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1 Summary 
 
 

The subject of the research described in the first part of this thesis is the 

development of a chemical sensor for ions (Chapters 3 - 5). The study was carried out 

at the Laboratory of Organic Chemistry of the Swiss Federal Institute of Technology 

in Zurich (ETHZ) in collaboration with the Sensors, Actuators, and Microsystems 

Laboratory of the Institute of Microtechnology (IMT) at the University of Neuchâtel. 

This underlies the multidisciplinary character of this research.  

Ionophore-based ion-selective field-effect transistors are called CHEMFETs. 

These devices usually suffer from an unstable response signal. This restriction is 

mainly attributed to the lack of a thermodynamically well defined interfacial potential 

between the sensing membrane and the solid-contact. This interface includes a thin 

aqueous film, which must be regarded as an additional phase sensitive to sample 

changes. Compounds such as carbon dioxide that are able to diffuse through the 

membrane can cause a potential drift by altering the pH of the thin water layer and 

therefore interfere with the measurement of the analyte ions. In this dissertation, a 

novel concept using a double membrane is presented to improve the signal stability of 

CHEMFETs. The outer membrane in contact with the sample solution contains a 

mobile ammonium-selective ionophore, whereas the inner membrane incorporates the 

same carrier and, in addition, a covalently bound H+-selective ionophore. The phase 

boundary potential between the double membrane and the water film is determined by 

the pH of the thin aqueous layer and counterbalances the response of the gate oxide of 

the field-effect transistor. Therefore, CHEMFETs of this type compensate pH changes 

in the inner aqueous layer. 

The response mechanism of the novel double membrane was first verified by 

experiments performed on liquid-contacted ion-selective macroelectrodes (ISEs) and 

then tested with CHEMFETs. The CHEMFETs, which were covered with the double 

membrane, showed a Nernstian response to the activity of the analyte ion (NH4
+) in 

the sample solution. Furthermore, the propagated double membrane improved the 

stability of CHEMFETs against interference by CO2 and organic acids. The 

stabilizing effect of the double membrane on the response signal of CHEMFETs was 

partially limited by the pH measuring range of the inner membrane, which contained 

two ionophores, and by an additional potential contribution arising at the interface 
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between the outer and the inner membrane. Plasticized PVC membranes showed a 

better adhesion to the gate oxide and the encapsulation material of field-effect 

transistors in comparison with different polyurethane membranes. 

Comprehensive studies were carried out with ISEs based on covalently bound H+-

selective ionophores and novel polyurethane membranes with “self-plasticizing” 

properties. The selectivities of these electrodes were comparable to the ones obtained 

from ISEs based on plasticized PVC matrices. However, polyurethane membranes 

generally exhibited a poorer selectivity with respect to hydrogen ions. Polyurethane-

based sensors with covalently bound H+-selective ionophores showed sub-Nernstian 

slopes caused by high membrane resistance. The addition of a plasticizer or a 

lipophilic salt into the membrane resulted in greatly improved slopes, as in the case of 

conventional PVC/DOS electrodes. The durable immobilization of the ionophores by 

covalent binding to the polyurethane matrix was confirmed by long-term diffusion 

experiments. 

Chapter 6 describes the second research subject, in which biomolecules were 

immobilized on the surface of soft polyurethane membranes. The morphology of the 

polyurethane membranes was very smooth with a root-mean-square (r.m.s) roughness 

of about 0.7 nm. This featureless membrane surface is well suited for the covalent 

binding of selective recognition elements. As a prototype, a novel photoactivatable 

cross-linker was synthesized and covalently bound to the surface of soft polyurethane 

membranes. This cross-linker bears a biotin moiety, which can specifically complex a 

protein called streptavidin. 

The surface coverage of the immobilized biomolecules was analyzed by X-ray 

photoelectron spectroscopy (XPS) and autoradiography using [35S]-streptavidin. In 

general, the immobilized biomolecule layer turned out to be non-uniform. 

Furthermore, the immobilized biomolecules neither had an influence on the response 

behavior of ISEs with a Nernstian slope down to the nanomolar concentration range 

nor influenced the response of ISEs with a super-Nernstian behavior. 
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Generally spoken, a chemical sensor is as a device that responds to a chemical 

stimulus and transmits a resulting signal. The ideal chemical sensor can be regarded 

as a technical analogue to the human or animal sensory system. It responds 

continuously to the increasing and decreasing concentration of a chemical compound, 

thus allowing real-time monitoring. The term “selectivity” describes quantitatively the 

capability to prefer target analytes and to discriminate specific background species. 

Ion-selective sensors based on liquid membranes are available for the analysis of the 

most abundant alkaline and alkaline earth metal ions as well as some heavy metal 

ions. These ion-selective sensors contain receptor molecules (ionophores) in their 

polymeric membrane, which can selectively bind guest species from the sample 

solution,1 as described in Chapter 3. The most important application of these sensors 

is the clinical assay of K+ and Na+ in blood samples. Yearly well over a billion 

measurements with ionophore-based ion-selective electrodes (ISEs) are performed 

worldwide in clinical laboratories alone.2 ISEs are also utilized in many other fields, 

including physiology, biology, process control, and environmental analysis.3, 4 They 

thus form one of the most important groups of chemical sensors. 

In contrast to ISEs, there are only a few practical applications for ionophore-based 

field-effect transistors (CHEMFETs). The facile miniaturization of these 

semiconductor devices is an advantage. The size of a tip of a classical ISE is about 10 

mm, whereas the size of a CHEMFET is about 1 mm. CHEMFETs usually suffer 

from an unstable response signal caused by acids and bases in the sample solution, 

like for example carbon dioxide. In order to improve this potential instability of 

CHEMFETs, a novel method is propagated in this doctoral dissertation. The 

suitability of soft polyurethanes with “self-plasticizing” properties for sensors with a 

covalently bound H+-selective ionophore5, 6 was tested in Chapter 4 using ISEs. The 

modified membranes with the attached carriers were applied on CHEMFETs in order 

to improve the potential stability against interferents like carbon dioxide, as shown in 

Chapter 5. The experiments with CHEMFETs were performed at the Sensors, 

Actuators, and Microsystem Laboratory of the IMT in Neuchâtel. All other 

experiments of this thesis were carried out at the Laboratory of Organic Chemistry of 

the ETHZ.  
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Chapter 6 describes the second research subject, in which the immobilization of 

biomolecules on the surface of polyurethane membranes was studied. Although a 

great number of techniques is available to covalently bind organic compounds to 

various substrates in order to create selective reaction layers,7, 8 there are 

comparatively few contributions in which the surface of soft polymers is modified. 

The present work describes initial studies of modification of polyurethane membranes 

by covalently attaching binding sites to their surface. A novel biotin derivative was 

used as a heterobifunctional cross-linker. This was photoimmobilized on a 

polyurethane surface. The long term aim of this study is to monitor guest molecules 

present in the sample solution. The guest molecules are selectively complexed by host 

molecules immobilized on the membrane surface. A complexation of a sample 

analyte with these binding sites may modulate the interfacial fluxes of specific marker 

ions and therefore influence the potentiometric response of ISEs. Further promising 

applications of selective surface modifications of polymeric membranes include the 

preparation of biointerfaces and bioelectronic elements.9 Finally, Chapter 7 includes 

the experimental part of the whole dissertation. 
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3 Characteristics of Carrier-Based Ion-Selective 
Electrodes 

 
 

3.1 Response Mechanism 

The centerpiece of a carrier-based ion-selective electrode (ISE) is usually a 

polymeric membrane. Adding lipophilic anionic sites prevents anions from 

penetrating into the membrane and results in a cation-exchanger membrane. This 

cation permselectivity is called Donnan exclusion.1, 2 Adding additionally an 

ionophore into the membrane enhances the selectivity of the sensor for a target 

cation.3 The ionophore can form a reversible complex with the analyte ion in the 

phase boundary between membrane and solution. This selective extraction of target 

ions into the membrane represents the heart of the response mechanism of ISEs.4 

Herein, we focus on ISEs that contain an electrically neutral ionophore, as depicted in 

Figure 3.1. 
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Figure 3.1 Schematic view of the equilibria between sample, ion-selective 

membrane, and inner filling solution for the special case of equal sample and inner 

electrolytes: primary ion (I+), counterion (X-), carrier (L), and anionic site (R-). 
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We can mathematically describe the response mechanism of ISEs with the help of 

the following equations.5, 6 The membrane/sample phase (′) boundary is located at x = 

0, whereas the membrane/inner solution (″) interface is defined as x = d, as shown in 

Figure 3.1. We assume ion partition equlibria at the two membrane boundary surfaces 

initially. The total concentration ci,T of the free ion Izi and of all its positively charged 

complexes at the membrane boundaries can be described as follows: 
 

ci,T (x = 0) = K i ′ a i (aq) ′ Ψ 

− Zi        (3.1) 

 

ci,T (x = d) = Ki ′ ′ a i (aq) ′ ′ Ψ 

− Zi       (3.2) 

 

where 
 

Ki =
k i

γ i (x)
1+ βiL,ncL

n

n
∑

 

 
  

 

 
         (3.3) 

 

′ Ψ = eF (φ (0)− ′ φ ) / RT         (3.4) 

 

′ ′ Ψ = eF (φ(d)− ′ ′ φ ) / RT         (3.5) 

 

Here, a′i is the ion activity in the sample solution and a″i is the ion activity in the 

inner solution. The overall partition coefficient of the indicated ion Izi is Ki, which 

includes all effects of ion-ionophore complexation in the membrane, βiL,n is the 

stability constant of a given 1:n complex ILn
zi, cL is the concentration of the free 

ionophore L in the membrane, which is assumed to be constant, ki is the partition 

coefficient of the uncomplexed ion Izi, and γi(x) is the activity coefficient of this 

species in the membrane. Moreover is Ψ a function of the boundary electric potentials 

φ and R,T, and F have their usual meaning. If the total concentration of anionic sites 

RT is constant, the electroneutrality condition requires that: 
 

zi
i
∑ ci,T (x = 0) = zi

i
∑ ci,T(x = d) = RT      (3.6) 
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Insertion of equation (3.6) into (3.1) and (3.2) leads to an implicit solution for the 

boundary potential function Ψ: 
 

zi
i
∑ K i ′ a i (aq) ′ Ψ 

− Zi = zi
i
∑ Ki ′ ′ a i (aq) ′ ′ Ψ 

− Zi = RT     (3.7) 

 

For the sake of simplicity, interfering anions Xzx are neglected in the following 

treatment. The considerations are restricted to exchangeable cations of the same 

charge number zm = z. Therefore, one obtains explicit solutions for equation (3.7): 

 
 

′ Ψ 

z =
z

RT

Km
m
∑ ′ a m         (3.8) 

 

′ ′ Ψ 

z =
z

RT

Km
m
∑ ′ ′ a m         (3.9) 
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Figure 3.2 Schematic diagram of a membrane electrode measuring circuit and cell 

assembly. 
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The electromotoric force E across an ISE cell (see Figure 3.2) is the sum of all 

individual potential contributions: 
 

E = E0 + EM = E0 +
RT
F

ln ′ Ψ −
RT
F

ln ′ ′ Ψ      (3.10) 

 

where E0 is a reference potential summarizing all potential contributions in 

addition to the membrane potential EM. The membrane-internal diffusion potential is 

negligible in most cases of practical relevance.7 Hence, we assume in equation (3.10) 

that the membrane-internal diffusion potential is equal to zero.8 The basic 

assumptions are that the mobility of all exchangeable species in the membrane can be 

characterized by the same diffusion coefficient, and that all sites R- are uniformly 

distributed within the membrane. Thus, the response function is given by: 
 

E = E0 +
RT
zF

ln Km
m
∑ ′ a m −

RT
zF

ln Km
m
∑ ′ ′ a m      (3.11) 

 

Assuming that the potential at the membrane/inner filling solution interface is 

independent of the sample, the emf response of ISEs to different cations is described 

by the Nicolskii-Eisenman equation, which is the usual approximation for practical 

purposes:  
 









++= ∑

j

/
j

pot
iji

i

0
i

ji)()(ln zzaqaKaqa
Fz

RTEE     (3.12) 

 

where the subscripts i and j denote the primary ion Izi and the interfering ion Jzj, ai(aq) 

and aj(aq) are the sample activities of these ions. Ei
0  is the standard reference 

potential of the electrode cell for the primary ion, and Kij
pot  is the (Nicolskii) 

selectivity coefficient for the interfering ion relative to the primary ion, being defined 

as follows: 
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Kij
pot =

K j

Ki

         (3.13) 

 

 

3.2 Selectivity 

An ISE should measure a target ion as selectively as possible and, therefore, highly 

selective ISEs are characterized by values Kij
pot << 1.9 Although the Nicolskii-

Eisenman equation has commonly been used for a few decades, it has a severe 

drawback. The equation is incorrect when two ions of different charges contribute to 

the emf. Sophisticated mathematical formulations of selectivities for ions with 

different charges were presented by Morf6 and by Nägele.10  

Several techniques for the determination of selectivity coefficients are known. In 

this work, the separate solution method (SSM) and the fixed interference method 

(FIM) are used. The SSM is the most popular method to determine selectivity 

coefficients. Both the calibration curve for the primary ion and that for an interfering 

ion are assumed to approximate Nernstian response. Extrapolating the potential for 

the primary ion (Ei) and for the interfering ion (Ej) to an activity of 1 mol L-1 leads to 

the respective standard potentials ( Ei
0  and 0

jE ) which are used in the following 

expression: 
 

( )
RT

EEFz
K

303.2
log

0
i

0
jipot

ij

−
=        (3.14) 

 

In practice, however, many electrodes do not show a Nernstian response to the 

interfering ion. There are two reasons for this frequent bias.11 First, continuous 

leaching of the primary ion from the electrode into to the sample solution intrudes the 

calibration measurement of the interfering ion. Second, the conditioning time has to 

be long enough to reach a steady state. ISEs are usually conditioned with a high 

concentration of primary ions, which can cause a non-Nernstian response to the 

interfering ions if the interfacial layer of the membrane contacting the sample is not 

fully equilibrated with the discriminated ions. Conditioning for a short time in the 

interfering ion solution before the respective calibration measurement is made to 

improve the slope of the electrode response. However, the most promising alternative 
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to eliminate this problem is given by the method of unbiased selectivity coefficients.12 

In this procedure, the electrodes are initially conditioned in a solution of highly 

discriminated ions. The most discriminated ion is measured first, and the most 

preferred ion at the end of the procedure. Consequently, the phase boundary layer is 

always conditioned with the actual measuring ion, thus resulting in Nernstian slopes 

and unbiased selectivity coefficients. 

In the FIM, measuring a calibration curve in pure solutions of the primary ion is 

the first step.11 The second primary ion calibration is done in the presence of a 

constant interfering ion background aj (BG). The linear response curve of the 

electrode as a function of the logarithm of the primary ion activity is extrapolated 

until, at the lower detection limit ai (DL), it intersects with the observed potential for 

the background alone. The Nicolskii coefficient is calculated from these two 

extrapolated linear segments of the calibration curve as follows:13 
 

log K ij
pot = log

ai (DL)
aj (BG) zi / zj

 

 

 
 

 

 

 
       (3.15) 

 

Taking only the ranges of the calibration curve with a Nernstian slope prevents 

biases from leaching primary ions. Furthermore, it is crucial that the detection limit is 

determined by the added interfering ion alone. This assumption has to be scrutinized 

by subsequent dilution of the sample with water, whereupon a Nernstian response 

should be observable.11, 14 

If the electrode does not exhibit distinct ranges of Nernstian response, neither with 

the SSM nor with the FIM, it is better to report the full calibration curve to 

characterize the selectivity of the ISE. 

 

 

3.3 Detection Limit 

Besides the selectivity, the detection limit is one of the most important 

characteristics of an ISE. The upper and lower detection limits are defined by the 

respective inter-sections of the extrapolated linear parts of the calibration curves, as 

shown in Figure 3.3.15 Recently, this definition was extended for electrodes that 

exhibit a super-Nernstian response.16 
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Upper Detection Limit

Lower Detection Limit

log a

EM
F

 

 
Figure 3.3 Definition of the upper and the lower detection limit of an ISE 

according to the IUPAC recommendations.15 

 

 

The upper detection limit of cation-selective electrodes is caused by the 

interference of sample anions. When the salt concentration in the sample solution 

increases, interfering anions X- enter into the membrane according to the following 

coextraction mechanism:  

 

I z+ (aq) + zX−(aq) + nL(org) ⇔ ILn
z+ (org) + zX − (org) 
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where n is a stoichiometric factor. The increased uptake of anions in the membrane 

causes a loss of cation permselectivity (failure of Donnan exclusion).  

The reasons for the lower detection limit are either interference by competing 

sample cations or perturbation of the interfacial sample region by the membrane. The 

latter is often caused by leaching of primary ions from the membrane into the sample 

solution. This constant release of primary ions results in a higher effective ion activity 

near the membrane/sample interface, as compared with the nominal activity in the 

bulk sample solution.17 Additionally, the plasticizer and the polymer matrix of the 

electrode membrane may also influence the lower detection limit.18 Recently, the 

theoretical ultimate lower detection limit of ISEs was estimated to be 10-13 mol L-1for 

monovalent ions, and 10-20 mol L-1 for divalent ions.19 

 

 

3.4 Polyurethane as Polymer Matrix 

ISEs often contain poly (vinyl chloride) (PVC) as polymer membrane matrix with 

an added plasticizer to achieve excellent selectivities and detection limits. However, 

the use of plasticized PVC membranes bears some problems, which are mainly caused 

by the outflowing plasticizer.20 Firstly, a significant loss of plasticizer leads to a short 

lifetime of the sensors. Secondly, most plasticizers are toxic which makes the use of 

the corresponding ISEs in many clinical applications impossible. Finally, most 

plasticizers lead to PVC membranes that give a poor adhesion on solid surfaces in the 

case of solid-state membrane sensors. These inconveniences might be avoided by 

choosing other polymers without plasticizer. The following polymers were 

successfully used for ISEs and have a glass transition temperature below room 

temperature: polysiloxanes,20-29 photocurable polymers,30-32 and polyurethanes.33-36 

In this work, polyurethanes are utilized as polymer matrix. Polyurethanes are 

synthetic resinous, fibrous, or elastomeric polymers that are made into foams, fibres, 

elastomers, and surface coatings.37 They are formed by reaction of an alcohol with an 

isocyanate,38 as shown in Figure 3.4. The polyurethanes used in this work were 

synthesized from a soft and a hard diol copolymer with a diisocyanate.39 The type and 

the relative composition of the building blocks determine the characteristics of the 
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polyurethane such as phase transition temperature, mechanical properties, adhesion 

strength, electrical resistance, and solubility. 

In the following chapters, comprehensive results of the use of polyurethanes for 

ISEs are presented. Among these are the applications of polyurethanes for 

immobilizing membrane components and for immobilizing biological molecules. 

 

 

R N C O HO R' R
H
N

O

O
R'

 

 

Figure 3.4 Nucleophilic addition of an alcohol with an isocyanate leads to the 

formation of an urethane.38 
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4 “Self-Plasticizing” Ion-Selective Membrane 
Electrodes with Covalently Bound Carriers 

 
 

4.1 Introduction 

There is a huge interest in miniaturized and low-prize ion-selective sensors for 

biomedical, industrial, and environmental applications.1 These requirements are better 

met with solid-state membrane sensors than with liquid-contacted ISEs. There are 

different kinds of microfabricated solid-state devices based on ionophores. Examples 

are solid-state membrane electrodes2-7 and chemically sensitive field-effect transistors 

(CHEMFETs).8, 9 Solid-state membrane sensors usually do not have a high potential 

stability in comparison with liquid-contacted ISEs. The solid-state devices suffer from 

a thermodynamically ill-defined phase boundary potential between membrane and 

solid contact. Carbon dioxide and organic acids can alter the internal pH at the 

membrane/insulator interface of CHEMFETs and therefore interfere with the 

measurement of the analyte ions.10 This signal instability is a severe drawback for 

CHEMFETs.11 

A novel method based on a pH-compensating double membrane is proposed in this 

doctoral dissertation to create a thermodynamically well-defined insulator/membrane 

interface for CHEMFETs. The polymer membrane of CHEMFETs was modified by a 

covalently bound ionophore.12, 13 For the immobilization of the carriers, polyurethane 

with “self-plasticizing” properties was used.14 The characterization of the novel 

covalently bound ionophores in ISEs is described in the first part of this chapter. The 

new method to improve the signal stability of CHEMFETs was tested by ISEs in the 

second part of this chapter and applied to CHEMFETs in Chapter 5. 

 

 

4.2 Theory of Solid-State Membrane Sensors 

4.2.1 CHEMFETs 

Figure 4.1 shows a field-effect device based on a metal-insulator-semiconductor 

transistor, which is called MISFET.8 The semiconductor is typically silicon and the 

insulator is normally silicon dioxide. The interesting property of MISFETs is that the 
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Figure 4.1 Schematic diagram of a metal-insulator-semiconductor transistor 

(MISFET).8 The channel length is the distance between the two n-type semiconductor 

regions. I: insulator, ID: drain current, M: metal, p-Si: p-type semiconductor, ∆V: 

voltage drop, VD: drain voltage, VG: gate voltage. 

 

 

charge distribution at the insulator-semiconductor interface can be controlled by the 

potential on the metal. 

For a p-type semiconductor, a negative potential on the metal accumulates 

(positive) holes at the semiconductor surface. When the potential on the metal surface 

becomes positive, holes are pushed away from the semiconductor surface, and a 

depleted region at the surface is left. If the positive charge is large enough, electrons 

start to accumulate at the semiconductor surface and they are forming a conducting 

channel. This process is called inversion.15 For a MISFET, the current in the 

conducting channel ID (drain current) depends on the gate-source voltage (VGS). The 

threshold voltage (VT) is defined as VGS, at which current starts to flow along the 

semiconductor surface, which occurs when the inversion layer is formed. 

In ion-selective field-effect transistors (ISFETs) the gate insulator consists of an 

ion-selective layer (like Si3N4, Al2O3, or Ta2O5) and the gate “metal” of an aqueous 

solution with a reference electrode.8 VT of ISFETs does not only depend on solid-state 

properties, it also depends on the potential difference of the added surfaces. 
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Figure 4.2 Schematic illustration of a CHEMFET.16 1: polymer membrane, 2: 

gate oxide, 3: isolating resin, B: bulk, D: drain, S: source, ID: drain current, VGS: gate-

source voltage, VSD: source-drain voltage. 

 

 

A CHEMFET is an ISFET, in which the gate surface is covered with a sensing 

membrane,17 as shown in Figure 4.2. The VT of a CHEMFET can be described with 

the help of the following equation:8 
 

m
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mm
m

mT aK
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RTaK

zF
RTEV ′′−′+= ∑∑ lnln0     (4.1) 

 

This expression is analogous to equation 3.11 for ISEs described in Chapter 3. 

However, the formulation of term E0 in CHEMFETs, as shown in equation 4.2, is 

different in comparison with ISEs. 
 

SSreference VΨEE ++= 0
0        (4.2) 
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where Ereference is the potential of the reference electrode, which also includes the 

liquid junction potential. The potential difference between the insulator and the thin 

water film isΨ0. Potential contributions originating from the solid-state part of the 

system are included in VSS. 

The preferred mode of operation of a CHEMFET is the constant-current mode with 

constant drain-source voltage.8 A feedback circuit compensates for induced changes 

in the drain-source current (IDS) by adjusting the gate-source voltage (VGS). This 

causes a parallel shift (∆V) of the IDS - VGS curve, as illustrated in Figure 4.3.8 

Furthermore, the packaging18 in the fabrication process and the adhesion of the 

membrane on the substrate during the use of the CHEMFET19, 20 can be problematic. 

 

VGSVT

ID

 

 

Figure 4.3 Electrical properties of an ISFET with a voltage drop (∆V) along the 

voltage axis.8 ID: drain current, VGS: gate-source voltage, VT: threshold voltage. 

 

 

In the ideal case, the response signal of a CHEMFET is determined by the activity 

of the analyte ion in the sample solution. However, CHEMFETs usually do not have a 

high potential stability in comparison with liquid-contacted ISEs. This restriction is 

mainly attributed to the lack of a thermodynamically defined interfacial potential 
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between the gate material and the membrane.11, 21 The interface between the sensing 

membrane and the insulator includes a thin water layer, which can be regarded as an 

additional phase sensitive to the composition of the sample solution. Compounds like, 

for example, CO2, which diffuse through the membrane into this aqueous layer, may 

disturb the interfacial potential between liquid and solid by locally altering the pH and 

may cause a drift of the potential.10, 22 Similar results were reported by Harrison et 

al.23 for a membrane/insulator/semiconductor electrode. The diffusion of a gas like 

CO2 through a membrane can be described mathematically by the following 

expressions:24, 25 
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where aqc ′′  is the concentration of CO2 in the water film between membrane and 

gate and aqc′ (t < 0) is the initial concentration of CO2 in the sample solution. aqc′∆  is 

the change of the CO2 concentration in the sample solution and t is the time. D is the 

diffusion coefficient of CO2 within the polymer membrane whose thickness is d. 

Several methods have been reported to improve the stability of the membrane-

insulator interface of CHEMFETs. A simple solution was to place a thin layer of Ag-

AgCl on top of the solid contact of a membrane/insulator/semiconductor electrode.23 

Sudhölter et al.26 proposed to use an intermediate hydrogel containing both a pH 

buffer (pH ≅ 4) and the ion to be sensed by the membrane. CHEMFETs based on this 

buffer solution used poly(hydroxylethyl methacrylate) (pHEMA) as polymer.16, 27-30 

Other workers deposited an additional layer between the sensing membrane and the 

insulator using a hydrophobic negative photoresist.31 The inner layer provided both 

good adhesion to the ISFET and a water-repellent barrier to the sample solution. 
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4.2.2 Solid-State Membrane Electrodes 

The question of the thermodynamical stability of the membrane-insulator interface 

of CHEMFETs is similar to the situation found for conventional solid-state membrane 

electrodes.8 Certain types of solid-state membrane electrodes are also called coated-

wire electrodes (CWEs). In a CWE an electroactive species is incorporated in a thin 

polymeric film and coated directly onto a metallic conductor.2 This results in the 

elimination of the internal filling solution in comparison with liquid-contacted ISEs. 

It was found that most metallic conductors used in CWEs suffer from a potential 

dependence on oxygen partial pressure, as caused by the ill-defined membrane-metal 

potential.32 Therefore, the response function of solid-state membrane electrodes can 

be considered to be due to the formation of an oxygen half-cell at the membrane-

metal interface as a consequence of water and oxygen permeation. 

Several methods have been reported to improve the redox-stability of the 

membrane-solid interface. A frequently used solution was the deposition of an 

additional layer between the sensing membrane and the solid contact using, for 

example, poly(vinyl ferrocene),33 a lipophilic redox-active self-assembled 

monolayer,34 or a hydrogel doped with the primary ions and chloride ions.7, 35, 36 

Other methods to enhance the thermodynamical stability of the interfacial potential 

include a conductive polymer like poly(3,4-ethylenedioxythiophene), 37 polyaniline,38 

or polypyrrole32, 39 as ion-to-electron transducer. Additionally, the incorporation of a 

lipophilic silver-ligand complex40 into the membrane, which was coated on an 

Ag/AgCl contact, is described. Moreover, a CWE with a double-membrane was 

reported.41 This CWE was prepared with an internal conducting membrane based on 

tetrabutylammonium bromide in PVC and an external membrane containing an 

ionophore. Furthermore, double membranes were used to enhance the selectivity of 

ion-selective sensors42-44 and biosensors,45-47 or to carry an acid neutralizing solution 

between the inner and the outer membrane.48 

 

 

4.2.3 Double Membranes with Mobile and Covalently Bound Ionophores 

In this work, a double membrane is introduced as a novel approach to improve the 

stability of the interfacial potential of CHEMFETs. The main goal was to reduce or 

even eliminate the sensitivity to interfering CO2 or to sample solutions with varying 
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pH. The part of the double membrane in contact with the sample contains a mobile 

ammonium-selective ionophore, as shown in Figures 4.4 and 4.5. The inner 

membrane on the solid contact embodies the same carrier and, in addition, an 

immobilized H+-selective ionophore. 

The covalent immobilization of ionophores has been reported for polymeric 

matrices like polysiloxane,49-51 PVC-COOH,52-54 poly(styrene-butadiene),55 

methacrylic-acrylic copolymers,56 and polyurethane.14, 57 Extensive simulations and 

experimental work with all possible combinations of free and covalently bound 

ionophores and borate anions was done by Reinhoudt et al.49, 58 These authors 

observed that the covalent binding of the ionophore slightly decreased the slope of 

CHEMFETs and increased the response time owing to limited diffusion within the 

membrane phase. However, the lifetime of the sensor was enhanced due to a hindered 

 

 

Figure 4.4 Schematic view of polyurethane based double membrane used for ion-

selective sensors. Tetradodecylammonium tetrakis-(4-chlorophenyl)borate (ETH 500) 

was used as lipophilic salt. 
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Figure 4.5 Simplified schematic view of a CHEMFET prepared with a double 

membrane: L and NH4L+, free and complexed nonactin; C and CH+, unprotonated and 

protonated covalently bound hydrogen-ion-selective ionophore; R-, lipophilic anionic 

site. 

 

 

loss of ionophore into the sample. The covalent attachment of the carrier also resulted 

in improved lower detection limits.54 Furthermore, carboxylated59 and aminated60 

PVC-based ISEs were found to be pH sensitive and showed the same response 

characteristics as ISEs with immobilized H+-selective ionophores. 

In this work, novel H+-selective carriers covalently bound to a polyurethane matrix 

are presented. The synthesis and the immobilization of these ionophores were done in 

our laboratory.12, 13 The polymer matrix used for immobilization was based on 

poly[(R)-3-hydrobutyric acid] diol (PHB) and 2,2,4-trimethylhexamethylene 

diisocyanate (TMDI). A high degree of biocompatibility was found for materials 

prepared from PHB and TMDI,61, 62 but polyurethanes made only from these two 

components contain relatively hard polymer segments and are inappropriate for ISE 
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applications because of their high electrical resistivity.63 To introduce soft polymer 

segments, poly(tetrahydrofurane) diol (PTHF) was added to PHB and TMDI. The soft 

segments function like a built-in plasticizer. On the basis of the low glass transition 

temperature of these polyurethanes, which is below room temperature, there is no 

need to add a conventional plasticizer.  

Polyurethane is a suitable matrix for most solid-state membrane devices, since the 

adhesion on metals is good.64-66 A commercially available polyurethane, called 

Tecoflex, was also studied in this work as membrane matrix. Tecoflex is well suited 

for ISEs, as shown in a series of previous studies.1, 67-70 A vast number of different 

polyurethanes with structures similar to Tecoflex were synthesized in the group of 

Nam.71 The addition of plasticizers to these polyurethanes was reported to increase 

the free ionophore concentration in the membrane by dissolving ionophores dispersed 

in partially structured soft segments or semicrystalline hard segments. Furthermore, 

photocurable polyurethanes were used for the preparation of CHEMFETs.72 

The first part of this chapter includes the characterization of ISEs with 

immobilized H+-carriers. In the second part of this chapter, liquid-contacted ISEs with 

immobilized ionophores in double-membranes were used. The application of such 

double membranes to eliminate the pH interference in the thin water layer between 

membrane and insulator of CHEMFETs is described in Chapter 5. 

 

 

4.3 Immobilized Bis-2,6-hydroxymethyl pyridine 

The hydrogen ion-selective ionophore bis-2,6-hydroxymethyl pyridine (Figure 4.6) 

was immobilized in polyurethane (PHB/PTHF) using TMDI,14 as shown in Figure 

3.4. Due to the short alkyl chains of the immobilized ionophore, a relatively rigid 

anchoring of the compound within the polymer should result. Figure 4.7 depicts a 

calibration curve of ISEs based on this carrier. It was reported in previous studies that 

the dynamic pH range of hydrogen ion-selective ionophores depends on the acid 

dissociation constant of the ionophores.73, 74 Accordingly, the lower detection limit of 

the immobilized bis-2,6-hydroxymethyl pyridine might be caused by the size of the 

acid dissociation constant (pKa).75 Furthermore, the influence of the borate 

concentration in the membrane on the lower detection limit was tested. ISEs with only  
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Figure 4.6 Structural formulas and abbreviations of immobilized ionophores, 

immobilized plasticizer, and polyurethane components. 
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0.5 mol %, 5 mol %, or 10 mol % of added borate relative to the ionophore all had the 

same detection limit (pH 5.7),12 in contrast to the data of Xu.76 

ISEs based on the soft polyurethane (PHB/PTHF 1:5) almost had the same slopes 

of response and the same lower detection limits as the ones made from the hard 

polyurethane (PHB/PTHF 1:1), as shown in Table 4.1. The selectivity coefficients of 

these ISEs were similar to the ones obtained for ISEs based on Tecoflex, 2-

nitrophenyl octyl ether (o-NPOE), without any additioned ionophore or borate.77 The 

measurements of the latter showed a preference towards hydrogen ions.6, 78 Urethane 

carbonyl and poly(ether oxygen) from the polyurethane matrix can act as H+ 

acceptor.79 It appears that the response and selectivity behavior of all the ISEs studied 

in this section are partly determined by ion-binding properties of such acceptor or ion-

exchange sites. 

 

 

4.4 Immobilized N-Butyldiethanolamine 

The response curve of ISEs based on the ionophore N-butyldiethanolamine, which 

was anchored with its diol substituents to polyurethane, is shown in Figure 4.8. These 

membranes contained the covalently bound ionophore, which was added like a 

classical mobile ionophore to a solution of PVC and bis(2-ethylhexyl) sebacate 

(DOS). The lower detection limit of ISEs with 50 mol % borate relative to the 

ionophore was at pH 5. The corresponding selectivity coefficients were found to be 

comparable with the ones obtained for ISEs with the ionophore bis-2,6-

hydroxymethyl pyridine. When a polyurethane (PHB/PTHF) matrix was used instead 

of PVC/DOS, the selectivities were deteriorated by one order of magnitude. This 

change for the worse was due to the increased extraction of interfering ions from the 

sample into the polyurethane membrane.  

As seen in Figure 4.8, a reduction of the amount of borate resulted in a large 

decrease of the lower detection limit. These ISEs were based on PVC/DOS 

membranes with 0, 1 or 5 mol % borate. For ISEs with a polyurethane matrix 

(PHB/PTHF) instead of PVC/DOS, the lower detection limit was also found to be 

improved, as shown in Figure 4.9. The corresponding polyurethane membranes of 

type 4E (H+) - 4G (H+) contained 1, 4, or 10 mol % anionic sites. The enhanced 

 



28                “Self-plasticizing” membranes with covalently bound carriers 

 

 

-9 -8 -7 -6 -5 -4 -3 -2 -1 0

100

200

300

log a H+

EM
F 

(m
V

)

 

 

Figure 4.7 pH response curve of a PHB/PTHF 1:1 membrane containing the 

immobilized H+ carrier bis-2,6-hydroxymethyl pyridine and the lipophilic anionic 

additive NaTFPB (membrane type 4A (H+)). The samples contained a constant 

background of 10-4 M Mg2+.  

 

 

 

 

 

Table 4.1 Linear measuring ranges, lower detection limits, selectivity 

coefficients and slopes (mV dec-1) obtained for polyurethane membranes based on 

immobilized pH ionophores and the ion exchanger NaTFPB. The selectivity 

coefficients were determined using FIM. At least three identical electrodes were used 

to calculate the mean value and the standard deviation.  
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immobilized 
ionophore 

bis-2,6-
hydroxymethyl 
pyridine 

bis-2,6-
hydroxymethyl 
pyridine 

N-butyl-
diethanolamine 

N-butyl-
diethanolamine 

membrane 
matrix 

PHB/PTHF 1:5 PHB/PTHF 1:1 PHB/PTHF 1:5 Tecoflex and  
o-NPOE 

membrane type 4B (H+) 4A (H+) 4C (H+) 4D (H+) 

linear range 
(M) 

10-0.5 – 10-4.0 100.2 – 10-5.5 10-4.5 – 10-10.0 10-4.0 – 10-7.5 

lower detection 
limit (M) 

10-5.7 10-5.7 < 10-10 10-10.2 

slope for H+ 

(without any 
interfering ion) 

55.3 ± 1.0 55.5 ± 0.5   

log KH, NH4
pot  

 (slope) 

– -1.8 ± 0.1 
(56.4 ± 0.4) 

< -9.0 ± 0.2 
(44.8 ± 0.3) 

< -9.0 ± 0.4 
(47.9 ± 0.5) 

log KH, Li
pot  

 (slope) 

– -2.0 ± 0.1 
(52.6 ± 0.4) 

-5.0 ± 0.4 
(40.2 ± 3.5.) 

-5.0 ± 0.1 
(46.6 ± 0.8) 

log KH, K
pot  

 (slope) 

– -2.3 ± 0.3 
(54.4 ± 0.9) 

-5.3 ± 0.1 
(46.0 ± 1.2) 

-5.8 ± 0.3 
(50.8 ± 0.3) 

log KH, Na
pot  

 (slope) 

– -2.5 ± 0.2 
(54.4 ± 1.5) 

-5.7 ± 0.3 
(47.9 ± 0.5) 

-6.2 ± 0.2 
(49.5 ± 0.9) 

log KH, Ca
pot  

 (slope) 

– -3.6 ± 0.0 
(56.4 ± 0.4) 

-5.7 ± 0.3 
(44.8 ± 0.6) 

-6.9 ± 0.3 
(49.2 ± 1.4) 

log KH, Mg
pot  

 (slope) 

– -3.7 ± 0.1 
(55.5 ± 0.5) 

-5.8 ± 0.2 
(42.6 ± 1.8) 

-7.0 ± 0.1 
(47.8 ± 0.6) 
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detection limits can be explained by a low concentration of the available free carrier 

in the membrane. The concentration of the ionophore may be much lower than 

expected due to incomplete immobilization. Hence, the ISEs with 50 mol % borate 

predominately behaves as cation-exchanger membranes. Such electrodes were shown 

to be suitable for measurements in the pH range 0 – 4 even in the presence of 

hydrofluoric acid,80 which dissolves the conventional pH glass electrodes. For the 

following experiments with the studied ionophore, membranes with a reduced amount 

of borate were used. 

 

D

C
B
A

-11 -10 -9 -8 -7 -6 -5 -4 -3 -2 -1 0

0

100

200

log a H+

EM
F 

(m
V

)

 

 

Figure 4.8 Measuring range of ISEs based on PVC/DOS, immobilized N-

butyldiethanolamine and different concentrations of the anionic additive KTFPB 

(membrane types 4H (H+) – 4K (H+)): A, 5 mol % KTFPB relative to the ionophore, 

49.8 ± 0.2 mV dec-1; B, 1 mol % KTFPB, 50.3 ± 0.2 mV dec-1; C, no KTFPB, 46.8 

mV dec-1; D, 50 mol % KTFPB, 51.9 ±1.7 mV dec-1. The samples contained a 

constant 5 x 10-4 M sodium and 5 x 10-4 M tris(hydroxymethyl)aminomethane (Tris) 

background. 
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The results in Table 4.1 illustrate that the selectivity coefficients depend on the 

membrane matrix. In order to prevent leaching of the plasticizer, the influence of the 

covalent attachment of o-NPOE on the response behavior was investigated.12 ISEs 

based on Tecoflex and immobilized o-NPOE had better selectivities than the ones 

made from polyurethane (PHB/PTHF) without plasticizer. Referring to the data of 

Heng,56 the use of methacrylic-acrylic copolymer with an immobilized ionophore 

resulted in a Nernstian response. 

The results of comprehensive studies on the influence of the polymer matrix on the 

response behavior are summarized in Table 4.2. In general, ISEs based on PHB/PTHF 

had slightly better slopes than ISEs prepared with a Tecoflex matrix, which may be 

due to the higher membrane resistance of the latter. The lowest slope of 41.8 mV dec-1 

was obtained with ISEs based on Tecoflex without plasticizer. This result is in good 

accordance with data obtained by Lee et al.81 They showed that Tecoflex electrodes 

without plasticizer, ionophore or borate had a pH sensitivity of 42 mV dec-1. 

Furthermore, it was reported that the slope and the selectivity of potassium-selective 

ISEs prepared with Tecoflex and without plasticizer were inferior to those of standard 

PVC/DOS ISEs: For the Tecoflex electrodes, the slope was 53.6 mV dec-1 from 10-5 

to 10-1 M K+, whereas the PVC electrodes gave a slope of 57.1 mV dec-1.64 

The addition of o-NPOE or immobilized o-NPOE resulted in increased slopes of 

the ISEs, as shown in Table 4.2. The presence of the plasticizer lowered the 

membrane resistance and reduced the cation interference. The improvement of the 

slope was larger when o-NPOE was not immobilized. This might be a consequence of 

the higher diffusion rate for mobile o-NPOE, or of the slightly different membrane 

matrix with an increased percentage of Tecoflex. Using protonated Tris instead of Na+ 

as interfering ion led to a further improvement of the slope and the lower detection 

limit, as shown in Table 4.3. The same favorable effect of a Tris buffer solution was 

observed by PuigLleixa et al.82 As seen in Table 4.4, continuously adding a base to an 

acidic solution, instead of adding an acid to a basic solution, resulted in higher slopes. 

These results can be explained by an efficient cation interference in the basic pH 

range. Furthermore, these experiments strongly indicate that extracted alkali metal 

ions are not bound by the H+ ionophore, but are stabilized by the membrane matrix 

and/or the incorporated anionic sites. It is well known that metal ions preferably 

complex with the ether groups of polyurethane.83 An even stronger influence of the 

membrane matrix is observed for ISEs based on carboxylated PVC,59 which is found 
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to be quite selective for large monovalent cations. Therefore, buffer solutions that 

contain monovalent metal cations cannot be used to demonstrate the pH response of 

PVC-COOH membranes. For example, a pH calibration curve for ISEs based on 

PVC-COOH in a background of 0.14 M Na+ showed a slope of only 6 mV dec-1.59 

Furthermore, the immobilized pH ionophore was able to deprotonate functional 

groups within the polyurethane matrix. The deprotonated functional groups could act 

as negative sites74 or complex cations occurring in the membrane. 

 

 

Table 4.2 Electrochemical characteristics of different membrane matrices 

containing immobilized N-butyldiethanolamine and a lipophilic anionic additive (n: 

number of electrodes). The selectivity coefficients were determined by continuously 

adding a base (NaOH) to an acidic solution (HCl). There were a constant background 

concentration of 0.01 M sodium (FIM) and a Tris buffer in the sample. 

 

polymer plasticizer 
(weight %) 

slope  
(mV dec-1) 

selectivity coefficient  
log KH, Na

pot  
membrane 
type 

PHB/PTHF o-NPOE (10) 53.2 -6.2 (n = 1) 4F (H+) 

PHB/PTHF (0) 45.8 ± 1.0 -5.7 ± 0.1 (n = 7) 4C (H+) 

Tecoflex o-NPOE (10) 50.4 ± 1.7 -6.0 ± 0.0 (n = 3) 4L (H+) 

Tecoflex immob.  
o-NPOE (5) 

46.6 ± 2.8 -6.2 ± 0.3 (n = 4) 4M (H+) 

Tecoflex immob.  
o-NPOE (12) 

45.1 ± 1.0 -6.2 ± 0.0 (n = 5) 4D (H+) 

Tecoflex (0) 41.8 ± 1.7 -5.8 ± 0.2 (n = 5) 4N (H+) 

PVC DOS (64) 51.9 ± 1.7a)  -8.5 ± 0.1 (n = 4) 4J (H+) 

a) Continuously adding an acid (HCl) to a basic solution (NaOH). 
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All measurements with the immobilized N-butyldiethanolamine gave stable 

response signal within a few minutes after the change of the sample. A prolongation 

of the measuring time to several hours after changing the concentration did not 

improve the slope nor the selectivity of the ISEs. The results summarized in Tables 

4.2 – 4.4 were obtained with ISEs which contained a citric acid buffer as the inner 

solution. Replacing this solution by a HCl solution, a phosphate buffer, or an acetic 

acid buffer did not change the response curve. An influence of a transmembrane 

transport of acetic acid84 on the local pH value near the outer phase boundary was not 

observed. Finally, membranes based on PHB/PTHF showed a stronger adhesion on 

solid contacts than the ones made from the commercial Tecoflex. 

 

 

Table 4.3 Slopes and selectivity coefficients of ISEs containing immobilized N-

butyldiethanolamine and a lipophilic anionic additive (n: number of electrodes). The 

pH titrations were proceeded by continuously adding a base (NaOH) to an acidic 

solution (HCl) or by adding an acid (HCl) to a basic solution (Tris). There was a 

constant 0.01 M background concentration of the interfering ion in the sample (FIM). 

 

polymer plasticizer 
(weight %) 

addition of a base 
(NaOH) to an acidic 
solution (HCl) 

addition of an acid 
(HCl) to a basic 
solution (Tris) 

membrane 
type 

PHB/PTHF (0) 45.8 ± 1.0 mV dec-1 
log KH, Na

pot  -5.7 ± 0.1  

(n = 7) 

47.9 ± 0.5 mV dec-1 
log KH, Tris

pot  -8.4 ± 0.1  

(n = 4) 

4C (H+) 
 

Tecoflex o-NPOE (10) 50.4 ± 1.7 mV dec-1 

log KH, Na
pot  -6.0 ± 0.0 

(n = 3) 

51.3 ± 1.6 mV dec-1 
log KH, Tris

pot  -8.5 ± 0.2  

(n = 6) 

4L (H+) 

Tecoflex (0) 41.8 ± 1.7 mV dec-1 

log KH, Na
pot  -5.8 ± 0.2 

(n = 5) 

50.0 ± 2.1 mV dec-1 
log KH, Tris

pot  -8.6 ± 0.3 
(n = 3) 

4N (H+) 
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Table 4.4 Slopes and selectivity coefficients of ISEs containing immobilized N-

butyldiethanolamine and a lipophilic anionic additive (n: number of electrodes). The 

pH titrations were proceeded by continuously adding a base to an acidic solution or 

vice versa. There were a constant background concentration of 0.01 M sodium (FIM) 

and a Tris buffer in the sample. 

 

polymer plasticizer 
(weight %) 

addition of a base 
(NaOH) to an acidic 
solution (HCl) 

addition of an acid 
(HCl) to a basic 
solution (NaOH) 

membrane 
type 

PHB/PTHF o-NPOE (10) 53.2 mV dec-1 

log KH, Na
pot  -6.2 

(n = 1) 

45.3 ± 0.7 mV dec-1 
log KH, Na

pot  -6.4 ± 0.2  

(n = 3) 

4F (H+) 
and  
4G (H+) 

Tecoflex o-NPOE (10) 50.4 ± 1.7 mV dec-1 

log KH, Na
pot  -6.0 ± 0.0 

(n = 3) 

43.2 ± 0.6 mV dec-1 
log KH, Na

pot  -7.2 ± 0.2  

(n = 6) 

4L (H+) 

 

 

4.5 Nonactin 

The ammonium ion was chosen as analyte ion since it plays a significant role in 

medicine, for example, as a component of blood.85 Additionally, the ammonium 

content is important in environmental systems like rain water or river water.86, 87 

ISEs based on the ammonium ionophore nonactin in the soft (PHB/PTHF 1:5) or 

the hard (PHB/PTHF 1:1) polyurethane matrix gave almost as good slopes and 

selectivities as the ones obtained with the corresponding PVC/DOS membranes, as 

shown in Table 4.5. The hydrogen ion selectivity of the polyurethane (PHB/PTHF) 

electrodes was one order of magnitude worse in comparison with the convential 

PVC/plasticizer electrodes.88 This is a consequence of the pH sensitivity of the 

polyurethane matrix, as explained in Chapter 4.4. 
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Figure 4.9 Response to H+ of a membrane based on PHB/PTHF, o-NPOE, 

immobilized N-butyldiethanolamine, and NaTFPB (membrane type 4F (H+)). The 

sample contained 0.01 M NaCl, HCl and 3 x 10-3 M Tris. The titration solution was 

0.01 M NaOH and 3 x 10-3 M Tris. 

 

 

4.6 Membranes with Two Ionophores 

Membranes containing two ionophores were used for experiments with double 

membranes, as described in the following paragraphs. The composition of the inner 

filling solution was optimized in order that the phase boundary potential between the 

membrane with two ionophores and the inner solution was dominated by the pH of 

the inner solution. The pH response behavior of such an ISE which contained 

nonactin and immobilized bis-2,6-hydroxymethyl pyridine is shown in Figure 4.10. 

Electrodes of this type were only sensitive to hydrogen ions in the acidic pH range.89, 

90 In fact, the complex formation constant of bis-2,6-hydroxymethyl pyridine with H+ 

is larger than the one of nonactin with NH4
+.91 The selectivity coefficient determined 

from these measurements (log K H, NH4
pot  -1.4) was almost the same as the one for a 

membrane which contained only the pH ionophore (log K H, NH4
pot  -1.8). 
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Table 4.5 Lower detection limits, selectivity coefficients, and slopes obtained for 

ISEs based on the ammonium ionophore nonactin and a lipophilic anionic additive. 

The mean values and standard deviations were calculated from data for three identical 

electrodes. 

 

polymer matrix PHB/PTHF 1:5 PHB/PTHF 1:5 PHB/PTHF 1:1 PVC/DOS 

membrane type 4O (NH4
+) 4O (NH4

+) 4P (NH4
+) 4Q (NH4

+) 

slope (mV dec-1) 52.7 ± 1.1 52.7 ± 1.1 57.1 ± 0.8 55.9 ± 0.1 

lower detection 
limit (M) 

10-5.8 10-5.8 10-7.3 10-6.7 

method to 
determinate the 
selectivity 
coefficients 

SSM  FIM SSM – 

log KNH4, K
pot  

  slope (mV dec-1) 

-0.4 

(53.1) 

– -0.5 ± 0.2  
(51.9 ± 1.2) 

– 

log KNH4, H
pot  

  slope (mV dec-1) 

-1.8 ± 0.2 
(53.7 ± 1.4) 

-1.3 ± 0.1 
(60.6 ± 1.3) 

-1.8 ± 0.1  
(52.2 ± 0.9) 

– 

log KNH4, Na
pot  

  slope (mV dec-1) 

-2.6  
(50.9) 

– -2.6 ± 0.2  
(55.9 ± 1.0) 

– 

log KNH4, Li
pot  

  slope (mV dec-1) 

– – -3.5 ± 0.3  
(57.6 ± 3.1) 

– 

log KNH4, Ca
pot  

  slope (mV dec-1) 

-4.6  
(24.3) 

– -4.4 ± 0.1  
(32.4 ± 0.5) 

– 

log KNH4, Mg
pot  

  slope (mV dec-1) 

– – -3.6 ± 0.1  
(29.2 ± 0.7) 

– 
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Figure 4.11 shows the response curves of ISEs with a membrane based on nonactin 

and immobilized N-butyldiethanolamine. Keeping the pH constant during a 

successive dilution of a 0.1 M K+ solution resulted in a pronounced potential change 

after the first dilution step only (curve C in Figure 4.11). In contrast, during pH 

calibration measurements in samples with a constant Tris background, a continuous 

potential change over a wide pH range was observed (curve B in Figure 4.11). 

Accordingly, the studied ISEs turn out to be much more sensitive to H+ than to K+. It 

is reported that nonactin forms complexes with protonated Tris, which conforms to 

the observed selectivity coefficients (log K NH4, Tris
pot  -3.2).92-94 Hence, the increased  
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Figure 4.10 pH response curves of PHB/PTHF membranes containing the 

immobilized H+ carrier bis-2,6-hydroxymethyl pyridine, nonactin/monactin as 

ammonium ionophore, and the lipophilic anionic additive NaTFPB (membrane type 

4R (H+)). The measurements were performed in HCl solutions with different NH4
+ 

backgrounds. 
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slope between pH 8.5 - 10 may be due to the deprotonation of Tris, which has a pH 

dissociation constant of 8.1 in water. A pH calibration in samples with a constant 0.01 

M K+ background yielded a lower detection limit around pH 8 caused by cation 

interference, as depicted in curve A of Figure 4.11. It should be noted that nonactin 

may also complex protonated N-butyldiethanolamine, but the respective complex 

formation constant is presumably much smaller than the one of nonactin with 

ammonium ion.  

 

 

B

C

A

-10 -9 -8 -7 -6 -5 -4 -3 -2 -1
0

100

200

log a I

EM
F 

(m
V

)

 

 

Figure 4.11 Response curves of PHB/PTHF membranes containing the 

immobilized H+ carrier N-butyldiethanolamine, the lipophilic anionic additive 

NaTFPB, and in addition nonactin/monactin as ammonium ionophore (membrane 

type 4S (H+)). The calibrations were performed in Tris solutions using the following 

titration procedures: A: addition of KOH to an acidic solution; B: addition of HCl to a 

basic solution; C: potassium calibration at a constant pH of 6.7. 
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In order to improve the electrode performance, the salt tetradodecylammonium 

tetrakis-(4-chlorophenyl)borate (ETH 500) with a lipophilic anion and a lipophilic 

cation was added to the membrane. ETH 500 is know to significantly reduces the 

resistivity of Tecoflex based membranes without plasticizer.95, 96 ISEs made of 

membranes containing either two ionophores (with and without ETH 500) or only one 

carrier (N-butyldiethanolamine) were all found to be rather unselective for potassium,  
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Figure 4.12 Potassium calibrations of PHB/PTHF membranes containing the 

lipophilic anionic additive NaTFPB and different ionophores: A: N-

butyldiethanolamine and nonactin (membrane type 4T (H+)); B: N-

butyldiethanolamine, nonactin, and in addition the lipophilic salt ETH 500 

(membrane type 4U (H+)); C: N-butyldiethanolamine (membrane type 4V (H+)). A 

Tris buffer was used to keep the pH at a constant value of 8.1. 
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as shown in Figure 4.12. The pH response curves of these ISEs are illustrated in 

Figure 4.13. The electrodes with two ionophores and ETH 500 (Figure 4.13, curve B) 

showed a large linear measuring range in comparison with the ones without ETH 500 

(Figure 4.13, curve A). This improvement was due to ETH 500, which increases the 

ionic strength and the charge transfer within the membrane. 
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Figure 4.13 pH response curves of PHB/PTHF membranes containing the 

lipophilic anionic additive NaTFPB and different ionophores: A: N-

butyldiethanolamine and nonactin (membrane type 4T (H+)); B: N-

butyldiethanolamine, nonactin, and in addition the lipophilic salt ETH 500 

(membrane type 4U (H+)); C: N-butyldiethanolamine (membrane type 4V (H+)). The 

sample solutions consisted of phosphate buffers with a constant concentration of 

0.002 M potassium. 
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4.7 Double Membranes in Measuring Cells 

In this work, a double membrane is utilized as novel method to improve the 

stability of the interfacial potential between liquid membrane and solid inner device 

of CHEMFETs. At present, instabilities are usually observed that are mainly caused 

by interfering CO2 or by samples with different pH. The following equations describe 

the potential response of such a double membrane electrode. The outer membrane of 

this double membrane in contact with the sample contains the ion-carrier L. The inner 

membrane of this double membrane contacting the inner solution carries in addition 

to L a covalently bound hydrogen ion-selective ionophore C. If the complex 

formation constant of C with H+ is much larger than the one of L with I+ or J+,91 the 

phase boundary potential between membrane and inner solution is predominately 

determined by the pH of the inner solution. Consequently, the potential of a reference 

electrode placed in the inner solution of the double membrane electrode and measured 

versus an external reference electrode, can be described as follows: 
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where EJ(sample) is the liquid-junction potential for the reference electrode in the 

sample, EJ(inner-solution) is the liquid-junction potential for the reference electrode in the 

inner solution, E1
0  is the sum of all constant potential contributions of the ISE cell, 

a″H is the hydrogen ion activity in the inner solution. pot
ijK  and pot

HjK  are the selectivity 

coefficients of the outer and the inner membrane, respectively. The potential of a pH 

electrode introduced in the inner solution and measured versus the external reference 

electrode can be described by equation 4.6: 
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where pot
HjK  is the selectivity coefficient of the pH electrode. If the activity a″H 

predominates in the last two logarithmic terms, equation 4.6 further reduces to: 
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Figure 4.14 Schematic diagram of the measuring cell: 1: double membrane 

(asymmetric membrane); 2: reference electrode in the sample; 3: pH glass electrode in 

the sample; 4: reference electrode in the inner solution; 5: pH glass electrode in the 

inner solution; 6: cell body made from Teflon; 7: outer membrane holder; 8: inner 

membrane holder made from PVC; 9: cell holder. 
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This propagated response mechanism of the double membrane was verified in the 

following experiments using the measuring cell shown in Figure 4.14.69, 97 The outer 

membrane of the double membrane in contact with the sample contained nonactin, 

whereas the inner membrane contacting the inner solution contained nonactin and 

covalently bound bis-2,6-hydroxymethyl pyridine. To control the inner electrolyte 

solution with a pH glass electrode and a reference electrode, the double membrane 

was built into a symmetric measuring cell. The potential at the interface between 

membrane and inner solution should be dtermined by the pH of the inner solution 

according to the results in Figure 4.10.  

Figure 4.15 shows the electromotoric force responses to varying pH values of the 

inner solution for ISEs that are based on double membranes with bis-2,6-

hydroxymethyl pyridine as pH ionophore in the inner membrane. The potential of the 

pH glass electrode in the inner solution versus the external reference electrode was 

nearly constant in the pH range 1 - 3.8. In contrast, the inner reference electrode 

versus the outer reference electrode gave a distinct response with a negative, nearly 

Nernstian, slope in the same pH range. These results are in good accordance with the 

proposed theoretical model (equations 4.5 – 4.7). 

The perfectly parallel curves A and B in Figure 4.16 illustrate that the pH of the 

inner solution was constant during an ammonium ion calibration in the sample. This 

behavior agrees with the findings according to equations 4.5 and 4.7. The same 

experimental results were obtained with double membranes, whose inner membrane 

contained N-butyldiethanolamine, nonactin, and ETH 500 (membrane type 4W 

(double)). In the latter measurements, the slope of the pH glass electrode in the inner 

solution was found to be 60.3 mV dec-1, and the inner reference electrode showed a 

slope of 61.1 mV dec-1. 

The selectivity coefficients of ISEs based on double membranes (Table 4.6) were 

comparable with those of normal ISEs containing only nonactin (Table 4.5). An 

exception was the poor selectivity of the double membrane with respect to hydrogen 

ions. Repeated measurements with the same membrane over a period of two months 

always resulted in nearly the same selectivity coefficient for H+. Accordingly, there 

was no detectable diffusion of the hydrogen ion-selective ionophore from the inner 

membrane into the outer membrane during this period. This is a convincing proof for 

the durable immobilization of the ionophore by covalent attachment to the 
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polyurethane matrix. The selectivity coefficients obtained by the SSM were the same 

as the ones using the FIM. 
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Figure 4.15 Response curves measured for a cell with a PHB/PTHF double 

membrane (Figure 4.14) as a function of the pH value of the inner solution. The outer 

membrane in contact with the sample solution contained nonactin and NaTFPB, and 

the inner membrane contained nonactin, NaTFPB, and covalently bound bis-2,6-

hydroxymethyl pyridine (membrane type 4X (double)). A: pH glass electrode in the 

inner solution versus reference electrode in the sample, 4.0 mV dec-1 (pH 1.3 – 3.2); 

B: pH glass electrode versus reference electrode in the sample, which measured pH 

7.1; C: reference electrode in the inner solution versus reference electrode in the 

sample, -53.2 mV dec-1 (pH 1.3 – 3.2). 
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Figure 4.16 Response curves measured for a cell with a PHB/PTHF double 

membrane (Figure 4.14) as a function of the logarithm of the ammonium ion activity 

in the sample solution. The outer membrane in contact with the sample solution 

contained nonactin and NaTFPB, and the inner membrane contained nonactin, 

NaTFPB, and covalently bound bis-2,6-hydroxymethyl pyridine (membrane type 4X 

(double)). A: pH glass electrode in the inner solution versus reference electrode in the 

sample, 54.9 mV dec-1; B: reference electrode in the inner solution versus external 

reference electrode, 55.4 mV dec-1; C: pH glass electrode versus reference electrode 

in the sample, for which a pH range of 5.8 – 6.6 was measured. 
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Table 4.6 Selectivity coefficients of a PHB/PTHF double membrane (measuring 

cell according to Figure 4.14), as obtained from measurements with different sample 

solutions. The outer membrane in contact with the sample contained nonactin and 

NaTFPB, and the inner membrane in contact with the inner solution contained 

nonactin, NaTFPB, and immobilized bis-2,6-hydroxymethyl pyridine (membrane type 

4X (double)). Mean values and standard deviations were calculated from 

measurements on three identical membranes. 

 

interfering ion K+ H+ Na+ Ca2+ 

log KNH4, J
pot  -0.5 ± 0.1 -1.0 ± 0.2 -2.2 ± 0.1 -3.8 ± 0.3 

slope (mV dec-1) 49.2 ± 3.6 54.0 ± 2.8 47.3 ± 2.9 21.4 ± 3.1 

method to determinate the 
selectivity coefficients 

SSM FIM SSM SSM 

 

 

4.8 Conclusions 

In summary, the selectivities of ISEs based on polyurethane (PHB/PTHF) were 

shown to be comparable to the ones obtained for ISEs made from plasticized PVC 

matrices. However, polyurethane membranes generally exhibited a poorer selectivity 

with respect to hydrogen ions.  

Immobilized H+-selective ionophores were tested in ISEs with different polymer 

matrices. The durable immobilization of the ionophores by covalent attachment to the 

polyurethane matrix was confirmed by long-term diffusion experiments. 

Polyurethane-based electrodes showed sub-Nernstian slopes because of a high 

membrane resistance. The addition of plasticizer or ETH 500 resulted in greatly 

improved slopes, as in the case of conventional PVC/DOS electrodes. ISEs made 

from these optimized membranes may be highly useful for various biomedical 

applications. Firstly, in vitro and in vivo evaluations showed a high biocompatibility 

of these polyurethanes.61, 62 Secondly, there is no problem of intoxication of the 

sample solution by plasticizer leaching from the membrane since the present polymers 
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have “self-plasticizing” properties. Finally, the covalent binding of the ionophore 

should result in a prolonged lifetime of the ISEs. 

The propagated novel response mechanism of a double membrane was verified by 

experiments performed on liquid-contacted ISEs. Particularly exciting is the 

compensation for the effect of pH changes in the inner solution by the inner phase 

boundary potential of the new membrane electrodes. In Chapter 5, the application of 

the double membrane for the realization of CHEMFETs with improved response 

stability is described. 
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5 Ion-Selective Field-Effect-Transistors Based on 
Double Membranes with Mobile and Covalently 
Bound Ionophores 

 
 

5.1 Introduction 

Ionophore-based solid-state ion-selective sensors in general suffer from a 

thermodynamically ill-defined interface, as explained in Chapter 4.2. In the 

CHEMFET case, it is widely accepted that there is a hydration layer in the region 

between the polymer membrane and the gate oxide. This aqueous film is formed by 

penetration of water across the membrane.1-4 Interferents dissolved in the sample 

solution, like for example carbon dioxide, can diffuse through the membrane and alter 

the pH in the thin water film. The gate oxide is pH-sensitive and thus the potential 

will vary. Therefore, the response signal of the CHEMFET will be changed, as 

explained in Chapter 4.2.1. The response of CHEMFETs in the presence of carbon 

dioxide will vary considerably depending on the extent of the thickness of the water 

layer.5 

In biomedical applications, the variation of the partial pressure of carbon dioxide in 

blood samples poses a stability problem for CHEMFETs. The uptake and diffusion of 

carbon dioxide by ion-selective membranes has even been exploited to 

potentiometrically determine PCO2 in whole blood.6 Furthermore, the diffusion of 

carbon dioxide through polymeric membranes is used in Severinghaus-type CO2 

sensors.7, 8 

The principal aim of this work was to improve the potential stability of 

CHEMFETs. The influence of acidic interferents to the different phase-boundary 

potentials of ISFETs covered with only one membrane was investigated in detail. 

Finally, the double membrane with a covalently bound ionophore, as presented in 

Chapter 4, was tested for the purpose of a reduction of the signal instability of 

CHEMFETs. 

The adhesion of the hydrophobic ion-selective membrane to the hydrophilic gate 

oxide is often the limiting factor determining the lifetime of CHEMFETs.9, 10 A lot of 

modified polymers11-17 and mechanical or chemical fixations8, 18 were proposed to 

improve the adherence of the membrane. In the first part of this chapter, the 
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membrane adhesion was optimized for the CHEMFETs used in the subsequent 

studies. 

 

 

5.2 Characterization of CHEMFETs with a Single Membrane Based on One 
Ionophore 

5.2.1 Ammonium- and Potassium-Selective CHEMFETs 

In order to obtain a good adhesion of the membrane to the ISFET, several 

polymers were tested in preliminary experiments. The dissolved polymers were cast 

onto a glass substrate and the dried samples were set into water for four weeks. The 

hydrophilic glass was a substitute for the gate oxide of ISFETs. The hard 

polyurethane (PHB/PTHF 1:1), which is slightly hydrophilic, showed a poor adhesion 

on the glass surface, as shown in Table 5.1. After conditioning the samples in water, 

the polymers based on PHB and PTHF were opaquely and milky,19 while the 

Tecoflex and PVC membranes remained transparent. It was reported that the large 

water-uptake of polyurethane based on PHB causes a structural transformation of the 

polymer.20 

The dissolved polymers were cast onto the gate oxide of ISFETs and, after 

evaporation of the solvent, the CHEMFETs were stored in water for four weeks. The 

polyurethane membranes showed an even worse adhesion on ISFETs than on glass, as 

shown in Table 5.1. When the PVC or the polyurethane (PHB/PTHF 1:5) membranes 

were removed from the respective CHEMFETs, which was possible with a pair of 

tweezers, the membranes were completely destroyed. In contrast, the adhesion of the 

Tecoflex-based membrane was not very strong and it was possible to remove the 

whole membrane with tweezers without destroying it.9 It is interesting to note that the 

size of the gate surface of an ISFET was about 1 mm2. The area of the deposited 

membrane amounted to 25 mm2. Hence, the interaction between the polymeric 

membrane and the encapsulation material, which surrounds the gate, was the 

determining factor for the adhesion of the membrane in our work. 

Table 5.2 shows the response behavior of NH4
+-selective CHEMFETs. It can be 

seen that the slope of the sensors based on PHB/PTHF was clearly sub-Nernstian. 

This is probably a consequence of the poor adhesion of PHB/PTHF on the 

encapsulation material consisting of epoxy resin. Figure 5.1 and Table 5.2 illustrate 
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that the slope of the CHEMFETs made from plasticized Tecoflex or PVC was 

Nernstian, as described in the literature.14, 15, 21-27 For all of the following 

experiments, CHEMFETs based on Tecoflex or PVC were used, since the sealing of 

the membrane to the encapsulation substrate was good. CHEMFETs incorporating the 

potassium-selective ionophore valinomycin had the same slopes and detection limits 

as the NH4
+-selective sensors. 

 

 

Table 5.1 Adhesion of polymers on different substrates (a). 

 

polymer adhesion on glass adhesion on ISFET 

polyurethane (PHB/PTHF 1:1) b poor no adhesion 

polyurethane (PHB/PTHF 1:5) c excellent good 

Tecoflex/DOS d very good  moderate 

PVC/DOS e good good 

a The polymer solutions were cast onto the substrate and, after evaporation of the 
solvent, the samples were stored in water for four weeks. Each series included ten 
samples. b membrane type 4P (NH4

+); see Experimental. c membrane type 4O (NH4
+). 

d membrane type 5A (NH4
+). e membrane type 4Q (NH4

+). 

 

 

The thickness of the membrane was optimized. In order to obtain a Nernstian slope 

and a lifetime of several weeks, the deposition of at least 25 µL of the membrane 

dissolved in tetrahydrofuran onto the gate oxide was necessary. For all of the ISFETs 

used in the subsequent studies, which were covered with a single membrane, 25 µL of 

the membrane solution were cast onto the gate oxide. The thickness of the resulting 

membranes amounted to 50 µm. 

Ammonium-selective membranes based on PVC/DOS or Tecoflex/DOS showed a 

growth of small crystals, in contrast to polymer membranes containing only NaTFPB. 

Probably, the membrane compound from which the crystals were formed was 

nonactin. The oversaturation of nonactin dissolved in the liquid membrane appears to 

cause crystallization. It has been reported that crystalline ionophore particles inside 
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the membrane could function as a reservoir of ionophore.28 Such a buffered carrier 

concentration within the membrane might prolong the lifetime of nonactin-based 

sensors. 

 

Table 5.2 Influence of the polymer on the response behavior of NH4
+-selective 

CHEMFETs. 

polymer slope (mV dec-1) a linear range (M) 

polyurethane (PHB/PTHF 1:1) b 17.5 ± 0.7 (n = 2) 0.1 - 10-3 

polyurethane (PHB/PTHF 1:5) c 37.6 ± 5.7 (n = 14) 0.1 - 10-4 

Tecoflex/DOS d 57.8 ± 1.5 (n = 6) 0.1 - 10-4 

PVC/DOS e 61.6 ± 3.1 (n = 9) 0.1 - 10-5 

a The number of CHEMFETs is n. b membrane type 4P (NH4
+). c membrane type 4W1 

(double). d membrane type 5B (NH4
+). e membrane type 4Q (NH4

+). 
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Figure 5.1 Response of an NH4
+-selective CHEMFET based on nonactin, KTFPB, 

PVC, and DOS (membrane type 4Q (NH4
+)). 
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5.2.2 Hydrogen Ion-Selective CHEMFETs 

The hydrogen ion-selective ionophore tridodecylamine is important for the work 

presented in Chapter 5.3. CHEMFETs based on this mobile carrier showed a slope of 

58.6 mV dec-1 and a large measuring range,29, 30 as illustrated in Figure 5.2. The 

upper detection limit of these devices is controlled by the activity/lipophilicity of the 

interfering anion and by the basicity of the ionophore.31 
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Figure 5.2 Response of an H+-selective CHEMFET based on tridodecylamine, 

NaTFPB, ETH 500, and PVC/DOS (membrane type 5D (H+)). The slope of the 

CHEMFET was 58.6 mV dec-1. 
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5.3 Interference from Carbon Dioxide and Organic Acids to CHEMFETs with 
a Single Membrane Containing a Mobile H+-Selective Ionophore 

The permeation of carbon dioxide across a polymeric membrane was 

mathematically described in equations 4.3 and 4.4. Figure 5.3 shows a calculated CO2 

uptake curve according to these equations. The theoretical model was experimentally 

verified using CHEMFETs with an ammonium-selective membrane. Conditioned 

CHEMFETs were set into the sample solution and, after a few minutes, carbon 

dioxide was purged into the sample. The response signal of the sensors exhibited a 

rather large shift within the first few minutes, as shown in Figure 5.4. This potential 
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Figure 5.3 Theoretical diffusion kinetic of carbon dioxide across a membrane. 

The CO2 level in the sample solution is raised from a background value (no CO2 

added) to a high carbon dioxide concentration. aqc ′′  is the percentage of maximal 

solubility of CO2 in the water film between membrane and insulator. These 

calculations according to equations 4.3 and 4.4 made use of the following parameters: 

diffusion coefficient of CO2 within the polymer membrane D = 10-7 cm2 s-1, and 

membrane thickness d = 50 µm. 



60              CHEMFETs based on mobile and covalently bound ionophores 

 

 

0

20

40

60

80

100

120

0 100 200 300 400 500 600

time (s)

c"
aq

 (p
er

ce
nt

ag
e 

of
 m

ax
im

al
 s

ol
ub

ili
ty

)

0

5

10

15

20

∆V
 (m

V)

 
 
Figure 5.4 Comparison between the theoretical diffusion kinetic of CO2 across a 

membrane (according to Figure 5.3) and experimental data measured on an NH4
+-

selective CHEMFET. The CHEMFET based on membrane 5E (NH4
+) was set into the 

buffered sample solution (pH 4.5) and, at t = 0 s, CO2 was purged into the sample 

solution. The thickness of the membrane was 50 µm. 

 

 

increase is caused by the decrease of pH in the aqueous film due to the carbon dioxide 

uptake. The effect proved to be reversible: When N2 was purged into the sample 

solution, the response signal decreased.5 During these experiments, the pH in the 

sample solution was kept constant using a buffer solution based on citric acid (pH 

4.5). The experimental data were in good agreement with the calculated values, as 

shown in Figure 5.4. 

The interference from carbon dioxide and organic acids, respectively, on 

CHEMFETs was experimentally quantified using the following procedure. Firstly, the 

sensors were conditioned in an unbuffered solution that had almost the same ionic 
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composition as the sample solution. Secondly, the CHEMFETs were set into the pH-

buffered sample solution and the interfering acid was added 2 –3 min later to 

minimize the time-dependent influence from the pH buffer on the thin water film. 

Two CHEMFETs containing an H+-selective ionophore were always simultaneously 

measured in the same beaker with two NH4
+-selective CHEMFETs. 

As the carbon dioxide level was raised from a background value (no CO2 added) to 

a high CO2 concentration, the response signal of CHEMFETs based on a mobile H+-

selective ionophore was stable (Table 5.3, first row). The potential change at the 

phase boundary between membrane and inner water film was the same as the 

potential shift at the insulator surface. Consequently, changing the pH in the inner  

 

 

Table 5.3 Effect of the addition of interferents on the response signal of H+- and 

NH4
+-selective CHEMFETs based on a single membrane with one mobile ionophore. 

 

interferent ionophore (and membrane type) potential shift (mV) a 

CO2 gaseous tridodecylamine (5D (H+)) -3.4 ± 2.5 (n = 4) 

CO2 gaseous nonactin (5E (NH4
+)) 10.2 ± 3.7 (n = 3) 

   

benzoate (30 mM) tridodecylamine (5D (H+)) -10.0 ± 1.2 (n = 4) 

benzoate (30 mM) nonactin (5E (NH4
+)) 66.4 ± 7.3 (n = 4) 

   

acetate (20 mM) tridodecylamine (5D (H+)) -2.5 ± 1.8 (n = 2) 

acetate (20 mM) nonactin (5E (NH4
+)) 72.1 ± 12.3 (n = 2) 

   

 

a The potential shift is the ∆V of the CHEMFET caused by the addition of interfering 
species into the sample solution (citrate buffer (pH 4.5) with a constant NH4Cl 
concentration of 10-3 M). CHEMFETs based on tridodecylamine were measured with 
CHEMFETs based on nonactin in the same beaker simultaneously. The number of 
CHEMFETs is n. 
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water film does not alter the response signal of the sensor. NH4
+-selective 

CHEMFETs, which were in the same sample solution as the H+-selective 

CHEMFETs, showed a large response towards carbon dioxide (Table 5.3, second 

row). This potential change is solely caused by an increase of the boundary potential 

at the interface between the thin water film and the Al2O3 surface. Adding carbonic 

acid into the sample solution in form of gaseous CO2 gave more reproducible 

potential shifts than the addition in form of NaHCO3. 

Figure 5.5 illustrates the influence of the addition of benzoic acid into the sample 

solution on the response behavior of several H+-selective sensors. The organic acid 

slightly decreased the potential of an H+-selective glass electrode and of an ISFET 

which was not covered with a membrane. The response curve of the ISFET showed  
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Figure 5.5 Response to benzoic acid of an H+-selective CHEMFET (A) based on 

tridodecylamine (membrane type 5D (H+)), an ISFET (B), and an H+-selective glass 

electrode (C). At t = 0 s, benzoate (30 mM) was added into the sample solution (50 

mM citric acid (pH 4.5), 76 mM NaOH, and 1 mM NH4Cl). 
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Figure 5.6 Response to benzoic acid of an NH4
+-selective CHEMFET (A) based 

on nonactin (membrane type 5E (NH4
+)) and an H+-selective CHEMFET (B) 

containing tridodecylamine (membrane type 5D (H+)). At t = 0 s, benzoate (30 mM) 

was added into the sample solution (50 mM citric acid (pH 4.5), 76 mM NaOH, and 1 

mM NH4Cl). 

 

first a large decrease and afterwards an increase of the potential. This dip of the 

response signal may be caused by interaction of the aromatic compound with Al2O3 at 

the gate surface. A CHEMFET based on an H+-selective membrane showed the same 

potential dip. UV-spectroscopic studies32 indicated that benzoic acid permeates easily 

through plasticized PVC membranes in the neutral acid form. The potential change at 

the phase boundary between membrane and inner water layer (-59 mV / pH) was not 

exactly compensated by the potential shift at the gate insulator surface (53 mV / pH). 

Hence, a decrease of the pH in the inner water film causes a small total potential 

decrease of the H+-selective CHEMFET. In contrast, NH4
+-selective CHEMFETs, 
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which were in the same sample solution as the hydrogen ion-selective CHEMFETs, 

showed a large response towards benzoate, as illustrated in Figure 5.6. 

Figure 5.7 illustrates the influence of the addition of acetic acid into the sample 

solution on the response behavior of several H+-selective sensors. The response signal 

of the H+-selective CHEMFET was stable like the potential of the other sensors. This 

demonstrates the pH compensating effect of the hydrogen ion-selective membrane. In 

contrast, the addition of acetic acid into the sample solution caused an increase of the 

potential of the NH4
+-selective CHEMFET, as shown in Figure 5.8. The predominant 

form of transport across the membrane is likely the diffusion of acetate as associated 

acid.33 It was reported that the diffusion of acetic acid through the polymeric 

membrane of an ISE, which was 200 µm thick, occurs within a few minutes.33 
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Figure 5.7 Response to acetic acid of an H+-selective CHEMFET (A) based on 

tridodecylamine (membrane type 5D (H+)), an ISFET (B), and an H+-selective glass 

electrode (C). At t = 0 s, acetate (20 mM) was added into the sample solution (50 mM 

citric acid (pH 4.5), 76 mM NaOH, and 1 mM NH4Cl). 



CHEMFETs based on mobile and covalently bound ionophores               65 

The shift of the response signal of CHEMFETs caused by different acids is 

summarized in Table 5.3. The NH4
+-selective CHEMFETs typically had a larger 

response towards benzoate and acetate than towards CO2,
5 since benzoic acid and 

acetic acid are stronger acids than H2CO3. These compounds have the following acid 

dissociation constants (pKa): benzoic acid 4.2, acetic acid 4.8, and carbonic acid 

(H2CO3/HCO3
-) 6.4. 

In conclusion, the H+-selective CHEMFETs compensated pH changes in the water 

film at the membrane/insulator interface. Carbon dioxide and organic acids did not 

interfere with the measurement of the analyte ion in the sample solution. 
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Figure 5.8 Response to acetic acid of an NH4
+-selective CHEMFET (A) based on 

nonactin (membrane type 5E (NH4
+)) and an H+-selective CHEMFET (B) containing 

tridodecylamine (membrane type 5D (H+)). At t = 0 s, acetate (20 mM) was added 

into the sample solution (50 mM citric acid (pH 4.5), 76 mM NaOH, and 1 mM 

NH4Cl). 
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5.4 Interference from Carbon Dioxide and Organic Acids to CHEMFETs with 
a Single Membrane Containing Two Ionophores 

Membranes containing both nonactin and covalently bound N-butyldiethanolamine 

are much more selective to H+ than to NH4
+, as shown in curve B of Figure 4.13.34, 35 

The polymer matrix of CHEMFETs was optimized in order to obtain a good adhesion 

of the membrane on the ISFET. Plasticized PVC membranes containing two 

ionophores had a better adhesion than the corresponding membranes made from 

plasticized Tecoflex. Therefore, plasticized PVC was used as the polymer matrix of 

the present CHEMFET membranes. 

 

 

Table 5.4 Effect of the addition of interferents on the response signal of H+- and 

NH4
+-selective CHEMFETs based on a single membrane with two ionophores and 

with one ionophore, respectively. 

 

interferent ionophores (membrane type) potential shift (mV) a

CO2 gaseous 
 

N-butyldiethanolamine and nonactin 
(5F (H+)) 

-10.3 ± 16.9 (n = 2) 

CO2 gaseous nonactin (5E (NH4
+)) 57.8 ± 16.1 (n = 4) 

   

benzoate (30 mM) 
 

N-butyldiethanolamine and nonactin 
(5F (H+)) 

48.6 ± 17.8 (n = 7) 

benzoate (30 mM) nonactin (5E (NH4
+)) 97.8 ± 33.3 (n = 7) 

   

 

a The potential shift is the ∆V of the CHEMFET caused by the addition of interfering 
species into the sample solution (citrate buffer (pH 4.5) with a constant NH4Cl 
concentration of 10-3 M). CHEMFETs based on two ionophores were measured with 
CHEMFETs based on nonactin in the same sample solution simultaneously. The 
number of CHEMFETs is n. 
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The CHEMFETs based on two ionophores were almost stable against the 

interference from carbon dioxide, as shown in the first row of Table 5.4. The 

ammonium-selective CHEMFETs showed a large potential shift due to the response 

to carbon dioxide Table 5.4, second row). Adding benzoate to the sample solution 

caused a smaller response shift to the CHEMFETs made from the membrane 

containing two ionophores (Table 5.4, third row) than to the NH4
+-selective 

CHEMFETs (Table 5.4, fourth row). The difference between the influence of CO2 

and benzoic acid might be explainable by the fact that H2CO3 is a weaker acid than 

benzoic acid. The potential stability against the interference by carbon dioxide is more 

important than the stability towards benzoate, because CO2 is present in almost all 

sample solutions in practical applications of ion-selective sensors. The difference in 

the potential shifts of NH4
+-selective CHEMFETs based on membrane type 5D 

(NH4
+) between Tables 5.3 and 5.4 can be explained by the different conditioning 

times for these devices, as described in the next chapter. 

 

 

5.5 Interference from Carbon Dioxide and Organic Acids to CHEMFETs with 
a Double Membrane 

CHEMFETs based on a double membrane were used in the following experiments. 

The schematic set-up of such a double membrane is shown in Figures 4.4 and 4.5, and 

the response mechanism is explained in Chapter 4.7. For the deposition of the double 

membrane onto an ISFET, the inner membrane was cast first onto the gate oxide 

resulting in a layer with a diameter of 2 mm. Secondly, a disk of the outer membrane 

with a diameter of 6 mm was glued with tetrahydrofuran onto the CHEMFET covered 

with the inner membrane. The resulting NH4
+-selective CHEMFETs had a Nernstian 

slope, as shown in Figure 5.9. The addition of sulfuric acid to the sample solution (pH 

1) had no effect on the stability of the response signal of these CHEMFETs during 

two hours. This was clear evidence that the inner membrane did not contact the 

measuring solution. The double membrane was based on plasticized Tecoflex. 

The influence of the addition of organic acids and CO2 into the sample solution, 

respectively, on the response signal was studied. CHEMFETs based on a double 

membrane, which contained immobilized N-butyldiethanolamine in the inner 

membrane (Table 5.5, first row), showed an improved stability towards the 
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interference from carbon dioxide in comparison with single membrane NH4
+-selective 

CHEMFETs (Table 5.5, second row). Figure 5.10 illustrates the response behavior of 

these sensors towards carbon dioxide. The addition of benzoate into the sample 

solution caused a large potential shift to both the CHEMFETs based on the double 

membrane (Table 5.5, row 3) and the CHEMFETs made from the single membrane 

(Table 5.5, row 4). The response of all devices towards benzoate was larger in 

comparison to the interference by carbon dioxide. 

These results might be explained as follows. Firstly, carbonic acid is a weaker acid 

than benzoic acid. Secondly, the stabilizing effect of the double membrane is partially 

limited by the measuring range of the inner membrane, which contains two  
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Figure 5.9 Response to NH4
+ of a CHEMFET covered with a double membrane 

as a function of the logarithm of the ammonium ion activity in the sample solution. 

The average slope of three CHEMFETs was 58.1 ± 0.9 mV dec-1. The outer 

membrane in contact with the sample solution contained nonactin, NaTFPB, ETH 

500, and Tecoflex/DOS (membrane type 5G1 (double)). The inner membrane 

contained covalently bound N-butyldiethanolamine, nonactin, NaTFPB, ETH 500, 

and Tecoflex/DOS (membrane type 5G2 (double)). 
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ionophores, as shown in curve B of Figure 4.13. Finally, there could be an additional 

potential at the interface between the outer and the inner membrane. This additional 

phase boundary potential would decrease the stabilizing effect of the propagated 

double membrane mechanism.  

Double membranes based on the covalently bound bis-2,6-hydroxymethyl pyridine 

yielded no improved signal stability against interference from carbon dioxide, as 

shown in row 5 of Table 5.5. This may be explained by the lower detection limit of 

the inner membrane towards hydrogen ions, as shown in curve C of Figure 4.15. 

Other workers who buffered the pH of the thin water layer36 or changed the solid part 

of the system32 observed signal stability against the interference from carbonic acid. 
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Figure 5.10 Response to carbon dioxide of an NH4
+-selective CHEMFET (A) 

based on a single membrane (membrane type 5B (NH4
+)) and an NH4

+-selective 

CHEMFET (B) made from a double membrane (membrane type 5G (double)). At  

t = 0 s, CO2 was purged into the sample solution (0.1 M citrate buffer at pH 4.2 and 

10-3 M NH4Cl). At t = 720 s, N2 was purged into the sample solution. 
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Table 5.5 Effect of the addition of interferents on the response signal of NH4
+-

selective CHEMFETs based either on a single or on a double membrane. 

 

interferent membrane potential shift (mV) a 

CO2 gaseous 
 

double membrane containing N-
butyldiethanolamine in the inner membrane 
(membrane type 5G (double)) 

18.0 ± 2.0 (n = 6) 

CO2 gaseous single membrane based on nonactin 
(membrane type 5B (NH4

+)) 
35.6 ± 11.0 (n = 6) 

   

benzoate  
(30 mM) 

double membrane containing N-
butyldiethanolamine in the inner membrane 
(membrane type 5G (double)) 

84.9 ± 25.1 (n = 4) 

benzoate  
(30 mM) 

single membrane based on nonactin 
(membrane type 5B (NH4

+)) 
109.0 ± 27.1 (n = 4) 

   

CO2 gaseous double membrane containing bis-2,6-
hydroxymethyl pyridine in the inner 
membrane (membrane 5H (double)) 

39.3 ± 18.2 (n = 4) 

CO2 gaseous single membrane based on nonactin 
(membrane type 5B (NH4

+)) 
31.3 ± 0.7 (n = 3) 

   

 

a The potential shift is the ∆V of the CHEMFET caused by the addition of interfering 
species into the sample solution (citrate buffer (pH 4.2) with a constant NH4Cl 
concentration of 10-3 M). CHEMFETs based on a double membrane were measured 
with CHEMFETs made from a single membrane in the same sample solution 
simultaneously. The number of CHEMFETs is n. 

 

 

In this work, the extent of the potential shift due to the response towards carbon 

dioxide (Tables 5.3 – 5.5) was not always constant. Table 5.6 shows that a 

prolongation of the conditioning time increased the potential shift. This effect can be 
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partially explained by the growing of the inner water layer. The thickness of the water 

film between membrane and insulator depends on the conditioning time.5 In the initial 

period, the water layer is very thin and inhomogeneous. The longer the conditioning 

time is, the thicker is the water layer and the higher its influence on the phase-

boundary potential formation. The diffusion coefficient in the membrane was also 

shown to depend on the conditioning time.2, 3 Furthermore, thin plasticized PVC 

membranes can incorporate very high water concentrations.4, 37  

 

 

Table 5.6 Influence of the conditioning time on the interference from carbon 

dioxide to the response signal of CHEMFETs. 

 

conditioning 
time (days) 

membrane  potential shift (mV) a

1 double membrane containing N-
butyldiethanolamine in the inner membrane 
(membrane type 5G (double)) 

14.2 ± 3.9 (n = 6) 

1 single membrane based on nonactin 
(membrane type 5B (NH4

+)) 
22.3 ± 6.4 (n = 6) 

   

5 double membrane containing N-
butyldiethanolamine in the inner membrane 
(membrane type 5G (double)) 

18.0 ± 2.0 (n = 6) 

5 single membrane based on nonactin 
(membrane type 5B (NH4

+)) 
35.6 ± 11.0 (n = 6) 

   

 

a The potential shift is the ∆V of the CHEMFET caused by the addition of carbon 
dioxide into the sample solution (citrate buffer (pH 4.2) with a constant NH4Cl 
concentration of 10-3 M). CHEMFETs based on the double membrane were measured 
with CHEMFETs made from a single membrane in the same sample solution 
simultaneously. The number of CHEMFETs is n. 
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5.6 Conclusions 

Plasticized PVC membranes showed a better adhesion to ISFETs in comparison 

with different polyurethane membranes. NH4
+-selective CHEMFETs respond towards 

carbon dioxide and several organic acids in the sample solution. CHEMFETs based 

on a mobile H+-selective ionophore showed signal stability towards CO2 and organic 

acids in the sample solution. These effects can be completely explained by the 

different phase-boundary potentials of the CHEMFET. The propagated double 

membrane improved the stability of CHEMFETs against interference by CO2 and 

organic acids. The stabilizing effect of the double membrane is partially limited by the 

pH measuring range of the inner membrane, which contained two ionophores, and by 

an additional potential contribution arising at the interface between the outer and the 

inner membrane. 

Other ionophores than nonactin could be incorporated into the double membrane. 

It should be easily possible to measure with these modified double membranes other 

analytes than ammonium in the sample solution. Furthermore, the lifetime of 

CHEMFETs based on the double membrane might be prolonged by a covalent 

binding of both ionophores. Such novel microdevices could be useful for a wide range 

of industrial applications, measurements in environmental samples, and in vivo 

measurements. 
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6 Photochemical Immobilization of Biotin on the  
Surface of Ion-Selective Electrode Membranes  
and Binding of Streptavidin 

 
 

6.1 Introduction 

In the past years, there has been a great development in the field of biosensors, 

driven by a huge demand for biomedical applications such as immunoassays, drug 

screening and discovery, functional genomics, and tissue engineering.1 Most 

bioanalytical sensors have a surface with patterned biomolecules like peptides, 

proteins, or oligonucleotides. Over the years, a wide variety of immobilization 

strategies have been developed for creating selective reaction layers. The most 

important techniques are adsorption, gel entrapment, cross-linking and direct covalent 

coupling to the surface.2 In this work, photo-cross-linking based on activation of 

introduced light-sensitive reagents is used for immobilizing biomolecules on surfaces. 

The immobilized biomolecules serve as host molecules for the complexation with 

guest molecules dissolved in the sample solution. 

In this doctoral dissertation, the synthesis of a novel, highly effective photoreactive 

cross-linker bearing a biotin moiety is reported. This biotin derivative, immobilized 

on a polyurethane membrane, specifically binds a protein called streptavidin in the 

sample. Furthermore, the influence of immobilized photoreagents on the response 

behavior of ISEs was investigated with and without bound protein. The aim of this 

work was to achieve a change in the potentiometric signal due to the specifically 

bound protein on the membrane surface. 

 

 

6.2 A Working Vocabulary 

6.2.1 Photo-Cross-Linking 

Although a great number of techniques is available to covalently bind organic 

compounds to various substrates in order to create selective reaction layers, there are 

only comparatively few contributions to modify the surface of soft polymers. In such 

substrates, diffusion coefficients of water or organic molecules are in the order of 10-8 
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cm2 s-1.3, 4 Therefore, several of the established procedures of covalent 

immobilization to solid surfaces cannot be applied with such membranes. For 

example, one frequently used method for improving the biocompatibility of soft 

polyurethanes is plasma etching,5 which generates an uncontrolled mixture of 

functional groups which extend into the interior of the polymer. Plasma etching is, 

therefore, not considered to be adequate for pure surface modifications. In contrast, 

photo-cross-linking has been shown to be applicable for the surface modification of 

polyurethane membranes. It has been used to modify the surface of the membranes in 

order to improve their biocompatibility. For example, poly(ethylene oxide)6 and 

theophylline7 were attached to the surface of the polyurethanes Tecoflex and 

Pellethane by photo-cross-linking using dicumyl peroxide as photoinitiator or an 

azidobenzene derivative of theophylline, respectively. In both cases, a significant 

reduction of surface platelet formation was achieved.6, 7 However, we are not aware 

of any work that attempted to immobilize selective complexing agents on the surface 

of sensor membranes. 

On activation by light, photoreactive cross-linkers can be covalently bound to 

surfaces. This technique is often used for biointerfaces that have become essential 

components of sensor devices, bioelectronic elements, diagnostic systems, and 

medical equipment.8 The preferred mediating photosensitive reagents are substituted 

arylazides, trifluoromethylaryldiazirines, and benzophenones. In this work, 

trifluoromethylaryldiazirines are used, which absorb light of wavelength 350 nm and 

are remarkably stable under a range of different physical and chemical conditions, 

including heat (80 oC), strong bases and acids.9 They can be handled under normal 

laboratory conditions, and no precautions are required to avoid exposure to light, 

since they have low extinction coefficients. 

Highly reactive carbenes are formed according to Figure 6.1 on photoactivation of 

trifluoromethylaryldiazirines10, which react preferably with C-H, C-C, C=C, N-H, O-

H, or S-H bonds. Photogenerated carbenes are short living species with half-lifetimes 

on the order of microseconds. They form covalent bonds with substrates or molecules 

that are within their molecular vicinity. Thus, the removal of solvent on surface is 

necessary before light activation.8 Photoimmobilizing mostly does not hamper the 

biological functions of biomolecules.11 In contrast to thermochemical target molecule 

immobilization, light activatable cross-linking is a noninvasive coupling procedure 

requiring mild reaction conditions, which retain native biomolecule structures. Photo-
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cross-linking is excellently suited for biological molecules because it does not 

demand heating. Moreover, topical addressability is an important property of 

photoactivatable reagents. 
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Figure 6.1 Chemical structures of a light-induced reaction to a polymer surface.8 

 

 

In this work, heterobifunctional cross-linkers are used. They have a 

trifluoromethylaryldiazirine as photoreactive group and either a maleimide or biotin 

as an additional functional group. There is a commercially available photobiotin with 

arylazide as photoreactive group,12 but the formation of cross-links with 

trifluoromethylaryldiazirines is much more efficient than with their arylazide 

counterparts. Furthermore, the covalent adducts of trifluoromethylaryldiazirines are 

stable enough for purification and following reaction steps.13 As no carbene-

generating biotin derivative was available when we started the project, we designed 

and synthesized a novel trifluoromethylaryldiazirine derivative bearing a biotin 

moiety biotin in order to generate patterned surfaces with biotin-streptavidin. More 

recently, carbene-generating photobiotins were used on the one hand for the 

segregation of micrometer-sized domains of glassy-carbon, quartz, and polymer 

surfaces,14 and on the other hand in bioprobes, such as a photoaffinity taxoid probe15 

or for photoaffinity labeling of a glycosyltransferase.16 
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6.2.2 Biotin-Streptavidin System 

Biotin-streptavidin was chosen for immobilization on ISE membranes because it is 

a very well characterized bioconjugation. The corresponding interaction (Kd = 10-14 

M) is one of the strongest known noncovalent biological recognitions between protein 

and ligand.17, 18 Streptavidin has a significant higher affinity for biotin in solution 

than for immobilized biotin on planar layers.19 Bond formation between biotin and 

streptavidin is very rapid, and once formed, it is unaffected by wide ranges of pH, 

temperature, organic solvents, or other denaturing agents.20 Outside these parameters, 

the loss of biotin-binding capacity is largely due to the denaturation of streptavidin. 

The half-life of the biotin-streptavidin complex in solution is 9.2 d at pH 5.0, 2.9 d at 

pH 7.0, and 1.3 d at pH 9.2.18 It was found that the rate constants of dissociation of 

the streptavidin-biotin bond were larger on surfaces than in solutions.21, 22  

Streptavidin is a 60 000 Da, tetrameric, biotin-binding protein isolated from culture 

broth of Streptomyces avidinii.23 Streptavidin has four biotin-binding sites, and 

cooperative binding of biotin occurs.20 In contrast to avidin, streptavidin does not 

possess carbohydrate and has a slightly acid isoelectric point of approximately 5-6.18 

Streptavidin is interchangeable with avidin in many applications, but streptavidin is 

usually preferred due to its lower nonspecific binding characteristics.24 Unlike 

avidin,18 streptavidin retains its ability to bind to biotin in the presence of common 

detergents.20  

Biotin is a naturally occurring vitamin found in every living cell. The tissues with 

the highest amounts of biotin are liver, kidney, and pancreas. Biotin has a very small 

extinction coefficient at the absorption maximum (λ = 250 nm).20 The biotin-

streptavidin technology is widely used for biosensors. Biotin has been immobilized 

for example on gold surfaces using self-assembled monolayers,21, 25-29 on solid-

contacts by photo-cross-linking,12, 30, 31 on Langmuir-Blodgett films,32 and on 

electrodes by entrapment.33 Spacers enhance the accessibility of the biotin moiety for 

holding streptavidin, thereby improving binding characteristics.22 The choice of the 

spacer arm is crucial. A length of eleven atoms or more is necessary to ensure 

unrestricted recognition of biotin by streptavidin.34 In addition, its chemical 

composition is important in order to guarantee solubility of biotin during the 

preparation of the active layer.28 Most spacers have a hydrophobic/hydrophilic 

balance originating from oxygen atoms and methylene groups.34 
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The density of the immobilized biotin layer is crucial, as the surface density of 

bound streptavidin reaches a maximum at low biotin concentration.32 It has been 

hypothesized that a too closely packed layer of biotin on the surface could sterically 

inhibit biotin entry into one of the streptavidin binding pockets.28 As the amount of 

the biotin ligand on the surface increases, there is a greater likelihood that streptavidin 

may bind to the surface via tow binding sites.29 Furthermore, the composition and 

density of the immobilized biotin layer influence the binding kinetics of 

streptavidin.24-26, 35, 36 Adsorption of streptavidin was found to occur at a diffusion-

limited rate.21 

 

 

6.2.3 Super-Nernstian Response of Ion-Selective Electrodes 

Referring to data of Sokalsky et al.,37-40 the detection limit of ISEs can be 

extended into the picomolar range by eliminating the leaching of primary ions into the 

sample boundary zone, which is in contact with the membrane surface.41-43 This can 

be achieved by creating a concentration gradient in the membrane that drives primary 

ions backwards, through the membrane, into the inner filling. Therefore, a large 

improvement of the lower detection limit was obtained with inner solutions, whose 

concentration of analyte ions was buffered to a low level while keeping that of the 

interfering ions high. However, the net fluxes of ions through the membrane have to 

be very small in order to guarantee a Nernstian slope. By applying a very low direct 

current during the measurement, the lower detection limit was also extended by 

several orders of magnitude.44 

In this work, a photosensitive biotin derivative was cross-linked on a polyurethane 

ISE membrane. The influence of the immobilized biotin-streptavidin on the sensor 

behavior was evaluated. In contrast to the systems studied by Sokalsky et al.,38-40 

ISEs with a super-Nernstian response were used in this dissertation. Large gradients 

in the membrane (Figure 6.2) lead to considerate depletion of analyte ions in the 

sample boundary region next to the sample/membrane and thus to a super-Nernstian 

response, as shown in Figure 6.3. In order to obtain a pronounced super-Nernstian 

response, which is kinetically controlled, it is necessary to maximize the diffusion 

fluxes at the sample/membrane interface. Therefore, the ion concentration gradients in 

the membrane have to be sufficiently high which results in high transmembrane ion 
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fluxes. At very low activities of the primary ions in the sample, interfering ions are 

released from the membrane. In this case, the ISE response is mainly dictated by the 

interfering ions and therefore the resulting potentials appear at very low values. In 

contrast, the flux-induced deviations between boundary and bulk activity values turn 

out to be negligible for activities above the super-Nernstian step. In this activity 

range, the ISE reaches an equilibrium response to the analyte ions, which leads to 

much higher potentials. The intermediate super-Nernstian step yields extremely large 

potential excursions for very small changes of the sample activity in the bulk.  
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Figure 6.2 Schematic representation of the processes influencing the lower 

detection limit of ISEs. Gradients are generated in the aqueous boundary layer 

(thickness δaq) between sample and membrane because of transmembrane fluxes and 

partial exchange of primary ions by interfering ones at the inner membrane side.40 

ci,T(bulk) is the total concentration of the free ion Izi in the bulk sample solution. 

 

 

The sample activity range where the super-Nernstian step occurs might be shifted 

under the influence of reactions taking place at the membrane surface, as shown in 

Figure 6.3. Host molecules (photosensitive biotin) covalently bound to the membrane 

surface can complex guest molecules (streptavidin) from the sample solution. These 

immobilized biomolecules might decrease the diffusion rate at the surface. 
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So far, only a few chemical sensor systems are known that are based on a change 

of fluxes at the interface. First, a potentiometric sensor responsive to the polyanion 

heparin45 works on the principle of a nonequilibrium change of the phase boundary 

potential at the sample/membrane interface. Second, examples of ion-channel-

mimetic sensors were described.46 Redox reactions of electroactive species in the 

sample occur at the surface of these electrodes. The reaction rates can be controlled 

by selectively binding of analytes from the sample to the electrode surface, which is  
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Figure 6.3 Membranes with a large ion uptake from the sample solution usually 

show a step-like change in the emf response function. The measuring ion acticity in 

the sample solution at which the ion uptake induces a large potential change might be 

significantly shifted when biological molecules from the sample bind to the 

membrane surface. In contrast to response curve A of a conventional system, response 

curve B refers to a system where biological guest molecules from the sample solution 

are complexed by covalently bound host molecules on the membrane surface. 
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chemically modified with receptors. The sterical blocking of the interface thus 

permits an indirect determination of the electroinactive analytes with the inherent 

possibility for chemical signal amplification. Furthermore, early studies by Rechnitz47 

indicated that by immobilizing of immunogen conjugates in the bulk of a liquid 

membrane matrix, antibody-selective potentiometric responses are obtained. 

 

 

6.3 Surface Analyses of a Photoimmobilized Trifluoromethylaryldiazirine De-
rivative 

The aim of the following surface analyses was to obtain evidence for the cross-

linking of a photoactivatable reagent to a polyurethane surface. The photoreagent 

used was N-{3-[3-(trifluoromethyl)diazirine-3-yl]phenyl}-4-maleimidobutyramide 

(MAD). This MAD carries a diazirine, which will be lost during light activation 

leading to carbene-mediated binding to solid-supports and a maleimide function for 

thermochemical reactions with thiolated reagents.48 Tecoflex membranes without 

plasticizers were used for all photoimmobilizations.  

 

 

6.3.1 Atomic Force Microscopy 

First, the aptitude of the polyurethane surface for photo-cross-linking was tested. 

To this end, the morphology of a pure Tecoflex membrane without MAD was mapped 

out using atomic force microscopy (AFM). The AFM images are shown in Figures 

6.4−6.6. The surface structure of the Tecoflex membrane was featureless with a root-

mean-square (r.m.s) roughness of about 0.7 nm. The height differences between the 

lower and higher spots were around 3 nm, as depicted in Figure 6.7. Nurdin et al.49 

found for a similar polyurethane surface, after drying in the vacuum, a peak-to-valley 

distance of about 15 nm. The Tecoflex membrane turns out to be very plain in 

comparison with an evaporated gold layer on a glass plate, as used for a self-

assembled monolayer.50 Accordingly, the smooth and homogenous morphology of 

the investigated polyurethane is well suited for immobilization of biomolecules. 
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Figure 6.4 50 x 50 µm2 AFM image (first order flattening) of a pure Tecoflex 

membrane. 

 

 

 

Figure 6.5 10 x 10 µm2 AFM image (first order flattening) of a pure Tecoflex 

membrane. This picture is a blow-up of Figure 6.4. The z-range was 4 nm. 
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Figure 6.6 10 x 10 µm2 AFM image (first order flattening) of a pure Tecoflex 

membrane. This picture is a 3-d view of Figure 6.5 
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Figure 6.7 AFM depth profile of a pure Tecoflex membrane. 
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6.3.2 Fourier Transformation Infrared Reflection Absorption Spectroscopy 

The surfaces of some membranes with and without MAD, respectively, were 

investigated using Fourier transformation infrared reflection absorption spectroscopy 

(FT-IRAS).51, 52 For the photoimmobilization, an ethanol solution of MAD was 

deposited on a Tecoflex membrane, dried under high vacuum and irradiated by a 

UV-lamp immediately. Ethanol and other solvents like water, methanol, acetonitrile, 

diethyl ether, cyclohexane, petroleum ether, and hexane neither dissolved nor swelled 

Tecoflex. The added borate in the membrane does not disturb the 

photoimmobilization, because it absorbs at 250 nm.  
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Figure 6.8 FT-IRAS spectra of a Tecoflex membrane without photoimmobilized 

MAD on the membrane surface.  
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Figure 6.9 FT-IRAS spectra of a Tecoflex membrane with photoimmobilized 

MAD on the membrane surface. 

 

In contrast to Tecoflex, MAD possesses a trifluoromethyl-group with two 

characteristic IR-peaks.53 The FT-IRAS spectra of membranes without MAD (Figure 

6.8) were significantly different from the ones with MAD (Figure 6.9), but there were 

no typical trifluoromethyl peaks recorded. Consequently, there was no evidence for 

the photoimmobilization of MAD using FT-IRAS. The orientation of MAD on the 

surface might be non-uniform and the surface concentration of MAD was perhaps too 

small.  

 

6.3.3 X-Ray Photoelectron Spectroscopy 

Pure Tecoflex membranes with and without MAD were examined by X-ray 

photoelectron spectroscopy (XPS) for providing a qualitative and quantitative analysis 

of their surface.  
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Table 6.1 Composition (atomic percentage) of pure Tecoflex membranes with 

and without MAD. 

analytical method C [%] O [%] N [%] F [%] 

elemental analysisa 78.57 19.05 2.38 - 

XPSa 78.07 20.98 0.95 - 

XPSb 78.25 19.59 1.81 0.35 

a MAD was not photoimmobilized on the membrane surface. 

b MAD was photoimmobilized on the membrane surface. 

 

Membranes without MAD do not contain fluorine, as shown in Table 6.1. There 

are small differences between the surface concentrations determined from the XPS 

analysis (Table 6.1, second row) and the bulk membrane composition found from the 

elemental analysis (Table 6.1, first row). This can be explained by phase separation  

 

 

 

Figure 6.10 XPS wide-scan spectra of a pure Tecoflex membrane with 

photoimmobilized MAD. There is a weak fluorine signal at 689.5 eV. 
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that takes place at the few outermost molecular layers of the polyurethane, where little 

or no hard segments were found in earlier studies.54-56 For the membrane with MAD, 

the spectrum in Figure 6.10 displays a weak photoelectron peak for F 1s, which is a 

clear evidence for the successful photoimmobilization of MAD.57 Consequently, 

MAD was definitely cross-linked on the membrane surface.  

Referring to the data of Sigrist,57, 58 MAD was photoimmobilized on diamond, 

silicon, and silicon nitride. Diamond had the highest grafting efficiency, and it was 

shown that C-O bonds were formed when diazirine photoactivation was involved. 

Besides, a MAD-derivative was immobilized on diamond with a density of 1 x 1012 

molecules cm-2, and the efficiency of the immobilization was found to be below one 

percent.59, 60 

 

 

6.4 Radiochemical Surface Analysis of Photoimmobilized Biotin-Streptavidin 

6.4.1 Syntheses 

For the immobilization of biotin-streptavidin on polyurethane, the light activatable 

compound 1 was synthesized, as shown in Figure 6.11. This novel photoreagent is 

based on MAD and bears a biotin moiety. The thiol group of the synthesized biotin 

derivate 3 reacted with the maleimide function of MAD resulting in compound 1. 

Some biotin derivatives bearing a thiol group were described in the literature,21, 25, 27-

29, 61-63 but all of them either had a too long chain length or were rather cumbersome 

to synthesize. In addition, the synthesis of heterobifunctional cross-linking reagents 

with a biotin and a trifluoromethylaryldiazirine moiety has been described.13, 15, 16 

However, the syntheses of these compounds are very cumbersome and include at least 

eight reaction steps. After completing this work, the use of a similar compound was 

reported,14 but the synthesis of this compound has not yet been described. 

The first task of the synthesis of MAD-biotin 1 was the esterification of biotin. 

Bromo-biotin 2 was prepared by reaction of biotin with five equivalents of 11-bromo-

undecanol in toluene heated to reflux, catalyzed by p-toluenesulphonic acid.64 

Filtration to remove unreacted biotin and chromatography gave the ester 2 in a yield 

of 70%. Preliminary esterfication experiments demonstrated that this reaction is also 

possible with shorter alkyl chains and might be useful for biotin immobilization on 

functionalized surfaces. 
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Figure 6.11 Synthetic pathway to biotin derivative 1. 
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The second reaction step was the thiolization of the bromo-biotin 2. For this 

purpose, tetrabutylammonium trimethylsilylthiolate (Me3SiS-Bu4N+) was generated in 

situ by adding a solution of tetrabutylammonium fluoride (TBAF) to 

hexamethyldisilathiane (Me3SiSSiMe3) in THF.65 Tetrabutylammonium 

trimethylsilylthiolate reacted rapidly with the bromo-biotin 2 to form on aqueous 

workup and purification by reprecipitation the thiol-biotin 3 in a yield of 75 %. This 

procedure represents one of the mildest available methods for thiol synthesis. Since 

the reaction is conducted under near neutral reaction conditions for a short period of 

time, autooxidation of thiol products to disulfides and/or sulfonic acids becomes less 

severe compared to methodologies that require basic hydrolysis.65 The synthesis of 

exactly the same thiol-biotin 3 was already described by Knoll et al.61 However, their 

procedure with a disulfide intermediate including four reaction steps was cumbersome 

and had very poor yields. The novel and simpler reaction presented here requires only 

two simple reaction steps and gives better yields. 

The reaction with MAD gave the final product 1. Adding thiol-biotin 3 to MAD in 

the presence of a catalytic amount of triethylamine resulted in the succinimide MAD-

biotin 1 as a 1:1-mixture of diastereoisomers.66-68 The disappearance of the 

maleimide function at λ = 330 nm during this reaction and the loss of the diazirine 

function of the MAD-biotin during irradiation at λ = 350 nm were observed by 

UV/VIS spectroscopy.69  

 

 

6.4.2 Radiochemistry 

Some factors governing the binding reaction between surface-attached MAD-

biotin and streptavidin from solution were elucidated by radiochemical methods. Most 

of the surface analyses of the biotin-streptavidin system done to date were based on 

fluorescence, which yields qualitative results with very high spatial resolution.12, 22, 

30-32, 34, 70, 71 In contrast, autoradiographic methods provide quantitative results72 and 

two-dimensional images with a resolution of 88 µm. The soft β-emitter [35S]-

streptavidin was used as radiolabel. First, MAD-biotin was photoimmobilized on 

small glass plates that were covered with a membrane of type 6B (Ca2+). After 

conditioning several series of the glass plates in water and treating them with a 
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surfactant, all samples were contacted with a [35S]-streptavidin solution. Finally, the 

adsorbed radiolabel on the membrane was quantified using autoradiography.  

According to Figures 6.12 – 6.14, the samples with photoimmobilized MAD-biotin 

bound stronger [35S]-streptavidin than the ones without MAD-biotin. Consequently, 

the cross-linked MAD-biotin was able to bind [35S]-streptavidin on the polyurethane 

surface. Furthermore, the MAD-biotin activation by light did not impair the biological 

activity. The distribution of [35S]-streptavidin on the membranes with MAD-biotin 

was non-uniform, as depicted in Figure 6.14. This was caused by irregular 

photoimmobilization of MAD-biotin, because the [35S]-streptavidin coverage on 

membranes without MAD-biotin was homogenous. The deposition of MAD-biotin 

droplets and the vacuum treatment resulted in a heterogeneous coverage that could 

even be observed with a magnifying glass. In previous AFM studies, the 

immobilization of photobiotin on solid contact was not uniform either.12 AFM images 

also indicated that the adsorption of streptavidin on biotinylated surfaces is non-

uniform, and that the proteins tend to cluster.30 More than 80% of the adsorbed 

proteins were found in clusters of three or more molecules.21 Additionally, avidin 

does not bind fully towards immobilized biotin.12 Cosnier33 investigated several 

techniques for stable immobilization of macromolecular biomolecules on polymers 

with complete retention of their biological recognition properties. Cross-linking was 

characterized as a rarely reproducible deposition technique with a poor spatial control.  

The surface densities of the adsorbed [35S]-streptavidin are shown in Table 6.2. 

These calculations are based on the density of a two-dimensional crystalline 

streptavidin (C2,2,2) monolayer, which is 262 ng cm-2 or 3780 angstrom2 molecule-

1.19, 29 The density of this streptavidin crystal is not very high. The area of the holes 

between the streptavidin molecules amount to 34% of the monolayer surface.28 Most 

Tecoflex membranes in this work were not fully covered with [35S]-streptavidin, 

although the quantity of applied [35S]-streptavidin would have been enough to cover 

the membrane surface 100 times. It is difficult to get a complete surface coverage 

because of repulsion. For example, self-assembled monolayers showed the highest 

streptavidin density, when only 5-10 % of the surface was biotinylated.28  
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Figure 6.12 Autoradiography of membranes poured onto quadratic glass slides, 

which were incubated into a solution of [35S]-streptavidin. The intensity of the 

coloring is proportional to the density of adsorbed [35S]-streptavidin. MAD-biotin was 

photoimmobilized on all samples, whereas the pretreatment was different: A, 10 min 

in vacuum and without any surfactant incubation; B, 10 min in vacuum and surfactant 

(Tween) treatment before the streptavidin incubation; C, 20 min in vacuum and 

Tween treatment before the streptavidin incubation; D, 80 min in vacuum and without 

any Tween incubation; E, 80 min in vacuum and Tween treatment after the 

streptavidin incubation. 
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Figure 6.13 Autoradiography of membranes poured onto quadratic glass slides, 

which were incubated into a solution of [35S]-streptavidin. The intensity of the 

coloring is proportional to the density of adsorbed [35S]-streptavidin. MAD-biotin was 

photoimmobilized only on the samples of series F. The samples had the following 

pretreatment: F, 80 min in vacuum and Tween treatment before the streptavidin 

incubation; G, without any pretreatment; H, deposition of a pure acetonitrile drop, 80 

min vacuum and no Tween treatment; I, Tween treatment before the streptavidin 

incubation. 

 

As a result, photoimmobilizing of MAD-biotin was non-uniform and might have a 

poor efficiency. In previous studies, the photo coupling efficiency of MAD-[35S]Cys 

to Polystyrene was 7%.48 Furthermore, diffusion of MAD-biotin into the PUR 

membrane before cross-linking may have a certain effect. Assuming that MAD-biotin 

is sufficiently soluble in Tecoflex, the diffusion of MAD-biotin into Tecoflex can be 

estimated with the help of the following equation:73 

 

d = 2Dt  
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Figure 6.14 Enlargement of autoradiography of membranes poured onto quadratic 

glass slides from series A in Figure 6.12. The samples were incubated into a solution 

of [35S]-streptavidin. The intensity of the coloring is proportional to the density of 

adsorbed [35S]-streptavidin. 

 

 

These calculations were done using an approximative diffusion coefficient D in 

Tecoflex of 10-8 cm-2 s-1.40 The distance d of the diffusion for a time t of 5 min is 35 

µm. Therefore most of MAD-biotin diffused inside the membrane and was not 

available for immobilization on the surface. The recovery of [35S]-streptavidin on the 

membrane surface was higher when the evacuation time was shorter. Actually, a short 

evacuation time of 10 min led to a smaller diffusion length in the membrane. 

Furthermore, a long vacuum time can modify the interaction forces present at the 

surface of polyurethanes.49, 56 

Samples which were conditioned in water for 2 d showed the same [35S]-

streptavidin recoveries as samples without conditioning (data not shown). After 

exposure to water, the surface layer of polyurethane can be restructured. The 

hydrophobic end groups of polyurethane or biotin can submerge while the hydrophilic 

polyurethane backbone can emerge.54 This energetical optimization of the surface is 
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Table 6.2 [35S]-streptavidin densities on the surfaces of Tecoflex membranes (a). 

 

seriesb vacuum 
time 
(min) 

cross-
linking of 
MAD-
biotin 

time of treatment 
with Tween 

density of 
streptavidin 
and STDEV 
(ng cm-2)c 

percentage of a 
streptavidin-
monolayer and 
STDEV  

A 10 yes no Tween 311 ± 43 119 ± 16

B 10 yes before streptavidin 45 ± 9 17 ± 3

C 20 yes before streptavidin 42 ± 19 16 ± 7

D 80 yes no Tween 134 ± 33 51 ± 13

E 80 yes after streptavidin 152 ± 81 58 ± 31

F 80 yes before streptavidin 30 ± 9 12 ± 3

G 0 no no Tween 26 ± 17 10 ± 7

H 80 no no Tween 17 ± 3 7 ± 1

I 0 no before streptavidin 22 ± 14 8 ± 5

a All membranes were of type 6B (Ca2+) and were incubated into a solution of [35S]-
streptavidin.  

b The capital letters correspond to the series in Figures 6.12 - 6.13 and are described 
in the experimental part. Five samples were examined for each series. 

c The radiolabel densities were quantified using autoradiography and compared with 
the density of a two-dimensional crystalline streptavidin (C2,2,2) monolayer.19, 29 

 

 

called volume exclusion effect.56 However, this process had no significant influence 

on the binding of [35S]-streptavidin to the immobilized MAD-biotin.  

A nonionic surfactant called Tween 20, which is a polyoxyethylene derivative, was 

used for reducing non-specific adsorption of [35S]-streptavidin. The membranes which 

were treated before the [35S]-streptavidin incubation with Tween 20 showed lower 

recoveries than the other membranes. Therefore, Tween 20 decreased the [35S]-

streptavidin adsorption. On the account of binding of Tween 20 to streptavidin,74 this 
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surfactant should not be applied during the streptavidin incubation. In previous 

studies, the reduction of noncovalently attached protein was more efficient when the 

surfactant was present during the covalent attachment than when it was only used for 

removing the protein after the linkage.75 Besides, surfactants like Tween76 or Triton77 

disturb the response of ISEs. 

 

 

6.5 Influence of Photoimmobilized Molecules on the Response of Ion-Selective 
Electrodes 

6.5.1 Influence of MAD 
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Figure 6.15 EMF responses of ammonium selective Tecoflex membrane ISEs 

containing nonactin and NaTFPB; the membranes were prepared without any 

plasticizer. After a conditioning time of 17 h, a slope of 33.3 ± 0.6 mV decade-1 (n = 

4, 10-2–10-5 M) was determined, whereas the slope was 53.6 ± 1.1 mV decade-1 (n = 5, 

10-2–10-5 M) after a conditioning time of 208 h. 
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The influence of photoimmobilized MAD on the response of ISEs was investigated 

using polyurethane membranes. As shown in Figure 6.15, Tecoflex membranes 

without plasticizer (type 6C (NH4
+)) need a long conditioning time in order to obtain a 

close to Nernstian slope. The diffusion fluxes in these membranes without plasticizer 

and the establishment of a steady state between aqueous and organic phase are 

extremely slow.78 The response curves of corresponding ISEs for monovalent or 

divalent ions were linear, but they usually showed sub-Nernstian slopes, except for 

the H+-selective ISEs, which gave a Nernstian slope, as shown in Table 6.3. The latter 

phenomenon was due to protonation of the Tecoflex matrix,79, 80 as explained in 

Chapter 4. This is confirmed by Figure 6.16, where the calibration curves of a cation- 

exchanger membrane ISE (type 6A (N(CH3)4
+))81, 82 showed that the membrane 

  

Table 6.3 Response characteristics of ISE membranes containing NaTFPB, 

different ionophores, and Tecoflex, without the addition of a plasticizer. MAD was 

immobilized on the surface of some membranes using photo-cross-linking.48 

 

Measuring 
ion 

MAD
[mM] 

UV- 
irradiation 

Slope  
(mV/decade) 

Linear range
[M] 

Membrane 
type 

NH4
+  0 no 53.6 ± 1.1 (n = 5) 10-2 to 10-5  6C (NH4

+) 

H+  0 no 58.2 ± 0.5 (n = 4) 10-2 to 10-5  6D (H+) 

Ca2+  0 no 19.7 ± 0.6 (n = 5) 10-2 to 10-5  6E (Ca2+) 

N(CH3)4
+  0 no 45.5 ± 0.8 (n = 5) 10-1 to 10-3 6A (N(CH3)4

+) 

N(CH3)4
+  0.027 no 44.8 (n = 1) 10-1 to 10-3  6A (N(CH3)4

+) 

N(CH3)4
+ 0.27 no 43.6 (n = 1) 10-1 to 10-3  6A (N(CH3)4

+) 

N(CH3)4
+  2.7 no 44.9 (n = 1) 10-1 to 10-3  6A (N(CH3)4

+) 

N(CH3)4
+  0.027 yes 45.9 ± 0.7 (n = 4) 10-1 to 10-3  6A (N(CH3)4

+) 

N(CH3)4
+  0.27 yes 45.8 ± 1.1 (n = 4) 10-1 to 10-3  6A (N(CH3)4

+) 

N(CH3)4
+  2.7 yes 45.6 ± 0.8 (n = 4) 10-1 to 10-3  6A (N(CH3)4

+) 
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was actually more selective to hydrogen ions than to tetramethylammonium ions. The 

selectivities are in good accordance with data reported by Lindner et al.83  

MAD was photoimmobilized on cation-exchanger membranes of type 6A 

(N(CH3)4
+). Calibration curves were recorded for tetramethylammonium and calcium 

ions (data not shown) as measuring ions. Table 6.3 shows that the ISEs with 

immobilized MAD (irradiated) had the same slopes and measuring ranges, as the ISEs 

without MAD (not irradiated). Hence, the surface-immobilized MAD did not 

influence the potentiometric response of these ISEs. In addition, there was no 

difference in the response behavior between membranes with low and high MAD 

concentrations. 
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Figure 6.16 EMF response curves for different ions obtained with an ISE based on 

an ion-exchanger membrane (NaTFPB, Tecoflex). The following slopes were 

determined: N(CH3)4
+ 49.0 ± 1.3 mV decade-1; H+ 58.3 ± 0.3 mV decade-1; K+ 46.4 ± 

0.4 mV decade-1; Na+ 48.5 ± 0.5 mV decade-1 and Ca2+ 21.1 ± 0.1 mV decade-1. The 

standard deviations were calculated from measurements with four identically prepared 

ISEs.  
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6.5.2 Tecoflex-Based Ion-Selective Electrodes with a Super-Nernstian Response 

The influence of the immobilized MAD-biotin-streptavidin system on the super-

Nernstian response of ISEs was investigated in the following experiments. To get a 

reproducible super-Nernstian response, the parameters were optimized for calcium-

selective Tecoflex electrodes. The selectivity value log KCa, H
pot  of these ISEs 

(membrane type 6B (Ca2+)) was 0.4.84 Membranes with high diffusion fluxes exhibit 

a more pronounced super-Nernstian response.41 Hence, the membranes used in the 

following experiments contained a high ionophore concentration and a high borate 

concentration (membrane type 6F (Ca2+)). In addition, the inner filling solution of all  
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Figure 6.17 Influence of the conditioning time on the response of Ca2+-ISEs 

containing ETH 5234, NaTFPB and Tecoflex without plasticizer (number of ISE: n = 

5). The conditioning solution was 10-3 M CaCl2, and the inner electrolytes were 0.05 

M Na2EDTA, 10-3 M CaCl2, and 0.06 M NaOH (pH 8.9). 
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these ISEs contained a high sodium activity and the calcium activity was kept low by 

using an ion buffering system (e.g., EDTA).38 

Figure 6.17 illustrates the influence of the conditioning of ISEs in 10-3 M CaCl2. 

After a relatively short conditioning period, the electrodes showed a super-Nernstian 

behavior induced by Ca2+ flux from the sample into and through the membrane. A 

longer conditioning time caused an enrichment of calcium ions in the major part of 

the membrane. Consequently, this led to an equilibrium response to the analyte ion. 

Hence, ISEs which were conditioned in a high Ca2+ concentration did not show a  
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Figure 6.18 Response of Ca2+-ISEs (n = 6) containing ETH 5234, NaTFPB and 

Tecoflex without plasticizer. The ISEs and their inner electrolytes were the same for 

both curves: 0.05 M Na2EDTA, 10-3 M CaCl2, and 0.06 M NaOH (pH 8.9). The 

conditioning solution used before experiments A had the same composition as the 

inner filling solution, whereas the conditioning solution for experiments B was 10-3 M 

CaCl2. The conditioning times amounted to 1- 3 d throughout. 
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reproducible super-Nernstian behavior. In contrast, ISEs conditioned in a solution 

similar to the one in the inner compartment showed a strong super-Nernstian 

response, as depicted in Figure 6.18. Here, the ISE response at low analyte 

concentrations was mainly dictated by the release of interfering ions from the 

membrane. All following experiments were performed with ISEs whose conditioning 

solution was the same as the inner filling solution. ISEs with a membrane thickness of 

40 µm, 70 µm, and 100 µm, respectively, showed the same response behavior (data 

not shown). In order to obtain mechanically stable ISEs, a membrane thickness of 100 

µm was used for the subsequent experiments. 
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Figure 6.19 Response of Ca2+-ISEs (n = 6) containing ETH 5234, NaTFPB, 

Tecoflex without plasticizer. Results are given for two systems with different pH 

values of the inner filling solution: A, 5 x 10-3 M Na2EDTA, 10-3 M CaCl2 and 5 x 10-

3 M NaOH (pH 8.9); B, 5 x 10-3 M Na2EDTA, 10-3 M CaCl2 and 1.4 x 10-3 M NaOH 

(pH 6.0). The conditioning solution for both sets of experiments was the same as the 

inner solution of ISE A. 
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The curves in Figure 6.19 show the influence of the calcium activity in the 

conditioning solution and in the inner solution, respectively. Evidently, a relatively 

high calcium concentration leads to a reduction of the diffusion flux inside the 

membrane and results in a weaker super-Nernstian behavior.39 In a further set of 

experiments, the concentration of the interfering ion in the inner filling was varied, as 

depicted in Figure 6.20. An increase of the sodium concentration from 0.01 M to 0.1 

M causes a stronger super-Nernstian response, which effect is favored by moderate 

coextraction of Cl- from the sample into the membrane during the conditioning phase 

and by an outflow of Na+ from the membrane into the sample during the  
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Figure 6.20 EMF response of Ca2+ - ISEs (n = 6) containing ETH 5234, NaTFPB 

and Tecoflex without plasticizer. Composition of the conditioning solution and the 

inner filling solution of ISE A: 5 x 10-3 M Na2EDTA, 10-3 M CaCl2 and 5 x 10-3 M 

NaOH (pH 8.9). Composition of the conditioning solution and the inner filling 

solution of ISE B: 0.05 M Na2EDTA, 10-3 M CaCl2, and 0.06 M NaOH (pH 8.9).  
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measurement. However, a further increase of the Na+ concentration in the 

conditioning solution reduced the super-Nernstian response because of a predominant 

salt extraction (data not shown). 

Figure 6.21 shows the influence of an ion buffer, 2-morpholinoethanesulfonic acid 

(MES), on the response behavior. When the MES-buffer was added to the 

conditioning solution and to the sample, a reproducible super-Nernstian response was 

no longer observed. 
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Figure 6.21 Influence of an additional ion buffer (MES) on the response of Ca2+-

ISEs (n = 5) containing ETH 5234, NaTFPB and Tecoflex without plasticizer. All 

inner fillings consisted of 0.05 M Na2EDTA, 10-3 M CaCl2, and 0.06 M NaOH (pH 

8.9). The conditioning solution of ISE A had the same composition as the inner 

filling, whereas the conditioning solution of ISE B was a MES-buffer, which was kept 

constant during the calibration of ISE B. The sample solution of ISE A did not 

contain a MES-buffer. 
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The most reproducible super-Nernstian responses were observed at a moderate 

stirring rate. In this case, the thickness of the aqueous boundary layer remained 

constant and the response times were short. In addition, the super-Nernstian responses 

were most reproducible when all ISEs were centered in the measuring beaker and 

were exposed to the same convection fluxes. The incubation of the ISEs in a Tween 

20 solution had no observable influence on the super-Nernstian response behavior. 

The influence of immobilized MAD-biotin-streptavidin on the response behavior 

of ISEs was investigated using the ISEs which showed the most reproducible super-

Nernstian response. The ISEs were calibrated, set back into the conditioning solution  
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Figure 6.22 Response of Ca2+-ISEs (n = 20) containing ETH 5234, NaTFPB and 

Tecoflex without plasticizer. All conditioning solutions and inner filling solutions 

contained 0.05 M Na2EDTA, 10-3 M CaCl2, and 0.06 M NaOH (pH 8.9). Curve B was 

measured one day after curve A. Before the recording of curve B, the ISE was 

incubated with streptavidin solution. 
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for one night, incubated in a streptavidin solution, and finally calibrated again. For 

ISEs without immobilized MAD-biotin, which do not bind streptavidin specifically, 

there was a small shift of the super-Nernstian response, as shown in Figure 6.22. 

Essentially, the super-Nernstian response was found at a lower calcium activity on the 

second day. This clear shift toward lower activities was verified with more than 20 

ISEs. There was no significant difference in the response behavior of ISEs without 

photoimmobilized MAD-biotin in comparison with ISEs with cross-linked MAD-

biotin. Therefore, the bound streptavidin had no visible influence on the response 

behavior of these ISEs. The exchange of calcium ions at the phase boundary between 

membrane and sample solution is evidently not blocked by the binding of 

streptavidin. The lack of the expected effect is probably explained by the 

heterogeneity of the MAD-biotin-streptavidin layer, as shown in the previous 

radiochemistry experiments. 

 

 

6.6 Conclusions 

The morphology of Tecoflex membranes is characterized by a uniform structure, 

which is very smooth with a roughness of about 0.7 nm. This featureless surface is 

well suited for photoimmobilizing biomolecules. A novel, highly efficient 

photoreactive cross-linker bearing a biotin moiety was synthesized. This MAD-biotin 

was photo-cross-linked on membranes of ISEs. Surface analyses showed that 

streptavidin was bound to the cross-linked MAD-biotin successfully although the 

immobilized MAD-biotin layer turned out to be non-uniform. None of the 

immobilized biomolecules, neither MAD nor MAD-biotin-streptavidin had an 

influence on ISEs with a Nernstian slope or with a super-Nernstian response. 

In order to obtain a reproducible super-Nernstian response of ISEs made from 

polyurethane membranes without plasticizer, the following conditions have to be met. 

First, it is absolutely indispensable to lower the analyte activity through an ion buffer 

in the inner filling solution and to add a high concentration of interfering ions into the 

inner compartment. Second, the conditioning solution ought to have a similar 

composition as the inner filling. Third, there should be no additional ion buffering 

systems in the sample during the measurement. Finally, the stirring rate and the 

geometrical position of the ISEs have to be carefully adjusted. 
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7 Experimental 
 

 

7.1 Reagents 

Tecoflex SG-80A was purchased from Thermedics Inc. (Woburn, MA). N,N-

Dicyclohexyl-N’,N’-dioctadecyl-3-oxapentanediamide (ETH 5234), tridodecylamine, 

valinomycin, sodium tetrakis[3,5-bis(trifluoromethyl)phenyl]borate (NaTFPB), 

potassium tetraphenylborate (KTPB), tetradodecylammonium tetrakis-(4-

chlorophenyl)borate (ETH 500), bis(2-ethylhexyl) sebacate (DOS), ortho-nitrophenyl 

octyl ether (o-NPOE), and poly(vinyl chloride) (PVC) were obtained from Fluka AG 

(CH-9471 Buchs, Switzerland). 4-{[9-(Dimethylamino)-5H-benzo[a]phenoxin-5-

ylidene]amino}phenyl-acetic acid 11-[(1-butylpentyl)oxy]-11-oxoundecyl ester (ETH 

2439) was synthesized in the ETHZ group laboratory.1 Figure 7.1 shows the 

ammonium ionophore, which was a mixture of 75% nonactin and 25% monactin 

(Novartis). 

The soft and the hard polyurethane as well as all in polyurethane immobilized 

compounds (bis-2,6-hydroxymethyl pyridine, N-butyldiethanolamine, and o-NPOE) 

were synthesized in the ETHZ group laboratory.2, 3 Soft polyurethane consisted of 

17% poly[3-(R)-hydroxybutyric acid] diol (PHB) (hard segment) and of 83% 

poly(tetrahydrofurane) diol (PTHF) (soft segment), which were polymerized with the 

coupling reagent 2,2,4-trimethylhexamethylene diisocyanate (TMDI). Hard 

polyurethane consisted of 50% PHB, 50% PTHF, and TMDI.2  

N-{3-[3-(Trifluoromethyl)diazirine-3-yl]phenyl}-4-maleimido-butyramide (MAD) 

was a gift from H. Sigrist.4 Polyoxyethylenesorbitan monolaurate (Tween 20) was 

purchased from Sigma - Aldrich (CH-9471 Buchs, Switzerland). 3-(N-

morpholino)ethanesulfonic acid (MES), tris(hydroxymethyl)aminomethane (Tris), 

biotin, 3-bromo-1-propanol, 11-bromo-1-undecanol, hexamethyldisilathiane, 

tetrabutylammonium fluoride (TBAF), p-toluene sulphonic acid and streptavidin from 

Streptomyces avidinii were obtained from Fluka. [35S]-Streptavidin from Amersham 

(CH-8600 Dübendorf, Switzerland) had a specific activity of 7.4 – 74 TBq mmol-1. 
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Figure 7.1 Chemical structures of some mobile ionophores and Tween 20. 
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All solvents (Fluka, Merck, Baker or Riedel-de Haën) were purchased reagent-

grade and used without further purification, except for tetrahydrofuran (THF), which 

was distilled. Gold (99.99%) was obtained from Balzers AG (FL-9496 Balzers, 

Liechtenstein). 

The acids and salts were of puriss p.a. or Microselect quality from Fluka. Aqueous 

solutions were prepared with freshly deionized water (18.0 MΩ cm specific 

resistance) obtained with a NANOpure reagent-grade water system (SKAN, CH-4009 

Basle, Switzerland). 

 

 

7.2 Organic Syntheses 

All reactions were performed in standard glassware. Evaporation and concentration 

in vacuo were done at water aspirator pressure, and compounds were dried at 10-2 

mbar.  

Column Chromatography. SiO2 60 (220 – 440 mesh, 0.035 – 0.070 mm) from 

Fluka. TLC aluminum plates coated with SiO2 60 F254 from E. Merck, visualization 

by UV light (254 or 366 nm). TLC glass plates coated with SiO2 (Silgur-25 UV254) 

from Macherey-Nagel (CH-4702 Oensingen, Switzerland).  

Melting Points. Büchi melting point apparatus (CH-9239 Flawil, Switzerland).  

IR Spectra. 883 infrared spectrophotometer from Perkin Elmer.  

UV/VIS Spectra. Uvikon 940 from Kontron Instruments.  

EI-MS: VG Tribid instrument, 70 eV. ESI-MS: Finnigan TSQ 7000 instrument.  

NMR Spectra.5 Varian Gemini 200 (200 MHz) or Bruker AMX-2-500 (500 MHz) 

spectrometer at 300 K, with solvent peaks as reference.  

Elemental Analyses were performed by the Microlaboratory at the Institute of 

Organic Chemistry, ETH Zurich. 
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(3aS, 4S, 6aR) 11-bromoundecyl 5-(hexahydro-2-oxo-1H-thieno[3,4-d]imidazol-

4t-yl) pentanoate  (2) 

 

NHHN

O

S

O

O Br

H H

 

 

 A mixture of biotin (1.350 g, 5.5 mmol), 11-bromo-1-undecanol (6.940 g, 27.6 

mmol), p-toluene sulfonic acid (0.105 g, 0.55 mmol) and toluene (34 mL) was stirred 

and refluxed at 120 oC for 48 h under argon. The reaction mixture was cooled to room 

temperature. Precipitated unreacted biotin was removed by filtration, the solvent was 

removed in vacuo and the residue was purified by flash chromatography 

(MeOH/CH2Cl2 5:95) to give compound 2 as a white solid (1.970 g, 70 %). 

Anal. Calculated for C21H37N2O3SBr: C, 52.82; H, 7.81; N, 5.87; O, 10.05; S, 6.72; 

Br, 16.73. Found: C, 52.59; H, 7.74; N, 5.62; O, 10.32; S, 6.82; Br, 16.70; mp 103.5 – 

104.0 oC; IR νmax (cm-1): 3462, 2929, 2853, 1705, 1597; 1H NMR (500 MHz, CD2Cl2, 

δ): 1.28 – 1.47 (m, 16H), 1.57 – 1.74 (m, 6H), 1.85 (m, -CH2CH2Br, 2H), 2.31 (t, J = 

7.4 Hz, -CH2C(O)OCH2-, 2H), 2.71 (d, J = 12.6 Hz, -CHCH2S-, 1H), 2.90 (dd, J = 

12.7 Hz, J = 5.0 Hz, -CHCH2S-, 1H), 3.17 (m, -SCH-, 1H), 3.42 (t, J = 6.9 Hz, -

CH2Br, 2H), 4.03 (t, J = 6.9 Hz, -OCH2-, 2H), 4.30 (m, -NHCHCH2-, 1H), 4.48 (m, -

NHCH(CH-)2, 1H), 5.43 (s, -NHCH(CH-)2, 1H), 5.73 (s, -NHCHCH2-, 1H); 13C 

NMR (125 MHz, CD2Cl2, δ): 25.28, 26.33, 28.57, 28.70, 28.78, 29.07, 29.15, 29.65, 

29.81, 29.86, 29.88, 33.31 (-CH2CH2Br), 34.31, 34.68, 41.04 (-CH2S-), 55.90 

(-SCH-), 60.54 (-NCCH2), 62.28 (-NC(CH-)2), 64.82 (-C(O)OC-), 163.94 

(-NC(O)N-), 173.95 (-C(O)O-); EI-MS m/z (relative intensity): M+ 476.1 (1), 418.1 

(3), 227.1 (10), 166.1 (19). 
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(3aS, 4S, 6aR) 11-sulfanylundecyl 5-(hexahydro-2-oxo-1H-thieno[3,4-d]imidazol-

4t-yl) pentanoate  (3) 

 

NHHN

O

S

O

O SH

H H

 

 

 A stirred solution of compound 2 (1.000 g, 2.09 mmol) in THF was cooled to –10 
oC, and hexamethyldisilathiane (2.20 mL, 10.45 mmol)) and TBAF (10.5 mL, 1.0 M 

solution in THF with 5% water, 10.45 mmol) were added. The resulting reaction 

mixture was allowed to warm to room temperature while it was stirred. The reaction 

was shielded from ambient light in order to avoid photoinduced side reactions and 

was carried out under argon. After 20 min, the reaction mixture was washed with 20 

mL aqueous ammonium chloride (saturated) and 10 mL CH2Cl2. Recrystallization 

from CH2Cl2 and hexane gave compound 3 as white solid (0.673 g, 75 % yield).  

Anal. Calculated for C21H38N2O3S2: C, 58.57; H, 8.89; N, 6.50; S, 14.89. Found: C, 

57.94; H, 8.50; N, 6.16; S, 14.31 (The 1H-NMR spectrum indicated that some 

disulfides occurred as impurities in the product); mp 99.5 – 101.0 oC; IR νmax (cm-1): 

3462, 2929, 2853, 1705, 1597; UV (CH2Cl2) λmax (log ε): 219 (0.48); 1H NMR (500 

MHz, CD2Cl2, δ): 1.28 – 1.47 (m, 17H), 1.57 – 1.74 (m, 6H), 1.87 (m, -CH2CH2SH, 

2H), 2.31 (t, J = 7.4 Hz, -CH2C(O)OCH2-, 2H), 2.50 (q, J = 7.4, -CH2SH, 2H), 2.71 

(d, J = 12.7 Hz, -CHCH2S-, 1H), 2.91 (dd, J = 12.8 Hz, J = 5.0 Hz, -CHCH2S-, 1H), 

3.16 (m, -SCH-, 1H), 4.03 (t, J = 6.8 Hz, -OCH2-, 2H), 4.30 (m, -NHCHCH2-, 1H), 

4.48 (m, -NHCH(CH-)2, 1H), 5.44 (s, -NHCH(CH-)2, 1H), 5.71 (s, -NHCHCH2-, 1H); 
13C NMR (125 MHz, CD2Cl2, δ): 24.96 (-CH2SH), 25.28, 26.33 28.71, 28.78 (2C), 

29.08, 29.47, 29.66, 29.90 (3C), 34.32, 34.53, 41.04 (-CH2S-), 55.90 (-SCH-), 60.54 

(-NCCH2), 62.27 (-NC(CH-)2), 64.82 (-C(O)OC-), 163.91 (-NC(O)N-), 173.95 

(-C(O)O-); EI-MS m/z (relative intensity): (M + 1)+ 431.2 (49), M+ 430.2 (13), 397.3 

(26), 227.1 (76), 166.0 (83). 
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(3aS, 4S, 6aR) 11-{[3-(3-trifluoromethyl-3H-diazirin-3-yl)-phenylamino]-[1-(4-

oxobutyl)-pyrrolidine-2,5-dioxo-3-yl]thio}undecyl 5-(hexahydro-2-oxo-1H-thieno 

[3,4-d]imidazol-4t-yl) pentanoate  (1) 

 

NHHN

O

S

O

O S

F

F

F

N

N

NH

O

N

O

O

H H

 

 

To a solution of thiol-biotin 2 (7.32 mg, 17 µmol) in CH2Cl2 (3 mL) at 0 oC, a 

solution of MAD (6.23 mg, 17 µmol) in 0.2 mL CH2Cl2 was added, followed by 5 

drops of triethylamine. The mixture was allowed to reach room temperature and then 

was stirred for 7 h. The reaction was shielded from light in order to avoid 

photoinduced side reactions and was carried out under argon. The resulting mixture 

was concentrated under reduced pressure, and the residue was purified by 

chromatography on a silica glass plate (hexane/1,2-dichloroethane/acetonitrile/ethanol 

40:30:24:6) to give the compound 1 as a diastereoisometric mixture in form of a white 

solid (11.1 mg, 82 % yield). 
1H NMR (200 MHz, CDCl3, δ): 1.28 – 1.49 (m, 16H), 1.57 – 1.74 (m, 8H), 2.04 

(m, -NCH2CH2CH2CO-, 2H), 2.33 (m, -CH2COOCH2-, -NCH2CH2CH2CO-, 4H), 

2.50 (dd, J = 18.7 Hz, J = 3.3 Hz, -CH2CH2S-, 2H), 2.69 – 3.00 (m, -CHCH2S-, -

SCHCH2CO-, 4H), 3.07 – 3.24 (m, -SCHCHNH, 1H), 3.58 – 3.76 (m, NCH2-, 

-SCHCO, 3H), 4.07 (t, J = 6.6 Hz, -OCH2-, 2H), 4.35 (m, -NHCHCH2-, 1H), 4.53 (m, 

-NHCH(CH-)2, 1H), 4.88 (s, -NHCH(CH-)2, 1H), 5.06 (s, -NHCHCH2-, 1H), 6.94 (d, 
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J = 7.1 Hz, Ar H, 1H), 7.34 (t, J = 7.9 Hz, Ar H, 1H), 7.48 (s, Ar H, 1H), 7.67 (d, J = 

7.5 Hz, Ar H, 1H), 8.55 (d, J = 5.4 Hz, -NH-Ar, 1H); ESI-MS m/z: (M + 1)+ 797, (M 

+ Na)+ 819, (M + K)+ 835. 

 

 

7.3 Preparation of Ion-Selective Electrodes 

Membranes. ISE membranes were obtained by casting a solution of membrane 

components (see Table 7.1), dissolved in about 2.5 mL of THF, into a glass ring (40 

mm or 60 mm i.d.) fixed on a glass plate covered with a Teflon foil. For each ISE, a 

disk of 7 mm diameter was punched from a membrane and glued to plasticized PVC 

tubing with THF.6 The thickness of most membranes amounted to 300 µm. 

The double membranes consisted of two disks of 13 mm diameter, which were 

punched from separate membranes, glued together using THF, and finally glued with 

THF onto the inner membrane holder of the transport cell. 

 

Inner Fillings and Conditioning Solutions Used in Chapter 4. All ISEs were 

conditioned in a solution which had the same composition as the inner filling. The 

following internal fillings were used: 0.01 M NaCl and 0.1 M acetic acid/sodium 

acetate adjusted to pH 3.9 for ISEs made from membrane types 4A (H+) and 4B (H+); 

0.1 M citric acid, 5 x 10-3 M NaCl and 0.25 M NaOH adjusted to pH 5.8 (4C (H+) - 

4G (H+), 4L (H+), 4M (H+), 4N (H+)); 0.1 M acetic acid, 5 x 10-3 M NaCl and 0.08 M 

NaOH adjusted to pH 5.7 (4H (H+) - 4K (H+)); 10-3 M NH4Cl and HCl adjusted to pH 

3.4 (4O (NH4
+)); 0.01 M MgCl2 (4P (NH4

+)); 10-3 M NH4Cl (4Q (NH4
+)); 10-3 M 

NH4Cl and 0.01 M acetic acid/sodium acetate adjusted to pH 4.0 (4R (H+)); 0.05 M 

citric acid, 5 x 10-3 M NH4Cl, and 0.13 M NaOH adjusted to pH 5.8 (4S (H+)); 10-3 M 

KCl and H2SO4  adjusted to pH 3.0 (4T (H+) - 4V (H+)); 5 x 10-4 M K2SO4 and H2SO4 

adjusted to pH 3.8 (4W (double)); 10-3 M NH4Cl and HCl adjusted to pH 2.9 (4X 

(double)). The conditioning time amounted to 1 – 3 d. An exception were ISEs based 

on double membranes with a conditioning time of 10 d. 
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Table 7.1 Composition of ion-selective membranes studied. 

 

membrane 
type 
(primary 
ion) 

composition  

(in parentheses, concentration of the components in weight percent) 

4A (H+) immobilized bis-2,6-hydroxymethyl pyridine (0.2) 14.0 mmol kg-1, 
NaTFPB (0.6) 7.0 mmol kg-1, PHB/PTHF 1:1 (99.2) 

4B (H+) immobilized bis-2,6-hydroxymethyl pyridine (0.2) 12.0 mmol kg-1, 
NaTFPB (0.5) 6.0 mmol kg-1, PHB/PTHF 1:5 (99.3)  

4C (H+) immobilized N-butyldiethanolamine (1.3) 80.1 mmol kg-1, NaTFPB 
(0.7) 8.0 mmol kg-1, PHB/PTHF 1:5 (98.0) 

4D (H+) immobilized N-butyldiethanolamine (1.3) 80.4 mmol kg-1, NaTFPB 
(0.7) 8.0 mmol kg-1, immobilized o-NPOE (50.5), Tecoflex (47.5) 

4E (H+) immobilized N-butyldiethanolamine (1.3) 80.1 mmol kg-1, NaTFPB 
(0.1) 0.8 mmol kg-1, o-NPOE (10.0), PHB/PTHF 1:5 (88.6) 

4F (H+) immobilized N-butyldiethanolamine (1.3) 80.1 mmol kg-1, NaTFPB 
(0.3) 3.2 mmol kg-1, o-NPOE (9.8), PHB/PTHF 1:5 (88.6) 

4G (H+) immobilized N-butyldiethanolamine (1.3) 79.4 mmol kg-1, NaTFPB 
(0.7) 7.9 mmol kg-1, o-NPOE (9.8), PHB/PTHF 1:5 (88.2) 

4H (H+) immobilized N-butyldiethanolamine (1.3) 79.0 mmol kg-1, DOS (67.1), 
PVC (31.6) 

4I (H+) immobilized N-butyldiethanolamine (1.3) 79.0 mmol kg-1, KTFPB 
(0.1) 0.8 mmol kg-1, DOS (67.1), PVC (31.5) 

4J (H+) immobilized N-butyldiethanolamine (1.3) 79.6 mmol kg-1, KTFPB 
(0.4) 3.9 mmol kg-1, DOS (66.5), PVC (31.8) 

4K (H+) immobilized N-butyldiethanolamine (1.3) 80.3 mmol kg-1, KTFPB 
(3.6) 40.2 mmol kg-1, DOS (64.5), PVC (30.6) 

4L (H+) immobilized N-butyldiethanolamine (1.3) 79.1 mmol kg-1, NaTFPB 
(0.3) 3.2 mmol kg-1, o-NPOE (10.0), Tecoflex (88.4) 
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4M (H+) immobilized N-butyldiethanolamine (1.3) 80.8 mmol kg-1, NaTFPB 
(0.7) 8.1 mmol kg-1, immobilized o-NPOE (21.2), Tecoflex (76.8) 

4N (H+) immobilized N-butyldiethanolamine (1.3) 80.0 mmol kg-1, NaTFPB 
(0.7) 8.0 mmol kg-1, Tecoflex (98.0) 

4O (NH4
+) nonactin/monactin (75:25) (1.0) 13.7 mmol kg-1, NaTFPB (0.6) 6.9 

mmol kg-1, PHB/PTHF 1:5 (98.4) 

4P (NH4
+) nonactin/monactin (75:25) (1.0) 13.1 mmol kg-1, KTFPB (0.6) 6.6 

mmol kg-1, PHB/PTHF 1:1 (98.4) 

4Q (NH4
+) nonactin/monactin (75:25) (1.0) 13.4 mmol kg-1, KTFPB (0.6) 6.8 

mmol kg-1, DOS (65.3), PVC (33.1) 

4R (H+) immobilized bis-2,6-hydroxymethyl pyridine  (0.2) 14.0 mmol kg-1, 
nonactin/monactin (75:25) (1.0) 13.8 mmol kg-1, NaTFPB (0.6) 6.8 
mmol kg-1, PHB/PTHF 1:5 (98.2)  

4S (H+) immobilized N-butyldiethanolamine (0.8) 50.0 mmol kg-1, 
nonactin/monactin (75:25) (0.7) 10.0 mmol kg-1, NaTFPB (0.4) 5.0 
mmol kg-1, PHB/PTHF 1:5 (98.1) 

4T (H+) immobilized N-butyldiethanolamine (0.8) 50.0 mmol kg-1, 
nonactin/monactin (75:25) (0.7) 10.0 mmol kg-1, NaTFPB (0.4) 5.0 
mmol kg-1, PHB/PTHF 1:5 (98.1) 

4U (H+) immobilized N-butyldiethanolamine (0.8) 50.0 mmol kg-1, 
nonactin/monactin (75:25) (0.7) 10.0 mmol kg-1, NaTFPB (0.4) 5.0 
mmol kg-1, ETH 500 (1.1) 10.0 mmol kg-1, PHB/PTHF 1:5 (97.0) 

4V (H+) immobilized N-butyldiethanolamine (0.8) 49.8 mmol kg-1, NaTFPB 
(0.4) 5.0 mmol kg-1, PHB/PTHF 1:5 (98.8) 

4W1 
(double) 

nonactin/monactin (75:25) (0.7) 10.0 mmol kg-1, NaTFPB (0.4) 5.0 
mmol kg-1, ETH 500 (1.1) 10.0 mmol kg-1, PHB/PTHF 1:5 (97.8); The 
thickness of this membrane was 330 µm. 

4W2 
(double) 

immobilized N-butyldiethanolamine (0.8) 50.0 mmol kg-1, 
nonactin/monactin (75:25) (0.7) 10.0 mmol kg-1, NaTFPB (0.4) 5.0 
mmol kg-1, ETH 500 (1.1) 10.0 mmol kg-1, PHB/PTHF 1:5 (97.0); The 
thickness of this membrane was 330 µm. 
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4X1 
(double) 

nonactin/monactin (75:25) (1.0) 13.3 mmol kg-1, NaTFPB (0.6) 6.7 
mmol kg-1, PHB/PTHF 1:5 (98.4); The thickness of this membrane was 
400 µm. 

4X2 
(double) 

immobilized bis-2,6-hydroxymethyl pyridine (0.2) 13.2 mmol kg-1, 
nonactin/monactin (75:25) (1.0) 13.3 mmol kg-1, NaTFPB (0.6) 6.6 
mmol kg-1, PHB/PTHF 1:5 (98.2); The thickness of this membrane was 
400 µm. 

5A (NH4
+) nonactin/monactin (75:25) (1.0) 13.2 mmol kg-1, KTFPB (0.6) 6.5 

mmol kg-1, DOS (10.6), Tecoflex (87.8) 

5B (NH4
+) nonactin/monactin (75:25) (0.7) 10.0 mmol kg-1, NaTFPB (0.4) 5.0 

mmol kg-1, ETH 500 (1.1) 9.9 mmol kg-1, DOS (32.7), Tecoflex (65.1) 

5C (K+) valinomycin (1.2) 10.4 mmol kg-1, NaTFPB (0.5) 5.2 mmol kg-1, 
PTHF/PHB 1:5 (98.3) 

5D (H+) tridodecylamine (0.5) 9.9 mmol kg-1, NaTFPB (0.4) 5.0 mmol kg-1, 
ETH 500 (1.1) 9.9 mmol kg-1, DOS (65.7), PVC(32.3) 

5E (NH4
+) nonactin/monactin (75:25) (0.7) 9.9 mmol kg-1, NaTFPB (0.4) 5.0 

mmol kg-1, ETH 500 (1.1) 10.0 mmol kg-1, DOS (66.8), PVC (31.0) 

5F (H+) immobilized N-butyldiethanolamine (1.0) 62.3 mmol kg-1, 
nonactin/monactin (75:25) (0.7) 9.9 mmol kg-1, NaTFPB (0.4) 5.0 
mmol kg-1, ETH 500 (1.2) 10.2 mmol kg-1, DOS (65.6), PVC (31.1) 

5G1 
(double) 

nonactin/monactin (75:25) (0.7) 10.0 mmol kg-1, NaTFPB (0.4) 5.0 
mmol kg-1, ETH 500 (1.1) 9.9 mmol kg-1, DOS (32.7), Tecoflex (65.1) 

5G2 
(double) 

immobilized N-butyldiethanolamine (1.0) 62.3 mmol kg-1, 
nonactin/monactin (75:25) (0.7) 10.1 mmol kg-1, NaTFPB (0.4) 5.1 
mmol kg-1, ETH 500 (1.2) 10.1 mmol kg-1, DOS (34.5), Tecoflex 
(62.2) 

5H1 
(double) 

nonactin/monactin (75:25) (0.7) 10.0 mmol kg-1, NaTFPB (0.4) 5.0 
mmol kg-1, ETH 500 (1.1) 9.9 mmol kg-1, DOS (32.7), Tecoflex (65.1) 

5H2 
(double) 

immobilized bis-2,6-hydroxymethyl pyridine (0.1) 9.9 mmol kg-1, 
nonactin/monactin (75:25) (0.7) 9.7 mmol kg-1, NaTFPB (0.4) 5.0 
mmol kg-1, ETH 500 (1.1) 9.8 mmol kg-1, DOS (33.6), Tecoflex (64.1) 
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6A 
 (N(CH3)4

+) 
NaTFPB (0.88) 9.9 mmol kg-1, Tecoflex (99.12) 

6B (Ca2+) ETH 5234 (2.0) 24.8 mmol kg-1, NaTFPB (1.0) 11.4 mmol kg-1, 
Tecoflex (97.0); The thickness of this membrane was 70 µm. 

6C (NH4
+) nonactin/monactin (75:25) (0.15) 2.0 mmol kg-1, NaTFPB (0.09) 1.0 

mmol kg-1, Tecoflex (99.76) 

6D (H+) ETH 2439 (0.14) 2.0 mmol kg-1, NaTFPB (0.09) 1.0 mmol kg-1, 
Tecoflex (99.77) 

6E (Ca2+) ETH 5234 (0.17) 2.1 mmol kg-1, NaTFPB (0.06) 0.7 mmol kg-1, 
Tecoflex (99.77) 

6F (Ca2+) ETH 5234 (2.0) 25.0 mmol kg-1, NaTFPB (1.0) 11.2 mmol kg-1, 
Tecoflex (97.0); The thickness of this membranes were 40, 75, or 100 
µm. 

 

 

Inner Fillings and Conditioning Solutions Used in Chapter 6. ISEs based on 

Tecoflex membranes (6A (N(CH3)4
+) - 6E (Ca2+)) with a classical response behavior 

were conditioned in a solution which had the same composition as the inner filling. 

The following internal solutions were used: 5.10-3 M N(CH3)4Cl for ISEs made from 

membrane (6A (N(CH3)4
+)); 10-3 M NH4Cl (6C (NH4

+)); 0.1 M citric acid, 10-3 M 

NaCl and 0.25 M NaOH adjusted to pH 5.8 (6D (H+)); 10-3 M CaCl2 (6E (Ca2+)).  

The following inner fillings were used for ISEs made from membrane 6F (Ca2+) 

with a super-Nernstian response behavior: 0.05 M Na2EDTA, 10-3 M CaCl2,, 0.06 M 

NaOH (pH 8.9), calculated ion activity aCa
2+ = 2.3 x 10-12 M; 5 mM Na2EDTA, 1 mM 

CaCl2, 5 mM NaOH (pH 8.9), calculated aCa
2+ = 2.4 x 10-11 M; 5 mM Na2EDTA, 1 

mM CaCl2, 1.4 mM NaOH (pH 6.0), calculated aCa
2+ = 9.0 x 10-8 M. For all these 

ISEs, the conditioning solution was either 10-3 M CaCl2 or had the same composition 

as the inner filling. The conditioning time amounted to 1 – 3 d. A diaphragm 

separated the internal filling solutions containing EDTA from the reference half cell 

(Ag/AgCl in 0.1 M KCl) during the measurements. 
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7.4 Potentiometric Measurements 

pH Buffered Solutions. The following solutions were used for the pH response 

measurements: A sample solution containing 10-4 M MgCl2 and HCl was titrated with 

a solution of 10-4 M Mg(OH)2 for the measurements with membrane type 4A (H+) and 

4B (H+); sample solution 0.01 M Tris, titrated with 0.1 M HCl and 0.01 M Tris (4C 

(H+), 4L (H+), 4N (H+), 4S (H+)); sample solution 0.01 M HCl, 0.01 M NaCl, and 3 x 

10-3 M Tris, titrated with 0.01 M NaOH and 3 x 10-3 M Tris (4C (H+), 4D (H+), 4F 

(H+), 4L (H+), 4M (H+), 4N (H+)); sample solution 0.01 M NaOH and 0.01 M Tris, 

titrated with 0.1 M HCl, 0.01 M NaCl, and 0.01 M Tris (4E (H+), 4F (H+), 4G (H+), 4J 

(H+), 4L (H+), 6D (H+)); sample solution 5 x 10-4 M NaOH and 5 x 10-4 M Tris, 

titrated with 0.1 M HCl, 5 x 10-4 M NaCl, and 5 x 10-4 M Tris (4H (H+), 4I (H+), 4J 

(H+), 4K (H+)); sample solution H2SO4, 5 x 10-3 M K2SO4, and 3 x 10-3 M Tris, 

titrated with 0.01 M KOH and 3 x 10-3 M Tris (4S (H+)); sample solution H2SO4, 0.05 

M K2SO4, and 0.03 M Tris adjusted to pH 8.1, diluted with H2SO4 and 0.03 M Tris at 

constant pH 8.1 (4T (H+), 4U (H+), 4V (H+)); sample solution H3PO4 and 10-3 M 

K2SO4 adjusted to pH 2.9, titrated with 2 x 10-3 M KOH (4T (H+), 4U (H+), 4V (H+)); 

sample solution H2SO4 and K2SO4 adjusted to pH 4.0 ,diluted with H2SO4 at constant 

pH 4.0 (4W (double)); inner solution 10-4 M NH4Cl and HCl adjusted to pH 1.4, 

diluted with 10-4 M NH4Cl (4X (double)). 

Potentiometry. Measuring solutions were prepared by successive automatic 

dilution of stock solutions with a Liquino 711 and two Dosino 700 instruments 

(Metrohm AG, CH-9010 Herisau) equipped with 50 mL burettes. These experiments 

were performed under full computer control in a single 50 mL or 200 mL 

polyethylene beaker, where all ISEs were centered in the middle. Potentials were 

measured with a 16-channel electrode monitor EMF16 (Lawson Labs Inc., Malvern, 

PA 19355) at room temperature (20-21˚C) in stirred solutions during 10 - 60 min after 

sample changes. Reference electrodes (either double-junction free-flowing calomel or 

Metrohm Ag/AgCl type 6.0729.100) had 1 M KCl or 1 M LiOAc as bridge 

electrolyte. For activity coefficients, the Debye-Hückel approximation was used.7 All 

EMF values, which were median of the potentials measured during 5 min, were 

corrected for the liquid-junction potential at the sample/bridge electrolyte interface 

using the Henderson equation.8-10 Selectivity coefficients were determined by the 

separate solution method (SSM) or the fixed interference method (FIM).11  
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pH Titrations. The pH of the sample was continuously monitored with a pH glass 

electrode (Metrohm) against the same reference electrode as the solvent polymeric 

membrane electrodes. Hence, the liquid-junction potential was not corrected for these 

measurements. The titration solution was automatically added to the sample using a 

Dosimat 665 (Metrohm) and a custom made control software. The time of a 

continuous titration amounted to 5 h. 

Measuring Cell. The calibrations with the double membranes were done using the 

measuring circuit and the symmetric cell described in Chapter 4.6.12 The symmetric 

cell contained two identical half-cells based on Teflon and with a volume of 20 mL. 

The area of the double membrane in contact with the solution amounted to 20 mm2. 

 

 

7.5 CHEMFETs 

Preparation of CHEMFETs. pH-ISFETs based on Al2O3 were obtained from our 

Institute of Microtechnology (IMT) in Neuchâtel.13 All ISFETs displayed appropriate 

pH response using standard buffers (e.g., 48 – 57 mV dec-1) were used in the 

subsequent studies. The deposition of the ion-sensitive polymer layer was made by 

solvent casting. 25 µL of a solution of the membrane (200 mg of the components, as 

shown in Table 7.1, dissolved in 2 mL of THF or 1,2-dichloroethane) were deposited 

by hand onto the gate oxide of each ISFET. The solvent was allowed to evaporate for 

24 h before conditioning. The thickness of the deposited membrane on the ISFET was 

estimated with an optical light microscope and amounted to 50 µm. 

For the deposition of the double membrane onto an ISFET, 2 µL of a solution of 

the inner membrane (200 mg of the components dissolved in 2 mL THF) was cast 

first onto the gate oxide resulting in a membrane with a diameter of 2 mm. The 

solvent was allowed to evaporate for 12 h. Secondly, a disk of the outer membrane 

with a diameter of 6 mm was glued with THF onto the CHEMFET covered with the 

inner membrane. The thickness of the double membrane on the ISFET amounted to 

about 100 µm. 

In order to study the adhesion of the membranes, 100 mg of the polymeric 

membrane components (see Table 7.1) were dissolved in 1 mL THF. 5 µL of this 

membrane solution was cast onto each glass substrate or ISFET. Each series included 
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ten samples. Before conditioning the samples into 10-3 M NH4Cl for four weeks, the 

solvent was allowed to evaporate for 24 h. 

Conditioning Solutions. All CHEMFETs used for the NH4
+-calibration curves 

were conditioned in 10-3 M NH4Cl (membrane types: 4P (NH4
+), 4O (NH4

+), 5A 

(NH4
+), 4Q (NH4

+), and 5G (double)). The K+-selective CHEMFETs were 

conditioned in 10-3 M KCl. H+-selective CHEMFETs (membrane type 5D (H+)) used 

to determine the pH measuring range were conditioned in H2SO4 at pH 5.0.  

For the studies of the interference of carbon dioxide and organic acids on the 

response signal (Chapter 5.3 - 5.5), the NH4
+-selective CHEMFETs were conditioned 

in a solution which had the same composition as the conditioning solution of the 

CHEMFETs containing an H+-selective ionophore. Conditioning solution of the 

CHEMFETs described in Chapter 5.3 (membrane types 5D (H+) and 5E (NH4
+)): 

H2SO4 (pH 4.5), 76 mM NaCl, and 1 mM NH4Cl. Conditioning solution of the 

CHEMFETs described in Chapter 5.4 (membrane types 5E (NH4
+) and 5F (H+)): 

H2SO4 (pH 4.5) and 1 mM K2SO4. Conditioning solutions of the CHEMFETs 

described in Chapter 5.5: Membrane types 5B (NH4
+) and 5G (double), H2SO4 (pH 

5.0) and 1 mM NH4Cl; Membrane types 5B (NH4
+) and 5H (double), H2SO4 (pH 3.5) 

and 1 mM NH4Cl. The conditioning time for all CHEMFETs was at least 12 h. 

CHEMFET Measuring Circuit. Measurements were made in a constant drain-

current mode (ID = 100 µA). The drain-source voltage was maintained constant (VDS = 

0.5 V). This was achieved with a custom-made ISFET amplifier. Four ISFETs were 

simultaneously monitored, and the measured data were collected using a personal 

computer with a program written in LabVIEW (National Instruments, Austin, Texas). 

All measurements were made in conjunction with a separate double junction reference 

electrode (Metrohm) in which the outer chamber was filled with 1 M LiOAc. The 

potential values of the calibration curves were corrected using the Henderson 

equation, as described in Chapter 7.4. 

Addition of Interferents into the Sample Solution. Prior to testing the response 

to carbon dioxide, benzoic acid, and acetic acid, the integrity of the polymer 

membranes cast onto the gate region was evaluated. Firstly, each CHEMFET was 

evaluated to the response to ammonium ions. This was carried out at concentrations 

of 0.1 and 1 mM NH4
+ at constant pH 3.0 (H2SO4). Secondly, the response to pH 

changes was tested at appreciate pH. No significant response towards H+ indicated 

that the polymeric membrane was intact, i.e. there was no leaks or pinholes enables 
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hydrogen ions in the sample solution to approach the pH-sensitive gate or inner 

membrane. For the evaluation of the measuring range of the H+-selective CHEMFETs 

based on membrane type 5D (H+), the sample solution (0.01 M Tris) was titrated with 

a 0.1 M HCl solution containing 0.01 M Tris. 

In order to study the response towards acidic interferents, four CHEMFETs were 

set into the measuring solution. For comparison, two CHEMFETs containing an H+-

selective ionophore were simultaneously measured with two CHEMFETs based on a 

simple NH4
+-selective membrane containing only one ionophore (nonactin). After 3-5 

min, when the output signal was stable, the sample solution was purged with CO2 

using an aeration tube. Removal of the carbon dioxide was accomplished by purging 

with nitrogen. To test the influence of organic acids and NaHCO3 on the response 

signal, benzoic acid (stock solution: 0.06 M sodium benzoate and 0.05 M citric acid 

(pH 4.5)), acetic acid (stock solution: 1 M sodium acetate and H2SO4 (pH 4.5)), or 

carbonic acid (1 M NaHCO3) were added to the buffered sample solution. In all 

experiments, the pH of the sample solution was monitored separately using a 

convential glass pH electrode. 

The following measuring solutions were used in order to test the response towards 

the acidic interferents. Measuring solution of the CHEMFETs described in Chapter 

5.3 (membrane types 5D (H+) and 5E (NH4
+)): 50 mM citric acid (pH 4.5), 76 mM 

NaOH, and 1 mM NH4Cl. Measuring solution of the CHEMFETs described in 

Chapter 5.4 (membrane types 5E (NH4
+) and 5F (H+)): For carbon dioxide, 0.05 M 

NH4Cl; For benzoate, 100 mM citric acid (pH 4.5), 167 mM NaOH, and 1 mM 

NH4Cl. Measuring solution of the CHEMFETs described in Chapter 5.5 (membrane 

types 5B (NH4
+), 5G (double), and 5H (double)): For carbon dioxide, 0.05 M NH4Cl; 

For benzoate, 100 mM citric acid (pH 4.5), 167 mM NaOH, and 1 mM NH4Cl. All 

equipment was placed in a dark and grounded metal box in order to eliminate any 

effects from static electricity and photosensitivity of the CHEMFETs. 

 

 

7.6 Surface Immobilization 

Immobilization of MAD. ISEs with membrane type 6A (N(CH3)4
+) or solid 

substrates covered with pure Tecoflex were washed in ethanol and dried for 1 h at 

room temperature under high vacuum (10-2 mbar). Then 25 µL of a MAD solution 
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(0.027 mM, 0.27 mM, or 2.7 mM in ethanol) were deposited on each membrane. The 

samples were dried under a vacuum of 20 mbar for 1 h at room temperature. For 

photobinding, the samples were irradiated for 20 min using a Stragene UV 

Stratalinker 350 nm light source with an irradiance of 0.95 mW cm-2 and washed in 

hexane and in ethanol.4, 14 Photolyses were done at ambient temperature (20 - 25 oC).  

Immobilization of MAD-biotin. ISEs with membrane type 6F (Ca2+) were 

washed in deionized water and dried under vacuum (20 mbar) for 1 h at room 

temperature. Then 40 µL of a MAD-biotin solution (0.28 mM in acetonitrile) were 

deposited on each membrane. The samples were dried for 1 h under a vacuum of 20 

mbar at room temperature. For photobinding, the ISEs were irradiated for 20 min 

using a Stragene UV Stratalinker 350 nm light source with an irradiance of 0.95 mW 

cm-2 and washed in acetonitrile. Photolyses were done at ambient temperature (20 - 

25 oC). 

Immobilization of Streptavidin. The conditioned ISEs were set, before the 

streptavidin incubation, into a solution of 0.02 % Tween (w/w) 20 for 20 min. A 0.1 

M MES buffer of pH 6.1 (with NaOH) was used for the streptavidin binding 

experiments. The concentration of streptavidin in the MES buffer was 42 µg mL-1 (0.7 

µM), and binding of this solution to the surface was allowed to proceed for 1 h. The 

samples were rinsed with buffer in order to remove unbound streptavidin, set back 

into the conditioning solution for 1 h, and followed immediately by potentiometric 

measurement.  

 

 

7.7 Methods of Surface Analysis 

Sample Preparation. Glass microscope slides covered with an Au layer were used 

as substrate for the AFM, FT-IRAS, and XPS-measurements. These substrates were 

prepared according to a standard procedure for self-assembled monolayers.15 Solution 

aliquots of pure Tecoflex were cast onto the gold substrate resulting in a membrane of 

200 µm thickness. For AFM and XPS experiments, gold substrates with a size of (1.0 

x 1.0 cm2) were used, and the size of the substrate for FT-IRAS was 2.5 x 2.5 cm2. 50 

µL of a 2.7 mM MAD solution were cast onto the small membrane (AFM and XPS), 

whereas 300 µL 2.7 mM MAD were cast onto the big membrane (FT-IRAS). The 

immobilization processes of MAD are described in Chapter 7.5.  
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Atomic Force Microscopy (AFM). An Autoprob CP from Park Scientific 

Instruments was used to image a pure Tecoflex membrane. The images were collected 

in intermittent-contact mode, in room atmosphere, and at ambient temperature. 

Commercially available silicon cantilevers with high aspect ratio tips were used.  

X-ray Photoelectron Spectroscopy (XPS). The surface of dry membrane films 

was analyzed via XPS under an ultra high vacuum of 10-9 mbar. Spectra were 

collected with a Perkin-Elmer 5700 spectrometer (Perkin Elmer, Norwak, CT) using 

an Al Kα X-ray source (hv = 1486.7 eV) with an emission power of 350 W to 

stimulate photoelectron emission. A spherical analyzer with an investigation area of 

0.80 mm2 was used, and the hydrocarbon C1s peak was referenced at 285 eV. 

Samples were analyzed at 45° take-off angle, which is the angle between the surface 

normal and the analyzer lens axes. An average of three measurements was obtained. 

Data were collected and stored on a Perkin-Elmer computer, which also controlled the 

spectrometer. Software provided with the instrument was used to interpret the data.16  

Fourier Transformation Infrared Reflection Absorption Spectroscopy (FT-

IRAS). IR spectra were recorded on a Bruker IFS 66 v spectrometer equipped with a 

Hg-Cd-Te detector. The measurements were performed at an incidence angle of 80° 

with a fixed angle set. To minimize atmospheric bands of water and carbon dioxide, 

the pressure in the sample chamber was reduced to 100 Pa. A gold surface was used 

as reference.  

Radiochemistry. Glass slides (0.8 x 0.8 cm2) were covered with a membrane of 

type 6B (Ca2+). The samples were washed in acetonitrile and dried under vacuum 

(10-2 mbar) for 1 h at room temperature. Samples of series A and B: deposition of 25 

µL of a MAD-biotin solution (2.3 mM in acetonitrile (ACN)), drying for 10 min 

under high vacuum of 0.05 mbar at room temperature, UV-irradiation, washing in 

ACN. Samples of series C: deposition of 25 µL MAD-biotin (2.3 mM in ACN), 

drying for 20 min under 0.05 mbar at r.t., UV-irradiation, washing in ACN. Samples 

of series D, E and F: deposition of 25 µL MAD-biotin (2.3 mM in ACN), drying for 

80 min under 0.05 mbar at r.t., UV-irradiation, washing in ACN. Samples of series H: 

deposition of a pure ACN drop, drying for 80 min under 0.05 mbar at r.t., UV-

irradiation, washing in ACN. Samples of series G and I: only washing in ACN. All 

photobinding experiments were carried out employing a high pressure mercury lamp 

(Osram HBO 350 W) mounted in a SUSS LH 1000 lamp house equipped with a 

shutter to control exposure times. The samples were irradiated for 200 s with an 
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irradiance of 1.14 W cm-2 at 365 nm and washed in acetonitrile. Photolyses were done 

at ambient temperature (20 - 25 oC). Besides, some blank samples had no treatment at 

all.  

After the photoimmobilization, most of the glass-slides with the membrane were 

conditioned in water for 2 d. A 0.1 M MES buffer of pH 6.1 (with NaOH) was used 

for the streptavidin-binding. The protein concentrations in the MES buffer were 21 µg 

mL-1 (0.35 µM) streptavidin (not radiolabeled) and 3.1 ng mL-1 (52 pM) [35S]-

streptavidin with an activity of 15.4 x 103 Bq mL-1. After rinsing with water in order 

to remove unbound streptavidin, the samples were set back into the conditioning 

solution for 1 h, and dried at room temperature for 15 h. As shown in Table 6.2, some 

sample series were set before or after the streptavidin incubation into a solution of 

0.02 % Tween (w/w) 20 for 20 min. Autoradiography of the dried glass slides with 

the membranes was done with storage screens from Molecular Dynamics (Sunnyvale, 

CA), which were exposed for 12 h. For quantification, a PhosphorImager from 

Molecular Dynamics and an external one-point calibration (n = 5) with [35S]-

streptavidin was used. All work with radioactivity was performed in a C-type 

laboratory. 
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Glossary 
 
 
a′i activity of the primary ion in the sample solution [mol L-1] 

a″H hydrogen ion activity in the inner solution [mol L-1] 

a″i activity of the primary ion in the inner solution [mol L-1] 

ACN acetonitrile 

AFM atomic force microscopy 

C unprotonated covalently bound H+-selective ionophore 

aqc′  initial concentration of CO2 in the sample solution [mol L-1] 

aqc ′′  concentration of CO2 in the water film between membrane and gate 
[mol L-1] 

aqc′∆  change of the CO2 concentration in the sample solution [mol L-1] 

CH+ protonated covalently bound H+-selective ionophore 

CHEMFET chemically modified field-effect transistor 

ci,T total concentration of the free ion Izi and of all its positively charged 
complexes [mol L-1] 

cL concentration of the free ionophore L in the membrane [mol L-1] 

CWE coated-wire electrode 

d thickness of the membrane [m] 

D diffusion coefficient [cm2 s-1] 

DOS bis(2-ethylhexyl) sebacate 

E electromotive force [mV] 

E0 reference potential summarizing all potential contributions in addition 
to the membrane potential EM [mV] 

E1
0  sum of all constant potential contributions of the ISE measuring cell 

[mV] 
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EDTA ethylenediaminetetraacetic acid 

Ei
0  standard reference potential of the measuring cell for the primary ion 

[mV] 

EJ(inner-

solution) 
liquid-junction potential of the reference electrode  
in the inner solution [mV] 

EJ(sample) liquid-junction potential of the reference electrode in the sample [mV] 

EM membrane potential [mV] 

EMF electromotive force [mV] 

Ereference potential of the reference electrode [mV] 

ETH 500 tetradodecylammonium tetrakis-(4-chlorophenyl)borate 

ETH 2439 4-{[9-(dimethylamino)-5H-benzo[a]phenoxin-5-
ylidene]amino}phenyl-acetic acid 11-[(1-butylpentyl)oxy]-11-
oxoundecyl ester 

ETH 5234 N,N-dicyclohexyl-N’,N’-dioctadecyl-3-oxapentanediamide 

F Faraday constant (96487 C mol-1) 

FIM fixed interference method 

FT-IRAS Fourier transformation infrared reflection absorption spectroscopy 

i primary ion 

I+ primary ion 

ID drain current [A] 

IR infrared spectroscopy 

ISE ion-selective electrode 

ISFET ion-selective field-effect transistor 

J+ interfering ion 

pot
HjK  selectivity coefficient of the inner membrane 

pot
HjK  selectivity coefficient of the pH electrode 

Ki overall partition coefficient of the indicated ion Izi 
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Kij
pot  Nicolskii selectivity coefficient for the interfering ion relative to the 

primary ion 

KTPB potassium tetraphenylborate (KTPB) 

L ionophore 

MAD N-{3-[3-(trifluoromethyl)diazirine-3-yl]phenyl}-4-maleimido-
butyramide 

MES 3-(N-morpholino)ethanesulfonic acid 

MISFET metal-insulator-semiconductor transistor 

mp melting point [degree Celsius] 

MS mass spectroscopy 

n stoichiometric factor of the complex formed or number of 
samples/sensors 

NaTFPB sodium tetrakis[3,5-bis(trifluoromethyl)phenyl]borate  

NMR nuclear magnetic resonance 

o-NPOE 2-nitrophenyl octyl ether 

PHB poly[3-(R)-hydroxybutyric acid] diol 

pKa acid dissociation constant 

p-Si p-type semiconductor 

PTHF poly(tetrahydrofurane) diol 

PVC poly(vinyl chloride) 

R molar gas constant (8.314 J K-1 mol-1) 

R- lipophilic anionic site 

RT total concentration of anionic sites [mol L-1] 

SSM separate solution method 

STDEV standard deviation 

T absolute temperature [K] 

t time [s] 
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TBAF tetrabutylammonium fluoride 

THF tetrahydrofuran 

TMDI 2,2,4-trimethylhexamethylene diisocyanate 

Tris tris(hydroxymethyl)aminomethane  

Tween 20 polyoxyethylenesorbitan monolaurate 

∆V voltage drop: parallel shift of the IDS - VGS curve [mV] 

VD drain voltage [mV] 

VG gate voltage [mV] 

VGS gate-source voltage [mV] 

VSS potential contributions originating from the solid-state part of the 
CHEMFET [mV] 

VT threshold voltage [mV] 

x space coordinate measured perpendicular to the section [m] 

X- counterion 

XPS X-ray photoelectron spectroscopy 

zi charge of the ion i 

zm charge of the ion in the membrane 

βiL,n stability constant of a given 1:n complex ILn
zi 

γi(x) activity coefficient of the uncomplexed ion Izi in the membrane 

δaq thickness of the aqueous boundary layer between sample and 
membrane  [m] 

φ boundary electric potential [mV] 

Ψ function of the boundary electric potential φ 

Ψ0 potential difference between the insulator and the thin water film [mV] 

′ membrane/sample phase boundary 

″ membrane/inner solution phase boundary 
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