ISFET as a transducing
element in chemical- and biosensors. Moreover, the ion-step measuring method is
briefly introduced, which is used for the development of the sensor system as

described in the following chapters.

In chapter 2 the backgrounds of the clinical use of heparin as an
anticoagulant are described. From this chapter it is concluded that a simple
sensor system determining the heparin concentration in blood plasma, might be
useful for the monitoring of heparin treatments.

Chapter 3 deals with the theoretical background of the ion-step measuring
method. The mechanism behind the response to an ion-step is described in more
detail and the role of the ISFET as transducing element is contemplated in more
perspective.

In chapter 4 results are presented of experiments with ISFETs provided
with membranes of polystyrene beads in which protamine has been immobilized
as an affinity ligand for heparin. Different types of polystyrene beads and
different procedures for the immobilization of protamine are used.

A new approach to the ion-step measuring method, where the receptor
molecules are not immobilized in a membrane but directly at the ISFET surface,
is presented in chapters 5 and 6. In chapter 5 surface modification of raror-
ISFETs is described. An amino-functionalized silane is used to modify the oxide
surface acting directly as an affinity ligand for coupling heparin to the modified
surface. In chapter 6, ISFETs with an immobilized layer of protamine at the
surface are described. Results are presented of measurements in buffer solutions
as well as in blood plasma. Moreover, the sensor is used in plasma samples from
the clinical practice and the results are compared with the results of a standard
clinical assay.

This thesis ends with chapter 7 in which the main conclusions are
summarized and the future developments are outlined. Also some suggestions are
given for further research on the ion-step measuring method in general and the
heparin sensor in particular. These suggestions include some alternatives for the
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reaction between protamine and heparin to be able to determine other parameters

of importance for the monitoring of heparin treatments. As an aspect of the

future developments, a pre-prototype of a simple measurement system is

described which is developed to replace the flow-system by a more simple, cheap

and easy to use sensor system.
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The clinical use of heparin
as an anticoagulant 2

2.1 Introduction

2.1.1 Heparin
Heparin was discovered in 1916 by J. Mclean tr;zr who, as a medical

student, worked in the laboratory of w.H. Howell. In the course of studying another
problem, Mclean extracted a substance from dog liver which delayed the
coagulation of blood. The new anticoagulant was named 'heparin' by Howell and
Holt in 1918 t3l. Heparin was initially thought to be a phospholipid because it had
been isolated by a procedure designed for such compounds and because the early
preparations contained substantial amounts of phosphorous. In 1925 Howell
discovered that heparin contained carbohydrate t+l and further analysis in l92g
indicated that glucuronic acid was present tsl. Due to further intensive investigations
by many researchers and the refinement of methods for purification and structural
analysis of polysaccharides, the chemical definition of heparin has changed several
times over the years 101.

Present-day heparin is defined as a family of porysaccharide species,
consisting of chains of alternating, 1-4-linked and variously sulphated residues of
a uronic acid and D-glucosamine. The uronic acid residues are either L-iduronic acid
or D-glucuronic acid, and the D-glucosamine residues are either N-sulphated or N-
acetylated t7l. At physiological pH values, the three functional groups in heparin are
fully dissociated to yield osor-, NHSO3- and Coo- g.orp, thus resulting in a
highly negatively charged heparin molecule. The heparin fragments have molecular
weights of 5,000 to 30,000 (corresponding with x to y saccharide residues) with an
average of 12,000 to 15,000. The polysaccharide chains are structurally
heterogeneous because of the incomplete biosynthetic modifications of the heparin's
precursors 1s1. Recently, so-called low molecular weight heparins have been
developed, which have mean molecular weights that vary between 4,000 to 6,500.

Since Howell's work during the r920s, there have been drastic changes and
improvements in the isolation procedure of heparin. Dog liver, used for the first
commercial production of heparin was obviously not suitable for large scale
production, and other tissue sources had to be sought. During the early 1930s
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Charles and Scott t9-l1l developed large scale procedures which were particularly

applied to beef liver, and soon to beef lung. In the 1960s a gradual shift to the use

oi por.ine intestinal mucus and mucosa took place' Today' approximately 5 kg of

hefarin is manufactured from 20.000 kg of pig intestinal slimes t6l.

Heparin does have a number of pharmacological properties tl2l, but the

property o1heparin which has attracted most attention and resulted in its widespread

ctini"ut use, is its ability to prolong the clotting time of blood. In this chapter' this

property of heparin is described in further detail'

2.1.2 Haemostasis and thrombosis

Because of the vital interest of the blood circulation, there exists an effective

mechanism to prevent blood loss and repair a possible leakage in the vascular

system: haemostasis. This mechanism consists of three components which efficiently

"top".u,", 
the wall of the blood vessel, platelets and a number of coagulation

p.oieins which are called coagulation factors. If a blood vessel is damaged, platelets

will adhere to the damaged wall of the vessel and to each other. In this way, a plug

is formed which provisi,onally closes the hole. At the same time the blood clotting

(or coagulation) process starts and the plug is stabilized by a fibrin matrix' This clot

will later be degraded by an enzymatic process which is called the fibrinolytic

process or fibrinolYsis.
Blood which normally flows through the vessels, will not spontaneously clot

due to a sophisticated equilibrium between coagulation factors and anti-coagulant

factors. If, however, this equilibrium is disturbed, for instance by a tiny aggtegate

of platelets, a clot (or thrombus) is formed. upon growth and extension in the blood

stream, thrombi may plug up vessels which stop or diminish the supply of blood to

tissues or organs. The development of clots in blood vessels is called thrombosis'

Inhaemostasisandthrombosis,anumberofprocessesareinvolvedwhich
also have many interactions with each other 1131. In this chapter we will only focus

on the coagulation process and the effect of heparin on blood clotting.

2.2 The coagulation Process

2.2.1 The coagulation enzymes

In the blood coagulation process, more than 10 different proteins are involved

which are called coagulation (or clotting) factors, each of them is given a roman

number. Most of these proteins are (pro-)enzymes which subsequently activate each

other in a cascade ."^"iion. A schematic representation of the coagulation cascade
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is shown in fig. 2.1 . The result of this chain reaction is the formation of the enzyme
thrombin. This enzyme plays a cruciar role in the clotting process. Thrombin
converts soluble protein fibrinogen into insoluble fibrin which forms the basis of a
blood clot. Thrombin also has important regulatory functions in the clotting system.
It activates cofactors factor V and factor VIII, thereby greatly increasing the rate of
coagulation. Moreover, when bound to an endothelial cell-surface receptor
(thrombomodulin), thrombin activates an anticoagulant protein, protein c, which
then inactivates the cofactors V and VIII and retards blood clotting. Accurate
regulation of the level of active thrombin is therefore critically important in
haemostasis and thrombosis (see section 2.3.1).

2 3
Factor X

<_ intrinsic activator

ca2* + Factor xs + phospholipids + Factor V

Fig.2.l Schematic representation of the coagulation process [14].

In fig. 2.1 the most important interactions between the different coagulation
factors are shown. The thin arrows indicate enzymatic interactions, whereas the thick
affows indicate conversion from a proenzyme into an active enzyme. The two
dashed ,urows from thrombin to factor V and VIII indicate activation of these
factors following the interaction with thrombin through limited proteolysis instead
of a conversion from a non-active pro-enzyme into an active enzyme. Factor v and

extrinsic activaror - --- 
J I

I

l

)1

phospholipids

thromboplastin

Factor Vll

+

+

+

Ca2*

Factor Xll

I acrivating
Factor xt .|, 

._ surtace

0*- 
Factor xla

Factor lxa + Caz' + phospholipids + Factor Vt

<- Factor Xla

J

.u .' j"-

-) 

Thrombin ______________

\1,

Fibrinogen 
--)Fibrin .1,

Factor

Prothrombinase

Prothrombin
Factor xil I

<- xt a.t
insoluble Fibrin

Factor lX



24
Chqar2

VIII are called cofactors because they don't have an enzymatic function'

The schematic figure consists of three blocks. Block 1 describes the formation

of thrombin and how this leads to the formation of insoluble fibrin' To convert

prothrombin into thrombin, factor X has to be activated to factor Xa' There are two

possible pathways for this activation, the so-called extrinsic and the intrinsic path'

Block 2 0f the scheme shows the formation of the extrinsic activator and block 3

shows the formation of the intrinsic activator of factor X' The different interactions

between the coagulation factors will now be discussed in more detail.

The formation of insoluble fibrin
Fibrinogen is a large protein (Mw 340.000) which circulates in plasma in the

dimer form. Dimeric fibrinogen consists of a pair of o, B and y-polypeptide chains

linked together by disulphide bonds. Thrombin acts on dimeric fibrinogen by

removing four fibrinopeptides. The removal of these small fibrinopeptides results in

the app#ance of polymerization sites through which the formed fibrin monomers

interacr with each other. In the final coagulation step, fibrin polymer is stabilized by

a crosslinking reaction in which initially formed hydrogen bonds are replaced by

covalent bonds. The crosslinks are formed during a condensation reaction of

glutamine and lysine residues on different chains. Factor XIIIa' which is formed

during the conversion of factor XIII by thrombin in the presence of ca2* ions, plays

an important role in this crosslinking reaction'

The conversion of prothrombin to thrombin

Prothrombin(factorII)isthepro-enzymeofthrombin(factorlla),which
plays a key role in the coagulation process. Thrombin is one of the so-called serine

proteases, with a serine residue as the active site. Besides the conversion of

iib.inog"n into fibrin, thrombin is responsible for the activation of factor XIII and

for the activation of the cofactors factor V and factor VIII'

Under normal physiological conditions, the conversion of prothrombin to

thrombin is the result-of tne activity of four components: the protease factor Xa,

Ca2* ions, phospholipids and factor V. This complex is also called prothrombinase'

The conversion of prothrombin to thrombin is schematically shown in fig'2'2'

Prothrombin is a single chain protein which consists of 582 amino acids'

Factor Xa can break the linkage between the amino acids 274 and 215 and

subsequently the link between 318 and 319. The two chains 2'75-318 and 319-582

are connected by a disulphide linkage and form the thrombin molecule' The first

part (l-214). which is called fragment 1-2, has no enzymatic function'
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(-fragment , 

-

(fxa, fV, phospholipids, Ca2')

Prethrombin 2 
--- 

--.>

I

(fXa, fV, phospholipids, Ca2.)

thrombin ---,

<--fragment 1- 1 <fragment 2>

Fig.2.2 The conversion of prothrombin to thrombin, the numbers indicate the
sequence of amino acids and fXa and JY are abbreviations for factor Xa and factor
V tut.

As factor Xa has a preference to cleave the link between an arginine (Arg)
and a isoleucine (Ile), factor Xa cuts the prothrombin molecule after the amino acids
214 and 318. However, there are 14 other Arg-Ile links in the prothrombin molecule
which are not cleaved by factor Xa. This is the result of several mechanisms.
Because factor Xa 'recognizes' more of the cleavage site than just the Arg-Ile
linkage, the surrounding amino acids also play a role. Moreover, some of the Arg-IIe
residues, which are located at the 'inner' side of the folded prothrombin molecule are
not attainable for factor Xa. Another important aspect is the spatial orientation of
prothrombin and factor Xa. The two molecules are orientated in a specific way with
respect to each other because the reaction does not take place in solution but only
at a phospholipid surface provided by platelets or damaged endothelial cells.
Prothrombin and factor Xa both bind to the phospholipid surface through Ca2+ bonds
which reduces the freedom of movement with respect to each other. Furthermore,
both molecules also bind to coagulation cofactor factor V, which reacts with the
apolar part of phospholipids. In this way, prothrombin and factor Xa are orientated
in the proper way to interact. The prothrombinase complex is schematically shown
in fig.2.3.

The interaction of prothrombin and factor Xa with phospholipids is a direct
consequence of the vitamin K dependent modification of factor II (prothrombin),
factor VII, factor IX and factor X which takes place in the liver. These coagulation
factors are made from so-called PIVKAs (Protein Induced in Vitamin K Absence).

J Ithrombin
I

I

I

I
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These PIVKAs are converted to coagulation factors by the enzyme carboxylase'

Extra carboxyl groups are added to glutamic acid residues (Glu), which leads to the

formation of y-carboxyglutamic acid residues. The negatively charged carboxyl

groups of these residues are responsible for the binding via Ca2* ions to the

negatively charged groups at the phospholipid surface'

B C

Fig.2.3 Schematic representation of the prothrombinase complex, A-E indicate the

different interactions. A: Binding of a part ( 156-274) of prothrombin to factor v. B:

Binding of factorxa tofactorv. c: Binding of factorv to the apolar part of the

phospholipid sutface. D: Enzymatic interaction of factor xa with prothrombin

(cleavage at 274 and 318). E: Binding of a part (1-156) of prothrombin via a

calcium bond to negatively charged groups at the phospholipid surface. F: Binding

of the light chain of factor Xa via a calcium bond to the phospholipid surface.

The first part of prothrombin (l-256, fragment 1) 
^contains 

10 y-

carboxylglutamic acid residues which are responsible for the ca2* binding to the

phospholipid surface. The second part (157-274, fragment 2) contains no y-

carUoxytgiutamic acid residues but has specific binding sites for factor V' After

being separated from prothrombin, the complete fragment l-2 can be cleaved into

fragment 1 and fragm ent 2 by thrombin molecules which are already formed.

Thrombin can also break the same link between fragment I and 2 before

prothrombin is cleaved at the linkage between 156 and 157. This results in fragment

I and a part called prethrombin 1 (157-582). Prethrombin 1 contains the complete

thrombin structure but can only be activated very slowly because it cannot bind

anymore to a phospholipid surface (fragment 1 is not present)'

Activation of factor X
Factor X (MW t55.000) consists of two chains, a heavy and a light chain

which are connected through a disulphide linkage. when factor X is activated, a

peptide (about 50 residues) is released from the heavy chain. The remaining chain

D

EF

A

prothrombinFactor Xa

Ca2'Ca2*

phospholipids

Factor V
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is now the heavy chain of factor Xa (MW 40.000) which contains the active serine
centre, responsible for the proteolytic activity of factor Xa. After activation, the light
chain (MW 15.000) remains unchanged and contains 12 y-carboxylglutamic acid
residues which are used for the Ca2* binding to the phospholipid surface.

Two different mechanisms of activation of factor X are distinguished,
activation by an extrinsic activator (block 2intig.2.l) and activation by an intrinsic
activator (block 3 in fig.2.l). The extrinsic activator is formed after tissue damage
(for instance an injury) when the damaged tissue cells release specific proteins and
phospholipids which are called tissue thromboplastin (or tissue factor). This tissue
thromboplastin forms a complex with factor VII and factor X is activated through
interaction with Ca2+-ions and phospholipids.

The result of the intrinsic path of the coagulation process is a complex of
factor vIII (a cofactor, activated by thrombin in the same way as factor v), factor
IXa, ca2*-ions and phospholipids. The ca2*-ions are responsible for the binding of
factor IXa to the phospholipids. Coagulation via the intrinsic path is only possible
if first a small amount of thrombin is formed (for the activation of factor VII9,
possibly by the extrinsic system.

Factor IX is being activated through factor XIa. Activation of factor XI can
be established both by interaction with factor XIIa and by the interaction with
platelets in the presence of collagen (tissue). When factor XI is activated by the
interaction with platelets, factor XII does not contribute to coagulation.

The activation of factor XII by activating surfaces is called the contact
activation and the two plasma proteins prekallikrein and high molecular weight
kininogen (HMWK) play an important role in the contact activation of factor XII,
which is schematically shown infig.2.4. When plasma makes contact with a foreign
material surface, factor XII binds to the surface. This causes a conformational
change in the molecule and results in a surface bound factor XIIa molecule.
Prekallikrein and factor XI circulate in plasma in a complex with HMW kininogen
which is responsible for the binding of prekallikrein and factor XI to the activating
surface. Factor XIIa can activate prekallikrein to kallikrein and factor XI to factor
XIa. This newly formed kallikrein activates more factor XII to factor XIIa which
intensifies the activation of prekallikrein. Kallikrein is released from the surface
while factor XIa remains immobilized. Kallikrein also plays an important role in the
kinin system because kallikrein may generate bradykinin and so-called fragment 1.2
from HMW kininogen. In this way the kinin system is activated, which attributes
to the inflammatory reaction by mediating the contraction of smooth muscle cells,
increasing vascular permeability, dilating small blood vessels and by migration of
white cells and pain generation t15-171.
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Fig.2.4 Contact activation; activation of factor XII by an activating surface [18].

Not only the intrinsic coagulation and the kinin system but also fibrinolysis

can be activated through contact activation (see section 2'2'2)'

2.2.2 Th,e fibrinolytic Process
The fibrinolytic process or fibrinolysis is the enzymatic process that degrades

a formed blood clot. Activation of the fibrinolytic process results in the conversion

of plasminogen into the proteolytic enzyme plasmin. Plasmin is a non-specific

proteolytic enzyme which is able to degrade fibrin and fibrinogen but also to

hydrolyse other plasma proteins. Under normal circumstances, a large excess of

piasmin inhibitors is present which results in fibrinolytic activity only at the site of

thrombi.
Activation of plasminogen can be established by three different activators

which have been identified in plasma. The first two are tissue plasminogen activator

and urokinase and will not be considered in further detail. The third possible path

is initiated through contact activation (factor XII, prekallikrein, HMW kininogen and

factor XI) and is called the factor XII dependent fibrinolytic pathway. After contact

activation of factor XII, factor XIIa converts plasminogen proactivators to

plasminogen activators. The proactivators are factor XI and prekallikrein and the
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corresponding activators are factor XIa and kallikrein respectively. The plasminogen
activators convert plasminogen into plasmin. Since plasmin is able to activate factor
XII and factor XI, it provides a positive feedback mechanism for its own generation.

2,2.3 The role of blood cells (notably platelets)
The inner side of the membrane of red cells is very suited as phospholipid

surface for the formation of activating complexes such as the extrinsic activator of
factor X and the prothrombinase complex. White blood cells contain active tissue
factor.

Platelets play an essential role in haemostasis and thrombosis. However,
within the scope of the studies described in this thesis, it is not useful to give a
detailed description of the role of the platelets; instead, only a brief description will
be presented and for further details ref tr:l is recommended.

The formation of a haemostatic plug is the result of a combination of several
processes; the adhesion of platelets to the damaged vessel wall, the secretion of
platelet granules, the aggregation of the platelets and the formation of thrombin 1p1.

adhesion
When a bloodvessel is damaged, blood may make contact with subendothelial

tissue which consists (among other components) of collagen fibres of different
lengths. Collagen consists of three polypeptide chains with several sugar residues
which are important in the reaction with platelets. Different types of collagen are
defined which can be distinguished by the number of sugar residues. Type I
collagen, which contains few sugar residues, causes a relative strong adhesion to
platelets. Type 4 collagen contains many sugar residues and is therefore less reactive
with platelets. skin and muscle tissue contains type 1 collagen, cartilage mainly type
2, vessel walls type 3 and vessel membranes type 4.

When the vascular damage is relatively small, blood is only in contact with
collagen type 4 of the vessel membrane and there is only a limited reaction between
platelets and collagen. when the damage is more serious and blood and collagen
type2 or 1, are in contact, the adherence of the platelets is stronger. Coagulation
factor VIII (von Willebrand factor) also plays a role in the adherence of platelets to
collagen.

secretion

As a result of the adherence of platelets to collagen, the dense- and s-
granules are secreted. These secretion granules release substances (such as ADP and
Ca2*-ions) which are responsible for the continuation of platelet aggregation which
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results in the haemostatic plug. In the haemostatic plug also thrombin is formed

which is a very strong activator of the platelet secretion process'

aggregation
ADP released from platelets is the initiator for the aggregation of platelets.

Under the influence of ADP the shape of platelets changes from a disc shape into

an irregular sphere with pseudopods. Platelets become glutinous and aggregate, first

where pseudopods from adjacent platelets meet, followed by more intense contact'

Fibrinogen and Ca2*-ions also play a role in the aggregation of platelets.

formation of thrombin
During the formation of the haemostatic plug, different mechanisms may

result in thrombin formation. After interaction with collagen and ADP the platelet

surface changes which result in the activation of different coagulation factors.

Platelets also contain activated factor V. Probably the most important contribution

of platelets to the coagulation process is the formation of a phospholipid surface

after 'activation' of platelets. These phospholipid surfaces form a substrate for

several interactions between coagulation factors, as described in the previous section,

which finally result in the formation of thrombin and subsequently fibrin.

Thrombin amplifies the aggregation and the secretion of platelets while fibrin

stabilizes the fragile plug of aggregated platelets. The formation of a haemostatic

plug can thus be regarded as two separate processes; the fotmation of a plug of

platelets and the coagulation inside this agglomerate.

2.3 The anticoagulant effect of heparin

2.3.1 The regulation of the coagulation process

Once the clotting cascade reaction is initiated, thrombin will be formed at a

relatively high reaction rate. Because an excess of thrombin is as fatal as a

deficiency, it is not very surprising that there exists an efficient control mechanism

which restrains the free concentration of thrombin. There are many positive and

negative feedback mechanisms in the coagulation process itself (e.g. the role of

thrombin) and between the coagulation process and for instance the fibrinolytic

process. However, one of the major systems for controlling coagulation, fibrinolysis

and the kallikrein/kinin system, is the existence of inhibitory proteins that are

components of normal blood. These inhibitors can inactivate some of the proteases

involved in coagulation, fibrinolysis and kallikrein/krnin formation.

At least ten different proteins in plasma have been characterized as inhibitors
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of serine proteases t201. These inhibitors are present in blood in relatively high
concentrations, thereby suggesting their physiological importance. They constitute
approximately 10Vo of the plasma proteins. Eight of these inhibitors have been found
to inhibit proteases involved in coagulation, fibrinolysis and kinin formation. Table
2.1 shows the most important interactions between these inhibitors and the proteases
involved.

Table 2.1 Proteases which are involved in coagulation, fibrinolysis and kinin
formation and their inhibitors. AT, antithrombin III; arpl, ar-plasmin inhibitor; cl-
INH, C1-inhibitor; a,AT, a,-antitrypsin; arM, ar-macroglobulin; HCII, heparin
cofactor II; APCI, activated protein c inhibitor; pAI, plasminogen activator
inhibitor. + indicates a inhibitory effect, - indicates no effect.

PROTEASES INHIBITORS

AT cr2PI CI-INH o(1AT azM HCII APCI pAI
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+

+

+
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+

+

+
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+
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+
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+

+

+
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Once the coagulation process is activated, other processes which restrict the
process to one place, repair any damages to the vessel and restore the bloodflow
through the vessel are initiated almost simultaneously. One of these processes is the
fibrinolytic process which degrades blood clots. Some inhibitors inactivate clotting
factors and thereby localize the clotting process and other inhibitors localize the
fibrinolytic process to the place where clots were formed.

The anticoagulant activity of heparin is based on its ability to increase the
inhibitory effect of some of the inhibitors mentioned in table 2.1. only the
interactions between the different inhibitors and the proteases which are influenced
by heparin will be mentioned here. Antithrombin III is considered as the mosr
important inhibitor of the coagulation process. Its activity towards the proteases
(table 2.1) is greatly increased by heparin. This is thought to be the major aspecr of
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the anticoagulant activity of heparin and therefore, the interaction between

antithrombin III and heparin is discussed in more detail in sectiorl2.3.2'

Although other interactions between heparin and plasma (inhibitory) proteins

are obviously of less importance, some of these interactions will be mentioned very

briefly (as recently reviewed by J. Hirsh t2il) to indicate that there are many

possible interactions between heparin and plasma components'

Heparin is able to increase the activity of heparin cofactor II which is the

second thrombin inhibitor besides antithrombin III tzz,zzt. Thrombin is the only

protease which is inhibited by heparin cofactor II, whereas antithrombin III has an

inhibitory effect to all mentioned proteases except protein C (table 2'1).

Activated protein c (APC) plays an important role in the regulation of blood

coagulation through its ability to degrade coagulation cofactors v and vIII. An

inhibitor of ApC has been isolated and characterized 1zt,zs1. Heparin is able to

accelerate by 3Q-fold the rate of inhibition of APC by the APC-inhibitor t26l'

Heparin also interacts with fibrinolysis. It enhances the conversion of

plasminogen to plasmin t271, impairs the activation of plasminogen by tissue

plasminogen activator on a fibrin surface t28,2g1, and it accelerates the inactivation

of plasmin by antithrombin III t30,311.

The anticoagulant effect of heparin is modified by platelets, fibrin, vascular

surfaces and plasma proteins. Platelets inhibit the anticoagulant effect of heparin by

binding factor Xa and protecting it from inactivation by the heparin-antithrombin III

complex t:2,::l and by secreting the heparin-neutralizing protein platelet factor 4

ts+]. Fibrin binds thrombin and protects it from inactivation by the heparin-

antithrombin III complex 135,361. Thrombin bound to subendothelial surfaces is also

protected from inactivation by heparin 1:21, possibly through mechanisms similar to

those that protect fibrin-bound thrombin'

Heparin binds to many proteins, of which three (histidine-rich glycoprotein

1:s1, platelet factor 4 tral and vitronectin t:91) also neutralize its anticoagulant

activity.

2.3.2 The heparin'antithrombin III interaction

Antithrombin III (AIIII) consists of a single polypeptide chain with 432

amino acid residues and has a molecular weight of 58.000 t401. The isoelectric point

is 5.11 and the concentration of ATIII in human plasma is about 150 ;'rglml t4ll' The

complete primary structure of ATIII has been reported by Petersen et al. vzl'

As indicated in table 2.1, antithrombin III not only inhibits thrombin, as its

name indicates, but also other coagulation factors (IXa, Xa, XIa and XIIa) l+:-+Al'

Thrombin and factor Xa are the most sensitive to inactivation; of these, thrombin
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is the most sensitive (by about one order of magnitude) t+s,sol.
The mechanism by which thrombin is inhibited by antithrombin III was first

described by Rosenberg and Damus t+ol and later reviewed in detail by Bjcirk 1sr1.

ATIII and thrombin initially form a weak complex which is very rapidly converted
to a stable 1:1 complex with very tight binding via interaction between the reactive
arginine site of ATIII and the active serine centre of thrombin. The bimolecular rate
constant at37 oC has been reported as 1.4x104 M-ls-I, giving a theoretical plasma
half-life for thrombin of 20 seconds tszl; the actual half-life is approximately 40
seconds, probably caused by the presence of fibrinogen and other thrombin
substrates in plasma. It has been shown by several investigators t43-481 that the
inhibition by ATIII of the factors IXa, Xa, XIa and XIIa occurs in a manner similar
to that outlined for thrombin.

Heparin is able to dramatically accelerate each of these coagulation factor-
ATIII interactions and these effects are already demonstrable at plasma heparin
concentrations as low as 0.01 U/mll), which correspond with a concentration in the
order of I nM, i.e. some 2000-3000 times less than the plasma concentration of
AtIII. At therapeutic heparin concentrations of over 1 U/ml, the reaction between
thrombin and ATIII is accelerated over 2000-fold, and the half-life time of thrombin
is reduced from 40 seconds to less than 0.01 second. The ability of heparin to act
at low concentrations and the fact that it is not 'consumed' during the reaction,
indicates that heparin acts as a catalyst.

The most frequently suggested mechanism by which heparin enhances the
inhibition ability of ATIII is as follows tls,st). First, heparin forms a 1:1 complex
with ATIII which increases the affinity of ATIII to inhibit rhe different coagulation
factors. Then a ternary complex is formed, in which the interaction between the
active site of the coagulation factor and the reactive site of ATIII is established ts:1.
After this interaction is established, heparin is released from the ternary complex and
is available to bind to a new free ATIII molecule because the binding of heparin to
the coagulation factor-Atlll complex is 100 to 1000-fold weaker than the interaction
of heparin with free ATIII t541.

The mechanism by which the intermediate ternary complex is assembled,
depends on the coagulation factor which is involved 151,s4-581. For thrombin, factor
IXa and probably factor XIa, the complex is assembled by the initial binding of
ATIII to the heparin molecule and subsequently binding of the coagulation enzyme
to the same heparin molecule. This mechanism is schematically shown in fig.2.5a
for thrombin (the same mechanism is applicable for factor IXa and XIa). Binding

l) The concentration of heparin is usually given in International Units per ml
(U/ml). See section 2.4.1
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of ATIII to the heparin molecule before thrombin may also direct thrombin to a

specific site on the heparin molecule adjacent to the ATIII binding region' After both

ATIII and thrombin are bound to the heparin molecule, the interaction between

thrombin and ATIII takes place and subsequently, heparin is released from the stable

ATlll-thrombin complex. This mechanism is called 'approximation' because both

ATIII and thrombin are bound to the heparin surface. The three coagulation enzymes

(thrombin, factor IXa and factor XIa) which are inhibited by this mechanism are

sometimes referred to as the 'thrombin group'.

_> +

Heparin

-+ -+
Haparln

(a)

------> -----)

H6parin

(b)

Fig.2.5 Formation of the ternary complex and the subsequent release of heparin'

(a): interaction between heparin, ATIII and thrombin. (b): Interaction between

heparin, ATIII and factor Xa.

In the case of factor Xa, and possibly also factor XIIa and plasma kallikrein,

a ternary complex is presumably formed by an initial binding of ATIII to heparin

followed by the binding of factor Xa (or factor XIIa or kallikrein) directly to ATIII

but not to heparin. This mechanism is schematically shown in fig.2'5b for factor Xa'

The three enzymes which are inhibited by this mechanism (factor Xa, factor XIIa

and kallikrein) are sometimes referred to as the 'factor Xa group'.
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For all reactions of coagulation enzymes and AtIII, the binding of heparin to
ATIII induces a favourable conformational change of AIIII, which enhances its
affinity for the different enzymes. This is schematically shown in the first step of
figs.2.5 a and b. For the reaction of ATIII with the 'thrombin group', it is still unclear
if this conformational change of ATIII or the earlier described approximation
mechanism (the binding of both the enzyme and ArIII ro heparin) is primarily
responsible for the accelerating effect of heparin 1sr1. In case of the 'factor Xa group'
the conformational change is mainly responsible for the accelerating effect of
heparin.

2.3.3 The molecular weight dependence of the anticoagulant activity of heparin
In 197 6 three research groups independently demonstrated that only 30-50 Vo

of the molecules in normal heparin preparations are able to bind to ATIII and thereby
induce anticoagulant activity ts9-611. Pure AtIII, bound to an insoluble matrix, can
be used to separate heparin into two distinct fractions: one with high affinity and
one with low affinity for AtIII. The high-affinity fraction is responsible for virtually
all the anticoagulant activity and the low-affinity fraction is almost inactive. The
molecules which bind with high affinity to ATIII all contain a unique
pentasaccharide unit which is found to be the binding site for ATIII toz,zl. The
structure of this pentasaccharide has been confirmed by chemical synthesis and is
as follows: (N-sulphate-6-o-sulphate-cr-D-glucosamine)l-4(B-D-glucuronic acid)1-
4(N-sulphated-3,6-di-o-sulphate-o-D-glucosamine) 1-4(2-o-sulphate-cr-L-iduronic
acid) 1 -4(N-sulphate-6-O-sulphate-D-glucosamine) t$,641.

After the binding site for ATIII became known to be only a pentasaccharide,
interest in the anticoagulant activity of fractionated heparin started to grow. Heparin
can be separated by, for example, gel-filtration techniques into fractions with
different average molecular weights and with relatively narrow molecular weight
distributions. Studies of such fractions have shown that the anticoagulant activity of
each of them is highly dependent on the molecular weight. However, a discrepancy
was found between the molecular weight dependences when the results of an anti-
coagulant test based on inhibition of thrombin were compared to the results of a test
based on inhibition of factor Xa.

For the 'thrombin group'it has been found that heparin chains at a minimum
of approximately 18 monosaccharide residues are required to produce a detectable
enhanced rate of inhibition by ATIII [s8,56,65,66]. This finding has been interpreted
as a confirmation of the approximation mechanism according to which heparin
chains must be large enough to accommodate both ATIII and the coagulation enzyme
to enhance these reactions (see also fig.2.5a).
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For the 'factor Xa group" heparin chains containing less than 18

monosaccharides, even as small as the specific pentasaccharide fragment, provide

large acceleration of enzyme inhibition by AIIII. This acceleration is comparable to

or only a little lower than that seen with larger heparin chains t63,65-701' This

observation confirmed that binding of these coagulation enzymes with heparin is not

important to enhance the rate of inactivation of these enzymes by ATIII (see also

fig.2.5.b).

Low Molecular Weight HeParin
The understanding of the different mechanisms opened a new area of research

and the practical result has been the development of the so called 'low molecular

weight heparins' (LMWHs). Commercially developed LMWHs have different mean

molecular weights that vary from 4,000 to 6,500 171-'73). The ability of LMWHs to

catalyze the inactivation of thrombin (which is dependent on the molecular size) is

reduced relative to their ability to inhibit factor Xa. Compared with unfractionated

heparin, which by definition has an anti-factor Xa to anti-thrombin ratio of 1:1, the

various commercial LMWHs have anti-factor Xa to anti-thrombin ratios varying

between 4:1 and 2:l lt+). These ratios are based on assays performed in vitro using

platelet-poor plasma and may not reflect the anticoagulant profiles of LMWHs in

whole blood in vivo, because the effect of platelets on unfractionated heparin is

larger than on LMWHs. As distinct from unfractionated heparin, LMWHs are not

neutralized by platelet factor 4 and LMWHs are able to inhibit factor Xa which is

bound to platelet membranes. These properties can make LMWHs a more effective

anticoagulant in whole blood than unfractionated heparin'

2.3.4 The overall effect of heparin on thrombin generation

It may be clear that the intended aim of heparin is to reduce, delay or prevent

the generation of thrombin. We have seen that most of the inhibitory actions of

heparin on the different coagulation enzymes are fairly well characterised' However'

because of the complexity of the coagulation system, including the different

feedback mechanisms, it is very difficult to predict which reactions are most

important for inhibition of thrombin generation. Since the coagulation process is a

cascade reaction, it might be thought that thrombin generation could be most

efficiently prevented by inhibition of the enzymes at the beginning of the cascade'

This is however an oversimplification. Especially the existence of the thrombin

feedback loops (activation of the cofactors v and vIII, see fig.2.l) can result in an

enormous increase in the rate and amount of thrombin subsequently generated'

Recent studies claim that the inhibition of thrombin induced activation of
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factor V and VIII is the most important effect of heparin while the anti factor Xa
activity is less important t75-801. This is also claimed for the LMWHs, which is an
unexpected conclusion because of their relatively low anti-thrombin activity.
However, the unambiguously shown therapeutic effect of LMWHs indicates that the
anti-factor Xa activity of LMWHs might become more important under in vivo
conditions 1z:1.

2.4 Monitoring heparin treatment

2.4,1 Heparin standards
Heparin is one of a variety of drugs extracted from natural sources, whose

activity cannot be adequately described or predicted by chemical and physical
methods. In spite of the enormous advances made in recent years of the knowledge
of the chemical basis for heparin's anticoagulant activity, the assessment of heparin
for quality control purposes by manufacturers, and for dosage by clinicians, is still
made in units of biological activity which can be a source of indistinctness. It may
be clear that for such a widely used drug as heparin, it is of crucial importance to
ensure that measurements of biological activity are properly standardized.

The first definition of the unit of biological activity of heparin was made by
Howell, who defined the unit as the amount of heparin which prevented the clotting
of I ml of cat's blood for 24 hours at 0 oc tarl. This was a very reasonable
definition at the time, but it suffers from the basic drawback of all such definitions
which is the difficulty of reproducing the same assay conditions in different
laboratories. This problem can be overcome by establishing one batch of the
substance as a reference material with a defined potency which may be defined by
its activity in a certain assay system, and the potency of unknown samples may then
be measured by comparative assay against the reference material. This system of
comparative bioassay against a reference material was first suggested for insulin in
1925 and has since been applied successfully to almost every category of biological
substance. The great advantage is that the variability of the different test systems is
the same for both the reference and test materials. However, a very important
condition for standardization is that the reference and test preparations have to
behave similarly in the assay system which is used. In other words, 'like' has to be
compared with 'like'. This means that the sensitivity of the assay to concentrations
of the test material must be the same as the sensitivity of the assay to concentrations
of the reference material (only a constant offset is allowed). These assays are
sometimes called 'parallel line' assays because all test samples will give a line
parallel to the line of the reference material. If the lines intersect, the assay cannot
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be used to compare a test material with a reference material tazl.

The 1st international standard of heparin was established by the World Health

Organization (WHO) in 1941. The potency of this standard was defined as 130

international units per mg (IU/mg). The second international standard was

established in 7957 when stocks of the 1st international standard were almost

exhausted. This new standard, the sodium salt of a commercial bovine lung heparin,

had the same potency as the lst international standard (130 IU/mg). During the

1960s, a major change occurred in the raw material used for the manufacture of

heparin. Bovine lung was replaced as the main tissue source by intestinal mucosa

from pigs, sheep and oxen. This gave some discrepancies between different assay

methods when determining the potency of new (mucosa) heparin preparations in

comparison with the international standard which was a lung heparin. The 3rd

international standard was therefore a porcine mucosal heparin and was established

in 1973. The potency was 1370 lU/ampoule and was based on the overall mean of

all assays by all assay methods. The present international standard is the 4th

international standald which has the same potency as the 3th standard and was

established in 1984 after the stocks of the 3th standard were exhausted.

As mentioned in the previous section, in the 1980s different low-molecular-

weight heparins (LMWHs) became commercially available. Because the anti-

thrombin and anti-factor Xa activity of LMWH is substantially different from

unfractionated heparin, difficulties arose when these LMWH preparations were

assayed against the 4th international standard for unfractionated heparin' The assays

gave lines which were not parallel to the line of the standard material. Apparently,

'like'was not being compared with'like' anymore. A collaborative study resulted in

significant interlaboratory variability when the LMWHs were compared with the

standard for unfractionated heparin t831. Another, more extensive collaborative study

resulted in a possible candidate for a new special standard for LMWH which was

established by the WHO in 1986 t841. This standard has a potency of 1680

IU/ampoule by anti-factor Xa assay and 665 IU/ampoule by anti-thrombin assay (see

next section).

2.4.2 "fhe modern assaY methods

The heparin preparations which were made in the 1920s in the laboratory of

professor Howell, were assessed for anticoagulant activity by their ability to prevent

tr delay the clotting of fresh cat blood at 0 oC 
t811. As the availability and clinical

use of heparin became more widespread over the next decades, an increasing

number of variations on this basic method was introduced. A feature of all early

assays was the long time required for blood to clot in the presence of heparin which
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resulted in very long incubation periods (1-24h). This is the reason why accelerators
of the coagulation were introduced. In the presence of initiators of the intrinsic or
extrinsic pathway (i.e. surface activators or tissue factor) coagulation is greatly
accelerated and anticoagulant activity can then be measured by the delay of
appearance of a clot, with clotting times of the order of minutes rather than of
hours. Also the use of additional thrombin was introduced in the heparin assays. The
evolution in the heparin assays is described in more detail by Barowcliffe t821. In
this paragraph, only the modern assay methods which are presently in use, will be
described.

All the assays which will be described, use cell- and platelet-free plasma,
because cells and platelets can interfere with the tests. When taking blood samples
from patients, blood is directly mixed with citrate, oxalate or EDTA (ethylene-
diamine-tetra-acetic-acid) which all bind the Ca2+-ions to prevent the blood from
coagulation. The blood is then centrifuged for about 15 min. at 2000-4000 g to
remove cells and platelets. In coagulation tests, calcium ions are again added to
initiate coagulation.

Activated partial thromboplastin time (APTT)
The APTT is the most widely used clinical laboratory test for heparin

monitoring. It is an accelerated clotting test in which the time for the formation of
clots is measured. For normal plasma, a typical Aprr is of the order of 40-50
seconds. A surface activator (e.g. kaolin) is added to citrated plasma, to accelerate
activation of factor XII. After incubation, phospholipids are added, also to accelerate
coagulation and again after an incubation period, some CaCl, is added which finally
initiates the coagulation process. After the addition of CaClr, the time needed to
form a clot is recorded.

The two most widespread methods to detect clots are the optical method and
the electromechanical method. The optical method is based on changes in optical
density of a beam directed through plasma. The electromechanical method consists
of two electrodes of which one is moved in and out the plasma about every second.
If the electrode is in the upper position (outside the plasma), the electrical
impedance between the two electrodes is measured. As long as no clot is formed,
this impedance will be infinitely high. However, if a clot is formed, the moving
electrode, which is shaped like a hook, will pull up one or more fibrin threads which
will lower the electrical impedance.

In different laboratories there are wide differences between reagents and
methodology for performing APTT assays. For the surface activation substances
such as kaolin, celite or soluble activators (e.g. ellagic acid) are used in commercial
APTT reagents. There is also a large variety of phospholipids available which differ
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considerably in their sensitivity to heparin. Although all these differences may have

important clinical consequences, they are less critical for heparin assays, when

standard and test are compared under the same conditions. But it does mean that the

response of the particular APTT reagent which is used, must be known. In practice,

this means that a calibration curve must be made in which the APTT is plotted as

a function of the (known) heparin concentration in normal plasma' Variation in

pretreatment or 'baseline' APTT (i.e. the APTT of the patient's plasma before

heparin is injected) is another source of relative poor correlation between heparin

concentration and APTT. In one study tS51 a mean baseline APTT of 35'9 sec was

found with a standard deviation of 6.8 sec. in 20 normal volunteers. Another study

[86] reports that 77 out of 933 consecutive plasma samples (8.2 Vo) from hospital

patienis not receiving heparin, had APTT values above 1.6 times the mean of

normal baseline. Unfortunately, pretreatment values often are not available' Based

on experimental animal data and clinical studies, a therapeutic range of 1'5-2'5 times

the mean of the normal reference range is often recommended. By translating this

ApTT range to heparin concentration ranges, the latter have been defined as 0.2-0.7

U/ml Iszl or more precisely as 0.3-0.5 U/ml tasl.

Thrombin clotting time (TCT)
The thrombin clotting time is one of the oldest heparin assays still in use' In

this test, thrombin is added to the heparinized plasma sample, and subsequently the

clotting time is measured. It is one of the simplest methods, but the precise

measurement of the clotting time is very sensitive to variations in pH, temperature

and ionic strength. The presence of additional calcium ions in the thrombin clotting

test minimizes the effect of pH changes and shortens the heparin thrombin clotting

time which improves the reproducibility of the assay. Therefore, it has been claimed

that the so-called calcium thrombin time (with additional calcium ions) is superior

to the thrombin clotting time for clinical use [89]. Other variables in the assay are

the species and concentration of thrombin t90-921. Teien found that the heparin

,"rporr" of the calcium thrombin clotting time shows less variation than the APTT

te3l.

Polybrene or protamine titration
Polybrene and protamine are both basic (alkaline) compounds which

neutralize the effect of acidic heparin stoichiometrically. Polybrene is a poly-

quaternary ammonium salt species and protamine is a small highly basic (alkaline)

protein (MW 14000). The anticoagulant activity of heparin is determined by

measuring the thrombin clotting time with various concentrations of polybrene or

protamine 1g4,95).In this way, the concentration of active heparin molecules can be
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accurately determined. Despite some simplifications, the method is nevertheless
often regarded too complex for clinical use, because the range of protamine
concentrations at which heparin is neutralized is quite narrow.

Anti-Xa clotting tests
In 1973, two new heparin assays were introduced which both determine the

ability of heparin to accelerate the inhibition of factor xa 796,0t1. The principle of
the two methods is the same but they differ in technical detail. In both methods, a
fixed quantity of bovine factor Xa is added to the heparinized plasma sample. After
a certain incubation time, residual factor Xa is determined by adding some of the
plasma to a well defined clotting mixture (subsampling) and recording the clotting
time. It is claimed that this method can detect heparin concentrations as low as 0.01
Units/ml in clinical samples. Because the range of linearity with this method is
relatively small (between 0 and 0.2 ulml) it is necessary to dilute each heparin
sample to Lhe appropriate range.

In 1985, Yin introduced a new variant of the anti-Xa clotting assay: the so-
called Heptest t981. In this modification of the earlier assay, factor Xa is incubated
for 2 minutes with citrated plasma containing the heparin test. Instead of
subsampling to determine the residual factor Xa, the remaining Xa activity is
determined simply by addition of phosphoripid and Cacl, to the plasma and
recording the clotting time. Preliminary data in an international collaborative study
t99l indicate that the Heptest gives comparable results to the other anti-Xa clotting
assays.

Chromogenic substrates
With the use of specific peptide substrates for factor Xa and thrombin, a more

accurate estimate of the activity of these enzymes can be made. Several substrates
are commercially available for factor Xa and thrombin and also for other
coagulation enzymes. The principle of these assays is the same as for the anti_Xa
clotting assays: determination of residual enzyme activity after incubation of factor
Xa or thrombin (or another enzyme) with heparinized plasma or purified
antithrombin III. Residual factor Xa or thrombin is determined either by addition of
peptide substrate to the mixture or subsampling a sample from the reaction mixture
into the substrate solution. All the commercially available substrates use p_
nitroanaline as a chromophore which is released as a result of the reaction with
factor Xa or thrombin. This release is measured either by monitoring the change in
optical density (at 405 nm) per minute or by termination of the enzyme-substrate
reaction after a fixed time with acetic acid and determination of the stable value of
the optical density. Also with the use of chromogenic substrates many variations
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have been introduced for the control of heparin therapy in clinical laboratories

t82,1001. In the chromogenic substrate assays, the endpoint is electronically

determined by an instrument, often by automated procedures and the precision is

higher than for clotting assays.

Since the recovery of known amounts of heparin added to normal plasma

samples is very near to 1007o, the assay methods based on the use of chromogenic

substrates are often called 'specific'. If the test plasma is the only source of

antithrombin, the result is influenced by the antithrombin III concentration, which

can be different from patient to patient, and a combined heparin/antithrombin

activity is measured t101,931. If antithrombin III is added as a reagent to the test,

variations in the plasma antithrombin III concentration of the test sample will have

minimal influence on the result t1021. For pharmacokinetic studies, assays which are

not influenced by antithrombin must be preferred. In the clinical situation, both

types of assay have their specific advantages.

2.4.3 Comparison of the different heparin assays

Since it is impossible to predict the in vivo behaviour of heparin by physico-

chemical means only, none of the assay methods can claim a unique relationship

with the in vivo therapeutic efficacy of heparin. However, the assays can be used

to determine and compare the in vitro activities of various products.

Activity Yersus concentration
The various assays determine different parameters and some determine a

combination of parameters. The APTT assay determines a clotting time which is

dependent on the amount of active heparin but also on the concentration of ATIII

and other coagulation factors. The thrombin clotting time assay is influenced by the

concentration of ATIII in the plasma sample but not by the concentration of other

coagulation factors. The anti-Xa clotting tests determine the clotting time of a well

defined mixture after subsampling of residual factor Xa. In this case, the ATIII

concentration does not influence the assay. The chromogenic substrates which use

additional ATIII are also not influenced by the plasma ATIII concentration'

An assay can be called 'specific' when it determines just one specific

parameter. In case of a 'specific' heparin assay, the concentration of the biological

active heparin molecules (the molecules with high affinity for ATIII) is determined'

A chromogenic substrate which uses additional ATIII can be called specific and the

correlation to the concentration of biological active heparin (molecules with ATIII

affinity) is high t103,871. when, in the context of heparin assays, the concentration

of the anticoagulant is mentioned, the concentration of active heparin molecules
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(with ATIII affinity) is usually meant. Specific assays which measure quantities
which correlate with the active heparin concentration are often called 'concentration
type' assays and assays which are influenced by the plasma concentration of ATIII
and/or other coagulation factors are often referred to as 'activity type' assays (e.g.
APTT).

Table 2.2 Modern heparin r,ssays: influence of some components in test plasma
relevant to monitoring tt00l

Assay

Influence of
coagulation factor
concentrations

Influence of AtIIf
concentration

Correlation to

active heparin
concentration

APTT

TCT

Calcium TCT

P/P titration

CS and related

CS with added

ATIII

+

0

0

0

0

0

(+)

+

+

0

+

0

+

+(+)

++

+++

++

+++

TCT=thrombin clotting time, cS=chromogenic substrate, p/p=polybrene or
protamine titration

Several authors have compared the in vitro sensitivity and specificity of the
various heparin assays 187 ,ro2-t041. Table 2.2 shows the different heparin assays and
the influence of some plasma components relevant to monitoring Jroo1. The
specificity, in terms of response to an added amount of heparin, was found to
increase in the following order: APTT < thrombin clotting time < anti-factor Xa
clotting assay < chromogenic substrate assays. The correlation to the antithrombotic
effect was found to be higher for the specific assays, and probably best for assays
reflecting both the active heparin concentration and antithrombin concentration. With
respect to the detection of unacceptable bleeding risk, all current assays are useful,
but the specific assays with high correlation to the active heparin concentration are
the most informative because this is the most important variable in this case [100].

If a 'concentration type' assay is used (i.e. a chromogenic substrate with ATIII
as reagent), patients with low plasma ATIII concentration may still have low
anticoagulant activity, even if the active heparin concentration is well within what
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Determination of absolute amounts of heparin
Several authors have found that the anticoagulant activity of heparin may

change after injection into the circulation. The antithrombin activity of a heparin

sample was determined after the heparin was injected and again separated from

plasma, and subsequently this was compared with the antithrombin activity of the

same heparin before injection. It appeared that the antithrombin activity of heparin

after injection was greater than before injection t107-1091. This observation is the

source of discrepancies between the measurement of absolute concentrations of

heparin (the concentration of all molecules), and 'the amount of heparin' as

determined by in vitro coagulation tests. Even if a specific test is used, with high

correlation to the concentration of active heparin, the in vivo generation of

anticoagulant activity cannot be observed.

This is the reason why Jaques et al. have claimed that it is essential to

determine the total absolute amount of heparin in plasma t1101. They developed a

method to determine microgram quantities by adsorption of heparin on an affinity

column followed by elution in a buffer solution and determination of the heparin

content by electroPhoresis.

Gitel et al. developed a heparin immunoassay to determine absolute amounts

of heparin. They used antiheparin antibodies obtained by immunizing rabbits with

a methylated bovine serum albumin-heparin precipitate tl111. The immunoassay is

able to determine heparin concentrations as low as 25 nglml in plasma without

pretreatment of plasma. This sensitivity is equivalent to that of an assay based on

the inhibition of binding of r2sl-heparin to protamine sulphate- or polybrene-

is usually considered as the 'therapeutic range'. On the other hand, if an activity

assay is used for patients with low plasma ATIII concentration, a defined therapeutic

range may lead to excessive heparin dosage and undue risk of bleeding. Moreover,

it is found that the plasma ATIII concentration regularly decreases during heparin

treatment t1051. Holm et al. suggested therefore the use of a concentration type assay

in combination with plasma ATIII monitoring in patients receiving heparin for the

treatment of deep vein thrombosis (DVT) ttool.

Despite the fact that the specific assays show a higher correlation to the

antithrombotic effect of heparin, the simplicity of the APTT assay makes this assay

the most widely used laboratory test for heparin monitoring. However, when using

the APTT, it is necessary to have a calibration curve of the heparin sensitivity of the

reagent. The patient's pretreatment (or baseline) APTT value can also be very useful.

For monitoring LMWHs, anti-factor Xa methods should be used because of

the low activity of LMWH in overall clotting tests. The mostly used method in

clinical trials for monitoring LMWHs, is a chromogenic substrate for factor Xa'
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sepharose, which was developed by Dawes et al. [u2].

2.4.4, Towards a new heparin sensor
From the previous concerning modern assay methods, it may be concluded

that different assays determine different parameters and that there is a variation in
specificity. Within the scope of the studies described in this thesis, we will not

discuss the question which assay, or combination of assays, is the best way to
monitor heparin treatment.

One of the limitations of all cunent assays is that they use additional reagents

and require specific equipment and therefore can only be performed in clinical
laboratories. This is why a simple sensor which determines the (active) heparin

concentration may be a useful device for heparin monitoring. A sensor can be used

for very small samples (in the order of microliters) and, if necessary, bloodcells and

platelets can be directly removed by using a filter membrane. Because no sample
pre-treatment is necessary, and no additional reagents are used, a simple heparin

sensor system might be used at the 'bedside' and therefore safe time and money. In
this perspective, it is interesting to note that approximately 500 million doses of
heparin are used worldwide each year [113]. However, a sensor, measuring the

heparin concentration in plasma, might also be used as an additional laboratory
instrument in heparin monitoring together with for instance an APTT-assay.

In this thesis, the development of a heparin concentration sensor is described

and in the last chapter, some alternatives for determining other parameters related

to the biological activity of heparin are outlined.
To the knowledge of the author, only one research group has reported about

the development of a heparin concentration sensor t114-1171. Ma and coworkers

developed an ion-selective electrode with a polymer membrane in which TDMAC
(tridodecylmethyl-ammonium chloride) is used as an affinity ligand for heparin. The
sensor measures absolute amounts of heparin because TDMAC does not distinguish
active from non-active heparin molecules. The concentration range which can be

determined is reported as 1.0 to 9.8 U/ml with a slope of 28.2 mY per decade. This
sensor can therefore be used in certain procedures such as cardio-vascular surgery,

where doses of 2-8 U/ml are commonly used. However, in the usual heparin

treatment (for instance for the prevention of deep vein thrombosis) the therapeutic

concentration range is in between 0.2 and 0.7 Ulml t87,881. This means that this

sensor cannot be used as an alternative for the assay methods as described in the

previous sections.
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The ion-step measuring
method

3

3.1 Introduction

The ion-step measuring method was introduced by Schasfoort as a method
to determine changes in charge density in a porous membrane mounted on top of
an ISFET Jt]. The membranes which Schasfoort used were made of polystyrene
beads (O 0.1 prn), which were immobilized in an agarose gel. The typical thickness
of the membranes (in dry condition) was 10 prm. The measuring method is
schematically shown in fig.3.1. A stepwise increase in the electrolyte concentration
at a constant pH value (the ion-step), causes a transient response of the membrane-
covered ISFET. This transient response is a function of the charge density in the
membrane. By immobilizing an affinity ligand in the membrane, concentrations of
a specific charged analyte can be determined. To achieve this, the ISFET with
immobilized ligand is incubated for a certain time in a sample which contains the
specific analyte. Then the ISFET is removed from the sample solution and the ion-
step response is recorded in a specific measurement set-up and compared with the
ion-step response before incubation.

electrolyt€
conc6ntration

1

JJilil ion penetrction mM

1

mV
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Fig.3.l The ion-step measuring method

In this chapter, the ion-step measuring method is described in more detail.
The chapter can be divided in two parts. In the first part, section 3.2, the ion-step
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response of a membrane-covered ISFET is described. The different processes in the

membrane, which take place after an ion-step, will be explained in more detail and

some typical experimental results will be presented. From these experimental results

it is concluded that the ISFET cannot simply be considered as an ideal transducer

for these dynamic measurements, but also shows a response to an ion-step.

This dynamic behaviour of the ISFET itself is further explained in section 3.3

which forms the second part of this chapter. It will be shown that the mechanism

which describes the ion-step response of the ISFET gate oxide is in fact similar to

the mechanism describing the ion-step response of a charged membrane. The

understanding of this dynamic behaviour of the ISFET leads to new possibilities for

the ion-step measuring method. The role of the charged membrane might be fulfilled

by the surface charge of the oxide itself.

PART A

3.2 The origin of the ion-step response of a membrane covered

ISFET

3.2.1 Introduction
In this part, the transient ion-step response of a membrane-covered ISFET will

be described. The porous membrane contains a fixed, homogeneously distributed

negative charge. The ISFET is considered as an ideal transducer, measuring an

oxide-surface potential which is at any time only dependent on the pH at the

membrane-ISFET interface. Because the surface potential of the ISFET is measured

with respect to a reference electrode in the bulk solution, possible potentials at the

membrane-solution interface are also detected by the ISFET'

To interpret the ion-step responses of an ISFET with a membrane, Schasfoort

used the Teorell-Meyer-Sievers (TMS) theory tzt. This theory describes the steady

state conditions of a charged membrane between two solutions with different ion-

concentrations. The total TMS membrane potential consists therefore of two Donnan

potentials (see chapter 1) at the membrane solution interfaces, and a diffusion

potential inside the membrane as a result of the unequal mobility of cations and

anions. Schasfoort interpreted the measured transient ion-step responses as diffusion

potentials, whereas the contribution of the Donnan potentials were believed to be

negligible. However, a more detailed study of the ion-step responses by J. Eijkel

showed that Schasfoort misinterpreted the measured results. It appeared that
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diffusion potentials do not play a significant role and that the origin of the transient
ion-step response is a changing Donnan potential followed by a release or uptake
of protons as will be described in the following 1:1.

To elucidate the exact mechanism of the ion-step responses, Eijkel did not use
the static TMS-theory but developed a dynamic simulation model for the transient
responses t3l. The model consists of the Nernst-Planck flux equations and the
Poisson-Boltzmann equations for several variables in the solution phase as well as

in the membrane phase. Since a pH-sensitive ISFET is used as transducer, also the
pH in the membrane, together with all factors influencing it, is incorporated in the
model. The variables which are considered in the solution phase and in the
membrane phase, are the concentrations of the water ions OH- and HrO+, the
concentration of the ion-step ions, usually K+ and Cl- or Nor-, and the electrical
field and the electrical potential. In the membrane phase also the concentration of
the fixed charge groups are considered which might be protonated or deprotonated.
All variables are considered as functions of both time and place.

with this model Eijkel has been able to interpret the measured ion-step
responses and to describe the essential mechanisms. The different mechanisms will
be briefly described in the next two subsections. First a situation is considered where
the fixed charge in the membrane does not interact with the mobile protons in the
membrane. Subsequently, the situation is described where the fixed charge consists
of mildly acidic groups which do interact with the mobile protons via the proton
association equilibrium constant.

3.2.2 Contribution of the changing Donnan potential at the membrane-solution
interface

Assume an ISFET with a membrane with a negative fixed charge density c*
of -40 mM, which is in equilibrium in a solution of 10 mM KCI ar pH 7. The
charged groups do not interact with the mobile protons in the membrane. In chapter
1 it has been explained that in this case a Donnan potential Qo exists at the
membrane-solution interface which is given by:

Qo = 6_-6, = 4^r, = 4!yna*'' = 4!h!g_- (3.1)
F u F dK,,. F -" 

dr, ,"

where the subscripts m and e refer to respectively the membrane and the solution
(electrolyte) phase.

By considering the electroneutrality condition in the bulk solution as well as

in the membrane with fixed charge density c* (including its sign) and assuming that
activities equal concentrations:
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cK,,"-cct-,"=0 and cK.,--cct-,.*c*=O Q2)

and defining cK*,e = ccl-," = c", the Donnan potential Q, can also be written as

(assuming concentrations equal to activities):

, Rr,^ - - I!n{i74 * "- (3.3)
Qo= jfrro= F-' 2c"

Equation 3.3 shows that the Donnan potential is thus a function of the fixed charge

density in the membrane and the electrolyte concentration. For the assumed values

of c* and c" (resp. -40 and 10 mM) the Donnan ratio r, is 0.236 and the

coresponding potential Q, is -37.1 mV (at 298 K).

The protons (and OH--ions) are however also distributed according to the

Donnan ratio (eq.3.1), resulting in a pH difference between the membrane and the

solution. In chapter 1 it has already been shown that this pH difference is equal to

log r, (eq.1.6). When using an ISFET with a (Nernstian) sensitivity of -59'2

mv/pH, the ISFET response to this pH difference is 37.1 mV. The Donnan potential

at the membrane solution interface is therefore exactly compensated by the ISFET

response to the pH difference between solution and membrane'

Now assume a stepwise increase in the electrolyte concentration c" from 10 to

50 mM KCI (ion-step). The Donnan ratio for an electrolyte concentration c" of 50

mM and a fixed charge density c* of -40 mM is 0.677 which corresponds with a

potential Q, of -10.0 mv (eq.3.3). This means that as a response to an ion-step from

10 to 50 mM KCl, the ions in the membrane will redistribute according to the new

f)onnan ratio. This redistribution will start in the double layer at the membrane

solution interface, which follows almost instantly on the concentration step' As a

result, the potential across this interface changes from -37.1 to -10.0 which means

that also the potential which is measured by the ISFET (with respect to the bulk

solution) increases with 21 .l mV. However, simultaneously to this process, protons

will diffuse out of the membrane because the new Donnan ratio ro is higher than

the old ratio, and the proton concentration at the surface of the ISFET will decrease,

which causes the surface potential to decrease until equilibrium is reached again.

In the new equilibrium situation, the Donnan potential at the membrane-

solution interface is -10.0 mV and the difference in pH between the membrane and

the solution results in an ISFET response of +10.0 mV. The measured surface

potential of the ISFET with respect to the reference electrode in the bulk is therefore

the same as before the ion-step. The time constant of the decaying part of the ion-

step response is determined by the diffusion of the protons away from the ISFET

(or the diffusion of OH- ions towards the ISFET surface). By simulating a proton
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mobility in the membrane which has a value of about 0.4 times the mobility in an

aqueous solution, the best fit with the experimental results was obtained 111.

The amount of protons (per unit of volume) that is transported as a response

to an ion-step from 10 to 50 mM (the so-called Donnan amount, AH;",) is simply
given by:

LH;, = \cn ,so- ca..ro) - = ", ,,(+ +l G.41' 
\ /b,so roto )

where cr*,ro and cr*,,. are the proton concentrations in the membrane for c"=JQ 3n6
l0 mM respectively, cg+," the proton concentration in the solution and ro,ro and rr,,o
the Donnan ratios in 50 and 10 mM electrolyte concentration respectively.

As a response to a stepwise change in the ion-concentration from l0 to 50
mM, the amplitude of the transient response will equal the theoretical maximum,
AV**, which is equal to the difference in the Donnan potentials at the membrane-
solution interface before and after the ion-step. This theoretical maximum is given
by:

Lv^* = Qoon,so-Qoon.ro = #"(H) rr.rt

However, in practice the change in the ion-concentration will not be an ideal
step but more likely an exponential increase with a certain rise time. This means that
the diffusion of protons away from the ISFET surface might already take place
while the increase in ion-concentration (the ion-step) is not completed yet. In other
words, there is insufficient separation between the two processes. The result will be
a transient response with an amplitude which is lower than the theoretical maximum.

3.2.3 Contribution of a proton release from acidic groups in the membrane
In the example as described above, a fixed charge density in the membrane is

assumed without taking into account possible interactions of these charged groups
with the protons in the membrane phase. However, in practical applications, the
fixed charge in the membrane will consist of acidic or basic groups capable of
exchanging protons. Therefore the possible proton-association reactions in the
membrane must be taken into account.

If a membrane is considered with a fixed concentration of acidic HA-groups
with a proton dissociation constant Ku, the dissociation equation is given by:



cA-'cH-.-
L"=-' cnu

crorKu

or after rearanging

crorK,
(3.6)

cA
Kr* cH.,- K, 1* 

- 
cH*..

rD

where cA- is the concentration of dissociated AH groups, cror the sum of dissociated

and undissociated AH groups (ctot=cA-+cAH) and cr*,. &nd cr+," the proton

concentration in the membrane and in the solution respectively. It is obvious from

eq.3.6 that the degree of dissociation, corresponding with co-, depends on the

Donnan ratio r, and on the proton concentration in the solution. The Donnan ratio

r, is given by eq.3.3 where the fixed charge density is now the concentration of

dissociated groups c4-, afld c" the ion-concentration in the solution.

,lilr1 - 
"^

(3.7)
ro=

2c

For a negative fixed charge, the value of the Donnan ratio rD can vary between 0

and 1. This means that the existence of a Donnan potential results in less dissociated

AH groups in comparison with the situation where no Donnan potential is present

(according to eq.3.6). In other words, the dissociation of AH groups, corresponding

with co-, is suppressed by a Donnan potential. The suppression is stronger in a low

electrolyte concentration, due to a high Donnan potential, than in a high electrolyte

concentration.
Eijkel has calculated proton titration curves by using eqs.3.6 and3.7 of three

membranes each with c,o,=40 mM but with different values of pKu (pKu =-2, 0'7 and

4). The pKu values are chosen because strongly acidic groups have a pKu of -2,

while sulphate groups, which are responsible for the surface charge of polystyrene

beads, have a pKu of about 0.7 and carboxyl groups, which are very common

amino-acid side- and end-chain groups, have a pKu of about 4. The proton titration

curves are calculated for two different values of the electrolyte concentration c" (10

and 50 mM, 1:1 salt) and are plotted in fig.3.2.

Fig.3.2 shows that the difference between the titration curves for c"=19 p14

and c"=Jg mM, is the largest for the acid with PKu=4. In this case, the suppression

of the dissociation by the Donnan potential for c"=19 mM is the strongest' The

difference between the two curves for pKu=4, Aco-, is also plotted infig3'2' For the

acid groups with pKu=-2, the curves for both salt concentrations coincide. No

e
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Donnan potential is developed in the titration region, because of the high proton
concentration in the electrolyte. For the acid groups with pK"=O .7, the titration
curves only differ for pH values higher than 0.5.

- 
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Fig.3.2 Calculated titration curves of three dffirent membranes containing acidic
groups with a pKo of -2, 0.7 and 4 respectively, for tvvo dffirent electrolyte
concentrations [3].

In the previous subsection it has been shown that as a response to an ion-step
(for a negatively charged membrane), protons diffuse out of the membrane, because
of a redistribution of protons according to a changed Donnan ratio. However, if the
membrane contains proton associating AH groups, the mobile protons in the
membrane are in equilibrium with these groups according to eq.3.6. If mobile
protons diffuse out of the membrane, a certain amount of bound protons will be
released by the AH groups (depending on the pKu). This means that the rotal amount
of protons that has to be transported, as a result of an ion-step, can be much larger
than the Donnan amount (eq.3.4).

The amount of released protons AI{", as a response to an ion-step of l0 to 50
mM in a membrane with a volume of V., can be calculated by using eq.3.6 and
calculating the difference in co- before and after the ion-step.

LH),= V*Lco = V.
ctot Ku crorKu

K,* ]- "r.,"
'o,so

1

. -H,,e
r D,ro

(3.8)
Kr*

PK"='2

pK"-0.7
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where V. is the membrane volume and rr,r, and rr,ro refer to the Donnan ratios for

c"=50 and c"=10 mM respectively. For the case of an ion-step from 10 to 50 mM

at p['l and a membrane of 1 dm3 containing 40 mM AH groups with a pKu of 4

(c,o,=40 mM), this amount is given infig.3.2 as function of the pH (curve Aco )' For

this membrane, it can be calculated that the amount of released protons AFfi, is 400

times larger than the Donnan amount AHilon [3]. However, if the acidic groups have

a pKu of 0.7 or -2, the amount of released protons is negligible in comparison with

the Donnan amount (at pH 7).

Fig.3.3 shows the simulated ion-step responses (10 to 50 mM, pH 7) of three

ISFETs with membranes containing 40 mM acidic groups with a pKu of -2,0;7 and

4 tgl. The ion-step was simulated by a description of the electrolyte concentration

at the membrane-solution interface as function of the time, which followed from a

model of a specific flow-through system. This function approaches an exponential

increase with a rise time of about 1 sec. As can be seen in fig.3.3, the initial

potential rise is identical for all three devices. This is caused by an increase of the

Donnan potential at the membrane-solution interface. The theoretical extreme of this

potential increase is equal to the difference in the Donnan potentials at the

membrane-solution interface before and directly after the ion-step (eq.3.5), assuming

that the concentration of dissociated groups (co-) is not changed yet and equal to the

value at c"=10 mM.
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Fig.j.3. Simulated responses of an ion-step from t0 to 50 mM at pH 7, of three

dffirent ISFETs with membranes (8 pm) containing 40 mM acidic Sroups with a

pK, of -2, 0.7 and 4 resPectivelY [3].
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The return to zero of the measured potential, occurs with a different slope for
the different membranes. As mentioned before, this process is determined by the
diffusion of protons out of the membrane, and the diffusion of oH- ions into the
membrane. Fig.3.3 shows that the return to equilibrium is about the same for the
membranes with the groups having a pKu of -2 or 0.7 but is much slower in the case
of the membrane with the groups having a pKu of 4. This can fully be explained by
the amount of protons that has to be transported. In the case of the membranes with
pKu of -2 or 0.7 , only the Donnan amount of protons has to be transported because
the released amount of protons is negligible. The return to equilibrium is relatively
fast and the theoretical maximum amplitude is not reached because the change of
the Donnan potential at the membrane-solution interface and the diffusion of protons
from the ISFET surface partly coincide. In the case of the membrane with pKu=4,
the released amount is 400 times the Donnan amount and therefore it takes much
longer to return to the equilibrium situation. The potential reaches the theoretical
maximum and within the 10 seconds which are shown in the figure, the proton
concentration at the membrane-ISFET interface hardly changes. It will take about
100 seconds before the potential is returned to zero.

The pH of the solution will influence the transport of protons and oH- ions by
determining both the Donnan and the released amounts. Eijkel has shown that the
amount of mobile H+ and oH- ions in the negatively charged membrane which was
used as example, is minimal at pH 7.4 t3l. Below pH 6.9, protons are the main
transporting ions, and above pH 7.9 oH- ions. consequently, the flux of H+ and oH-
ions will be minimal around pH 7.4. The exact minimum flux will however occur
at a pH higher than7.4 because protons are more mobile than oH- ions. This means
that the chance that the proton concentration at the ISFET surface already changes
before the ion-step is completed, is minimal around pH 7.4.In other words, the
chance of reaching the theoretical maximum amplitude for these membranes is
maximal around pH 7.4.

In a practical application (e.g. proteins), the fixed charge in the membrane will
consist of several types of acidic or basic groups, all with different pKu values. In
this case the intrinsic buffer capacity of the membrane can be used to describe the
total contribution of all different groups to the charge density. The intrinsic buffer
capacity of the membrane is defined as the change of the total negative fixed charge
per change of the pH in the membrane.

To calculate the amount of released protons in a membrane with intrinsic
buffer capacity P, Eijkel derived an equation which describes the change in the
equilibrium total fixed charge concentratior, cx.tot, as a result of a change in the ion-
concentration in the solution lgl.
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6LH;=-6",,r,=-c,,,o,
5"" 6"" ce

1

(3.e)
2.3 +l

p

The change in the total fixed charge concentration, which results from an ion-step

is equal to minus the amount of released protons. This amount is calculated by

integration of eq.3.9, and therefore depends on the buffer capacity p and the square

root term. In most cases B witl be much smaller than the square root term, which

means that the fixed charge concentration will change with an amount proportional

to B. If the buffer capacity is zero, the fixed charge will not change at all and there

will be no proton release. In this case only the Donnan amount of protons is

transported. If B is much larger than the square root term, the fixed charge will

change with the same factor as the change in c". In that case there will be no change

in r, and the Donnan potential at the membrane-solution interface will remain

constant, as follows from eq.3.3. No change in the Donnan potential means that

there is no Donnan amount of protons that has to be transported and the ion-step

response will only be determined by the released amount of protons.

3.2.4 A double-layer model of the charged membrane

In the description of the charged membrane in subsections3.2.2and3.2.3,the

charged groups were considered to be homogeneously distributed in the membrane.

The Donnan theory was used to describe the membranes and in this Donnan model,

an electrical double layer only exists at the membrane-solution interface. However,

the membranes which are actually used with the ion-step measuring method, consist

ofpolystyrene beads in an agarose gel. The charged groups are not homogeneously

distributed but are concentrated on the surface of the beads. Charged surfaces are

usually described by a double-layer theory, and Eijkel has described the implication

of using a double-layer model for the ion-step responses of a charged membrane t3l.

The double-layer model of the membrane consists of many particles (assume

a diameter of 0.1 pm), which are impenetrable for solution and carry a surface

charge. Electrical double layers exist around each particle and because the

dimensions of the membrane pores are of the same order as the double layers

around the particles, double layers exist throughout the membrane pores' The

potential which is measured by the underlying ISFET, with respect to the bulk

potential, is on one hand determined by the mean pore potential, which is the net

result of the contribution of all surface potentials of the charged particles, and on

the other hand by the pH at the membrane-ISFET interface. The measured ISFET
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response in equilibrium is therefore the same as of an ISFET without a membrane,
because the distribution of the protons between the membrane and solution results
in a pH difference, which compensates the mean membrane potential (this is the
same mechanism as in the Donnan model). The relation between the surface charge
on the particles o (c/cm2) and the surface potential ry of each particle is given by:

o = C*q (3.10)

where Co, is the double-layer capacitance (Flcm2).

First, assume that the surface charge on the membrane particles does not
interact with the mobile protons (no proton release or uptake). An ion-step will
result in an increase in the double-layer capacitances of the particles and
consequently in a decrease of the surface potentials {, because the charge densities
remain constant. The ISFET will measure a transient change in the mean pore
potential. As a result of the potential changes, an ion redistribution will take place
and the equilibrium situation is re-established. The theoretical maximum ion-step
response is the change in the mean pore potential. This is comparable with the
Donnan model where the theoretical maximum is determined by the change in the
Donnan potential at the membrane solution interface.

If the surface groups at the particles are mildly acidic or basic, the change in
surface potential after an ion-step additionally results in a release or uptake of
protons, depending on the pKu of the groups. In this case the theoretical maximum
of an ion-step response will not be determined by the change in the mean pore
potential but by the change in the surface potentials at the particles, which will
change more then the mean pore potential t:1. The buffer capacity of the surfaces
is much higher than the mean buffer capacity of the pores, and therefore the release
or uptake of protons resulting from the change in surface potential, will now fully
determine the pH in the membrane pores, which is measured by the underlying
ISFET.

Eijkel found that using the double-layer model, measured amplitudes of ion-
step responses better matched calculated values than using a Donnan model.
Especially when larger beads are used (up to I pm), which actually have been used
in the research project described in this thesis, the double-layer model seems to be
more realistic.
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3.2.5 Experimental
Materials

Agarose (low IEE, zero Mr) was purchased from Biorad and the different

suspensions of polystyrene beads (2.5Vo solids-Latex) from Polysciences Inc.

Protamine sulphate (grade X, from salmon) and glutaraldehyde (grade 1), were

products of Sigma. PBS solutions were made by dissolving PBS tablets (product of

Sigma) in water.

Measurement set-up
The measurement set-up for the ion-step measurements with membrane-

covered ISFETs consists of a computer-controlled flow through system in which a

peristaltic pump ensures a flow of 2.1 mltmin. The ISFET is mounted in a wall-jet

cell in which the liquid flow is perpendicular to the ISFET surface. A cross-section

of the wall-jet cell is shown in fig.3.4. A saturated calomel electrode, placed

downstream, is used to define the potential of the solution. Two bottles containing

the two ion-step solutions are connected via valves to the measurement cell in such

a way that the electrolyte concentration at the ISFET surface can be increased with

a rise time (to 907o of the final value) of about 200 ms.

rgterencs €lactrodg

wasta
printed circuit
board

epoxy

100 mM KCI

ISFET

l0 mM KCI .5 mm

20 mm

Fig. j.4 Cross-section of the wall-jet cell.

The ISFETs are connected to a source-drain follower and the output of this

amplifier is connected to a Nicolet 310 digital oscilloscope, which has the ability to

store recorded curves on a floppy disk. The data can then be modified on a PC

using the software package Vu-Point. For presentation purposes, the curves can be

0.5 mm

lmm

valve

18 mm
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filtered with a software low-pass filter using a cut-off frequency of 40 Hz for
elimination of the 50 Hz main supply interference which has a top-top amplitude of
typically 0.2 mV.

Measurement devices

ISFETs with a Tarot gate insulator were fabricated in the MESA cleanroom
laboratory following the usual ISFET processing steps t4l. The ISFETs showed a
response of about -58 mV/pH. The ISFET chips were mounted on a piece of printed
circuit board and encapsulated with Hysol epoxy. Around the gate a circular area
with a diameter of 2.5 mm and a depth of about 150 pm was left uncovered. The
membranes were made by 1:1 mixing and ultrasonication of a O.25vo agarose
solution with a suspension of polystyrene beads at 40-50oC and subsequently casting
portions of 3 pl on top of the gate area of the ISFETs. After overnight drying at 4oc
and a temperature step of 55oc, during one hour, membranes with a thickness of
about 10-15 pm (in dry condition) resulted.

Protamine was immobilized in the membrane by physical adsorption or by
covalent binding. In the case of immobilization by physical adsorption, ISFETs with
membranes were exposed to a solution of 0.1 mg/ml protamine sulphate in
phosphate buffered saline (PBS) at pH i.4 for about 16 hours. In the case of
immobilization by covalent binding, polystyrene beads with functional amino groups
were washed in a buffer solution and subsequently the amino groups were activated
by 8vo glutaraldehyde in PBS at pH 7.4. Next, the beads were washed again and
exposed to a solution of 0.25 mg/ml protamine sulphate in pBS for 4-5 hours. After
washing, the beads were used to make membranes.

3.2.6 Results and discussion
Fig.3.5 shows a typical response of an ISFET with a membrane of 0.12 prm

polystyrene beads with immobilized protamine (by physical adsorption) to an ion-
step of 10 to 50 mM KCI at pH 7.3. The solutions were buffered with 0.2 mM
HEPES. The ion-step response is a negative transient signal, corresponding with a
changing Donnan potential (or surface potential of the beads) followed by a proton
uptake by the protamine molecules in the membrane causing a temporary pH
increase in the membrane. However, in the first decreasing part of the response, the
potential shows a small temporary increase, indicated in the figure by an arrow,
which is characteristic for these types of membranes. This small increase is the
result of the response of the underlying ISFET gate oxide to an ion-step, as will be
discussed later.
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Fig.3.5 Typical ion-step response (10 to 50 mM KCl, pH 7.3) of an ISFET with a

membrane of 0.12 trtm bertds with immobilized protamine

Fig.3.6 shows a typical response of an ISFET with a membrane of 1.0 pm

polystyrene beads with immobilized protamine (covalently coupled via

glutaraldehyde) on an ion-step of 10 to 50 mM KCl at pH7.3. Both solutions were

again buffered with 0.2 mM HEPES. The response is again a negative transient

caused by a proton uptake of the protamine. However, the small increase in the

potential in the beginning of the response, as in the case of the membrane with the

0.1 trrm beads, is now a significant positive peak. This peak is the result of the ion-

step response of the underlying ISFET, which apparently can not be considered as

an ideal transducer for these dynamic measurements.

The interfering response of the ISFET itself seemingly is a positive transient

signal. In the second part of this chapter it will be explained that this positive

,"rporr" can be described in the same way as the change in surface potential of the

charged particles in the double-layer model of the membrane [5]'

In case of the membrane with the 0.1 pm beads, the membrane itself has a

potential with respect to the bulk solution. This can be described as a Donnan

potential in the Donnan model of the membrane, or as a mean pore potential in the

double-layer model. After an ion-step, first the potential at the membrane-solution

interface will decrease which is detected by the ISFET. However, when the KCI

ions reach the ISFET surface, the ISFET reacts with a positive transient. Apparently

this transient is heavily suppressed by the membrane because only a small effect is

visible. In case of the membrane with the 1.0 pm beads, there probably exists no

potential at the membrane-solution interface, because as a result to an ion-step, the
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first effect is the positive ISFET response and not a decreasing membrane potential.
The electrical fields of the charged beads do not extend to the pore centres anymore
and the mean pore potential is (almost) zero. After the ISFET itself is in equilibrium
again, the ISFET measures the temporary increase in the pH caused by a proton
uptake by the protamine molecules at the surface of the beads.

10 15

time (sec)

Fig.3.6 Typical ion-step response (10 to 50 mM KCt, pH 7.3) o.f an ISFET with a
membrane of 1.0 pm beads with immobilized protamine

3.2.7 Conclusions
In the previous subsections, the origin of an ion-step response of a charged

membrane is described. In a practical application, the charge in the membrane will
consist of mildly acidic or basic groups (e.g. proteins). In this case the release or
uptake of protons by the membrane groups is the dominating mechanism
determining the ion-step responses. The experimental results show that the ISFET
cannot simply be considered as an ideal transducer for these dynamic measurements,
because the ISFET gate oxide also responds to an ion-step. This interfering ISFET
response is more significant in case of a membrane consisting of 1.0 pm beads then
in the case of a membrane consisting of 0. I ;rm beads. However, for both membrane
types the ion-step response of a charged membrane and the response of the
underlying ISFET gate oxide are clearly distinguishable in time.
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PART B

3.3 The ion-step response of a bare ISFET

3.3.1 Introduction
In the previous section, the ion-step response of a charged membrane deposited

on top of a pH-sensitive ISFET is described. From the experimental results it was

concluded that also the ISFET gate oxide responds to an ion-step with a transient

potential change. It has been mentioned that the mechanism behind this response is

the same as the mechanism of the change in surface potential of a charged

membrane particle, which has very briefly been described in subsectton3.2.4.In this

part of this chapter, the ion-step response of a bare ISFET is described in more

detail.

First the operational mechanism of the static pH sensitivity of an ISFET is

described in more detail, because this theory is needed to be able to explain the

dynamic behaviour of the ISFET. After the subsequent description of the dynamic

behaviour, an electrical equivalence model of the ISFET oxide-solution interface is

presented, which can be used to explain both the static and dynamic behaviour of

the ISFET.

3.3.2 The static pH sensitivity of an ISFET
The model which is nowadays commonly used to describe the oxide-solution

interface, and thereby the pH sensitivity of an ISFET, was presented by Bousse in

lg82 t61. This model is based on the site-binding model which is used in colloid

chemistry to describe an oxide-solution interface and which was introducedin 1974

by Yates et al. t7l. Very recently, Van Hal and Eijkel have presented a more simple

theory to describe the pH sensitivity of ISFETs t8l. This theory is initially based on

the site-binding model but is also valid for other models which describe the charging

mechanism of an oxide-solution interface. In this subsection, this theory will be used

to explain the operational mechanism of an ISFET.

As indicated in chapter 1, the threshold voltage of an ISFET is dependent on

the surface potential V0 at the oxide-solution interface which is the result of a

charged oxide surface. The mechanism responsible for the oxide surface charge can

be described by rhe site-binding model which describes the equilibrium between

amphoteric AOH surface sites and H* ions in the solution. The reactions are [7]:

AOH e AO- * H; and AOH; e eOH * HI (3'i1)
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where Hj refers to the protons in the vicinity of the surface. The equilibrium
constants of these equations are:

K, = 
neo 2u; 

and K^ = 
ntouan; 

G.rz)" froo, o ooor;

where n, is the number of surface i-sites per cmz and a.. * the dimensionless activity
of the protons in the vicinity of the surface. H.

The total number of surface groups per cm2 is referred to as N.:
N" = neoni * ilAo- * fr.qo, (3.13)

and the resulting surface charge density oo (c/cm2) can now be calculated by:

o, - q(n.non] - nao) with q=1.6*10-1ec e.t4)

Combining eqs. 3.12, 3.13 and 3.14 gives:

( ,'-.- K,Ko ')

oo=qN"l | (:.rsl

l*,*o+ K#4. r'";)
The pH at which the surface charge Oo=0, is called the point of zero charge, pHo,..

The relation between the surface charge oo and the surface potential ryi is
given by:

oo = VsCd,, (3.16)

where c0,,, is the integral double-layer capacitance (in Flcm2) which is defined as
the ratio of the charge density o0 to the potential difference yo.

The integral double-layer capacitance c0,,, can be calculated by using the
Gouy-Chapman-Stern model tsl. In this model the double-layer capacitance consists
of a series network of a Helmholtz layer capacitance (the Stern capacitance) and a
diffuse-layer capacitance. The Helmholtzlayer models the effect that the ions in the
solution have a finite size and the centres of the ions cannot approach the surface
any closer than the ionic radius including a possible water layer which means that
there exists a plane of closest approach for the centres of the ions at some distance
xr. The diffuse layer, starting from xr, is containing the same amount of charge (but
with opposite sign) as the oxide surface charge, because the Helmholtz layer is by
definition not containing any charge. The charge in the diffuse layer oo, is given by
Ie]:

oo, = -(akk;ono)%.*[+] = -oo = -car,i$o (3.17)
' [zkr) ,
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where y, is the potential at xr, n0 the concentration of each ion in the bulk solution

in number/litre, and z the valence of the ions. The parametefs t., t6, k, q and T have

their usual meaning.

The difference between the potential Vl at xH and the surface potential yo, is

the potential difference across the Stern capacitance. The Stern capacitance has a

value of qe0/xH (F/m2) and is usually assumed to be constant with a value of 20

trBtcm21*iti, i.=f 1 in the Helmholtz layer, and xrf5 A). The potential ry, can

therefore be described bY:

oo aoxa
t[, = Vo ,; = vo- 

e,.€o
with C","-= 2}1filcmz (3.i8)

with eqs.3.17 and 3.18 it is now possible to calculate the integral double-layer

capacitance as a function of yo and the electrolyte concentration.

van Hal and Eijkel derived a general expression for the pH sensitivity of an

ISFET, defined as the change in the surface potential V0 as a response to a change

in the pH of the bulk solution, which is referred to as pH" (6ryrl6pH") lsl. This

sensitivity is expressed in terms of the chemical intrinsic buffer capacity of the

oxide surface and the electrical capacitance of the double layer. The intrinsic buffer

capacity B, of the oxide surface is defined as the change in the net number B of

basic groups, as a result of an infinitesimal change in pH., which is the pH in the

vicinity of the surface. The number B is equal to B=nno- - noo" * and using eqs'

3.14 and 3.15, Bi is given bY:

B, = 
=68., 

= -1 .u,1* = *,Kta";*4K'Krar';*l'K't 23ar, (3.r9)
r i 6pH, q DpH" - s 

\*,* o* K#a" . 4,)'
The ability of the double layer to store charge in response to a small change

in the potential 6oo/6ryo is defined as the differential double-layer capacitance, Cott,

and can be calculated using eqs. 3.17 and 3.18 tgl:

6o 6o*
(2r,ror'q'o'\%

\ kr) = car Q.zo)
cosh

zQ! t

2kTo

Dqr, 6V,

If the differential capacitance is written as the inverse, it can be clearly seen

that the capacitance is made up of two components in series'

,.[*)l=*)'**l#)



1

The change in the surface potential v0 as a response to a change in pH., can
now simply be derived by combining eqs.3.19 and3.2o which result in:

6Uo 6rfo 5oo -QFi
(3.22)6pI{" 6oo 6pI{" Cdr

The relation between the pH in the bulk solution pH" and the pH in the
vicinity of the surface pH, is given by the Boltzmann equation which describes the
relation between the potential yo and the difference in the H+ concentration in the
bulk solution .r"* *O in the vicinity of the surface cr"*.

( ze,eozz q2 nol' 

"o.n 
I 
rd, 

)\ kr / \zkr)

cn:=cn)*(+) (rrr,-pry=#b

by combining eq.3.22 and 3.23:

jgq 
= -23!!a with6plf" q

or (3.23)

The general expression for the pH sensitivity of an ISFET can now be derived

2.3kTCd,r

(3.21)

(3.24)

1
d=

+l

The parameter o, is a dimensionl"r, ,"r.lr'ft parameter which varies between
0 and 1, depending on the intrinsic buffer capacity p, of the oxide surface and the
differential double-layer capacitance cdir. If c[=1, the ISFET has a so-called
Nernstian sensitivity of -59.2 mV/pH (at 29gK).

Van Hal and Eijkel calculated the sensitivities for ISFETs with an SiO2, Al2O3
or Tarot gate oxide t8l. The values for K", Ko and N, were obtained from the
literature. It appeared that the intrinsic buffer capacity Pi of the oxide surface is the
key parameter which is determining the pH sensitivity. The value of the differential
double-layer capacitance is limited to a maximum of 20 pFlcm2 by the Stern
capacitance. Fig.3.7 shows the calculated intrinsic buffer capacities using eq.3.l9
and the values for K", Ko and N. as given in table 3.1. The calculated pH-
sensitivities for an electrolyte concentration of 100 mM are shown in fig.3.g using
eqs.3.18, 3.19,3.20 and3.24. [t is obvious that rhe Taror ISFET has the largest
intrinsic buffer capacity resulting in a calculated sensitivity of -58 mV/pH over the
entire pH range.
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Table 3.1 Some oxide parameters as found in literature
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3.3.3 The dynamic behaviour of an ISFET after an ion'step

Now the static pH sensitivity of the ISFET has been described, the dynamic

behaviour after an ion-step can also be described. To elucidate the mechanism tttl
the simulation model, which was developed to simulate ion-step responses of a

charged membrane as described in section 3.2, was slightly adapted t3l. The

chemical equilibria at the TSFET surface, as described in the previous subsection'

were incorporated in the model to describe a TaTO5ISFET surface (pH*.=3)

together with a stagnant layer of 8 pm in which ion-transport is caused by diffusion

only. The ion-step is simulated by a stepwise increase in the electrolyte

concentration at the outside of the stagnant layer. Fig.3.9 shows simulations of a

TarO'-ISFET response to an ion-step from 10 to 100 mM KCl at t=0 sec' and
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subsequently from 100 to 1000 mM KCI at t=3 sec. The electrolytes all have a pH
of 7 and do not contain a buffer. The electrolyte concentration c., the (integral)
double-layer capacitance co,, the surface potential yo and the surface charge density
oo are plotted as function of the time. The relation between the last three parameters
is given by eq.3.16: oo=VoCar.
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Fig.3.9. simulated ion-step responses from l0 to 100 mM KCI at t=0 and from 100
to 1000 mM KCI at t=3 sec, of a TarO5 ISFET at pH 7

In the equilibrium situations of the simulations shown in fig.3.9, t<0, l<t<3
and t>4 sec., V0 (and thus oo/C61) has the same value. Because a TaTOT ISFET
shows a constant pH sensitivity over the entire pH range, the value of yo is equal
to (pH"-pHr,") times the sensitivity, which gives (7-3)*-59=-236 mV. The difference
between the simulated values of yo at 10 mM and 1 M KCI is only 1.5 mv, which
indicates that the pH sensitivity should hardly be influenced by the electrolyte
concentration. This is in agreement with the theory as described in the previous
subsection. The parameter o in eq.3.24 is mainly determined by the buffer capacity

B, of the TurOs surface whereas the double-layer capacitance C6;1, which changes
with the electrolyte concentration together with the integral double-layer capacitance,
plays a minor role. The independence of the static pH sensitivity on the electrolyte
concentration has also been verified by experimental results 1s1.
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For the non-equilibrium situations directly after an ion-step the mechanism is

as follows. After an ion-step, Co, increases very fast due to a sudden increase of the

diffuse capacitance. As a result, the surface potential yo will decrease (become less

negative) according to eq.3.16. According to the Boltzmann equation (eq.3.23), the

proton concentration in the vicinity of the oxide surface, will tend to decrease

because of the decreased yo. However, due to the very large intrinsic buffer capacity

of the TarO, surface, the surface will dissociate AOH groups to keep the Hf

concentration constant. As a result of the dissociation, oo will become more negative

and consequently, ryo will increase again (become more negative). When a new

equilibrium is reached, o/Car (=ryo) has the same value as before the ion-step. The

time constant of adapting oo by dissociating AOH groups is determined by the flux

of the H* ions away from the surface. A larger flux will result in faster responses

and a smaller flux in slower responses. Since the proton flux in an aqueous solution

(without additional buffer) is minimal at pH 7 .12, the ion-step response will have

a maximum time constant at this pH. Above pH 7.12, oH- ions will be the main

transporting ions, and below pH 7 .12, the protons will be the main transporting ions.

If the solution contains an additional amount of buffer (with a relevant pKa), the

buffer molecules and ions will in most cases determine the proton flux. For

example, in a solution of 0.1 mM buffer atpH7, the total concentration of buffer

molecules is 1000 times higher than the proton concentration.

The amplitude of the simulated response to the ion-step from 100 to 1000 mM

at t=3 sec. is smaller than the amplitude of the response to the ion-step from 10 to

100 mM (at t=0 sec). This is because the change in Co, is smaller at higher ion

concentrations, which is caused by the constant Stern capacitance.

If the double-layer capacitance changes from Co,, to C6y2, the theoretical

maximum change in ryo (AV.u*) directly after the ion-step (assuming o0 is not

changing yet from oo,l to 06,2) is:

'*, -r,
c*,

For the example given in fig.3.9, this gives o Av.u* of 49 mV at t=0 and 26

mV at t=3 sec. The simulated values in fig.3.9 are 38 and 22 mY respectively. The

reason for this discrepancy is an insufficient time separation of the changes in Co,

and oo which is caused by the thickness of the stagnant layer. The oxide surface is

already dissociating protons, thereby changing 06, before the ion-step is completed'

Sufficient separation can only be realized if a smaller stagnant layer is assumed,

which is not realistic. Therefore, submaximal responses are to be expected in

experiments. The chance of reaching the theoretical maximum is maximal if the flux

of protons is minimal.

Au.u* =A+,={,.,,( (3.2s)
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3.3.4 An electrical model of the oxide-solution interface
In this subsection an electrical model of the oxide-solution interface will be

presented, which can be used to explain the static pH sensitivity as well as the
dynamic behaviour of the ISFET after an ion-step trl. Fig.3.10 shows in a schematic
way the ISFET gate oxide-solution interface together with equivalent electrical
components. In front of the oxide surface and the electrical double layer, a stagnant
layer is defined in which ion-transport is caused by diffusion only. The stagnant
layer is connected to the bulk solution in which the concentrations are assumed to
be constant and change instantaneously at an ion-step.

In fig.3.11 an electrical equivalence model of fig.3.10 is shown. The voltage
source u, colresponding with the pH difference between the bulk solution and the
pH at the point of zero charge of the oxide surface, is converted by the network
CllczlP.e to the surface potential yo. Capacitor C, corresponds with the intrinsic
buffer capacity of the oxide surface, capacitor c, with the electrical double-layer
capacitance and resistor Rn is the reciprocal of the proton and OH- conductivity of
the stagnant layer. Note that in this model only protons and OH- ions are considered
because these are the potential-determining ions. The proton currents flowing
through the stagnant layer will not create a significant diffusion potential across the
stagnant layer due to the background electrolyte concentration of at least 10 mM
KCI.
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c2 UJo

stagnant
Re

I ayer

bulk

u

lay6r
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Fig. 3. I 0 S chematic pre s en-

tation of the ISFET oxide-
solution interface.

PH"

Fig.3.l1 Electrical model of the

ISF ET oxide- solution interface

The voltage source u of the network is the electrical potential difference
corresponding with a difference between the bulk pH and the pH at the point of zero
charge of the ISFET given by the Boltzmann equation:

u = (pr{0,"-ru")zzff ryl e.z6)
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Capacitor C, is the electrical equivalence of the intrinsic buffer capacity B,, and is

equal to (using eq.3.19 and the Boltzmann equation):

p2
c' = B'*.znr [F/m2] (3'27)

The value of capacitor C, equals the integral electrical double-layer capacitance:

C, = Ca,i [Fim'] Q'28)

The value of the resistor R, is the reciprocal of the proton and OH- conductivities

in the stagnant layer. Assuming a potential difference 6ry/6x over the stagnant layer,

and thus over R, the corresponding current density j, of H* and OH- ions is:

j, = F(cr.Ur' * coH'uor) Na* [Alm2] (3'2g)

where c, the concentration of ion i and U, the mobility of ion i. The specific proton

conductance 1 follows from Ohms law:

x = F(cs, Un. * con Urr) ['0-16 -t1 (3'30)

The relation between the mobility and the diffusion coefficient of ion i is given by

the Nernst-Einstein bquation:

,, = !-o, [m's -rv -1] (3.31),RT

Combination of eqs. 3.30 and 3.31 gives the following expression for the specific

proton resistance pr:

RTlP'= P (""D"*"*4,)
The proton resistance Ro of a stagnant layer

square meter is now given by:

R, RT L,X

F2 (c*Dr, * coH D*)

loml Q.32)

with a thickness Ax and an area of one

l0m'l (3.33)

If the solution contains a certain amount of buffer BH with a certain pK", the proton

resistance decreases and is given by:

R = I! L* IOm2l (3.34)"P F2 (cs-Du.* cou Dou +buf.term)

The buffer term is a function of the concentration and diffusion coefficients of the
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dissociated and undissociated buffer molecules and the pKu of the buffer.
Now assume a TarO'-ISFET (pHor.=3) in thermodynamical equilibrium at pH

7. The potential source u is now equal to -236 mY. The value of C, can be

calculated by taking the value for B, from fig.3.7 (3.25*10re groups/m2) which
results in a value of 202 F/m2. The value of C, (the double-layer capacitance) is

constant and determined by the electrolyte concentration but will always be smaller
than 0.2 F/m2 due to the constant Stern capacitance. In an equilibrium situation, no
proton current will flow and the potential ryo is given by:

C,
U^ = ./ (3.35)I u (c'* c')

Due to the very large value of C,, in comparison with the value of C2 (C1lCz>1000),

the potential yo of a TarO'-ISFET will always equal the source u, resulting in a

Nernstian sensitivity over the entire pH-range, which is not influenced by the
electrolyte concentration. This is in agreement with the theory and experimental
results. In the case of AlrO, and SiOr-ISFETs, the value of C, is lower and varies
with the pH. The potential ryo is now also influenced by the value of C, which
explains the non-Nernstian behaviour of the AlrO, and SiOr-ISFETs.

The dynamic behaviour of the ISFET after an ion-step can be simulated in the
electrical model by a sudden increase of the value of capacitor Cr. Assume a TarO,
ISFET to which an ion-step is applied at constant pH 7 (no additional buffer). Due
to the increase in Cr, the potential ryo will first decrease (become less negative)
followed by a redistribution of charge which causes a temporary proton current
through resistor Ro. Assuming a stagnant layer of 8 pm,Rp has a value of 1.5*103
f)m'in equilibrium atpH7, according to eq.3.33. However, if the oxide is releasing
protons, the value of the proton resistance decreases due to the increasing term
(cr*Dr* + c6H-Derr-). The proton resistance Ro is therefore a potential dependent
resistance with a maximum of 1 .5 kQrn2 at pH 7 . If an ion-step from I 0 to 100 mM
is considered at pH 7, the double-layer capacitance changes from 0.128 to 0.161

F/m2 as is shown in the previous subsections. The transient change of the potential
tyo is now determined by the RC time consisting of the proton resistance Ro and the

change in double-layer capacitance which is 0.033 F/m2. This yields a maximum RC
time of 49 sec. which will decrease very rapidly because of the decreasing value of
Rp.

3.3.5 Experimental
The measurement set-up which was used for the measurement of ion-step

responses of bare ISFETs, slightly differed from the set-up described in subsection
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3.2.5.The measurement set-up consists of two vessels containing the two ion-step

solutions, which are connected to a flow-through system in such a way that the

electrolyte in front of the ISFET can be changed with a rise time (to 90Vo of final

value) of about 1 second by switching a valve. Note that the ion-step is applied

slower than in the set-up described in section 3.2.5. The two vessels contain

solutions of equal pH and different KCI concentration c", and c", (without additional

buffer) and are continuously purged with nitrogen to prevent CO, to dissolve. The

pH in each vessel is monitored by a battery-supplied Radiometer pH meter. Two

Metrohm burettes are connected to the vessels to adjust the pH with KOH. The

ISFET is mounted in a wall-jet cell where the liquid flow is perpendicular to the

ISFET surface. The cell is almost identical with the cell which is shown in fig.3.4,

but some of the dimensions are slightly different which result in the slower rise

time. A peristaltic pump ensures a flow of 2.7 mVmin and a calomel reference

electrode, which is placed downstream, defines the potential of the bulk solution. All
solutions used were of analytical grade.

Ta2O5, SiO, and Al2O3 ISFETs were made according to the usual ISFET

processing steps, and were encapsulated in the same way as described in subsection

3.2.5. The data-acquisition procedure was also the same as described in subsection

3.2.5.

3.3.6 Results and discussion
A typical response of a Ta,O'-ISFET to an ion-step from 10 to 50 mM KCl,

is shown infig.3.12, curve 1. In this case the pH was 8.3 (adjusted with KOH), and

no buffer was added. The three other curves in frg.3.l2 show ion-step responses

after addition of respectively 0.1, 0.5 and 1 mM of TRIS buffer to both solutions,

while keeping the pH at 8.3. As can be seen, the amplitude as well as the duration

of the response become smaller with increasing buffer capacity, which is caused by

the decreasing proton resistance Rr. The buffer molecules and ions are fully
determining the proton flux at this value of the pH.

In fig.3.13 the amplitudes of ion-step responses from 10 to 100 mM KCI are

shown as function of the pH for three different ISFETs with different types of gate

oxide. The pH was adjusted with HCI and KOH and no buffer was added. The

curves of the TarO, and SirNo ISFETs reach a maximum around pH 8 and only the

curve of the AlrO, ISFET intersects the zero axis (around pH 4.2)- The AlrO,

ISFET which was used for the experiment apparently has a point of zero charge at

pH4.2.In literature, values of 4.8 to t have been reported ttzl. Although the ion-

step measuring method seems to be a very direct method to determine the point of

zero charge of a gate oxide of an ISFET, more results of specific experiments are



The ion-step measuring method 77

needed to make a realistic comparison between this measured value of the pHor. of
AlrO, and the values reported in literature. The other ISFETs do not intersect the

x-axis and therefore the points of zero charge must be found at lower values of the
pH. However, it must be noted that at pH values lower than 3 (and higher than l1),
the ion-step response will always be very small because of the high proton flux in
the stagnant layer (corresponding with a very low proton resistance Ro in the

electrical model).
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Fig.3. I 3 Amplitude of lSFET-responses

to an ion-step of l0 to 100 mM KCI (no

buffer added) as a function of the pH.

If the difference between the pH and the pHor. increases, the surface potential

1lo increases and consequently the amplitude of the ion-step response increases. The
amplitude of the ISFET response to an ion-step from 10 to 100 mM KCI has a
theoretical limited value of 59 mV (Nernst). The measured amplitude reaches a

maximum around pH 7.5 to pH 8 for the TqOs and SirNo ISFETs. Around pH 7

the proton flux is minimal which means that the ratio of the measured amplitude and

the theoretical maximum will be maximal. With increasing values of the pH, the

surface potential yo will increases and therefore the theoretical maximum will
increase (limited to 59 mV). However, the ratio of the measured amplitude and the

theoretical maximum will decrease for pH>8 due to an increasing proton flux, which
apparently is a stronger effect because the amplitudes decrease. For the AlrO,
ISFET the relative increase in yo is higher with increasing pH (due to a lower
absolute value) which apparently is a stronger effect then the decreasing ratio of the

3

'1
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measured amplitude and the theoretical maximum for pH>8.

To determine the dependence on the absolute electrolyte concentration, ion-step

responses of a TarO'-ISFET were recorded using different electrolyte concentrations

c", and c", while keeping the step ratio constant at 5 (c", - 5*c"1). In fig.3.14 the

amplitude of the ion-step response is plotted as function of the initial concentration

c",. The amplitude of the ISFET responses decreases with increasing concentration.

which was also observed in the simulations and expected from the theory because

the change in the double-layer capacitance decreases with increasing electrolyte

concentration due to the constant Stern capacitance.
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Fig.3.14 Amplitude of a TarOt-ISFET response to an ion-step from c", to 5*c", as

function of c",.

3.3.7 Conclusions
In part B of this chapter, the dynamic behaviour of a bare ISFET (ISFET

without a membrane) after a step-wise increase in the electrolyte concentration (the

ion-step) has been explained. The theoretical maximum amplitude of the response

is dependent on the surface charge density of the ISFET gate oxide and the change

in the double-layer capacitance. Because in the practical measurement set-up the ion

concentration at the ISFET surface does not change in an ideal step-wise way, the

change in concentration and the resulting adaptation of the surface charge might

partly coincide, which results in an amplitude that does not reach the theoretical

maximum. The time constant of the re-establishment of equilibrium, is determined

by the proton flux in the stagnant layer in front of the ISFET. At pH 7 (no buffer),

the amount of transporting ions reaches a minimum and therefore, the time constant

reaches a maximum. This means that the chance of reaching the theoretical
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maximum amplitude is maximal at pH 7 .If the solutions contain a certain amount
of buffer, the buffer molecules and ions will in most cases determine the proton flux
in the stagnant layer (eq.3.34) and lower the time constant.

Since the ion-step response of a bare ISFET is determined by the surface
charge density of the gate oxide, it is interesting to investigate the possibility of
modifying the ISFET surface in such a way that it becomes specific for a certain
charged analyte. If the analyte binds to the surface, the ion-step response would
change. In chapters 5 and 6, results are presented of different procedures to modify
TurOt ISFETs in such a way that heparin directly binds to the modified surfaces.

If ISFETs are used in combination with a porous membrane of polystyrene
beads, as described in section 3.2, it is inevitable that the ISFET gate oxide also
responds to the ion-step which introduces an artefact for the membrane
characterization. only at the point of zero charge, the ISFET response is nihil. The
already mentioned possible surface modification might be used to 'tune' the pHrr.
of an ISFET to eliminate the interfering ion-step response of the ISFET. some
results of 'tuned' ISFETs with a membrane of polystyrene beads are presented in
chapter 5.

The ion-step response of the ISFET gate oxide can also be reduced by ensuring
a large proton flux from the ISFET surface as is described in the previous
subsections. In a practical application a membrane will have a certain buffer
capacity which in most cases is higher than the buffer capacity of the solution. If
a dense membrane is used, the buffer capacity directly at the surface of the ISFET
will reduce the ion-step response of the gate oxide by ensuring a relatively large
proton release or uptake. However, in case of a more porous membrane, the buffer
capacity directly at the surface of the ISFET will be smaller, which will give a
relatively smaller proton release or uptake. This results in a more significant ISFET
response which has also been observed in the experiments presented in section 3.2.5.
In general, when using an ISFET under a membrane and when the interfering
response of the ISFET gate oxide must be limited, the buffer capacity directly at the
oxide surface-membrane interface must be as high as possible. In practice, this
means using a dense membrane which is in close contact with the oxide surface.
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The ISFET-based heparin
sensor with a membrane
of polystyrene beads

4

4.1 Introduction

In this chapter a heparin sensor is described based on the ion-step measuring
method and a membrane of polystyrene beads with immobilized protamine acting
as affinity ligand. Binding heparin in the membrane will change the charge density
in the membrane, which can be detected by the ion-step response.

Protamine sulphate is clinically used to neutralize heparin and to counteract
its anticoagulant effects. The protamines are a family of basic proteins which
typically contain 22 arginines out of 32 amino acids (MW t4000). Because arginine
contains a basic functional group with a pK of 12.5, the protamine molecules are

highly positively charged at physiological pH values. The three acid functional
groups in heparin are fully dissociated at physiological pH values, to yield -OSO3-,

-NHSO3- and -COO- groups, thus resulting in a highly negatively charged heparin
molecule. It is found that the interaction of protamine with heparin consists of 1:1

pairing of anionic heparin sites with cationic protamine sites, which provides enough
binding energy for a firm and stable complex formation ttl. The use of the positively
charged protamine as affinity ligand for the negatively charged heparin will result
in a substantial change in charge density in the membrane which is very beneficial
when using the ion-step measuring method.

Because of the purely electrostatic nature of the interaction of heparin with
protamine, the interaction does not distinguish heparin molecules with high affinity
for antithrombin III (AtIID or factor Xa (fXa) from heparin molecules with low
affinity to ATIII or fXa. This means that using protamine as affinity ligand, absolute
concentrations of heparin are determined. Since heparin is very heterogeneous (see

chapter 2), the best way to express absolute concentrations would be in milligrams
per millilitre. However, the heparin which was used in the experiments was a

commercial heparin solution for clinical application, and the concentration was
defined in anticoagulant activity units per millilitre (U/ml). Consequently, the results
of our experiments are also given as function of this concentration. The range which
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is of physiological importance for monitoring, and therefore chosen as specification

for the heparin sensor, is 0.1-1.0 U/ml.
The protocol which will be used to determine the calibration curve of the

sensor response as function of the heparin concentration is as follows:
. Immobilization of the affinity ligand protamine in the membrane.

. Calibration of the device by measuring the response to an ion-step.

. Incubation of the device in a solution with a known heparin concentration for a

certain incubation time.
. Determination of the ion-step response.

. Determination of the shift in response with respect to the calibration.

. Repetition of the previous steps for different heparin concentrations using a new

device for each heparin concentration.
. Plotting the shift in response as a function of the heparin concentration.

4.2 Materials and methods

The measurement set-up consists of a computer controlled flow-through

system in which the pH can be varied by mixing two buffers with variable ratio.

The electrolyte concentration at the surface of the membrane-covered ISFET can be

changed within 200 msec from a 10 mM KCI to a 50 mM KCI solution by

switching a valve. A cross-section of the wall-jet cell which was used, has been

shown in fig.3.4. For some of the experiments the 10 mM KCI solution was

buffered with a mixture of 0.2 mM citric acid and 0.5 mM TRIS to vary the pH

between 4 and 9 while the 50 mM KCI solution was not buffered. Other

experiments were performed with l0 and 50 mM KCI solutions which were both

buffered with respectively 0.5 and 0.2 mM HEPES (pH 7.55).

The responses of the TarO5 ISFETs were measured with a source and drain

follower tzl and recorded with a Nicolet 310 digital storage oscilloscope.

The membranes were made according to the process described by Schasfoort

et al. t3l. A0.25Vo agarose solution (low IEE, zero M,, Biorad) was mixed 1:1 with

a suspension of polystyrene beads (2.57o solids-Latex, Polysciences inc.) at 40-50oC

and portions of 3 prl were cast on the ISFETs. After overnight drying at 4oC and a

temperature step of 55oC (for one hour), membranes with a thickness of about 10-15

pm (in dry condition) resulted. An additional step with respect to the original

process, was ultrasonication of the mixture for 1-2 minutes before casting it on the

ISFETs. This resulted in more homogeneous membranes as is shown on the SEM

photographs in fig.4.1.

Protamine sulphate (grade X, from salmon) was purchased from Sigma and
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heparin from organon Teknika (Thromboliquine@, 5 ml ampoules containing 25000
Units). Protamine was immobilized in the membrane by physical adsorption or by
covalent binding. In the case of immobilization by physical adsorption, ISFETs with
membranes were exposed to a solution of 0.1 mg/ml protamine sulphate in
phosphate buffered saline (PBS) for L-17 hours. In the case of immobilization by
covalent binding, polystyrene beads with functional amino groups were washed in
a buffer solution, and subsequently the amino groups were activated by
glutaraldehyde. Next, the beads were washed again and exposed to a solution of
0.25 mg/ml protamine sulphate for about 4-5 hours. After washing, the beads were
used to make membranes.

Fig.4.la SEM photograph of ct

membrane of 0.12 1tm beads without
ultrasonication of the membrane
mixture.

Fig.4.lb SEM photograph of a
membrane of 0.12 pm beads after
ultrasonication of the membrane
mixture.

For the experiments in blood plasma, citrated normal plasma was used which
was a gratefully accepted gift from the laboratory of the 'Medisch Spectrum Twente'
hospital. Small amounts of the concentrated heparin solution were added to the
citrated normal plasma to obtain plasma samples with different heparin
concentrations.

4.3 Results

A typical ion-step response of an ISFET provided with a membrane of 0.12

trrm polystyrene beads is given in fig.4.2.In rhis case the l0 mM KCI and the 50
mM KCI solutions were both buffered at pH 7 .3. The top curve represents a typical
ion-step response of an ISFET with a bare membrane without immobilized proteins.
The negative surface charge on the beads (and possibly the agarose) result in a
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positive response.

The bottom curve in fig.4.2 represents a typical ion-step response of an

ISFET with a membrane (0.12 pm beads) with immobilized protamine. To

immobilize the protamine, the device was incubated for 15 hours in 0.1 mg/ml

protamine sulphate. The positively charged groups of the protamine result in a net

positive charge in the membrane and thus in a negative ion-step response. The small

negative peak that precedes the larger response is caused by the interfering ISFET

response, as described in chapter 3, section 3.2.6.Expetiments showed that already

after two hours of incubation in 0.1 mg/ml protamine sulphate, the ion-step response

reaches a maximum value indicating that the membrane is saturated with protamine.

Yet the reason for incubating the membranes for 15 hours is the experience that

protamine which was immobilized by long incubation times did not desorb at all

during at least 48 hours, while short incubation times did result in some desorption

of the protamine from the polystyrene beads.
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Fig.4.2 Top curve: typical ion-step

response of an ISFET with a membrane
of 0.12 pm beads without coupled
proteins. Bottom curne: typical ion-step
response of an ISFET with a membrane

of 0.12 pm beads with adsorbed
protamine.
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Fig.4.3 Top curve: amplitude LV of an

ion-step response of an ISFET with a

bare membrane as function of the pH.

Bottom curves: amplitude LV of ion-step

responses of six ISFETs with a

protamine loaded membrane as function
of the pH.

Ion-step responses were also recorded as function of the pH. Fig.4.3 shows

the amplitude AV of the ion-step response as function of the pH for an ISFET with

a bare membrane (upper curve, typical result) and of a series of six ISFETs provided

with a protamine loaded membrane (lower curves). The pH of the 10 mM KCI
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solution was varied by mixing a citric acid and a TRIS buffer solution. The 50 mM
KCI step solution was not buffered (pH + 5.5) because the transient response of the
membrane to an ion-step is much faster then the establishment of the new pH
equilibrium in the membrane.

As a result of the dissociation of titratable groups, the charge density in a

positively charged membrane should decrease with increasing pH, until the charge
density becomes zero at the iso-electric point of the charged membrane and then
changes sign. If the ion-step response should only be a function of the charge
density, the bottom curves in fig.4.3 should continuously rise with increasing pH and
eventually cross the X-axis at the iso-electric point of the membrane. This effect is
however not seen. The reason of this deviation might be that because the ion-step
response is mainly caused by a release or uptake of protons, which result in a
temporary pH change in the membrane, the buffer capacity of the solutions and the
membrane also play a very important role. Further experiments did indeed show a
different response when using different buffer capacities. More experiments need to
be done to determine the exact influence of the buffer capacity and to interpret the

shape of the AV-pH curvesl. Up to now we decided that, in order to compare ion-
step responses before and after modulation of the charge density in the membrane,
the buffer capacity must be kept constant. In a practical application of the sensor,
the buffer capacity as well as the pH will be kept constant before and after
modulation of the charge in the membrane and only one ion-step response is needed
(after calibration) to determine the concentration. The exact shape and nature of the

AV-pH curve is then of minor importance.
Each of the six ISFETs with protamine-loaded membranes was subsequently

immersed in a PBS solution with a different heparin concentration. After 18 and 40
hours of incubation, the ion-step responses were again recorded as a function of the
pH. In fig.4.4 the amplitudes of the transient ion-step responses after 40 hours of
incubation are shown as a function of the pH. The shape of the AV-pH curves
doesn't significantly change after incubation in different heparin solutions. It is
therefore concluded that the change in the ion-step response as function of the
heparin concentration does practically not depend on the pH. In fig.4.5 we have
shown the change in the amplitude of the ion-step response at pH 7.4 for the six
different ISFETs with respect to the response before incubation in the heparin
solutions. The change in the amplitude of the ion-step response is plotted as a

I This chapter was published before the ion-step response of bare ISFETs was examined as described
in chapter 3. From this investigation it is now known that the ISFET itself also shows a response to an ion-step
and that this response can interfere with the membrane response. It was also shown that this response is maximal
around pH 7 (in unbuffered solutions) which effect might contribute to the maximum in the curves shown in
fr9.4.3.
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function of the heparin concentration. The curves which are fitted through the

points, show a linear relation between the change in response and the heparin

concentration in the range 0.1-1.0 U/ml.
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Fig.4.5 Change in amplitude LV of the

ion-step responses at pH 7.4 as function
of the heparin concentrqtion after 18

hours and 40 hours of incubation.

Aiming at a practical application of the sensor, incubation times of 18 or 40

hours are not very auspicious. To determine whether more porous membranes result

in shorter incubation times, ISFETs were provided with membranes of three

different sizes of polystyrene beads (0.12, 0.43 and 1.14 pm diameter). Protamine

was immobilized by physical adsorption after which the response to an ion-step was

recorded. Subsequently the devices were immersed in a PBS solution containing 0.5

U/ml heparin and the ion-step response was recorded as a function of the incubation

time. Fig.4.6 shows the change in the amplitude of the ion-step response (with

respect to the response before incubation in the heparin solution) for the different

ISFETs as function of the incubation time (typical result). From this figure it is
obvious that larger beads lead to more porous membranes and facilitate the diffusion

of heparin into the membrane.

Based on these results we decided to use 1.14 Pm beads for a new series of

devices and determine the change in the ion-step response as function of the heparin

concentration. Protamine was again immobilized by physical adsorption and before

1
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exposing the device to a heparin solution, a calibration ion-step response was

recorded. Fig.4.7 shows the change in the amplitude of the ion-step response after
30, 60 and 170 minutes of incubation in the heparin solutions.
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Another series of six ISFETs was provided with a membrane of 1.0 trrm
polystyrene beads containing functional amino groups. Protamine was immobilized
by covalent binding via glutaraldehyde after which the devices were immersed in
different heparin solutions. Fig.4.8 shows the results of this experiment. The same
type of devices were used to determine the ion-step response, in blood plasma with
different heparin concentrations. In fig.4.9 the change in the amplitude of the ion-
step response with respect to the response before incubation, is shown as function
of the heparin concentration in blood plasma.

20
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4.4 Discussion and conclusions

The results of the experiments as described in the previous section show that

it is possible to determine heparin concentrations with the ion-step measuring

method by using protamine as affinity ligand. The relation between the change in

the amplitude of the ion-step response and the heparin concentration in PBS can be

described as linear in the range 0.1-1.0 U/ml. As described in the previous section,

the measurements of the different heparin concentrations were performed with

different devices because the ion-step measuring method is a 'single use' method.

Due to the fabrication process, the membrane thickness of the different devices

varies about 207o. This is the main reason for the individual deviations of the

measured heparin concentrations from the fitted curve. Another fabrication process

which controls the membrane thickness, for instance spinning the membrane mixture

on a wafer of ISFETs, will reduce these deviations. For higher concentrations and

longer incubation times, the curves deviate from the linear relation as a result of
saturation of the membrane with heparin.

The slope of the response-concentration curve is a function of the incubation

time, the bead diameter and the way of immobilization of the protamine. The slope

varies from 26 mVAJ.ml-1 for 0.12 ;rm beads after 40 hours of incubation to about

I
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3 mV/U.ml-l for 1.0 lrm beads after 15 minutes of incubation. The minimum
acceptable slope of the response-concentration curve is determined by the
specifications for a practical application together with the technical specifications of
the measurement system. If we assume that the required accuracy for determining
heparin concentrations is 0.05 U/ml and that the ion-step response is reproducible
within 0.1 mV, the minimum acceptable slope is 2 mV/U.ml-l.

Immobilization of protamine by covalent binding results (after a certain
incubation time) in a larger slope of the response-concentration curve than physical
adsorption (see figs. 4.1 and 4.8). Covalent coupling by glutaraldehyde results in
protein binding 6-10 atoms from the surface, while coupling by adsorption results
in protein binding on the surface. The covalently coupled protamine is therefore
better attainable for heparin than the adsorbed protamine.

To increase the response after only 15 minutes of incubation, there are a few
parameters that still can be optimized. The use of larger beads will result in more
porous membranes which facilitates diffusion of heparin in the membranes.
However, larger beads will also give a smaller charge density in the membrane
which results in a smaller temporary pH change in the membrane in response to an

ion-step. The thickness of the membranes can also be reduced to facilitate diffusion
of heparin in the membrane, but this will also result in a smaller ion-step response.
More experiments have to be carried out to optimize these two parameters.

The curves in fig.4.9 which represent the results of the measurement in blood
plasma show a significant offset caused by nonspecific adsorption of plasma
components in the membrane. To reduce nonspecific adsorption it is common
practice to block all redundant adsorption sites after coupling the affinity ligand.
This is usually done with albumin or small polypeptides. we expect that also in our
application, blocking of the adsorption sites will reduce the nonspecific adsorption
of plasma components.

The measured relation between the shift in the ion-step response and the
heparin concentration in blood plasma is not linear. It is unclear whether this is
caused by the nonspecific binding of other plasma components or that it is caused
by the binding of plasma proteins to the heparin. More experiments will be
necessary to determine the relation between the ion-step response and the heparin
concentration in blood plasma.

The results presented in this chapter show the possibility of detecting heparin
concentrations of 0.1 U/ml using the ion-step measuring method. It has been
reported that 1 Unit of heparin corresponds with about 8 microgram for many
commercial preparations t4l. The average molecular weight of the used heparin
preparation is about 15000; thus 0.1 U/ml corresponds with 5.3*10-8mol/I. This
makes the ion-step measuring method a very interesting method for a broad scale
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of applications.
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Ion-step responses of
surface-modifred ISFE Ts
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5.1 Introduction

In chapter 3 it has been suggested that surface modification of the ISFET gate

oxide might be interesting, because the ion-step response of a bare ISFET (which
can interfere with the ion-step response of a membrane) is directly related to the

oxide surface charge density. Modifying the surface charge density will thus also

modify the ion-step response and in this chapter results are presented of experiments
with ISFETs with a modified gate oxide surface. The modification which has been

investigated is treatment of the TarO, gate oxide with an amino-functionalized
silane, which results in the introduction of NH, groups at the surface. Functional
NHr-groups at the surface might be favourable for several reasons:
. Amino groups are frequently used functional groups for covalent coupling of

proteins to the surface. They can be used for covalent coupling of, for instance,
protamine as an affinity ligand to bind heparin.

. The point of zerc charge, pHrr", of aTarO,ISFET (pHor"=3) might be 'tuned' to
higher values by introducing positively charged amino groups. This option can be

useful because at pHpzc the ISFET itself does not respond to an ion-step and the

response of an additional layer of proteins or a membrane can then be measured

without an interfering ISFET response.
. If the density of the positively charged amino groups is sufficiently high, then the

modified surface might directly be used to bind heparin, without using an

additional affinity ligand.
In this chapter results are presented ofdifferent types ofion-step experiments

with different objectives. First, ion-step responses are used to characterize the
silylated TarO, ISFETs. Then, the sensitivity of the silylated ISFETs to heparin is
determined by means of ion-step responses. The amino-functionalized silane is now
used as an affinity ligand for binding heparin molecules from a buffer solution as

well as from blood plasma. Next, the silylation procedure is used to change the
point of zero charge of the TarO, ISFET to pH 7, as determined by the ion-step
response. On top of these silylated ISFETs, different membranes of polystyrene
beads are mounted, as described in chapters 3 and 4. It will be shown that the
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measured ion-step response is now fully determined by the membrane because the

ISFET itself does not show an ion-step response in this case,.

Before the results are presented, a brief introduction is given on silane

coupling agents in general but focused on the used amino-functionalized silane.

5.2 Silane coupling agents

Organofunctional silanes are hybrid organic-inorganic compounds that are

used as coupling agent across organic-inorganic interfaces such as organic polymers

and mineral substrates t1,21. The reactions between the inorganic part of a silane

coupling agent and the hydrophilic mineral substrate (e.9. a metal oxide) are

equilibrium reactions. Bonds are formed and broken in reversible reactions

determined by concentrations and equilibrium constants. The organic reactions

between the organofunctional group and other organic molecules (e.g. proteins) are

determined by thermodynamics and kinetics of different competing reactions.

Formation and breaking of these bonds are generally irreversible.

A silane coupling agent may function as a surface modifier or as a primer.

When it is used as a surface modifier, the material is used only to chemically

modify a surface without forming a layer with any mechanical properties. A primer,

however, must have good mechanical film properties to carry the mechanical load,

formed by the layer to be attached to the primer. A silane layer used for surface

modification usually has a thickness of one or several monolayers, whereas a primer

layer can have a thickness up to several micrometers.

A specific class of silane coupling agents is the class of organofunctional

alkoxysilanes with the general formula (OCH3)3Si-RY. These silanes contain three

hydrolysable ethoxy groups and one organofunctioqal group RY. The three

hydrolysable groups are intermediates in the formation of silanol (Si-OH) groups for

bonding to mineral surfaces. The RY group is chosen for reactivity or compatibility

with the specific organic molecules which are to be coupled. Several of these silanes

with different organofunctional groups are commercially available. Some examples

of the functional group RY are vinyl, chloropropyl, methacrylate, mercapto and

primary amine.

In the following, one specific silane and one specific mineral substrate is

considered. The silane is y-aminopropyltriethoxysilane (APS) and the substrate is

TarO, which is applied as gate-oxide for the ISFETs, used for the ion-step

experiments.
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APS in aqueous solutions
APS can be applied to a TarO, surface from aqueous solutions, organic

solvents or a mixture of an organic solvent and water. First, the reactions of APS

with water will be considered. The reaction with the TarO, surface and the

subsequent formation of an APS layer is considered later.

When in contact with water, APS hydrolyses irreversibly in a two-step

reaction. The three ethoxy groups will hydrolyse very fast which results in the

formation of silane triols (reaction 5.1). These silane triols have good stability in
water at pH 3 to 5, but condense rapidly to siloxanes at a pH of 7 to 9 according

to reaction 5.2 ttl.

OCHTCH; OH

tl
NH2CH2CH2CH2*Si-OCH2CH, + Jllrg -+ NH2CH2CH2CH2-Si-OH + 3CH:CHzOH

ll
ocH2cH3 oH

(s.1)

OHOHOHOHROHOHltltrtl
R-Si-OH + R-Si-O-Si-R --+ R-Si-O-Si-O-Si-O-Si-R etc.ttrttll

OHOHOHOHOHROH
(s.2)

R=-CH2CH2CH2NH2

If APS is hydrolysed in excess acetic acid at pH 4, silane triols are

immediately formed and solutions up to concentrations of 507o (by weight) are

stable, due to the strong hydrophilic nature of the aminopropyl group. When an

aqueous solution of APS is prepared at its natural pH (which is very high, due to
the aminogroup), siloxane oligomers will be formed immediately, which retain
solubility in water to moderate concentrations. It is assumed that the solutions are

an equilibrium mixture of low-molecular-weight siloxanes (oligomers) with silanols,
stabilized by hydrogen bonds to aminegroups, forming cyclic cage structures.
However, in very diluted aqueous solutions of APS (<l%o by weight), a significant
amount of monomeric silanetriol will be present. This proportion of monomeric
silanetriol increases rapidly with decreasing concentration of APS for concentrations
<l%o gl. Other silanes from the class of APS, with other organic functional groups,

are not very stable in aqueous solutions because the formation of siloxanes results



within a few hours in a insoluble gel

Formation of APS layers on TarO, surfaces from an aqueous solution

To bind to a TarO, surface, silanol groups of a silane triol or a siloxane

oligomer, must condense with hydroxyl groups at the oxide surface as is shown in

reaction 5.3. It is known that neutral silanes (with a neutral functional organic

group), condense very slowly on an oxide surface and may require a catalyst for

optimum condensation. Amine functional silanes, like APS, seem to be self-catalytic

for surface condensation.

OH OH

ll
TA-OH + HO.Si-CH2CH2CH2NH' P TU_O-Si_CH2CH2CH2NH2 + H2O (5'3)

ll
OH OH

As mentioned before, the inorganic reaction between APS and a TarOt

surface (reaction 5.3) is an equilibrium reaction and the oxane bonds between APS

and Taro. can hydrolyse again depending on the availability of water and the

equilibrium constant.

Plueddemann has estimated equilibrium constants for hydrolysis of different

coupling agents on silica, schematically presented by reaction 5.4 Vl.

Si-o-Si-(coupling agent) + H2o rr Si-oH + Ho-Si-(coupling agent) (5'4)

For an organofunctional trialkoxysilane (e.g. APS), the estimated value of the

equilibrium constant of reaction 5.4 is 10-4. Although there is no firm evidence that

silane coupling agents have a similar interaction with metal hydroxide surfaces (such

as TarO5) as with silica, it seems most probable, because almost all metals are found

in nature as silicate minerals. Nevertheless, it can be expected that equilibrium

constants for hydrolysis of various metal-oxane bonds differ from those of silica-

oxane bonds, but the factors that determine such constants are unknown.

The stability with respect to hydrolysis of APS-treated glass was studied by

Royer and Liberatore under continuous flow conditions over a pH range of 4 to 9

tSl. They determined the amine concentration, remaining on the surface of

commercially available porous glass (550 A por"s and a particle size of 125-17'7

microns), after pumping 1 liter of aqueous solution through a packed bed at a flow

rate of 1 mVmin. At pH 4 about 5Vo of the amine was lost, at pH 6 abofi21%o and

at pH 8 abolt65Vo.It was concluded that retention of amine function on glass is

94 Clryter5
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poor at any pH above 6. It is known that both acids and bases are powerful catalysts

for hydrolysis. However, since the hydrolysis reaction is an equilibrium reaction,

only the rate of hydrolysis is affected by the pH but not the point of equilibrium.

A good bond between APS and TarOr requires that the equilibrium of
reaction 5.3 does not move too far to the left. Conditions favourable for bonding are

therefore a maximum initial formation of Ta-oxane bonds and a minimum

equilibrium concentration of water at the interface.

Since each silane triol has three silanol groups, they are able to condense with
the TarO, surface as well as with adjacent molecules. Moreover, aqueous APS

solutions already contain low-molecular-weight siloxanes which create a multilayer
structure after condensation at the oxide surface. Additional crosslinking in this layer

can improve the resistance to water which is favourable for a good bonding
according to reaction 5.3. Further crosslinking can be achieved by drying the layer

at elevated temperatures to ensure complete condensation in the multilayer itself as

well as at the TarO, surface. The polysiloxane layer now forms a protection against

water which prevents hydrolysis at the TarOr surface. Therefore, a multilayer APS

coverage is more stable than a monolayer APS coverage.

To accomplish a stable multilayer coverage, aqueous silane baths and silane

baths containing a mixture of organic solvent and water, are generally stored for at

least a few hours after preparation to ensure the formation of oligomers. After
contact with TarOr, these oligomers will form a polysiloxane layer which can be

stabilized by baking the layer. A drawback of baking APS layers at elevated

temperatures, is the possible damage to the aminopropyl group. To avoid damaging

by peroxide formation, the treated surface could be heated in an inert atmosphere,

but this has not yet been demonstrated.

The resulting thickness of an APS film on a TarO, surface depends on the

availability of water and on the pH (catalyst) and age of the silane solution. Tutas

et al. observed that the thickness of an APS film deposited on glass was the same

after a minute of contact as after an hour of contact with the aqueous silane bath t6l.

However, it is not clear whether the degree of crosslinking, and therefore the

mechanical stability of the layer, changes during contact with the silane bath.

Normally, surfaces are allowed to contact the silane bath for a few hours.

Formation of APS layers on oxide surfaces from an organic solution
When APS is applied to an oxide surface from water free organic solvents,

it is necessary for the APS to migrate to the oxide surface, react with the surface

moisture (physically and chemically adsorbed water) and condense on the surface.

Because no siloxane oligomers are formed, silylation from a dilute solution of APS

in an anhydrous organic solvent will probably lead to thinner layers (a few
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monolayers) than silylation from an aqueous solution.

5.3 Materials and methods

Materials
APS (y-aminopropyltriethoxysilane) was purchased from Sigma, heparin from

Organon Teknika (Thromboliquine@, 5 ml ampoules containing 25000 Units) and

agarose (low IEE, zero Mr) was a product of Biorad. A 2.5Vo suspension of 0. 12 pm

negatively charged polystyrene beads (sulphate groups) in water was purchased from

Polysciences, and a 4% suspension of 1.03 pm positively charged polystyrene beads

(amidine groups) was purchased from Interfacial Dynamics Corp. (Portland,

Oregon). All salt and buffer solutions were of analytical grade. Normal blood

plasma was a gratefully accepted gift from the laboratory of the 'Medisch Spectrum

Twente' hospital.

Measurement set-up
The measurement set-up used for the experiments described in this chapter,

is the same flow-through system as used for the experiments with the membrane

covered ISFETs as described in section 3.2.5. However, the flow is now controlled

by an effective pressure (0.1 bar) of nitrogen in the two bottles containing the

solutions, resulting in a constant flow-rate of 1.3 ml/min. Using an effective pressure

instead of a peristaltic pump, reduces the occurrence of small air bubbles in the flow
system. The ISFET is mounted in a wall-jet cell in which the liquid flow is

perpendicular to the ISFET surface (see fig.3.4). A saturated calomel electrode,

placed downstream, is used to define the potential of the solution. Two bottles

containing the two ion-step solutions (10 and 100 mM KCI) are via valves

connected to the wall-jet cell in such a way that the electrolyte concentration at the

ISFET surface can be increased with a rise time (to 90Vo of the final value) of 200

ms. The 10 mM KCI solution is buffered with 0.5 mM HEPES and the 100 mM

KCI solution with 0.2 mM HEPES. In some cases the solutions were both buffered

with 0.1 mM phosphate buffer.
The ISFETs are connected to a source-drain follower and the output of this

amplifier is connected to a Nicolet 310 digital oscilloscope which has the ability to

store recorded curves on a floppy disk. The data can then be modified on a PC with

the software package VuPoint. For presentation purposes, the curves can be filtered

with a sottware low-pass filter using a cut-off frequency of 40 Hz for elimination

of the 50 Hz main supply interference which has a top-top amplitude of typically

0.2 mV.
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Measurement devices

ISFETs with a TarO, gate insulator were fabricated in the MESA cleanroom

laboratory following the usual ISFET processing steps. The ISFETs showed a

response of about -58 mV/pH. The ISFET chips were mounted on a piece of printed

circuit board and encapsulated with Hysol epoxy. Around the gate a circular area

with a diameter of 2.5 mm and a depth of about 150 pm was left uncovered.

Several methods were used to silylate TarO, ISFETs with APS ft,zl. The

methods are referred to as method I to 8 and are listed below.

Method 1

Method 2

Method 3

Method 4

Method 5

Method 6

Method 7

Method 8

The ISFETs are immersed in a solution of 2Vo (v/v) APS in acetone for
3 hours. Subsequently, the ISFETs are rinsed in acetone and dried for 2
hours at 115'C.
A l07o (v/v) APS solution in water is adjusted to pH 3-4 with 6 M HCI
directly after preparing. The ISFETs are immersed for 2 hours in this

solution which is placed in a water bath at 75oC. After this, the ISFETs

are rinsed in water and dried for 2 hours at l15oC.
The ISFETs are immersed for 3-6 hours in a ll%o (v/v) APS solution in
toluene. Subsequently, the ISFETs are rinsed in acetone and dried for 2
hours at ll5oc.
The ISFETs are immersed for 3 hours in a mixture of 19ml methanol,

I ml water and 100 pl APS which was stored for some time (at least one

day) to ensure the formation of oligomers. After rinsing in ethanol, the

ISFETs are dried at 115oC for 2 hours or more.

The ISFETs are immersed for one hour in a0.257o (v/v) solution of APS

in 50 mM HAc, pH 4. Subsequently the ISFETs are rinsed in water and

dried at 115oC for one hour.

The ISFETs are immersed for one hour in a0.25Vo (v/v) solution of APS

in acetone. After rinsing in acetone the ISFETs are dried at 115oC for
one hour.

The ISFETs are immersed for one hour in a0.25% (v/v) solution of APS
in toluene which is placed in a water bath at 75oC. Afterwards, the

ISFETs are rinsed in toluene.

The ISFETs are placed in a vessel which is surounded by an oil bath at

115oC. A nitrogen flow is led through a bottle containing water or
through a bottle containing pure APS, and subsequently through the

heated vessel which contains the iSFETs. The nitrogen flow enters the

vessel through the bottom which consists of sintered glass, and leaves

the vessel through the cover. First the nitrogen flow is directed through

the bottle containing demi water (for one hour) to ensure a certain degree



98 Chqter 5

of surface moisture at the ISFET surfaces. Then the nitrogen is led

through the bottle containing pure APS (at room temperature) for one

hour. The nitrogen is transporting APS vapour which can react with the

TarO, surface of the ISFETs in the heated vessel.

The membranes of polystyrene beads were made by l: I mixing and

ultrasonication of a 0.25Vo agarose solution with a 2.57o stspension of polystyrene

beads in water at 40-50oC and subsequently casting portions of 3 ;,rl on top of the

gate area of the ISFETs. After overnight drying at 4oC and a temperature step of
55oC, during one hour, membranes with a thickness of about 10-15 pm (in dry

condition) resulted.

Measurement protocol
Each time the ion-step response had to be determined, 3-5 responses were

successively recorded, and the amplitude of the ion-step response was defined as the

mean value of these responses. For the determination of heparin concentrations in

PBS solutions, small 15 ml vessels were used in which the ISFET was placed for
l0 minutes while the solution was not stired. After incubation the ISFET was rinsed

with PBS and mounted in the wall-jet cell of the measurement set-up. The ion-step

response was recorded and the change in the amplitude, with respect to the response

before incubation, was taken as parameter.

For the measurements in normal plasma, a test-tube containing 2 ml of
normal plasma was used to which small amounts of a 100 U/ml heparin solution (in

0.97o NaCl) were added to obtain the different concentrations. The ISFET was

incubated in the plasma for 10 minutes (without stirring), rinsed in PBS and

subsequently the ion-step response was determined.

5.4 Results and discussion

Characterization of silylated ISFETs by the ion-step response

Fig.5.1 shows a typical ion-step response (10 to 100 mM KCl, pH 7) of an

unmodified TarO, ISFET (curve 1) and of some different silylated ISFETs (curves

2-4). It is obvious from the figure that the effect of silylation on the ion-step

response can be quite different. The ISFETs showing the ion-step responses 2-4,

were silylated by method 4 using solutions of different age and after storage of the

silylated ISFETs for different times in PBS. Later in this section it will become clear

which effects cause the differences between the ion-step responses. The fact that the

responses can become negative, indicates that the negative charge of the TarOr can
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fully be compensated by the positive charge of the APS.
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Fig.S.1 lon-step responses (10 to 100 mM KCl, pH 7) of a bare ISFET (curve l),
and dffirent silylated ISFETs (curves 2-4).

The time constants of the ion-step responses of the different silylated ISFETs

are the same as the time constant of the untreated ISFET response. This indicates

that the ion-step response of a silylated TarOr ISFET can be described in the same

way as the ion-step response of a bare ISFET, as described in chapter 3, assuming

a different surface charge density oo. In other words, the silylation procedure can

be seen as a surface modification. Most methods used for silylating TarOr ISFETs

will result in a multilayer coverage of the oxide as explained in section 5.2.

However, if it is assumed that these layers remain relatively thin (<100 nm), the

time to reach thermodynamical equilibrium in these layers (e.g. after an ion-step),

is very short in comparison with the other time constants of the measuring method.

In case of much thicker layers, membrane effects, as described in chapter 3, would
become important which certainly would have influence on the time constant of the

transient ion-step responses.

To evaluate the different silylation methods, several series of ISFETs (all the

same type of TqO, ISFETs) were silylated according to the different methods

mentioned in the experimental section. After silylation, the response to an ion-step

of 10 to 100 mM KCI at pH 7 was recorded. Table 5.1 shows the method of
silylation, the number of ISFETs in each series, the moment of measurement and

the amplitude range of the ion-step responses of the different ISFETs in each series.

The measured amplitudes of the ISFET responses in each series were in most cases

2

3

1
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randomly divided in the range determined by the limits given in table 5.1. The

differences between the amplitudes of the ion-step responses within one series are

very large in some cases and it seems that silylation from an aqueous solution
(method 2 and to some extend method 4), results in more variance in the amplitudes

than the non-aqueous methods. In an aqueous solution, siloxane oligomers are

formed which have several hydroxyl groups by which they can bind to the oxide
surface. It may be expected that these oligomers form a layer which shows more

variance in the structure and thickness than a layer which is built from much smaller

APS-molecules, as is the case in the non-aqueous methods.

Stability of the APS layer with respect to hydrolysis
During the experiments, it was noticed that the ion-step responses changed

after the ISFETs were stored in aqueous solutions. This was not unexpected and

most likely the result of hydrolysis of the Tantalum-oxane bonds as described in
section 5.2. To charucterize this hydrolysis, the amplitude of the ion-step response

(10 to 100 mM KCl, pH 7) was recorded as a function of storage time in PBS, for
different types of silylated ISFETs. Some typical results are shown in fig.5.2. The

slowest change in amplitude (curve 3) is observed with APS layers obtained by
silylation according to method 4 using a 13 days old silane bath and a drying time
of 16 hours at 115oC. A 13 days old silane bath, will have a high concentration of
siloxane oligomers which will result in a relative thick layer. The long drying time
which was used in this case (16 hours) result in a high degree of condensation and

thus cross-linking in the polysiloxane layer. In this way, the layer forms a protection

against water which prevents hydrolysis at the Ta2O5 surface.

Silylation method 3 also resulted in very stable layers (with respect to

hydrolysis in time), comparable with curve 3. In this case APS layers are formed
from a l07o APS solution in toluene and dense layers of APS are formed, resulting
in large ion-step responses as shown in table 5.1. Since no siloxanes are formed in
the water-free toluene, most APS molecules will form oxane bonds with the TarO,
and a high degree of condensation will be reached. It might be expected that using

this method, a relatively thick layer is formed because of the high APS

concentration. This highly condensed layer will also protect the interface with the

TarO, surface against water. A less concentrated solution of APS in toluene, as used

in method 7, initially also resulted in very large ion-step responses with comparable

amplitudes (see table 5.1), but the ISFETs showed a faster hydrolysis in time
(comparable with curve 2 in fig.5.2) in comparison with the ISFETs silylated by

method 3. This might be explained by the fact that these layers were not dried at

1l5oC and that the layers will be thinner, due to the low APS concentration. The

layers which were made according to method I (2Va APS in acetone), also showed
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a faster hydrolysis than the layers deposited from APS in toluene by method 3. It
is known that acetone contains more water than toluene which can explain the

poorer stability of APS layers deposited from acetone, together with the lower
concentration of APS which was used in method 1 in comparison with method 3.

Table 5.1 Range of amplitudes of ion-step responses (10 to 100 mM KCl, pH 7)

within one series, for dffirent methods of silylation.

method of
silylation

number of
devices

moment of
measurement

amplitudes of ion-step
responses (mV)

I

I

1 (dried for 16 hours
at 115oC)

2

3

J

4 (1 day)*

4 (1 day)*

4 (3 days)*

4 (3 days)*

4 (4 days)*

4 (4 days)*

4 (5 days)*

4 (5 days)*

4 (10 days)*

4 (13 days, 16 hours
at I l5oc)*

5

6

7

8

8

1l

8

8

4

5

10

15

19

20

t4

14

8

10

7

20

5

5

10

5

direct

overnight in pH 7

direct

direct

direct

ovemight in pH 7

direct

overnight in pH 7

ovemight in pH 5

ovemight in pH 7

direct

ovemight in pH 7

direct

overnight in pH 5

ovemight in pH 7

direct

direct

direct

direct

direct

-29 to -3

-51 to -48

-48 to -38

-20 to -5

-5 to +4

-32 to -6

-20 to +2

-30 to -5

-23 to -3

-30 to -15

-27 to -ll
-39 to +3

-41 to -22

-25 to -16

-20 to -12

-45 to -23

-10 to -6

-25 to -15

-48 to -38

-23 to -16

* number of days that the APS/methanol/water mixture was stored before use
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Method 2 resulted in layers which showed a relatively fast hydrolysis as

given by curve 1. The other methods yielded layers of which the hydrolysis as

function of time, was roughly comparable with curve 2.

E

o
!,:
=o_
E
q,

0

-5

-10

-15

-20

-25

-30

-35

-40

2
3

0 20 40 60 80 100 120

time (hours)

Fig.5.2 Amplitude of ISFET response to ion-step from l0 to 100 mM KCI at pH 7,

as function of storage time in a PBS solution. Curve l: ISFET silylated according

to method 2. Curve 2: ISFET silylated according to method l, also typical result for
silylation methods 4 (until 5 days storage of APS solution) to B. Curve 3: ISFET

silylated according to method 4 using a silane bath of 13 days old and a drying

time of 16 hours at ll|oc, also typical resuhfor silylation method 3.

The hydrolysis of APS layers which were made according to method 4, was

found to be dependent on the age of the silane bath. Table 5.2 gives the range of the

change in amplitude within each series after one night (about 16 hours) in buffer at

pH 7, for ISFETs silylated by method 4 using silane baths of different age. It can

be seen that the layers deposited from an older silane bath show a smaller change

after one night than layers deposited from a more fresh silane bath. An older silane

bath will probably contain more siloxane oligomers resulting in a thicker layer

which forms a better protection against water after crosslinking during the baking

time.

1
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Table 5.2 Range of the change in ion-step response (10 to 100 mM KCl, pH 7) of
ISFETs which are silylated according to method 4, for dffirent ages of the

AP S/methanol/w at e r mixture.

age of solution number of devices range of change in amplitude
after overnight storage in buffer

atpHT

1 day

4 or 5 days 22

Heparin sensitivity of silylated ISFETs
Since an APS treatment introduces functional amino groups at the surface,

it was examined whether or not the APS layers could directly be used as an affinity
ligand for binding heparin to the surface. For a stable binding of heparin to the

surface, the density of amino groups attainable for heparin must be as high as

possible. When heparin is bound to the surface, the charge of the heparin molecules

must at least compensate a substantial part of the APS charge, before it can be

detected by a change in the ion-step response.

ISFETs which were silylated according to method 3, did not show a different
ion-step response after incubation in a heparin solution. lncreasing the heparin

concentration up to 5000 U/ml did not change the ion-step response. Also silylation
method 4, using a silane bath of 13 days old and a drying time of 16 hours at

115oC, was not successful in this regard. A possible explanation might be that the

structure of these layers result in a density of surface NHr-groups, attainable for
heparin, which is not sufficient to firmly bind heparin molecules. The ion-step
responses of these ISFETs do indicate highly positively charged surfaces (see table
5.1), but a significant number of these amino groups might not be accessible for
heparin molecules because they are enclosed in the polysiloxane layer. Another
possibility is that the amount of bound heparin does not significantly change the

total charge density which is determined by the ion-step response.

Using the other silylation methods, including method 4 using shorter drying
times and more fresh baths, did result in some kind of sensitivity towards heparin.
After incubation in a heparin solution, ion-step responses with smaller (negative)

amplitudes were obtained, indicating a decrease in positive charge density at the

surface, caused by the binding of negatively charged heparin molecules. In some

cases, the ion-step responses even changed from a negative transient into a positive
transient.

To test whether different silylated ISFETs of one series showed a comparable

sensitivity to heparin, several ISFETs of one series, silylated by method 4, were

10 min 9, max 15 mV

min 1.5. max 9 mV
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incubated in the same buffer solution containing a specific heparin concentration.

Before incubation, the ISFETs all showed very different initial responses after

silylation and additional storage in a buffer solution. Table 5.3 shows the amplitudes

of the ion-step responses (10 to 100 mM KCl, pH 7) of two series of silylated

ISFETs (all TarO, ISFETs silylated by method 4, in a 5 days-old bath) before and

after incubation in a heparin solution. The only difference between the two series

is that the ISFETs are incubated in different heparin concentrations. The error which

is given for each value of the amplitude indicates the range of the amplitude of the

3-5 responses which are successively recorded each time the ion-step response has

been determined, as described in the measurement protocol. Although the initial

responses of the ISFETs are very different, the changes in the responses after

incubation in a heparin solution are almost the same, taking into account the error.

The last ISFET of the second series mentioned in table 5.3 is an exception, because

the change in the amplitude of the ion-step response is much larger than for the

other ISFETs within that series.

Table 5.3 Change in amplitude of ion-step responses of two series of silylated

ISFETs (method 4, 5 days) after incubationfor I0 min. in 0.4 or 0.5 U/ml heparin

in PBS.

response after 10 min. in 0.4
U/ml heparin (mV)

change in response (mV)initial response of silylated
ISFET (mV)

-5.3 + 0.2

+12.4 + O.l

-12.t + 0.2

+2.7 ! 0.2

+12.6 + 0.1

-2.1 + 0.2

+16.0 t 0.7

-7.6 ! 0.2

+'7.1 + 0.2

+l'7.9 + 0.2

3.2 t 0.4

3.6 + 0.8

4.5 + 0.4

5.0 + 0.4

5.3 r0.3

initial response of silylated
ISFET (mV)

response after 10 min. in 0.5

U/ml heparin (mV)
change in response (mV)

-17.2 + 0.4

-23.4 + 0.3

+1.0 + 0.1

-6.8 + 0.3

-2.0 x0.2

-12.1 + 0.3

-19.5 + 0.2

+5.8 + 0.4

-2.3 + 0.2

+7.1 ! 0.2

5.1 r 0.7

3.9 + 0.5

4.8 + 0.5

4.5 + 0.5

9.1 r 0.4

The results of table 5.3 show that the change in the ion-step response after

incubation in a heparin solution is comparable for most devices, although the
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silylated ISFETs seem to have very different net surface charge densities. Because

of the relatively short incubation time, no equilibrium will be reached and the

amount of heparin which binds to the surface will be determined by diffusion of the

heparin towards the surface (solution is not stired). This might explain why the

bound amount of heparin is about the same for the different surfaces, even if the

surfaces have different initial charge densities. Another plausible explanation is that

the density of NH, groups attainable for heparin is about the same for the different
silylated ISFETs of table 5.3. The significant differences in the initial responses

might be explained by a different thickness of the APS layers resulting in a different
amount of NH, groups in the polysiloxane layer which are not attainable for
heparin.

The next step was to examine whether the ISFETs showed different changes

in ion-step response after incubation in different heparin concentrations. Fig.5.3a

shows the change in the amplitude of the ion-step response (10 to 100 mM KCl, pH
7) as a result of incubation of silylated ISFETs (according to method 1) as a
function of the heparin concentration in PBS. The incubation time during which the

ISFETs were exposed to the heparin solutions was 10 minutes. The error bars

indicate the variance in the values of the amplitude of the 3-5 responses which were
recorded each time. Each measurement shown in the figure was carried out with a
different silylated ISFET; the ISFETs were only used once.

Fig.5.3b shows the change in amplitude of ion-step responses of ISFETs
which were silylated according to method 2, as a function of the heparin
concentration in PBS. The two curves correspond with the change in ion-step
response after 10 and 30 minutes of incubation. Again, for each different
concentration, a different ISFET was used. Note that the slope of the fitted curve
recorded after 10 minutes of incubation, is much lower than in fig.5.3a. Apparently,
these ISFETs show a smaller sensitivity to heparin, resulting in a smaller slope, than
the silylated ISFETS used for fig.5.3a. The structure of the layer seemingly has a

strong influence on the heparin sensitivity.
In fig.5.3c the results are presented of ISFETs silylated according to method

4, using a silane bath of 5 days old and a drying time of 2 hours at 115oC. Each

measurement was again carried out with a different ISFET from the same series.

It is obvious from figs.5.3a and 5.3b that not all measurements match the

fitted curve within the error of the measurements. This can be explained by the fact
that the individual silylated ISFETs, which were used to determine the different
heparin concentrations, will have slightly different heparin sensitivities as also

follows from the results of table 5.3. In fig.5.3c, the match with the fitted curve is
better, which might mean that the difference in heparin sensitivity between

individual ISFETs is larger in case of silylation methods I and 2 than in case of
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method 4. It must be mentioned however that also with silylated ISFETs according

to method 4, other experiments were performed which resulted in less better fits

than shown in fig.5.3c, which is not unexpected considering the results of table 5.3.
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Fig.5.3a Change in amplitude LV, of
ion-step response (10 to 100 mM KCl,
pH 7) of silylated ISFETs (method 1)
after l0 min. of incubation, as function
of heparin concentration in PBS. Each
measurement was carried out with
another device.
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Fig.5.3b Change in amplitude LV, of
ion-step response (10 to 100 mM KCl,
pH 7) of silylated ISFETs (method 2)

after l0 and 30 min. of incubation, as

function of heparin concentration in
PBS. Each measurement was carried out
with another device.

All the curves representing the change in the amplitude of the ion-step

response as function of the heparin concentration, show a linear relation for low
concentrations and a deviation of the linear relation with a decreasing slope for

higher concentrations. This behaviour indicates a saturation effect at higher

concentrations.

ISFETs which were silylated according to methods 5-8 did show a change in

ion-step response after incubation in a heparin solution, but the relation to the

heparin concentration was not reproducible. It seemed that the binding of heparin

to the APS layers was not very strong because bound heparin could partly be

removed, simply by extensive stirring in a buffer solution. Especially when the

ISFET was incubated in a relatively high heparin concentration (>0.7 U/ml), the

results were not reproducible. Apparently, the density of surface NH, groups

attainable for heparin, was not sufficient to firmly bind heparin molecules in these

CASES,
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Fig.5.3c Change in amplitude LV, of
ion-step response (10 to 100 mM KCl,
pH 7) of silylated ISFETs (method 4,
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Fig.5.4 Change in amplitude LV, of ion-
step response (10 to 100 mM KCI pH
7) of silylated ISFETs (method 4, silane
bath of 5 days, drying time 2 hours at
115"C) after l0 min. of incubation, as

function of heparin concentration in
blood plasma. Each measurement was
carried out with another device.

The same type of silylated ISFETs as used in the experiments presented in
fig.5.3c, were used to determine the change in ion-step response after incubation in
blood plasma samples containing different concentrations of heparin. The results

were, however, not very reproducible and no clear relation between the change in
ion-step response and the heparin concentration could be determined. Some typical
results of two series of ISFETs are shown in fig.5.4. Again, for each measurements

another ISFET was used. The results suggest a non-specific binding (in case of a

heparin concentration of 0 U/ml), which results in a change in amplitude of the ion-
step response of 5 mV. Although the presence of heparin seems to result in an

increase in the change in ion-step response, no clear relation between the change in
ion-step response and the heparin concentration could be determined. This might be

caused by the non-specific binding which results in a random number of bound

molecules of different charge.

Silylation of TarO, ISFETs to change the point of zero charge

Because it was found that a silylation procedure can result in negative ion-

step responses (at pH 7), whereas untreated ISFETs show positive ion-step
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responses, it was examined whether the initial negative surface charge density of a
TarO, ISFET (at pH 7) can be compensated by an APS layer to obtain a zero ion-
step response at pH 7. In this way, these modified ISFETs can be used to determine

the ion-step response of polystyrene bead membranes, because no interfering ISFET
response will occur in this case.

Several TarO. ISFETs were silylated according to method 4 and subsequently

stored in PBS. Directly after the silylation procedure, the ISFETs showed responses

of -20 to -25 mV on an ion-step from 10 to 100 mM KCI atpH7. The ion-step

responses were subsequently measured after several periods of storage in PBS, in
which the APS layer slowly hydrated, resulting in decreasing amplitudes of the

negative responses. When the responses were reduced to responses with an

amplitude of <5 mV (but still negative), different membranes of polystyrene beads

were deposited on the ISFETs as described in the experimental section. To
determine the effect of the ISFET response on the total response, the same batches

of the agarose/polystyrene mixtures were used to make membranes on top of
untreated TarO,ISFETs. Fig.5.5 shows an ion-step response (10 to 100 mM KCl,
pH 7) of an untreated TarO, ISFET with a membrane of positively charged 1.03 pm

polystyrene beads with amidine surface groups. The positive ion-step response of
the bare, untreated ISFET (before the membrane was mounted on top of it), is also

shown in the figure. Although the membrane consists of positively charged beads,

which will result in a proton uptake, the ion-step response is still positive due to the

interfering ISFET response.

Fig.5.6 shows an ion-step response of a silylated TarO,ISFET with the same

type of membranes consisting of amidine polystyrene beads. The small, negative

ion-step response of the silylated ISFET, before the membrane was deposited, is also

shown in the figure. The interfering ISFET response is now limited and the total
response is negative due to a proton uptake by the membrane groups.

Fig.5.7 shows two typical ion-step responses of TarOr ISFETs with a

membrane of 0.1 prm negatively charged (sulphate groups, pKu +0.8) polystyrene

beads. Curve 1 is the response of an untreated TarO, ISFET with a membrane and

curve 2 is the response of a silylated TarO, ISFET with a membrane. The silylated
ISFET showed a small ion-step response <-5 mV before the membrane was mounted

on top of it. Curve 2 can therefore be considered as the response of the membrane

solely, whereas curve 1 is the combined response of the ISFET plus membrane. It
is obvious, comparing the two curves, that the ISFET response has a significant

influence on the total response. Even after the first few seconds, which is normally

the maximum duration of the bare ISFET response, the total response is still
influenced by the ISFET response. In this specific case, the buffer capacity of the

membrane is very small because the sulphate groups at the beads have a pKu of
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about 0.7 and will all be protonated at pH 7. Therefore, the proton release of the

membrane groups will be minimal and the membrane will hardly suppress the

ISFET response. The protons which are released from the ISFET surface, have to
diffuse from the surface which will be a slower process in the membrane phase than

in the solution phase. This might explain why the ISFET response seem to last

longer in the case of fig.5.7 than observed in the experiments with bare ISFETs
described in chapter 3.
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5.5 Conclusions

In this chapter it has been shown that modification of the TarO, surface of
an ISFET results in a change in the ion-step response. The amino-functionalized

silane y-aminopropyl-triethoxysilane (APS) was used to introduce amino groups at

the surface. Although several methods were used, it seemed very difficult to realize

reproducible layers of APS, because the amplitude of the ion-step responses of the

different ISFETs in the series showed a large variance. The condensation reaction

of the silanol groups and the TarO, (reaction 5.3) is an equilibrium reaction, which

can only be forced to one side by avoiding contact with water. However, since APS

is hydrophilic, this seems an impossible condition to realize.It was also noticed that

the APS layers slowly hydrolysed as function of time, as determined by a slow

change in the ion-step response after storage in aqueous solutions. The rate of
hydrolysis did decrease as function of time but an equilibrium was not reached.

Because of this relative instability of the APS layers with respect to

hydrolysis, it will be difficult to use the APS layer as a basis to covalently couple

an affinity ligand. The coupling procedures often require long incubation times in

aqueous solutions, during which APS might loosen from the surface. Therefore it
will be impossible to make reproducible and stable layers of bound affinity ligand

based on APS layers.

APS-silylated ISFETs can directly be used to determine heparin

concentrations in PBS solutions, using the ion-step measuring method and an

incubation time of 10 minutes. For each concentration a different ISFET was used.

In this way, the contact of each ISFET with an aqueous solution is very limited
which means that the slow loss of APS does not play a significant role. The

sensitivity to heparin of the different ISFETs within one series, are comparable but

do show a small variance which results in a variance in the measurements.

Determining heparin concentrations in blood plasma appeared to be difficult due to

non-specific binding of other plasma compounds.

Silylating ISFETs with APS can be used as an effective method to reduce the

ISFET response to an ion-step at pH 7 by 'tuning' the point of zero charge (as

determined by the ion-step response) to pH 7. This option makes it possible to

determine the ion-step response of a charged membrane without an interfering

ISFET effect. However, also in this case the APS layer will slowly hydrolyse which

means that the point of zero charge, as determined by the ion-step response, also

slowly changes.

110 Chqar 5
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The ISFET-based heparin
sensor with a monolayer
of protamine as affinity ligand

6

6.1 Introduction

In chapter 4, the first results have been presented of a heparin sensor based

on the ion-step measuring method. In this case a porous membrane of polystyrene

beads in an agarose gel is mounted on top of a TarO, ISFET. Protamine is serving

as affinity ligand and is immobilized on the surface of the polystyrene beads. The
measured ion-step responses are a combination of the ion-step response of the

membrane and the ion-step response of the underlying ISFET. Although it has been

shown that it is possible to determine heparin concentrations in buffer solutions with
this sensor, the results in blood plasma were disappointing due [o a large interfering
effect of other plasma components. The incubation time for this sensor is 15

minutes, which might be long for a practical application.
In the previous chapter the possibility of direct modification of the ISFET

surface has been investigated aiming at a surface with high affinity for heparin. In
this case the ion-step response only consists of the response of the modified ISFET,
and no membrane response is present. TarO, ISFETs are treated with an amino-
functionalized silane coupling agent which results in a coverage with a positively
charged layer of polysiloxanes to which heparin binds by electrostatic interaction.
Also with these devices it has been possible to determine heparin concentrations in
buffer solutions. The incubation time was 10 minutes in this case. However, the

stability of the layers, with respect to hydrolysis, appeared to be poor and the results

in blood plasma were again disappointing. The poor stability makes it also very
difficult to use the silane layer as a basis for the covalent coupling of another
affinity ligand.

A better result is achieved by direct immobilization of protamine at the

ISFET surface by physical adsorption. In this chapter it will be shown that with this

sensor it is possible to determine heparin concentrations in buffer solutions as well
as in blood plasma in the range of physiological importance. The interfering effect
of other plasma components is limited and the incubation time is reduced to only
2 minutes.
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6.2 Materials and Methods

Reagents

Protamine sulphate (grade X, from salmon) was purchased from Sigma

Chemical Co. and heparin from Organon Teknika (Thromboliquine@, 5 ml ampoules

containing 25,000 Units). For some of the experiments, heparin was used which was

made in the pharmacy of the 'Medisch Spectrum Twente (MST)' hospital (sodium

salt, 5 ml ampoules, 5000 U/ml) and which was a gratefully accepted gift. This

heparin will be referred to as 'MST heparin'. Since the heparin concentration of both

heparin preparations is defined in Units/ml, the heparin concentrations in this chapter

are also given in Units/ml, although the response of the sensor is related to absolute

concentrations. Phosphate buffer was a mixture of NarHPOo and NaHrPOo @oth

products of Merck) in the appropriate ratio. HEPES was a product of Aldrich

Chemical Co. and phosphate buffered saline (PBS) was purchased from Sigma

Chemical Co. in tablet form. Normal plasma samples (platelet free, from a pool of
a large group of healthy donors) were obtained from the laboratory of the MST

hospital as well as the plasma samples of different heparinized patients of which the

APTT was determined using a kaolin/cephalin APTT assay (Diagnostica Stago).

Measurement set-up
The measurement set-up consists of a flow system in which the flow is

controlled by an effective pressure (0.1 bar) of nitrogen in the two vessels

containing the solutions. The resulting flow rate is 1.3 mVmin. The ISFET is
mounted in a wall-jet cell in which the liquid flow is perpendicular to the ISFET

surface (see fig.3.4). The electrolyte at the surface of the ISFET can be replaced

within about 0.2 s (ion-step). A saturated calomel electrode is used to define the

potential of the solution. In all experiments described in this chapter, 10 mM and

100 mM KCl solutions were used as the 'ion-step' solutions. The solutions were

buffered with 0.2 mM HEPES or 0.1 mM phosphate buffer. The responses of the

ISFET, connected to a source-drain follower, were recorded with a Nicolet 310

digital oscilloscope which has the ability to store recorded curves on a floppy disk.

The output potential of the source-drain follower in case of the equilibrium situation

in 10 mM KCI was defined as 0 mV. For representation purposes, the curves were

filtered with a software low-pass filter using a cut-off frequency of 40 Hz.

Measurement devices

ISFETs with a TarO, gate insulator were fabricated in the MESA cleanroom

laboratory following the usual ISFET processing steps. The ISFETs showed a pH

response of -58 to -59 mV/pH. The protamine was immobilized by physical
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adsorption. The ISFETs were immersed in a solution of 10 mg/ml protamine

sulphate in PBS for at least 24 hours, rinsed in 4M NaCl and subsequently stored

in a PBS solution.

Measurement protocol
Before each incubation period in a heparin containing sample, the ISFETs

with the immobilized protamine were characterized by the response on an ion-step

of 10 to 100 mM KCl. Each time the ion-step response had to be determined, 3-5

responses were successively recorded, and the amplitude of the ion-step response

was defined as the mean value of the different responses.

For the determination of heparin concentrations in PBS solutions, small 15

ml vessels were used in which the ISFET was placed for two minutes while the

solution was not stirred. After incubation the ISFET was rinsed with PBS and

mounted in the wall-jet cell of the measurement set-up. The ion-step response was

recorded and the change in the amplitude, with respect to the response before

incubation, was taken as parameter. The ISFETs with protamine layer could be

regenerated after each measurement in a heparin solution, by rinsing for about 1

minute in a 4M NaCl solution followed by an equilibration period in a PBS solution
(varying from 5 minutes to t hour). When recording a calibration curve, which gives

the change of the ion-step response as a function of the heparin concentration, only

one ISFET was used, which was regenerated after each measurement.

For the determination of heparin concentrations in normal plasma, a test-tube

containing 2 ml of normal plasma was used to which small amounts of a 100 U/ml
heparin solution (in 0.9Vo NaCl) were added to obtain the different concentrations.

The ISFET was incubated in the plasma for 2 minutes (without stirring), rinsed in

PBS and subsequently the ion-step response was determined. The heparin

concentration of the plasma samples of the different heparinized patients was also

determined by placing the ISFET in a test-tube containing 0.5 or 1.0 ml of the

plasma sample. After 2 minutes the ISFET was rinsed with PBS and the change in

the amplitude of the ion-step response, with respect to the response before

incubation, was determined. Then 5 pl of a 50 U/ml or 100 U/ml heparin solution

was added to yield an increase in the heparin concentration of 0.5 U/ml. After
regeneration in a 4M NaCl solution, the ISFET was used to measure this increased

heparin concentration following the same procedure.
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6.3 Results

Fig.6.1 shows some typical ion-step responses of 10 to 100 mM KCI at pH

7.0. Curve 1 represents a typical ion-step response of a 'bare' TarOt ISFET without

a protamine layer. Curve 2 represents a typical ion-step response of an ISFET with

an adsorbed layer of protamine at the gate oxide surface and curve 3 is a typical

ion-step response of an ISFET with a protamine layer after 2 minutes of incubation

in a PBS solution containing 0.9 U/ml heparin. The change in the amplitude of the

ion-step response after incubation (curve 3) with respect to the response before

incubation (curve 2) is referred to as AA. The KCI solutions used for recording

curve I were buffered with 0.2 mM HEPES whereas the solutions used for

recording atwe 2 and 3, were buffered with 0.1 mM phosphate buffer. It appeared

however, that using 0.2 mM HEPES instead of 0.1 mM phosphate buffer (or vice

versa) did not significantly change the responses. Because the pH ofthe 10 and 100

mM KCI solutions were not exactly the same, curve 2 and 3 do not return to 0 mV

for t-+-. ISFETs with an adsorbed protamine layer could be stored in PBS for at

least two weeks without any change in the ion-step response at pH 7.
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Infig.6.2 AA is plotted as a function of the heparin concentration in a PBS

solution. The KCI solutions were buffered with 0.1 mM phosphate buffer at pH 7.0

and the ISFET was incubated for 2 minutes in the heparin solution. In this case

Thromboliquine@ heparin was used. The difference between the amplitudes of the

3-5 different responses which were recorded for each measurement was about 0.4

mV (mean value t0.2 mV). Since the parameter AA, which is shown in fig.6.2, is

defined as the difference between the mean value (t0.2 mV) of the response before

incubation and the mean value (10.2 mV) of the response after incubation, the

accuracy of this parameter is 10.4 mV, as indicated by the eror bars. The ISFET

was regenerated after each measurement by rinsing with 4 M NaCl and used again

for the following measurement.

The relation between the change in amplitude, AA (mV), of the ion-step

response and the heparin concentration in PBS, co (U/ml), can be described by a

linear curve fit of the data points as is shown in h9.6.2. The linear equation is given

in table 6.1 (ISFET code A) together with the linear equations of the curve fit of
three other ISFETs with a protamine layer which were used to determine AA as

function of the heparin concentration in PBS.

Table 6.1. Linear curve fits of heparin concentration measurements of dffirent
ISFETs. The ion-step responses of ISFET D were recorded at pH 7.4 and MST

heparin was used. The other ISFETs were measured at pH 7.0 and Thromboliquine

was used as heparin. L,A is the change in amplitude afler incubation (mV), c6 is the

heparin concentration in PBS and c, the heparin concentration in normal plasma
(both in U/ml).

ISFET code linear curve fit of heparin
concentration measurement

in PBS

linear curve fit of heparin
concentration measurement

in normal plasma

A

B

C

D

AA=-0.15+l 1.0c0 (fig.6.2)

AA=-0.30+10.6cu

AA=-0.25+1 1.6cu

AA=-0.01+11.3cu

A,A=2.53 +6.1 Oco (fiS.6. 3 )

AA=2.38+4.51cp

LA=3.17 +4.86c, (fig.6.4)

Fig.6.3 shows AA (10 to 100 mM KCl, 0.1 mM phosphate buffer pH 7.0) as

a function of the heparin (Thromboliquine@) concentration in normal plasma, in
which the ISFET was incubated for 2 minutes. The same ISFET (code A) and the

same solutions as for the measurement of the heparin concentration in PBS were

used. The error bars indicate the accuracy of AA as explained in the description of
fig.6.2. The relation between the change in amplitude AA (mV) and the heparin
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concentration in plasma co (U/ml) can again be described by a linear curve fit of the

data points, starting from 0.25 U/ml, and the linear equation is given in table 6.1

(code A). Note the difference in offset and slope in comparison with the curve fit
of the measurements in PBS. The ISFET with code B was also used to determine

heparin concentrations in normal plasma and the linear equation of the curve fit of
the results is given in table 6.1. Also for this ISFET, note the difference in offset

and slope in comparison with the curve fit of the measurements in PBS.
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Fig.6.3 The change in amplitude of the

ion-step response AA afier 2 min. incu-
bation in normal plasma as a function
of the heparin concentration (ISFET A).

heparin concentration (U/ml)

Fig.6.4 The change in amplitude of the

ion-step response AA after 2 min. incu'
bation in normal plasma as a function
of the heparin concentration (ISFET D).

Calibration curve for the experiments
shown in table 6.2.

Fig.6.4 shows AA as a function of the heparin concentration in normal

plasma, determined with another ISFET (code D). In this case the ion-step responses

were recorded at pH 7.4 and the KCI solutions were buffered with 0.2 mM HEPES.

The heparin that was used was MST heparin. The linear curve fit is again given in

table 6.1. This curve was used as a calibration curve for the measurement of the

heparin concentration in plasma samples of several patients who where heparinized

with MST heparin. In table 6.2 the heparin concentrations of these samples are

presented as determined with the ion-step measuring method, using fig.6.4 as a

calibration curve. After each measurement of the heparin concentration of a specific

sample, 0.5 U/ml heparin was added to the sample and the concentration was

measured again. These values are also given in table 6.2. Thirteen different samples

were tested, and in nine of the samples the increase in the heparin concentration of

5
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0.5 U/ml was correctly measured within the range 0.5 + 0.07 U/ml. In the other 4

samples the measured increase was less than the added 0.5 Uiml.

Table 6.2. Results of measurements in plasma samples of heparinized patients.

measured heparin

concentration (U/ml)
measured change (in U/ml)
after addition of 0.5 U/ml

APTT (sec)

1.18

1.22

1.00

0.85

1.30

1.00

1.02

0.79

0.9'7

1.06

1.06

0.75

0.95

0.47

0.51

0.45

0.49

0.41

0.47

0.43

0.54

0.43

0.35

0.37

0.23

0.27
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Fig.6.5 The APTT as function of the measured heparin concentration for the

dffirent plasma samples of heparinized patients. The plus signs represent the

samples in which the addition of 0.5 U/ml was coruectly measured, and the triangles

represent the other samples.
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The ISFET that was used for these experiments (code D), was regenerated

more than fifty times. The amplitude of the calibration response, which was

recorded after each regeneration procedure, only changed about 2 mY.
Table 6.2 also shows the values for the APTT of the different plasma

samples. Fig.6.5 shows the relation between the APTT and the measured heparin

concentrations for the nine samples in which the sensor correctly measured the

increase of 0.5 U/ml as well as for the other 4 samples. It can be seen that no clear

relation can be defined between the APTT value and the measured heparin

concentration.

6.4 Discussion and conclusions

The mechanism behind the ion-step response of a 'bare' ISFET as shown in
fig.6.1, curve 1, has already been described in chapter 3 but will be briefly
reviewed.

The interface between the ISFET and the solution is described by the acid-

base equilibria at the amphoteric surface of the TarOr-gate oxide. The surface OH
groups can act as a proton donor as well as a proton acceptor yielding a charge

density o6 (in C/cm2) at the surface.

oo = q(1ra- on)l-fra- o)) (6'1)

The pH where oo=0 is called the point of zero charge PHrr., which lies around pH

3 for TarOr. This means that at pH 7 the TarO, surface is negatively charged. The

relation between the surface charge o, and the surface potential tyo is given by:

oo = {oCa 6.2)

with Co, the integral double-layer capacitance (in F/cm2).

The ISFET measures the surface potential yo with respect to the bulk
potential which is defined by the reference electrode. This potential ryo follows from
the Boltzmann equation:

/\
Iu;l=fs;1.*pl 

-Qfio| to':r
\kr)

where [H] I is'the proton concentration directly at the ISFET surface and [Hl ] the

proton concentration in the bulk solution. The combination of the large number of
OH surface sites (about 1015/cm2), the chemical equilibria of the acid-base reactions

and the relatively low value of the double-layer capacitance (maximum 20 pF/cm2),
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makes the TqO, oxide surface act as a very good buffer for Hr*, which results in a

(almost) constant pH at the surface (pH.). Consequently, the surface potential \r0
changes with -59 mV/pHo tll (see chapter 3).

Eqs.6.1-6.3 describe the statical behaviour of the ISFET in thermodynamical
equilibrium. However, the transient response to an ion-step cannot directly be

described by these equations. To elucidate the mechanism behind these responses,

a dynamical simulation model was developed based on the Nernst-Planck and

Poisson equations which are solved by a finit difference procedure. The chemical
equilibria at the ISFET surface are incorporated in this model of the ISFET together
with a stagnant layer in which ion transport is caused only by diffusion. With this
model it has been possible to understand the dynamic mechanism and verify the

experimental results tzl.
After an ion-step, Co, increases very fast due to a sudden increase in the

diffuse capacitance, which results in a decrease in the absolute value of the surface
potential ye, according to eq.6.2. According to the Boltzmann eq.6.3, the Hi
concentration will tend to decrease because of the decreased yo. However, the oxide
surface act as a very good buffer for Hl and will keep the Hf concentration constant
by dissociating Ta-OH groups. This will change oo until a new equilibrium is

reached when oo/Cor (=Vo) has the same value as before the ion-step. The time
constant of adapting oo by dissociating Ta-OH groups is determined by the diffusion
of the H* ions and the buffer capacity of the electrolyte. A thick stagnant layer
and./or a low buffer capacity will delay the establishment of a new equilibrium. This
was indeed observed in experiments which were in agreement with the simulation
results.

If the double-layer capacitance changes, as a result of an ion-step of 10 to
100 mM KCl, from Co,, to Co,r, the theoretical maximum change in ry, directly after
the ion-step (assuming that o0 is not changing yet) is:

Au-u* = uo,,-uo,r= A e={,.,,[
C,,,

--l
c*,

(6.4)

The double-layer capacitance can be calculated using the Gouy-Chapman-Stern
model and depends on the electrolyte concentration and on the potential l[0 across
the double layer. Fig.6.6 show the values of Co,, (in 10 mM) and Co,, (in 100 mM),
as well as the ratio Cdtrlcdt2, as a function of the potential yo, calculated according
to the Gouy-Chapman-Stern model, assuming a constant Stern capacity of 20 ltFlcmz
t3l.

At pH l, the surface potential Vo of a TarO, ISFET (pHr..=3) is
(1-3)*-59=-236 mV. The double-layer capacitance at 10 mM KCI is 12.7 pFlcmt,
which results according to eq.6.2 in a surface charge oo of -3.00x10-6 Clcmz,
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corresponding with 1.87x1013 negatively charged groups per cm2. The value of Co,

at 100 mM KCI is 16.1 1tF/cmz, which gives a value of 50 mv for Ay.^* as defined

by eq.6.4.
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Fig.6.6 The double-layer capacitance C71 as function of the potential t/ts across the

double layer. Ca11 is the capacitance in l0 mM KCl, Cdt2 the capacitance in 100 mM

KCI (left Y-axis) and C11/C42 represents the ratio of the two capacitances as used

in eq.4 (right Y-axis).

Because of an insufficient time separation of the changes in Co, and oo,

which is caused by the stagnant layer and related to the buffer capacity of the

solution, the real value of the amplitude of the ion-step response is smaller than the

theoretical maximum. This effect was clearly observed in the simulation results [z].

The experimental result of 27 mY (fig.6.1) implies that the response reaches 54Vo

of its maximum value due to the insufficient time separation between the changes

in Co, and oo.

Immobilization of protamine by physical adsorption will result in a coverage

with a maximum thickness of a few monolayers, but since the ISFETs are rinsed in

4M NaCl, a monolayer coverage seems most plausible. Due to the small size of the

protamine molecules (MW 4000), the protamine layer will be very thin, which

makes it acceptable to assume that the immobilization of a protamine layer can be

described as a modification of the surface charge of the ISFET. The ion-step

response can therefore be described in the same way as the ion-step response of a

bare ISFET, but with a different surface charge density oo and point of zero charge

pHr,". Therefore, the contribution of membrane responses, which were described in

chapter 3 and 4, can be neglected. These responses include a changing Donnan

Co''/Co''

\_ _/'
z. __,,__>

Co,,



potential at the protamine-solution interface and a temporary increase in the pH
inside the protamine layer as a result of an uptake of protons by the protamine

molecules, induced by the stepwise increase in the electrolyte concentration.

The measured ion-step response of an ISFET with a protamine layer, as

shown in fig.6.1 (curve 2), supports the assumption to describe the effect of a

protamine layer coverage as a surface modification. The ion-step has a smaller
amplitude due to the positive charge of the protamine, compensating a part of the

negative charge of the TarOr, but the time constants of the ion-step responses shown
in fig.6.1 are about the same. This is shown in fig.6.7 where the responses of fig.6.1
are shown again but in this case the responses are normalized to an amplitude of l.
It can be seen that the time constants are all comparable, including those of curve

3 which represents the response after incubation in heparin. Apparently, also the

binding of heparin can still be described as modification of the surface charge. If the

earlier mentioned membrane effects should contribute to the ion-step response, this
would certainly influence the time constants of the ion-step response of the ISFET.
It should be noted that curve 1 was recorded in solutions that were buffered with 0.2
mM HEPES of which the buffer capacity differs a little from the solutions buffered
with 0.1 mM phosphate buffer, used for recording curye2 and 3. Because the pH
was not exactly the same in both ion-step solutions, ctrve 2 and 3 do not return to
0 mV for t-+-.
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Fig.6.7 The same ion-step responses as in fig.6.1 but now normalized to the

amplitude. Curre I is the response of a bare ISFET, curve 2 of an ISFET with a

protamine layer and curve 3 the response afier incubation in a heparin solution.
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The amplitude of the ion-step response of an ISFET with a protamine layer

is typically 9 mv (fig.6.1, curve 2). If it is assumed that also in this case the

response reaches 54Vo of its maximum response as described by equation 4, avahe

of 17 mV is obtained for Aty,,,u*. Since the binding of the protamine results in a

decrease in the absolute value of the surface potential Vo, the value for the ratio

cdtllcdt2is also changed (see fig.6.6). From eq.6.4 and fig.6.6, it can be calculated

that the new ratio Cdtllcdtz is 0.69 which corresponds with a potential tyo.r of -55

mV (at 10 mM KCI). This potential results in a surface charge of -0.70x10-' Clcm',

or 4.4*1012 negatively charged groups per cm2. With respect to a bare ISFET, the

net surface charge is therefore decreased from 18.7 to 4.4*lOt2 negatively charged

groups per cm2. This means that the adsorbed protamine conlributes to a positive

charge density of 14.5x1012 groups per cm2. According to the amino acid content

of protamine 1+1, a molecule charge of +20 can be assumed, which yield a coverage

of 7*10-3 molecules per nm2. This indicates that the protamine layer is not a dense

layer, which means that the TarO, surface is not completely covered with protamine.

The results of the measurements of heparin concentrations in PBS show, that

four different ISFETs behave in virtually the same way with respect to the heparin

concentration in PBS, as is shown in table 6.1 (ISFET D at another pH, using

another heparin). The offsets fall within the accuracy of the measurement of AA

(mean value +0.4 mV) and the slopes are almost equal. According to the accuracy

of AA (+0.4 mV), the accuracy in the measurement of the heparin concentration in

PBS should be +0.04 U/ml (using a mean slope of 11.1 mV.Unif l.ml). However,

the curve fit does not include all data points within the accuracy as given by the

error bars. A possible cause for this extra inaccuracy might be found in the

procedure. During the two minutes incubation time, the sample is not stirred which

makes the affinity reaction at the surface very sensitive for convection in the

solution to which no special attention was paid. Moreover, the incubation is

manually timed, which introduces an estimated eror of about 5 sec. (4Vo).

The interaction of heparin with a protamine-loaded surface has been described

by a Langmuir adsorption model t5l. As a function of time, Kim and co-workers

found a rapid increase in the heparin concentration at the surface during the first 10

minutes, followed by an asymptotic approach to a steady state value. It can therefore

be concluded that during the 2 minutes of incubation time, which was used in our

procedure, no equilibrium or steady state value could have been reached. Therefore,

the binding to the ISFET cannot be described by a Langmuir adsorption model as

is also obvious from the linear relation between the heparin concentration and AA.

More experiments will be needed to study the binding of heparin to the protamine-

treated ISFET as a function of time. The observation that the amount of bound

heparin increases rapidly during the first minutes indicates, that it is important to
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time the incubation period accurately.

The measurements in normal blood plasma show a significant offset which
is probably caused by a non-specific interaction of plasma components with the

ISFET surface. Since it has been reasoned that the coverage ofprotamine is not very

dense, the non-specific interaction might include interaction with protamine

molecules as well as adsorption on'free'TarOr. This non-specific interaction reduces

the detection limit of heparin in plasma to about 0.25 Ulml. A more dense coverage

of the surface with protamine, for instance by covalently coupling the protamine to

the surface, might reduce the non-specific adsorption on the TarOr surface and

therefore reduce the offset and improve the detection limit. Another difference in
comparison with the measurement of the heparin concentration in PBS is the slope

of the linear curve fit corresponding with the relation between AA and the heparin

concentration, which is significantly smaller in the case of measurements in plasma.

A possible explanation would be a smaller amount of heparin bound to the

protamine during the incubation time of 2 minutes and/or a partly compensation of
the charge of the heparin molecules by heparin-binding proteins which are

immobilized at the ISFET surface together with the heparin molecule. It is known

that protamine is able to bind all possible active heparin molecules, and protamine

has successfully been used to separate all active heparin from plasma samples 1s1.

The kinetics of heparin in plasma could be different due to binding to proteins,

which might reduce the amount of bound heparin during the 2 min. incubation time.

Further research is necessary to be able to understand the exact mechanism. This
includes the observation that the slopes of the linear curve fit corresponding with the

measurement in plasma are different for the three ISFETs, whereas the slopes of the

linear fit of the measurements in PBS are almost alike.
The accuracy of the measured heparin concentration in plasma, according to

the accuracy in AA, is 0.07 U/ml for ISFET A, presented in fig.6.3 and 0.08 U/ml
for ISFET D, presented in fig.6.4. Also in these cases, an extra inaccuracy might be

caused by the procedure as explained earlier.

The measurements of the heparin concentration in the patient plasma samples,

as shown in table 6.2, show that in 9 out of 13 samples the added amount of 0.5

U/ml was corectly measured within the accuracy of the used ISFET (10.08 U/ml).
In these cases the calibration curve, which was recorded in normal plasma, could

be used to determine the concentration in the individual plasma samples. The

measured increase in the concentration in the four other samples was smaller than

0.5 U/ml. Apparently the calibration curve obtained from measurements in normal
plasma cannot be used in these cases. It is unclear which effects cause this

difference and more specific experiments will be needed to investigate these effects.

From fig.6.5 it is obvious that there is no direct relation between the heparin
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concentration and the APTT. This finding is not unexpected because the APTT is

dependent on several other parameters (e.g. the concentration of ATIII and other

clotting factors) which may vary from one patient to another. The therapeutic range

for the APTT as used in the MST hospital has been defined as 70-120 sec (normal

values 25-35 sec). From the figure it can be seen that some of the plasma samples

show clotting times within the therapeutic range, whereas the heparin concentration

appears to be >1.0 U/ml. In another case the APTT clearly exceeds the therapeutic

range (156 sec) whereas the heparin concentration appears to be only 0.85 U/ml.
These results support the statement that the APTT is not a suitable assay to monitor

heparin concentrations. Jaques and co-workers also determined absolute heparin

concentrations in patient plasma samples and plotted the APTT as function of the

heparin concentration resulting in a similar figure as fig.6.5 in which no relation

could be determined t6l. The heparin concentration was determined by first
separating the heparin from the plasma followed by microelectrophoresis to

determine the absolute amount. In this context, it would be interesting to compare

the heparin concentration as measured with the heparin sensor system described in
this chapter, with the result of a specific chromogenic substrate test which uses

additional ATIII and gives a result which is related to the concentration of active

heparin molecules.

In this chapter a heparin sensor system has been described which can

determine absolute heparin concentrations in blood plasma in the range 0.25-2.0

U/ml with an accuracy of +0.08 U/ml. With respect to the heparin sensor which uses

a porous membrane on top of the ISFET, as described in chapter 4 izl, the non-

specific interactions with other plasma components is significantly reduced. The

incubation time is also reduced from 15 to 2 minutes. More experiments are needed

to study the behaviour of the sensor in individual plasma samples. The specifications
of the sensor system can still be optimized by establishing a higher degree of
coverage of the TarO, surface with protamine, which might reduce the non-specific
interactions of other plasma components and increase the sensitivity to heparin. The

procedure can be optimized by a more accurate timing of the incubation time and

by stirring the sample during incubation.
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Final conclusions and
suggestions for future
developments

7

7.1 Conclusions

In this thesis the development of an ISFET-based heparin sensor is described,

with the ion-step measuring method as a starting point. Apart from the development

of the first application of the ion-step measuring method, the research project

described in this thesis has also contributed to a better understanding of the

mechanism behind the ion-step measuring method. This has resulted in an optimal
use of the specific features of the ISFET and the measuring method in the final
design of the heparin sensor. The conclusions following from this thesis are

summarized below.

. From the review given in chapter 2 regarding the clinical use of heparin as an

anticoagulant, it can be concluded that there is no real consensus of opinion about

what should be monitored for the optimal control of a heparin treatment.

Nevertheless, a simple sensor system measuring absolute heparin concentrations,

might be a useful device, because besides the biological activity of heparin, the

absolute concentration of heparin seems to be an important parameter.

. In chapter 3, where a detailed description of the ion-step measuring method is

given, it is shown that the ISFET itself (without membrane) also responds to an

ion-step. This means that the ISFET can not be regarded as an ideal transducer

for measuring the ion-step response of a membrane deposited on top of the

ISFET. The ion-step response of the 'bare' ISFET is dependent on the surface

charge density of the ISFET gate oxide and the change in the double-layer
capacitance resulting from the ion-step. The time constant of the response is

determined by the proton flux in the stagnant layer in front of the ISFET. At the

point of zero charge, the ISFET does not respond to an ion-step. This means that

the ion-step measuring method is a very direct method to determine the point of
zero charge of an ISFET gate oxide.
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. In combination with a porous membrane of polystyrene beads, the ISFET

response can interfere with the membrane response. This interference is larger in

the case of very porous membranes with low buffer capacity than in the case of
dense membranes with high buffer capacity. In the latter case, the membrane will
respond to an ion-step with a large proton release or uptake, which in most cases

will diminish the effect of the proton release or uptake from the oxide surface.

. Using membranes of polystyrene beads with immobilized protamine, it is possible

to determine heparin concentrations in buffer solutions, despite the interfering

ISFET responses to an ion-step. For every measured concentration, another device

has to be used. Depending on the incubation time and the porosity of the

membranes, the slope of the linear curve, representing the change in the

amplitude of the ion-step response as function of the heparin concentration, varies

from26 mV/Unit.ml-r to 3 mV/Unit.ml-1. The detection limit, after 15 minutes

of incubation, has been calculated as 5.3x10-8 moVl. Covalent coupling of
protamine to the beads, using a small spacer, results in larger slopes than physical

adsorption. The used incubation times vary from 40 hours to 15 minutes.

Incubation in blood plasma causes a significant non-specific adsorption of plasma

components. This might be reduced by blocking redundant adsorption sites by

albumin or small polypeptides after the immobilization of protamine.

. By a treatment with an amino-functionalized silane, it is possible to modify the

surface of a TarO'-ISFET in such a way that the point of zero charge, as

determined by the ion-step response, can be shifted. If the pHpzc is adjusted to the

pH of the ion-step solutions, the ion-step response of a membrane of polystyrene

beads can independently be determined, without an interfering ISFET response.

The fact that'bare' ISFETs do respond to an ion-step, creating an artefact in the

measurement with membranes of polystyrene beads, can be seen as a

disadvantage. On the other hand, this effect can also directly be used as a sensing

principle. The introduction of amino-groups at the surface as binding sites, results

in a sensitivity towards heparin. It is possible to determine heparin concentrations

in PBS after an incubation time of 10 minutes. However, it seems that the

interaction of heparin with the silane leads to a less strong binding than the

interaction of heparin with protamine. The results from the experiments in blood

plasma are poor, probably due to non-specific binding of plasma components. A
significant problem is the poor stability of the silane layers with respect to

hydrolysis, which seems to be the major factor restricting the possibilities of using

the amino-groups for additional chemistry (e.g. covalent coupling of protamine).



Final conclusions and suggestions for future developments 131

The best results are obtained with Ta2O,-ISFETs with a layer of protamine,

immobilized by physical adsorption. The ion-step responses can be described as

responses of 'bare' ISFETs with a modified surface charge density, even after

binding of heparin to the surface. With these devices it is possible to determine

heparin concentrations in PBS as well as in blood plasma after an incubation time

of only 2 minutes with a detection limit of 0.1 U/ml in PBS and 0.25 U/ml in
plasma. These values correspond with 5.3*10-8 and 13.3*10-8 moUl respectively,

assuming an average molecular weight of 15000 and a value of 8 microgram per

unit. Since the devices can be regenerated after incubation in a heparin solution,

the calibration curves can be recorded with only one device. The accuracy of the

measured heparin concentrations in plasma is 0.08 U/ml. It is suggested that the

accuracy can be improved by adjustments in the procedure (stirring, more

accurate timing). There is some non-specific adsorption of plasma components,

but the results with the plasma samples of the different heparinized patients show

that in most cases (9 out of 13) this non-specific binding results in a constant

offset. Calculations indicate that the coverage with protamine is not maximal,

which means that there are still adsorption sites available at the TarOr-surface.

These sites could be responsible for the non-specific adsorption. In the next

section a suggestion is given to improve the coverage of the surface with
protamine.

. One of the parameters used to qualify measuring principles or methods is the

detection limit. In the work described in this thesis a detection limit of 5.3x10-8

moVl heparin is measured, but this value is empirically obtained with a system

which was not optimized. The question then arises: what is the theoretical

detection limit of the ion-step measuring method in general? To be able to answer

this question, two main processes in the ion-step measuring method are

distinguished. The first process is the transport of the analyte from the sample

solution to the sensor surface and the subsequent binding of the analyte to the

affinity ligand. The second process is the change in charge density at the sensor

surface as a result of bound analyte at the surface and the resulting change in ion-

step response. The first process determines the amount of analyte that will bind

to the surface during a certain incubation time. The parameters for this process

are the diffusion coefficient of the analyte, the binding constant of the interaction

of the analyte with the affinity ligand, the 'adsorption isotherm' of the analyte to

the affinity ligand and the concentration of the analyte. This process is
independent of the sensor or measurement method which is used. It may be clear

that it is very difficult to make a general model of the amount of analyte

molecules that binds to the surface as a function of the incubation time and the
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analyte concentration.
The second process is the change in surface charge density resulting from bound

analyte molecules and the subsequent change in the ion-step response. For

determining the theoretical detection limit, we can calculate the minimum change

in charge density that can be detected by the change in ion-step response. The

theoretical maximum amplitude of an ion-step response is given in chapter 3 by

eq. 3.25 with the subscript 1 refering to the situation at 10 mM KCI and

subscript 2 to the situation at 100 mM KCI:

Au-,* = Uo,r "*, -,
c*,

(1.1)

It is assumed that the smallest significant change in ion-step response which can

be detected, is 0.1 mV. Because of the small change in surface potential \y0, the

quotient Cdrrlcd, can be considered as constant which yields for the change in
ion-step response after incubation:

(c \
AV*u*,, - AU*u*.a= (Uo,r., - Uo.,.r) l* -,1 o'zt

\ v'irls ""'" 
\L'*, )

with the subscripts b and a referring to the situation before and after incubation.

As an example the situation of a surface potential Vo,r,u of -236 mY is taken

which gives a value of 12.7 pF/cm2 for C0,,, and 16.1 trrF/cm2 for C0,,, according

to fig.6.6. A change in the theoretical ion-step response of 0.1 mV (AV-*,u-
AV-u*,b=0.1) then results according to eq.1.2 in a value for Vo,r,u of -236.5 mV'
and thus in a change of only 0.5 mV. This change in surface potential, resulting

from bound analyte molecules, corresponds with a change in surface charge

density of 6.35*10-e Clcm2 or 4*1010 charged groups per cm2. To illustrate this

value it is assumed that this change in surface charge density is caused by the

binding of albumin molecules. At pH 7.4, albumin molecules have a net charge

of -20 itl. The value of 4*1010 charged groups therefore corresponds with 2*10e

albumin molecules per cm2. From literature it is known that a monolayer of
albumin, which is the maximum amount that can be bound to a surface,

corresponds with 0.9 1tg/cm2,which corresponds with 8.2*l}t2 molecules/cm2 121.

This means that the theoretical detection limit of 2*10e albumin molecules per

cm2 is 0.0247o of the maximum amount of albumin molecules that can be bound

to the surface.
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7.2 Suggestions for further research

In this section a number of suggestions for further research will be given,

which may direct the continuation of the research project described in this thesis.

First, some suggestions are given referring to the heparin sensor with the

immobilized protamine layer as described in chapter 6

. A better coverage of the TarOr-surface with protamine might reduce the non-

specific adsorption of plasma components to the ISFET surface, as described in
chapter 6. This can be achieved by adjusting the pH of the buffer, from which the

protamine is adsorbed to the TarO, surface, to the iso-electric point (i.e.p.) of
protamine. It is known that at the i.e.p. of a protein the adsorption is maximal.
However, in this case the pH should be in the range 10-12 which means that also

the surface charge of the TarO, increases which might reduce the amount of
adsorbed protamine. Most likely there will be an optimum which can only be

determined empirically.

It would be interesting to compare the results of measurements with the heparin
sensor as described in chapter 6 with results of chromogenic substrate tests, as

described in chapter 2. These tests give a parameter related to the concentration
of heparin molecules with high affinity to antithrombin III (AtIID. It can be

expected that the correlation between these results is much better than between
the measured heparin concentration with the sensor and the APTT, as shown in
fig.6.5.

. The ion-step measuring method can in principle also be used to determine a

parameter directly related to the biological activity of heparin. If thrombin or
factor Xa is immobilized at the ISFET surface, ATIII from the blood sample in
which the device is incubated, will bind to the thrombin or factor Xa. The amount
of ATIII which will bind during the incubation time, is determined by the

biological activity of heparin, which acts as a catalyst for this reaction as

described in chapter 2. In this way a parameter is determined related to the

biological activity of heparin.

Since the ion-step measuring method is based on measuring changes in charge
density at a surface or in a membrane, it has to be examined whether binding of
ATIII to thrombin or factor Xa results in a measurable change in charge density.

The i.e.p. of all three molecules, thrombin, factor Xa and ATIII lies around pH 5,

which means that at pH 7 these molecules probably all have a comparable

negative charge. The effect of a bound ATIII molecule is therefore much smaller



134 ChqterT

then for instance the effect of the binding of a negatively charged heparin

molecule to a layer of positively charged protamine. However, it has been shown

in the previous section that the theoretical detection limit for albumin, which has

a comparable charge atpHT .4, is 0.024Va of the maximum amount, which means

that the theoretical detection limit will not be a limitation for a successful

application.
Another point to mention is the immobilization of thrombin or factor Xa to the

ISFET surface or to polystyrene beads. The interaction of thrombin or factor Xa
with ATIII consists of binding by a specific binding site. After immobilization, this

binding site must still be accessible for AtIII. This is important for the first
process which has been distinguished in the ion-step response in the previous

section. This process determines the amount of analyte (AtIII) which is bound to

the surface after a certain incubation time.

Another alternative possibility to use the ion-step measuring method for heparin

monitoring, is using the principle of a chromogenic substrate test. In these tests

a fixed quantity of factor Xa or thrombin is added to the heparinized plasma

sample. After a certain incubation time, residual factor Xa or thrombin is
determined either by addition of a specific peptide substrate to the mixture or

subsampling a sample from the reaction mixture into the specific substrate

solution. As a result of the reaction with factor Xa or thrombin, a chromophore

is released from the substrate which can be measured by monitoring the optical

density at a certain wavelength. If the substrate is immobilized to the ISFET

surface, the release of the chromophore will change the charge density at the

surface, which can be measured by the ion-step response. To amplify the change

in surface charge density, a charge label can be added to that part of the substrate

that is released after the enzymatic reaction. An advantage of this method would

be that the results can directly be compared with the results of the 'normal'

chromogenic substrate tests which will improve the acceptability of such a device.

A disadvantage is that a fixed quantity of thrombin or factor Xa has to be added

to the plasma sample as a reagent, which will make the procedure of using the

sensor more complicated.
The principle of immobilizing a standard substrate to an electrode has already

been examined by Arwin [3], who immobilized a commercially available substrate

to a platinum electrode and measured the rate of electrode capacitance change that

resulted from the release of the polypeptide. Unfortunately, the procedure which

had to be followed was still rather complicated and the results were not really

convincing.
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The following suggestions for further research refer to the ion-step measuring

method in general.
. If membranes are used of polystyrene beads in an agarose gel, a new method has

to be developed to ensure a reproducible thickness of the membranes. Spin-

coating in combination with lift-off techniques seems a good possibility to achieve

a constant thickness t+].

. Silanes that contain no charged functional groups (e.g. dichlorodimethylsilane),
yield a more hydrophobic surface which might improve the stability with respect

to hydrolysis and will result in a larger amount of adsorbed proteins to the

surface.

. Because in some cases the process of applying the ion-step and the following re-

establishment of the equilibrium partly coincide, it is important that the ion-step

is applied in a reproducible way. A constant flow in the flow through system is

a condition that certainly has to be fulfilled. Another important parameter is the

position of the gate area of the ISFET in the measurement cell. Since the devices

are manually prepared at this moment, the position of the gate in the area of the

chip that is exposed to the solution, can be different from device to device.

7.3 Future developments
For a practical application of the ion-step measuring method, it will be

necessary to have a simple measurement system in which the ion-step is applied to
the ISFET, the transient ISFET response is recorded and the data is processed. It has

been suggested to apply the ion-step by a solid state actuator integrated on the

ISFET chip t4J, but it has to be proven whether such an actuator has the capacity to
adequately change the ion concentration in front of the ISFET or in a membrane on
top of the ISFET. The increase in the concentration as function of time is also

important; a rise time of less than 200 ms has to be achieved.

A straight forward application would be the incorporation of the heparin

sensor in a wall jet cell in an existing flow injection analysis (FIA) system. These

systems are nowadays commercially available, even with incorporated ion-selective
electrodes and several (amperometric) biosensors. FIA systems are usually equipped

with powerful soft- and hardware to direct the different liquid flows and acquire the

data from the sensor. However, because of the high costs and complexity of these

systems, FIA systems are only suitable for laboratory testing.

In the research project described in this thesis, a very simple configuration
of a measurement system has been developed, based on applying the ion-step by
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subsequently inserting the device in two different solutions. Basically the system

consists of two cylindrical containers, holding the two ion-step solutions which are

separated by a thin (0.25 pm) polyethene membrane as schematically shown in
fig.7.1. The ISFET with integrated reference electrode is mounted in the tip of a

perspex needle. For applying the ion-step, the needle is placed in the upper container

until the ISFET is in equilibrium with the first solution. Then the needle is pressed

through the polyethene membrane, thereby initiating a liquid flow through the

groove in the needle in which the ISFET is located. The flexible polyethene film
prevents the two solutions to mix.

Fig.7.l A simple configuration of the ion-step measurement set-up.
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A top view of the ISFET with integrated reference electrode is given in

fig.1 .2. A silver layer was deposited around the gate area as shown in the figure.

The silver electrode was electrochemically chlorinated by leading a current of 4
pA/mm2 through the electrode in a solution of 0.1 M HCl, for 6 minutes tsl. After
preparation the electrodes were stored in demi-water for l-2 days. Because a

Ag/AgCl electrode was used as reference electrode, the Cl- activity had to be kept

constant during the ion-step. Therefore, the ion-step was performed with KNO3

solutions with a constant Cl- activity.
A more detailed view of the perspex needle is given in fig.7.3. The ISFET

is located in a groove which improves the flow across the surface after the needle

is pressed through the membrane. To evaluate the ion-step applied in this simple

system, two perspex needles as shown in fig.7.3 were equipped with planar

conductance cells which are schematically shown in fg.1 .4. The conductance cells

consist of two interdigitated platinum electrodes, each with 50 fingers with a width

of 7 pm and a length of 1 mm. The distance between the fingers is 3 trrm. The ion-

step can be monitored by an AC measurement of the conductance of the solution

during the perforation of the membrane. Before use, the conductance cells were

characterized by measuring the impedance as a function of the electrolyte

concentration and the measuring frequency. The ion-step was performed with

solutions of 0.5 and 5 mM KCI and the impedance was measured ai 520 kHz. The

measured changes in the impedance were characterized by the rise time of the

response, defined as the time between 10 and 90Vo of the final response.
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1mm

Fig.7.4 A top view of the conductance cell.

Both needles with the conductance cells showed reproducible and very fast

responses with a rise time of 11.9 + 0.7 ms. The speed with which the needles were

pressed through the membrane did not have a significant influence on the results.

These preliminary results show that it is possible to apply a very fast change in
electrolyte concentration in a reproducible and very simple way.

Unfortunately, the ISFET needles have not been provided yet with a layer of
protamine as affinity ligand for heparin, to repeat the experiments as described in
chapter 6, with this alternative ion-step system. The incubation in blood plasma can

then be accomplished by adding a drop of plasma on top of the ISFET.
A recent development that may be of interest for the future evolvement of the

ion-step measuring method, is the multi-channel clinical sensor, mounted in a

disposable cartridge as developed by ISTAT corporation, Princeton (NJ), USA. This

cartridge contains a sensor array for the determination of Cf, K+, Na*, I-Irea,

Glucose and Haematocrit, a pouch containing a calibrant solution, a sample chamber

and a fluid channel to conduct the calibrant and the sample over the sensor alray.
Two drops of whole blood are placed into the sample port and the cartridge is
inserted into a portable clinical analyzer for processing. When the cartridge is
inserted in the analyzer, a test cycle is started. During the test cycle, the analyzer

presses the front of the cartridge, causing a barb to puncture the calibrant pouch.

The calibrant fluid is released over the sensor array for measurement. When

calibration is completed, the analyzer presses the cartridge air bladder which pushes

the calibrant solution into the waste reservoir and sends the blood sample over the

sensor array for measurement. This principle of a sensor cartridge with one or more

fluid channels and several pouches containing the solutions, might be an interesting

alternative for the ion-step measuring system.

Another recent field of research which is of interest regarding the ion-step
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measuring method, is the development of so-called pr-TAS: micro total analysis

systems. The principle is the same as that of the sensor cartridge described before,

but in a p-TAS all different components are integrated in silicon. This includes

micro pumps, fluid channels and sensors. Because of the small dimensions of the

ISFET and the compatibility towards integration in silicon, the ion-step measuring

method is very eligible to implement in a p-TAS.
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Summary

In this thesis the development of a heparin sensor is described as the first
practical application of the ion-step measuring method. Heparin was chosen because

of its high charge density per molecule, which is favourable for detection with the

ion-step measuring method, and because of the presumption that there is a need and

a significant clinical market for a simple sensor system determining heparin

concentrations in blood. In the first chapter the ISFET is introduced and its role as

transducing element in several chemical sensors is briefly depicted. It is shown that

when using the ISFET in combination with a protein membrane on top of the gate

area, the membrane does nqt influence the static gate-source potential of the ISFET.

However, the charge density in the protein membrane can be determined when the

dynamical ion-step measuring method is used.

Chapter 2 is devoted to the description of the clinical use of heparin as

anticoagulant. The bloodclotting process is described together with the mechanism

by which heparin retards this process. The anticoagulant activity of heparin is
mainly based on its ability to increase the inhibitory effect of antithrombin III which

is a normal component of blood that can inactivate some of the enzymes involved

in coagulation. Because the dose-response relation of heparin is not exactly known

and differs per patient, it is necessary to monitor a heparin treatment. Most of the

current methods for monitoring are relatively complicated and the results are

influenced by variations in concentrations of certain enzymes involved in
coagulation. A simple sensor system that specifically measures heparin concentration

in blood, might therefore be a useful device for monitoring heparin treatments.

In chapter 3 the ion-step measuring method is described in more detail. An
ISFET with a protein membrane is exposed to a step-wise change in electrolyte
concentration (an ion-step) at a constant pH and the ISFET responds with a transient

change in the gate-source potential. In the new equilibrium situation after the ion-

step, the gate-source potential has returned to the same value as before the ion-step.

The amplitude of the transient response is a function of the charge density in the

membrane. The origin of the ion-step response is a change in the Donnan potential

at the membrane-solution interface and a release or uptake of protons by the proteins

in the membrane resulting in a temporary pH change in the membrane which is

detected by the underlying ISFET. It appears that the ISFET cannot simply be

considered as an ideal transducer for detecting the ion-step response of the

membrane, but the ISFET itself (without membrane) also shows a response to an

ion-step. Due to a change in the double-layer capacitance, the surface potential of
the ISFET gate oxide temporarily changes until the surface charge is adapted by

dissociating surface OH-sites. This means that the ISFET also responds to an ion-
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step with a transient potential. The amplitude of this transient response is a function

of the surface charge density of the ISFET gate oxide which is determined by the

pH of the solution and the point of zero charge of the gate oxide.
In chapter 4 the first experiments are presented concerning the measurement

of heparin. The protein protamine is used as an affinity ligand for heparin and

immobilized in membranes of polystyrene beads in an agarose gel. In the clinical
situation, protamine sulphate is used as an antidote for heparin to neutralize

excessive heparin in the blood. The interaction between protamine and heparin is
purely electrostatic but very strong. It is shown that heparin concentrations in buffer

solutions can be determined in this way. The results in blood plasma show a

significant amount of non-specifically bound plasma proteins and no clear relation

between the heparin concentration and the change in the ion-step response is

observed.

In chapter 5 ion-step responses of surface modified ISFETs are presented and

discussed. The amino-functionalized silane aminopropyltriethoxysilane (APS) is used

as surface modifier of TarOr ISFETs. Several methods of applying APS are

investigated and in some cases the amino groups of the APS can directly be used

to bind heparin to the surface resulting in a change in ion-step response. The results

in blood plasma are however again disappointing. Surface modification by silylating
ISFETs with APS is also used to 'tune' the point of zero charge of TarOr ISFETs

to pH 7. In this way the modified ISFET does not respond to an ion-step and the

ion-step response of a membrane of polystyrene beads deposited on top of an ISFET

can be measured without an interfering ISFET response.

In chapter 6 the results are presented of ISFETs with a monolayer of
protamine as affinity ligand for heparin. Protamine is immobilized by physical

adsorption directly at the TarO, surface. After heparin has bound to the immobilized
protamine, it can be removed by rinsing in 4 M NaCl. This treatment only removes

the bound heparin from the protamine and not the immobilized protamine from the

TarO, surface. This makes it possible to incubate one device subsequently in

different heparin solutions. With these devices it is possible to measure heparin

concentrations in buffer solutions as well as in blood plasma and the results show

a linear relation between the heparin concentration and the change in ion-step

response.

The last chapter is the concluding chapter which contains the final

conclusions and some suggestions for further research. These include some

suggestions for determining other parameters which are related to the overall clotting

time of blood. In this chapter also a new and simple way of applying the ion-step

is presented which for practical applications can be an alternative for the laboratory

set-up as used for obtaining the results presented in this thesis.



Samenvatting

In dit proefschrift wordt de ontwikkeling van een heparinesensor beschreven

als de eerste praktische toepassing van de ion-stap meetmethode. Er is voor heparine

gekozen omdat heparine een hoge ladingsdichtheid per molekuul heeft, wat gunstig

is voor detectie met de ion-stap meetmethode en omdat er een behoefte en een

significante klinische markt veronderstelt wordt voor een simpel sensorsysteem dat

heparineconcentraties in bloed kan bepalen.

In het eerste hoofdstuk wordt de ISFET geihtroduceerd en vervolgens de rol
van de ISFET als transducent in verschillende chemische sensoren. Het blijkt dat een

eiwitmembraan op de gate van een ISFET geen invloed heeft op de statische gate-

sourcespanning van de ISFET. De ladingsdichtheid in een eiwitmembraan kan echter

wel worden bepaald als de dynamische ion-stap meetmethode gebruikt wordt.
Hoofdstuk 2 is gewijd aan de beschrijving van het klinische gebruik van

heparine als antistollingsmiddel. Het bloedstollingsproces wordt beschreven en de

manier waarop heparine dit proces vertraagt. De antistollingsaktiviteit van heparine

wordt voornamelijk bepaald door het vermogen om de remmende werking van

antithrombine III (AtIII) te vergroten. ATIII is een component van bloed die de

aktiviteit remt van sommige enzymen die bij de stolling betrokken zijn. Omdat de

verhouding tussen de dosis en de responsie niet precies bekend is en bovendien
verschilt per patient, is het noodzakelijk om een heparinebehandeling te controleren.

De huidige heparinetesten zijn relatief ingewikkeld en de resultaten worden
beinvloed door variaties in de concentraties van verschillende bij de stolling
betrokken enzymen. Een eenvoudig sensorsysteem dat de heparineconcentratie in
bloed specifiek kan meten, lijkt daarom een bruikbaar instrument voor de controle
van heparinebehandelingen.

In hoofdstuk 3 wordt de ion-stap meetmethode in detail besproken. Een

ISFET met een eiwitmembraan wordt blootgesteld aan een stapsgewijze verandering

van de elektrolietconcentratie (een ion-stap) bij een constante pH. De ISFET
responsie is een tijdelijke verandering van de gate-sourcespanning. In de nieuwe

evenwichtssituatie na de ion-stap, heeft de gate-sourcespanning dezelfde waarde als

voor de ion-stap. De amplitude van de potentiaalpiek is een functie van de

ladingsdichtheid in het membraan. De ion-stap responsie wordt veroorzaakt door een

verandering in de Donnanpotentiaal aan het membraan-vloeistof grensvlak en door
een opname of afgifte van protonen door de eiwitten wat een tijdelijke pH-
verandering in het membraan veroorzaakt die door de ISFET gemeten wordt. Het
blijkt dat de ISFET niet kan worden beschouwd als een ideale transducer om de ion-
stap responsie van een membraan te detecteren, omdat de ISFET zelf (zonder

membraan) ook een tijdelijke responsie na een ionstap vertoont. Als gevolg van de
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verandering van de dubbellaagcapaciteit verandert de oppervlaktepotentiaal van het

gate-oxyde totdat de oppervlaktelading zich aangepast heeft door OH-groepen te

dissocidren. De amplitude van deze potentiaalpiek is een functie van de

ladingsdichtheid van het gate-oxydeoppervlak van de ISFET.

In hoofdstuk 4 worden de eerste experimenten met betrekking tot de meting

van heparine gepresenteerd. Het eiwit protamine wordt als affiniteitsligand gebruikt

en wordt geimmobiliseerd in een membraan van polystyreen bolledes in een agarose

gel. Protaminesulfaat wordt in de klinische situatie gebruikt als een antistof om

overvloedig heparine in de bloedsomloop te neutraliseren. De binding tussen

heparine en protamine is puur elektrostatisch maar erg sterk. Het is mogelijk om op

deze manier heparine-concentraties in bufferoplossingen te bepalen. Uit de resultaten

in bloedplasma blijkt dat er sprake is van een aanzienlijke hoeveelheid a-specifieke

binding van plasma-eiwitten en dat er geen duidelijk verband bestaat tussen de

heparineconcentratie en de verandering van de ion-stap responsie.

In hoofdstuk 5 worden ion-stap responsies gepresenteerd van ISFETs waarvan

het oppervlak is gemodificeerd. De silaanverbinding aminopropyltriethoxysilaan
(APS) is gebruikt om TarOr-ISFETs te modificeren. Verschillende methodes zijn
gebruikt om APS aan te brengen en in sommige gevallen kunnen de aminogroepen

van het APS direct gebruikt worden om heparine aan het oppervlak te binden. De

resultaten in bloedplasma zijn echter teleurstellend. Oppervlakte-modificatie met

APS is ook gebruikt om het 'point of zero charge' van TarOr-ISFETs af te regelen

op pH 7. Op deze manier is het mogelijk om de ion-stap-responsie van een

eiwitmembraan te bepalen zonder een artefact van de onderliggende ISFET.

In hoofdstuk 6 worden de resultaten gepresenteerd van ISFETs met een

monolaag protamine als affiniteitsligand voor heparine. Protamine wordt geimmo-

biliseerd door fysische adsorptie direct aan het TarO5 oppervlak. Nadat heparine aan

het protamine gebonden is, kan het worden verwijderd door te spoelen in 4M NaCl.

Deze behandeling verwijdert alleen het gebonden heparine en niet het geadsorbeerde

protamine van het TarO5-oppervlak. Het is nu mogelijk om steeds dezelfde ISFET

te incuberen in verschillende heparineconcentraties. Met deze ISFETs is het mogelijk

om heparineconcentraties te meten in zowel buffer-oplossingen als in bloedplasma.

Er bestaat een lineaire relatie tussen de heparineconcentratie en de verandering in

de ion-stap responsie.

Het laatste hoofdstuk bevat de algemene conclusies en enkele aanbevelingen

voor verder onderzoek. Een aantal van deze aanbevelingen heeft betrekking op de

bepaling van andere parameters die gerelateerd zijn aan de totale stollingstijd van

bloed. In dit hoofdstuk wordt tevens een nieuwe en eenvoudige manier

gepresenteerd om een ion-stap te bewerkstelligen als alternatief voor de huidige

laboratorium opstellling voor praktische toepassingen.
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Stellingen behorende bij het proefschrift

The development of an ISFET-based heparin sensor

1. Het probleem van a-specifieke adsorptie bij affiniteitssensoren kan niet worden
opgelost d.m.v . dffirentieer meten met twee ,"nro.", waarbij srechts 66n van beidesensoren voorzien is van het affiniteitsligand.

.1.-5. Kim et al., Biotechnology and BioenginciAng, $ (lgg2), p.450

2' Het karakteriseren van ISFETs met de pH-gevoeligheid (mv/pH) veronderstelt
vaak ten onrechte dat er een lineair verband bestaat tussen de pH en de oppervrakte
spanning van het gate_oxyde.

K.-M. Chcn et al., Sen^sors and Actuators B, l3_14 (1993), p.209

3' Het behandelen van een oxyde-oppervlak met een silaanverbinding om vervorgensvia de functionele groepen eiwitten te binden, is een minder vlze[sprekende
procedure dan veelal wordt voorgesteld.

Hoofdstuk 5 van dit proefschrift

4. Het overheidsbeleid betreffende studiefinanciering vertoont de Iaatste jaren groteovereenkomsten met de in dit proefschrift beschreven stimulus-respons'metingen.

5' znlang veel sprekers op wetenschappelijke conferenties de kwaliteit van hunpresentatie ondergeschikt achten aan de inhoud, blijft deze 
-uo* 

,-informatieoverdracht ineffi cient.

6' De werkerijke bijdrage van een onderzoeker aan wetenschap en maatschappij issterk gerelateerd aan zijn vennogen tot communiceren.

7 ' Het kunnen omgaan met de verschillende disciplines in biosensoronderzoek isvergelijkbaar met het besperen van verschillende koperblaasinsrumenten.

8' Het voorkomen van roest en het laten functioneren van de verlichting zijn tweetegenstrijdige doelstellingen bij het traditionele ontwerp van een fiets.

9. Een goede planning is het halve werk.

Joost van Kerkhof
7 oktober 1994
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