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5'UMP 5-uridine monophosphate disodium salt 

VMA Vanillylmandelic acid 



 7 

 

 

 

We now live in an age of the rapid receipt and processing of information. Properly processed 

information helps us to make correct decisions and so avoid a number of negative 

consequences. What information may be important in everyday life? First of all this 

information is related to our health and our safety. Chemical sensors may be used to provide 

rapid and valuable information and to improve our standard of living. The concept of 

electrochemical molecular recognition can be the basis of “real-world” sensor devices. 

Electrochemical molecular recognition is a rapidly developing area in analytical chemistry 

combining electrochemistry and supramolecular chemistry. My activities were and are mainly 

focused on the development of electrochemical, especially potentiometric sensors. As a 

specialist in the field of potentiometric sensors and member of the Molecular Recognition 

Group (MRG) at the Department of Analytical Chemistry, University of Chemistry and 

Technology in Prague, I have actively participated in introducing the principles of 

supramolecular recognition and supramolecular receptors to the field of potentiometric 

sensors. My habilitation thesis is focused on selected areas which have been and will be 

subjects of interest and research within the MRG. The first chapter summarizes the 

applications of conjugates resulting from the combination of nucleobases and oligopyrrole 

macrocycles as receptors for potentiometric sensors. The second chapter describes a novel 

role of chemically generated polymers deposited on the surface of a poly(vinyl chloride) 

membrane. The layer of chemically generated polymer enables: i) the transfer of hydrophilic 

anionic species through a phase boundary to be facilitated, ii) the leaching of active 

components to be limited. The next chapter deals with the problem of attaching 

supramolecular receptors onto a solid support (the electrode surface). The main aim of this 

thesis is to show my contribution, the innovation introduced into the development of an 

electrochemical sensor based on ion-selective electrodes, and to demonstrate their potential to 

open up new possibilities for applying electrochemical sensors in practice. 

 

 



 8 

1. Traditional potentiometric sensors: State of the art 

Today we can see dynamic progress in the field of chemical ion sensors based on molecular 

recognition. The principles of molecular recognition have been successfully implemented in 

the field of potentiometric sensors. The formation of the selective potentiometric signal is 

often the result of a combination of directed multisite hydrogen bonding interactions, specific 

- stacking effects, and generalized electrostatic interactions between the receptor and the 

target analyte. Because of their selectivity and the use of small, portable, and low-cost 

instruments, potentiometric sensors have been successfully applied in environmental, food 

and clinical analysis [1]. Potentiometric sensors are comprised of PVC membrane ion-

selective electrodes (ISEs) and all-solid-state electrodes based on conductive polymers (CPs). 

It may appear otherwise, but the development of a potentiometric sensor is not easy, because 

there are a number of problems to be solved. 

The first problem is to find a receptor capable of selectively complexing the analyte of 

interest and compatible with a plasticized PVC membrane. Various supramolecular design 

strategies have been used to improve their specificity in terms of determining the target ion. 

The most systematic studies to date have been focused on enhancing the potentiometric 

response of cation-selective electrodes, but relatively little work has been done on anion 

sensing [2]. The potentiometric response of a PVC membrane ISE with a specific receptor can 

provide information about the analyte binding/complexing mode and disclose key interactions 

between the substrate and receptor. From a supramolecular chemist’s point-of-view, ISEs are 

a useful tool for characterizing new supramolecular systems. 

The second problem is to optimize the potentiometric parameters (e.g. high sensitivity, 

low detection limit, long-term life-time). These parameters are the most important for real-life 

potentiometric sensor applications. The potentiometric properties of ISEs are strongly 

dependent on the composition of the polymeric membrane [3]. ISE membranes consist of a 

receptor, lipophilic additive, plasticizer and polymeric matrix. Each component has a specific 

role. The lipophilic receptor (neutral or charged) governs the molecular recognition and signal 

generation in the polymer membrane of a potentiometric sensor. The lipophilic additive (i.e. 

either alkylammonium salts for anion sensing or tetraphenylborates for cation sensing) 

improves the sensitivity of the ion-selective liquid membrane electrode by reducing lipophilic 

counterion interference. The polarity of the PVC plasticizer determines the solvation 
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properties of the analyte ion and ion-sensitivity. The polymeric inert matrix, usually PVC, 

provides the necessary physical properties such as mechanical stability and elasticity. 

The recently published ways to improve the parameters of the membrane response are 

based on adjusting the properties of particular parts of the ISE. The first method is focused on 

lowering or better yet preventing receptor washout from the membrane to the sample. 

Washing out is an important factor when small amounts of ionophores are used in the 

microsensors. 

The solutions to overcome the above problems are i) covalent linkage of the receptor [4-

8] to the polymeric matrix, ii) decreasing the total amount of membrane component by using 

one compound instead of both matrix and plasticizer (e.g. methacrylic-acrylic copolymers and 

methacrylate copolymers) [5-7, 9-10], iii) using the proper amount of lipophilic additive to 

balance the charge equilibrium in the membrane [11]. Another approach employs the 

elimination of the ion fluxes through the membrane phase [12]. The main philosophy was 

based upon optimizing the composition of the inner solution and selecting a membrane less 

sensitive to concentration gradients (e.g. membranes involving lipophilic microparticles of 

silica gel [13]). 

The promising materials for the construction of potentiometric sensors are CPs with pre-

designed functions (so-called smart polymers) [14]. Conducting polymers are known for their 

ion exchange and redox properties. These features enable CPs to be applied as ion-to-electron 

transducers in all-solid-state ISEs, where the ion-selective membrane controls selectivity. This 

approach is well documented in the scientific literature and was used for both macro- and 

microelectrodes [14]. On the other hand, CPs can be applied in a single potentiometric sensor 

with its own unique characteristics. In this case, the selectivity is attained either by doping a 

polymer from solution or by the incorporation of recognition sites directly into the conjugated 

polymeric chain. Oxidized CPs such as polypyrrole, polythiophene, polyaniline and their 

derivatives are comprised of a polycationic backbone and a counter ion, which compensates 

the backbone charge. Therefore, the charge and mobility of counter ions control the ion-

exchange properties of CP. Practically, the films electropolymerized in the presence of small 

anions provide an anionic response, and the films electropolymerized from solution 

containing bulky anions, which are difficult to exchange, provide a cationic response. In 

addition, the incorporation of specific recognition sites such as crown ethers, cyclodextrines, 

calixarenes, or porphyrines makes it possible to improve the selectivity of CPs [14]. 

Specialized sensors and devices that monitor body fluids for markers of diseases should 

be part of the current quality of life. Advanced industrialized humanity is calling for help 
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against insidious diseases. The development of special electrochemical sensors may be a step 

forward in addressing this issue. Therefore, a number of electrochemical laboratories are 

intensively working on the development of sensors for diagnostics purposes. The promise of 

potentiometric detection has been demonstrated in the diagnosis of hepatocellular carcinoma 

(HCC), one of the most common cancers [15]. A sensor array composed of miniaturized 

metallic sensors and ISEs provided an early monitoring of urinary tumours [16]. Undoubtedly 

the discovery of novel materials and their application in electrochemical sensors is a driving 

force in innovation in electrochemical sensors/biosensors [17]. The combination of 

nanomaterials with electrochemical detection leads to miniaturization and more sensitive 

detection [18]. The introduction of novel sensing principles expands the range of analytes 

determined electrochemically [19]. This can be demonstrated on the example of integrating 

the polyion sensing principle into a simpler setup for point-of-care devices [20]. Electrode 

surface modification is another promising approach in this field. 

 

2. Supramolecular chemistry and potentiometric molecular recognition 

 

Supramolecular chemists are facing a difficult task to design receptors for the selective 

recognition of biologically active mono- and polyanions. The search for selective receptors is 

a common aim that brings together supramolecular and analytical chemists. The task of a 

supramolecular chemist is to design a selective receptor; that of the analytical chemist is to 

carry out a complete study of the properties of supramolecular receptors and to find suitable 

analytical applications for them. 

Carrier-based ISEs constitute an established set of analytical tools that provide a suitable 

means for selectively detecting one or more analytes within a complex mixture. The 

selectivity of a given sensor is mainly dictated by the complexation specificity of the receptor 

involved [21]. High selectivity can be achieved by including various multiple binding modes 

such as H-bonding, stacking, coulombic and hydrophobic interactions. From a more 

mechanistic perspective, the potentiometric response of membrane-based ISEs containing a 

specific ligand can be used to provide information about the mode of analyte binding as well 

as, at least potentially, insights into the relevant analyte–receptor interactions. The 

construction of ISEs is particularly interesting from the perspective of supramolecular 

chemistry; such systems could provide a suitable method for characterizing the substrate-

binding characteristics of receptors that might not otherwise be accessible to study in the 
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presence of water due to, e.g., poor aqueous solubility and/or overly weak binding affinities. 

Ion-selective electrodes are also of obvious interest, because they can help to translate the 

chemistry of new substrate-binding systems into tools that can be used to selectively 

recognize various target species in the presence of potentially interfering analytes. 

The design of anion receptors and the electrochemical, especially potentiometric, 

detection of anionic species is a particular challenge. The selective binding of anions should 

take into account their specificity. In contrast to cations, anions have a lower charge to radius 

ratio, have many different shapes and are more hydrated and pH sensitive [22]. The 

development of potentiometric anion sensing and the research of novel anion receptors have 

received increasing attention in our MRG since 1996. Recently, a number of conjugated and 

nonconjugated oligopyrrolic macrocycles, such as porphyrines, phthalocyanines, expanded 

porphyrins and calix[4]pyrroles have been synthesized as anion receptors [22, 23]. This 

chapter discusses the potentiometric results obtained with olygopyrrolic macrocycles as the 

active components of PVC membranes plasticized with o-nitrophenyl octyl ether (o-NPOE). 

 

2.1. Oligopyrrolic macrocycles and nucleotide recognition 

 

Complementary base pairing, directed multisite hydrogen bonding interactions, specific (-) 

stacking effects, and electrostatic interactions contribute to the nucleotide recognition 

observed in biological systems. Incorporating one or more of these recognition motifs into 

appropriately designed synthetic receptors could culminate in the production of highly 

specific ISEs more suited for the use in various “real world” bioanalytical applications. 

The first nucleotide sensor selective for 5’-adenosine monophosphate (5’-AMP) was 

produced by Papastathopoulos and Rechnitz [24]. This electrode consisted of a layer of 

suspended 5-adenylic acid deaminase (AMP deaminase) and an ammonia-gas-sensing 

membrane electrode. The 5’-AMP concentration presented in the sample was monitored 

indirectly and corresponded to the quantity of ammonia produced by the deamination of 5’-

AMP. 

A cytosine-pendant triamine was the first nucleotide receptor prepared for a 

potentiometric sensor that had affinity for the anionic phosphate and the nucleobase [25]. 

However, the proposed sensor exhibited a non-Nernstian response towards the 

complementary nucleotide (5’-GMP: –10 mV/decade; 5x10–4 – 10–2 M). In the course of this 

research, it was found that the recognition of phosphate based on electrostatic interactions is 
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insufficient. There is a need to combine hydrogen bonding with electrostatic interactions to 

selectively recognize the phosphate group. Therefore, a series of ditopic oligopyrrolic 

macrocycles was proposed whose nucleotide selectivity will be discussed below. 

A set of porphyrin-bicyclic guanidinium conjugates 1 – 2 was proposed for binding 

nucleotides (Scheme 1). The porphyrin framework is suitable for the nucleobase receptor 

which exhibits a unique recognition of the substrate through multiple interactions [26]. 

Guanidine units with bulky lipophilic protecting groups should provide phosphate binding 

and excellent solubility of the receptor in the o-NPOE plasticized PVC membrane. 
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Scheme 1. Porphyrin-bicyclic guanidinium conjugates for recognition of nucleotides. 
 
Table 1 Potentiometric response of o-NPOE plasticized PVC membranes based on 1 and 2 towards 

the tested nucleotides in 0.1 M HEPES at pH 6.6. 

 

Nucleotide 1 2 

Sensitivity, 

mV/decade 

Linear range, 

mol L–1 

Sensitivity, 

mV/decade 

Linear range, 

mol L–1 

5'AMP +36 10–3   –   10–2 –41 10–3   –   10–2 

5'CMP –14 10–3   –   10–2 –34 10–4   –   10–2 

5'GMP –17 10–3   –   10–2 –23 10–6   –   10–2 

5'UMP –9 10–4   –   10–2 –27 10–4   –   10–2 

 

As can be seen from Table 1, the bis(guanidinium) derivative porphyrin 2 gives a more 

pronounced potentiometric response towards nucleotides. In this case, there is an obvious 

effect of the guanidinium moieties serving for phosphate binding. The improvement in both 

sensitivity and detection limit observed towards nucleotides containing the carbonyl group 

(5’-CMP, 5’-GMP and 5’-UMP) could be the result of coordination of the nucleobase through 

the carbonyl group to a porphyrin ring. The experimental findings supported the idea that the 
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ditopic receptor combining the binding sites for both the phosphate and nucleobase motifs are 

promising for nucleotide recognition. Moreover, the fixed positive charge on the guanidinium 

groups contributes more to the potentiometric response than the protonation of triamine. 
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Scheme 2. Guanine-substituted sapphyrins (3, 4) and cytosine-substituted calix[4]pyrroles (5, 6). 

 

Recently, Sessler´s group has synthesized oligopyrrolic macrocycles, especially sapphyrin and 

calix[4]pyrrole, capable of binding phosphates using hydrogen bonding and electrostatic 

interactions [22]. We have used guanine-substituted sapphyrins (3, 4) and cytosine-substituted 

calix[4]pyrroles (5, 6) as active components of potentiometric sensors for nucleotide 

recognition (Scheme 2) [27]. It should be noted that the doubly functionalized guanine 

derivative, 4, was a more effective active membrane component than its mono-substituted 

analogue 3 (Table 2). The binding of 5'CMP is possibly occurring through two kinds of 

hydrogen bonding interactions, involving both Watson-Crick and Hoogsteen recognition 

 

Table 2. Potentiometric response of o-NPOE plastisized PVC membranes based on mono-(3) and bis-

guanine-substituted (4) sapphyrins towards the tested nucleotides in 0.1 M HEPES at pH 6.6. 

Nucleotide 3 4 

Sensitivity, 

mV/decade 

Linear range, 

mol L–1 

Sensitivity, 

mV/decade 

Linear range, 

mol L–1 

5'AMP –32 10–6   –   10–5 –42 10–6   –   10–5 

5'CMP –17 10–5   –   10–4 –59 10–6   –   10–4 

5'GMP a a –25 10–5   –   10–3 
a   No response. 
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patterns. On the other hand, the selectivity sequence for the meso-linked conjugate 5 was 

more influenced by pH than its -linked congener 6. The potentiometric selectivity at high pH 

 

Table 3. Effect of pH on the potentiometric selectivity of o-NPOE plasticized PVC membranes based 

on - and meso-substituted cytosine-functionalized calix[4]pyrroles 5 (
sel

5 -́UMP/5 -́XMPlog k ) and 6 

(
sel

5 -́CMP/5 -́XMPlog k ). These membranes contained 50 mol% of TDDMACl. 

 

pH 5 6 

5´-AMP 5´-GMP 5´-AMP 5´-GMP 

6.6 –0.07 +0.89 +1.53 +2.23 

8.5 –0.20 +0.10 –0.68 –1.33 

 

could help explain the relative lack of for-GMP selectivity observed in the transport 

experiments involving receptor 5, where the receiving phase is also kept at high pH. Thus two 

very different techniques grant us insight into the interactions of nucleobase-oligopyrrole 

conjugates with nucleotides. 

 

2.2. Sapphyrin dimers and dicarboxylate recognition 

 

Sessler´s group has synthesized the open-chain and cyclic sapphyrin dimers 7-8 and 9, 

bearing various bisamide spacers (Scheme 3) [28]. Mass spectrometric analysis and transport 

experiments showed that the new molecules 7-8 (containing (1S,2S)-1,2bisamidocyclohexane 

and (S)-2,2´-bisamido-1,1´-binaphthalene chiral auxiliaries, respectively) and 9 complex with 

N-carbobenzyloxy-protected (N-Cbz) aspartate and glutamate. Our aim was to test these 

molecules as active components of a potentiometric sensor for the determination of N-Cbz-

aspartate and glutamate. The potentiometric data showed that (i) the enantioselectivity of the 
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Scheme 3. Sapphyrin dimers for recognition of dicarboxylates. 
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diaminocyclohexane-derived dimers 7 and 9 to glutamate is higher than that of the 

binaphthalene-containing receptor 8; (ii) the enantioselectivity of both open-chain and cyclic 

dimers to N-Cbz-aspartate is controlled by the plasticizer polarity (Table 4). 

 

Table 4. Potentiometric selectivity factor (K (+) / K (-)) of sapphyrin dilmers 7-9 towards enantiomers 

of dicarboxylates. 

 

Receptor Plasticizer Analyte Selectivity factor 

 K (+) / K (-) 

7 o-NPOE Glutamate 7.3 

8 o-NPOE Glutamate 0.5 

9 o-NPOE Glutamate 2.6 

8 o-NPOE (DOP) N-Cbz-Aspartate 2.2 (2.6) 

9 o-NPOE (DOP) N-Cbz-Aspartate 2.8 (1.6) 

 

2.3 Demand for innovation in the potentiometric determination of anionic 

species 

 

Interest in the determination of biologically important anions has not diminished over time. 

However, most anionic species are highly solvated ions, which creates a significant problem 

for their potentiometric determination, despite the presence of the selective receptor in the 

membrane phase. It is possible to keep a lipophilic, selective receptor in the membrane phase 

and to make the membrane phase permeable for the hydrated anion by the depositing a thin 

hydrophilic film of CP as an outer layer on the surface of a plasticized PVC membrane. 

Additionally, outer nanoscale films deposited onto ion-selective membranes may help to 

reduce undesired ion fluxes from the membrane [29], to reduce the interference of large 

hydrophobic anions [30], and to improve the biocompatibility of the potentiometric sensor 

[31]. The next chapter will discuss the effect of a polyaniline film (PANI) on the main 

potentiometric characteristics. 

 

3. Chemically and electrochemically modified electrode surface 

3.1. Novel role of chemically generated conducting polymer on the electrode 

surface 

3.1.1. Conducting polymers and potentiometric sensors 

Conducting polymers are making a major contribution to development and innovation in the 

field of sensor technology [32]. A number of groups are searching for lucrative applications 

for PANI, such as ion-selective sensors [14, 33]. 
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Polyaniline has been used in the development of potentiometric sensors as a solid contact 

between the transducer and membrane. Due to the pH-dependent PANI (emeraldine) salt–

base transition (Scheme 4), the anion incorporated as a dopant into PANI can be exchanged  

 

N

N

NH

NH

NH

NH

NH

NH

A

A

 2 n HA

Protonated polyaniline
(emeraldine "salt")

Polyaniline base

n

n

 

Scheme 4. Polyaniline (emeraldine) "salt" exists in acidic media and deprotonates to PANI 

(emeraldine) base in alkaline media. HA is an arbitrary acid. 

 

with other anions on the phase boundary between the polymer film and the solution. When 

used in this way, PANI can be applied as a functional anion-exchanger. Crowley et al. have 

shown that inkjet- printed films of PANI can open up novel, simple and economical 

possibilities for applying CPs in the field of sensing [34]. The surface properties of of 

conducting films, such as their hydrophilicity and surface morphology can improve the 

properties of various matrices, in particular traditional PVC membranes, and make them more 

useful in the field of electrochemical sensors. 

 

3.1.2. Chemically generating polyaniline onto the membrane surface 

 

To the best of our knowledge, the deposition of a thin film of a CP has not previously been 

considered in the design of ISEs. Among the various techniques employed for PANI 

synthesis, the chemical oxidative polymerization of aniline has attracted significant interest 

due to its simplicity and low cost. Polyaniline is typically prepared by the oxidation of aniline 

with ammonium peroxydisulfate in an aqueous acid medium [35]. Any surface in contact with 

such a reaction mixture becomes coated with a PANI film of thickness 100–200 nm [14, 36]. 

We have presented a novel arrangement for the polymeric membranes used in ISEs. The 
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surface of a conventional plasticized PVC membrane was coated with a chemically generated 

film of PANI. 

 

3.1.3. Influence of surface properties on the deposition of a polyaniline film 

 

Knowing that the PANI film is hydrophilic, it was important to provide a hydrophilic 

substrate for its deposition. The weight ratio of membrane components usually incorporated 

into the ion-selective membrane is 1:33:66 (receptor:PVC:plasticizer). The measurements of 

the contact angles, reflecting the wettability of the membrane surface, indicated that the ratio 

between the plasticiser and PVC should be 1 to 2 (Figure 1A) to obtain a more hydrophilic 

surface. Decreasing the content of plasticizer has led to an increase in Tg up to -29.59°C 

(Figure 1B), but the mechanical properties of membranes with a PVC : NPOE ratio of 2:1 

remained appropriate for application in potentiometric sensors [14, 37]. 
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Figure 1. Effect of plasticizer content on (A) water contact angle and (B) glass transition temperature 

(Tg) of NPOE-plasticized PVC membrane. 

 

The PANI deposition should change the mechanical properties of the ISM. An 

examination of force curves obtained from AFM force measurements enabled us to 

distinguish the viscoelastic (corresponding to an uncoated PVC membrane) and rigid 

(corresponding to PANI) response of the sample. The highest percent of rigid response was 

obtained for membranes with a minimal plasticizer content (PVC : NPOE 2:1; Table 5). As 

can be seen from Figure 2, the PANI film had a granular morphology; the size of primary 

PANI particles was about 30 nm. The UV-vis measurements confirmed that a compact PANI 

film on the plasticised membrane surface was obtained with the same membranes (Table 5). 
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Figure 2. Morphology of PANI film deposited onto NPOE-plasticized PVC membrane with PVC : 

NPOE ratio of 2:1. 
 

Table 5. Characterization of PANI-modified surfaces of non- and plasticized poly(vinyl chloride) 

membranes based on tridodecylmethyl ammonium chloride with various ratios of PVC to NPOE using 

UV-vis and AFM force measurements. 

 

PVC : NPOE (w/w) 1 : 2 1 : 1 2 : 1 PVC a) 

Viscoelastic sector/ rigid sector 100/0 23/77 2/98 0/100 

A (=800 nm) (PANI) 0.8 1.2 1.6 2.2 

a) Data correspond to non-plasticised membrane containing 100% PVC 

 

The experimental findings demonstrated that the adsorption mechanism of the PANI film 

is the result of the interaction between the hydrated islands present on the substrate surface 

and the hydrated chains of the deposited polymer (specifically, PANI). Additionally, the 

deposition of PANI onto the surface of plasticized PVC membranes requires optimizing the 

membrane composition. Controlling the ratio between the plasticizer and PVC enables the 

hydrophilic surface to be prepared and a homogeneous PANI film to be deposited through 

chemical polymerization. 

 

3.1.4. Working mechanism for a polyaniline film chemically generated on a 

PVC surface membrane 

 

Scheme 5 illustrates the possible function of a PANI film on the surface of conventional PVC 

membranes in the presence of different kinds of active components, namely, neutral carrier 
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and dissociated ion-exchanger. The sample anions diffuse through the interface into the PANI 

film and replace the original counter-ions, which are incorporated into PANI by the 

protonation of nitrogen atoms during polymerization [14, 38]. The permeability of a PANI 

film for various anionic species may be controlled by both its polycationic nature and 

hydrophilicity that are controlled by pH. The means of diffusion of an anionic species through 

a PANI film are open to discussion. The transport of the anions could proceed by an exchange 

mechanism in which the original counter-ions are replaced by the analysed anions [14, 39]. 

Alternatively, the anion transport could be coupled with that of a proton, i.e. the whole acid 

molecule diffuses through the PANI film. The further anion transport through the PVC phase 

conforms to the principles of classical ISEs. The selective potentiometric response is then 

dictated by a receptor in the PVC membrane. 
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Scheme 5. A PVC membrane surface has been modified by the deposition of a submicrometre film of 

a conducting polymer, PANI. Membrane selectivity toward anionic species A– is controlled by the 

kind of active component in the PVC matrix: a neutral carrier (L) or an anion-exchanger (R+).  Due to 

its polycation nature, hydrophilicity, and morphology, PANI may be a useful substitute for the 

conventional quaternary ammonium additive, and can control the anion exchange at the interface 

between the PVC phase and the sample solution. 

 

Our results suggest that PANI behaves preferentially as an anion-exchanger. The anionic 

species diffuse from the tested solution through the PANI film into the PVC phase. The fact 

that the sensitivity of the membranes was especially improved towards highly hydrated 

anionic species lead us to conclude that the PANI film facilitates the transfer of such species 

from the sample into the PVC matrix. 
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3.1.5. Potentiometric sensing based on modified polyaniline membranes 

3.1.5.1. Analysis of active pharmaceutical ingredients 

Risedronate sodium (Scheme 6A) belongs to a class of drugs called bisphosphonates that are 

widely used in the treatment and prevention of diseases associated with bone loss. We 

proposed a very simple and inexpensive potentiometric screening procedure based on the 

TDDMACl-based membrane coated with a PANI layer for risedronate content verification 

(Table 6) [40]. 
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Scheme 6. Chemical structures of sodium risedronate (A) and its specific contaminant (B). 

 

Table 6. Comparison of results of risedronate determinations in tablets measured with HPLC and 

proposed potentiometric methods [40]. 

 

Method Procedure Risedronate content, mg mL –1 

HPLC Calibration plot 0.54 1.01 8.37 

Potentiometry Calibration plot 0.49  0.06 a) 0.99  0.11 a) 7.92  0.95 b) 

 Standard addition method – 1.02  0.06 a) – 

a) n = 4; b) n = 3 

 

The PANI-modified membranes differentiated 0.94 wt  and 3.44 wt  of the 

contaminant (Scheme 6B) from 1.6 mg mL–1 sodium risedronate (Figure 3A). Importantly, 

the potentiometric signals recorded with three experimental membranes towards the untainted 

risedronate (0.00 wt %) and contaminated risedronate (3.44 wt %) were reproducible (Figure 

3B). To date, there has been only one study devoted to the development of a quantitative 

potentiometric test for contaminants (namely, oversulphated chondroitin sulphate) in heparin 

preparations. This detection was based on the differences in charge density for contaminated 

heparin and for the untainted heparin [41]. Our approach is interesting in that it offers a novel 

principle for discriminating between analytes based on minor differences in their 

hydrophilicity. 
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Figure 3.  

A) Changes in potentiometric signal observed for TDDMACl-based membranes coated with PANI 

layer with various ratios of risedronate and contaminant (n = 4). In these experiments, EMF was 

defined as the difference in the electromotive force measured for untainted risedronate (EMFuntainted 

risedronate) and for contaminated risedronate (EMF contaminated risedronate). Because the addition of a 

contaminant led to a decrease in electrode response, the resulting values of E are negative (i.e., 

EMF = EMFuntainted risedronate – EMF contaminated risedronate). 

B) Recordings of potentiometric signals observed for three experimental membranes with untainted 

1.6 mg mL–1 risedronate (0.00 wt %) and contaminated risedronate (3.44 wt %). 

 

3.1.5.2. Analysis of tumour markers 

 

In recent years, there has been an increasing demand for mass screening methods for 

neuroblastoma. Neuroblastoma, a neuroblastic tumour derived from the perimordial neural 

crest, is most frequently diagnosed in infancy. Neuroblastoma is characterized biochemically 

by the elevation of urine catecholamine metabolites, particularly homovanillic acid (HVA) 

and vanillylmandelic acid (VMA) (Scheme 7) [42]. Our studies showed that the PANI- 

VMA HVA HIAA 

  

 

Scheme 7. The structures of tumour markers determined with the optimized PANI-modified PVC 

membranes. 

http://www.sigmaaldrich.com/catalog/product/sigma/h0131?lang=en&region=CZ&cm_sp=Customer_Favorites-_-Detail_Page-_-Te
http://upload.wikimedia.org/wikipedia/commons/a/aa/Homovanillic_
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modified PVC membranes can be used for the potentiometric detection of three tumour 

markers (TMs) that serve as a screening test for neuroblastoma. 

For infants (0–1 year old) and children (1–13 years old), the level of the monitored TMs 

is (1.0 – 5.4)  10–5 mol L−1 in urine [43]. Experiments were conducted to measure the 

concentration of TMs added to artificial urine, the composition of which was taken from 

Laube et al. [44]. The results of the potentiometric determination of TMs summarized in 

Table 7 indicated that the constituents of the artificial urine sample do not significantly 

interfere with their detection. These electrodes seemed to provide an alternative device for the 

direct determination of TMs. 

 

Table 7. Results of potentiometric determination of tumor markers in synthetic urine (n ≥ 6). 

Tumor markers Introduced, mol L−1 Found, mol L−1 

VMA 5.0  10–5 (5.2 ±0.5)  10–5 

HVA 5.0  10–5 (4.8 ±0.7)  10–5 

HIAA 5.0  10–5 (5.5 ±0.7)  10–5 

 

3.2. Attaching a supramolecular receptor to a surface for potentiometric 

sensing 

3.2.1. Strategies for attaching a supramolecular receptor onto the electrode 

surface 

Smart CPs represent a new category of materials, which are finding applications in 

analytical chemistry as materials for sensor construction. These polymers can be 

generated by electrochemical oxidation using peripherally polymerizable units (e.g. 

aniline, pyrrole). The CP as sensing membrane is usually electrochemically generated 

directly on the metal support. The recognition sites are present either primarily in the 

monomer with its polymerizable unit (Scheme 8A) or are introduced by post-polymer 

modification (Scheme 8B). 
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Scheme 8. A) Polymerization of receptor R with polymerizable unit P. B) Introduction of receptor R 

using chemical post-modification of electrochemically generated polymer bearing protected function 

group FG. 

 

Part of the work of the MRG is directed towards the polymerization of a 

supramolecular receptor involving an aniline unit. The preparation and analytical 

application of the polymeric film based on Tröger base derivatives will be described 

below. 

 

3.2.2. Electrochemical polymerization and characterization of Tröger 

base derivatives 
 

A Tröger’s base is a molecule containing two arenes connected to the b and f sides of 1,5-

methano-1,5-diazocine [45]. Due to its unique structural features (C2-symmetry and rigid V-

shape geometry) and the possibility of functionalization, a Tröger’s base is an attractive 

receptor for the development of sensors. Tröger’s base derivatives (Scheme 9) were designed 

to enable us to deposit them electrochemically on the electrode. 
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Scheme 9. Stepwise preparation protocol of Tröger base functionalized with amino- and coumarin-

units 6. 

 

The success of the supramolecular design was proven by cyclic voltammetry (Figure 

4). 

 

 
Figure 4. Cyclic voltammogram of a 1x10–3 mol L–1 solution of 6 in CH3CN/ 0.2 mol L–1 

tetrabutylaammonium fluoroborate + 1x10–3 mol L–1 HCl on a Pt electrode. The electrode 

potential was swept repeatedly between 0 and 1.2 V vs. Ag/AgCl at a scan rate of 50mV s–1. 
 

Scanning near-field infrared microscopy (SNIM) combined with nanomechanical 

patterning showed that the polymeric film on the electrode surface is nanostructured 

and consists of “hills” and “valleys” with a maximal height profile of 0.5 µm (Figure 

5A). The amplitude of the infrared signal assigned to the aromatic C–C stretching 

mode suggested that the adhering film is porous, with grains located at the edges of 

both “hills” and “valleys” (Figure 5B). 
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Figure 5. SNIM images 5x5 µm of the Au electrode surface. Mechanical amplitude signal (A) and 

optical signal (B). 

 

 

3.2.3. Potentiometric sensing based on electrochemically generated 

Tröger base derivatives 

 

An electrode based on a polymeric film derived from a Tröger’s base gave a 

potentiometric response of –39 mV/decade towards VMA in the concentration range 

from 9.9  10–6 to to 3.3  10–3 mol L–1 (Figure 6). The potentiometric response of the 

prepared electrode towards HVA was insignificant (not shown). Although the tested 

TMs are structurally closely related (Scheme 7) and differ by the hydroxy group 

present in VMA, the electrode based on the polymer derived from the Tröger’s base 

enabled the selective detection of VMA in the presence of HVA (log KPot. VMA, HVA= 

–0.9). 

 

  
Figure 6. (A) Potentiometric response and (B) calibration graph of an electrode modified with a  

polymer based on a Tröger’s base towards VMA in 0.1 mol L–1 phosphate buffer at pH 7. 
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 Thus, we have proposed an innovative detection of neuroblastoma TMs, which is 

based on specific and selective interaction with a polymer film (prepared from a 

Tröger’s base) and VMA. The detection was purely potentiometric. The geometry of 

the electrochemically polymerized receptor enabled it to interact specifically with 

VMA in contrast to HVA. 

 Since a number of biologically relevant molecules are electroactive, the selectivity 

of many electrochemical sensors based on electroactivity is limited. Therefore, a 

promising way to avoid overlapping electrochemical signals and increase selectivity is 

the development of a potentiometric sensor derived from a recognition receptor 

selective for the low-molecular-weight target metabolite. 

 

4. New approaches to immobilizing receptors 

4.1. Nanomaterials 

 

Nowadays, nanotechnology offers many kinds of nanomaterials for the immobilization of 

biomolecules and supramolecular receptors [45, 46]. The unique chemical and physical 

properties of nanomaterials, especially gold nanoparticles (AuNPs), make them suitable for 

designing sensitive and selective electrochemical sensors [19]. The immobilization of AuNPs 

onto the electrode surface is an extremely important challenge. There are several strategies for 

integrating AuNPs into sensing systems for the development of electrochemical sensors with 

high sensitivity [46, 47]. A simple strategy consists of the direct electrodeposition of 

nanoparticles onto the electrode surface. Another useful strategy includes the use of the LBL 

technique in which controlled multilayer films of modified AuNPs are attached onto the 

electrode surface through electrostatic and covalent interactions. The superstructure formed in 

this way provides an ideal matrix for the construction of various biosensors. Another useful 

strategy is the incorporation of nanomaterials into composite electrode matrices. 

Recently, the excellent conducting capability of AuNPs, has been successfully applied for 

amperometric and voltammetric electrochemical biosensors [46, 48]. It should be emphasized 

that to date, most systematic studies on the application of nanomaterials for potentiometric 

detection were focused on the determination of heavy metals [49]. G. Jágerszki et al. 

demonstrated the potentiometric detection of Ag+ ions with a nanomolar detection limit using 

an ionophore immobilized on inert AuNPs [50]. X.G. Li´s group has shown that a significant 

improvement in the detection limit of a potentiometric sensor for Pb2+ ions can be achieved by 

http://www.ncbi.nlm.nih.gov/pubmed?term=J%C3%A1gerszki%20G%5BAuthor%5D&cauthor=true&cauthor_uid=20062877
http://pubs.acs.org/action/doSearch?action=search&author=Li%2C+X&qsSearchArea=author
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immobilizing copolyaniline nanoparticles as the ionophore in a vinyl resin matrix [51]. 

Attachment of the receptors onto the AuNP and immobilization in the polymeric matrix help 

to prevent the leaching of the active component from the membrane. Moreover, attaching the 

receptor onto AuNP helps to overcome the main obstacle for a receptor that should be either 

soluble in or compatible with tetrahydrofuran [3]. 

Our group has proposed a concept for the analytical application of AuNPs modified with 

mercaptophenylboronic acid (MPBA-AuNPs) as a receptor of saccharides [52]. The main idea 

was to embed MPBA-AuNPs during the electropolymerization of aniline into a polymeric 

matrix which should serve as a transducer of the potentiometric signal. The determination of 

saccharides, in particular glucose, was based on the determination of released protons as 

products of the reaction between mercaptophenylboronic acid and saccharides (Scheme 10). 

Differential pulse voltammetry showed that approximately 33% of the MPBA- AuNPs present 
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Scheme 10. Complexation of diols with phenylboronic acid and formation of potentiometric response. 
 

in the polymerization mixture were built into the PANI polymeric film. The absorption and 

reflectivity spectra confirmed the recognition process occurring between 

mercaptophenylboronic acid and glucose inside the pH-sensitive polymeric matrix. A 

potentiometric response of MPBA-AuNP-modified PANI electrodes towards D-glucose in the 

concentration range from 0.31 to 33 mM with a sensitivity of +47 mV/decade was verified. 

No interference from important biological interferents such as uric acid and dopamine was 

observed with MPBA-AuNP-modified PANI electrodes during the determination of D-

glucose (Table 8). 
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Table 8. Determination of glucose in the presence of 1.10–4 M uric acid and 1.10–4 M dopamine using 

electrode based on PANI film modified with MPBA-AuNPs. 

Sample Introduced, mM Found, mM 

Glucose 6.6 6.6  0.6 a) 

Glucose + Dopamine 6.6 6.5  0.9 

Glucose + Uric Acid 6.6 6.7  1.3 
a) Mean  standard deviation ((n  4). 

 

Table 9 gives a comparison of the detection range of our newly proposed sensor, with 

glucose sensors already described in the literature. The concentration of glucose which is 

usually detected is 5mM, but it is over 10 mM for diabetic patients. Taking this into account, 

we can conclude that the potentiometric sensor developed in this work may be useful for 

detecting millimolar concentrations of glucose. 

 

Table 9. Comparison of detection range of phenylboronic acid-based sugar sensors. 

Sensor system Receptor Detection range, 

mM 

Reference 

Potentiometry 4-mercaptophenylboronic acid 0.31–33.0 [53] 

Potentiometry Phenylboronic acid-substituted 

polyaniline-coated electrode 
3.4–40.8 [54, 55] 

Voltammetry 4-mercaptophenylboronic acid 30–300 [56] 

Voltammetry Dithiobis(4-butyrylamino-m-

phenylboronic acid) 
3–300 [56] 

Fluorometry Chalcone fluorescent dye 1–50 [57] 

 

4.2. Nanocomposites 

 

The electrical contact between the recognizing site immobilized onto the membrane and the 

electrode surface is an extremely important challenge in the field of sensors. Potentiometric 

sensors with solid-supported membranes, which have been well-known for a long time, can be 

such an example. In order to stabilize the potentiometric signal, a hydrophobic conducting 

polymer such as poly(3-octylthiophene) is placed between the membrane and metal. 

Amemiya et al have demonstrated that a solid-supported ion-selective electrode can be 

successfully applied as a voltammetric sensor for the detection of biomedically important 

polyions such as heparin [58]. However, it should be kept in mind that a conducting polymer 

is a polymer with redox properties affected by the environment and other redox-active 

components. This problem can be solved by introducing novel nanocomposite materials. The 

nanocomposite may be a material combining a polymer with nanomaterials. Recently, 
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nanocomposites based on polyaniline, polypyrrole with entrapped carbon nanotubes (CNT), 

single-walled (SWNTs) and multi-walled nanotubes (MWNTs) have gained significant 

popularity due to the ease of preparation through copolymerization via a chemical or 

electrochemical approach [59]. A novel nanocomposite was proposed by our group. The 

proposed nanocomposite consists of a mixture of AuNPs and receptors dispersed in an 

organic solvent (methanol or tetrahydrofuran) that are physically adsorbed onto the electrode 

surface and covered with a non-conducting polymeric matrix to prevent the leaching of the 

active component. Polymetinium salts differing in lipophilicity were used as receptors. Recent 

spectroscopic studies showed that polymetinium salts exhibited a high affinity and selectivity 

for biologically important anionic analytes [60]. The structure framework of polymetinium 

salts (Scheme 11) includes cationic charge for coulombic interaction and hydrophobic units 

for increasing lipophilicity. Thus it is reasonable to assume that polymetinium salts will be 

interacting with anionic species and compatible with the PVC matrix. The mixture consisting  

 

 

Scheme 11. Polymethinum salt derivatives proposed for heparin binding. 

 

of AuNPs and polymetinium salts was deposited onto the carbon electrode surface by 

evaporating away the solvent, and was then coated with a thin layer of NPOE-plasticized 

PVC. This electrode was used to detect heparin (Figure 7). Importantly, the presence of  
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Figure 7. A) Cyclic voltammograms obtained with the polymetinium salt/AuNPs/plasticized PVC-

modified carbon electrode in 10–3 mol L–1 K3Fe(CN)6 after the addition of different concentrations of 
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heparin. B) Effect of organic solvent used for dispersing polymetinium salt/AuNPs on electrode 

response. Experimental conditions: 0.10 mol L–1 phosphate-buffer at pH 7.0, scan rate 50 mV s−1. 

AuNPs amplified the voltammetric response (not shown). The voltammetric response toward 

heparin was increased using tetrahydrofuran as organic solvent, which is compatible with a 

PVC matrix. It should be noted that this research direction is still in progress in our group. 

However, introducing nanocomposites is a promising option for the development of various 

kinds of electrochemical sensors including voltammetric, amperometric, and impedimetric 

ones. Combining the experience of specialists in such fields as supramolecular design, 

nanotechnology, and electrochemistry may lead to electrochemical sensors with unique 

selectivity patterns. 

 

4.3. Organic Molecular Evaporation Technique 

 

The preparation of the majority of potentiometric sensors based on a PVC membrane requires 

the receptor to be soluble in tetrahydrofuran. This restrictive condition for membrane 

technology has remained over the last few years despite the progress made in the development 

of receptors. To overcome this obstacle and to expand the possibility for interdisciplinary 

cooperation between supramolecular and electrochemical chemists, we have proposed a new 

design for a potentiometric sensor based on a plasticized PVC membrane [61]. Our approach 

was based on a smart multilayer arrangement where the synthetic receptor is immobilized 

onto gold sputtered onto the surface of a PVC membrane which is in direct contact with the 

sample. This approach requires the a priori deposition of gold onto the non-conducting 

support (namely, PVC-membrane) and then deposition of the receptor (bearing a thiol group) 

onto the gold-coated surface with the subsequent formation of a covalent S-Au bond. 

Considering recent work on the deposition of uniform and adherent films, first the gold layer 

was sputtered on the PVC membrane and then the Organic Molecular Evaporation (OME) 

technique was used to deposit the receptor possessing a thiol group (Scheme 12). Taking into 

account the technological aspects of sensor preparation, it is clear that sputtering is a 

conventional, "mature" technique for the deposition of thin metal layers, even when the 

metals have to be deposited onto PVC sensor membranes [62]. In contrast to sputtering, the 

OME technique is relatively new. The OME technique is applicable for the evaporation of 

non-polymeric and non-polymerizing organic substances, which (when appropriately heated) 

produce sufficient vapour pressure and do not decompose. This enables us to obtain high-

quality thin films and structures which can find applications in chemical sensors, biosensors, 



 31 

biochips, etc. [63]. Our concept for applying the aboveOME techniques for the preparation of 

sensing layers has not been used so far. Utilizing both of these technologies, we are able to 

uniformly deposit nanostructured gold together with ensuring its excellent adherence to the 

substrate. The gold surface is then uniformly covered with the receptor with no possible 

contaminants. Both sputtering and OME are suitable for the uniform coverage of large areas 

of membranes. The continuous quartz crystal microbalance (QCM) monitoring of layer 

growth ensures a precise control of the layer thickness and a very good reproducibility of the 

deposition process. 
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Scheme 12. Representation of the modification process of pH-sensitive transducer for 

potentiometric detection of neutral saccharides. 

 

To verify the practical applicability of the proposed design, we selected MPBA 

evaporated onto an Au-coated PVC membrane as the receptor (recognizing sites), glucose as 

the analyte and a pH-indicator incorporated into the PVC matrix as the potentiometric 

transducer. The formation of a potentiometric response towards saccharides is similar to that 

described in Scheme 1. Moreover, from Electrochemical Impedance Spectroscopy (EIS) 

measurements, we found that the membrane capacitance is also a quantity which is able to 
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provide valuable analytical information. This approach is currently being tested with the 

potentiometric detection of heparin. 

The literature data and experimental findings obtained within our group enable us to 

conclude that although great progress has been made in the field of sensors based on 

functionalized AuNPs, new techniques and approaches are highly desirable. 

 

5. Conclusion and outlook 

 

The development of a potentiometric sensor involves a wide range of tasks. The key area of 

special interest is new receptors, which have been and will be central to the development of 

potentiometric sensors. Innovative approaches to receptor immobilization and the introduction 

of nanomaterials enable the development of selective and sensitive potentiometric sensors 

suitable for point-of-care and in-field testing applications. In conclusion it can be said that 

novel potentiometric sensors with high selectivity and low detection limits are needed and are 

still of interest. The interdisciplinary activity in potentiometric sensor research will open up 

avenues for the construction of portable, easy-to-use and low-cost analytical devices.
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