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Abstract 

Submitted Ph.D. Thesis is focused on the electrochemical characterization and 

testing of recently developed working electrodes made from pure gold or graphitic 

carbon particles and electrochemical arrangements. These electrodes are suitable for 

large screening measurements of various organic compounds. The development of new 

sensitive voltammetric methods for determination of oxidisable biologically active 

organic compounds is another aim of this work. 

To verify its applicability, the array of carbon composite film electrodes integrated in 

measuring cell system was selected for the development of voltammetric methods for 

determination of homovanillic acid, vanillylmandelic acid, and indoxyl sulphate. These 

analytes, which belong to the group of biomarkers of human diseases, were selected for 

increasing interest in their determination in medical laboratories. Moreover, 

determination of indoxyl sulphate was coupled to its solid phase extraction from human 

urine prior to voltammetric determination. Obtained results were compared with 

measurements of standards with well-established carbon paste electrode. 

Sputtered (physical vapour deposition method) gold nanostructured film electrodes 

on treated PTFE substrates and gold nanostructured film electrodes modified with 

various functional groups on the surface were selected for testing and electrochemical 

characterization as an interesting analytical tool with promising use as disposable 

sensors for in-situ measurements with microvolumes of the sample. Electrochemical 

characterization was carried out by examination of the electrode reaction (reversibility, 

repeatability) of standard redox probes (ferrocyanide/ferricyanide, 

hydroquinone/benzoquinone) in different types of supporting electrolytes, by evaluation 

of the parameters of calibration curves of probes, by calculations of their real surface 

areas from Randles-Sevcik equation, and by observation of blocking of modified 

electrode surfaces by grafted functional groups. The whole study was complemented by 

critical evaluation and suggestion of possibilities for improvements of tested electrodes 

and arrangements. Obtained results were again compared to measurements with 

conventional bulk gold electrode or pristine gold nanostructured electrode sputtered on 

glass substrate. 
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Abstrakt 

Předložená disertační práce je zaměřena na elektrochemickou charakterizaci a 

testování nově vyvinutých pracovních elektrod a jejich uspořádání. Tyto elektrody byly 

vyrobené z čistého atomárního zlata nebo z mikročástic grafitického uhlíku a jsou 

vhodné pro velkoplošné monitorování různých organických látek; dalším, ale neméně 

důležitým cílem práce je vývoj nových citlivých voltametrických metod pro stanovení 

oxidovatelných biologicky aktivních organických látek. 

Měřící systém cel s integrovanými uhlíkovými kompozitními elektrodami byl vybrán 

pro vývoj voltametrické metody vhodné ke stanovení homovanilové kyseliny, 

vanilylmandlové kyseliny a indoxylsulfátu. Tyto biomarkery různých onemocnění 

lidského těla byly vybrány z důvodu neustálého nárůstu zájmu lékařských laboratoří o 

jejich stanovování. Navíc, před samotným stanovením indoxylsulfátu byla provedena 

jeho extrakce na tuhé fázi z matrice lidské moči. Všechny naměřené výsledky byly 

porovnány s výsledky měření s již standardně používanou uhlíkovou pastovou 

elektrodou. 

Zlaté naprašované (metoda fyzikální parní depozice)  nanostrukturované filmové 

elektrody s povrchem modifikovaným různými funkčními skupinami a substráty a zlaté 

nanostrukturované filmové elektrody naprášené na upraveném PTFE byly vybrány pro 

testování a elektrochemickou charakterizaci. Tyto elektrody představují zajímavý 

analytický nástroj vhodný pro použití jako jednorázový senzor pro měření v terénu 

v mikrolitrových objemech. Elektrochemická charakterizace zahrnovala: sledování 

parametrů elektrochemické reakce (opakovatelnost, reverzibilita) různých standardních 

analytů (ferrokyanid, hydrochinon) v rozdílných základních elektrolytech, vyhodnocení 

parametrů naměřených kalibračních křivek zmíněných analytů, výpočet reálných 

aktivních ploch elektrod pomocí Randlesovy-Ševčíkovy rovnice a sledování, zda není 

povrch modifikovaných elektrod blokován naroubovanými funkčními skupinami. Vše 

bylo následně kriticky zhodnoceno a byla navržena možná vylepšení. Získané výsledky 

byly opět porovnány s měřením na klasické zlaté elektrodě (bulk electrode) nebo na 

zlaté nemodifikované nanostrukturované elektrodě naprášené na skleněném substrátu. 
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1. Introduction 

This Ph.D. Thesis was worked out at the Department of Analytical chemistry, 

Faculty of Science at Charles University. Its scientific aims are focused on a long-term 

research in the theoretical and practical field of intensive testing of new electrode 

materials and arrangements for electroanalytical applications, especially in the field of 

miniaturized film arrangements with working electrodes made from gold or various 

form of carbon. These developed electrodes and arrangements were tested and 

characterized in many possible ways and all obtained results were compared with results 

of commonly used carbon and gold electrodes.  

The Ph.D. Thesis presents results obtained in the last four years and it is based 

on following six scientific publications [1-6] which are attached as Appendix parts 

I – VI (chapters 7-12). To distinguish the references to these publications in entire 

text of this Ph.D. Thesis, corresponding numbers in square brackets are in bold 

and underlined. 

[1] Libansky M., Zima J., Barek J., Dejmkova H., Voltammetric Determination of 

Homovanillic Acid and Vanillylmandelic Acid on a Disposable Electrochemical 

Measuring Cell System with Integrated Carbon Composite Film Electrodes, 

Monatshefte Fur Chemie, 147 (2016) 89-96. 

[2] Bergerova M., Libansky M., Dejmkova H., Determination of Urinary Indican on 

Carbon Film Composite Electrode and Carbon Paste Electrode Current Analytical 

Chemistry, Submitted (2017). 

[3] Libansky M., Zima J., Barek J., Reznickova A., Svorcik V., Dejmkova H., Basic 

Electrochemical Properties of Sputtered Nanostructured Gold Film Electrodes, 

Electrochimica acta, Submitted (2017). 

[4] Guselnikova O., Postnikov P., Kalachyova Y., Libansky M., Zima J., Kolska Z., 

Svorcik V., Lyutakov O., Large-scale Ultrasensetive, Highly Reproducible and 

Regenerative Smart SERS Platform Based on pNIPAm Grafted Gold Grating, 

ChemNanoMat, 3 (2016) 135-144. 

[5] Guselnikova O., Postnikov P., Elashnikov R., Trusova M., Kalachyova Y., 

Libansky M., Barek J., Kolska Z., Svorcik V., Lyutakov O., Surface Modification of 

Au and Ag Plasmonic Thin Films via Diazonium Chemistry: Evaluation of Structure 

and Properties, Colloids and Surfaces A Physicochemical Engineering Aspects, In Press 

(2016). 

[6] Guselnikova O., Kalachyova Y., Faragova K., Libansky M., Dejmkova H., Svorcik 

V., Sajdl P., Lyutakov O., Functional SPP-based SERS Sensor Platform for 

Lipoproteins Detection, Talanta, Prepared for submission (2017). 
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This Ph.D. thesis has been submitted as a contribution to the never ending effort of 

characterizing and testing of new electroanalytical arrangements indented for large scale 

monitoring of electrochemically oxidisable organic compounds.  

Every developed working electrode has to be tested in various possible ways. It is 

important to explore electrochemical behaviour during measurement with different 

supporting electrolytes and common as well as non-traditional analytes to assess 

whether the electrode is suitable for given purpose. Important tested parameters are 

sensitivity and selectivity of the measurement, user friendliness, easy way of fabrication 

of the electrode, environmental friendliness, and the possibility of chemical and/or 

chemical modification to increase the selectivity or the sensitivity of the determination.  

These requirements are satisfied by carbon composite working electrodes and 

working electrodes made from pure gold. These types of electrodes are suitable as an 

instrument for large scale monitoring of wide spectrum of organic compounds, because 

they have merits of simplicity of construction, good compatibility with biological 

samples, and they are inexpensive from the point of view of both investment and 

running costs in the comparison to modern spectral instruments [7]. The use of 

electroanalytical devices (electrochemical sensors) is particularly beneficial in the case 

of monitoring of environmental pollutants and markers of various diseases, where large 

numbers of samples are assumed and simple and inexpensive sensors are needed. 

Voltammetric methods are also faster than modern separation and spectrometric 

methods while sufficiently sensitive and selective [8]. 

Urine is the most frequently used body fluid for voltammetric detection and 

determination of toxic compounds and their metabolites in human body; because most 

of biomarkers of exposure, illness, or treatment are excreted via urine. Therefore, the 

determination of concentration of the biomarkers in urine is fundamental for 

determining the stage of disease, monitoring of response of human organism to 

treatment and for an early diagnosis of tumours and other diseases [9, 10]. Examples of 

the most frequently monitored biomarkers might be metabolites of catecholamines [11] 

or specific indole metabolites [12], which are important indicators of neurological and 

metabolic disorders. 

With respect to all information mentioned in this chapter, the first aim of this Ph.D. 

Thesis was the development of sensitive electrochemical method for the determination 
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of important disease biomarkers, namely homovanillic acid (HVA), vanillylmandelic 

acid (VMA) [1] and indoxyl sulphate (urinary indican) [2] at disposable measuring cell 

system with integrated carbon composite film electrodes [13]. This system was 

developed in my Master Thesis  and three standards of biomarkers were selected for this 

Ph.D. Thesis as optimal probes for the proof of practical applicability of the 

arrangement. The determination of indoxyl sulphate was complemented by its solid 

phase extraction (SPE) from human urine and results were compared with the 

determination on well-known carbon paste electrode [2]. 

The second aim of this Ph.D. thesis was to employ sophisticated electrochemical 

procedures for electrochemical characterization of gold nanostructured film 

electrodes (GNFE) [3], which were made by physical vapour deposition (sputtering 

method). Currently, the use of this method for fabrication of working electrodes for 

analytical chemistry is less common, despite the fact that it is pollution free method 

which has the potential to provide reliable electrochemical sensors. For this reason, 

other types of sputtered transparent gold electrodes/nanolayers with modified surfaces 

by various grafted functional groups were tested and characterized [4-6].  
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2. Working electrodes 

2.1. Carbon composite electrodes 

In modern electroanalytical chemistry the development of new modern electrode 

materials for electrochemical sensors with favourable analytical and electrochemical 

properties is of a paramount importance, especially, in the field of so-called “green” 

materials which are not burdening the environment. This assumption is surely satisfied 

by bulk electrodes made from various types of carbon; however, in the last two decades 

researches have turned their attention to the solid composite electrodes for their 

outstanding electrochemical, mechanical and physical properties, which cannot be 

satisfied by classical carbon bulk electrodes [14].  

Composite electrode surface can be arranged either as ensemble arrangement as a 

single large surface or as an array of microelectrodes, which are separated from each 

other by an insulator [15]. This is one of old definitions of composite electrodes; 

modern definition classifies composite electrodes as electrodes made of two or more 

distributed chemical components, where at least one of these components (compounds) 

behaves as an electric current conductor and at least one as a non-conductive phase [16]. 

Since their introduction, composite electrodes have gone through an extensive 

development and there exists many types of them sorted by their composition [16, 17]. 

In this Ph.D. Thesis, attention was paid to solid carbon composite electrodes, which 

exhibit solid consistency after mixing of all components. Conductive phase is realized 

by carbon particles and the electrodes fall within the category of random ensembles-

dispersed-solid electrodes [17].  

Conductive phase of carbon composite electrodes can be realized by many various 

carbon materials such as graphite [13, 18], glassy carbon [13, 19], carbon nanotubes 

[20, 21], graphene [22], fullerenes [23] or their combination [24]. As an insulator phase 

many kinds of compounds such as polymethylmethacrylate [25], polyurethane [26] 

polystyrene [13], polyvinylchloride [27], polyester [28] or epoxy resin [21], cellulose 

acetate gel [29], ionic liquids [30] or methyltrimethoxysilane [31] can be used. 

Electrochemical properties and especially physical properties of composite electrodes 
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are strongly influenced by the used combination of conductive phase, insulator phase 

and their ratio.  

Solid carbon composite electrodes offer unique properties such as strong 

hydrophilicity, high mesoporosity, excellent capacitor characteristics, high current 

density, and many others which ensure wide range of applications from energy storage 

engineering [32] to analytical chemistry [33]. The attractiveness of carbon composite 

electrodes consists principally in environmental friendliness, easy miniaturization, easy 

chemical modification, low fabrication and running costs (they can be used as a 

disposable sensors), easy electrochemical (or mechanical) pretreatment to avoid 

problems with the history of the measurement with the electrode [17, 34]. These 

benefits were main reason why carbon composite electrodes were selected as working 

electrodes for a new small sized mobile electrode system (array) suitable for laboratory 

as well as in-situ measurements. The array of solid carbon composite film electrodes 

(CFE) integrated in a 96-well microtitration plate (Fig. 2-1) was development during 

Milan Libansky Master studies (Master Thesis) [13] and it forms certain introduction 

to this this Ph.D. Thesis, because in the presented Ph.D. Thesis, developed array of 

CFEs was used for the determination of standards of tested analytes to verify its 

practical usability [1, 2].  

For the fabrication of CFEs used in the system, the combination of graphitic carbon 

with polystyrene (9:1, w/w) was selected as a suitable combination of electrode 

materials providing the best electrochemical performance from all tested material 

combinations [13]. Graphitic carbon with polystyrene were intensively dispersed in 

toluene (volatile solvent) by stirring; polystyrene was dissolved and thus formed carbon 

ink was applied into the cell; after the solvent evaporation, the solid electrode was ready 

for the measurement. Complete preparation of the electrochemical cell system is 

described in the papers [1, 2, 13]. 
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Fig. 2-1 Scheme of array of CFE integrated in a 96-well microtitration plate. (1) 

Inserted metal contact, (2) CFE, (3) plastic cell, (4) auxiliary electrode, (5) Reference 

electrode [13].  

 

Generally, mentioned fabrication process is commonly utilized nowadays and it is 

frequently used during the preparation of many carbon film electrodes, such as screen-

printed electrodes, where the electrode ink is printed on a suitable substrate mostly 
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made of plastics or ceramics [35, 36]. Electrode ink can be also applied on the common 

bulk electrode which serves as a conductor [18]. Another possible approach to 

fabrication of solid carbon composite electrodes is homogenization of carbon particles 

with monomer instead of polymer, subsequently; electrode material is filled into an 

electrode body and polymerization is initiated. After polymerization and surface 

polishing the electrode is prepared for the measurement [37]. Of course, many other 

fabrication processes were developed, because preparation process mainly depends on 

the type of used non-conductive phase and if the electrode would be chemically 

modified. Sometimes it is necessary to dissolve polymer at a higher temperature and 

afterwards the carbon particles are added [38]. A sol gel technique [39] or precipitation 

and drying technique [40] may be also used. Many fabrication processes of modified 

electrodes were developed, too. These electrodes can be modified in many possible 

ways by adding another chemical compound into electrode mixture during fabrication 

process or surface of the electrode may be doped by deposition of metals and metalloids 

[41, 42]. As an example of chemical modification it might be mentioned the addition of 

dispersed epinephrine in ionic liquid to the electrode forming mixture, which exhibited 

an obvious electrocatalytic activity towards the oxidation and determination of 

glutathione [43]. Another example of modification of carbon composite electrode is 

voltammetric determination of catechin in samples of teas, where the copper phosphate 

is added to increase the signal and the modified electrode allows the determination of 

catechin at lower potential than that observed at an unmodified electrode [38]. 

Interesting chemical modification of carbon composite electrode can be the 

functionalization of electrode by 5-amino-2-mercapto-1,3,4-thiadiazole to enhance the 

determination of L-tryptophan in the presence of ascorbic acid and paracetamol at 

physiological pH. Many other compounds can be used as modifiers for achieving 

desired properties, e.g., enzymes [44, 45], synthetic polymers [46], or gold 

nanoparticles with DNA probes [47]. 

Carbon composite electrodes have been applied as voltammetric sensors in a wide 

variety of areas of determination, including determination of anticancer drugs [26], active 

compounds in medicaments [48], environmental pollutants [24, 49], vitamins [50], trace 

amount of heavy metals in food analysis [51], toxins of bacteria [52], inorganic analytes 

[53] as well as organic analytes [13]. It is clear from these findings that carbon 
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composite electrodes are useful in a wide range of analytical flow methods as an 

electrochemical detector for capillary electrophoresis [31], flow injection analysis [54], 

high performance liquid chromatography [55], or microchip electrophoresis [56]. 

In this Ph.D. Thesis, differential pulse voltammetry (DPV) and cyclic 

voltammetry (CV) have been used as main voltammetric techniques for testing the 

proposed arrangements. These voltammetric techniques possess high sensitivity with a 

very large useful linear concentration range from mmol to pmol L
–1

. DPV can reach 

limits of detection from 1·10
–5

 mol L
–1

 to 1·10
–10

 mol L
–1 

[8, 57]. 
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2.2. Carbon paste electrodes 

First attempt to establish carbon paste electrode (CPE) as a new electroanalytical 

instrument, was recorded by Adams and his student Kuwana at the University of Kansas 

in the year 1958. The inventors itself defined carbon paste as a mixture of conductive 

carbon particles with organic liquid; binding carbon particles into compact mixture, 

forming a typical consistency of peanut butter [58]. Carbon paste electrodes can be also 

defined as composite electrodes (random ensembles-dispersed), because the liquid 

binder mostly serves as an insulator phase and carbon as a conductive phase [17].  

Since their introduction almost sixty years ago, composition of carbon pastes have 

gone through an extensive development and there exists many types of them. 

Requirements for carbon material are low adsorptive capabilities, high purity, and 

defined and constant size of particles. The most frequently used carbon particles are 

graphitic carbon particles [59]. Nevertheless, carbon pastes can be prepared from glassy 

carbon powder [60], graphene [61], or carbon nanotubes [62] and many other forms of 

carbon. 

Selection of binding liquid is not a minor matter, because obvious function of binder 

is accompanied by many side effects, which makes binding liquid important part of the 

electrode. Thus, analyst should pay attention to the choice of both main parts of CPE. In 

the case of binding liquid; chemical inertness, zero electrochemical activity, high 

viscosity, low volatility, and minimal solubility in water is required [63]. Typical 

pasting liquids are minerals oil like Nujol and Uvasol [64]; ionic liquids can replace 

classic binder or act like a modificator and special matrix for enzymes [65, 66]. 

In this Ph.D. thesis, CPE was used for determination of indoxyl sulphate for the 

sake of comparison to results obtained with CFE [2]. The same type of graphitic carbon 

was used for the preparation of CPE and CFE; thus differences attributed to the 

difference in the shape of the electrodes or in the role of the insulator component in the 

electrode can be evaluated. Moreover, similarity to used CFE can be seen in the 

disposable method of use, because, easy recovery of CPE surface by wiping with wet 

filtration paper allows measurements always on the new surface (carbon paste was 

packed in the Teflon piston-driven holder). 
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Easy renewability is among of the most advantages of CPE. Besides easy 

renewability CPEs offer many other advantages such as high conductivity and low 

background current, easy miniaturization, compliance with green chemistry concept, 

and modification in many possible ways. Of course, CPE exhibits some disadvantages 

mostly linked with aging of carbon paste; therefore, analytical performance is changed 

with time. The most stable signal should be obtained during time period from 1 day to 1 

month after fresh preparation of the paste due to self-homogenization process [67]. 

Thus, it is necessary to keep some basic rules during storage of CPEs. CPE should not 

be stored basically on air due to drying and subsequent cracking of the paste. Storing of 

CPE in distilled water avoid this problem [63]. Another major disadvantage is the 

tendency to disintegration of carbon paste mixture in the contact (or during 

measurement) with organic solvents or supporting electrolytes. This problem can be 

avoided by the stabilization of the paste by addition of some solid surfactant [68]. The 

last of main pitfalls of CPE are complications connected with the presence of oxygen in 

carbon paste. Reduction of oxygen during measurement in cathodic potential windows 

presents rather difficult problem [67].  

As mentioned above, properties of CPE can be changed by the modification of 

carbon paste according to the desired application. The electrode can be chemically 

modified with various chemical compounds (CMCPE) [69], biologically modified with 

enzymes (CP-biosensor) [70], and chemically modified by a strong electrolyte 

(electroactive electrodes, CPEE) [71] or electrodes with plated surface by metallic films 

and metallic nanoparticles [72]. In the world of electroanalytical analysis are many 

others specific CPEs. All are mentioned in excellent review by the research group of 

Svancara and Vytras [73]. 

Carbon paste electrodes have been applied as voltammetric sensors in a wide variety of 

areas of determination from food analysis to drugs [60, 74, 75].  
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2.3. Gold nanostructured electrodes 

According to IUPAC nomenclature, nanostructured arrangements/structures are 

classified as structures in which at least one dimension has in order of nanometers and 

morphology consisting of phase nanodomains [76]. Nanostructured arrangements have 

received considerable attention and extensive development over the last decade in a 

broad variety of application including electroanalytical chemistry, physical chemistry 

etc., where the interfacial nature of measurements favours the fabrication of 

miniaturized analytical devices. In this context, nano-thin-film technology is of great 

utility [77]. 

 The unique chemical and electrical properties of nanostructured layers 

(films/electrodes) are usually influenced by their fabrication process, by the size of 

nanoparticles and their density, more than by the nature of the used material (type of 

particles) [78].  

In the case of nanostructured gold electrodes (electrodes from AuNPs), many 

different manufacturing processes were developed. The gold nanostructured electrodes 

made from gold nanoparticles (AuNPs) and atomic gold can be prepared by utilizing 

self-assembly of AuNPs at the surface covered by a thiol spacer which is self-assembled 

at common bulk electrode serving as a conductor [79]. Other possible approaches to the 

fabrication of gold nanostructured electrode are in-situ or ex-situ plating of gold 

particles from the solution of HAuCl4 onto selected substrate under certain potential. 

This method is called electrografting [80, 81]. However, these procedures are very time 

consuming especially as far as the finding of optimal condition for deposition of gold is 

concerned, they require large amounts of chemicals, and a lot of user experience. The 

deposition of gold can be followed by deposition of mercury on the surface of substrate 

bulk electrode; deposition of gold from the concentrated solution of HAuCl4 can be 

followed by subsequent deposition of mercury from the concentrated solution of 

Hg(NO3)2 resulting in the gold nanostructured amalgam film electrode. It is called 

hybrid nanostructure [82]. In the case of nanostructured gold film electrodes made by 

electrografting or by deposition from solution, it is difficult to ensure that the thickness 

and shape of the gold layer is completely identical for each thus prepared electrode, 

especially in nanoscale. To avoid this problem, gold screen-printed electrodes can be 
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used. During the preparation of screen-printed electrodes, the electrode ink is 

instrumentally applied on a suitable substrate and it is easier to ensure the same 

thickness in nanoscale for all electrodes. Moreover, traditional three-electrode 

configuration printed on the same strip is also pronounced advantage of any screen-

printed electrodes [83]. Modern approach to fabrication of gold nanostructured film 

electrodes is physical vapour deposition of Au atoms using sputtering method. This 

fabrication process can be used in the case of the necessity to use a non-conventional 

reference electrode or different electrode arrangement, shape and size, which cannot be 

satisfied by using screen printed electrodes. 

Advantage of sputtering lies in simplicity, reproducibility, and low price of final 

products. Moreover, it is considered as pollution free (“green”) method. Disadvantage 

of gold sputtering is that gold is one of the most inert metals and the adhesion between 

AuNPs and a polymeric substrate is poor. Film adhesion and electrical contact 

properties are strongly influenced by the interface structure. Also, film adhesion may 

become worse when electrodes are exposed to some types of organic solvents or 

concentrated acids. For this reason, several modification techniques (physical, chemical 

or their combination) have been suggested for enhancing metal to polymer adhesion, for 

example treatment by plasma [84, 85] or fixing of AuNPs by thiol groups containing 

spacer [79, 84, 86]. 

Gold nanolayers made by physical vapour deposition are well known and 

commonly used for many biophysical and material applications. However, their use for 

fabrication of working electrodes for electroanalytical purposes is less common, so the 

aim of this Thesis was to test them properly in the field of analytical electrochemistry. 

In this Ph.D. Thesis a few types of gold nanostructured film electrodes made by 

sputtering method were characterized and tested. All used types of electrodes were 

developed and supplied by University of Chemistry and Technology in Prague, 

Department of Solid State Engineering. 

The first category of tested gold nanostructured film electrodes (GNFE) comprised 

80 nm thin gold nanolayers sputtered on 50 μm thick foil of polytetrafluoroethylene 

(non-conductive substrate) with 3 different degrees of treatment: pristine PTFE (GNFE-

Pristine), plasma treated (GNFE-Plasma) and plasma treated and subsequently grafted 

(spontaneous grafting) with biphenyl-4,4´-dithiol (GNFE-BPD). Scheme of fabrication 
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of all GNFE is shown in Fig. 2-2. Sputtering of gold from Au target was realized 

through contact mask to ensure identical shape of electrodes with parameters: round 

shape head with 3 mm in diameter with connected tail 15 mm long and 1 mm thick; the 

tail was used for connection to potentiostat. The round shape head was isolated from the 

tail by non-conductive lacquer to ensure uniform electrode area (Fig. 2-3). The set of 

disposable GNFEs is displayed in Fig. 2-4. 

It is envisaged that these electrodes could be used for the determination of oxidisable 

biomarkers in urine and of environmental pollutants in water. In this Ph.D. thesis, 

among the other tests; the applicability of the electrodes was verified by differential 

pulse voltammetric determination of hydroquinone (HQ) as a one of the most 

commonly used probes of organic environmental pollutants [3]. All results were 

compared to commercial bulk gold electrode supplied by Metrohm. 

Fig. 2-2 Scheme of fabrication of all types of GNFEs (Author: Milan Libansky). 

Fig. 2-3 Disposable GNFEs before isolation by non-conductive lacquer. 



Chapter 2  Working electrodes 

24 

 

 

 

Fig. 2-4 GNFEs connected to the potentiostat during measurement with reference gel 

leakless Ag/AgCl electrode and platinum wire as an auxiliary electrode. 

 

The second type of tested gold nanostructured film electrodes comprised of 10 nm 

thin transparent gold nanolayers sputtered on the surface of Su-8 polymer patterned by 

laser. Various substrates (functional groups) were grafted on the surface of GNFEs. 

Used substrates were poly n-isopropylacrylamide (pNIPAAM) [4], -NO2, -C8F17 [5], -

C1H3, -C4H9, -C10H21, and -C16H33 [6]. Complete fabrication processes are mentioned in 

publications [4-6]. GNFE with pNIPAAM substrate is shown in Fig. 2-5 (before 

isolation of electroactive area by non-conductive lacquer). 

These electrodes could be used for the determination of environmental pollutants e.g. 

azodyes (crystal violet, metanil yellow, etc.) in extremely low concentration. Especially, 

GNFE with pNIPAAM substrate is promising from the point of view of the use in 

electroanalytical chemistry due to its phase transition from swollen to collapsed state, 

because it can be used for entrapping of the analyte molecules [87]. In this Ph.D. thesis, 

basic CV measurements with inorganic probes were done.  
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Fig. 2-5 GNFE with pNIPAAM substrate connected to the potentiostat with reference 

gel leakless Ag/AgCl electrode and platinum wire as an auxiliary electrode. 

 

Aim of this Ph.D. Thesis was the electrochemical characterization of selected 

GNFEs made by sputtering method and the attempt to utilize the unique properties of 

gold nanomaterials for electroanalytical purposes.  

Generally speaking, electrodes made of gold nanoparticles offer unique 

physicochemical properties and advantages such as high surface-to-volume ratio, 

surface charge, possible change of the hydrophobicity or hydrophilicity, easy 

miniaturization and change of shape; they can be chemically modified and mechanically 

or electrochemically pre-treated to further improve their native properties [88]. The 

electrode material can be physically modified by addition of other nanoparticles (carbon 

or metal particles). Combination of two nanomaterials with different properties can 

provide a unique hybrid nanoparticle electrode with new properties [89].  In addition, it 

is possible to combine the electrode material with various chemical compounds as a 

certain type of chemical modification. Mixture of thio compounds [90], nucleobases 

[91], organic acids [92], etc. can be used for modification, if any special application is 

required. A specific example of chemical modification might be modification based on 

combination of L-cysteine and gold nanoparticles to increase the rate of electron 

transfer during determination of dopamine hydrochloride [93]. Another example of 

modification of nanostructured gold electrodes is electrochemical impedance 
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spectroscopic determination of human immunoglobulin G, where polymeric pyrrole is 

linked with gold nanoparticles to form a permeable immunosensor [94]. 

 Nanostructured gold electrodes made by various techniques have been used as 

voltammetric sensors for the determination of inorganic [95] and organic analytes [96], 

as well as metabolites of human body processes [97-99], pharmaceuticals [81] and for 

voltammetric studies of DNA [100]. Nanostructured gold electrodes are usable in a 

wide range of chemical disciplines such as impedance spectroscopy and 

chronopotentiometry in analytical chemistry [101], as an electrocatalytic mediator of 

luminescence in spectroscopy [102] or as biosensors in biochemistry [103, 104]. It is 

necessary to mention special usability of these electrodes in supercapacitors, in 

microelectronics and photovoltaics [105, 106]. 
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3. Probes and analytes 

3.1. Homovanillic acid and vanillylmandelic acid 

Homovanillic acid (HVA) and vanillylmandelic acid (VMA) are final products of 

metabolism of catecholamines in human body [11]. Main endogenous catecholamines 

(epinephrine and norepinephrine) are formed in the adrenal medulla and in the brain. 

These catecholamines are subsequently metabolized in human body to major 

metabolites, HVA and VMA (Fig 3-1) [107]. Monitoring of concentration of these two 

acids represents a useful tool for early diagnosis of large number of metabolic and 

neurological disorders. Both acids can be found and determined in various human fluids 

such as urine, blood plasma, serum [108], cerebrospinal fluid [109], and brain fluid 

[110]. 

 

 

Fig 3-1 Scheme of dopamine metabolism (source www.researchgate.net). 

 

Non-physiologically high values of concentration of these biomarkers are linked with 

tumours in the adrenal medulla [111], neuroblastomas [112] and pheochromocytomas 

[113]. Neuroblastoma is the most common cancer in babies and the third most common 

cancer in children age; about 90% of cases occur in children less than 5 years old and it 

is rare in adults. On the other hand, pheochromocytoma is only a matter of adults 
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between 40 and 50 years of life [114]. These tumours cause overproduction of 

catecholamines, then excessive production and release of catecholamine metabolites to 

blood, which leads to subsequent excessive release of HVA and VMA to urine [115]; 

thus, monitoring excretion of HVA and VMA to urine is fundamental for determining 

the stage of disease and for an early diagnosis of tumours mentioned above [107]. Other 

scientific studies revealed relationship between increased concentration of HVA in 

cerebrospinal fluid [116] and suicide attempts [117], post-traumatic stress disorders 

[118], chronical schizophrenia [119], Parkinson's disorder and bulimia [120]. It is 

necessary to mention that not only absolute concentration of acids can be used as a 

diagnostic marker; determination of ratio HVA/VMA (concentration) is important 

screening method for early detection of Menkes disease influencing the level of copper 

in human organism [121, 122]. 

Reference intervals of concentration of HVA and VMA in human urine are from 

7 µmol L
-1 

to 40 µmol L
-1 

[123, 124]. In the case of blood plasma, values are about 400 

times lower. For this reason, urine is the most common matrix for determination of 

these acids. Determination of HVA and VMA in other human fluids is uncommon and 

complicated from the point of view of reliable sampling [125]. 

Besides the low concentration in human urine, during determination of HVA and 

VMA attention must be paid to the almost similar structures of acids (Fig. 3-2). 

Therefore sensitive methods, separation techniques and extraction techniques are 

required. Theirs phenolic structure suggests their oxidisability under relatively low 

potentials accessible for various types of electrodes, which can be used for 

determination. Therefore HVA and VMA were chosen as optimal probes/analytes for 

testing and verification of usability of array of solid carbon composite film electrodes 

integrated in a 96-well microtitration plate [1]. 
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Fig 3-2 Chemical structure of HVA and VMA. 

 

For the determination and separation of HVA and VMA, many sensitive analytical 

methods have been developed. Techniques such as GC-MS [126], UHPLC-MS/MS 

[127], HPLC-DAD [128], HPLC with fluorescence detection [129], HPLC-ED [130], 

CZE-ED [131] and voltammetric determination [118, 121, 132-134] are the most 

commonly used. Of course, the lowest limits of quantification and determination were 

obtained by modern HPLC methods with MS detection (pmol L
-1

) [135, 136]. In 

comparison with HPLC, modern electrochemical arrangements and methods offer fast, 

simple and user-friendly ways of determination of biomarkers. 
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3.2. Indoxyl sulphate 

In the last decade, indoxyl sulphate (urinary indican) became one of the most 

determined and studied compound in human plasma and urine. This toxic compound 

accumulates in plasma of patients with renal failure and kidney diseases [137]. 

Occurrence of high concentration of urinary indican in human body is also associated 

with cardiovascular problems during kidney dialysis and after transplantation, problems 

of colon microbial metabolism or increase of glomerular sclerosis and oxidative stress 

[138]. 

Urinary indican is relatively small molecule (Fig. 3-3) soluble in water and in living 

organisms it is 90 % bound with plasma proteins, especially with albumin and only 10 

% is “free form” as a standalone molecule [139]. Indoxyl sulphate is a product of 

“intestinal putrefaction of dietary proteins”, which is origin of the protein bonding. 

Tryptophan absorbed from food is converted to indole in colon by intestinal microflora; 

then indole is metabolized to indoxyl sulphate by liver after transfer to systematic 

circulation. Subsequently, indoxyl sulphate is secreted by the kidneys through tubular 

secretion to urine (Fig. 3-4). When kidney disease occurs, kidney clearance decreased 

and indoxyl sulphate accumulates in plasma and urine of organism which can lead to 

cardiovascular problems [140]. However, final concentration of indican in human 

plasma and urine is also based on liver condition and can be influenced by intake of 

antibiotics which suppress colon intestinal microflora or by high (or low) protein diet 

[141]. On the other hand, indoxyl sulphate’s toxicity was proven in cultured human 

cells and animals and its toxicity in humans has not yet been conclusively established 

and it is in the interest of many clinical laboratories, because monitoring of excretion of 

urinary indican to urine could be fundamental for determining the first stages of kidney 

diseases and for the preventing of unwanted heart problems [142]. So that modern 

techniques for extraction and determination of indican are required. 
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Fig 3-3 Chemical structure of indoxyl sulphate (urinary indican). 

Fig 3-4 Scheme of tryptophan metabolism [143]. 

 

Reference intervals of concentration of indican in human urine of healthy patients are 

from 1.1 to 3.9
 
µmol L

-1
. Patients with kidney diseases like a uremia demonstrate the 

values from 100 to 170
 
µmol L

-1 
due to accumulation effect [144]. Concentration of 

indoxyl sulphate in human plasma is in one order difference of urine levels, depends on 

the weight of body, urination level and clearance [143, 145]. These relatively high and 

accessible concentration intervals together with the promise of usability of developed 

methods for determination of urinary indican in the future were the main reasons for 

selection of urinary indican as an ideal probe/analyte for testing and verification of 

usability of array of solid carbon composite film electrodes integrated in a 96-well 

microtitration plate (in this Ph.D. Thesis) [2]. In addition to that, it was attempted to 

extract the indoxyl sulphate by solid phase extraction as an inexpensive substitution for 
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modern separation techniques. In this paper [2], all obtained results were compared to 

results of measurement on graphitic carbon paste electrode.  

Despite the many medical studies and well investigated mechanism of 

electrochemical oxidation of indican, where the oxidation of pyrrole ring is followed by 

the hydroxylation of the benzene moiety and subsequent oxidation of hydroxyl group 

(Fig 3-4) [146], not many electrochemical method were developed for the determination 

of indican. As one of the few we can mention determination of indican on disposable 

screen-printed graphene electrode by square-wave voltammetry [147]. Nevertheless, 

determination of indican by HPLC-MS is very common [148-150]. 
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4. Results and discussion 

4.1. Carbon composite electrode 

4.1.1. Homovanillic acid and vanillylmandelic acid 

In the framework of my Master Thesis, an array of solid carbon composite film 

electrodes (CFE) integrated in plastic cells was developed and patented. This electrode 

arrangement was tested from the point of view of composition of electrode material, 

electrochemical behaviour during CV measurements of oxidation of ferrocyanide, and 

widths of potential window in BR buffer of various pH. Finally, voltammetric method 

for determination of environmental pollutant 5-chloro-2-(2,4-dichlorophenoxy)-phenol 

named triclosan was developed to verify practical applicability. At the CFE, differential 

pulse voltammetry (DPV) was used with the limit of quantification 0.25 µmol L
-1

 for 

electrode made from graphitic carbon with polystyrene as a matrix and 0.50 µmol L
-1

 

for electrode made from graphitic carbon with polycarbonate matrix. The method was 

successfully applied for practical samples of river water and toothpaste. From the 

comparison of obtained results using both graphitic electrodes it was obvious that for 

the measurement of real samples it is preferable to use carbon composite film electrode 

based on polystyrene, because it exhibited higher precision and accuracy [13]. In this 

Ph.D. Thesis, this type of electrode was selected for further testing and application. 

For next verification of practical applicability of CFE, the array was applied to DPV 

determination of standards of oxidisable tumour biomarkers 2-(4-hydroxy-3-methoxy-

phenyl)acetic acid (homovanillic acid, HVA) and (RS)-hydroxy(4-hydroxy-3-methoxy-

phenyl)acetic acid (vanillylmandelic acid, VMA) [1] (Appendix I). Phenolic structure 

of these acids suggests their oxidisability under potentials accessible for CFE, which 

was advantageously used for the investigation of the electrochemical behaviour and 

determination using DPV. 

The influence of the pH on the DPV voltammograms was investigated in separate 

solutions of 100 µmol L
-1

 standards of HVA and VMA in BR buffer in the pH range 

from 2 to 12. Parameters of the DPV potential program were not optimized (0.1 s pulse 

width, 50 mV pulse height, 20 mV s
-1

 scan rate, sampling time 20 ms). In the case of 
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HVA, one well-shaped anodic voltammetric peak was observed in the whole pH range. 

In the case of VMA, two anodic peaks were observed up to pH 11. At pH 12, 

conjunction of two peaks occurred. Oxidation peaks correspond to the oxidation of 

hydroxyl group at aromatic system, however for HVA and VMA, two different 

oxidation mechanism are presumed [151]. The peak potential (Ep) was shifted to less 

positive anodic potentials linearly with increasing pH. It is necessary to mention that the 

potential of the peak potential of HVA is similar to the first peak of VMA; the potential 

difference between the peaks increases with decreasing pH and in acidic pH, the peaks 

are independently evaluable, which is promising for simultaneous determination of both 

analytes in one solution. Moreover, the highest and best-developed voltammetric peaks 

were observed in acidic media and thus BR buffer of pH 2 was selected as an optimum 

medium.  

In the next step, adsorptive accumulation of both analytes was tested in the BR buffer 

of pH 2 for the verification, whether it is possible to use adsorptive stripping 

voltammetry. Undeniable advantages of this voltammetric technique lie in the 

possibility to increase the sensitivity of the measurement associated with lower 

quantification limits [8]. The measurements were carried out in non-stirred separate 

solutions of standards of HVA and VMA at two concentration levels: 100 µmol L
-1

 and 

10 µmol L
-1

 within accumulation time 1, 5, and 10 minutes. But even after 10 minutes 

of accumulation time, current response did not show any increase and values of peak 

current became stable for both analytes; values of RSD of the peak current of all 

measurements were approximately 3.5 % for both concentration levels and both 

analytes. It is clear that the adsorptive step could not be utilized. 

Under optimum conditions, the calibration curves were measured in the concentration 

range from 100 to 0.8 µmol L
-1

 for HVA and from 100 to 1 µmol L
-1

 for VMA. 

Achieved limits of quantification were 0.3 µmol L
-1

 for HVA and 1.0 µmol L
-1

 for 

VMA. The concentration dependences were linear within the whole concentration range 

for both analytes, so that least square linear regression method was used for calculation 

of quantification limits as the concentration of the analyte which gave a signal ten times 

higher than the standard deviation of the lowest evaluable concentration [152]. RSD of 

the lowest evaluable concentration (0.8 µmol L
-1

, n = 10) were 6.6 % for HVA and 11 

% (1 µmol L
-1

) for both peaks of VMA. This explained higher LOQ in the case of 
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VMA. In comparison with other DPV determinations of standards of acids on various 

carbon electrodes [121, 134], developed method on CFE offers comparable results. 

Both analytes are usually determined side by side in one solution, because of their origin 

in similar human body fluids. As mentioned above, Ep of HVA is close to Ep of the first 

peak of VMA. Second peak of VMA is well separated, thus it is possible to determine the 

concentration of VMA and then calculate the concentration of HVA from the first peak 

corresponding to the sum of both compounds. This was confirmed by measuring four 

calibration sets of mixed solutions of standards of analytes, where each calibration set 

was prepared from standard of HVA or VMA in the concentration range from 10 to 

1 µmol L
−1

 with constant addition of the second analyte at concentration 10 or 

5 µmol L
−1

. Then calibration curves were evaluated; the values of slopes of first peak 

should correspond to the slopes of standards and the intercepts should correlate with the 

current increase caused by the addition of the second biomarker. The good agreement 

with standard values of calibration curves was obtained; the results of HVA show 

higher consistency than those of VMA, which differ from the standard of approximately 

20 %. This inconsistence was caused by the change of the baseline in the mixture of 

analytes and also by lower repeatability of the measurements of VMA standards. 

Obtained result from the measurement of calibration curves of mixture of acids was 

verified also by calculation method (described in [1]) (Appendix I). The calculated 

average recovery of the spiked concentrations was almost 90 % for both analytes. 

It can be concluded, that electrode system tested in this Ph.D. Thesis can be 

successfully used for determination of oxidisable biologically active organic 

compounds. However, obtained limits of quantification of developed method are 

deficient in comparison to modern spectrometric techniques. This problem can be 

overcome by the use of more sensitive voltammetric method (SWV) and SPE can be 

also used for preliminary separation and preconcentration of the tested analytes form 

urine, but this this the aim of the future research and it was not investigated in this 

Ph.D. Thesis. Nevertheless, it can be concluded that the recently developed CFEs 

combined with modern voltammetric method offer ssufficient sensitivity and accuracy 

required in screening measurements.   
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4.1.2. Indoxyl sulphate 

In this Ph.D. Thesis, a previously mentioned array of CFEs integrated in 

microtitration plate was used for determination of oxidisable biomarker of kidney 

diseases indoxyl sulphate (urinary indican) to verify practical applicability of the 

arrangement [2] (Appendix II). This determination was combined with a preliminary 

separation and preconcentration of indoxyl sulphate from human urine using solid phase 

extraction. Moreover, all obtained results from measurement with CFE were compared 

to measurement with well-known carbon paste electrode (CPE) made from the same 

type of carbon material like CFE [2]. DPV was used in both cases (Appendix II). 

Firstly, the pH dependences were measured. Electrochemical oxidation of indoxyl 

sulphate provided two well-shaped and well-separated voltammetric peaks from the two 

step electron exchange mechanism (described in [146]). The pH dependences were 

measured in the range from pH 2 to 12 in the 50 µmol L
-1

 solution of standard of 

indoxyl sulphate in BR buffer. Parameters of the DPV potential program were not 

optimized (0.1 s pulse width, 50 mV pulse height, 20 mV s
-1

 scan rate, sampling time 20 

ms). The peak potentials (Ep) of both peaks were shifted to less positive anodic 

potentials linearly with increasing pH on both electrodes with the same vigour. The 

highest and best-developed voltammetric peaks were observed in acidic media, current 

response was decreasing linearly with increasing pH; in the strong alkaline medium, the 

first peak was still evaluable and the height of second peak dropped to zero. For CFE 

and for CPE, pH 2 and pH 3 were selected as optimum media, and only the first peak of 

indoxyl sulphate was used for evaluation of results, because second peak of indoxyl 

sulphate was lower than first and more difficult to evaluate due to coincidence with the 

end of potential window. 

Under optimal condition, the repeatability of height of the peak was carried out in the 

solution of 50 µmol L
-1

 indoxyl sulphate in BR buffer. During measurement (n = 10) 

with the new electrode (CFE) or on renewed surface of the electrode (CPE), 

repeatability of height of the first peak was 4.2 % for CFE and 3.4 % for CPE. The 

results are appropriate for voltammetric determinations at solid electrodes made of 

graphitic carbon [13]. On the other hand, the CFE and CPE surfaces after repeated 

measurements were passivated by oxidation electrode reaction products; therefore, the 
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peak current decreased for almost 60 %. Moreover, in the case of CFE, decrease of peak 

current was magnified by increase of background current in each subsequent scan. Thus, 

these results pointed to the fact; that it is necessary to use each measuring cell with 

integrated CFE only once as a disposable sensor and that CPE surface have to be 

renewed after each single measurement. 

Adsorptive accumulation of indoxyl sulphate was tested in the BR buffer of pH 2 

(CFE) and pH 3 (CPE) for the verification, whether it is possible to use adsorptive 

stripping voltammetry. The measurements were carried out in the solution of 5 µmol L
-1

 

standard of urinary indican in BR buffer of pH 2, 6 and 9 within 5 minutes of 

accumulation time period, in the case of CPE under the stirring of the solution. After 

prolonged time, the increase of current response was negligible (ca 30 %). Therefore, 

the adsorptive step was not further utilized. 

Under optimum conditions, the calibration curves were measured in the concentration 

range from 50 to 1 µmol L
-1

 for both electrodes. Achieved limits of quantification were 

0.7 µmol L
-1

 for CFE and 1.7 µmol L
-1

 for CPE, respectively. The concentration 

dependences were linear within the whole concentration range for both analytes, so that 

least square linear regression method was used for calculation of quantification limits, 

which were calculated as the concentration of the analyte which gave a signal ten times 

higher than the standard deviation of the lowest evaluable concentration [152]. RSD of 

the lowest evaluable concentration (1 µmol L
-1

,
 
n = 10) were 7 % for CFE and 15 % for 

CPE. This explained higher calculated LOQ in the case of CPE. The small differences 

in the electrochemical behaviour attributed to the difference in shape or in the role of 

the insulator component in the electrode were observed [2] (Appendix II). 

For the verification of practical applicability of CFE with combination of newly 

developed voltammetric method, solid phase extraction was employed for the 

preliminary separation and preconcentration of indoxyl sulphate in fortified urine 

samples. SPE was performed prior to the voltammetric determination to remove part of 

the matrix oxidisable compounds and urine interferents. All obtained results from SPE 

were compared to measurement of solutions of standard of indoxyl sulphate without 

SPE. The entire conditions of SPE are described in [2] (Appendix II). 

As a feed solution for SPE, a solution of the 10 mL of 10 µmol L
-1

 indoxyl sulphate 

in BR buffer of pH 3 was selected for the measurements. Urine samples were adjusted 
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to pH 3 with phosphoric acid and 1 mL of BR buffer of the same pH was used as the 

washing step between the sorption and the elution. Analyte was eluted by 2 mL of 

methanol for the first choice. Sorption and elution of indoxyl sulphate under these 

conditions occurred on EN extraction columns with concentration recovery from 95 to 

100 %. However, this procedure was not satisfactory during the measurement with 

human urine, as the analyte peaks were coupled with the major interferents which were 

eluted from the column. The fact, that the common concentration of indoxyl sulphate in 

human urine of healthy subject is negligible in comparison with other oxidisable 

compounds, also contributes to the difficulty of the task. 

In the next step washing step was altered, the volume of washing solution was 

increased to 5 mL and pH was changed to pH 8. Under these conditions, some impurity 

from human urine were washed away and background current decreased; however 

major interfering compounds still remained in the measured fraction after elution and 

extraction was not successful. 

Last logic step was the change of the eluent strength to elute only the analyte instead 

of other compounds/interferents in human urine. 5 % methanol and 10 % methanol were 

tested as a series of standalone eluents. In 5 % methanol, the recovery was in the range 

from 91 to 100 % and in the case of 10 % methanol the recovery was from 90 to 100 %. 

Nevertheless, not all interferents from human urine were eliminated again, during the 

measuring of fortified sample. The SPE was not successful at all and methanol was not 

suitable eluent for indoxyl sulphate separation. On the other hand, selection of BR 

buffer (5 ml) as an optimal washing solution was successful, because it decreased 

background current caused by urine impurities. 

It can be concluded from obtained results in this Ph.D. Thesis that it is possible to 

use an array of carbon composite electrodes for determination of oxidisable biologically 

active organic compound, indoxyl sulphate with sufficient sensitivity and accuracy 

required in screening measurements. Otherwise, an array of integrated CFEs achieved 

slightly better results during determination of standard of the indoxyl sulphate with 

developed voltammetric method in comparison to well-known CPE [2] (Appendix II). 

Nevertheless, for determination of indoxyl sulphate in human urine matrix in the future, 

it is priority to develop a suitable technique for its preliminary separation and 

preconcentration from urine samples. With a successful extraction comes the possibility 
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of using this electrode arrangement as cheap disposable sensors for large-scale 

screening of proposed analyte in human urine. 
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4.2. Gold nanostructured electrodes 

4.2.1. Gold nanostructured film electrodes on PTFE substrate 

The method of easy fabrication of thin gold nanolayers by sputtering of gold atoms 

(group of physical vapour deposition method) was developed by Department of Solid 

State Engineering at the University of Chemistry and Technology in Prague. This type 

of fabrication of gold layers is predominantly used for many biophysical and material 

applications, but its use for fabrication of working electrodes intended for 

electroanalytical applications is less common despite the fact that sputtering of gold 

layers for fabrication of nanostructured gold film electrodes, GNFE is considered as 

pollution free (“green”) and very user friendly method. 

In this Ph.D. Thesis, 80 nm thin gold nanolayers sputtered on PTFE with 3 different 

degrees of treatment were used: i) pristine PTFE (GNFE-Pristine), ii) plasma treated 

(GNFE-Plasma), and iii) plasma treated and subsequently grafted (spontaneous 

grafting) with biphenyl-4,4´-dithiol (GNFE-BPD). These gold nanolayers were 

provided by Department of Solid State Engineering at the University of Chemistry and 

Technology in Prague and they were applied as disposable nanostructured gold film 

electrodes. All types of GNFEs were electrochemically and physically characterized and 

its applicability as a disposable electrochemical sensor was verified [3]. 

Electrochemical arrangement consists of GNFE, a gel leakless Ag/AgCl reference 

electrode, and platinum wire used as an auxiliary electrode and it is depicted in Fig 2-4. 

Complete fabrication procedure and conditions are described in paper [3] (Appendix 

III). The GNFEs were designed to be stable and mechanically resistant sensors for 

long-term use. On the other hand, if any changes in its electrochemical performance 

occur with prolonged time (e.g., increasing background current/noise or changing shape 

of voltammograms), a relatively low fabrication cost does not prevent the production of 

new sensors. This is another advantage of these nanostructured sensors made by 

sputtering method. The other main benefits of these sputtered electrodes are the easy 

portability, easy miniaturization, and the ability to measure in microliter volumes. 

Before electrochemical characterization itself, the surface analysis was performed in 

cooperation with co-author of the paper [3], Ing. Alena Řezníčková, Ph.D., from the 
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University of Chemistry and Technology in Prague, Department of Solid State 

Engineering. Chemical composition of the surface of GNFEs was examined by 

scanning electron microscopy (SEM) combined with energy dispersive spectroscopy 

(EDS). Roughness and morphology was examined by atomic force microscopy and 

wettability was examined by drop shape analyzer. All obtained results are discussed in 

detail in the paper [3] (Appendix III). From the surface analysis it can be concluded, 

that all types of GNFEs exhibited homogeneous gold layer with small differences in 

coverage of the PTFE. The weakest adhesion of gold layer was observed in the case of 

GNFE-Pristine. GNFE-Plasma exhibited the strongest adhesion of gold layer and the 

highest levels of surface concentration of Au from all GNFEs. GNFE-BPD exhibited a 

maximum surface roughness (26.5 nm) caused by the plasma treatment and by grafting 

of BPD on the surface of PTFE. Differences in values of water contact angles were not 

statistically significant (Appendix III).  

Electrochemical behaviour of potassium chloride, potassium nitrate, sulphuric acid 

and BR buffers pH 2, 7 and 12 was examined by DVP under following conditions: 0.1 s 

pulse width, 20 ms sampling time, 50 mV pulse height, 20 mV s
-1

 scan rate. Maximum 

accessible potentials for oxidation were reached in electrolytes of neutral pH. In the case 

of measurement in acidic pH, potential window was limited by peaks of alpha and beta 

gold oxides which appeared at potentials around 0.7 V. Acidic environment disrupted 

thin nanolayer of gold nanostructured electrode resulting early formation of the gold 

oxides [153, 154]. It was also observable that acidic medium coupled with high inserted 

oxidation potential results in the decrease of the adhesion of thin nanolayer and in 

fissures leading to the exposure of the surface of PTFE. In alkaline medium, 

conjunction of two peaks of alpha and beta gold oxides were observable with shift of 

the peak potential to 0.5 V. In the neutral media, peaks of gold oxides coincide with the 

end of potential window and potential windows were wider (0.9 V); thus they were 

selected as optimal media. In general, in comparison to gold bulk electrode, 

susceptibility to oxidation of the surface is generally higher in the case of GNFEs. 

After the measurement, only gold bulk electrode was mechanically renewed, which 

was easy. GNFEs were not renewed due to low mechanical robustness during polishing 

of the surface and the electrodes were used as disposable sensors. If it is necessary to 

renew GNFEs, it might be possible to use chemical cleaning with concentrated ethanol.  
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Next study of electrochemical behaviour of GNFEs was performed by CV at scan 

rates from 10 to 500 mV s
-1

 in 1 mmol L
-1

 potassium hexacyanoferrate in 0.1 mol L
-1

 

potassium nitrate. Potassium hexacyanoferrate was chosen; because it is the most 

commonly used probe for the characterization of electrochemical behaviour of 

electrodes in aqueous solutions and its electrochemical behaviour is well-known. 

Repeatability of measurements, reversibility of one electron reaction and the 

dependence of electrode response on scan rate was evaluated and complemented by 

calculations of real surface areas of electrodes from Randles-Sevcik equation [155].  

The linear relation between the anodic peak current values and the square root of 

scan rate was obtained (R
2
>0.993) for all used electrodes in measured range of scan 

rates. For all types of GNFEs, slopes of these dependences were 2 times higher than for 

gold bulk electrode which can be explained by higher active area of GNFEs. It was 

expected, that only amount of electroactive gold material on the electrode surface 

influenced the resulting values of the slopes. Then the trend of values should be: 

Plasma˃BFD˃Pristine. This assumption has not been fulfilled and order of values of 

slopes was: Plasma˃Pristine˃BFD. Difference in the slope values are probably also 

caused by the different kinetics of electrochemical reaction on the surface of different 

electrode. Full explanation is unclear yet and it would require further research.  

Obtained values for ΔEp were higher (70<ΔEp<100 mV) than predicted for typical 

Nernstian reversible one electron reaction (59 mV), but the values did not exceed 

commonly obtained values on gold electrodes (70 mV for gold bulk) [156]. Average 

repeatability of all types of GNFEs was from 1.1 % to 8.5 % for the height of forward 

anodic peak as well as backward cathodic peak of 1 mmol L
-1

 potassium 

hexacyanoferrate in 0.1 mol L
-1

 potassium nitrate. At GNFE-Plasma the obtained 

repeatability was better than for other two GNFE, which should correspond with the 

highest amount of electroactive material, and the most homogenous Au layer. 

Calculated average values for the ratio IA/IC for all measurements at 50 mV s
-1

 scan rate 

were nearly 1.0, which pointed to reversible kinetics of the electrode reaction. 

Active areas of all types of GNFE were calculated by the Randles–Sevcik equation 

from 10 CV measurements at scan rate 50 mV s
-1

. As mentioned above, the diameter of 

all used electrodes was 3 mm; therefore, their geometric area was 7.1 mm
2
. Active areas 

7.5 ± 0.5 mm
2
, 8.4 ± 0.2 mm

2
, and 7.3 ± 0.5 mm

2
 (active area ± confidence intervals) 
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were calculated for GNFE-Pristine, GNFE-Plasma, and GNFE-BPD, respectively. The 

increase of active area by plasma treatment was observed in the case of GNFE-Plasma. 

Calculated active areas of other two GNFEs were statistically comparable, but with 

higher values of confidence intervals caused by deviations from the ideal behaviour 

(mentioned in [156]). Nevertheless, all obtained results demonstrated higher active areas 

and acceptable usability of sputtered GNFEs in comparison with gold bulk electrode 

(Appendix III). 

Afterwards, the inorganic probe mentioned above was replaced by hydroquinone 

(HQ) as an organic probe to see a difference in the electrochemical behaviour. 

Hydroquinone was chosen as an organic compound representing well-known researched 

oxidisable environmental pollutant. As a supporting electrolyte buffer of pH 7 was 

selected. Experimental conditions became the same (chydroquinone = 1 mmol L
-1

, scan rates 

from 10 to 500 mV s
-1

, repeatability of 10 CV measurements at 50 mV s
-1 

scan rate). 

The linear relation between the anodic peak current values and the square root of scan 

rate was obtained (R
2
>0.995) for all used electrodes. The relationships of log Ip vs log ν 

were constructed; the slope values about 0.45 for all electrodes were close to the 

theoretical value of 0.5 and proved diffusion behaviour. The oxidation of hydroquinone 

is a quasireversible process at most solid electrodes [156], thus the achieved peak-to-

peak separation values with GNFEs (ΔEp) were higher than predicted for Nernstian 

reversible simultaneous two electron reaction (30 mV) and it was necessary to impose 

relatively large overpotential of the GNFE to provide sufficient energy for the redox 

reaction [157]. Bulk electrode exhibited smaller peak-to-peak separation, which can be 

attributed to the most compact gold material of bulk electrode without disruptions with 

lower values of electric resistance [156]. 

For all types of GNFEs, slopes of these dependences were again 2 times higher 

than for gold bulk electrode and higher active area of GNFEs (roughness caused by 

plasma treatment of PTFE) was confirmed. The order of values of slopes was: 

Pristine˃BFD˃Plasma, which differ from the trend obtained in the measurement of 

ferrocyanide/ferricyanide redox system (mentioned above) and it indicates diversity of 

behaviour of organic vs. inorganic probes and that molecular size of probes with chosen 

electrolyte can influence electrochemical behaviour of the system on the electrode 
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surface. Therefore, such an electrochemical calibration of “behaviour” for each probe is 

desirable.  

The involvement of electrochemical side reactions where different product is 

formed [157] was observed, because backward reduction peak was minimally 10 % 

lower than oxidation peak (IA/IC = 1.1 – 1.2), but the effect of passivation during 

repeated measurements was not observed. Repeatability of the height of forward anodic 

peak and backward cathodic peak of 1 mmol L
-1

 HQ in BR buffer pH 7 was from 3.8 % 

to 7.3 %; these results were comparable to the performance of gold bulk electrode.  

To explore the possible practical application of GNFEs, DPV concentration 

dependences of HQ were investigated in the concentration range from 10 to 100 µmol 

L
-1

 in BR buffer pH 7. The oxidation peak currents of HQ increased linearly with the 

concentration on all types of GNFEs (R
2
>0.990). RSD of the lowest evaluable 

concentration (10 µmol L
-1

, n = 10) was 9 % for GNFE-Pristine, 7 % for GNFE-Plasma 

and 11 % for GNFE-BPD. Achieved limits of quantification of hydroquinone were 

4.3 µmol L
-1

 for GNFE-Pristine, 4.2 µmol L
-1

 for GNFE-Plasma, and 9.0 µmol L
-1

 for 

GNFE-BPD, respectively. Low value of calibration straight-line slope and high value of 

repeatability explains higher LOQ in the case of GNFE-BPD. In comparison with other 

DPV determinations on various nanostructured gold electrodes and bulk electrodes 

[158, 159], developed GNFE offer higher LOQ and it is necessary to improve structure 

and fabrication process to obtain more compact gold layers on plasma treated PTFE 

surface resulting in improved S/N ratio.  

It can be concluded that all GNFEs showed acceptable electrochemical parameters, 

which are comparable to parameters of gold bulk electrode. The increase of current 

response due to the increase of surface area by plasma treatment of PTFE and by 

sputtering of Au atoms (resulting in nanolayer) was observed and confirmed the fact, 

that sputtering method can be useful for fabrication of disposable working electrodes for 

electroanalytical chemistry. On the other hand, not all acquired parameters and the 

results of measurements were fully satisfactory. For example high LOQ cannot yet 

compete with low LOQ of modern nanostructured gold electrodes or of factory-made 

gold electrodes. But, here is a possibility to improve GNFEs via improvement of their 

fabrication process to obtain better performance. For example, the improvement of 

fabrication process is possible by extension of the deposition time and changes in the 
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conditions of deposition of Au atoms, which can lead to more compact gold layers 

without disruptions and with a higher content of Au or change of the substrate 

(ex. glass) with better adhesion is also possible. Nevertheless, gold electrodes made by 

sputtering offer certain advantages like small volume of used sample, easy 

miniaturization, possibility of recycling of gold from used electrodes, and also “green” 

method of fabrication, which is promising for the future use of these electrodes for 

determination of oxidisable electroactive organic compounds. 

4.2.2. GNFE with pNIPAAM substrate 

As was mentioned in Section 2.3., gold nanostructured electrodes/layers can be 

modified by many possible ways, for example, on the surface of the electrode can be 

deposited “intelligent molecule”, commonly polymer. One of the most applicable 

intelligent polymer is poly(n-isopropylacrylamide) (pNIPAAM). This polymer with its 

temperature-dependent variation of thermodynamic state has been extensively used as a 

key component in smart materials field, especially in dynamic SERS substrates [160]. 

Phase transition influenced by temperature of pNIPAAM from swollen hydrated state 

(T<32°C) to collapsed dehydrated state (T>32°C) can be used for entrapping of analyte 

molecules and subsequent Raman scattering determination. Typical model probes for 

entrapping and subsequent spectrometric determination are dyes [161]; however, in this 

Ph.D. Thesis [4], ferrocyanide was used for its well-known electrochemical behaviour. 

The main tasks were to find out, whether GNFE with grafted pNIPAAM substrate on 

the surface would be electric conductor, if electrochemical reaction of 

ferrocyanide/ferricyanide redox system would be fast enough and if would be possible 

to entrap analyte/probe on the surface by the change of the temperature.  

Electrodes with grafted pNIPAAM substrate were provided by Department of Solid 

State Engineering at the University of Chemistry and Technology in Prague. This type 

of electrode was recently developed and material analysis was performed by Mgr. 

Oleksiy Lyutakov, Ph.D. and his research team. From theirs obtained results was 

obvious, that the main attractiveness of these sputtered gold layers/electrodes with 

pNIPAAM substrate lies again in their easy portability, the ability to measure in 

microliter volumes, and possibility of determination of submicromolar concentrations of 

active organic compounds [4]. 
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Gold nanostructured film electrode with deposited pNIPAAM substrate on the 

surface was applied as disposable electrochemical sensor. Electrochemical arrangement 

consists of GNFE with pNIPAAM substrate, a gel leakless Ag/AgCl reference electrode 

and platinum wire auxiliary electrode and it is depicted in Fig 2-5. Entire fabrication 

procedure and conditions are described in the paper [4] (Appendix IV) and simplified 

scheme of deposition of pNIPAAM follows in Fig. 4-1.  

Fig. 4-1 Scheme of deposition of pNIPAAM substrate of the surface of gold 

nanostructured electrode [4]. 

 

The electrochemical characterization was performed by CV measurement (scan rate 

0.05 V s
-1

) of 1 mmol L
-1

 ferrocyanide diluted in 0.1 mol L
-1

 potassium nitrate in the 

potential range from -0.1 V to 0.6 V, where the measurement is not affected by 

formation of gold oxides on gold surfaces. For each measurement the new electrode was 

used and volume of the solution used for the measurement was 10 µL. All 

measurements were carried out at two temperatures (25°C and 45°C), which represent 

two physical states of pNIPAAM. All results were compared to measurement with 

pristine gold nanostructured electrode without grafted pNIPAAM substrate on the 

surface. It was revealed, that surface of the electrode is not blocked by pNIPAAM 

substrate. Electrochemical reaction demonstrates sufficient repeatability of the height of 

forward anodic and backward cathodic peak of 1 mmol L
-1

 ferrocyanide (under 5 %) 

and reversibility (ΔEp = 95 mV, Ianod/Icathod = 1.1) of one electron reaction. These results 

were comparable to measurement with pristine electrode. Moreover, the electrochemical 

behaviour did not change even after the increase of the temperature from 25°C to 45°C.  

On the other hand, a significant change of the electrochemical behaviour was 

observed during the measurement of repeated scans at 45°C on one single electrode. 

Each subsequent scan resulted in increase of the height of the anodic oxidation peak as 
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well as cathodic reduction peak (limiting scan was not found). The slight shift (10 mV) 

of the Ep was observed in each subsequent scan. These phenomena can be explained by 

pNIPAAM collapsing at the electrode surface, resulted in the deviation of the classic 

process from a diffusion-controlled mechanism; thus, molecules of ferrocyanide were 

entrapped and accumulated in the pNIPAAM layer on the electrode surface and increase 

of the signal was observed. 

In general, observed CV results demonstrate that the grafting of pNIPAAM substrate 

does not lead to blocking of gold layer surface, which remains electrochemically 

available. Positive entrapping and accumulation of the molecules of inorganic probe 

was observed and laid the groundwork for further research. In this Ph.D. Thesis, the 

possibility of applicability of GNFE-pNIPAAM in electroanalytical chemistry was 

proved (Appendix IV). 

4.2.3. GNFEs with alkyl and other various organic functional groups  

This chapter of Ph.D. Thesis builds on testing of GNFEs made by sputtering method 

with a substrate grafted on the gold surfaces. In this case, pNIPAAM was replaced by 

various more common substrates/functional groups. Again was necessary to verify 

electric conductivity of substrates and electrochemical behaviour during measurement 

with inorganic probe.  

Electrodes with grafted substrates were provided by Department of Solid State 

Engineering at the University of Chemistry and Technology in Prague. Gold 

nanostructured film electrodes with deposited various substrates/functional groups on 

the surface were applied as disposable electrochemical sensors. Proposed functional 

groups were: -NO2, -C8F17 (spontaneously grafted and electrografted) [5], -C1H3, -C4H9, 

-C10H21, and -C16H33 (electrografted) [6]. Entire fabrication procedure, fabrication 

conditions and described arrangements are mentioned in the papers [5, 6], Appendixes 

V and VI and are similar for all GNFEs. All obtained results dealing with -NO2, -C8F17 

functional groups are discussed in detail in the paper [5] and experimental results 

dealing with -CH3, -C4H9, -C10H21, -C16H33 groups are discussed in detail in the 

Appendix VI [6].  

The electrochemical characterization was performed by CV investigation (scan rate 

0.05 V s
-1

) of 1 mmol L
-1

 ferrocyanide in the potential range from -0.1 V to 0.6 V, 
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where the measurement is not affected by the formation of gold oxides on gold surfaces. 

For each measurement the new electrode was used and volume of the solution used for 

the measurement was 10 µL. All results were compared to measurement with pristine 

gold nanostructured electrode without grafted substrate on the surface. 

In the case of GNFEs with grafted alkyl groups (-C1H3, -C4H9, -C10H21, and -

C16H33), the cyclic voltammetry was performed in two solutions of ferrocyanide 

(1 mmol L
-1

) either dissolved in 0.1 mol L
-1

 potassium nitrate as an aqueous medium or 

dissolved in 0.1 mol L
-1

 potassium nitrate with 50 % content of methanol (v/v) as a 

mixed water-methanol medium. The mixed water-methanol medium was chosen for the 

purpose of evaluation of hydrophobicity of the surface, which should be dependent on 

the length of the alkyl chain of the substrate. On the electrode without surface 

modification, typical reduction and oxidation behaviour of a diffusion controlled redox 

couple changing one electron was observed (ΔEp = 100 mV, Ianod/Icathod  =  1.1, Ianod  =  

9.5 µA, repeatability heights of peaks = 5 %). Behaviour changed when -CxHn groups 

were grafted onto the surface of the electrode. The peaks become less pronounced and 

the electron transfer kinetics significantly slowed down due to partial surface blocking. 

When –C1H3 substrate was grafted, negligible blocking of ferrocyanide molecules with 

lower rate of reversibility of the electrochemical reaction was observed (ΔEp = 200 mV, 

Ianod/Icathod = 1.4, Ianod = 8.9 µA). In the case of -C4H9 and -C10H21 trend continued; 

evaluable height of the peaks decreased down to Ianod < 2.0 µA. After -C16H33 functional 

group grafting, forward as well as backward peak fully disappeared, it is indicating the 

full blocking of surface so that the probe molecules cannot reach the metal surface. 

Slight differences in electrochemical behaviour were observed during the measurements 

in the mixed aqueous-methanol medium (50 % v/v). Pristine electrode and electrodes 

with grafted -C1H3 and -C4H9 groups exhibited oxidation peak at the same potential with 

the shift of the potential of reduction peak, but grafting of functional group (-C10H21) 

with increasing carbon chain length did not lead to full peak suppression. Despite the 

fact that grafted -C16H33 group should fully blocked the electrode surface, small 

oxidation peak around the potential of 350 mV was observed, which indicated the 

influence of the used mixed solvent. Methanol pushed inorganic probe through the 

substrate to the surface of gold electrode and the electron transfer controlled by 
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diffusion could be completed; however, the electrochemical reaction is not reversible at 

all. 

It was confirmed, that used alkyl substrates can block the entire surface of the gold 

layer. Nevertheless, electron reaction can be promoted by the change of the solvent or 

co-solvent (to mixed aqueous-methanolic medium) which leads to revelation of defects 

where molecular layer of organic groups is not sufficiently bent and unevenly arranged 

to block electron transfer and the gold surface is electrochemically available. So that 

these electrodes can be used in analytical chemistry for the determination oxidisable 

compounds in mixed aqueous-methanolic medium without problems with disrupting of 

gold layer by organic solvent like in the case of some carbon electrodes. 

In the case of GNFEs with -NO2, -C8F17 functional groups, the process of grafting 

was carried out in two mechanisms (spontaneous grafting and electrografting under 

certain potential, Fig 4-2), and compared to each other to observe changes in 

electrochemical behaviour.  

Fig 4-2 Universal scheme of deposition of various substrates of the surface of gold 

nanostructured electrode/layer [5]. 

 

The cyclic voltammetry was performed in 1 mmol L
-1

 solution of potassium 

ferrocyanide dissolved in 0.1 mol L
-1

 potassium nitrate. Cyclic voltammograms 

recorded on pristine GNFE showed typical reduction and oxidation behaviour with the 

apparent positive and negative peaks located around 0.33 V. After the spontaneous 

mechanism of grafting, the peaks become less pronounced, due to partial surface 

blocking by substrates. When the electrochemically induced modification was applied, 
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the ferrocyanide/ferricyanide probe-related peaks fully disappeared, indicating the full 

blocking of the gold surface, thus the probe cannot reach the metal surface. 

It can be concluded, the modification of sputtered gold nanostructured film 

electrodes by grafting of various active substrates is a new interesting field of 

application of new electrode materials in electroanalytical chemistry. Obtained results 

pointed to the fact, that not all used functional groups are useful for electroanalytical 

purposes and more testing and research in this field. 
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5. Conclusion 

The submitted Ph.D. Thesis represents a contribution to the effort to find and test 

new interesting electrode materials and arrangements as electroanalytical sensors 

indented for large scale monitoring of electrochemically oxidisable organic compounds.  

Every new arrangement has to be tested from the point of view of user friendliness; easy 

way of fabrication of the working electrode, good compatibility with biological 

samples, and environmental friendliness is insurmountable advantage. Furthermore, it is 

essential whether the voltammetric measurement with the working electrode provides a 

high level of precision and selectivity of the measurement for given purposes [7]. 

In this Ph.D. Thesis, a several types of miniaturized film arrangements based on 

working electrodes made from graphitic carbon or pure gold were tested, characterized 

in many possible ways and compared with commonly used carbon and gold electrodes. 

Namely, an array of carbon composite film electrodes integrated in microtitration plate 

as a disposable measuring cell system, gold nanostructured film electrodes/layers 

sputtered on treated PTFE substrates and gold nanostructured film electrodes modified 

by grafted functional group/substrate onto electrode surface were proposed and tested 

and their applicability for electroanalytical purposes was evaluated. 

Moreover, their practical applicability was verified by the development of 

voltammetric methods for the determination of metabolites of catecholamines: 

homovanillic acid, vanillylmandelic acid  [11]; and indole metabolite, indoxyl sulphate  

[12]. The determination of these biomarkers is fundamental for determining the stage of 

disease, monitoring of response of human organism to treatment and for an early 

diagnosis of tumours and other diseases [9].  

 

The obtained results can be summarized as follows: 

 An array of carbon composite film electrodes (CFE) integrated in 

microtitration plate (measuring cell system) proved sufficient applicability for 

determination of mixture of homovanillic acid and vanillylmandelic acid in 

concentration range from 100 to 0.8 µmol L
-1

. The lowest limit of 

quantification (LOQ) was 0.3 μmol L
–1

, which was reached using differential 
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pulse voltammetry. Method for the determination of homovanillic acid and 

vanillylmandelic acid in their mixture was evaluated as well. 

 Array of integrated CFEs was used for the study of electrochemical behavior 

and for sensitive determination of indoxylsulphateprobe in the concentration 

range from 50 to 1 µmol L
-1

. Achieved LOQ was 0.7 µmol L
-1

. For 

comparison, LOQ achieved with CPE was 1.7 µmol L
-1

. 

 For the verification of practical applicability of the array of integrated CFEs 

with newly developed voltammetric method, solid phase extraction was 

employed for extraction of indoxyl sulphate from human urine. However, 

SPE was not fully successful. A few urine interferents remained in solution 

with the analyte. 

 This disposable array of integrated CFEs intended for screening 

measurements offers an inexpensive, independent, and reliable alternative to 

more frequently used spectrometric methods. This array offers easy 

portability and possibility of simple in-situ measurements in small sample 

volumes. 

 Gold nanostructured film electrodes (GNFEs, 80 nm thin) sputtered on three 

types of treated PTFE were electrochemically characterized and its 

applicability as disposable electrochemical sensors was verified.  

 All GNFEs showed acceptable electrochemical parameters, which are 

comparable to parameters of gold bulk electrode. The increase of current 

response due to the increase of active surface area by sputtering of Au atoms 

(resulting in roughened nanolayer) was observed. 

 GNFEs on PTFE substrate were used for the study of electrochemical 

behavior and for determination of hydroquinone in concentration range from 

100 to 10 µmol L
-1

. Achieved LOQ were 4.3 µmol L
-1

 for GNFE-Pristine, 

4.2 µmol L
-1

 for GNFE-Plasma, and 9.0 µmol L
-1

 for GNFE-BPD, 

respectively. 

 GNFEs on PTFE substrate made by sputtering offer certain advantages e.g. 

small volume of used sample, easy miniaturization, possibility of recycling of 

gold from used electrodes, and also “green” method of fabrication. 
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 Basic electrochemical parameters of gold nanostructured film electrode (10 

nm thin) modified by grafting of thermosensitive polymer pNIPAAM on the 

surface (GNFE-pNIPAAM) were evaluated.   

 Positive entrapping and accumulation of the molecules of ferrocyanide on the 

surface of GNFE-pNIPAAM was observed. It resulted in the increase of the 

sensitivity of the measurement. 

 Basic electrochemical parameters of gold nanostructured film electrode (10 

nm thin) modified by grafting of -NO2, -C8F17 substrates on the surface were 

evaluated.  It was found out that forced electrografting under certain potential 

caused a complete blockage of the electrode surface; afterwards it is not 

possible to measure with the electrode. 

 In the case of GNFEs-CxHn, it was confirmed, that long alkyl substrates can 

block the entire surface of the gold layer, depends on the length of carbon 

chain. 
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Experimental 

Potassium ferrocyanide (p.a., Lachema, Czech Republic) was used as an inorganic 

probe for investigation of the electrochemical behaviour of gold layers. Electrochemical 

characterization of gold surfaces was performed by cyclic voltammetry (CV) at the 

potential range from -100 mV to 700 mV with scan rate 50 mV s
-1

. Cyclic 

voltammograms of pristine and modified layers (film electrodes) were obtained using 

1 mM potassium ferrocyanide (II) in 0.1 M potassium nitrate (p.a., Lachema, 

Czech Republic) as an aqueous medium and 1 mM potassium ferrocyanide in 0.1 M 

potassium nitrate with 50 % of methanol (v/v) as a mixed water-methanol medium. 

Volume of the solution used for the measurement was 10 µL. Cyclic voltammetry was 

carried out with working film electrodes with an exposed area of 3 mm
2 

(vicinity of the 

area was isolated), platinum wire auxiliary electrode and miniaturized gel Ag/AgCl 

reference electrode (3M KCl, Cypress Systems, Chelmsword, MA, USA), to which all 

potentials values are referred. 

Voltammetric measurements were performed with portable potentiostat PalmSens 

(Palm Instruments, Netherlands), controlled by PSTrace 4.8 software.  

All measurements were repeated three times with five scans for each measurement.  

 

Results and Discussion 

The electrochemical response of inorganic probes is often used to evaluate the 

density of grafted substrates onto the surface of metal films. The surface blocking due to 

grafting of substrates and hydrophobicity of the surface was examined by cyclic 

voltammetry performed in the solution of potassium ferrocyanide in two commonly 

used electrolytes.  

Figure 5A shows the response of ferrocyanide/ferricyanide system on the gold 

electrodes in the aqueous medium. The voltammogram measured on the pristine 

electrode without surface modification showed typical reduction and oxidation 

behaviour of a diffusion controlled redox couple. During the CV measurements on the 

plain electrode; sufficient repeatability (5 %) and reversibility (ΔEp = 100 mV, 

Ianod/Icathod = 1.1, Ianod = 9.5 µA) of the one electron reaction was achieved in comparison 

to common used gold bulk electrodes. However, the peaks become less pronounced and 

the electron transfer kinetics significantly slowed down when ADT-CxHn were grafted 
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onto the surface of the electrode, due to partial surface blocking. In the case of grafted –

C1H3, only negligible blocking of ferrocyanide molecules with lower rate of reversibility 

of the electrochemical reaction was showed (ΔEp = 200 mV, Ianod/Icathod = 1.4, Ianod = 8.9 

µA). 

In the case of -C4H9 and -C10H21, partial blocking of ferrocyanide/ferricyanide 

electron transfer was observed and small redox peaks were observable (Ianod < 2.0 µA).  

On the other hand, when -C16H33 substrate was grafted, oxidation and reduction peak 

fully disappeared, indicating full blocking of surface so that the probe molecules cannot 

reach the metal surface. The organic substrate apparently exhibits different behaviour 

due to hydrofobicity so that in aqueous medium aliphatic organic chains can be bent and 

unevenly arranged. 

Similar electrochemical behaviour with slight differences was observed during 

the measurements in the mixed aqueous-methanol medium (50 % v/v, Figure 5B). 

Pristine electrode and electrodes with -C1H3 and -C4H9 substrates exhibited oxidation 

peak at the same potential (the oxidation reaction is not distorted), but on the reduction 

peak of the analyte at the electrode with -C1H3 and -C4H9 substrates it was possible to 

observe a lower rate of reversibility of the electrochemical reaction with the shift of the 

potential of reduction peak. Otherwise, grafting of substrates with increasing carbon 

chain length did not lead to full peak suppression, indicating the influence of the used 

solvent. Despite the fact that the surface of the electrode with ADT-C16H33 substrate 

should be fully covered, small oxidation peak around the potential of 350 mV was 

observed. This is probably due to the organic solvent (methanol) which pushes 

inorganic probe through the inorganic substrate to the surface of gold electrode and the 

electron transfer controlled by diffusion could be completed; however, the 

electrochemical reaction is not reversible at all.  

The attenuation of cyclic voltammograms and slower electron transfer kinetics 

confirmed that used substrates for grafting can block almost the entire surface of the 

gold film. Nevertheless, electron reaction can be promoted by the change of the solvent 

or co-solvent (to mixed aqueous-methanolic medium) which leads to revelation of 

defects where molecular layer of organic substrate is not sufficiently thick to block 

electron transfer and the gold surface is electrochemically available. 
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Fig. 5. Cyclic voltammograms of potassium ferrocyanide (c =1 mM) in (A) 

potassium nitrate (c = 0.1 M) and in (B) potassium nitrate with 50 % methanol (v/v) at a 

pristine gold film electrode and at gold film electrodes with grafted ADT-CxHn 

substrates. 
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