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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.



Abstrakt

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

Meérici 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 lékatrskych laboratofi o
jejich stanovovani. Navic, pfed samotnym stanovenim indoxylsulfatu byla provedena
jeho extrakce na tuhé fazi z matrice lidské moci. VSechny namétené vysledky byly
porovnany s vysledky méfeni sjiz standardné pouzivanou uhlikovou pastovou
elektrodou.

Zlaté napraSované (metoda fyzikalni parni depozice) nanostrukturované filmové
elektrody s povrchem modifikovanym riznymi funkénimi skupinami a substraty a zlaté
nanostrukturované filmové elektrody naprasené na upraveném PTFE byly vybrany pro
testovani a elektrochemickou charakterizaci. Tyto elektrody pifedstavuji zajimavy
analyticky nastroj vhodny pro pouZiti jako jednorazovy senzor pro méfeni v terénu
v mikrolitrovych objemech. Elektrochemickd charakterizace zahrnovala: sledovani
parametri elektrochemické reakce (opakovatelnost, reverzibilita) riznych standardnich
analytd (ferrokyanid, hydrochinon) v rozdilnych zakladnich elektrolytech, vyhodnoceni
parametri. namétenych kalibra¢nich kiivek zminénych analytl, vypocet 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 mozna vylepSeni. Ziskané vysledky
byly opét porovnany s méfenim na klasické zlaté elektrodé (bulk electrode) nebo na

zlaté nemodifikované nanostrukturované elektrod¢ napraSené na sklenéném substratu.
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Chapter 1 Introduction

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.

I2]1 Bergerova M., Libansky M., Dejmkova H., Determination of Urinary Indican on
Carbon Film Composite Electrode and Carbon Paste Electrode Current Analytical
Chemistry, Submitted (2017).

131 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.

I5]1 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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Chapter 1 Introduction

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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Chapter 1 Introduction

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 J2].

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].

13



Chapter 2 Working electrodes

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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Chapter 2 Working electrodes

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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Chapter 2 Working electrodes
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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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Chapter 2 Working electrodes

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
1s 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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Chapter 2 Working electrodes

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™'. DPV can reach

limits of detection from 1:10° mol L™ to 1-107'* mol L™ [8, 57].
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Chapter 2 Working electrodes

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
1s 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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Chapter 2 Working electrodes

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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Chapter 2 Working electrodes

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 wunique 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 im-sifu or ex-situ plating of gold
particles from the solution of HAuCly 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 HAuCls can be
followed by subsequent deposition of mercury from the concentrated solution of
Hg(NOs3), 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 pum 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.

. Au sputtering Au layer
PTFE (polymer binder) — PTFE (polymer binder)

‘ Plasma treatment

5 5 5 5 5 5 5 5 Au sputtering Au layer
PTFE (polymer binder) ————— PTFE (polymer binder)

Grafting of

‘ BPD Au layer
-SH -SH -SH -SH -SH I ! p;
= B o S8 |, puttering

PTFE (polymer binder) — PTFE (polymer binder)

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.
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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], -NO,, -CsF7 [5], -
CiH;3;, -C4Ho, -CoHz1, and -C;6H33 [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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S

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 1is 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].
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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 pmol L to 40 pmol L' [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) [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
% 1is “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).
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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 umol L™, Patients with kidney diseases like a uremia demonstrate the
values from 100 to 170 pmol L™ 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].

32



Chapter 4 Results and discussion

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 umol L™ for
electrode made from graphitic carbon with polystyrene as a matrix and 0.50 umol L™
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 pmol L™ 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 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 (E,) 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 1is 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 pH2 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 pmol L™ and
10 umol L 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 pmol L' for HVA and from 100 to 1 umol L for VMA.
Achieved limits of quantification were 0.3 pmol L' for HVA and 1.0 pmol L 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 pmol L™, n = 10) were 6.6 % for HVA and 11
% (1 umol L") 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, E, of HVA is close to E, of the first
peak of VMA. Second peak of VMA 1is 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 pmol L™ with constant addition of the second analyte at concentration 10 or
5 umol L™". 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 pmol L' 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 scan rate, sampling time 20
ms). The peak potentials (£,) 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 pmol L' 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 pmol L™
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 pmol L for both electrodes. Achieved limits of quantification were
0.7 pmol L' for CFE and 1.7 pmol L' 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 pmol L™, 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 pmol L' 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: 1) 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 Rezni¢kova, 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 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 in 1 mmol L' potassium hexacyanoferrate in 0.1 mol L™
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*>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 AE, were higher (70<AE,<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' potassium
hexacyanoferrate in 0.1 mol L™ 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 /5/Ic for all measurements at 50 mV s 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™'. As mentioned above, the diameter of
all used electrodes was 3 mm; therefore, their geometric area was 7.1 mm?’. Active areas

7.5+ 0.5 mm? 8.4 + 0.2 mm% and 7.3 + 0.5 mm® (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'l, scan rates
from 10 to 500 mV s™, repeatability of 10 CV measurements at 50 mV s™ scan rate).
The linear relation between the anodic peak current values and the square root of scan
rate was obtained (R*>0.995) for all used electrodes. The relationships of log I, vs log v
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 (AE,) 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 (/a/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™ 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 pmol
L' in BR buffer pH 7. The oxidation peak currents of HQ increased linearly with the
concentration on all types of GNFEs (R*>0.990). RSD of the lowest evaluable
concentration (10 pmol L, 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 pmol L' for GNFE-Pristine, 4.2 pmol L™ for GNFE-Plasma, and 9.0 pmol L™ 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
(7<32°C) to collapsed dehydrated state (7>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].

45



Chapter 4 Results and discussion

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.
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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) of 1 mmol L™ ferrocyanide diluted in 0.1 mol L™ 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 pL. 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' ferrocyanide (under 5 %)
and reversibility (4E, = 95 mV, L,,0d/lcamoa = 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 £, 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 pPNIPAAM 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: -NO,, -CsF7 (spontaneously grafted and electrografted) [S], -CHj3, -C4Ho,
-Ci1oHz1, and -Ci¢Hs; (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 -NO,, -CgF 7
functional groups are discussed in detail in the paper [S] and experimental results
dealing with -CHs -C4Ho, -CjoHzi, -Ci¢Hss groups are discussed in detail in the
Appendix VI [6].

The electrochemical characterization was performed by CV investigation (scan rate

0.05V s) of 1 mmol L 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 pL. 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 (-C;H;, -C4Ho, -C;oHa2;, and -
Ci6Hs3), the cyclic voltammetry was performed in two solutions of ferrocyanide
(1 mmol L) either dissolved in 0.1 mol L™ potassium nitrate as an aqueous medium or
dissolved in 0.1 mol L™ 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 (AE, = 100 mV, Lioa/lcanoa = 1.1, lapoa =
9.5 nA, repeatability heights of peaks = 5 %). Behaviour changed when -C H, 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 —CHj substrate was grafted, negligible blocking of ferrocyanide molecules with
lower rate of reversibility of the electrochemical reaction was observed (AE, =200 mV,
Linod/Icahod = 1.4, Linoa= 8.9 nA). In the case of -C4Hg and -C;oH,; trend continued;
evaluable height of the peaks decreased down to /,,,¢< 2.0 pA. After -C;cHs3 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 -C,H3 and -C4Hy groups exhibited oxidation peak at the same potential with
the shift of the potential of reduction peak, but grafting of functional group (-CioHa)
with increasing carbon chain length did not lead to full peak suppression. Despite the
fact that grafted -C;¢Hss 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

48



Chapter 4 Results and discussion

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 -NO,, -CgF7 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.
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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 solution of potassium
ferrocyanide dissolved in 0.1 mol L™ 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 pmolL™'. The lowest limit of

quantification (LOQ) was 0.3 pmol L', 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 pmolL"'. Achieved LOQ was 0.7 pmol L". For
comparison, LOQ achieved with CPE was 1.7 pmol L™,

¢ 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.

s 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-sifu 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.

s 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 umol L. Achieved LOQ were 4.3 pumol L for GNFE-Pristine,
4.2 umol L' for GNFE-Plasma, and 9.0 pmol L' 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 -NO,, -CgF7 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-C4H,, 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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Abstract An array of carbon composite electrodes
embedded in a 96-well microtitration plate was applied to
differential pulse voltammetry determination of standards
of tumor 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). For the preparation of composite electrodes,
graphitic conductive microparticles and nonconductive
polystyrene binder were used. For the measurement, a
buffer of pH 2 was selected as the optimum medium for
both analytes. In this medium, concentration dependences
of stand-alone standards were measured; calculated quan-

were 0.3 pmol dm™* for HVA and
0.8 pmol dm™ for VMA. Sorption of analytes on
employed working electrode was examined in order to
verify, whether the current is influenced by the time period
between cell filling and measurement. The sorption was not
observed and the current was stable even after 10 min.
Developed method was verified by the determination of a
mixture of standards of both analytes. Mixtures of analytes
of various proportions were measured and the obtained
calibration curves showed good agreement with standard
values. Furthermore, the results showed that the behavior
of the mixture of analytes is not different from the behavior

tification limits
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of the actual standards, so that it is possible to calculate the
concentration of both analytes side by side.
Graphical abstract

Keywords Array of electrodes - Electrochemistry -
Microtitration plate - Oxidations - Tumor biomarkers -
Voltammetry

Introduction

Homovanillic acid (HVA) and vanillylmandelic acid
(VMA) are important and well-known products of cate-
cholamine metabolism in human body [1, 2]. The
determination of these biomarkers in human fluids is
important especially for diagnosis of metabolic [3] and
neurological [4, 5] disorders.

High concentration of these acids in human blood,
plasma, and urine indicates a large number of various
diseases. The tumors of adrenal medulla [6], neuroblastoms
[4, 7, 8], and feochromocytoms [5, 9] cause excessive
production of catecholamines, which leads to subsequent
excessive release of HVA and VMA to blood and urine
[10]. Further scientific studies found that concentration of
HVA and VMA is also related to Parkinson disease [11],
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schizophrenia [12], suicide attempts [13, 14], and to post-
traumatic stress disorder [14].

Monitoring of increasing renal excretion of HVA and
VMA is fundamental for determining the stage of disease,
monitoring of response of human organism to treatment
and for an early diagnosis of tumors mentioned above [1].

Levels of HVA and VMA are mostly determined in
urine samples as a concentration of each acid, as a ratio
HVA:VMA [15] or with a correction to amount of excreted
creatinine from human kidneys [16].

For the determination and separation of HVA and VMA,
many sensitive analytical methods have been developed.
Techniques such as GC-MS [17, 18], HPLC-MS [7, 19],
HPLC with fluorescence detection [20], HPLC-ED [21],
CZE-ED [22], and voltammetric determination [14, 15, 23—
25] are most commonly used,

Phenolic structure of catecholamine metabolites suggests
their oxidizability under potentials accessible for carbon
electrodes, which can be used for their determination.

Properties of the solid carbon composite electrodes are
comparable with properties of common carbon electrodes.
Carbon composites electrodes offer certain advantages
such as low cost, relatively broad potential window (de-
pendent on pH of the measured solution), high signal-to-
noise ratio, and easy miniaturization. They can be easily
chemically modified and mechanically or electrochemi-
cally pretreated to decrease problems with their passivation
[26, 27]. Last but not least, these electrodes are usually
made from non-toxic components and thus they are envi-
ronment-friendly [28]. The working carbon electrodes
based on composite materials can be used as voltammetric
sensors for the determination of inorganic analytes [29], as
well as of organic compounds [30].

The main aim of this study is focused on the develop-
ment of a reliable electrochemical determination of HVA
and VMA standards at array of carbon composite film
electrodes embedded in 96-well microtitration plate as a
basis for the further research of real samples determination.

Results and discussion
Dependence on pH

At first, the dependence of voltammetric behavior of HVA
and VMA on pH was investigated using differential pulse
voltammetry (DPV). Behavior of HVA and VMA was
investigated in separate solutions of standards in media of
pH range from 2 to 12. The measured concentration of both
acids was 100 pmol dm~3,

HVA provides one voltammetric peak in anodic poten-
tial range, corresponding to the oxidation of hydroxyl
group at aromatic system, with the peak potential

@ Springer
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Fig. 1 DP voltammograms of 100 pmol dm > VMA in BR buffer
pH 2.7, and 12 at carbon composite film electrode. Corresponding pH
is marked near the curves

decreasing linearly with increasing pH according to
Eq. (1).
E,/V = —0.0496 pH + 0,782 (R> = 0.989) (1)

On the other hand, VMA provides two voltammetric
peaks up to pH 11, where conjunction of peaks is observed
(Fig. 1). This fact is caused by the different mechanism of
oxidation of hydroxyl group of VMA compared to the
mechanism of HVA oxidation [31]. The potential of the
first peak of VMA is similar to the peak potential of HVA;
the potential difference between the peaks increases with
decreasing pH and in acidic pH, the peaks are
independently evaluable.

The peak potential of both peaks of VMA is decreasing
linearly with increasing pH according to Eq. (2) for the first
peak and to Eq. (3) for the second peak.

Ep /V = —0.040 pH + 0.753 (R> = 0.992) (2)
Ep/V = —0.057pH +0.962 (R = 0.985) (3)

The current response is highest and most reproducible in
the acidic media. For further measurements, pH 2 was
selected as an optimum medium for both analytes.

Invariance of behavior of analytes on the working
electrode

Sorption of both analytes on the employed composite
electrodes was examined in order to verify, whether the
peak height is influenced by the time period between cell
filling and actual measurement or whether we are able to
use adsorptive stripping voltammetry to increase sensitivity
of the measurement. The measurements were carried out in
separate solutions of 100 and 10 pmol dm® HVA, and
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100 and 10 pmol dm™ VMA in BR buffer of pH 2. Cur-
rent responses were measured in non-stirred solutions after
time period of 0, 1, 5 and 10 min.

The electrode response did not show any trend even
after 10 min of accumulation time for both analytes. In the
case of HVA, value of RSD of the peak current of all
measurements (n = 5, all times included) was 1.3 % for
the higher measured concentration and 3.8 % for the lower
measured concentration. In the case of VMA, values of
RSD of the first and second peak current were 5.0 and
5.8 % for the higher measured concentration and 3.5 and
3.1 % for the lower measured concentration, respectively.
It follows from the obtained results that it is not necessary
to perform the determination immediately after dispensing
the sample; however, the adsorptive step could not be
utilized.

Concentration dependences

Concentration dependences were measured under the
optimal conditions (pH 2, without sorption) in the con-
centration range from 100 to 0.8 pmol dm™ for HVA and
from 100 to 1 pmol dm ™ for VMA (Table 1). The con-
centration dependences were linear within the whole
concentration range for both analytes. Measured DP
voltammograms are shown in Fig. 2 for HVA and in Fig. 3
for VMA.

Repeatability of the measurement of HVA was 6.6 %
(n = 10) and repeatability of the measurement of VMA
was 11 % (n = 10, both peaks) for the lowest measured
concentration, which explains higher LOQ in the case of
VMA. Achieved limits of quantification of both analytes
are shown in Table 1.

Low value of all intercepts refers to the absence of side
reactions at the electrode and of the impurities in the
solutions. In comparison with other DPV determinations on
various carbon electrodes [15, 25], developed method on
carbon composite film electrodes offers similar results.

Determination of standards of acids in the mixture

Whereas the analytes are often determined side by side, it
was necessary to analyze how the electrochemical behavior

of standards is influenced by the simultaneous presence of
both analytes.

As mentioned previously, the potential of the first peak
of VMA is similar to the peak potential of HVA and the
sum of the first peak current in the mixture is equal to sum
of peak currents of separate standards. The second VMA
peak is separated from the other peaks well enough to
enable VMA determination. The combination of these facts
can be used for the determination of both analytes in the
mixture—determination of VMA can be based on the
second peak and with its known concentration, HVA can
be determined from the first summary peak.

The first condition for the applicability of this procedure
is that the sum of the first peak current in the mixture
equals to the sum of corresponding peak currents of sep-
arate standards. For the confirmation, four calibration sets
of mixed solutions of analytes were prepared and mea-
sured. Each calibration set was prepared from standard of
VMA or HVA in the concentration range from 10 to
1 umol dm~* with constant addition of the second analyte
of concentration 10 or 5 pmol dm™> (Table 2). Selected
DP voltammograms are shown in Fig. 4.

Slopes and intercepts for the first peak of all calibration
curves were evaluated and compared to values obtained
from the measurements of stand-alone standards (concen-
tration range from 10 to | pmol dm™?). For the good
agreement of results, the values of slopes of first peak
should correspond with the slopes of standards and the
intercepts should match with the current increase caused by
addition of second acid (Table 2).

Obtained calibration curves showed good agreement
with standard values and linear growth of intercept
(Figs. 5, 6); the results of HVA show higher consistency
than those of VMA, which differ from the standard of
approximately 20 %. This inconsistence was probably
caused by change of the baseline in the mixture of analytes
and also by lower repeatability of the measurements of
VMA standards. Low correlation of the intercepts of the
VMA second peak dependence is acceptable, considering
that all the intercepts for this set of dependences are sta-
tistically insignificant (o = 0.05); influence of the small
signal in supporting electrolyte, visible in Fig. 2, is
negligible.

Table 1 Parameters of HVA and VMA concentration dependences measured by DVP at carbon composite film electrode in buffer of pH 2

—3

Analyte/peak Slope/pA dm™ mol ™! Intercept/pA* SD/pA R LOQ/pmol dm™"
HVA/I 0.31 0.05 0.17 0.999 0.3
VMA/L 0.19 —0.08 0.38 0.997 0.8
VMA/2 0.17 0.04 047 0.995 1.4
* Intercept is not significantly different from zero (o = 0.05)
" The standard deviation of the regression line
@ Springer
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Fig. 2 DP voltammograms of

HVA in BR buffer pH 2 at
carbon composite film
electrode. Corresponding
concentration in pmol dm~? is
displayed near the curves

Fig. 3 DP voltammograms of
VMA in BR buffer pH 2 at
carbon composite film
electrode. Corresponding
concentration in pmol dm~? is
displayed ncar the curves

0.6 0.8
E/N

For further verification of the proposed method, the
known concentrations of the analytes in the mixtures were
compared with the concentrations calculated by the
described procedure (Table 3). Equation (4) was used for
HVA determination and Eqgs. (5) and (6) for VMA
determination.

(I'_qUM - ‘,VMA,’I) +0.16

CHVA = 035 4)
Iyays = 0.19 cppgs — 0.03 (5)
@ Springer

1.0 0.6 0.8 1.0

Tupaz2 — 0.06

A =017

({5, = sum of the current of the first peaks, Iypay =
current of the first peak of VMA).

The obtained results correspond to the known values
with the exception of mixtures, where concentration of one
of the analytes is markedly lower in comparison with the
other one. In this case, the general tendency to provide
lower results is pronounced and yields lower than 50 % are
sometimes reached.
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Table 2 Parameters of mixture of HVA and VMA concentration dependences measured by DPV at carbon composite film electrode in buffer of

pH 2
Calibration curve/peak Addition/imol dm —* Slope*/pA dm ™ mol ' Slope’/pA dm > mol ' Agreement slope
Intercept/pA Intercept/pA Intercept (%)
HVA 10° 0.36 0.35 104
1.61 1.58 102
HVA 50 0.36 0.35 102
0.70 0.82 85
VMA/L 10" 0.23 0.19 123
3.31 330 99
VMA/L 5 0.16 0.19 84
1.70 152 111
VMA/2 10* 0.22 0.17 127
-0.12 —0.061 200
VMA/2 5 0.17 0.17 100
—0.023 —0.061 38

* Addition of HVA
" Addition of VMA
© Slopes and intercepts obtained from measurement of mixture of analytes

4 Expected values of slopes and intercepts from measurement of standards of analytes

Fig. 4 DP voltammograms of
a HVA with addition of

5 pmol dm™ VMA and

b VMA with addition of

5 pmol dm ™ HVA in BR
buffer pH 2 at carbon composite
film electrode. Corresponding
concentration of analytes in
umol dm~? is displayed near
the curves

EN T EN

From the calculated results using standards and mixtures  Conclusion
of analytes it is obvious that using the developed method, it
is possible to determine HVA and VMA in the mixture  Voltammetric method for the determination of HVA and
with precision sufficient for the screening measurements, VMA, oxidizable tumor biomarkers, was developed using
provided that the concentrations of both compounds are  electrochemical measuring system with carbon composite
comparable. electrode embedded in 96-well microtitration plate.
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Fig. 5 The first peak current dependences on the concentration of standards of HVA or VMA with addition of second acid. Corresponding

concentration of addition in pmol dm ™ is displayed near the curves
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Fig. 6 The second peak current dependences on the concentration of
standards of VMA (S) with addition of HVA. Corresponding
concentration of addition of HVA in pmol dm* is displayed near
the curves

From the dependence of peak heights on supporting
electrolyte composition, a buffer of pH 2 was selected as
the optimum medium. In this medium, concentration
dependences were measured; calculated HVA determina-
tion limit was 0.3 pmol dm™> and calculated VMA
determination limit was 0.8 pmol dm™>. The peak current
was not influenced by the accumulation time even after
10 min of accumulation for both analytes.

@ Springer

For exploring the electrochemical behavior of mixtures
of both analytes in one solution, four calibration sets of
these mixtures were prepared and measured. Slopes and
intercepts were compared to values obtained from the
measurements of stand-alone standards. Obtained calibra-
tion curves show good agreement with standard values,
particularly in case of HVA calibration. Concentrations of
the respective compounds in mixtures were calculated
using the concentration dependences of single standards.
Also these values correspond well with the expected val-
ues, provided that the concentrations of both compounds
are similar. Average recovery was 86 % for HVA and
89 % for VMA.

All the results showed that it is possible to use carbon
composite film electrodes for simultaneous DPV determi-
nation of HVA and VMA with the sufficient sensitivity and
accuracy required in screening measurements. Moreover,
used electrochemical system offers advantages such as low
purchase price and integrated working electrodes that are
made from non-toxic components and thus environment-
friendly.

On the other hand, limits of quantification of an analysis
are deficient in comparison to modern spectrometric tech-
niques [20] and it is necessary to overcome this problem by
another improvement of the method by the further research
which would include DPV and SWV determination of
analytes standards in urine and determination of real
samples with a pre-concentration step or with a preliminary
separation step.
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Table 3 Calculated values of
concentration of mixture of

3 3

Concentration”/pmol dm ™~ Concentration”/pmol dm ™ Recovery HVA/% Recovery VMA/%

HVA/VMA HVA/VMA
HVA and VMA measured by
DPV at carbon composite film 10/10 8.9/11.2 89 112
electrode in buffer of pH 2 10/8 9.7/10.1 97 126
10/6 10.7/6.3 107 105
10/4 9.1/3.7 91 93
10/2 9.2/1.6 92 79
1071 9.9/0.3 99 26
5/10 3.9/93 78 93
5/8 4.2/7.2 83 90
5/6 4.2/59 84 98
5/4 4.5/3.5 90 89
5/2 4.6/1.5 93 73
5/1 4.6/0.3 92 34
10/10 8.9/11.2 89 112
8/10 6.8/10.4 84 104
6/10 53195 88 95
4/10 3.4/9.1 85 91
2/10 1.5/9.2 5 92
1/10 0.8/8.6 78 86
10/5 9.5/4.6 95 93
8/5 7.4/4.4 92 89
6/5 5.2/47 87 94
4/5 3.4/4.1 85 82
2/5 1.2/4.6 61 92
1/5 0.6/4.1 58 82
Average 86 89

* Spiked concentrations of analytes

" Concentrations calculated from measurement of mixture of analytes

Experimental acid and acetic acid (all Lachema, Czech Republic),
0.04 mol dm™> each. All chemicals used for buffers
Chemicals preparation were of analytical grade purity and used

without further purification. The standard solutions of the

For the fabrication of composite electrodes, graphite
powder with a diameter of particles from 3.5 to 5 pm (CR-
2, Grafit Tyn, Czech Republic) was used as conductive
component; polystyrene (packaging EPS polystyrene)
served as the nonconductive binder and toluene obtained in
p.a. grade from Lachema, Czech Republic as a volatile
solvent,

The stock solutions of 1 mmol dm™> HVA (fluori-
metric reagent, Sigma Aldrich, USA) and 1 mmol dm™
VMA (>98 %, TLC, Sigma Aldrich, USA) were prepared
by dissolving the exact amount of the substances in
deionized water (Milli-Q-Gradient, Millipore, USA) and
they were kept in the refrigerator. Britton-Robinson buf-
fers serving as supporting electrolyte were prepared by
mixing of 0.2 mol dm™ of sodium hydroxide (Penta,
Czech Republic) with a solution of phosphoric acid, boric

mixture of analytes were prepared by mixing the exact
volume of the stock solutions of both analytes with
Britton-Robinson buffer.

Apparatus
Voltammetric measurements were performed with
portable potentiostat PalmSens (Palm Instruments,

Netherlands), controlled by PSTrace 4.0.0 software. Dif-
ferential pulse voltammetry was carried out with carbon
composite film electrode (described below), platinum wire
auxiliary electrode and Ag/AgCl (3 mol dm~? KCl) refer-
ence electrode (Eco-Trend Plus, Czech Republic), to which
all potentials values are referred. The pH of the solutions
was measured with a pH meter Jenway 3510 (Jenway,
United Kingdom) with a combined glass electrode.
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Preparation of the electrochemical cell system

The carbon ink for the fabrication of carbon composite film
electrodes was prepared by thorough mixing of graphite
and polystyrene in 9:1 ratio; subsequently, 0.5 cm® of
toluene for each 0.1 g of total weight of solid particles was
added and the electrode mixture was homogenized by
intensive stirring. As the platform of a cell system, the
96-well microtitration plate (U96 Microwell plates natural,
Schoeller Pharma Praha, Czech Republic) with round
bottom was used. Metal contact was introduced through the
bottom of the hole and 80 mm® of the carbon ink was
applied into each cell. After the solvent evaporation, the
cell set with integrated solid carbon composite film elec-
trodes (hemispherical shape of diameter 8.05 mm,
geometric area 1.0 cm”) was ready for the measurement
[32, 33].

Procedures

Parameters of the DPV potential program were: 0.1 s pulse
width, 50 mV pulse height, 20 mV s~ ! scan rate (param-
eters were not optimized) and potential range from —100 to
1000 mV. Volume of the solution used for the measure-
ment was 370 mm’. All measurements were repeated five
times and each measurement was performed in the new
cell, unless stated otherwise. Calibration dependences were
evaluated by least squares linear regression method. The
quantification limits were calculated as the concentration of
the analyte which gave a signal ten times higher than the
standard deviation of the lowest evaluable concentration
[34].
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Abstract: Background: This paper is focused on application of a recently developed
disposable array of carbon composite electrodes and well-known carbon paste electrode for
determination of indoxyl sulphate (urinary indican) in human urine matrix.

Results: Measurement of basic electrochemical behaviour of indoxyl sulphate on working
electrode resulted in selection of BR buffer pH 2 and pH 3 as the optimum medium for
carbon composite film electrode and carbon paste electrode, respectively. In this medium,
concentration dependences of standard of indoxyl sulphate were measured; calculated
quantification limits were 0.7 pmol L™ for carbon composite film electrode and 1.7 pmol L~
"for the carbon paste electrode. Accumulation of indican on employed working electrodes
was examined in order to increase sensitivity of the measurement. However, after time
period of 5 minute; observed increase of the current response was negligible and
accumulation step was not inserted. Developed method was complemented by the solid
phase extraction of indoxyl sulphate from spiked human urine matrix, where methanol, BR
buffer, deionised water and their combination were used as elution reagents.

Conclusion: Selected graphite-based working electrodes were successfully applied for the
development of suitable voltammetric method for the determination of indoxyl sulphate in
BR buffer and the sufficient sensitivity and accuracy required in screening measurements
was observed; however, solid phase extraction was not successful due to ineffectual
removal of interferents from human urine.

Ke%words: Indican, Carbon composite film electrode, Carbon paste electrode,
Differential pulse voltammetry, Solid phase extraction, Oxidation

*Address correspondence to this author at the Deé)artment of Analytical Chemistrzy,
Faculty of Science, Charles University, Albertov 6, Prague, Czech republic, CZ-128
00; Tel/Fax: +420-221951223; E-mail: dejmkova@natur.cuni.cz

1. INTRODUCTION

Indoxyl suphate is a product of tryptophan metabolism. Tryptophan absorbed from food
is metabolized by colon microbes to indole and then to indoxy sulphate_by the liver after
transfer into systemic circulation. Subsequently, indoxyl suphate is cleared by the kidneys
through tubular secretion and excreted to urine. Only 10 % of indoxyl sulphate is
circulating in the metabolism as a “free” form, the remaining amount of indoxy! sulphate is
present as a form bounded to plasma proteins, mostly to albumin [1, 2]. Final concentration
of indoxyl sulphate in body fluids can be influenced by high (or low) protein/tryptophan
diet or by intake of drug influencing liver or bowel function [3]. In the event of an actual

XXX-XXX/14 $58.00+.00 © 2014 Bentham Science Publishers
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kidney disease, tubular clearance decreases and indoxyl sulphate accumulates in plasma
and urine [4], which can lead to cardiovascular problems and bone diseases [5, 6]. The
indoxyl sulphate toxicity was proven in cultured human cells and animals. Toxic effect in
humans has not yet been conclusively established and it is in the interest of many clinical
laboratories, because monitoring of excretion of indoxyl sulphate to urine could be
fundamental for prediction of forthcoming kidney diseases, renal failure, unsuccessful
kidney transplantation, problems with colon microbial metabolism and for the preventing
of heart problems [7, 8]. Therefore, modern techniques for extraction and determination of
indoxyl sulphate are required. Despite the many medical studies, only several
electrochemical methods were developed for the determination of indoxyl sulphate. Among
them, we can mention determination of indoxyl sulphate on disposable screen-printed
graphene electrode by square-wave voltammetry [9] or determination of indoxyl sulphate
by reversed-phase liquid chromatography using an electrochemical detector based on
composite electrode of carbon black and polyethylene [10]. Nevertheless, determination of
indoxyl sulphate by HPLC with mass spectrometry is common [11-13].

For the development of the method, two graphite-based bicomponent electrodes were
used. One of them was the recently introduced carbon composite film electrode, integrating
film of graphite microparticles and polystyrene in the wells of microtitration plate. In the
past, this type of solid carbon composite film electrode [14] was used for the determination
of environmental pollutants, e.g. triclosan in tooth paste [15], 5-nitroquinoline [16] and 4-
nitrophenol in river water [17] or homovanillic acid and vanillylmandelic acid [18]. During
recent researches was revealed that this type of solid composite electrode offers certain
advantages such as possibility to adjust shape and sizes of the electrode according to the
requirement, low purchase price, easy fabrication process, and environmental friendliness.
Moreover, developed voltammetric methods on this electrode offer sufficient sensitivity
and accuracy required in screening measurements. On the other hand, low robustness
during measurements in media containing higher amount organic solvents (>30 %) can be
considered as a main disadvantage of this type of electrode [15, 18]. The other applied
electrode was carbon paste electrode (CPE), well-known electroanalytical instrument
proven by years of the usage. In case of this electrode, graphite microparticles are mixed
with inert, non-electroactive liquid binder [19] and filled in the electrode body usually
made of polyethylene or Teflon with inner metal piston [20]. CPEs offer highly beneficial
properties such as high conductivity, low background current, easy ways of miniaturization,
and easy renewability. In the last years, improvement of carbon paste electrodes by the
replacement of one of the basic component of the paste by different conductive particle or
ionic liquid opens new ways of usability and it is on the rise [21, 22].

This paper is focused on the development of suitable electrochemical methods for the
determination of indoxyl sulphate in human urine matrix at these two graphite based
electrodes and comparison of the obtained results, particularly from the perspective of
large-scale solid CFE applicability for determination of biomarkers.

2. MATERIALS AND METHOD

2.1. Chemicals
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The stock solution of 1 mmol L™ urinary indican (indoxyl sulfate potassium salt, p.a.
grade, Sigma-Aldrich, USA) was prepared by dissolving the exact amount of the substance
in deionized water (resistivity = 18,2 MQ cm?, Milli-Q-Gradient, Millipore, USA) and it
was kept in the refrigerator. Britton-Robinson (BR) buffers serving as supporting
electrolyte were prepared by mixing of 0.2 mol L' of sodium hydroxide (Penta, Czech
Republic) with a solution of Phosphoric acid, boric acid and acetic acid (all Lachema,
Czech Republic), 0.04 mol L™ each. All chemicals used for buffers preparation were of
analytical grade purity and used without further purification. As extraction reagents,
methanol (p.a., Merck, Germany), deionized water and BR buffer were used.

2.2, Apparatus

Voltammetric measurements were performed with potentiostat EcoTribo (Polaro-
Sensors, Czech Republic), controlled by Polar 5.1 software. Differential pulse voltammetry
(DPV) and cyclic voltammetry (CV) were carried out with carbon composite film electrode
and carbon paste electrode, platinum wire auxiliary electrode, and Ag/AgCl (3 mol L
KCI) reference electrode (Eco-Trend Plus, Czech Republic), to which all potentials values
are referred. Preparation of working electrodes is described in section 2.3. The pH of the
solutions was measured with a pH meter Jenway 4330 (Jenway, United Kingdom) with a
combined glass electrode.

2.3. Preparation of working electrodes

The carbon ink for the fabrication of carbon composite film electrodes was prepared by
thorough mixing of graphite particles with diameter from 3.5 to 5 pm (Grafit Tyn, Czech
Republic) and EPS polystyrene in 9:1 ratio; subsequently 0.5 mL of toluene (p.a., Lachema,
Czech Republic) for each 0.1 g of total weight of solid particles was added and the
electrode mixture was homogenized by intensive stirring. The 96-well microtitration plate
with round bottom (Schoeller Pharma Praha, Czech Republic) was used as the platform of a
cell system. Metal contact (2 mm thick) was implemented through the bottom of the hole
and 80 pL of the carbon ink was applied into each cell. After evaporation of the solvent, the
cell set with integrated solid carbon composite film electrodes (hemispherical shape,
diameter 8.05 mm, and geometric area 100 mm®) was ready for the measurement [15].

Carbon paste was prepared by thorough mixing of 0.25 g graphite particles with 100 pL
of mineral oil Nujol (Fluka, Switzerland). Prepared carbon paste was packed in the Teflon
piston-driven holder with 2 mm inner diameter (geometric area 3.1 mm?) [23]. The surface
of the electrode was renewed by pressing about 0.1 mm of the paste out of the holder by
piston and wiping with wet filtration paper.

2.5. Sample treatment and extraction

Urine samples spiked with known amount of standard of urinary indican were prepared
from human urine of the healthy analyst. Interferents from model sample of urine were
separated by solid phase extraction (SPE), performed using poly(styren-divinylbenzene)
based solid-phase extraction columns LiChrolut EN 200 mg/3 mL (Merck, Germany).

The SPE column was first conditioned by 3 mL of deionized water and 3 mL of methanol.
Conditioning was carried out at atmospheric pressure; fluids were freely allowed to pass
through the cartridge. The spiked urine sample (10 mL) was adjusted to pH 3 with
phosphoric acid, filtered and applied on the SPE column. After that, the cartridge was dried
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under vacuum for 1 minute and subsequently non-adsorbed interferents were washed away
by 5 mL of BR buffer pH 8. Elution of the adsorbed analyte was carried out by 5 % methanol
with a volume 3 mL, the entire process is described in Section 3.4. Prior to sampling to the
voltammetric system, 2 ml of eluent was diluted by 8 ml of BR buffer of pH 2 (CFE) or pH 3
(CPE).

2.6. Procedures

Parameters of the DPV potential program were: 0.1 s pulse width, 50 mV pulse height,
20 mV s scan rate and potential range from 0 to 1200 mV. Volume of the solution used
for the measurement was 350 puL in the case of a cell with CFE and 5 ml in the case of
carbon paste electrode. All measurements were repeated five times and each measurement
was performed in the new cell with CFE or with freshly renewed surface of CPE, unless
stated otherwise. Calibration dependences were evaluated by least squares linear regression
method. The quantification limits were calculated as the concentration of the analyte which
gave a signal ten times higher than the standard deviation of the lowest evaluable
concentration. [24]

3. RESULTS AND DISCUSSIONS

3.1. Dependence on pH

Firstly, dependence of height of the peak on pH was investigated using differential pulse
voltammetry (DPV) on both working electrodes. Electrochemical behaviour was
investigated in 50 umol L solution of standard of urinary indican in BR buffer of pH
range from 2 to 12.

At both types of electrodes, indoxyl sulphate provides two voltammetric peaks in anodic
potential window until pH 11 and one voltammetric peak in pH 12. The current responses
were highest and most reproducible in the acidic media. Peak heights were decreasing with
increase of pH until pH 11, where the assessable height of the second peak decreased up to
zero (Fig. 1.). Peak potentials were decreasing linearly with increasing pH with following
equations.

CFE:
E,1 (V) = -0.030 pH + 0.695
E,z (V) =-0.053 pH + 1.141
CPE:
E,; (V) =-0.029 pH + 0.751
E,» (V) =-0.053 pH + 1.168

Shift of first and second peak potential with pH is similar for both types of electrodes.
Obtained values of slopes expressed the ratio between the exchanged electrons and protons
during the electrochemical reaction.
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Fig. (1). DP voltammograms of 100 pmol L! indoxyl sulphate in BR buffer at (A) CFE
and (B) CPE. Corresponding pH is marked near the curves.

Values for the first and second peak (0.029 V, 0.053 V) were comply with theoretical
values (0.029, 0.059 V) and it indicates that during the first oxidation step, twice more
electrons than protons is exchanged and in the second oxidation step, the same number of
electrons and protons is exchanged. This result was compared to proposed two step
mechanism of indoxyl sulphate oxidation on glassy carbon electrode [25], where the
oxidation at C2 position on pyrrole ring, followed by the hydroxylation of the benzene
moiety and subsequent oxidation of hydroxyl group. Agreement with proposed mechanism
was observed only in the case of second peak, where two electrons and two protons are
exchanged. In the case of first peak, deviation of result pointed to the difference in
Nernstian electrochemical behavior on different types of carbon electrode.

For further measurements, pH 2 for CFE and pH 3 for CPE was selected as an optimum
medium 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 less evaluable due to
overlap with end of potential window.

3.2. Repeatability and accumulation

Repeatability of the measurement both on renewed and the same surface was examined
as well as the the changes of the curent response after the solution was in contact with the
working electrode for a period of time. The measurement of repeatability was carried out in
solution of 50 pumol L! urinary indican in BR buffer of pH 2 (CFE) and pH 3 (CPE), ie.
under optimum conditions. Change in the current response was tested after time period of 5
minute in the solution of 5 pmol L urinary indican in BR buffer of pH 2, 6, and 9, in the
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case of CPE under the stirring. The highest current response in DPV was obtained in pH 2
during measurement of pH dependences; however, if accumulation occurs in another pH
and provides significant increase of peak current, pH might be changed for further
measurements to obtain higher sensitivity.

Ten repeated scans on renewed or new surface of electrode revealed that obtained signal
is stable with repeatability of the measurement 4.2 % for CFE and 3.4 % for CPE (n = 10).
These values are usual for electrodes made of graphite carbon [26]. On the other hand,
repeated measurement on the same surface of working electrodes resulted in decrease of
peak current for almost 60 %, probably due to passivation of electrode surface by main
oxidation product of electrode reaction (Fig. 2.) [9]. In the case of CFE, decrease of the
peak current was magnified by increase of background current in each subsequent scan.
This phenomenon can be seen in Fig. 2. 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.

[ (WA)_

0.6 0.8

07
E (V)

Fig. (2). DP voltammograms of 10 repeated measurements of 100 pmol L™ indoxyl
sulphate in BR buffer at one surface of (A) CFE and (B) CPE. Corresponding number of
measurement is marked near the curves.
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Measurement after prolonged time of electrode-analyte contact showed slight
accumulation of indoxyl sulphate on both working electrodes, namely increase of peak
current up to 30 % at pH 2 after 5 minute of accumulation time. In pH 6 and pH 9, the
increase of peak current was negligible. Thus, such an increase of the current response was
not satisfactory and the adsorptive step was not utilized for further measurements. On the
other hand, in the case of CFE, increase of background current was observed after 5 min
contact with the solution, which suggests the necessity to perform the measurement
immediately after the introduction of the solution.

3.3. Concentration dependences

Concentration dependences of urinary indican were measured in acidic pH in the
concentration range from 1 to 50 pmol L™ for both working electrodes. The achieved
results are summarized in Table 1 and selected differential pulse voltammograms are shown
in Fig. 3. for CFE and Fig. 4. for CPE.

The concentration dependences were linear within the whole concentration range for
both electrodes. Repeatability of measurement of peak height of urinary indican in BR
buffer with CFE was 7 % (n = 5) and repeatability of measurement of urinary indican in BR
buffer with CPE was 15 % (n = 5) for the lowest measured concentration (1 pmol L).
Obtained values of repeatability explain lower limit of quantification in the case of CFE.
The difference in the slope value partly mirrors the difference in the electrode geometric
area (3.1 mm? of CPE versus approx. 100 mm? of CFE); the remaining difference may be
attributed to the difference in shape or in the role of the insulator component in the
electrode. In the case of CFE, high value of intercept refers to the presence of side reaction
or to the inpurities in the polystyrene binder. Intercept of the measurement with CPE was
statistically insignificant.

Table 1 Parameters of urinary indican

concentration dependences measured by
DPV at carbon composite film electrode
and carbon paste electrode in BR buffer

of acidic pH.
Electrode Slope Intercept r Sdyy” LOQ
(A L mol™) (HA) (umol LY
CFE 0.151 0.24° 0.994 0.20 0.7
CPE 0.017 -0.01 0.999 0.02 1.7

“the intercept is significantly different from zero, "standard deviation of
regression line
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12

E (V)
Fig. (3). DP voltammograms of urinary indican in BR buffer of pH 2 at carbon composite
film electrode. Corresponding concentration in pmol L7 is displayed near the curves.
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Fig. (4). DP voltammograms of urinary indican in BR buffer of pH 3 at carbon paste
electrode. Corresponding concentration in umol L™ is displayed near the curves.

3.4. Determination of indican in matrix of human urine

Urine contains numerous oxidizable compounds and the application of the developed
method in this matrix requires separation of the analyte, which can be most easily done by
solid phase extraction (SPE). For this purpose, suitable sample treatment, washing solutions
and eluent were sought. All obtained results were compared to measurement of solutions of
standard of indoxyl suphate in appropriate medium.

Sorption of indoxyl sulphate from aqueous 10 pmol L' solutions occurred on EN
extraction columns when the volume of 10 mL was applied; for the further measurements,
urine samples were adjusted 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. Nevertheless,
the increase of the volume of the applied sample to 100 mL lead to the decrease of the
adsorbed amount of the analyte, which suggests that the adsorption of indoxyl sulphate is
weak and that excessive washing of the column even by aqueous solvents can partially
elute the analyte.

Methanol was used as the elution solvent of the first choice. Fractional elution revealed
that 2 mL of methanol elute all the analyte. Recovery of this procedure, i.e. (10 ml of
indoxyl sulphate, washing solution BR buffer pH 3, elution by 2 ml MeOH) was 105£10
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%. 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 suphate in human urine of
healthy subject (approximately 1 — 3 pmol L [4, 27]) is negligible in comparison with
other oxidizable compounds, also contributes to the difficulty of the task.

In attempted to remove the interfering matrix, the washing step was altered: the volume
of washing solution was increased to 5 mL and pH was changed to pH 8. The decrease of
the interfering peaks was noticeable, but not sufficient. Another option for the improved
separation was the decrease of the elution strength of the elution solvent to elute only
analyte. Solution containing 5 % and 10 % of methanol served as a series of standalone
eluants. In 5 % methanol, the recovery reached 101+10 % and in the case of 10 % methanol
the recovery reached 100+10 % .We can conclude that 5 % methanol is satisfactory for
elution. Nevertheless, extraction from urine samples proved remaining high concentration
of interferents, disabling the perspective of the extraction from the complex sample.

CONCLUSION

Voltammetric methods for the determination of indoxyl sulphate, biomarker of kidney
diseases, was developed using an array of carbon composite electrodes and carbon paste
electrode.

From the dependence of peak heights on supporting electrolyte composition, a buffer of
pH 2 and pH 3 was selected as the optimum medium for CFE and CPE, respectively. The
influence of the accumulation time after 5 min of accumulation for both electrodes; thus,
accumulation step was not employed for further measurements. Under optimal conditions,
concentration dependences were measured; found determination limits were 0.7 umol L
for CFE and 1.7 pmol L' for CPE. The results obtained from measurements with
development method were used for comparison of CFE with CPE. Selected working
electrodes achieved sufficient sensitivity and accuracy required in screening measurements
of indoxyl sulphate [4]. Nevertheless, CFE achieved slightly better analytical results
including: lower LOQ, better repeatability and sensitivity, during determination of standard
of the analyte in comparison to well-known carbon paste electrode. Differences between
both electrodes attributed to the difference in shape or in the role of the insulator
component in the electrode mixtures were observable.

Developed method was completed by solid phase extraction of indoxyl sulphate from
fortified samples of human urine prior to voltammetric determination. However, the used
procedures did not reached required results, because urine interferents were still present in
the measured solution side by side with the analyte after extraction. Priority for further
research is to overcome this problem with unsuccessful preliminary solid phase extraction
and find another eluent, then it can be competitive to determination of indoxyl sulphate
with aforementioned modern analytical devices methods (HPLC/MS, HPLC/ED), which
achieved same or lower limits of quatification [10, 11].
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Abstract

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. This paper focuses on the use of
sputtered gold roughened nanolayers as working gold nanostructured film electrodes.

Gold 80 nm thin nanostructured films (GNF) were sputtered onto three types of treated thin
(50 um) PTFE substrates and applied as working electrodes. Important parameters of
electrodes were characterized; the properties of electrode surface were examined and their
behaviour towards measurements of standards was tested. The characterization of gold
nanostructured film electrodes was carried out by examination of the electrode reaction of
standard redox probes (ferrocyanide/ferricyanide, hydroquinone/benzoquinone) in different

types of base electrolytes (buffers, KCl, KNO3, H2SO4), by exploration of the electrode
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surface by scanning electron microscopy and atomic force microscopy accompanied by
elementary analysis and contact angle measurements. The testing of electrodes was
complemented by calculations of their real surface areas from Randles-Sevcik equation. The
applicability of the electrodes was verified by differential pulse voltammetric (DPV)
determination of hydroquinone (HQ) as a one of the most commonly used standards of
organic environmental pollutants. All results were compared to conventional bulk gold

electrode.

Keywords: Gold film electrodes, Nanostructured electrodes, Gold sputtering, Grafting.

1. Introduction
Nanostructures are classified according to IUPAC as structures/electrodes made of
nanoparticles whose at least one dimension falls in the range 1-100 nm [1]. The unique
chemical and electrical properties of nanostructured electrodes depend more strongly on the
size of nanoparticles and on their density rather than on the nature of the used material [2].
Nanostructured electrodes have received considerable attention and extensive development
over the past few years in a broad variety of areas 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
[3].

The properties of nanostructured electrodes are influenced by their fabrication process.
In the case of nanostructured gold electrodes, many different manufacturing processes were
developed. The gold nanostructured electrodes from gold nanoparticles (AuNPs) can be
prepared by utilizing self-assembly of AuNPs at the surface of thiol spacer which is self-

assembled at common bulk electrode serving as a conductor [4]. Other possible approaches to
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the fabrication of gold nanostructured electrode are in-situ or ex-situ plating of AuNPs from
the solution of HAuCl, onto selected substrate under certain potential (electrografting) [5, 6].
However, these procedures are very time consuming or require large amounts of chemicals
and user experience. The deposition of AuNPs can be followed by deposition of mercury on
the surface of substrate bulk electrode; deposition of AuNPs from the concentrated solution of
HAuCly can be followed by subsequent deposition of mercury from the concentrated solution
of Hg(NOs3); resulting in the gold nanostructured amalgam film electrode (hybrid) [7]. In the
case of nanostructured gold film electrodes made by electrografting it is complicated to ensure
that the thickness and shape of the gold layer will be completely identical for each thus
prepared electrode, especially in nanoscale. To avoid this problem, gold nanostructured
screen-printed electrodes can be used. During the preparation of nanostructured gold screen-
printed electrodes, the electrode ink is applied on a suitable substrate, mostly made of plastic
or ceramic and it is easier to ensure the same thickness for all electrodes. Another advantage
of these film electrodes is very low cost in comparison with common conventional bulk
electrodes; thus a new electrode can be used for each single measurement (disposable
electrodes). Moreover, traditional three-electrode configuration printed on the same strip is
also insurmountable advantage of any screen-printed electrodes [8]. 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, which cannot
be satisfied when using screen printed electrode.

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 AuNP and a

polymer substrate is poor. Film adhesion and electrical contact properties are strongly
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influenced by the interface structure. Film adhesion can be changed when electrodes are
exposed to some types of organic solvents or concentrated acids. Several modification
techniques (physical, chemical or their combination) have been suggested for enhancing metal
to polymer adhesion, for example treatment by plasma [9, 10] or fixing of AuNPs by thiol
groups containing spacer [4, 9, 11].

Universally, nanostructured gold film electrodes 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 [12]. The electrode material can be modified by addition of
another nanoparticle (carbon or metal nanoparticles). Combination of two nanomaterials with
different properties can provide a unique hybrid nanoparticle electrode with new properties
[13]. In addition to that, it is possible to modify the electrode material by inorganic complexes
[14], polysaccharides (chitosan) [15], conductive polymers [16], etc., if any special
application is required.

Nanostructured gold electrodes made by various techniques has been used as
voltammetric sensors for the determination of inorganic [17] and organic analytes [18], as
well as metabolites of human body processes [19-21], pharmaceuticals [6, 22, 23] and for
voltammetric studies of DNA [24]. Nanostructured gold electrodes are usable in a wide range
of chemical disciplines such as impedance spectroscopy and chronopotentiometry in
analytical chemistry [25], as an electrocatalytic mediator of luminescence in spectroscopy
[26] or as biosensors in biochemistry [27, 28]. It is necessary to mention special usability of
these electrodes in supercapacitors, in microelectronics and photovoltaics [29, 30].

This study is focused on the electrochemical characterization of three types of gold

nanostructured film electrodes (GNFE) made by sputtering method which represent further
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areas of applicability of gold nanomaterials and a new approach to the use of sputtered
electrodes in analytical chemistry. Especially in the future, these GNFE should be used for the
determination of oxidisable biomarkers in urine and of environmental pollutants in water as a

final stage of next researches.

2. Experimental
2.1 Chemicals

The electrochemical behaviour of three types of nanostructured gold electrodes in
electrolytes was studied using 0.1 mol L sulfuric acid, 0.1 mol L' potassium chloride,
0.1 mol L' potassium nitrate, and 1 mmol L' potassium hexacyanoferrate in 1 mol 1"
potassium nitrate (all p.a. grade and obtained from Lach-ner, Czech Republic) as testing
solutions.

Britton-Robinson (BR) buffers serving as testing medium and supporting electrolyte
were prepared by mixing 0.2 mol L solution of sodium hydroxide (Penta, Czech Republic)
with a solution of phosphoric acid, boric acid and acetic acid (all Lach-ner, Czech Republic),
0.04 mol L! each. All chemicals used for buffer preparation were of analytical grade purity
and were used without further purification.

The stock solution of 1 mmol L™! hydroquinone (HQ) (Lach-ner, Czech Republic) was
prepared by dissolving the exact amount of the substance in deionized water (Milli-Q-
Gradient, Millipore, USA) and it was kept in the refrigerator. This solution was freshly

prepared every week to avoid degradation due to spontaneous oxidation to benzoquinone.
2.2 Preparation of gold nanostructured film electrodes

For the fabrication of nanostructured gold film electrodes, 50 pm thick foil of

polytetrafluoroethylene (PTFE, density 2.2 g cm®, Goodfellow, United Kingdom) was used as
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a nonconductive substrate. PTFE substrate was chosen for its thermostability up to 300°C and
robustness during measurement with organic solutions and good dielectrically properties. The
gold nanolayers were deposited onto a patterned PTFE from Au target (purity 99.99 %,
Safina, Czech Republic) in DC argon atmosphere (Ar, purity >99.996 %, Siad, Czech
Republic). Gold nanolayers were deposited on three types of PTFE: pristine PTFE (GNFE-
Pristine), plasma treated (GNFE-Plasma) and plasma treated and subsequently grafted with
biphenyl-4,4"-dithiol (GNFE-BPD). The modification by plasma was performed by diode
plasma discharge in etching mode on Balzers SCD 050 device (Pfaeffikon Balzers,
Liechtenstein) for 240 s. DC Ar plasma treatment was performed under following conditions:
discharge power of 8.3 W, Ar flow ~0.3 dm®s™', working pressure of 10 Pa, 50 mm distance
between the electrode and the sample, area of electrodes 48 cm? and chamber volume about
1.0 dm®. Subsequently, the PTFE was modified by 24 hours spontaneous grafting in
methanolic solution of 0.1 mmol L' biphenyl-4,4°-dithiol (Sigma-Aldrich, USA) for
improving the adhesion of gold nanolayers (if this process was required).

After BPD grafting, samples were rinsed with p.a. methanol. The deposition of gold was
accomplished by sputtering of gold from Au target through contact mask on Balzers SCD 050
device (Pfaeffikon Balzers, Liechtenstein) in sputtering mode. Au nanolayers were prepared
under following conditions: discharge power of 15 W (current 40 mA), working pressure of
5 Pa, deposition time 200 s.

Deposition 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.
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2.3 Apparatus

Voltammetric measurements were performed with portable potentiostat PalmSens
(Palm Instruments, Netherlands), controlled by PSTrace4.8 software. Voltammetric
measurements were carried out with three types of nanostructured gold film electrodes with
geometric area 7.1 mm? (@ = 3 mm) (described in Section 2.2) or gold bulk electrode with the
same geometric area (Metrohm, Czech Republic). A gel leakless Ag/AgCl reference electrode
(3M KCl, Cypress Systems, Chelmsword, USA), to which all potentials values are referred,
was used to avoid contamination by CI ions from reference electrode. Platinum wire was used
as an auxiliary electrode.

The pH of the solutions was measured with a pH meter Jenway 3510 (Jenway, United
Kingdom) with a combined glass electrode.

The morphology of the prepared structures was investigated using scanning electron
microscopy (SEM, Tescan Lyra dual beam microscope; Tescan, Czech Republic). Elemental
composition was performed using an energy dispersive X-ray spectroscopy (EDS, analyzer X-
MaxN, 20 mm? SDD detector, Oxford Instruments, United Kingdom). The samples were
attached by carbon conductive tape to avoid sample charging. SEM-EDS and SEM
measurements were carried out using accelerating voltages 10 kV and 2 kV, respectively.

The surface morphology and layer thickness was examined with atomic force
microscope Dimension ICON (Bruker, USA) using ScanAsyst mode in Air. Silicon tip on
nitride cantilever with spring constant 0.4 N-m™ was used. NanoScope Analysis software was
applied for data processing. The mean roughness values (Ra) represents the average
deviations of the distance in the direction of the normal vector from the centre plane of the
sample. Scan size was 2x2 um’,

Static contact angles (CA) of distilled water, characterizing structural and

compositional changes caused by the gold deposition, were measured at room temperature at
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two samples and at seven positions using a drop shape analyzer (DSA 100, KRUSS,
Germany). Drops of 2.0 = 0.2 pl of water were deposited on the tested samples. Contact
angles were evaluated using the DSA4 software.
2.4 Procedures

Parameters of the DPV potential program were: 0.1 s pulse width, 20 ms sampling
time, 50 mV pulse height, 20 mV s scan rate, and potential range from -100 to 1000 mV.
Cyclic voltammetry (CV) was performed in the potential range from -100 mV to 1000 mV
with 50 mV s scan rate. Volume of the solutions applied on the surface of electrodes (head of
electrode) for the measurement was 10 pL. All measurements were repeated five times and
each measurement was performed with a new nanostructured gold film electrode, unless
stated otherwise. In the case of gold bulk electrode, the surface of the electrode was renewed
by polishing (30 s) on alumina slurry after each measurement. Calibration dependences were
evaluated by the least squares linear regression method. 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 [31].

3. Results and discussion
3.1 Surface analysis

Morphology and chemical composition of the surface of the prepared GNFE was
examined by scanning electron microscopy (SEM) combined with energy dispersive
spectroscopy (EDS). SEM scans of GNFE are shown in Fig. 1. All types of GNFE exhibited
homogeneous gold layer; however, small differences in coverage were observable. In the case
of GNFE-Pristine, it is obvious that the gold layer exhibited extensive disruptions, gold layer
was tattered with exposed PTFE surface (see upper part of Fig. 1A) and adhesion of gold

layer was the weakest. In the case of other two electrodes (Fig. 1B, 1C), the gold layers were
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more compact with higher adhesion to substrate. GNFE-Plasma exhibited the strongest
adhesion of gold layer from all GNFEs; this corresponds to the higher levels of surface

concentration of Au obtained by EDS measurement (Table 1). Besides, corrugation after the

plasma treatment can be observed in Fig. 1B, 1c.

Fig. 1. SEM scans of (A) GNFE-Pristine, (B) GNFE-Plasma, and (C) GNFE-BPD.

Table 1 Element concentration (w %) determined by EDS analysis
of surface of GNFE-Pristine, GNFE-Plasma, GNFE-BPD.

GNFE T Wad % wd'% Wi %

Pristine 80.9+0.2 10.7+0.2 8.4+0.1

Plasma 84.4+0.2 9.9+0.2 5.7+0.1

BPD 82.9+0.2 9.7+0.2 7.4+0.1

“Element mass concentration = standard deviation of the mean value

The results of AFM examination of the surface morphology of 80 nm thick Au layers
of all types of GNFE are illustrated in Fig. 2. It is known that pristine PTFE exhibits different
surface morphology and roughness than PTFE treated by plasma and after BPD treatment; the
roughness increases [32]. This was confirmed by measured values of roughness of GNFE
compared to values of pristine PTFE obtained during previous measurements of the same
scientific group [9]. In the case of GNFE-Pristine (R,= 16.7 nm), deposited gold layer caused

smoothing and slight decrease of roughness compared to pristine PTFE (R, = 17.7 nm). In the

9
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case of GNFE-Plasma, the gold layer copied the laminar structure of the surface treated by
plasma with R,=19.2 nm. GNFE-BPD exhibited a maximum surface roughness with
R,=26.5 nm, because besides roughness caused by the plasma treatment and by grafting of
BPD on the surface of PTFE, noticeable depressions can be seen caused by etching away low
molecular weight oxidized structures of PTFE (LMWOS) by treatment of methanolic solution
of BPD [10, 33] (Fig. 2C).

A

200

o !

R~=265nm ..

R.=16.7 nm

Opm

R.,=19.2 nm

Opm

Fig. 2. AFM scans of (A) GNFE-Pristine, (B) GNFE-Plasma, and (C) GNFE-BPD with
surface roughness in nm (R,).

The results of measurement of water contact angle (surface wettability) follow the
same trend as results of measurement of surface roughness. Values of water contact angles
were 106.9° + 2.2° for GNFE-Pristine, 107.7° + 2.2° for GNFE-Plasma, and 110.5° + 1.5° for
GNFE-BPD. The small differences in those values are the function of surface roughness and
chemical composition of the layer [9]. On the other hand, all values are not statistically
significantly different and should not affect ways how to apply the aqueous sample on the

surface of electrodes.

3.2 Electrochemical behaviour in electrolytes
The voltammetric behaviour of three GNFEs in several commonly used electrolytes

was examined to find out, if there are any limitations regarding the electrolytes composition

10
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or whether any interferents are present due to the manufacturing process. These electrolytes
were: potassium chloride, potassium nitrate, sulphuric acid and BR buffers pH 2, 7 and 12.
All the obtained results were compared with a measurement on gold bulk electrode.

Recorded voltammograms in anodic potential window can be seen in Fig. 3 and Fig. 4;

maximum accessible potentials are summarized in Table 2. Typical electrochemical behaviour
of gold electrodes was observed during measurement in acidic medium (H,SO4 and BR pH 2).
In the case of GNFE, peaks of alpha and beta gold oxides have a lower oxidation potential
(0.5 and 0.7 V) than on gold bulk electrode with peaks potentials at 1.1 and 1.3 V. It was
probably caused by the strongly acidic environment which disrupted thin nanolayer of gold
nanostructured electrode resulting in easier formation of the gold oxides [34, 35]. Acidic
medium coupled with high inserted oxidation potential results in the decrease of the adhesion
of thin nanolayer and fissures leading to the exposure of the surface of PTFE.
In alkaline medium (see BR buffer pH 12, Fig. 4) the conjunction of peaks of gold oxides was
observed on all types of gold electrodes (0.6 V). On the other hand, peak of gold oxides was
lower and the potential window was wider in the case of gold bulk electrode. Obviously,
susceptibility to oxidation of the surface of gold bulk electrodes is generally lower.

Table 2 Maximal efficient potential (V) for anodic oxidation during the measurement on gold
working electrodes in selected supportingelectrolytes.

E/N
Electrode KCl KNO3 H>S04 BR pH 2 BRpH7 BR pH 12
GNFE - Pristine 0.8 0.9 0.4 0.4 0.8 0.5
GNFE - Plasma 0.8 0.9 0.4 0.4 0.9 0.5
GNFE - BPD 0.7 0.9 0.4 0.4 0.9 0.5
Bulk 0.8 1.1 1.1 1.1 1.1 0.5

11
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Fig. 3. DP voltammograms of selected electrolytes measured on (A) GNFE-Pristine, (B)
GNFE-Plasma, (C) GNFE-BPD, and (D) gold bulk electrode.
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Fig. 4. DP voltammograms of BR buffer of various pH measured on (A) GNFE-Pristine, (B)
GNFE-Plasma, (C) GNFE-BPD, and (D) gold bulk electrode.

12

99



Chapter 9 Appendix Il — Electrochimica Acta

Libansky et al., Basic electrochemical properties of sputtered nanestructured gold film electrodes

As the consequence, a suitable media for voltammetric measurements with GNFE were
potassium chloride, potassium nitrate and BR buffer pH 7, where peaks of gold oxides
merged with the end of potential window and potential windows were wider. Generally, the
gold oxides can be removed by polishing of the electrode (bulk electrodes), chemical cleaning
of the electrode with organic or inorganic solvents or by fast cyclic voltammetric scanning in
the wide range of positive and negative potentials (electrochemical cleaning) [36]. In our case,
only gold bulk electrode was mechanically renewed, which was relatively easy. GNFE were
not renewed due to low mechanical robustness and the electrodes were used as a disposable
sensor. If it is necessary to renew GNFE, it might be possible to use chemical cleaning with
concentrated ethanol.

For further measurements, potassium nitrate and BR buffer pH 7 were selected as
optimum media.

During the measurement of potential windows widths, cathodic part of potential
window was not evaluated. In the case of the measurement in the negative potential range, it
would be necessary to find a way to successfully remove oxygen from the measured solution,
which is complicated by a small volume of used sample (10 puL). Probably classical method

based on working under nitrogen atmosphere can be used.

3.3 Electrochemical behaviour of ferrocyanide/ferricyanide redox system

Electrochemical behaviour of GNFE was studied by cyclic voltammetry of potassium
hexacyanoferrate in potassium nitrate. Potassium hexacyanoferrate is the most commonly
used probe for the characterization of electrochemical behaviour of electrodes in aqueous
solutions. Repeatability of measurements, reversibility of one electron reaction (Table 3) and

the dependence of electrode response on scan rate (Fig. 5, Table 4) was investigated and
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complemented by calculations of real surface areas of electrodes from Randles-Sevcik
equation (Table 3) [37].

Voltammetric studies at different scan rates were performed in 1 mmol L' potassium
hexacyanoferrate in 1 mol L' potassium nitrate at scan rates from 10 to 500 mV s
Repeatability of measurements, reversibility of one electron reaction and real surface areas of
electrodes were determined from 10 CV measurements at scan rate 50 mV s .

Voltammetric studies resulted in a linear relation between the anodic peak current
values and the square root of scan rate (Fig. 5). In comparison to gold bulk electrade, all types
of GNFE showed lower repeatability of heights of the peaks in the measured range of scan
rates (Table 3) and higher standard deviation of the regression line (SD, Table 4).

Table 3 Parameters of GNFE and gold bulk electrode obtained from CV measurements of

potassium hexacyanoferrate in potassium nitrate.
Electrode ABeadmV  InJlc  RSDuwa/%  RSDcan/%  “Surface Areae/mm”

GNFE - Pristine 100+5 1.2 45 3.7 7.4+0.5
GNFE - Plasma 71+3 1.0 1.1 1.2 8.4+0.2
GNFE - BPD 98+10 1.0 6.7 8.5 7.3+0.5
Bulk 75+10 0.9 2.8 1.9 7.1+£0.2

#Active surface area + calculated confidence intervals.

Table 4 Parameters of dependences of peak heights of potassium hexacyanoferrate in
potassium nitrate on square root of scan rate measured by CV at GNFE and gold bulk

electrode.

Electrode Slope/pA mV s Intercept/pA®  SD/pA? K
GNFE - Pristine 1.8 -2.3 0.5 0.996
GNFE - Plasma 1.9 -1.1 0.4 0.998

GNFE - BPD 1.1 1.3 0.4 0.993
Bulk 0.7 0.2 0.1 0.999

“The standard deviation of the regression line (random errors in y-direction), intercept is
statistically significantly different from zero (a = 0.05).
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However, similar determination coefficient confirmed the linearity of the obtained
curves. Slopes of the dependences of peak heights on the square root of scan rate for all types
of GNFE were higher than those slopes at gold bulk electrode. Nevertheless, order of values
of slopes did not follow expected trend (plasma>BFD=>pristine). The highest value of those
slopes was found at GNFE-Plasma, which corresponded to the highest amount of
electroactive gold material (Table 1) on the surface of working electrode and to higher active
area of the electrode. But GNFE-Pristine should have the lowest value of the slope, if it
depends only on the concentration of electroactive material. However, this assumption has not
been fulfilled and the results are dependent on the type of selected probe (see next chapter).
Difference in the slope of GNFE-Pristine is probably caused by the different kinetics of
electrochemical reaction on the surface of electrode with lower adhesion and homogeneity of

gold nanolayer (section 3.1) but full explanation is unclear yet.
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Fig. 5. Cyclic voltamogramms of 1 mmol L' potassium hexacyanoferrate in BR Buffer pH 7
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™).

Otherwise, the values for AF, were higher than predicted for typical Nernstian
reversible one electron reaction (59 mV), but the values did not exceed commonly obtained
values on gold electrodes [36]. Repeatability of all types of GNFE was from 1.1 % to 8.5 %
for the height of anodic peak as well as cathodic peak. At GNFE-Plasma the obtained
repeatability was better than for other two GNFE, which should correspond with the highest
amount of electroactive material, the most homogenous Au layer, and therefore stable fast
electron transfer. The kinetics of the reaction was fast and almost reversible, which was
proved by values for the ratio Iy/X: calculated as the average for all measurements (Table 3).
Obtained results for GNFE-Pristine and GNFE-BPD were mainly influenced by weaker

adhesion (in comparison to GNFE-Plasma) of gold nanoparticles to the surface of PTFE,
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where the gold layers were not fully homogeneous and exhibited smaller or bigger fissures, as
described in Section 3.1 (fig. 1A, 1C). It led to an increase of electric resistance and
impairment of the reversibility of electrochemical reaction.

Active areas of all types of GNFE were calculated from the Randles-Sevcik equation
(Table 4),

F = 2.69<10° 2 ADy % 2,

where £, is the anodic peak current, n is the number of exchanged electrons, A4 is the active
electrode area in cm?, Dy is the diffusion coefficient for potassium hexacyanoferrate in
potassium nitrate, » is the scan rate (50 mV s1) and ¢ is the concentration of potassium
hexacyanoferrate (mol mL™).
The diameter of all used electrodes was 3 mm; therefore, their geometric area was 7.1 mm®.
Active areas = confidence intervals 7.4 = 0.5 mm?, 8.4 = 0.2 mm?, 7.3 + 0.5 mm?® were
calculated for GNFE-Pristine, GNFE-Plasma, and GNFE-BPD, respectively. In the case of
GNFE-Plasma, the increase of active area by plasma treatment was observed; otherwise, the
calculated active areas of other GNFEs were not statistically significantly different in
agreement with obtained values and order of slopes (mentioned above). It is necessary to
mention that the electrochemical reaction is almost reversible; however, Randles-Sevcik
equation requires fully reversible, ideal parameters and behaviour of electrochemical system
[36]. This requirement was almost satisfied, so the deviations from the ideal behaviour are
noticeable in resulting calculated values of confidence interval and it also affected the overall
analytical performance of resulting devices. Nevertheless, all obtained results demonstrated

acceptable usability of sputtered GNFE in comparison with gold bulk electrode.
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3.4 Electrochemical behaviour of HQ/BQ redox system

Electrochemical behaviour of GNFE towards a model organic probe was studied by
cyclic voltammetry of hydroquinone in BR buffer pH 7. Hydroquinone was chosen as an
organic compound representing typical environmental pollutant [38]. Electrochemical
behaviour including dependence of electrode response on scan rate (Fig. 6, Table 5), and
repeatability of measurements of heights of anodic and cathodic peaks with reversibility of
two electron reaction (Table 6) was investigated.

Table 5 Parameters of dependences of peak heights of hydroquinone in BR buffer
pH 7 on square root of scan rate measured by CV at GNFEs and gold bulk electrode.

Electrode Slope/uA mV s Intercept/uA®  SD/pA° R’
GNFE - Pristine 2.5 2.8 0.5 0.998
GNFE - Plasma 1.6 1.7 0.6 0.995

GNFE - BPD 2.1 1.7 0.7 0.996
Bulk 1.2 2.1 0.9 0.991

*Intercept is statistically significantly different from zero (a = 0.05), "the standard deviation of
the regression line (random errors in y-direction).

Table 6 Parameters hydroquinone/benzoquinone system at GNFEs
and gold bulk electrode obtained from CV in BR buffer pH 7.
Electrode AEea/mV  INle RSDaned/%  RSDcan/%

GNFE - Pristine 428+5 1 38 3.8
GNFE - Plasma 451=£10 1.2 4.0 3.8
GNFE - BPD 455+5 1.1 6.8 7.3
Bulk 248+5 1.1 3.2 33

Voltammetric studies at different scan rates were performed in 1 mmol L*

hydroquinone in BR buffer pH 7, where HQ (pK, = 10) exists in protonated form [39] at scan
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rates from 10 to 500 mV s'. Repeatability of measurements and reversibility of two electron
reaction were determined from 10 CV measurements at 50 mV s™' scan rate.

Voltammetric studies resulted in a linear relation between the anodic peak current
values and the square root of scan rate with determination coefficient higher than 0.99 (Table
5) indicating the diffusion behaviour without adsorption (Fig. 6). Therefore, the oxidation of
hydroquinone is a simultaneous two-electron transfer process leading to benzoquinone, which
is remarkably quasireversible under many conditions at most solid electrodes. Only at the pH
extremes the HQ/BQ redox system is fairly reversible [36]. The relationships of log 7, vs log v
were constructed (not shown) and the slope values about 0.45 for all electrodes were close to
the theoretical value of 0.5, which proved again that the electrode reaction was a diffusion

controlled process with non-reversible behavior.
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Fig. 6. Cyclic voltamogramms of 1 mmol L 'hydroquinone in 1 mol L™ 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™).
Slopes of the dependencies at all types of GNFE were higher than the slopes at gold bulk
electrode, nevertheless, the order of values of slopes did not follow expected trend of results
and also the trend in the measurement of ferro/ferri redox system (Table 3) was not the same.
These results indicate diversity of behaviour of organic and inorganic probes and molecular
size of probes with chosen electrolyte can influence electrochemical behaviour of the system
on the electrode surface (HQ is three times smaller molecule than ferrocyanide), but full
explanation is unclear yet and this problem needs further research.

The effect of passivation during repeated measurements was not observed. On the
other hand, backward reduction peak was 10 % lower than oxidation peak (Ix/Ic, Table 6); it
points to EC mechanism of the reaction and to the involvement of electrochemical side

reactions where different product is formed [40]. Repeatability of all types of GNFE was from
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3.8 % to 7.3 % for the height of anodic peak as well as cathodic peak; these results are
comparable to the performance of gold bulk electrode.

The peak-to-peak separation values (AE,) were higher than predicted for Nernstian
reversible simultaneous two electron reaction (30 mV). On all types of GNFE, a pair of well-
defined redox peaks appeared with the AE, from 430 to 450 mV. Bulk electrode exhibited the
best reversibility and smaller peak-to-peak separation with 250 mV difference. This smaller
peak potential difference can be attributed to the most compact gold material of bulk electrode
without disruptions with low value of electric resistance [36]. Another explanation was
provided by Compton et al.; it can be caused by low value of &’ (standard electrochemical rate
constant) and o (transfer coefficient describing symmetry between the forward and reverse
electron transfer steps), when electrochemical behaviour is not directly related by the Nernst
equation. The current behaviour may be described in terms of Butler-Volmer equation then.
Hence, it was necessary to measure with relatively large overpotential of the GNFE to provide

sufficient energy for the redox reaction [40].

3.5 Concentration dependence of hydroguinone

To explore the possible application of the proposed GNFE in determination of
oxidisable environmental pollutant, DPV concentration dependences of hydroquinone were
investigated in the concentration range from 10 to 100 pmol L (Table 7). The oxidation peak
currents of HQ increased linearly with the concentration. Coefficients of determination and
variability of all GNFE were similar and not statistically significantly different. Values of
intercept of GNFE-Pristine and GNFE-BFD refer to a presence of side reaction or impurities
in solution. Repeatability was 9 % for GNFE-Pristine, 7 % for GNFE-Plasma and 11 % for
GNFE-BPD for the lowest measured concentration in the calibration curve (n = 10). Low

value of slope and high value of repeatability explains higher LOQ in the case of GNFE-BPD.
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Achieved quantification limits of hydroquinone were 4.3 pmol L' for GNFE-Pristine,
4.2 pmol L for GNFE-Plasma, and 9.0 umol L' for GNFE-BPD, In comparison with other
DPV determinations on various nanostructured gold electrodes and bulk electrodes [41, 42],
developed GNFE offer higher LOQ and it is necessary to improve structure and fabrication
process to obtain more compact gold layers without disruptions and with higher content of
Au, where all electrode reactions should be more reversible anb faster and the background of
measurement should be lower (better S//NVratio).

Table 7 Parameters of hydroquinone concentration dependences measured by DVP at
GNFE in BR buffer pH 7.

Electrode Slope/A Lmol'  Intercept/pA R* LOQ/ umol L™
GNFE - Pristine 0.008 -0.057* 0.990 4.3
GNFE - Plasma 0.007 0.004° 0.993 4.2
GNFE - BPD 0.005 -0.011° 0.994 9.0

“Intercept is statistically significantly different from zero (a = 0.05), "Intercept is not
statistically significantly different from zero (a = 0.05).
4. Conclusion

Important electrochemical and surface parameters of three types of 80 nm thick gold
nanostructured films electrodes made by sputtering were characterized.

Gold nanolayers were deposited on three types of PTFE: Pristine PTFE, plasma
treated PTFE and plasma treated PTFE subsequently grafted with biphenyl-4,4"-dithiol. All
types of GNFEs exhibited homogeneous gold layer. However, small differences in coverage
were observable, especially in the case of GNFE-Pristine where the gold layer exhibited
disruptions and slightly exposed PTFE surface. The highest level of surface concentration of
Au was obtained by GNFE-Plasma (84.4+0.2 %, wy,). Pristine PTFE (R, = 16.7 nm) exhibit
different surface morphology and roughness than PTFE treated by plasma (R, = 17.7 nm) and

grafted by biphenyl-4,4°-dithiol (R; = 19.2 nm); roughness increased by 15 %.
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The voltammetric behaviour of all types GNFE in potassium chloride, potassium
nitrate, sulphuric acid and BR buffers pH 2, 7 and 12 electrolytes was evaluated. For further
measurements, potassium nitrate and BR buffer pH 7 were selected as optimum medium.
Other electrolytes were excluded from further experiments for insufficient width of anodic
potential window due to early formation of gold oxides or supporting electrolyte
decomposition.

During study of electrochemical behaviour of two selected probes
(ferrocyanide/ferricyanide, hydroquinone/benzoquinone) and construction of calibration
dependences of hydroquinone, all GNFEs showed acceptable electrochemical parameters,
which are comparable to parameters of gold bulk electrodes and all the acquired parameters
and the results of measurements on the electrodes were satisfactory for further use in
electroanalytical chemistry, Moreover, the increase of current response due to the increase of
surface area by sputtering of Au atoms (resulting in nanolayer) was observed and confirmed;
thus, the use of plasma treatment connected with Au sputtering method increased surface of
working electrodes, which can be useful for electroanalytical chemistry. On the other hand,
this electrochemical arrangement cannot yet compete with low limits of quantification of
modern nanostructured gold electrodes or of factory-made gold electrodes. However, these
sputtered films have been until now primarily intended for different utilization than for
electroanalytical chemistry and there is a possibility to improve these electrodes and their
fabrication to obtain their better performance. For example, the improvement of fabrication
process is possible by extension of the deposition time and changes in the conditions of
deposition of Au atoms, which can lead to more compact gold layers without disruptions and
with a higher content of Au.

In can be concluded that disposable working GNFEs made by sputtering are able to

provide reliable analytical results together with easy fabrication process using modern
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technologies. Of course, the improvement in GNFEs needs further research, testing and
characterizing to eliminate existing drawbacks. Nevertheless, gold electrodes made by
sputtering offer certain advantages like short time of analysis, small volume of used sample,
many possible ways of modification, easy miniaturization, and also “green” method of

fabrication.
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Abstract
The design of the smart plasmonic sensor, based on the periodical gold gratings grafted with

PNIPAm was proposed and realized. Periodical gold structure was created on the polymer backing
modified by excimer laser (1x2 cm” modified area) and subsequently covered by thin gold film. In
the next step 7 nm thick PNIPAm layer was grafted to gold surface through two step procedure:
covalent attachment of 4-carboxybenzil groups followed by carboxyl groups activation and their
coupling with amino-terminated PNIPAm. Surface properties of the prepared structure and their
switchable behaviour were investigated using refractometry, wettability measurements, AFM in
water medium, cyclic voltammetry, pH and temperature-dependent z-potential. The structure
enables effective entrapping and SERS detection of azo dyes, significant reduction of minimal
detectable concentration of target molecules and detection limit down to femtomolar concentrations.
Excitation of plasmons on well ordered surface structure also shows excellent reproducibility of
SERS system along the particular sample surface and between different samples too. Additionally,
the reversible switching of wettability under repeated temperature changes on gold plasmonic

platform allows multiple use of the developed system.

Keywords: gold grating, surface grafting, PNIPAm, SERS, ultrasensitive, reproducible,

regenerative
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Introduction

Plasmonic-active metal nanostructures become a key element in the variety of scientific and
technical fields. "™ Their unique interaction with light enables the preparation of optically
triggerable catalytic systems, extremely sensitive sensor platform, and photonic modulators with
unprecedented speed. ") The plasmon-based sensors are especially favourable due to extremely
low detectable concentration and remarkable versatility of analyte molecules, varying from
inorganic ions to biomolecules. ®'% Imposition of the electromagnetic field on the plasmon-active
surface of metallic nanostructures can significantly amplify the Raman signal from the surrounding
analyte.

In order to further improve the performance of plasmonic sensors, the metal surface can be
decorated with a broad range of functional groups, with specific properties for selective binding or
entrapping of small molecules and biological targets. * & 'Y/ Moreover, surface modification of
metal nanostructures opens the potential for design and creation of the new generation of sensors
devices, related to the area of so-called smart plasmonic systems. The design of such systems
implements the introduction of significant and reproducible response to external stimuli, satisfying
the growing demand for fine modulation of the plasmonic response. """ As an example of this
fascinating research area, polymer-coated colloidal AuNPs with reversible control of their

[13,14]

properties by surrounding temperature or pH changes can be mentioned. The establishment of

this general approach is an important step forward for development and wide application of smart
nanomaterials in catalysts, actuators, sensors and biomedicine, !**

For the introduction of smart response to plasmonic nanostructures, its surface should be
modified with intelligent molecules, commonly polymers. One of the most applicable intelligent
polymers, is poly(N-isopropyl acrylamide) (PNIPAAm), with its temperature-dependent variation
of thermodynamic state, has been extensively used as a key component in smart materials field. "*
¥l The PNIPAm-based dynamic SERS substrates were designed to tune MeNPs distances or
substrate-MeNPs coupling, which can significantly enhance SERS signals. "' Additionally, phase
transition of PNIPAAm from swollen to collapsed state can be used for analyte molecules

20.211 Typical model analytes for SERS (usually dye, such as Rhodamin 6G, methylene

entrapping.
blue, crystal violet and so on) have been used to demonstrate of PNIPAm-based dynamic SERS
systems in several works. """ * %/ However, several key issues remain unclear or needs to be still
resolved, e.g. decrease of minimal inhibition concentration up to real-application significant level,
reproducibility of SERS signal (between different samples or along one sample surface) and

development of reasonably simple SERS substrate preparation procedure.
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In this work, we propose the covalent grafting of PNIPAAm to the surface of plasmon active
gold grating through diazonium chemistry approach. The combination of signal enhancement by
periodical surface and unique properties of PNIPAM allows the detection of prohibited azo dyes
(crystal violet, metanil yellow, disperse red I) in the extremely low concentration and excellent

reproducibility and homogeneity of related SERS signal.

Experimental
Materials and samples preparation

Materials: acetic acid (reagent grade, > 99 %), diethyl ether, deionized water, ethanol
(puriss. p.a., absolute, > 99.8% (GC)), DCM, N,N'-Dicyclohexylcarbodiimide (99 %), N-
Hydroxysuccinimide (98%), 4-aminobenzoic acid (ReagentPlus®, > 99 %), p-Toluenesulfonic acid
monohydrate (ACS reagent, >98.5%), Poly(N-isopropyl acrylamide) amine terminated (average Mn
2,500), O-(2-Aminoethyl)polyethylene glycol (average Mn 3,000) (PEG) were purchased from
Sigma-Aldrich and used without further purification.

Grating preparation Polymer films (Solution of epoxy resin - photoresist, Su-8, purchased
from Microchem) were spin-coated (1000 rpm) from a solution onto freshly cleaned glass substrates
(supplied by Glassbel Ltd, CR) during 30 min. The prepared samples were dried at 50°C for 24 h
and irradiated by UV-source for 30 min. After that, the UV-irradiated samples were dried at 90°C
for 2 h. Pattering procedure of Su-8 film was described in our previous works [3, 7]. Briefly, the flat
polymer surface was patterned by KrF excimer laser (COMPexPro 50F, Coherent, Inc., wavelength
248 nm, pulse duration 20-40 ns, repetition rate 10 Hz). The laser beam was polarized linearly with
a cube of a UV-grade fused silica with an active polarization layer. The samples were irradiated
with 3500 laser pulses with laser fluencies 9 mJ cm™. The angle of laser beam incidence with
respect to the sample surface normal was 50° and the aperture with the area of 510 mm?* was used.
As a result, the periodic surface structures were created on the Su-8 surface with 1x2 cm? patterned
area size. Then gold was deposited onto a patterned surface by vacuum sputtering (DC Ar plasma,
gas purity of 99.995 %, a gas pressure of 4 Pa, a discharge power of 7.5 W, sputtering time 200 s,
and thickness approx. 25 nm). The deposition of gold was accomplished from Au target (purity of
99.99 %, provided by Safina, Czech Republic).

Surface functionalization
Diazonium modification: 4-carboxybenzenediazonium tosylate (ADT-COOH) was prepared
according to published procedure. '**! The obtained gratings were spontaneously modified by

soaking in 1 mM freshly prepared aqueous solution of ADT-COOH for 10 min. After modification

3
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gold substrates were rinsed under sonication sequentially with water, ethanol, and acetone for 10
min and dried in desiccator for 3 hours

Grafting of PNIPAM: surface modified gratings were immersed in a mixture of freshly
prepared DCM solution of 0.4 M N,N'-Dicyclohexylcarbodiimide (DCC) solution and 0.1 M N-
hydroxysuccinimide (NHS) solutions in a 1:1 volume ratio during 6 hours. Afterward, the gratings
were thoroughly rinsed with DCM and ethanol 3 times. Prepared gold gratings were immersed in
1mM solution of PNIPAM-NH; overnight. Then the gratings were washed with DCM and acetone
3 times and dried in a desiccator for 3 hours.

Grafting of PEG: surface modified gratings were immersed in a mixture of freshly prepared
DCM solution of 0.4 M N,N'-Dicyclohexylcarhodiimide (DCC) solution and 0.1 M N-
hydroxysuccinimide (NHS) solutions in a 1:1 volume ratio during 6 hours. Afterward, the gratings
were thoroughly rinsed with DCM and ethanol 3 times. Prepared gold gratings were immersed in
ImM solution of PEG-NH; overnight. Then the gratings were washed with DCM and acetone 3
times and dried in a desiccator for 3 hours.

Raman — dye entrapping: Typically, PNIPAM-modified gold gratings were immersed in
aqueous solution of azo dyes (crystal violet, metanil yellow, disperse red I, 10®M concentration in
all cases) rapidly heated above LCST for 5 min, washed with the hot water three times, cooled
down to room temperature and dried on air. For crystal violet detection in 10" and 10" M
concentration gratings were immersed in the dye solution for 15 and 30 min corresponding. The
SERS measurements were conducted in air. Raman scattering was measured on Nicolet Almega XR
spectrometer (Laser power 15 mW) Raman spectrometers with 785 nm excitation wavelengths, all
spectra of trapped azo dyes were PNIPAM baseline corrected. Spectra were measured 10 times,
each of them with 30 s accumulation time.

Multiply regeneration and utilization of PNIPAM-modified gold grating: To verify the
regenerative properties of proposed SERS system, followed set of measurements was performed:

(1) - entrapping of CV from 10" M solution, SERS measurement

(2) — removement of CV, SERS measurement

(3) — entrapping of ME from 10" M solution, SERS measurement

(4) — removement of ME, SERS measurement

(5) — entrapping of DR1 from 107" M solution, SERS measurement

(6) — removement of DR1, SERS measurement
All measurements were performed on the same sample. Entrapping of dyes was performed by

sample immersion into appropriate solution at room temperature and heating above LCST, followed
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by sample washing three time with hot water. Dyes removement was performed by sample

immersion in the distilled water for 15 min. at room temperature.

Measurement techniques
Water contact angles were measured by goniometer Surface Energy Evaluation System
(Masaryk University, Czech Republic) with distilled water at room temperature and under gradual
heating with simultaneous control of sample surface temperature, 72 h after surface modification.
X-ray photoelectron spectroscopy (XPS) was used to determine the surface chemical
composition. The spectra were recorded using an Omicron Nanotechnology ESCAProbeP
spectrometer fitted with monochromated Al K Alpha X-ray source. The analyzed area had

¢ Concentrations of elements were calculated in at. % using the

dimensions of 2x3 mm
manufacturer’s sensitivity factors.

Refraction spectra of functionalized grating were determined in-situ under gradual heating
(1°C/min) from 24 to 35°C in 250-750 nm spectral range using refractometer Avaspec 2048. After
the set of measurements the wavelength 620 nm, corresponding to maximal change of refraction
intensity was determined and used as a characteristic one.

For characterization of the sample surface and nanomechanical mapping before and after
surface modification, the peak force AFM technique was used. Surface mapping was performed
with Icon (Bruker) set-up on 6x6 pmz areas in water at two different temperatures: 25 °C and 45°C.

As an inorganic probe, potassium ferrocyanide (p.a., Lachema, Czech Republic) was used
for investigation of the electrochemical behaviour of the system with PNIPAm grafted onto the
surface of the nanostructured gold layer. Electrochemical characterization of gold surfaces was
performed by cyclic voltammetry (CV) with scan rate 0.05 V s in the potential range from -0.1 V
to 0.6 V, where the measurement is not affected by gold oxides formation on gold surfaces. Cyclic
voltammograms on pristine and PNIPAm modified gold films were measured using solution
containing 1 mmol L' potassium ferrocyanide diluted in potassium nitrate (both p.a., Lachema,
Czech Republic) (10 pL). Cyclic voltammetry was carried out with gold film as working electrode.
Platinum wire auxiliary electrode and miniaturized gel Ag/AgCl reference electrode (3M KCl,
Cypress Systems, Chelmsword, MA, USA) to which all potential values are referred, were used.
Voltammetric measurements were performed with portable potentiostat PalmSens 2 (Palm
Instruments, Netherlands), controlled by PSTrace 4.8.0 software (Firmware 4.4). All measurements
were repeated three times with five scans in each measurement.

Electrokinetic analysis (zeta potential) of all samples were determined by SurPASS

Instrument (Anton Paar GmbH, AT). Samples were studied inside the adjustable gap cell with an

5
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electrolyte of 0.001 M KCI. All samples were measured four times at constant pH 6.3 and at room
temperature. For zeta potential determination the streaming current method and Helmholtz-
Smoluchowski (HS) equation were used with an experimental error of 5 %.

UV-Vis spectra of azo dyes (CV, ME, DRI1) solutions in 10® M concentration were

measured using Spectrometer Lambda 25 (Perkin-Elmer) in 300-1100 nm wavelength range.

Results and Discussion

Preparation of plasmon-active gold grating were performed according to the previously
reported procedure, * 2" %! The schematic of the grating surface functionalisation with PNIPAm
is shown in the Fig. 1. In the first step, the diazonium chemistry approach was used for covalent
grafting of C6H4-COOH to the gold surface. In order to prepare closed to monomolecular layer of

organic functional groups (OFGs),

a spontaneous approach for surface modification with
arenediazonium tosylates (ADTSs) was chosen. 3271 Ty the next step, the amino-terminated PNIPAm
was coupled with carboxyl group using the DCC/NHS activation procedure. Both steps of surface
grafting were checked using Raman spectroscopy and XPS analysis.

Results of Raman spectroscopy are presented in the Fig. S1 with detailed peak affiliation in
the Table S1. Briefly, appearance of characteristic adsorption bands at 2930 cm™ (H-bonded O-H
stretch), 1580, 1780 cm™ (C=0 stretch), 1360, 1245 cm™ (O-H in-plane bending) confirms the
grafting of ADT-COOH. Moreover, weak adsorption band at 420 cm-1 arised after modification,
corresponding to covalent Au-C bonds. *® After the coupling of carboxyl group with amino-
terminated PNIPAm, new adsorption bands appear, revealing formation of amide between
carboxylic groups and PNPAm-NH,:635 cm’ (C-S stretch), 1185, 1245, 1376 cm™ (C-N stretch)
and 1590 cm™ (N-H deformation).

Results of XPS measurement, also enabling to monitor grafting process, are presented in the
Figs. S2-S4 and Table S2. On the spectra of pristine gold grating (Fig. S2) the composition of
sputtered onto Su-8 gold films with apparent Au-related peaks and underlying polymer-related
oxygen and carbon peaks are observed ?2; Au 4f (84.1 €V, 52.2 at. %), Cls (284.9 eV, 32 at. %),
O1s (532.1 eV, 15.8 at. %). On the ADT-COOH grafted sample an increase of C1s peak to 42.3 at.
% and Ols to 19.6 at.%, indicates successful grafting of OFGs. Further coupling with PNIPAM-
NH2 results in the appearance of N1s peak and following final composition: Au 4f (84.5 eV, 6.28
at. %), Cls (282.1-290.5 eV, 69.8 at. %), Ols (632.1 eV, 21.5 at. %), N1s (ca. 400 eV, 2.42 at. %).
As XPS is a highly surface-specific technique with a typical analysis depth of only 10 nm, it can be

concluded that the polymer layer thickness is less than 10 nm. Estimation of the thickness of grafted
6
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polymer layer can be done from the Au 4f;, (84.1-84.5 eV). According to the previously described
methodology for calculation of gold films thickness ?? and density of PNIPAM (1.1 g.cm™), the
thickness of PNIPAAM layer is 6.9 nm (with consideration of only PNIPAM density) (see SI for
calculations). By considering the density of PNIPAM (1.1 g.cm™), calculated layer thickness (6.9
nm) and average molecular weight (2500 g.mol ) grafting gives a surface coverage I' of 3.04x10™"
mol.cm™

Refractometry: 1t was expected, that the grafting of PNIPAm will introduce stimuli-
responsive properties to functionalized surface due to polymer reversible phase transition, from a
swollen to a collapsed state at about 32°C in water. However, it is well known, that constraints for
lateral swelling affect the transition temperature of the surface-attached PNIPAm molecules. 2%
Refraction spectra of PNIPAm functionalized gold grating were measured with the aim to
determine the temperature range of polymer phase transition. The detailed experimental set-up is
presented in the S5. Functionalized gold gratings were immersed in the water and slowly heated
with permanent measurements of their refraction spectra (Fig. S6). During the heating procedure the
changes in the refracted light intensity were observed and heating was stopped when the intensity
did not change anymore with increasing temperature and remained constant over a several degree
range. The wavelength, where the more apparent changes of refraction intensity occur was chosen
as a probe one (Fig. S6 — 620 nm wavelength), and the dependence of reflected light intensity was
plotted versus temperature in the Fig. 2. There are three apparent sections on the measured curve: (i)
up to temperature 27°C the refraction intensity remains constant; (ii) rapid decrease of light
intensity occurs in the 27-30°C temperature range; (iii) at higher temperature, the refraction spectra
do not change significantly (Fig. S6). The range of rapid intensity decrease can be associated with
PNIPAm phase transition. Observed temperature range of phase transition is located lower, than in
the case of bulk PNIPAm (typical temperature of bulk PNIPAm swelling is 32°C %), Apparently,
in this case, covalent attachment of PNIPAm molecules affects the phase transition due to the lateral
restrictions mentioned above. Simultaneously phase transition range is wider than in the case of
bulk polymer (bulk PNIPAm phase transition usually occurs in the 1.0-1.5°C temperature range).
That fact can be attributed to additional dispersion of PNIPAm inter/inside chain interaction due to
the restriction on chains mobility because of their covalent immobilization.

Wettability experiments: Phase transition of PNIPAm is closely related to the polymer
wettability: the water contact angle, measured below LCST, when the polymer is in a soluble state,
is significantly low then that above LCST. ¥ To check the wettability-temperature dependence, the
two sets of experiments were performed, i.e. measurements of water contact angle dependence on

the temperature and on the repeated cycles of polymer heating cooling. Fig. 3 demonstrates the

7
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changes of water contact angle (CA) with increasing temperature. Similarly to refraction data, three
obvious sections can be established: constant value of water contact angle (= 34°) in the 24-26 °C
temperature range, rapid increase of CA in 26-30°C temperature range and constant CA (85°) at the
temperatures higher than 31°C. The first observed section corresponds to PNIPAm in a soluble
state, the second section characterizes the phase transition of polymer and the third can be attributed
to the collapsed and insoluble state of PNIPAm chains. It may be concluded that the temperature
dependences of CA and refraction intensities are in good agreement.

The reversible change in the wettability induced by repeated thermo-control cycles is
documented in the Fig. 4. It is seen that the PNIPAm-modified gold film exhibits the maximum CA
value of 85° at the temperature 34°C and the minimum one 32° at 24°C. The reversibility of system
was checked through 10 cycles in temperature with no significant deviations in CA (variations less
than 5 %), indicating the excellent stability of system. Observed reversibility and stability indicates
a possibility for utilisation of proposed material for the switching between hydrophilic/hydrophobic
states, e.g. in self-cleaning optical component.

AFM quantitative mapping of surface topography and nanomechanical properties. AFM
measurements of grafted surfaces were performed in water at two temperatures, attributed to
swollen and collapsed states of PNIPAm (25 and 45°C). Results are presented in the Fig. 5, which
gives the topography scans and corresponding nanomechanical maps (adhesion and deformation
properties). From the topographical scans the grating structure is apparent at both working
temperatures. On the other hand, rather pronounced differences between maps of mechanical
properties measured at two temperatures are evident. The mapping performed at 45°C gives the
distribution of mechanical properties closed to topography image. In this case the interaction of
AFM tip with surface is apparently affected by the surface topography. Measurements performed at
25°C gives different result — distribution of mechanical properties seems to be roughly
homogeneous in the case of surface deformation and only weak trace of periodical structure is
evident on adhesion scans. The corresponding graphs of the values of AFM tip-surface adhesion
forces and surface deformation under tip oscillation are also given in the Fig. 5. In the
measurements of adhesion forces performed below LCST single peak located at 1.5 nN on the
measured distribution, is seen. This peak is shifted to higher value and simultaneously widened
when the temperature of water exceeds the PNIPAm LCST. So, swollen PNIPAm chains introduce
repulsive forces between the AFM tip and sample surface, decreasing the adhesion interaction.
When the polymer is converted to collapsed state, the adhesion interaction becomes more
pronounced and the peak wider. This may reflect the inhomogeneities of PNIPAm grafting, as was

detected from CVA measurements, when the PNIPAm do not block surface homogeneously and

8
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there are many “free” places. On the other hand, surface undergoes more significant deformation
under the interaction with oscillated AFM tip, when the grafted PNIPAm chains are in swollen state
(Fig. 5 — deformation maps). This could be expected since the swollen polymer chains are more
rigid. Oppositely, temperature induced conversion of PNIPAm into collapsed state leads to increase
of surface mechanical resistivity and widening of local point surface deformation distribution. The
last phenomenon can also be attributed to the inhomogeneities in the PNIPAAm grafting — due to
the high volume of PNIPAm molecule and sterical hindering the modified surface cannot be fully
covered in-principle.

Zeta potential Further characterization of surface properties was performed using z-potential
and cyclic voltammetry methods. The results of z-potential measurements are presented as the
dependences of surface charge on the pH of flowing solution, taken at two temperatures: 25°C and
40°C (Fig. 6). There is no difference in the z-potential measured at 25° C and 40° C for pH values
greater than 4.7. Oppositely, apparent dependence of z-potential on temperature is observed for
pH<4.7. Schematic of the observed phenomenon shown in the Fig. 6 deserves more detailed
discussion. Probably, at pH<4.7 H;O" ions can effectively interact with PNIPAm amine groups.
This interaction, which is enhanced by further pH decrease, affects the value of z-potential (surface
charge). Accessibility of PNIPAm amine groups is a function of polymer state. At higher
temperature PNIPAm is collapsed and screening effect of enclosed PNIPAm state leads to less
pronounced dependence of z-potential (i.e. surface charge) on the pH. (see Fig. 6). Al lower
temperature PNIPAm is swollen, its amine groups are more exposed and z-potential becomes more
pronounced function of pH (Fig. 6).

Cyclic voltammetry The gold grating surface blocking by PNIPAm-grafting was examined
using cyclic voltammetry, also performed at two temperatures. Results are presented in the Fig 7A,
where typical reduction and oxidation behaviour of potassium ferrocyanide is evident. The
electrochemical behaviour did not change with the increase of the temperature, and moreover, there
are no differences between the curves, measured on pristine and grafted gold surface. So, regardless
of the PNIPAm state the sample surface is not blocked. It should be also noted that the pristine
grating demonsirates sufficient repeatability (under 5 %) and reversibility (AE, = 90 mV, Linod/Icathod
= 1.1) of one electron reaction. The similar electrochemical behaviour was observed during the
measurement on PNIPAm-grafted gold gratings at 25 °C (AE, = 95 mV, Linod/Leamed = 1.1).

On the other hand, a significant change of the electrochemical behaviour was observed
during the measurement of repeated scans at 45°C (Fig. 7B). Surprisingly, the each next scan results
in increased height of the slightly shifted peak. This phenomenon can be explained by PNIPAm
collapsing at the electrode surface, resulted in the deviation of the whole process from a diffusion-

9
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controlled mechanism. Molecules of ferrocyanide are entrapped and accumulated in the PNIPAm
layer and observed increase of the signal occurs. Similar effects on PNIPAm-modified surfaces
were observed previously. * %!

In general, observed CV results demonstrate that the grafting of PNIPAm substrate does not
lead to blocking of gold layer surface, which remains electrochemically available. Nevertheless, the
temperature induced change of PNIPAm structure affects the typical diffusion-controlled process
CV process.

SERS activity: PNIPAm functionalized plasmon-active surfaces have the great potential in
the various application fields, e.g. in food or ecology safety or medical diagnostics. ' * *"' The
capture function of the grafted polymers, i.e. their ability to accommodate various chemicals, dyes,
enzymes, etc. is explored for the substantial extension of plasmon-active surface functions. In this
work PNIPAm-grafted gold grating is applied as sensors for the detection of azo dyes by surface
enhanced Raman spectroscopy (SERS). In particular, crystal violet (CV), disperse red 1 (DR1), and
metanil yellow (ME) is used as model dyes, taking into account the recommendation of EU and
USA to avoid utilization these dye in several practical fields. ** *

In order to evaluate the efficiency of proposed sensor system, the PNIPAm-grafted gold
gratings were immersed in the dyes solutions in 10® M concentration at room temperature (24°C),
rapidly heated above LCST and dried on air. It was proposed, that the dye will effectively diffuse
into the PNIPAm layer and after the temperature increase will be entrapped by polymer. In this
way, the “effective” concentration of dye, as well as the Raman response, will be increased by
many orders of magnitude. After entrapping of dyes, Raman spectra (at 785 nm excitation
wavelength) were recorded and the results are presented in the Fig. 8. All spectra were baseline
corrected on pristine PNIPAm sample (also given in the Fig. 8), measured before the dye
incorporation. According to the measured data, the excellent response in all cases was achieved,
appearance of characteristic bands of dye with perfect resolution of characteristic bands position
should be noted. Full assignation of Raman peaks is in excellent agreement with previously
published data (see Table S3). [40:42]

It must be additionally noted, that UV-Vis absorption spectra (Fig. S6) demonstrated that the
maxima of dyes adsorption is far from excitation wavelength (593 nm, 427 nm and 438 nm for CV,
DRI and ME respectively; 785 nm excitation wavelength), so observed Raman response can be
considered as a non-resonant. **! Therefore, the high measured signal is attributed to the excitation
of dye through the grating plasmon resonance, arising from the proximity of dye and gold surface,

but not from intrinsic dye absorption at used Raman wavelength.

10

This article is protected by copyright. All rights reserved.

125



Chapter 10 Appendix 1V - ChemNanoMat

ChemNanoMat 10.1002/cnma.201600284

Guselnikova et al., Large-scale ulirasensetive, highly reproducibile and regenerative smart SERS platform....

Influence of gold grating structure on SERS activity: In order to further examine impact of
periodical structure of gold grating and PNIPAm on SERS effectivity of prepared sensing system,
several Raman spectra were recorded from DR1 on PNIPAM-modified gold grating, from
PNIPAm- modified plain gold film (with the same gold thickness as that on grating) and drop-
deposited DR1 on unmodified gold grating (DR1 concentration 10® M in all cases). It is clear from
Fig. ST (A) that dried DR1drop on unmodified gold grating does not exhibit good signal-to-noise-
ratio and assignation of peaks is complicated in this case. For PNIPAM-modified plain gold film
(Fig S1B), captured molecules of DR1 and characteristic peaks become quite well detectable. In the
last case (Fig SI C), we observe further enhancement of Raman signals and excellent signal-to-
noise-ratio. Thus, SERS signal enhancement originates from combination of highly periodical
structure of gold grating and unique behaviour of PNIPAm layer.

Control experiments were also performed with the aim of estimation the “smart” effect of
PNIPAm triggering and elimination of the potential impact of samples cooling/heating. As a
control, the gold grating grafted with PEG was used. Results are presented in the Fig. S8, which
demonstrates the SERS activity of CV entrapped from water solution (10® M) on the gold grating
surface grafted with PNIPAm or PEG. As shown in the Fig. S8, significantly stronger SERS
response was observed in the case of smart sensor structure (PNIPAM grafted gold grating).

Minimal detectable concentration: For determination of minimal detectable concentration
we measured SERS response for three different concentrations of CV solution: 10®, 10™% and
finally extremely small concentration 10" M. Received SERS response show a perfect signal-to-
noise ratio and well visible Raman peaks (Fig 9). The dependence of the peak intensity on the dye
concentration (determined on 1535 cm™ peak — Fig. 9 insert) is nearly linear, as is typical for SERS
measurements. The developed system can detect azo dyes down to femtomolar concentration in
linear response regime. Moreover, Raman spectra measured on 3 different samples at 10 different
spots demonstrate show minimal deviations, and indicate excellent reproducibility too, which are
key requirements for an ideal SERS sensor (discussed below). The measurements at 105 McCv
concentration did not show any detectable characteristic peaks, so that 10'* M CV concentration
can be considered as a detection limit in this particular case. Observed improvement of the SERS
system and its low detection limit compared to previously reported systems (Tab. 1) can be
explained by the following advantages of the system: (i) high affinity of dye-PNIPAm compounds;
(ii) smart nature of used system (similar results were for example, observed by Serpe group for so-

(45, 46]},

called etalon device ; (iii) well-defined distribution of SPP intensity along the full “active”

sample area (since the SERS response is achieved through the surface plasmon-polariton excitation,

which provides homogeneous distribution of plasmon intensity near the metal surface ©); (iv)
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proposed system allows the dye entrapping in the area corresponding to “high” value of plasmon
evanescent wave through the PNIPAm collapsing. It must also be noted that several reported system
allow the dye detection limit down to 10%" M concentration. Their implementation, however,
involves technologically complex steps, such as the application of electron lithography or
sophisticated nanoparticles synthesis procedure. % %I

Multiply regeneration and SERS reproducibility: After detection limit examination, the
possibility of multiply regeneration and utilization of one sample was studied (Fig 10). The sample
from previous experiment (treated by 10" M CV) was subsequently washed and treated with ME
in 10™ M and 10™* M solution of DR1 for analyte loading. For sample processed in this way the
same characteristic adoption bands as in 10® M concentration was observed (Fig. 8, Fig 10, Table
S1), confirming established MDC. These results demonstrate that PNIPAm-modified gold grating
can be cleaned from azo dyes and subsequently used for further detection. Such sensor system gives
excellent response in several cycles of azo dyes entrapping at 10™"* M concentration level.

Spot-to-spot Raman intensity variation along the single sample surface, intensity variations
between the different samples and the influence of subsequent dye entrapping, washing and
entrapping again on the Raman signal were measured too. Results of these measurements are
presented in the Fig. 11, where the intensities of 1430 cm” Raman peak measured on four samples
(at ten positions at each sample along the full grating area — 1x2 cm?) and samples repeatedly
washed and treated in 10°* M DRI solution are shown. The error bars on the columns give the
information about the measuring uncertainty along the sample surface. In this case, the peak
intensity variation was found to be less than 3%. The average height of the columns indicates the
SERS signal homogenity from different samples which is better than 4.5 %. Finally, the column
height in each set was used to evaluate the variation of Raman response in the dye entrapping-
removing-entrapping cycles. The cycle-to-cycle coefficient of variation was found to be about 5 %.
So, it can be concluded that presented modification procedure for gold grating results in high
reproducibility between substrates, which is one of the key requirements for perfect sensing system.
It must also be noted that the well-defined distribution of surface plasmon-polariton intensity along
the SERS-active sample area allows the quantification of SERS results (Fig. 9 - insert).

Comparison with other PNIPAM-based SERS systems: The present minimal detectable
concentrations (MDC) can be compared with published data on other PNIPAm based sensor
systems. Results of literature analysis are summarized in the Table 1. It is evident, that only
nanomolar detection limits for R6G and CV was achieved by self-assembly of AuNPs onto a
gold/silica-coated silicon substrate covered by PNIPAM through chemisorption. ®! Even the

systems based on the interaction between AuNPs and metal film with PNIPAm as a spacer do not
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lead to a significant MDC reduction. " *! It may be concluded that the present system consisting
of the gold periodical grating and thermo-responsive PNIPAm overcome all other PNIPAM-based

structures in sensitivity and it allows detection of selected dyes down to femtomolar concentrations.

Conclusion

Plasmonically-active gold gratings grafted with PNIPAm were prepared trough stepwise
procedure, combining excimer patterning of Su-8 polymer, gold deposition, diazonium chemistry
based covalent attachment of carboxyl group and their further coupling with amino-terminated
PNIPAm. Value of PNIPAm phase transition temperature and broadening of phase transition range
after polymer grafting were confirmed by the refractometry and contact angle measurement. Impact
of the grafting procedure on the surface properties was studied by measuring the wettability, CVA,
AFM in water, and z-potential at the temperatures corresponding to swollen and collapsed PNIPAm
states.

The smart SERS activity of prepared structures was applied for sensing of several azo dyes:
CV, DRI, and ME. Switching of PNIPAm between swollen and collapsed state allows effective
entrapping of targeted molecules from the model dyes solutions. Low detection limit and high
signal-to-noise ratio were demonstrated for the present system over the all grating area — 1x2 cm”.
The highly periodical structure of gold gratings and thermo-responsive nature of PNIPAm result in
the extremely low detection limit down to femtomolar concentrations and very good homogeneity
of Raman signal measured on the different spots on one sample within active area (2 cm?), as well
as between several samples. Additionally, reversibility in the phase transitions induced by

temperature changes , makes possible to use the present system repeatedly.
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Figure caption

Fig. 1 Schematic representation of plasmon-active grating functionalization by PNIPAm.

Fig. 2 Dependence of the refraction coefficient (measured at 632 nm wavelength) of functional gold
grating on the temperature

Fig. 3 Dependence of the water contact angle measured on the gold grating grafted with PNIPAm
on the temperature

Fig. 4 Effect of repeated cycles of heating/cooling on the water contact angle measured on
functional gold grating

Fig. 5 Surface topography, mechanical and adhesion properties of gold grating grafted with
PNIPAm, measured at 25 and 45°C in water medium.

Fig. 6 Z-potential measured on the functional metal surface at the different pH and temperatures
above and below PNIPAm phase transition.

Fig. 7 Cyclic voltammograms of potassium ferrocyanide (c =1 mM) in potassium nitrate (c = 0.1
M) (A) at two different temperatures (25 and 45°C) at a plain gold film electrode and at gold film
electrodes with grafted pNIPAM and (B) at gold film electrodes with grafted pNIPAM (serial
number of scan is displayed below the curve).

Fig. 8 SERS spectra of several dyes entrapped from solution and pressed against the plasmonically-
active gold surface by the PNIPAm phase transition.

Fig. 9 Raman spectra of CV entrapped by PNIPAm phase transition from solution with different
dye concentration.

Fig. 10 SERS activity at the different stages of the sensing scheme (from top to bottom): analyte
trapped (CV in concentration 10"* M), washed by heating above LCST, analyte trapped (ME in
concentration 10" M), washed by heating above LCST, trapped (DRI in concentration 10™* M),
washed by heating above LCST,

Fig. 11 Cycling SERS activity (3 cycles of entrapping and washing for every sample) of PNIPAM-
modified gold grating with entrapped DR1 at 10® M concentration
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Table 1
Samples Target molecules MDC, mol.I' Reference
PNIPAM film-Ag NPs Rhodamin 6G 107 [44]
coated by oleic acid
and oleylamine
PNIPAM coated 1-naphtalenethiol,, Nile 10° [34]
AuNPs Blue A, 1-naphthol
Au-coated silicon Methylene blue 107 [22]
wafers-PNIPAM-
AuNPs
Au triangles-PNIPAM- Nile Blue A 10° [19]
Au NRs
AuNRs-PNIPAM- p-aminothiophenol, 10° [21]
ZnONTs coated by Rhodamin 6G
AgNPs
Au-coated silicon Rhodamin 6G, crystal 107 [20]
wafers-AuNPs- violet
PNIPAM
Au grating-PNIPAM | Crystal violet, metanil 10" This work
yellow, disperse red I
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Graphical Abstract

monophenylene layer

sensors platform

active plasmonics

polyphenylene layer

Highlights

e The Au and Ag thin films were modified using diazonium approach.

e In particular, spontaneous and electrochemically grafting methods were investigated.

* The modified surfaces were investigated with a variety of techniques.

* The possibility to tune the surface properties of metals into desired range was demonstrated.

Abstract

Plasmon-active noble metals nanostructures based on Ag and Au thin films become widely applied
in the field of plasmonics and related sensing technologies. For improvement of the metal
interaction with different media, metals surface can be functionalized in order to increase/decrease
hydrophilicity, lipophilicity or introduce/change the surface charge. In this paper, the surface
functionalization of plasmon-active Au and Ag films using arenediazonium tosylates was described.
The surface functionalization was performed in the aqueous medium by the spontaneous and
electrically induced mechanisms. Functionalized surfaces were characterized by the Raman and
UV-Vis spectroscopies, AFM nanomechanical mapping, SEM (EDX), XPS, CVA, zeta- potential,
and water contact angle measurement techniques. It was founded that the key difference between
reactivity of gold and silver films is distributional behavior of grafted organic functional groups:
silver has higher tendency to form clustered, island-like structure while gold is covered more
homogeneously. Spontaneous modification forms approximately monomolecular thick films of
organic compounds and can be used in the field of SPR or SERS sensors. Electrochemically
induced activation produces thick polyphenylene layer on the metal surface and can find application

in the field of tunable plasmonic devices or plasmon-based lasers.

Keywords: surface modification; plasmonic thin films; surface properties; diazonium chemistry
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1. Introduction

The light interaction with free electrons confined in the metal nanostructures leads to the
surface plasmon excitation and focusing of light into small, subwavelength, closed to surface
volumes. The typical wavelengths of surface plasmon lie in the nanometers range and the plasmon
intensity decays exponentially in the direction of the metal-dielectric boundary.! This spatial
concentration and localization of light provide various interesting applications of plasmonics:
surface-enhanced optical spectroscopies, sensor technologies, energy harvesting and super-
resolution optical imaging.? These plasmonic opportunities became fundamentals for sensor
platforms based on SEF (surface-enhanced fluorescence), SPR (surface plasmon resonance) and
SERS (surface enhanced Raman scattering) for the detection of trace molecules in chemistry and

7

biology,*” ultrasmall plasmonic lasers,® ultracompact nanophotonic optical circuits,” tunable

plasmonics switchers with ultrafast response,'®'?

or optical tweezers working at low light
intensity.'?

Considering the plasmon excitation by visible light, collective electronic motions in the
noble metals nanostructures (especially Au and Ag) are most appropriate for plasmonic applications
14 Gold surfaces are a common choice because of high stability and well-known versatile
chemistry, based on the formation of surface attached monolayer.!® However, gold substrates can be
used only in the longer-wavelength part of the visible light spectrum because of the interbands
electron transition.'® Oppositely, silver nanostructures demonstrate a sharper angular resonance in
comparison with gold and give enhanced plasmon properties. Unfortunately, poor stability of silver
restricts its applications in the plasmonic field. Immobilization of organic compounds on the silver
surface can increase the stability of metal plasmon-active structure against oxidation and aging.'” '*
Functionalization of noble metal surfaces by organic molecules is used not only for increasing of
plasmonic structures stability. Also, deposition of additional layers on the plasmon-active substrate
can significantly increase the amount of the attached analyte molecules decreasing the minimum of
detectable concentration and increasing the reproducibility of SERS and SPR.' 2 Organic
molecules provide a wide range of stimuli-responsive properties, where the dielectric function of
such molecules can be changed by the external stimuli.?! These responsive properties are used for a
broad range of tunable plasmonic devices, in order to shift plasmon wavelength position or to affect
its amplitude.?™ ?* Also, additional promising application is the preparation of plasmon-based lasers
using immobilization of optically active organic compounds.*

Taking into account the distribution of plasmon intensity, coverage of surface by organic
molecules is standing out as a key point for successful plasmonic device realization. The thickness
of organic layer must be carefully chosen, depending on the different applications scenarios. In

particular, the SERS and SPR applications requires surface functionalization by the thin molecular
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layer, to conserve the maximal interaction of plasmon with analyte, which interacts with modified
metal surface 2" 2 Qppositely, for plasmonic laser or switches large thickness of attached organic
molecules is desired.?’?® Thus, development of surface modification method with controllable
resulting thickness of organic layer is still challenging for plasmonic metal surfaces.?® Chemical
functionalization by thiol derivatives is one of the most commonly used approaches for the
decoration of plasmonic substrates with organic functional groups (OFGs).*® ” However, a number
of authors underlined some disadvantages of this strategy - moderate stability (including thermal) of
metal-thiol bonds, formation of only monolayers, reversibility and possibility of displacement by
other thiols.?® 2

An attractive alternative to thiol’s chemistry is the grafting of OFGs by arenediazonium salts
(ADSs) because high reactivity of the aryl radicals results in the generation of aryl layers strongly
covalently bounded to metal surface.*®* Surface diazonium chemistry is well-proven for a wide
range of materials, including metal substrates (gold, silver, iron, copper, zinc, nickel etc.).* % Most
of the actual works report functionalization of electrodes or bulk metals using electrografting or
spontaneous attachment of diazonium salts. 3 On the other hand, diazonium chemistry has not
been widely employed for functionalization of plasmonic active thin metal films. McCreery and
coworkers reported only spontaneous (not electrochemical) attachment of nitroazobenzene by

3940 and the influence of modification method

chemisorption on plasmonic silver films in acetonitrile
(spontaneous or induced) on optical properties of thin metal films has not been examined yet.
Continuing with gold films, there are quite a lot of works about modification of gold surfaces by
diazonium salt in acetonitrile. Diazonium derived nitrophenyl groups were deposited by
spontaneous reaction with gold films surfaces (50-150 nm). 2 Modification of 100 nm thick gold-
coated silicon wafers was demonstrated by the electrografting of acetonitrile solutions containing a
diazonium salt and an alkyl iodide.*' However, optical and plasmonic properties of both prepared
materials have not been discussed. One of the most interesting example of thin gold film
modification is preparation of antifouling surface coating by electrografting of 4-phenylalanine on
50 nm gold film, where antifouling properties were monitored by SPR.*? Owing to great promises
of covalently modified noble metal thin films in field of plasmonic component and devices, there is
a need for detailed examination of bonded organic layers structure and mechanism of its attachment
using diazonium salts.

In this work the surface modification of thin silver and gold films by spontaneous reaction or
electrochemical reduction of water-soluble arenediazonium tosylates (ADTs) was demonstrated
(Figure 1). After grafting the surface and optical properties were characterized by the wide range of
techniques. We have conducted detailed comparative research of surface properties on prepared

materials and hypothesized appropriate modification conditions for certain optical application.
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2. Experimental

2.1 Materials

Silver and gold were deposited onto glass surface (Thermo Scientific), covered by
transparent titanium layer (thickness ca 10 nm), using vacuum sputtering method (DC Ar plasma,
gas purity - 99.995 %, gas pressure 4 Pa, discharge power 7.5 W, sputtering time 120 sec, resulted
thickness 18.5 nm for Au and 14.1 for Ag). Targets for metals deposition (purity of metals 4 N)
were purchased from Safina. 4-nitrobenzenediazonium tosylate, 4-carboxybenzenediazonium
tosylate, 4-aminobenzenediazonium tosylate and 4-(heptadecafluorooctyl)benzenediazonium
tosylates were prepared according to published procedure.*
2.2 Sample preparation
The 4-nitrophenyl, 4-carboxyphenyl, 4-aminophenyl and 4-(heptadecafluorooctyl)phenyl organic
functional groups (OFGs) were grafted spontaneously by soaking of the freshly obtained Ag and Au
films in 1 mM freshly prepared solutions of corresponding arenediazonium tosylates in deionized
water for 10 min (for 4-(heptadecafluorooctyl)benzenediazonium tosylate mixture of water/ethanol
(3/1) was used). Electrografting of Ag and Au was performed in 1mM fresh water solutions of
corresponding diazonium salts (for 4-(heptadecafluorooctyl)benzenediazonium tosylate mixture of
deionized water/ethanol (3/1) was used) without addition of any electrolytes under the potential -2
V for 10 min with a platinum counter electrode. After modification metal substrates were rinsed
under sonication sequentially with deionized water, ethanol, and acetone for 10 min and dried in
desiccator for 3 hours.
2.3 Measurement technigues:

2.3.1 Wettability

Water contact angles were measured by goniometer Surface Energy Evaluation System
(Masaryk University, Czech Republic) at 10 positions with distilled water at room temperature 24 h
after surface modification. The deviation between measurements was used for the calculation of
measurements errors.

2.3.2 Atomic-force microscopy

For characterization of sample surface and nanomechanical mapping before and after
surface modification, the peak force AFM technique was applied. Surface mapping was performed
with Icon (Bruker) set-up on the areas of 1.5x1.5 pmz. Conducted measurements were performed in
Peak Force AFM mode, using the Pt/Pd coated tip with constant voltage (3V). Tuna current
parameter was evaluated. AFM scratch test was carried out on metal films by profiling across a
scratch at an angle of 90 degrees relative to the surface. Then the sample was cleaned by washing in

an acetone bath for a few seconds, dried with nitrogen gas, and imaged with the AFM. The reported
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film thicknesses are the means of at least 16 values obtained from three scratches, and the
uncertainty is the standard deviation of the mean.

2.3.3 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) was used to determine the surface chemical
composition. The spectra were recorded using an Omicron Nanotechnology ESCAProbeP
spectrometer fitted with monochromated Al K Alpha X-ray source. The pass energy was set at X
(eV) and Y as intensity (cps) for the survey and high resolution spectra, respectively. Since the
metal films were deposited on the glass substrates the law energy compensation (up to 2eV) was
applied during measurements. The energy resolution was 0.4 eV for the measurement of full XPS
spectrum and 0.1 eV for the measurement of individual peak detail. The analyzed area had
dimensions of 2x3 mm? Concentrations of elements were calculated in at. % using the

manufacturer’s sensitivity factors.

2.3.4 Scanning electron microscopy

The scanning electron microscopy (SEM) (LYRA3 GMU, Tescan, CR) was used for the
study of morphology and elements distribution of the pristine and modified Au and Ag films. SEM
images and mapping were performed using an energy dispersive spectroscopy (EDX, analyser X-
MaxN, 20 mm2 SDD detector, Oxford instruments). The samples were attached by carbon
conductive tape to avoid sample charging. SEM-EDX and SEM measurements were carried out
using accelerating voltages 10 kV and 2 kV respectively. The obtained EDX mappings were
processed using the software Image].

2.3.5 Cyclic voltammetry

Cyclic voltammograms (CV) of pristine and modified films were obtained using 1 mM
potassium hexacyanoferrate (II) in 0.1 M potassium chloride (p.a., Lachema, Czech Republic) for
gold films and with 1 mM Hexaammineruthenium (III) chloride (98%, Sigma Aldrich, USA) in
0.1 M potassium sulphate (p.a., Lachema, Czech Republic) for silver films. Volume of the drop,
deposited for the measurement was 10 pL. Cyclic voltammetry was carried out with working gold
film electrodes with an exposed area of 3 mm? with deposited thin tail, when contact to potentiostat
was connected. Voltammetric measurements were performed with portable potentiostat PalmSens
(Palm Instruments, Netherlands), controlled by PSTrace 4.6.1 software (4.4 firmware). Parameters
of the CV potential program were: 50 mV s scan rate and potential range from -100 mV to
600 mV for the gold films and from 50 mV to -300 mV for the silver films. CV measurements were
carried out with platinum wire auxiliary electrode and miniaturized Ag/AgCl (3 M KCl) gel leakless
reference electrode (EE009, ESA Cypress Systems, Massachusetts, USA), to which all potentials
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values are referred. All measurements were repeated three times with five scans for each
measurement, unless stated otherwise.
2.3.6 Electrokinetic analysis

Electrokinetic analysis (zeta potential) of all samples were determined by SurPASS
Instrument (Anton Paar GmbH, AT). Samples were studied inside the adjustable gap cell with an
electrolyte of 0.001 M KCI. All samples were measured four times at constant pH 6.3 and at room
temperature. For zeta potential determination the streaming current method and Helmholtz-
Smoluchowski (HS) equation were used with experimental error of 5 %.*

2.3.7 Optical measurements

UV-Vis spectra were measured using Spectrometer Lambda 25 (Perkin-Elmer) in 300-1100
nm wavelength range.

Raman scattering was measured on Nicolet Almega XR spectrometer (Laser power 15 mW)
Raman spectrometers with 470 and 785 nm excitation wavelengths. Spectra were measured 10

times, each of them with 30 s accumulation time.

3. Results and Discussion

In the present work we report comprehensive study of structure and surface properties of
plasmonic active Au and Ag films functionalized by ADTs (see Figure 1), which possess a key
advantage over classical diazonium salts.” *® ADTs demonstrate explosion safety, storage stability
and good solubility in a wide range of organic solvents and water. Especially last property is
favorable, since it allows the electrochemical and spontaneous grafting in water, without addition of
some special electrolytes. In this work, we chose silver and gold metals, known as plasmonic active
substrates. The main difference between them lies in ,,working wavelength“. Silver has the plasmon
resonance in 400-600 nm range, depending on the size and shape of nanostructures. For gold more
typical plasmon resonance band lies at longer wavelength. Thus, both metals are complementary in
the sense that they fully cover the optical wavelengths range.

Firstly, the metals surfaces were modified by 4-nitrobenzenediazonim tosylate (ADT-NO2)
and 4-(heptadecafluorooctyl) benzenediazonium tosylate (ADT-CsFi7) as the model modification
agent (due to a large basis of data about these compound grafting and significant changes of surface

properties after introduction of perfluoro-derivatives)."’

Secondly, modification by 4-
aminobenzenediazonium tosylate (ADT-NHz) and 4-carboxy benzenediazonium tosylate (ADT-
COOH) was performed and investigated, because these functional groups are able to create specific

surface properties or selective sites for further modification.*®
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Taking into account different potential application of the plasmonic surface modification,
which can require monomolecular or polyphenylene layers of grafted molecules, the surface
modification was performed by two procedures, shown schematically in Figure 1. Modification
mechanisms usually involve dediazoniation leading to spontaneously generation of reactive cations
or radicals, which are able to graft spontaneously on electron-rich surfaces such as metals and form
approximately monomolecular layers.?® 2% %8 Qppositely, electrically induced process results in
thicker and less ordered organic layers due to enhanced reduction of ADSs.*** Thus, application of
spontaneous surface modification will lead to the formation of thin layer, suitable for sensor
applications, and the electro-induced modification will create thicker layer applicable in plasmonic-
based switchers or lasers.

3.1 XPS

The changes in surface elemental concentration after OFGs grafting was studied using XPS
method. The results, presented in Table 1, show elemental surface concentrations on pristine and
modified samples (full XPS graphs are given in the supporting information — Figure S1). On the
pristine samples the presence of carbon and oxygen traces are apparent, indicating the metals
deposition imperfection which is typical case for the sputtering procedure. Characteristic peaks for
grafted OFGs are observed in XPS spectra in accordance with the results published previously.?-!
As could be expected, the electrochemical grafting resulted in greater increase of carbon, nitrogen
and fluorine concentrations comparing to spontaneous modification. Considering the Au and Ag
surfaces, the changes in the carbon concentration are comparable. Grafting of ADT-NO:z resulted in
the appearance of nitrogen-related XPS peak. Surprisingly, we did not observe characteristic peak at
400 eV, corresponding to ~N=N- group formation, which was observed previously.*® Comparison
between gold and silver surfaces shows slightly lower nitrogen concentration on the silver substrate.
Grafting of ADT-CsFi7 groups has led to similar result: apparently higher concentration of fluorine
in the case of electro modification.

3.2 AFM scratch test
Thicknesses of grafted organic layers were measured by scratch method using the AFM technique
by profiling across a scratch in the film (Table 2). The reported film thicknesses are the means of at
least 16 values obtained from three scratches. The surface roughness of metal films (Tab. S1, Fig.
S4) allows the measurement of thickness with at least 0.2 nm precision. Table 2 gives the thickness
variation for pristine, spontaneously and electrochemically modified by ADT-NOz and ADT-CsF17
thin metal films. The layer thickness after modification with species of known molecular size
enables one to discern the grafting of monophenylene or polyphenylene organic layer. As the length
of 4-nitrobenzene molecule is = 0.8 nm, the film prepared by spontaneous modification on gold is

consistent with a multilayer structure comprising from 2 to 3 phenylene layers.? After spontaneous
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modification of gold by ADT-CsF17, organic layer is close to a monophenylene layer, (length of 4-
(heptadecafluorooctyl)benzene molecule is = 1.6 nm) (Figure S2). Hence, we suppose that
formation of monophenylene layer structure can be explained by hindered attack of formed on
surface 4-(heptadecafluorooctyl)phenyl layers, i.e. the effect that is typical for sterically hindered
molecules (Figure S2).* Therefore, even electrochemical modification of gold by ADT-CsFi7 has
led to formation of thin polyphenylene layer (approximately 4 molecules). In the case of
electrochemically grafted ADT-NOz, we have observed formation of structures with more than 8
phenylene layers of nitrobenzene (7.1+0.3 nm), what is consistent with previously published data.’*
Similar results were obtained in the case of silver modification - formation of structures consisting
of 2-3 phenylene layers of ADT-NO: and ADT-CsFiz monophenylene layer in the case of
spontaneous modification. Electrochemical modification of silver resulted in attachment of 11-12
phenylene layers of ADT-NOz and 6-7 phenylene layers of ADT-CsFi7. According to scratch test,
modification of silver resulted in the thicker organic films but XPS data demonstrate lower
concentration of key elements, these findings point towards evidence of “island-like” structured
OFGs.
3.3 SEM-EDX

To verify these assumptions, spatial distribution of elements on the samples surface after OFGs
grafting was determined using SEM-EDX methods, on the 1x1 pm? samples surface (Figure 2, Fig.
S3). (It must be also noted, that present work is focused on the surface modification of plasmon-
active metal films (i.e. noble metals film with a rough surface) and thus investigation of final
grafted OFGs distribution by AFM topography images is restricted). Nitrogen and fluorine are
specific markers for ADT-NQO: and ADT-CsF17 for the presented EDX maps of nitrogen (yellow)
and fluorine (blue). Regions of EDX analysis are also presented in the Fig. 2 above the EDX maps.
In all cases the implementation of electro-induced modification mechanism has led to significantly
greater concentration of nitrogen and fluorine. Moreover, difference between elements distribution
on the gold and silver substrates was apparent. The gold surface was covered more homogeneously
— the larger amount of small dots. Organic layer on the silver substrate showed the “island-like”
structure — the fluorine and nitrogen appeared on limited number of larger dots. In order to prove
these differences, we carried out the analysis of OFGs distribution. In assumption, that spot size on
EDX-mapping correlates with element concentration at local places the spots size distribution for
fluorine and nitrogen was calculated (the diagrams of distribution is presented in Figure S3). The
results of analysis demonstrated that spontaneous reaction between ADTs and Ag surface led to
formation of relatively large “islands” with narrow distribution. Conversely, in case of gold films,
the reaction was conducted with formation of relatively small areas of OFGs with broad

distribution. This tendency is kept during electrochemical process: the OFGs formed smaller areas
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with broad distribution and larger areas with narrow distribution in case of gold and silver films
correspondingly.

34 CVA
We supposed that observed differences in the structure of grafted organic layers are determined by
the nature of metals, not by morphology of pristine metals films. To validate it, we carefully
evaluated morphology of pristine films at different length scales using the AFM and 3D confocal
techniques (results are presented in the Supplementary information — Figure S4, Table SI).
Statistical analysis (Ra) did not show any significant difference between pristine Ag and Au films
surface.

The surface blocking due to OFGs grafting was examined by CV methods performed using
the solution of hexacyanoferrate (II) for gold and ruthenium (III) for silver (Figure 3) as the most
relevant probes for these metals. On the CV curves, measured on pristine gold films the apparent
positive and negative peaks located at 0.33 V are attributed to the Fe(II)/Fe(III) probe oxidation and
reduction. After grafting of ADT-NOz by the spontaneous mechanism the peak becomes less
pronounced, due to particular surface blocking by OFGs. When the electrochemically induced
modification was applied, the Fe(II)/Fe(III) probe-related peaks fully disappeared, indicating the
full blocking of surface, so that the hexacyanoferrate (II) cannot reach the metal surface. The
situation was similar in the case of ADT-CsFi7 grafted by electrochemical mechanism when the
Fe(IT)/Fe(III) oxidation/reduction peak is also suppressed. However, spontaneous grafting of ADT-
CsF17 does not lead to full peak suppression (in the Fig. 3 the response of CsF17 grafted surface are
statistically the similar to pristine gold surface — the typical uncertainty of CV measurements is 5%,
when solid metal electrodes are used), indicating the presence of unmodified electroactive surface.

CV curves of pristine and modified Ag films confirm the hypothesis about formation of
organic layers with “island-like” structure. In case of unmodified silver, the surface is unblocked
and broad peaks, associated with the electron transfer, due to efficient reduction (oxidation) of
ruthenium (III) on the unprotected metal surface were observed. It should be noted that peak height
slightly decayed on spontaneously and electrochemically modified film with a slight difference
between each other. It is evident that both modification methods keep the surface electrochemically
available. In comparison with gold films, electrochemical blocking does not occur in the case of
electrochemically modified silver and electrochemical activity is conserved. The unexpected shift of
the peak of ruthenium hexamine reduction/oxidation potential can be attributed to: (i) increase of
the energy barrier and necessity to deliver more energy (potential) to cause a reaction on an
electrode (the influence of grafting) or (ii) the decrease of reversibility of the redox system

(Ic/Ia# 1). Similar shift of the peak maximum position was described in ** and explained in terms
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of the change electron transfer kinetics at the modified electrode surface. This potential shift
highlighted the different morphology and different chemical behavior between the used electrodes.
3.5 Conductive AFM

Additional information, regarding the growth of OFGs on the Ag films through spontaneous or
electrochemical mechanisms was taken using the conductive AFM technique (Figure S5 -
supplementary information). Comparative analysis of graphs shows the conservation of significant
conductivity of silver substrate after spontaneous modification and apparent decreasing of
conductivity after electro-chemical grafting, which correlates well with XPS results — significantly
greater amounts of OFGs grafted by electrochemical approach. However, in the last case several
conductive spots were also detected (Figure S5) in good agreement with SEM -EDX and CVA
results — some reduction/oxidation processes on the unprotected Ag surface is possible.

It may be concluded that XPS, EDX, and CV methods confirm grafting of ADTSs to the thin
metal films. In the case of spontaneous process, OFGs were grafted with formation of “island-like”
structures, while electrochemical method resulted in thicker polyphenylene layers. The key
difference between reactivity of gold and silver films is the distribution of grafted OFGs: silver
tends to form clustered polyphenylene structure while gold is covered more homogeneously with
thinner layers. The effect of radical size is more pronounced in the case of spontaneous
modification, which leads to formation of monophenylene of attached molecules.

3.6 Oxidation experiments in water medium

Additional control experiments were performed by soaking of thin noble films in the
deionized water for 15 min, in order to estimate the potential effect of interaction with water on film
morphology and metal oxidation. We evaluated structure of water treated films using AFM and
XPS techniques and results are given in SI (Figure S6, and Table S2). We observed that silver
shows tendency to oxidation in water, while changes in gold films composition and structure are
slightly detected. However, comparison with the data presented in the Tab. 1 indicates that metal
oxidation is terminated by the formation of grafted organic layers. Additionally, soaking in the
distilled water led to significant changes of silver thin film morphology, (corresponding Figure S6
is also given in the supplementary information). The observed effects confirm extremely high
reactivity of diazo cations in reaction with noble metal surfaces. Modification reactions occurs
significantly faster than interaction with water. Formed phenylene layers prevent the oxidation of
metal surfaces, that is good agreement with CVA results.

3.7. Wettability

After confirmation of modification process, the possibility of the grafting of various “active”
OFGs was studied (ADT-NH2 and ADT-COOH). It is well known, that the diazonium salts

attachment can significantly affect the surface properties.® First of all, the surface wettability
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(contact angle) was measured in dependence on the grafted OFGs and results are presented in the
Figure 4 for both metals. As could be expected, the presence of carboxyl groups decreases the water
contact angle down to 46° and 32° for silver and to 55° and 33° for gold films, corresponding to
spontaneous and electrochemical treatment, which is in good angreement with the results published
for the various other surfaces, such as indium tin oxide, gold and glassy carbon electrode (contact
angle was consistently reduced to 40.7°, 47.69° and 35.61° respectively) [57]. As can be expected,
the contact angle increased by the grafting of more hydrophobic groups (nitro, amino). This trend
was also demonstrated in several works.*® % In the case of ADT-CsF17 grafting, unexpected results
were obtained: the grafting increased water contact angle significantly, but the effect is more
pronounced in the case of spontaneous grafting, unlike to data published in work *'. This fact can be
explained by the distribution of grafted aryl layers — the non-homogenous structure of
spontaneously grafted ADT-CsFi7 can be additional factors, affecting the contact angle. In general,
all observed contact angles measured after modification are consistent with previously published
data and trends.*" 56-%% % Moreover, we suggest that changes of contact angles depend not only on
the nature of attached radicals but also on the amount of OFGs, their distribution, and the methods
used for metal surface modification.

The ability of carboxyl and amino groups to interact with protons or ions (as model system)
was checked using their immersion into acidic (HCI) or basic (NazCOs) solutions. Further treatment
of amino and carboxyl groups respectively resulted in a contact angle decreasing due to salts
formation. The increase of wettability on —CeHs-COOH grafted films to 42° (spontaneous) and 19°
(electrochemical) for silver and 50° (spontaneous) and 25° (electrochemical) for gold was observed.
Also, for —-CeH4-NHz decrease of contact angle to 67° (76° before treatment), 72° (87° before
treatment) for silver and 58° (65° before treatment), 49° (70° before treatment) for gold
corresponding to spontaneous and electrochemical methods. A change in the contact angle after the
treatment with amino and carboxylic groups enables one to assess the accessibility of OFGs for
charging and acid-base properties.®” ® Additionally, the salts formation was confirmed using the
Raman spectroscopy and corresponding graphs are shown in the supplementary information —
Figure S7. Apparent changes in the peaks, related to amino and carboxyl groups due to the
protonation/deprotonation, indicate the availability of these groups to further chemical interaction.

3.7. Zeta-potential

Results of electrokinetic analysis (zeta potential), confirming the change of surface
chemistry and charge, are presented in the Figure 5. Previously it was expected that the grafting of
amino groups will shift the zeta potential to more positive values and the grafting with carboxyl
groups will shift it to the more negative value. In the case of spontaneous modification, the above

expectation was confirmed, i.e. zeta potential was shifted as expected and, like in the previous case,
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the effect was more pronounced for silver. Similarly, grafting of carboxyl OFGs decreased the zeta
potential, indicating the negative charge presented on the modified metal surface.

However, observed shifts in z potential are not so obvious for electrochemically induced
modification (Figure 5). The tendency for amino and carboxylic groups remains the same as for
spontaneous modification for both metals, but unexpectedly, grafting through electro-chemical
mechanism leads to less pronounced changes in zeta potential response. This observation seems to
be in some disagreement with the results of XPS and AFM that indicate the greater amount of
attached OFGs in case of electrochemical modification. Probably, explanation lies in the steric
nature of grafted OFGs layer, which restrict their interaction with analytical solution.

3.8. AFM investigations

Modification of surface topography, adhesion and deformation (the maximum deformation
of the sample caused by the probe) were studied at nanoscale level using peak-force AFM
technique. Such preparations of repellent surface are one of the main changes in plasmonics for
non-invasive sensors, the studies were performed on the —CsHa-CsFi7 modified silver and gold
surfaces and results are presented in the Figure 6. It is evident, that sputtering of metals leads to
formation of well-known cluster structure®® with narrow distribution of mechanical and adhesive
properties. Spontaneous modification conserved the surface topography, but dramatically changed
surface mechanical properties. Adhesion significantly decreased and deformation increased as could
be expected. Both effects were slightly more pronounced on the gold surface. The distribution of
mechanical properties on silver was wider due to “island-like” structure of organic layers.
Modification by electrochemically induced mechanism led to further changes of the surface
properties. The surface topography was significantly changed due to formation of polyphenylene
organic layers. The electrochemical modification also led to significant increase of adhesion. The
source of the increased adhesion can be any attractive force between the tip and sample - the long
grafted molecules can serve as a meniscus, leading to unexpected adhesion increase. For the same
reason significant increase of surface deformation takes place since the hard metal surface is
substituted by the rigid organics chains.

Additional measurements of the electrochemically grafted ADT-NOZ samples were
performed with the aim to compare the SEM and AFM images. Their results are given in the Fig.
S8. Observed thin films morphologies confirm the previous conclusion - high corrugation of
grafted silver surface can be attributed to the formation of the island-like organic layer, when the
gold surface is more flat, indicating more homogeneous covering by the organic layer.

3.9 Plasmonic activity

Finally, the plasmonics properties of the metal surface were tested using the UV-Vis and

Raman spectroscopy. Results of UV-Vis measurements are presented in the Figure 7. It is well
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known that the position of plasmon resonance depends on the dielectric constant of medium
surrounding metal nanostructures, namely electron density in the nanostructure and electron
scattering function on the metal/dielectric boundary. In the case of thin metal films the plasmon
properties also depend on the film thickness and roughness. In turn, the thickness and surface
roughness of sputtered noble metal thin films are the functions of deposition conditions: deposition
rate, vacuum pressure, the temperature of the substrate and so on.* ® In the present case both, thin
film thickness and surface morphology are in good agreement with the results published in the
literature (with similar deposition conditions).®¢-%® 1In turn, the surface plasmon resonance position
of thin noble metal film on is a strong function of the surface roughness.”’” Since the film
morphology, measured on the pristine metal films are similar (the values of Ra are only slightly of
silver and gold — Fig. S4), observed differences the plasmon resonance position for gold and silver
could be attributed to the intrinsic metal parameters — concentration of free electrons and scattering
constants. In the case of gold layer (Figures 7 A and B), the plasmon resonance peak appeared in
the near IR range, which is typical for cluster structure of sputtered gold layer.®® Modification of
gold surface shifts the plasmon peak position to longer wavelength. The shift was more pronounced
in the case of electrochemical modification because the larger part of plasmon evanescent wave is
affected by the thicker organic film. Similar situation was also observed for cluster silver structure.
Since the silver has higher electron density, its pristine plasmon peak is blue shifted relative to gold.
Silver surface modification shifts the position of plasmon resonance to longer wavelength, too. As a
rule, the shift was more pronounced for electrochemical modification. The only exception was the
case of ADT-CgFi7, where the long OFGs were enough to almost fully affect the plasmon
evanescent way even in the case of monomolecular layer formation.

Typical proof of the plasmon activity is sufficient enhancement of OFGs Raman scattering,
when they are closed to plasmon-active surface. Raman spectra were also collected in order to
confirm the presence of corresponding OFGs on the surface of films (Figure 8). Taking into account
of UV-Vis spectra of modified silver and gold (Figure 7), two excitation wavelengths, close to
plasmon absorption band, were chosen: 475 nm for silver and 780 nm for gold. Spectra of pristine
metals films did not show any significant Raman bands. After spontaneous and electrically induced
modification of gold and silver by OFGs expected Raman peaks occurred (Figure 8). Detailed
assignation of the peaks is presented in the supplementary materials (Table S3). The pronounced
nature of the peaks in the Figure 8 indicates real enhancement of OFGs Raman scattering signal,
due to significant energy focusing in the near-surface volume after photon-plasmon transition. The
spectra of films after electrochemical treatment were significantly enhanced in comparison with

spontaneous grafting due to the polyphenylene nature of OFGs layer. It should be also noted, that
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low intensity bands at approximately 400 cm™ correspond to covalent bond Au-C, which were also

observed at 433 cm™'. Their presence indicates the covalent binding of OFGs to metal surface.*

4. Conclusion

Thin films of plasmon-active metal (silver and gold) were grafted with various organic
functional groups using ADTs spontaneous or electrochemically induced procedures. 4-
nitrobenzediazonim tosylate and 4-(heptadecafluorooctyl)benzenediazonium tosylate were used as
model modification agent and modification by 4-aminobenzenediazonium tosylate and 4-
carboxybenzenediazonium tosylate was performed to induce the specific changes of surface
properties or create specific and selective sites for further modification. After grafting the surface
and optical properties were characterized by the wide range of techniques. The possibility of
changing the thickness of organic layer, modification of surface charge and wettability, particular of
full surface blocking or modification of adhesive or repellent surface properties were demonstrated.
Different behavior of gold and silver was found: silver tends more to formation of clustered
polyphenylene structure while gold is covered by more homogeneous and thinner layers.
Spontaneous reaction creates the short, approximately monomolecular layer films of organic
compounds and could be used in the field of SPR or SERS sensors. Electrochemically induced
activation gives the thicker layer of the organic compounds on the metal surface and it could find

application in the field of tunable plasmonic devices or plasmon-based lasers.
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Figure caption
Fig. 1 Schematic representation of the proposed covalent modification of plasmon-active metal

surface.

Fig. 2 SEM-EDX mapping of nitrogen (yellow) and fluorine (blue) on gold and silver modified
films.

Fig. 3 Cyclic voltammograms measured on the Au and Ag thin films with covalently modified
surface: Au and Ag thin films modified by ADT-NO2 and ADT-CsFi7 through the spontaneous (-
sp) or electrochemical (-el) grafting.

Fig. 4 Surface wettability (contact angle and water drop) of pristine and modified Au and Ag film
by ADTs.

Fig. 5 Zeta potential measured on the Au or Ag thin films modified by ADT-NHz and ADT-COOH
salts.

Fig. 6 Surface topography and mechanical properties of Au and Ag pristine and modified by ADT-
CsF17 surfaces.

Fig. 7 UV-Vis spectra of pristine Au and Ag thin films measured before and after covalent
modification by ADTs.

Fig. 8 Raman spectra of ADTs covalently bounded to plasmon-active Au and Ag surfaces.
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Table 1
Surface atomic percentage element concentration calculated from XPS results study under 9° for
gold and silver thin films modified with ADT-NOz and ADT-CsF7.

Sqnaple Surface atomic element concentration (at. %)
C(1s) 0O(1s) Au(4f) | Ag(3d) | N(ls) | F(1s)
Prist Au 32.0 15.8 52.2 - - -
Au-NB-sp | 43.0 10.3 453 - 15 |-
Au-NB-el | 61.4 26.0 48 - 7.8 -
Au-CF-sp | 37.5 11.7 334 - - 174
Au-CF-el | 443 9.6 4.0 - - 421
Prist Ag 26.6 20.0 - 53.4 - -
Ag-NB-sp | 37.5 20.0 . 413 12 |-
Ag-NB-el |47.0 39.0 - 86 54 |-
Ag-CF-sp | 39.7 11.9 - 22.7 - 25.7
Ag-CF-el | 42.0 10.5 - 5.3 - 42.2
30
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Table 2
Results of the scratch tests characterizing the changes of Ag and Au films after spontaneous or
electrically induced modification with ADT-NO: and ADT-CsFi7 (*difference in thickness between

pristine metal film and modified film).

Sample Thickness | A* h'/lnlecnlar Approx. number

(nm) (nm) | size (nm) of layers
Prist Au 18.5+0.18 - - -
Au-CF-sp 20.3+0.2 18 1.6 1.1
Au-CF-el 24.8+0.15 6.3 1.6 4.0
Au-NB-sp 20.4+0.2 1.9 0.8 2.4
Au-NB-el 25.6+0.18 Tl 0.8 8.9
Prist Ag 14.1+0.1 - - -
Ag-CF-sp 16.2+0.2 2.1 1.6 1.3
Ag-CF-el 25.0+0.2 10.9 1.6 6.8
Ag-NB-sp 15.9+0.16 1.8 0.8 2.3
Ag-NB-el 23.4+0.2 93 0.8 11.6
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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 -100mV to 700 mV with scan rate 50 mV s'. Cyclic
voltammograms of pristine and modified layers (film electrodes) were obtained using
I 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 pL. Cyclic voltammetry was
carried out with working film electrodes with an exposed area of 3 mm? (vicinity of the
area was isolated), platinum wire auxiliary electrode and miniaturized gel Ag/AgCl
reference electrode (3M KCI, 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 SA 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 (AE, = 100 mV,
Linod/Icathod = 1.1, Lnoa = 9.5 nA) 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-CyH, were grafted
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onto the surface of the electrode, due to partial surface blocking. In the case of grafted —
CHj3, only negligible blocking of ferrocyanide molecules with lower rate of reversibility
of the electrochemical reaction was showed (AE, =200 mV, Iinod/Icathod = 1.4, lanoa = 8.9
nA).

In the case of -C4Hy and -C;oHy;, partial blocking of ferrocyanide/ferricyanide
electron transfer was observed and small redox peaks were observable (Inog < 2.0 pA).
On the other hand, when -C¢Hs3 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 -C;H; and -C4Hyg 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 -C;H; and -C4Hy 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-C;¢Hj33 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 (¢ =1 mM) in (A)
potassium nitrate (¢ = 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-CH,
substrates.
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