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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 vapor deposition method) gold nanostructured film electrodes on
treated polytetrafluoroethylen 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 parameter 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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1. Introduction

Every developed working electrode for electroanalytical purposes has to be tested in
various possible ways. It is important to explore electrochemical behaviour during
measurement with different supporting electrolytes and analytes to assess whether the
electrode is suitable for given purpose. Ideal working electrode should be easily
producible from the environmental and biological friendly materials; the use should be
user-friendly; electrode should be possible to electrochemically and/or chemically
modified to increase the selectivity or the sensitivity of the determination and finally,
developed voltammetric methods for the electrode should be sensitive and selective [1].

Carbon composite working electrodes [2] and working gold film electrodes [3],
frequently satisfy these requirements. In addition, these types of electrodes 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 spectrometric instruments [1], therefore they are suitable as an
instrument for large scale monitoring of electrochemically active organic compounds,
especially beneficial in the case of determination of markers of various diseases, where
large numbers of samples are assumed. These electrodes can serve as an instrument for
fast and independent preliminary and screening determination of analytes [4] prior to
determination by more powerful, but more expensive techniques.

However, it is necessary to mention that determination of biomarkers of various
diseases require possibility of the measurement in human urine, which is most frequently
used body fluid for voltammetric measurements. Obviously, the most of biomarkers of
exposure, illness, or treatment are excreted via urine [5]. 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; thus it is necessary to develop fast and sensitive
voltammetric methods linked with solid phase extraction for determination of biomarkers
[6, 7].



In this Ph.D. Thesis, several frequently monitored biomarkers were selected as model
biologically active organic compounds for testing of applicability of selected recently
developed electrochemical arrangements based on carbon composite film electrodes
(CFE). Selected biomarkers were homovanillic acid (HVA), vanillylmandelic acid
(VMA) [8] (metabolites of catecholamines) and indoxyl sulphate (ISu) (urinary indican,
specific indole metabolite) [9] (Fig. 1). They are important indicators of neurological
(Parkinson’s disease [9, 10], chronical schizophrenia [11], bulimia [10]) and metabolic
disorders (tumours [12], kidney and heart failure [13, 14]).
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Fig. 1 Structural formulae of HVA, VMA and ISu (from left to the right).



2. Aims of the study

Submitted Ph.D. Thesis is focused testing and characterizationg of new electrode
material and arrangements made from gold or graphitic carbon intended for
electroanalytical applications. Concretely, the system of carbon composite film
electrodes integrated in plastic measuring cells [15] and pristine or modified sputtered
gold nanostructured film electrodes [16] were tested and characterized in many possible
ways.

The Ph.D. Thesis presents results based on this six scientific publications
mentioned in references [17-22]. In the papers [20-22], Milan Libansky has co-author
participation focused on electrochemical testing.

The aims of this Ph.D. Thesis can be summarized as follows:

s To verify the practical applicability of disposable measuring cell system with
integrated carbon composite film electrodes (CFE) by the development of
sensitive electrochemical method for the determination of important disease
biomarkers, namely HVA, VMA and indoxyl sulphate.

%+ To combine the solid phase extraction of ISu from human urine with the newly
developed voltammetric method.

% To characterize gold nanostructured film electrodes (GNFE) sputtered on three
types of differently treated polytetrafluorethylen (PTFE) substrate from the
electrochemical point of view.

%+ To characterize sputtered gold nanostructured film electrodes modified by grafted
intelligent polymer pNIPAAM or -C,H; -C4Hg, -Cy1oH,1, and -CysH33 substrates or

-NO,, -CgF7 functional groups on the surface.



3. Materials and methods

3.1. Chemicals and reagents

The stock solutions (1 mmol L™) of standards of three biomarkers and hydrochinon
serving as organic probes/analytes were prepared by dissolving of exact amount of the
substances in deionised water. For the electrochemical characterization of gold
nanostructured film electrodes, the stock solution of 1 mmol L™ ferrocyanide dissolved in
0.1 mol L™ potassium nitrate or potassium chloride was used as well as these standalone
electrolytes: sulfuric acid, potassium nitrate and potassium chloride (all 0.1 mmol L™) and
Britton-Robinson (BR) buffers of various pH. Methanol was used as an elution reagent for

solid phase extraction of 1Su from urine. All chemicals were analytical grade.
3.2. Fabrication of working electrodes

3.2.1. Carbon composite film electrode

Carbon composite film electrodes were prepared by thorough mixing of graphite
microparticles and EPS polystyrene in 9:1 ratio; subsequently 0.5 mL of toluene for each
0.1 g of total weight of solid particles was added; afterwards, 80 pL of the resulting carbon
ink was applied into each plastic cell of the 96-wells microtitration plate with implemented
metal contact at the round bottom. Parameters of the resulted electrodes were: diameter

8.05 mm, and geometric area 100 mm®. Entire detailed fabrication process is described in

[17,18].

3.2.2. Carbon paste electrode

Carbon paste was prepared by thorough mixing of 0.25 g graphite particles with 100 pL
of mineral oil Nujol. Prepared carbon paste was packed in the Teflon piston-driven holder

with 2 mm inner diameter (geometric area 3.1 mm?).
3.2.3. Gold nanostructured electrodes

Gold nanolayers (80 nm thin, diameter 3 mm) without surface modification were
deposited through contact mask by vacuum sputtering onto surface of patterned
polytetrafluorethylen (50 um foil) with 3 different degrees of treatment: pristine PTFE
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(GNFE-Pristine), plasma treated (GNFE-Plasma) and plasma treated and subsequently
grafted (spontaneous grafting) with biphenyl-4,4’-dithiol (GNFE-BPD). Deposition
contact mask parameters were: 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.

Gold nanolayers (10 nm thin) with surface modification were deposited by vacuum
sputtering onto surface of photo-resistive epoxy resin (Su-8) patterned by laser.
Subsequently, gold surfaces were functionalized by spontaneous grafting or electrografting
from the solutions of compounds with various functional groups/substrates (PNIPAAM,
-NO;, -CgF17, -C1H3 -C4Hg, -Cy1oH,1, and -CygH33). The uniform electrode area with 3 mm

diameter was isolated by non-conductive lacquer. Complete procedures are described in
[19-22].

3.3. General procedures and apparatus

In this Ph.D. Thesis, DPV (0.1 s pulse width, 50 mV pulse height, 20 mV s™ scan rate,
sampling time 20 ms) and CV techniques (50 mV s scan rate) were used. Voltammetric
measurements were performed with portable potentiostat PalmSens, controlled by PSTrace
v. 4.8 software. Voltammetric measurements were carried out with an array of carbon
composite electrodes integrated in microtitration plate, gold nanostructured film electrodes
sputtered on treated PTFE substrates, and gold nanostructured film electrodes with
modified surface by various substrates/functional groups. A gel leakless Ag/AgCl
reference electrode, to which all potentials values are referred, was used. Platinum wire
was used as an auxiliary electrode. For comparison of the results, some measurements
were carried out with graphitic carbon paste electrode and commercial gold bulk electrode.
Volumes of used sample for the voltammetric measurements were 10 puL for gold
nanostructured film electrodes, 370 uL for an array of carbon composite film electrodes

and 5 mL for carbon paste and gold bulk electrode.



Urine samples spiked with standard of ISu were prepared from human urine of the
healthy person. SPE was performed using poly(styren-divinylbenzene) based solid-phase
extraction columns LiChrolut EN 200 mg/3 mL.

The compactness, thickness, elemental composition, and roughness of gold
nanostructured electrodes was investigated using scanning electron microscopy (SEM),
atomic force microscopy (AFM) and X-Ray spectroscopy.

All voltammetric measurements were performed five times and each measurement was
performed with a new disposable electrode or in a new measuring cell, unless stated
otherwise. All values for the construction of functional dependences were calculated as
arithmetic averages. The limits of quantification (LOQ) were calculated as the
concentration of the analyte which gave a signal ten times higher than the standard
deviation of the lowest evaluable concentration [23]. All statistical quantities were

calculated with significance level a = 0.05. Details can be found in papers [17-22].
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 the wells of 96-well microtitration plastic plates was
developed and patented. In the continuation of this research, in this Ph.D. Thesis, this
array was tested for its practical applicability as a disposable sensor for large scale
monitoring of various tumour biomarkers.

The array of integrated CFEs was applied to DPV determination of standards of HVA
and VMA [17], oxidisable tumour biomarkers. Phenolic structure of these acids (Fig. 1)
and their different oxidation mechanisms (described by Blanco-Lopez [24]) were
promising for easy simultaneous electrochemical determination of both analytes in one
sample.

DP voltammetric behaviour of both biomarkers (100 umol L) was investigated in
separate solutions in BR buffer of pH range from 2 to 12. In the case of HVA, one well-

shaped anodic voltammetric peak was observed. In the case of HVA, one well-shaped
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anodic voltammetric peak was observed. VMA provided two independently evaluable
anodic voltammetric peaks with E, of the first peak similar to the the E, of HVA. For HVA
and VMA the potential difference between the peaks decreased with increasing pH, thus
the BR buffer pH 2 was chosen as optimum.

Afterwards, adsorptive accumulation [4] of both analytes on the electrode surface was
tested in non-stirred separate solutions of HVA and VMA at two concentration levels:
100 umol L™ and 10 pmol L. Unfortunately, the attempt to increase the sensitivity of the
voltammetric determination of VMA and HVA via their adsorptive accumulation was not
successful, probably because of high polarity of these analytes.

Under the optimum conditions for the particular compound and electrode, concentration
dependences were measured in the concentration range from 100 to 0.8 pmol L™ for HVA
and from 100 to 1 pmol L™ for VMA. Achieved limits of quantification were 0.3 pmol L™
for HVA and 1.0pumolL™ for VMA, respectively. In comparison with DPV
determinations of HVA and VMA on boron doped diamond electrode and carbon paste
electrode [25, 26], developed method on CFE offers slightly lower LOQ, which is
sufficient for the determination in human urine (width excepted concentrations in interval
from 7 to 40 umol L™) [27, 28].

Both analytes are usually determined side by side in one solution, because of their
presence in human urine. As mentioned above, E, of HVA was similar with E;, 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
current corresponding to the sum of both compounds.

This theory was confirmed by measuring four calibration sets of mixed solutions of
HVA and VMA and by subsequent evaluation of average recoveries of the spiked
concentrations of both analytes. Obtained average recovery of both analytes was almost
90 %. The entire process of calculation is given in [17].

These results had proven that used electrode arrangement with integrated CFEs can be
successfully used for determination of HVA and VMA and their individual determination

in the mixture is possible.
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4.1.2. Indoxyl sulphate

The practical applicability of a previously mentioned array of integrated CFEs was
further verified by determination of indoxyl sulphate (urinary indican), oxidisable
biomarker of kidney diseases; combined with a preliminary SPE from human urine.
Moreover, all obtained results from measurement with CFE were compared to results
obtained with well-established carbon paste electrode (CPE) made from the same type of
carbon material as CFE [18].

Firstly, the pH dependences were measured. Electrochemical oxidation of ISu provided
two well-shaped and well-separated DP voltammetric peaks corresponding to two step
electron exchange mechanism, described by Enache et al. in [29]. Optimal pH was
selected according to the maximum overall peak height and the separation of the peaks.
Therefore pH 2 and pH 3 were selected as optimum media for CFE and for CPE,
respectively.

Subsequently, adsorptive accumulation of 1Su was tested in the solution of 5 umol L™
standard in BR buffer of optimal pH. Resulting increase of the current response was
negligible after 5 minutes of prolonged time. Therefore, the adsorptive step was not further
utilized.

Under optimum conditions, the calibration curves were measured in the concentration
range from 50 to 1 umol L™ for both electrodes. Achieved limits of quantification were
0.7 pmol L™ for CFE and 1.7 umol L™ for CPE, respectively. 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 [18]. Achieved LOQ are sufficient for
the determination of ISu in human urine [5]. Nevertheless, the determination of ISu in the
spiked human urine sample was not successful due to the interference of matrix
components in spite of the preliminary separation by solid phase extraction.

It can be concluded, that used array of carbon composite electrodes can be successfully
used for determination of 1Su; however, it is priority to develop a suitable technique for its
preliminary separation and preconcentration from urine samples. Otherwise, an array of
integrated CFEs achieved slightly better results during determination of the ISu with
developed voltammetric method in comparison to well-known CPE [18].

12



4.2. Gold nanostructured film electrodes

4.2.1. Gold nanostructured film electrodes on polytetrafluorethylen

substrate

In this Ph.D. Thesis, 80 nm thin gold nanolayers/electrodes sputtered on PTFE with 3
different degrees of treatment (see 3.2.3.) were electrochemically and physically
characterized and their applicability as a disposable electrochemical sensor was verified.

These gold nanolayers were provided by Department of Solid State Engineering at the
University of Chemistry and Technology in Prague, where sputtering of gold atoms (group
of physical vapour deposition methods) is predominantly used for many biophysical and
material applications, but its use for fabrication of working electrodes intended for
electroanalytical applications was first tested in this Ph.D. Thesis in spite of the fact that
sputtering is considered as pollution free (“green’”) method [30].

Chemical composition and morphology of the surface of GNFEs was examined prior to
electrochemical characterization. All types of GNFEs exhibited homogeneous gold layer
with small differences in coverage of the PTFE. 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. Surprisingly, GNFE-Plasma exhibited the strongest adhesion of gold
layer on the surface of PTFE and the highest levels of surface concentration of Au from all
GNFEs. This effect is associated with stronger bonding of gold with roughened PTFE
rather than with spontaneously grafted biphenyl-4,4"-dithiol molecules [19].

Electrochemical characterization included examination of the electrode reaction of
standard redox probes: ferrocyanide/ferricyanide and hydroquinone/benzoquinone),
examination of electrochemical behaviour in BR buffer, KCI, KNO3, H,SO, and attempt to
calculate active surface areas of tested electrodes from Randles-Sevcik equation.

During DPV measurements in different types of supporting electrolytes, maximum
accessible potentials for oxidation (0.9 V) were reached in supporting electrolytes of
neutral pH. Limiting factor of the anodic width of potential windows was the formation of
the gold oxides on the gold surfaces [31, 32]. It was also observable that strong acidic

medium coupled with high inserted oxidation potential results in the decrease of the
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adhesion of thin nanolayer and in fissures leading to the exposure of the surface of PTFE
and distortion of the electrode.

Next study of electrochemical behaviour of GNFEs was performed by CV at scan rates
from 10 to 500 mV s™ in solutions of ferrocyanide in potassium nitrate and hydroquinone
in BR buffer pH 7. It was necessary to evaluate repeatability of voltammetric peaks,
reversibility of the electrode reaction, and the linearity of the relation between the anodic
peak current and the square root of scan rate during measurement with inorganic and
organic probe. The linear relation between the anodic peak current values and the square
root of scan rate was obtained (R*>0.99) (Fig. 2) for all used electrodes and probes. For all
types of GNFEs, slopes of these dependences were higher than for gold bulk electrode
which can be explained by higher active roughened areas of GNFEs. This statement was

confirmed by calculation of active areas of electrodes by the Randles—Sevcik equation.
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Fig. 2 Cyclic voltammograms of 1 mmol L™ potassium hexacyanoferrate in potassium
nitrate measured on (A) GNFE-Pristine, (B) GNFE-Plasma, (C) GNFE-BPD, and (D) gold
bulk electrode at different scan rates (from 10 to 500 mV/ s™).
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The diameter of all used electrodes was 3 mm,; therefore, their geometric area was
7.1mm? Active areas 7.5+05mm? 84 + 02 mm? and 7.3+0.5 mm’
(active area + confidence intervals) were calculated for GNFE-Pristine, GNFE-Plasma,
and GNFE-BPD, respectively. Statistically, 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 on the analyte/electrode interface (mentioned in [33]).

The repeatability of the heights of anodic and cathodic peaks was from 1 % to 8 % for
all used electrodes and probes. For the measurement with ferrocyanide, calculated average
values of 14/l¢ ratio were nearly 1.0 with AE, = 70 - 100 mV, which pointed to reversible
Kinetics of the electrode reaction. In the case of hydroquinone, backward reduction peak
was minimally 10 % lower than oxidation peak (lIa/lc = 1.1 — 1.2), but the effect of
passivation by reaction products during repeated measurements was not observed. The
achieved peak-to-peak separation values for hydroguinone with GNFEs (AE,) were higher
than predicted for Nernstian reversible simultaneous two electron reaction (30 mV);
moreover, it was necessary to impose relatively large overpotential of the GNFE to
provide sufficient energy for the redox reaction. However, this interesting electrochemical
behaviour of hydroquinone is relatively standard and well-known [34].

The applicability of the electrodes was verified by DPV determination of hydroquinone
(HQ) as a common organic environmental pollutant. Achieved limits of quantification of
hydroquinone in BR buffer were 4.3 umol L™ for GNFE-Pristine, 4.2 pmol L™ for GNFE-
Plasma, and 9.0 pmol L™ for GNFE-BPD, respectively. Obtained LOQ cannot yet compete
with low LOQ of other nanostructured gold electrodes [35, 36]; on the other hand, all
GNFEs showed acceptable electrochemical parameters, which are comparable to
parameters of gold bulk electrode. Moreover, gold film electrodes made by sputtering
offer certain advantages such as small volume of used sample and easy miniaturization,
which is promising for the future use of these electrodes for determination of oxidisable

electroactive organic compounds.
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4.2.2. Gold nanostructured film electrodes with surface modified with
PNIPAAM

Gold nanostructured film electrode (GNFE) with deposited pNIPAAM substrate on the
surface was applied as disposable electrochemical sensor. 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
spectrometric determination [37], thus the main task was to find out, whether would be
possible to entrap ferrocyanide molecules (dissolved in potassium nitrate) on the surface of
the electrode by the change of the temperature [20]. It would be attractive from the point
of view of the ability to measure in microliter volumes of the sammple, and possibility of
determination of submicromolar concentrations of electrochemically active compounds.

All measurements were carried out at two temperatures (25°C and 45°C), which
represent two physical states of pNIPAAM. Electrochemical reaction at 25°C
demonstrates sufficient repeatability of the height of forward anodic and backward
cathodic peak (under 5 %) and reversibility (4E, = 95 mV, lanod/lcatos = 1.1) Of one
electron reaction comparable to measurement with pristine electrode. 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
significant increase of the height of the anodic oxidation peak as well as cathodic
reduction peak (limiting scan was not found). This phenomenon can be explained by
PNIPAAM collapsing at the electrode surface, resulted in the deviation of the electrode
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 [20].

4.2.3. Gold nanostructured film electrodes with surface modified with

alkyl and organic functional groups

In this chapter, two mechanisms of grafting of substrate/functional group were used;
pNIPAAM substrate was replaced by “non-intelligent” substrate/functional groups: -NO,,
-CgF17 (spontaneously grafted and electrografted) [21], -C;H3 -C4Hg, -C1oH,;, and -CygHs3
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(electrografted) [22]. The task was to find out, whether modified gold surface of the
electrode would not be blocked by the substrate/functional group and how the
electrochemical reaction of ferrocyanide/ferricyanide redox system would be affected by
different grafting mechanism.

The electrochemical characterization was carried out by CV of ferrocyanide dissolved
in aqueous medium of potassium nitrate or in potassium nitrate solution with 50 % content
of methanol (v/v) as a mixed water-methanol medium.

In the case of GNFEs with grafted alkyl groups, 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. When —C,H; substrate was
grafted, partially blocking of ferrocyanide molecules with lower rate of reversibility of the
electrochemical reaction was observed (AE, = 200 mV, lanod/lcathod = 1.4, lanoa= 8.9 pA).
Trend in blocking of the electrode surface with growing length of alkyl group continued
until the oxidation as well as reduction peak fully disappeared (when -CioHy;, -CieHas
grafted). Slight differences in electrochemical behaviour were observed during the CV in
the mixed aqueous-methanol medium (50 % v/v). Pristine electrode and electrodes with
grafted -C,H; and -C,H, groups exhibited well-shaped oxidation peak at the same potential
with the statistically same height. Even grafting of -C,qH»; group has not led to full peak
suppression. Despite the fact that grafted -C,sH3; group should fully block the electrode
surface, small oxidation peak was observed, which indicated the influence of the used
mixed solvent on measurement. Methanol pushed inorganic probe through the substrate to
the surface of gold electrode and the electron transfer controlled by diffusion could be
completed; however, the electrochemical reaction is not reversible [22]. It was confirmed
that electron reaction can be promoted by the change of the solvent or co-solvent to non-
polar 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 accessible. Therefore these electrodes can be used in
analytical chemistry for the determination oxidisable compounds in mixed aqueous-
methanolic medium without problems with disrupting of electrode surface by organic

solvent which is the case of some carbon composite electrodes [15].
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In the case of GNFEs with -NO,, -CgF;; functional group, the process of grafting was
carried out by two mechanisms: spontaneous grafting and electrografting under certain
potential. Resulted electrodes were compared to each other to observe differences in
surface blocking when different mechanisms of grafting are used [21]. After the
spontaneous mechanism of grafting, the peaks become less pronounced, due to partial
surface blocking by substrates in comparison to measurement with GNFE-Pristine. When
the electrochemically induced modification was applied, the ferrocyanide/ferricyanide
probe-related peaks fully disappeared, indicating the full blocking of the gold surface, thus
the probe cannot reach the metal surface.

Results obtained from the measurement with GNFEs with modified surfaces pointed to
the fact, that not all used functional groups are useful for electroanalytical purposes and
resulting electroanalytical performance is strongly influenced also by mechanism of
fabrication of electrodes. Nevertheless, the use of modified GNFEs with grafted
substrates/functional groups is interesting field of application of new electrode materials in

electroanalytical chemistry.
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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 for electroanalytical sensors indented for
large scale monitoring of electrochemically oxidisable organic compounds. Every new
electrode arrangement has to be tested and evaluated from the point of view of user
friendliness; easy way of fabrication of the working electrode, good compatibility with
biological samples, and environmental friendliness. Furthermore, it is essential to check
whether the voltammetric measurement with the new working electrode provides a high
level of precision and selectivity of the measurement for given purposes [1].

In this Ph.D. Thesis, a several types of miniaturized electrode 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 [38]; and indole metabolite, ISu [9]. 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 [6,
7].

The obtained results can be summarized as follows:

% An array of carbon composite film electrodes (CFE) integrated in microtitration
plate (measuring cell system) was found suitable for the determination of mixture
of homovanillic acid and vanillylmandelic acid in the concentration range from
100 to 0.8 pmol L™. The lowest limit of quantification (LOQ) was 0.3 umol L,
which was reached using differential pulse voltammetry. Method for the
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determination of homovanillic acid and vanillylmandelic acid in their mixture
was developed as well. Limits of quantitation were slightly lower in comparison
to LOQ obtained with carbon paste electrode and boron doped diamond electrode
[25, 26].

Array of integrated CFEs was used for the study of electrochemical behavior and
for sensitive determination of indoxyl sulphate in the concentration range from 50
to 1 pmol L. Achieved LOQ was 0.7 pmol L™, For comparison, LOQ achieved
with CPE was 1.7 pmol L™. LOQ achieved by CFE are comparable to limits
achieved with HPLC/ED [39].

+» For the verification of practical applicability of the array of integrated CFEs
with newly developed voltammetric method, an attempt to use solid phase
extraction of indoxyl sulphate from human urine was made. However, SPE was
not fully successful, because 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 detectors. Moreover, 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 their
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 onto patterned PTFE
(resulting in roughened nanolayer) was observed.

GNFEs on PTFE substrate were used for the study of electrochemical behavior
and for the determination of hydroquinone in the concentration range from 100 to
10 pumol L™. Achieved LOQs were 4.3 pmol L™ for GNFE-Pristine, 4.2 pmol L™
for GNFE-Plasma, and 9.0 pmol L™ for GNFE-BPD, respectively. In comparison

with other voltammetric determinations of hydroquinone on various gold or
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nanostructured gold electrodes, all GNFEs with developed voltammetric method
offer inadequate LOQ and sensitivity.

However, GNFEs on PTFE substrate made by sputtering offer certain advantages
e.g. small volume of used sample, easy miniaturization, and also “green” method
of fabrication.

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.

During the measurement of basic electrochemical parameters of gold
nanostructured film electrode (10 nm thin) modified by grafting of -NO,, -CgFy7
functional groups on the surface was find 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-C,H,, it was confirmed, that long alkyl substrates can block
the entire surface of the gold layer. The extent of this blocking depends on the
length of carbon chain. Nevertheless, electron reaction can be promoted by the
change of the 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

physically available.
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Abstrakt

Ptedlozena disertacni prace je zaméiena na elektrochemickou charakterizaci a testovani
nov¢ vyvinutych pracovnich elektrod a jejich usporadani. Tyto elektrody byly vyrobené z
Cistého atomarniho zlata nebo z mikrocastic grafitického uhliku a jsou vhodné pro
velkoplo$né monitorovani riiznych organickych latek; dalsim, ale neméné¢ dalezitym cilem
prace je vyvoj novych citlivych voltametrickych metod pro stanoveni oxidovatelnych
biologicky aktivnich organickych latek.

Me¢fici systém cel s integrovanymi uhlikovymi kompozitnimi elektrodami byl vybran
pro vyvoj voltametrické metody vhodné ke stanoveni homovanilové kyseliny,
vanilylmandlové kyseliny a indoxylsulfatu. Tyto biomarkery riznych onemocnéni
lidského téla byly vybrany z diivodu neustalého nartistu zajmu l€katskych laboratofi o
jejich stanovovani. Navic pfed samotnym stanovenim indoxylsulfatu byla provedena jeho
extrakce na tuhé fazi z matrice lidsk€é moci. VSechny namétrené vysledky byly porovnany
s vysledky méfenti s jiz standardn€ pouzivanou uhlikovou pastovou elektrodou.

Zlaté napraSované (metoda fyzikalni depozice par) nanostrukturované filmové elektrody
s povrchem modifikovanym rlznymi funkénimi skupinami a substraty a zlaté
nanostrukturované filmové elektrody naprasené na upraveném polytetrafluorethylenu byly
vybrany pro testovani a elektrochemickou charakterizaci. Tyto elektrody piedstavuji
zajimavy analyticky nastroj vhodny pro pouZiti jako jednorazovy senzor pro meéfeni
vterénu v mikrolitrovych objemech. Elektrochemicka charakterizace zahrnovala:
sledovani parametrit elektrochemické reakce (opakovatelnost signalu, reverzibilita)
riznych standardnich analytli (ferrokyanid, hydrochinon) v rozdilnych zakladnich
elektrolytech, vyhodnoceni parametri namétenych kalibra¢nich ktivek zminénych analytu,
vypodet realnych aktivnich ploch elektrod pomoci Randlesovy-Sevéikovy rovnice a
sledovani, zda neni povrch modifikovanych elektrod blokovan naroubovanymi funkénimi
skupinami. VSe bylo nasledné kriticky zhodnoceno a byla navrZzena moZzna vylepSeni.
Ziskané vysledky byly opét porovnany s méfenim na klasické zlaté elektrodé (bulk
electrode) nebo na zlaté nemodifikované nanostrukturované elektrodé napraSené na

sklenéném substratu.
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1. Uvod

Kazd4d vyvinuta pracovni elektroda urCena pro elektroanalytické ucely musi byt
testovana rliznymi moZznymi zpusoby. Aby se dalo posoudit, zda je elektroda vhodna pro
dané uclely, je dilezité prozkoumat elektrochemické chovani pii méfeni se zdkladnimi
elektrolyty, stejné tak jako s analyty.

Idealni pracovni elektroda by méla byt snadno vyrobitelnd z materialti privétivych pro
zivotni prostfedi, méla by byt uzivatelsky piijatelna, mélo by byt mozné zvysit citlivost a
selektivitu méfeni elektrochemickou a/nebo chemickou modifikaci elektrody a konecné,
samotn¢ voltametrické metody vyvinuté s pouzitim elektrody by mély byt citlivé a
selektivni [1]. Uhlikové kompozitni filmové pracovni elektrody [2] a pracovni zlaté
filmové elektrody [3] vétSinou splnuji vSechny tyto pozadavky. Navic tyto elektrody
V porovnani s modernimi spektrometrickymi pfistroji maji vyhodu ve své konstrukéni
jednoduchosti, jsou kompatibilni s biologickymi vzorky a jsou levné z hlediska
potizovacich i provoznich nakladd [1]. Tyto elektrody jsou vhodné pro monitorovani
elektrochemicky aktivnich organickych latek, pfedev§im riznych markerti onemocnéni,
kde se predpoklada velké mnozstvi analyzovanych vzorkd. Dale mohou tyto elektrody
slouzit jakozto analytické zafizeni pro nezavislé stanoveni analytd [4] a K pfedbéznému
orientatnimu stanoveni pied stanovenim citlivéjSimi a selektivnéjSimi technikami, které
jsou ale nakladné;si.

Nicméné je nutné zminit, Ze¢ stanoveni biomarkerii riiznych onemocnéni vyZaduje
méfeni v lidské moci, ktera patfi mezi nejcastéji vyuzivanou télni tekutinu pfi
voltametrickych stanovenich. Neni to zadné piekvapeni, jelikoz valnd vétSina biomarkert
expozice a nemoci jsou vylu¢ovany pravé do moci [5]. Proto je podstatné vyvijet rychlé a
citlivé voltametrické metody spojené s extrakcemi na tuhé fazi, abychom mohli
Z koncentrace biomarkert ziskavat informace o fazi nemoci, abychom mohli monitorovat
odpovéd’ lidského organismu na 1é€bu anebo pro v€asnou diagnézu nadorového bujeni ci
jinych nemoci [6, 7].

Pro testovani aplikovatelnosti neddvno vyvinutych -elektrochemickych uspotadani

zaloZzenych na uhlikovych kompozitnich filmovych elektrodach (CFE) bylo v této
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disertacni praci vybrano nékolik modelovych biologicky aktivnich organickych slou€enin,
které jsou Casto stanovovany. Konkrétni zvolené biomarkery byly Kkyselina
homovanilova, Kyselina vanilylmandlova (metabolity katecholamint) [8] a
indoxylsulfat (ISu) neboli mocovy indikan (specificky metabolit indolu) [9] (obr. 1).
Tyto biomarkery jsou dilezitymi indikatory neurologickych poruch (Parkinsonova
choroba [9, 10], chronicka schizofrenie [11], bulimie [10]) a poruch metabolismu (nadory

[12], onemocnéni ledvin a srdce [13, 14]).
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Obr. 1 Strukturni vzorce HVA, VMA a ISu (jmenovité zleva doprava).



2. Cile dizertacni prace

Predkladana dizertaCni prace je zaméfena na testovdni a charakterizaci novych

elektrodovych uspotfadani vyrobenych ze zlata ¢i grafitového uhliku urenych pro

elektroanalytické aplikace. Konkrétné byl systém uhlikovych kompozitnich filmovych

elektrod

integrovanych v plastovych mérnych celach [15] a nemodifikované a

modifikované naprasované zlaté nanostrukturované filmové elektrody [16] testovan a

charakterizovan mnoha moZznymi zpiisoby.

Piedkladana dizerta¢ni prace je zalozena na védeckych publikaci uvedenych

v seznamu literatury [17-22]. U publikaci [20-22] ma Milan Libansky spoluautorsky

podil zaméreny na elektrochemické testovani.

Cile této prace byly:

K/
0’0

Overit praktickou aplikovatelnost disposabilniho systému mérnych cel s
integrovanymi  uhlikovymi kompozitnimi elektrodami vyvojem citlivych
elektrochemickych metod pro stanoveni HVA, VMA a indoxylsulfatu,
dalezitych biomarkert onemocnéni.

Vyvinutou voltametrickou metodu zkombinovat s extrakci tuhou fazi
indoxylsulfatu z lidské moci.

Z hlediska elektroanalytick¢é chemie charakterizovat zlaté nanostrukturované
filmové elektrody naprasené na tfech rozdilnych typech polytetrafluorethylenu
(PTFE).

Elektrochemicky charakterizovat napraSované zlaté nanostrukturované filmové
elektrody s modifikovanym povrchem s naroubovanym pNIPAAM inteligentnim
polymerem nebo s naroubovanymi -C;Hjs, -C4Hg, -Cy1gH,;, -C16H33 substraty nebo

-NO,, -CgF;7 funkénimi skupinami.



3. Materialy a metodika

3.1. Chemikalie

Zasobni roztoky (1 mmol I') t# zvolenych biomarkert a hydrochinonu byly pfipraveny
rozpusténim pifesného mnoZzstvi latky v deionizované vodé. Pro elektrochemickou
charakterizaci zlatych nanostrukturovanych elektrody by pouzit zasobni roztok
hexakyanozeleznatanu draselného (1 mmol 1) rozpusténého v 0,1 mol I dusi¢nanu
draselném nebo chloridu draselném. Dale byly pouzity samostatné piipravené zakladni
elektrolyty (0,1 mmol I"): kyselina sirova, dusi¢nan draselny a chlorid draselny a
Brittontiv-Robinsontv pufr o rizném pH.

Methanol byl pouzit jakozto elucni Cinidlo pro extrakci ISu na tuhé fazi. VSechny

pouzité chemikalie byly analytické Cistoty.
3.2. Vyroba a ptiprava pracovnich elektrod

3.2.1. Uhlikova kompozitni filmova elektroda

Uhlikova kompozitni filmova elektroda byla ptfipravend homogenizovanim grafitovych
mikrocastic s EPS polystyrenem v poméru 9:1 a nasledné bylo pridano 0,5 ml toluenu na
kazdych 0,1 gramu pevnych castic. Nasledné bylo 80 pl vzniklého uhlikového inkoustu
aplikovano do kazdé jamky (96 jamek) mikrotitracni desticky s integrovanym kovovym
kontaktem na dn&. Elektrody m&ly pramér 8,05 mm a polokulovou plochu 100 mm?. Cely

postup piipravy je detailné popsan Vv pracich [17, 18].
3.2.2. Uhlikova pastova elektroda
Uhlikova pasta pro plnéni elektrody byla ptipravena rozetienim 0,25 g grafitu s 0,1 ml

mineralniho oleje Nujol. Pripravena pasta byla plnéna do teflonového pouzdra s vnitinim

primérem 2 mm, tedy s elektrodovou plochou 3,1 mm?.
3.2.3. Zlaté nanostrukturované elektrody

Zlaté¢ nanovrstvy o tloustce 80 nanometrii (kruhovy primér 3 mm) byly vakuové
naprasovany pres kontaktni masku na povrch tii riznych typt polytetrafluorethylenu
(tloustka PTFE 50 um): PTFE sneupravenym povrchem (GNFE-Pristine), PTFE
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s povrchem zdrsnénym plasmou (GNFE-Plasma) a PTFE s povrchem zdrsnénym
plasmou s nasledné spontann¢ naroubovanym bifenyl-4,4-dithiolem (GNFE-BPD).

Parametry depozi¢ni kontaktni masky byly: kulata hlava (pro elektrodu) o priméru 3
mm s pfipojenym ,,pruhem* o délce 15 mm a Sifce 1 mm; pruh slouzil k pfipojeni
potenciostatu. Definovana plocha elektrody byla zajisténa izolaci elektrodové hlavy od
piipojovaciho pruhu pomoci nevodivého laku.

Zlaté nanovrstvy o tloust'ce 10 nanometri s modifikovanym povrchem byly nejdiive
vakuové napraSovany na povrch fotorezistivnim laserem upravené epoxidové pryskyfice
(Su-8). Nasledn¢ byly zlaté povrchy modifikovany funkénimi skupinami/substraty
(PNIPAAM, -NO,, -CgF7, -C1H3, -C4Hg, -C19H>1, and -CygHs3) spontannim roubovanim ¢i
elektro-roubovanim (v roztocich).

Jednotna plocha elektrody s primérem 3 mm byla zajiSténa izolaci pomoci nevodivého

laku. Kompletni podminky a detaily postupu vyroby elektrod jsou uvedeny v [19-22].
3.3. Obecné postupy a aparatura

V této dizertacni praci byly pouzity tyto voltametrické techniky: Diferencni pulzni
voltametrie s Sitkou pulzu 0,1 s, vyskou pulzu 50 mV, rychlosti skenu 20 mV s Zasem
vzorkovani 20 ms a cyklicka voltametrie s rychlosti skenu 50 mV s™. Pro voltametrické
méteni byl pouzit pfenosny potenciostat PalmSens ovladany softwarem PSTrace v. 4.8 a
tyto pracovni elektrody: systém uhlikovych kompozitnich filmovych elektrod
integrovanych v mikrotitracni desti¢ce, zlaté nanostrukturované filmové elektrody
naprasené¢ na upraveném PTFE a naprasované zlaté nanostrukturované filmové elektrody
s povrchy modifikovanymi riznymi funkénimi skupinami ¢i substraty. VSechny hodnoty
potencialil byly vztazeny k referencni gelové argentchloridové elektrodé. Jako pomocna
elektroda byl pouzit platinovy dratek.

Vsechny ziskané vysledky byly porovnadny s vysledky ziskanymi métenim na uhlikové
pastové elektrodé ¢i komercni zlaté ,bulk® elektrodé. Davkované objemy vzorkd pro
méfeni byly 10 pl pro zlaté nanostrukturované filmové elektrody, 370 ul pro systém
uhlikovych kompozitnich filmovych elektrod a 5 ml pro uhlikovou pastovou elektrodu a

zlatou ,,bulk* elektrodu.



Vzorky moci s ptidavkem standardu I1Su k extrakei na tuhé fazi byly pfipraveny z moci
zdravé osoby. Extrakce byla provedena na extrakénich kolonkach LiChrolut EN
200 mg/3 ml poly(styren-divinylbenzen).

Kompaktnost, tloustka, prvkové slozeni a drsnost zlatych elektrod byla zkoumana
pomoci skenovaci elektronové mikroskopie (SEM), mikroskopie atomovych sil (AFM) a
rentgenové spektroskopie.

Vsechna voltametrickd méfeni byla provadéna pétkrat a pro kazdé méteni byla pouzita
vzdy nova elektroda ¢1 nova elektrodova cela, pokud neni uvedeno jinak.

Vsechny funkéni zavislosti byly vypoCitdny z aritmetickych praméra. Mez
vyhodnotitelné koncentrace ke smérnici kalibracni zavislosti [23]. VSechna statisticka
vyhodnoceni byla vypoctena na hladin¢ vyznamnosti o = 0,05.

Detailni podminky pracovnich postupll a pouZitych zatizeni jsou zminény v publikacich

[17-22].
4. Vysledky a diskuze

4.1. Uhlikova kompozitni elektroda

4.1.1. Kyselina homovanilova a kyselina vanilylmandlova

Systém uhlikovych kompozitnich filmovych elektrod (CFE) integrovanych
Vv plastovych mérnych celach plastové mikrotitracni desticky byl v ramci mé diplomové
prace vyvinut a patentovan. Nasledné byla v ramci této dizertaéni praci testovana
prakticka vyuzitelnost tohoto systému, jakozto jednorazového senzoru uréeného pro
monitorovani biomarkerii lidského onemocnéni.

Systém integrovanych CFEs byl pouzit kK DPV stanoveni standardd HVA a VMA [17],
oxidovatelnych tumorovych biomarkert. Fenolickd struktura téchto kyselin (obr. 1)
spolecné s jejich rozdilnym oxidacnim mechanismem (mechanismus piehledné popsal
Blanco-Lopez v [24]) byly piislibem k snadnému simultannimu stanoveni obou analytt
v jednom vzorku.

Vliv pH na chovéani obou latek pii DPV byl sledovan v oddélenych roztocich standardi

o koncentraci 100 umol 1™ v prostiedi BR pufru o hodnoté pH 2 az 12. HVA poskytovala
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jeden dobfe vyvinuty anodicky voltametricky pik. VMA poskytovala dva neptekryvajici
se anodické voltametrické piky s potencidlem prvniho piku shodného s potencidlem piku
HVA. Potencidlovy rozdil mezi jednotlivymi piky obou latek se snizoval se vzriistajicim
pH, takZe jako optimdlni prostfedi pro méfeni bylo zvoleno pH 2.

V dalsim kroku bylo testovdno, zda je mozné oba analyty adsorptivhé akumulovat na
elektrodovém povrchu [4]. Testovani probihalo v nemichanych roztocich standardi na
koncentra¢nich hladinach: 100 pmol 1™ a 10 pmol I'". Bohuzel, pokus o zvyseni citlivosti
voltametrického stanoveni HVA a VMA pouzitim adsorpéni voltametrie nebyl uspésny,
pti¢inou byla pravdépodobné pfili§ vysoka polarita analytq.

Za optimalnich podminek byly naméteny kalibracni zavislosti v koncentraénim rozsahu
od 100 do 0,8 umol 1" pro HVA a od 100 do 1 umol 1" pro VMA. DosaZené meze
stanovitelnosti byly 0,3 pmol 1" pro HVA a 1,0 umol 1" pro VMA. LOQ dosazené
vyvinutou metodou pro CFE jsou nepatrné niz$i nez hodnoty dosazené na uhlikové
pastové elektrodé ¢i elektrodé s borem dopovanym diamantem [25, 26]. Dosazené hodnoty
LOQ jsou dostatecné pro stanoveni obou biomarkerti v lidské moci, kde se referencni
hodnoty obou analyt pohybuji od 7 do 40 pmol 1" [27, 28].

Vzhledem k tomu, Ze se oba analyty nachazeji v lidské moci, jsou bézné stanovovany
vedle sebe v jednom roztoku, a jak bylo zminéno v pfedchozich odstavcich, potencial
prvniho piku VMA je shodny s potencidlem piku HVA. Druhy pik VMA je dobie
oddéleny a je tedy zného moZné stanovit koncentraci VMA a nasledné vypocitat
koncentraci HVA z proudu prvniho piku odpovidajiciho sou¢tu proudu pikd obou
sloucenin. Tato teorie byla ovéfena zméfenim Ctyf riznych kalibra¢nich sad smésnych
roztokii obou standardii a naslednym zhodnocenim primérné vytéznosti koncentrace
ptidavkl obou analytl. Ziskana primérna vytéznost obou analytii byla témét 90 procent.
Cely vypocetni postup je uveden v publikaci [17].

Tyto vysledky potvrdily, Ze pouzité elektrodové uspofadani s integrovanymi CFEs

muze byt aspéSné pouzito pro stanoveni HVA a VMA samostatné 1 ve smési.
4.1.2. Indoxylsulfat

Prakticka pouzitelnost zminéného systému integrovanych CFEs byla dale ovéfena

stanovenim ISU (mocovy indikan, oxidovatelny biomarker onemocnéni ledvin) a jeho
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piedbéznou extrakci (SPE) z moci. Ziskané vysledky byly navic porovnany s vysledky
ziskanymi méfenim na zavedené uhlikové pastové elektrodé vyrobené ze stejného typu
uhliku jako CFE [18].

Nejdiive byly zméteny pH zavislosti. Elektrochemicka oxidace ISu poskytla dva dobfie
vyvinuté a oddélené voltametrické piky odpovidajici dvoustupiovému mechanismu
vymény elektrond, ktery popsal Enache [29]. V souladu s maximalni vySkou pikt a jejich
rozlisenim bylo zvoleno pH 2 pro CFE a pH 3 pro CPE jako optimalni pH pro méteni.

Nasledné byla ovéfena moznost adsorpéni akumulace 1Su o koncentraci 5 pmol 1 v BR
pufru pfi optimalnim pH. Vysledny nértst proudové odezvy po péti minutach akumulace
byl zanedbatelny, tudiZ adsorp¢éni krok nebyl dale pouzivan.

Za optimalnich podminek byly naméteny kalibra¢ni zavislosti v koncentraénim rozsahu
od 50 do 1 pmol 1™ s dosaZenymi mezemi 0,7 umol I'* pro CFE a 1,7 umol I'* pro CPE.
Malé¢ rozdily v elektrochemickém chovani z diivodu rozdilného tvaru a pouzitého izolatoru
Vv elektrodach byly popsany v [18]. Dosazené hodnoty LOQ jsou dostate¢né pro stanoveni
ISu v lidské moci [5]; nicméné stanoveni standardu ISu v lidské moci nebylo Gspésné z
divodu velkého mnozstvi interferenttt v matrici, a to navzdory predbézné separaci pomoci
extrakce na tuhé fazi.

Celkové shrnuto tak pouzité elektrodové uspotradani s integrovanymi CFEs muize byt
uspeSné pouzito pro stanoveni ISU a navic dosahlo nepatrné lepSich vysledkl, nez CPE
béhem stanoveni standardu ISu s vyvinutou voltametrickou metodou; nicmén¢ prioritou je

vyvinout vhodnou techniku pro piredbéZznou separaci a prekoncentraci 1Su ze vzorkd moci.
4.2. Zlaté nanostrukturované elektrody

4.2.1. Zlaté nanostrukturované filmové elektrody na

polytetrafluorethylenovém substratu

Zlaté nanovrstvy/elektrody o tloustce 80 nanometrii vakuové napraSené na povrch tii
riznych typa PTFE (viz. 3.2.3) byly elektrochemicky a fyzikaln¢ charakterizovany a byla
ovétena jejich aplikovatelnost jakozto elektrochemickych senzort.

Tyto zlaté nanovrstvy byly piipraveny Ustavem inzenyrstvi pevnych latek Vysoké skoly

Chemicko-Technologické, kde naprasovani atomu zlata, jakozto metodu fyzikalni parni
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depozice kovl, vyuzivaji pfedev§im pro mnoho biofyzikalnich a materidlovych aplikaci,
ale vyuziti pro vyrobu pracovnich elektrod urcenych pro elektroanalytické aplikace je
prvné testovano v této dizertacni praci navzdory tomu, Ze naprasovani je povazovano za
metodu nezatézujici zivotni prostiedi [30].

Pted samotnou elektrochemickou charakterizaci byla zkoumana morfologie a chemické
sloZzeni povrchu vSech typli GNFEs. VSechny typy GNFE prokédzaly homogenni zlatou
vrstvu s malymi rozdily v pokryti PTFE [19]. U GNFE-BPD byla pozorovana nejveétsi
povrchova drsnost (26,5 nm) z divodu upravy povrchu plazmovani PTFE a naslednym
naroubovanim BPD na povrch PTFE. Pfekvapenim bylo, kdyz ze vSech typi GNFE, prave
GNFE-Plasma prokazala nejsilngjsi ptilnavost zlata na povrchu PTFE a prokazala nejvyssi
povrchovou koncentraci zlata ve vrstvé. Ten jev je spojovan s tim, Ze zlato radé¢ji tvori
siln€j8i vazbu se zdrsnénym povrchem PTFE, neZ se spontanné¢ naroubovanymi
molekulami bifenyl-4,4-dithiolu [19].

Elektrochemicka charakterizace zahrnovala zkouméni elektrodovych reakci
standardnich redoxnich sond: hexakyanozeleznatan/hexakyanozelezitan a
hydrochinon/benzochinon, zkoumani elektrochemického chovani v BR pufru, KCI, KNO3,
H,SO, a pokus 0 vypodet aktivnich povrchi testovanych elektrod z Randlesovy-Sevéikovy
rovnice.

Béhem DPV meéteni v raznych typech zakladnich elektrolyti bylo dosazeno nejvyssiho
efektivniho oxidacniho potencialu (0,9 V) v zékladnich elektrolytech o neutralnim pH.
Tvorba oxidl zlata na povrchu elektrod byla limitujicim faktorem pro Sitku anodického
okna [31, 32]. Dale bylo pozorovano, zZe siln¢ kyselé prostfedi ve spojeni s vlozenymi
vysokymi oxida¢nimi potencialy zptsobily snizeni pfilnavosti zlaté vrstvy k povrchu
PTFE a doslo k tvorbé prasklin vedoucich az k Gplnému odhaleni PTFE a k nevratnému
poskozeni elektrody.

Elektrochemické zkoumani chovani hexakyanozeleznatanu Vv dusi¢nanu draselném a
hydrochinonu v pufru o pH 7 bylo zkoumano pomoci cyklické voltametrie pfi rostouci
rychlosti polarizace od 10 do 500 mV s™. Bylo nutné vyhodnotit opakovatelnost méfeni
voltametrickych pikQ, reverzibilitu elektrodové reakce a linearitu zavislosti proudu

anodického piku na odmocniné z rychlosti polarizace pro oba analyty.
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Dle ziskaného koeficientu determinace (R*>0,99) byla zavislost proudu anodického piku
na odmocniné z rychlosti polarizace linedrni pro vSechny pouzité elektrody a métené
analyty (obr. 2). Smérnice téchto zavislosti byly pro vSechny typy GNFE dvakrat vyssi,
nez smérnice ziskand méfenim na zlaté ,bulk® elektrodé, coz se d& vysvétlit vysSSim
zdrsnénym aktivnim povrchem zlatych nanostrukturovanych filmovych elektrod. Toto
tvrzeni bylo potvrzeno vypoétem aktivnich ploch elektrod pomoci Randles-Sevéikovy
rovnice. Primér vSech pouzitych elektrod byl 3 mm; tudiz jejich geometricky povrch byl
7.1 mm? Vypotitané velikosti aktivnich povrchi s intervaly spolehlivosti byly v
uvedeném potadi 7,5+0,5 mm? 84 + 0.2 mm® a 7,3+0,5 mm® pro GNFE-Pristine,
GNFE-Plasma a GNFE-BPD. Ze statistického hlediska byl nartist aktivniho povrchu
elektrody potvrzen pouze v ptipadé elektrody naprasené na plasmou zdrsnéném povrchu.
U ostatnich elektrod byly hodnoty statisticky shodne¢, ale vyS$S$i hodnoty intervali
spolehlivosti poukazuji na odchylky od idealniho chovani na rozhrani analyt/elektroda

potfebného pro vypocet z Radlesovy-Sevéikovy rovnice (zminéno v [33]).

a0F : 500
20l 1 50-250T

10-100 T

HuA
=

Obr. 2 Cyklické voltamogramy 1 mmol I hexakyanoZeleznatanu draselné¢ho v dusi¢nanu
draselném métené na (A) GNFE-Pristine, (B) GNFE-Plasma, (C) GNFE-BPD, and (D)
zlaté bulk elektrod pii riznych rychlostech polarizace (od 10 do 500 mV s™).
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Opakovatelnost vysky anodického a katodického piku byla v rozmezi 1 % az 8 % pro
vSechny pouzité analyty i elektrody. Pii méfeni hexakyanozeleznatanu, byly vypocitané
prumémé hodnoty poméru la/lc okolo 1,0 a AE, = 70 - 100 mV, coz poukazuje na
reverzibilni kinetiku elektrodové reakce. V ptipadé hydrochinonu byl zpétny redukeni pik
minimalné¢ o 10 % niz8$i nez oxidacni pik, tedy pomér Ia/lc byl vrozmezi 1,1 — 1,2,
nicméné pi1 opakovaném meéfeni nebyla pozorovéna pasivace elektrodového povrchu
produkty elektrodové reakce. Pti sledovani hydrochinonu bylo dosazeno vysSich hodnot
AE, nez predpokladanych 30 mV pro Nernstovskou reverzibilni vyménu dvou elektront a
navic bylo nutné méfit pti pomérne velkych hodnotach piepéti na GNFE, aby elektrodova
reakce mcla dostatek energie. Nicméné toto zajimaveé elektrochemické chovani
hydrochinonu je relativné znamé a nevybocuje z popsanych udaju [34].

Aplikovatelnost elektrod byla ovétena DPV stanovenim hydrochinonu, jakoZzto béZzného
environmentalniho polutantu.

Dosazené meze stanovitelnosti hydrochinonu v BR pufru byly Vv uvedeném potadi
4,3 umol 1" pro GNFE-Pristine, 4,2 pmol 1" pro GNFE-Plasma, a 9,0 pmol 1™ pro GNFE-
BPD.

Dosazené hodnoty LOQ nemohou soutézit s nizkymi LOQ pii porovnani s ostatnimi
voltametrickymi stanovenimi hydrochinonu na rlznych typech nanostrukturovanych
zlatych elektrod [35, 36]; na druhé strané vSechny zlaté nanostrukturované elektrody
prokazaly pftijatelné elektrochemické parametry, které jsou srovnatelné s parametry
dosazenymi zlatou ,,bulk” elektrodou. Navic naprasované zlaté filmové elektrody nabizeji
jisté vyhody, jako naptiklad moZnost méfeni v malém objemu vzorku a jednoduchou
miniaturizaci, coz je piislibem pro budouci vyuziti téchto elektrod pro stanoveni

oxidovatelnych elektroaktivnich organickych sloucenin.

4.2.2. Zlaté nanostrukturované filmové elektrody s povrchem
modifikovanym pNIPAAM

Zlaté nanostrukturované filmové elektrody s povrchem modifikovanym pNIPAAM byly

aplikovany jako disposabilni elektrochemicky sensor.
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Fazova zména pNIPAAM fizena teplotou z otevieného hydratovaného stavu (T<32°C)
na uzavieny dehydratovany stav (T>32°C), mlze byt pouzita pro zachyceni molekul
analytu a jeho nasledné spektrometrické stanoveni [37]. Z tohoto divodu bylo hlavnim
cilem zjistit, zda bude mozné zménou teploty zachytit molekuly hexakyanozeleznatanu
(rozpusténého v dusi¢nanu draselném) na povrchu elektrody [20], coz by mohlo byt
atraktivni z hlediska méfeni v malych objemech vzorku a stanoveni submikromoléarnich
koncentraci elektrochemicky aktivnich slou¢enin.

Vsechna méfeni byla provadéna pii dvou teplotach (25 a 45 °C) reprezentujicich dva
fyzikalni stavy pNIPAAM. Opakovatelnost vysky anodického a katodického piku pfi
méfeni za teploty 25 °C vyjadiena pomoci RSD byla lepsi nez 5 % a parametry
reverzibility odpovidaly hodnotdm AE, = 95 mV, lanod/lkated = 1,1. VSechny hodnoty byly
shodné se ziskanymi hodnotami na nemodifikované elektrod€. Na druhé stran€ vyznamna
zména chovani byla zaznamenana pii opakovaném méfeni na jedné elektrodé pii teploté
45 °C, kde kazdy nasledny sken zpuisobil nartist anodického i katodického piku o desitky
procent (limitujici sken nebyl nalezen).

Tento jev mlze byt vysvétlen wuvzavirdnim struktury pNIPAAM smérem
k elektrodovému povrchu pii vyssi teploté, coz vyustilo k ovlivnéni koncentrace analytu
zachyceného na povrchu elektrody. Molekuly hexakyanozeleznatanu byly uzavieny a

akumulovany ve vrstvé pNIPAAM na povrchu elektrody coz zptisobilo nartst signalu

[20].

4.2.3. Zlaté nanostrukturované  filmové  elektrody s povrchem
modifikovanym alkylovymi a organickymi funkcénimi skupinami

V této kapitole dizertacni prace byly pro depozici substratu na povrchu elektrody

pouzity dva rizné¢ mechanismy roubovani a pNIPAAM byl nahrazen nasledujicimi “non-

intelligent™ modifikatory: -NO,, -CgF1; (spontanni roubovani a roubovani pod napétim)

[21],
-C1H3, -C4Hg, -C1oH21, and -CygHa3 (roubovani pod napétim) [22]. Cilem prace bylo zjistit,

zda nebude zlaty povrch elektrod blokovan substraty/funkénimi skupinami a jak bude

16



probihajici elektrodovd reakce hexakyanoZeleznatanu ovlivnénd pouzitim jiného
mechanismu roubovani.

Elektrochemicka charakterizace byla provadéna cyklickou voltametrii ve vodném
prostiedi roztoku hexakyanozeleznatanu rozpusténého v dusi¢nanu draselném a v roztoku
ferrokyanidu rozpusténého ve smésné-methanolickém prostiedi s 50% obsahem
methanolu.

Smésné vodné-metanolické prosttedi bylo pouzito pro méfeni s GNFES
s naroubovanymi alkylovymi skupinami na zlatém povrchu, aby se ovéftila hydrofobicita
elektrodového povrchu v zavislosti na délce alkylového fetézce. Casteéna blokace povrchu
(AE, = 200 mV, lanod/lcathos = 1,4, lanoa = 8.9 pA) byla pozorovana Vv piipadé GNFE-C;Hs.
S nartistajici délkou uhlikového fetezce rostl 1 efekt blokace povrchu; pii naroubovani
-CioHz1, -CigHsz  skupin  doSlo  k Gplnému vymizeni oxidaéniho 1 redukéniho
voltametrického piku.

Decentné rozdilné chovani bylo pozorovano pii pouziti smésné-methanolického
prostiedi (50 % V/V). Dobie vyvinuté oxida¢ni piky o statisticky stejné vysce a potencialu
byly pozorovany pii méfeni s nemodifikovanou elektrodou a elektrodami
s naroubovanymi -C;H3 a -C4Hg skupinami. Naroubovani -CyoH,; skupiny taktéz nevedlo
k uplné blokaci elektrodového povrchu. Maly oxidaéni signal byl pozorovan pii méfeni s
GNFE-Cy¢Hs; elektrodou navzdory faktu, Ze elektrodovy povrch by mél byt jiz plné
blokovan, coz indikovalo vliv pouzitého rozpoustédla. Methanol protla¢il anorganicky
analyt skrz vrstvu modifikatoru K zlatému povrchu elektrody, kde doslo k ireverzibilni
elektrodové reakci [22].

Bylo potvrzeno, Ze elektrodova reakce miize byt podpofena zménou zékladniho
elektrolytu na vice nepolarni prostiedi, coz vede k odhaleni mist, kde jsou organické
fetézce nerovnomérné uspoiadané a nedostatecné ohnuté k blokaci elektrodového povrchu
a elektrodovy povrch je dostupny pro elektrochemickou reakci. V analytické chemii bude
tudiZ mozné tyto elektrody vyuzit ke stanoveni oxidovatelnych sloucenin ve smésné
vodné-methanolickém prostfedi bez problémi s poskozovanim elektrodového povrchu
organickymi rozpoustédly, jako je tomu v pifipadé nékterych uhlikovych kompozitnich
elektrod [15].
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Pii méfeni s GNFE-NO, a -CgF;; modifikovanymi povrchy byl proces roubovani
realizovan dvéma rliznymi mechanismy: spontannim roubovanim a roubovanim pod
elektrickym potencialem. Vzniklé elektrody byly navzijem porovnany, aby byly
pozorovany rozdily v blokaci povrchu podle pouzit¢ého mechanismu [21].

Pfi pouziti spontanniho mechanismu depozice funkcnich skupin byl elektrodovy povrch
casteCné¢ blokovan a piky hexakyanoZeleznatanu byly méné vyvinuty v porovnani
s méfenim na nemodifikované zlaté nanostrukturované filmové elektrod¢. VVoltametrické
piky hexakyanozeleznatanu Uplné vymizely, kdyz byla pouzita elektrochemicky vyvolana
modifikace elektrody, coz indikovalo nedostupny kovovy povrch teto elektrody.

Vysledky ziskané pii méfeni na GNFE s modifikovanym povrchem poukézaly na fakt,
ze ne kazda pouzita funkéni skupina ¢i substrat je vyuzitelnd pro elektroanalytické ucely a
ze celkové elektroanalytické vlastnosti jsou taktéz siln€é ovlivnény pouzitym
mechanismem modifikace. Nicméné vyuziti téchto modifikovanych elektrod je zajimavé
téma rozSifujici moznosti vyuziti novych elektrodovych materidlii v elektroanalytické

chemii.
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5.Zavér

Ptredkladana dizertacni prace piedstavuje pfispévek ke snaze najit a otestovat nové
zajimav¢ elektrodové materialy a uspofadani jakozZto elektroanalytické senzory vhodné pro
velkoplos$né sledovani elektrochemicky oxidovatelnych organickych sloucenin. Kazdé
nové elektrodové usporddani musi byt testovano z hlediska uzivatelské piijatelnosti,
jednoduchosti vyrobniho postupu, dobré kompatibility s biologickymi vzorky a s zivotnim
prostfedim. Navic je dulezité zkontrolovat, zda voltametrickd méfeni s novou elektrodou
poskytuji vysokou Groven piesnosti a selektivity pro zamyslené vyuziti [1].

V této dizertacni praci bylo nékolik typli miniaturizovanych elektrodovych filmovych
uspofradani zalozenych na grafitovém uhliku ¢i ¢istém zlaté testovano a charakterizovano
mnoha moZnymi zplisoby a ziskan¢ vysledky byly porovnany s vysledky méfeni s bézné
uzivanymi uhlikovymi a zlatymi elektrodami. Jmenovité byly testovany jednorazové
mérné systémy cel sloZzené z uhlikovych kompozitnich filmovych elektrod integrovanych
Vv mikrotitrani destice, zlaté nanostrukturované filmové -elektrody napraSené na
upraveném PTFE substrdtu a naprasované zlaté nanostrukturované filmové elektrody
s povrchem modifikovanym naroubovanymi riznymi funk¢énimi skupinami/substraty a
byla vyhodnocena jejich prakticka vyuzitelnost.

Tato jejich praktickd vyuZitelnost byla ovéfena vyvojem voltametrickych metod pro
stanoveni metabolitd katecholaminti: kyseliny homovanilové a vanilylmandlové [38];
metabolitu indolu indoxylsulfatu [9]. Stanovovani téchto biomarkerd je nezbytné pro
stanoveni faze onemocnéni, kontrolu odpovédi lidského organismu na 1é¢bu ¢i pro

v¢asnou diagn6zu nadorovych a jinych onemocnéni [6, 7].

Ziskané vysledky je mozZné shrnout takto:
% Systém uhlikovych kompozitnich elektrod (CFE) integrovanych v mikrotitracni
destic¢ce (systém mérnych cel) byl shledan vhodnym pro stanoveni HVA a VMA
v rozsahu koncentraci od 100 do 0,8 pmol I*. Metoda je pouzitelna i pro
stanoveni smési téchto latek. NejnizSi dosazena mez stanovitelnosti metodou

DPV byla 0,3 umol I'*. Tyto dosazené hodnoty LOQ byly nepatrné nizsi nez
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hodnoty dosazené uhlikovou pastovou elektrodou nebo elektrodou s borem
dopovanym diamantem [25, 26].

Systém integrovanych CFEs byl pouzit pro studium elektrochemického chovani a
pro citlivé stanoveni indoxylsulfitu v koncentracich od 50 do 1 pmol 17
Dosazena mez stanovitelnosti byla 0,7 umol 1. Uhlikova pastova elektroda
dosdhla meze stanovitelnosti 1,7 umol 1. Tyto meze stanovitelnosti jsou
srovnatelné s mezemi dosazenymi s HPLC/ED [39].

Praktickd pouzitelnost systému anové vyvinuté voltametrické metody byly
ovéieny spojenim s extrakci indoxylsulfatu na tuhé fazi (SPE) z matrice lidské
moci. Nicméné SPE nebyla uspésnd, jelikoz vSechny interferenty z moci nebyly
od analytu separovany.

Tento systém integrovanych CFES urceny pro screeningové méfeni nabizi levnou,
nezadvislou a vhodnou alternativu k Castéji pouzivanym spektrometrickym
detektorim. Diky své snadné prenosnosti tento systém nabizi mozZnost
jednoduchého in-situ méfeni v malych objemech vzorku.

Zlaté nanostrukturované filmové elektrody (GNFEs, 80 nm tloustka) naprasené
na tfech typech upraveného PTFE byly elektrochemicky charakterizovany a byla
ovéfena jejich aplikovatelnost coby jednorazovych elektrochemickych senzord.
Vsechny GNFEs poskytly pfijatelné elektrochemické parametry srovnatelné
S parametry zlaté ,,bulk® elektrody. Bylo pozorovano, Ze diky naprasovani atomi
zlata na upraveny PTFE doslo k naristu proudové odezvy z divodu zvétSen¢ho
(zdrsnéného) aktivniho povrchu elektrody.

GNFEs naprasené na PTFE substratu byly pouzity pro studium
elektrochemického chovani a pro stanoveni hydrochinonu v koncentracich od 100
do 10 pmol I Dosazené meze stanovitelnosti hydrochinonu byly 4,3 umol 1™ pro
GNFE-Pristine, 4,2 umol 1" pro GNFE-Plasma a 9,0 umol 1" pro GNFE-BPD,
respektive. GNFEs s vyvinutou metodou neposkytuji dostate¢né vysledky a
citlivost pfi porovnani s ostatnimi voltametrickymi stanovenimi hydrochinonu na

riznych typech nanostrukturovanych zlatych elektrod a zlaté ,,bulk* elektrodé.
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Nicméné, GNFES napraSené na PTFE substrdtu nabizi jisté vyhody jako
napiiklad: potfeba pouze malého mnozstvi vzorku, snadnd miniaturizace a
kompatibilita piipravy elektrod s konceptem ,,zelené analytické chemie.

Byly vyhodnoceny zakladni elektrochemické parametry naprasovanych
modifikovanych  zlatych  nanostrukturovanych elektrod s naroubovanym
termocitlivym polymerem pNIPAAM (GNFE-pNIPAAM, tloustka 10 nm) na
povrchu.

Bylo pozorovdno, ze na povrchu GNFE-pNIPAAM je moZné zachytit a
akumulovat molekuly hexakyanozeleznatanu, coz vedlo Knartstu citlivosti
stanoveni.

M¢éfenim  zakladnich elektrochemickych ~ parametri  naprasovanych
modifikovanych zlatych nanostrukturovanych elektrod (tloustka 10 nm)
s naroubovanymi -NO,, -CgF17 funk¢énimi skupinami na povrchu bylo zjisténo, ze
vynucené roubovani pod zvolenymi potencidly zplsobi uplnou blokaci
elektrodového povrchu a vymizeni signalu testovanych latek.

V ptipadé GNFEs-CyH, (tloustka 10 nm) bylo potvrzeno, Zze roubovani
alkylovych fetézct mize zpusobit blokaci povrchu zlaté vrstvy, rozsah blokace je
vSak zavisly na jejich délce. Nicméné zménou rozpoustédla na smésné vodné-
methanolickém prostfedi dojde k odhaleni mist, kde jsou organické fetézce
nerovhnomérné usporadané a nedostatené ohnuté k blokaci elektrodového

povrchu a elektrodovy povrch je tim zpfistupnén pro elektrodovou reakei.
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