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Abstract 

This dissertation thesis presents newly developed electrode materials based on porous boron-

doped diamond (BDDporous) and their potential applications in electroanalysis. Particularly, 

these novel BDDporous electrodes (twelve in total) were thoroughly electrochemically 

characterised and compared, and the ones with the most promising properties were selected to 

develop reliable voltammetric methods for detecting the neurotransmitter dopamine.  

Initially, the impact of selected fabrication parameters on the final properties and 

electrochemical behaviour of novel BDDporous electrodes was clarified; the following factors 

were specifically studied: (1) deposition template used, (2) boron-doping level, (3) growth 

time of the individual layers (i.e., porosity), (4) number of deposited layers (i.e., thickness), 

and (5) content of non-diamond (sp2) carbon impurities. Alterations in deposition conditions 

naturally resulted in BDDporous electrodes with diverse (i) structural and morphological 

features, which were investigated by scanning electron microscopy and Raman spectroscopy, 

and (ii) physical and electrochemical characteristics, examined by cyclic voltammetry.  

Besides, to assess the suitability of selected BDDporous electrodes for dopamine detection, 

other parameters, such as susceptibility to adsorption and response stability, sensitivity, and 

selectivity, were evaluated using developed square-wave voltammetric procedure. For 

electrochemical sensing applications, mainly targeting dopamine, a SiO2 nanofibers-based 

BDDporous electrode with five deposited porous layers (while each layer grew for 5 hours), 

boron doping level of 4000 ppm and higher sp2 content, was identified as the most suitable. 

Also, a platform based on BDDporous material combining neuron growth and recording of 

released neurochemicals can be envisioned. For this reason, a designed BDDporous electrode 

with desired analytical performance toward dopamine was subjected, either bare or modified 

with a neuron adhesion-promoting poly-L-lysine layer, to further experiments in complex bio-

mimicking environments. As a result, behaviour of the developed BDDporous electrode was 

clarified under conditions required for successful culturing of the neural cells.  

 



  10 

 

Abstrakt 

PŚedkl§dan§ disertaļn² pr§ce pojedn§v§ o novŊ pŚipravenĨch elektrodovĨch materi§lech 

na b§zi por®zn²ho borem dopovan®ho diamantu (BDDpor) a jejich aplikaļn²ch moģnostech 

v oblasti elektroanalĨzy. Vġechny nov® BDDpor elektrody (v celkov®m poļtu dvan§ct) byly 

dŢkladnŊ elektrochemicky charakterizov§ny a porovn§ny, a ty s nejperspektivnŊjġ²mi 

elektrochemickĨmi vlastnostmi byly vybr§ny k vĨvoji spolehlivĨch voltametrickĨch metod 

pro detekci nervov®ho pŚenaġeļe dopaminu.  

 Na zaļ§tku byl objasnŊn vliv vybranĨch parametrŢ pŚ²pravy na fin§ln² vlastnosti novŊ 

pŚipravenĨch BDDpor elektrod; konkr®tnŊ byly studov§ny tyto parametry: (1) por®zn² substr§t 

pouģitĨ k depozici, (2) ¼roveŔ dopov§n² borem, (3) doba rŢstu jednotlivĨch vrstev (porozita), 

(4) poļet deponovanĨch vrstev (tlouġŠka), a (5) obsah nediamantovĨch (sp2) uhl²kovĨch 

neļistot. ZmŊny v podm²nk§ch depozice pŚirozenŊ vedly k pŚ²pravŊ BDDpor elektrod, kter® 

mŊly (i) odliġn® strukturn² a morfologick® charakteristiky, kter® byly sledov§ny pomoc² 

skenovac² elektronov® mikroskopie a Ramanovy spektroskopie, a (ii) rozliļn® fyzik§ln² a 

elektrochemick® chov§n², coģ bylo studov§no za vyuģit² cyklick® voltametrie.  

Na z§kladŊ dalġ²ch parametrŢ, jako je n§chylnost vŢļi adsorpci, stabilita sign§lŢ, citlivost 

a selektivita, byla testov§na vhodnost vybranĨch BDDpor elektrod k detekci dopaminu. Jako 

nevhodnŊjġ² se uk§zala BDDpor elektroda na b§zi SiO2 nanovl§ken s pŊti por®zn²mi vrstvami 

(pŚiļemģ kaģd§ vrstva rostla po dobu 5 hodin), s ¼rovn² dopov§n² borem 4000 ppm a vyġġ²m 

obsahem sp2 uhl²ku. V bl²zk® budoucnosti je tak® moģn® oļek§vat vĨvoj zaŚ²zen² na b§zi 

BDDpor umoģŔuj²c²ch jak rŢst neuronŢ, tak i detekci uvolnŊnĨch neurotransmiterŢ (pŚedevġ²m 

dopaminu). Z tohoto dŢvodu byla navrģen§ BDDpor elektroda s poģadovanĨmi analytickĨmi 

charakteristikami podrobena dalġ²m experimentŢm v kultivaļn²ch m®di²ch, a to jak 

v nemodifikovan®m stavu, tak po pokryt² poly-L-lysinem, kterĨ se typicky vyuģ²v§ k zvĨġen² 

adheze mezi neurony a substr§tem. Bylo tak objasnŊno elektrochemick® chov§n² BDDpor 

elektrody za podm²nek, kter® jsou bŊģnŊ vyģadov§ny pro ¼spŊġnou kultivaci nervovĨch 

bunŊk.  
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1 Aims of the work 

Boron-doped diamond (BDD) is a well-established electrode material possessing exceptional 

characteristics. However, the performance of BDD can be significantly boosted by changing 

its morphology from relatively planar (BDDplanar) to porous (BDDporous). Such boosting is 

particularly manifested by increased sensitivity, improved selectivity, and lower detection 

limits, which are all essential factors in the sensor development area. Besides sensing, another 

promising field in which both BDDplanar and BDDporous materials can be beneficial because of 

their remarkable biocompatibility is neuroscience. Indeed, one type of BDDporous developed 

within this work has already demonstrated suitability for neuron cultivation. Therefore,          

a platform based on BDDporous combining neuron growth and recording of neurochemical 

signals can be envisioned. This possible application is one of the reasons why 

neurotransmitters were selected as the analytes of interest in this study.  

However, it needs to be emphasized that the properties of BDD are dependent on 

numerous factors. For BDDplanar, clarification of these factors has been attained due to the 

continuous 30-year research. In contrast, BDDporous materials are still considered novel and 

only a few studies reported on the effect of selected 3D templates and deposition conditions 

on their properties. For this reason, the main goal of this work was to elucidate factors that 

have a significant impact on the final characteristics and electrochemical performance of 

novel BDDporous developed and prepared at the Institute of Physics of the Czech Academy of 

Sciences, and to identify the best deposition conditions leading to the porous electrode, which 

is particularly suitable for electrochemical sensing of dopamine. Finally, the effects of 

conditions required for neuron cultivation on the voltammetric behaviour of the designed, 

most suitable BDDporous electrode were examined.  

 The aims of this work were accomplished through the following steps:  

(i) Thorough literature background; the latest progress, trends, and developments in 

electroanalysis of organic compounds, including neurotransmitters, using BDD-based 

electrode materials was reviewed.  

(ii)  Complex electrochemical characterisation of newly developed BDDporous electrode 

materials prepared under various deposition conditions; the investigated parameters 
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were porous template, boron-doping level, growth time of the individual porous layer 

(i.e., porosity), and the total number of deposited porous layers (i.e., thickness). 

(iii)  The most promising BDDporous materials for electrochemical sensing were identified 

and used to develop square-wave voltammetric protocols for reliable detection of 

neurotransmitter dopamine.  

(iv)  Performance of designed BDDporous electrodes was verified under conditions typically 

required for successful culturing of the neural cells.  

The results obtained within the scope of this Ph.D. thesis were reported in the following 

scientific publications available as appendices 6.1 ï 6.5 (Publication I ï V): 

1. S. Baluchov§, A. DaŔhel, H. Dejmkov§, V. Ostatn§, M. Fojta, K. Schwarzov§-

Peckov§, Recent progress in the applications of boron doped diamond electrodes in 

electroanalysis of organic compounds and biomolecules ï A review, Anal. Chim. 

Acta, 1077 (2019) 30ï66.  

2. S. Baluchov§, A. Taylor, V. Mortet, S. Sedl§kov§, L. Klimġa, J. Kopeļek, O. H§k, K. 

Schwarzov§-Peckov§, Porous boron doped diamond for dopamine sensing: Effect of 

boron doping level on morphology and electrochemical performance, Electrochim. 

Acta, 327 (2019) 135025.  

3. S. Wert, S. Baluchov§, K. Schwarzov§-Peckov§, S. Sedl§kov§, A. Taylor, F.-M. 

Matysik, A costȤefficient approach for simultaneous scanning electrochemical 

microscopy and scanning ion conductance microscopy, Mon. Chem., 151 (2020) 

1249ï1255.  

4. M. Brycht, S. Baluchov§, A. Taylor, V. Mortet, S. Sedl§kov§, L. Klimġa, J. Kopeļek, 

K. Schwarzov§-Peckov§, Comparison of electrochemical performance of various 

boron-doped diamond electrodes: Dopamine sensing in biomimicking media used for 

cell cultivation, Bioelectrochemistry, 137 (2021) 107646.  

5. S. Baluchov§, M. Brycht, A. Taylor, V. Mortet, J. KrŢġek, I. Dittert, S. Sedl§kov§, L. 

Klimġa, J. Kopeļek, K. Schwarzov§-Peckov§, Enhancing electroanalytical 

performance of porous boron-doped diamond electrodes by increasing thickness for 

dopamine detection, Anal. Chim. Acta, 1182 (2021) 338949. 
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2 Introduction  

2.1 BDD for  electroanalysis 

Application of BDD as electrode material in electroanalysis, the progress achieved in this 

field between the years 2009 and 2018, trends and developments in diamond 

electro(analytical)chemistry was exhaustively reviewed in ref. [1] , attached as Publication I 

in appendices.  

BDD has become a well-established and widely used electrode material since its 

introduction in 1992 [2]. The unprecedented popularity of BDD proceeds from a large range 

of outstanding characteristics, distinguishing BDD from other commonly employed 

carbonaceous and metallic electrodes. These properties include but are not limited to 

exceptional chemical stability and mechanical strength, wide working potential window, 

resistance towards corrosion and passivation, possibility of in-situ electrochemical activation, 

dopant-controlled adjustable conductivity, biocompatibility, low noise, low capacitance and 

background current [1, 3, 4].  

Nevertheless, it is important to mention that the use of BDD is not restricted only to 

electroanalysis. Conductive diamond is a remarkably versatile material [3], which has been 

extensively employed in numerous electrochemical applications, such as pollutant 

degradation and waste-water treatment [5, 6], electro-organic synthesis [7, 8], electrocatalysis 

[9, 10], and electrochemical energy storage [9, 11], but also in ònon-electrochemicalò research 

fields, including biomedicine and neuroscience [12, 13]. This chapter focuses mainly on BDD 

features essential for electrochemical sensing, while applications of BDD in neural interfacing 

are discussed in more detail in Chapter 2.3. 

Boron-doping level [14-18] and sp2 carbon content [19-21], crystallographic orientation 

[22, 23], morphological characteristics (e.g., grain size, boundaries and point defects) [24], 

surface termination (H- vs. O-) [25-27] are all factors considerably influencing final properties 

of BDD films. Consequently, they affect electron transfer (ET) kinetics at the electrodeï

electrolyte interface, which is manifested in recorded responses (potential positioning and 

signal intensity) of studied redox-active molecules. These causal relationships have been 
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clarified because of the continuous 30-year research aiming to resolve the interplay between 

electrochemical behaviour of analyte of interest and surface (and bulk) properties of BDD 

films. 

Importantly, all factors mentioned above are essentially governed by conditions adjusted 

for the chemical vapor deposition (CVD) procedure typically employed for BDD growth. 

Among the most critical conditions are the selected conductive substrate and its temperature 

[28], B/C ratio [14, 16] and C/H ratio [17] in the gas phase, composition of the gas mixture 

[17, 24], pressure, total gas flow, and growth time [29].  

2.1.1 Boron-doping level 

In general, boron doping is accomplished from the gas phase by adding a boron-containing 

compound, such as diborane, trimethyl borane, trimethyl borate or boron trioxide, into the 

CVD reaction chamber with the source gases (carbon-containing gas, e.g., methane, and 

hydrogen) [3, 30]. In electroanalytical studies, the doping level of the BDD electrodes is 

predominantly stated as the B/C ratio in the gas phase, typically ranging from 100 to 

15 000 ppm, as accurate determination of the ñactualò boron concentration in BDD film is 

challenging and requires sophisticated, expensive, and not readily available equipment (e.g., 

secondary ion mass spectrometry, boron nuclear reaction analysis). However, boron 

concentration in BDD electrodes can be at least roughly estimated by recording Raman 

spectra [31-33] or Mott-Schottky plots in an electrolyte solution [30]. 

The boron-doping level has a significant impact on the morphological, physical and 

electrochemical properties of fabricated BDD films [14-16]. Increased boron content in the 

electrodes leads to (i) a decrease in the grain size, which is ascribed to the reduced growth rate 

triggered by boron addition [34], (ii) an increase in intrinsic stress and amount of sp2 carbon 

sites, which can negatively affect and significantly deteriorate rigid diamond lattice [35],     

(iii) higher conductivity and, thus, lower resistivity. BDD electrodes can exhibit either 

semiconductivity or metallic conductivity depending on the boron concentration [36]:            

A threshold for metallic type conductivity was estimated to be ~3Ĭ1020 boron atoms per cm3 

[31, 36], which corresponds to ca three boron atoms per 1000 carbon atoms. Interestingly, it 

has been shown that the boron-doping level influences long-term resistance towards 

spontaneous air oxidation of the H-termination [37] as well as vulnerability to biofouling [18]. 



2 Introduction   15 

Doping level influences ET kinetics (therefore, the oxidation/reduction potentials of 

electroactive species) and the magnitude of the provided signals [14-16, 38], which 

consequently influences the sensitivity of developed electroanalytical methods. Besides, 

hydrogen and oxygen evolution reactions, limiting the available potential range for 

electroanalysis in aqueous solutions, also depend on the dopant concentration as these 

processes are related to adsorption of water molecules/protons or intermediates of limiting 

reactions (e.g., atomic hydrogen) on boron-rich sites with subsurface substitutional boron 

defects. As a result, highly-doped BDD electrodes typically manifest shorter electrochemical 

windows, which are narrowed in both anodic and cathodic potential regions, compared to 

lowly-doped BDD films [14, 39].   

2.1.2 Non-diamond (sp2) carbon 

In BDD electrochemistry, the role of sp2 carbon, typically formed at the grain boundaries and 

due to the defects during deposition, is a controversial topic. On the one hand, the presence of 

sp2 carbon in BDD electrodes is electrochemically indicated by increased background currents 

and shortened potential windows [4, 19, 21], and incorporated sp2 impurities can increase 

proclivity towards adsorption and electrode fouling [17], which are detrimental phenomena in 

electroanalysis. On the other hand, sp2 domains can act positively as ET mediators and 

considerably accelerate electrode reactions [19, 21].  

Electrochemical behaviour of two redox couples with more complex molecular structure, 

hydroquinone/quinone [21] and dopamine/dopamine-o-quinone [17], was studied on BDD 

electrodes with intentionally increased sp2 carbon content. These molecules were selected 

because their multistep electron and proton electrochemical reactions proceed through inner-

sphere ET, which makes hydroquinone and dopamine extremely dependent and sensitive to 

the surface chemistry of the electrodes. Indeed, in both studies [17, 21], higher content of sp2 

sites led to more pronounced reversibility, and thus to faster ET kinetics manifested by 

smaller peak-to-peak separation values (ȹEp), recorded by cyclic voltammetry. These results 

revealed that the sp2-bonded carbon domains on the BDD surface represent adsorption spots 

for both aromatic compounds and significantly facilitate their redox reaction, indicating that 

sp2 carbon plays a catalytic role. In addition, such adsorption-promoting sp2 sites may be 

responsible for 'molecule preconcentration' on the electrode surface, which can possibly lead 

to enhanced sensitivity and improved detection limits [40] in the electroanalytical field.  
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Hence, in electrochemical applications, the presence and amount of sp2 carbon on the 

BDD electrode surface should be rigorously considered and controlled if possible. 

2.2 BDD electrodes: Structuring the surface 

Increasing the electrode surface area has become a prevalent and effective method to boost 

further the already superior characteristics of BDD electrodes (see Chapter 2.1) without 

modifying their surface. Structuring the BDD surface can lead to higher double-layer 

capacitance, increased sensitivity and improved selectivity, compared to conventional 

BDDplanar films; the latter two characteristics are particularly advantageous in electroanalysis 

of bioactive organic compounds and sensors development area [41-55]. Besides sensing, it 

comes as no surprise that BDD porous structures may also be effectively utilised as 

supercapacitors [56], filtration or extraction membranes [57], anodes for mineralization of 

organic pollutants [5, 6], and bio-interfaces in neuroscience [58-61]. 

Fabrication strategies for structured BDD materials described in the literature can be 

separated into two main groups:  

(i) A ñtop-downò procedure carried out by etching the diamond surface through various 

masks. This way, functional nanostructured arrangements were successfully prepared. 

These include vertically aligned BDD nanowires, which were effectively employed for 

electrochemical sensing of DNA [42], glucose [41] and detection of electroactive amino 

acids tyrosine and tryptophane [43, 44], a BDD nanograss array, employed for 

electrochemical detection of catechol [45], dopamine and uric acid [46], a nanostructured 

BDD/Ta sensor for simultaneous detection of dopamine and vitamin B6 (pyridoxine) in 

human serum [47], a porous BDD/Si electrode further modified with gold nanoparticles 

[48], carbon black particles and Nafion [49], or Nafion only [50], for selective dopamine 

detection. 

Nevertheless, some drawbacks need to be considered when using this structuring strategy. 

Removal of some templates by additional chemical or physical processes or deposition of an 

etching mask by pre-preparation processes are often required, making this approach more 

complicated and tedious.  
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(ii) A ñbottom-upò approach is more straightforward as it consists of BDD coating of 

already porous substrates. A wide variety of structured templates is available for 

BDDporous electrode fabrication. These comprise vertically aligned multi-walled carbon 

nanotubes, employed in the detection of epinephrine (adrenaline), acetaminophen 

(paracetamol) [51, 62] and dopamine [62], silicon nanowires that were used in 

amperometric sensors for adenine [52] and glucose [53], and 'black silicon' needles 

employed in sensitive dopamine detection [54].  

All the above-mentioned electroanalytical studies reported amplified responses for 

structured BDD electrodes, in contrast to conventional BDDplanar films with a nearly flat 

surface. Boosted analytical performance was mainly demonstrated by increased peak currents 

of studied oxidizable organic molecules due to the larger surface area, which resulted in 

substantially enhanced sensitivity and lower detection limits. A decrease in oxidation 

potentials caused, in some cases, improved selectivity of an electroanalytical method using      

a structured electrode. Subsequently, this enabled successful simultaneous determination of 

the analytes of interest [43, 47] or determination of an analyte in the presence of common 

interfering compounds [53, 54]. All in all, 3D-structured BDD electrodes appear to be            

a desirable and promising platform for electrochemical sensing.  

However, the impact of various factors (e.g., doping level, amount of sp2 carbon, surface 

termination, etc.) on the properties and electrochemical performance of structured BDD-based 

materials has rarely been investigated. Only two electroanalytical studies dealt with the 

influence of dimensions of selected 3D scaffolds used for BDD deposition. The effect of 

varying lengths of either silicon nanowires [41] or 'black silicon' needles [54], controlled by 

the etching time, was evaluated and compared. Both studies reported similar observation: 

longer nanostructures provided larger active area and, thus, higher sensitivity for the selected 

analytes than shorter ones. Hence, the nanowire/needle length was crucial for the 

electrochemical behaviour at the electrodeïelectrolyte interface. 
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2.3 Applications of BDD in neuroscience 

Besides electrochemical sensing, another very perspective area in which BDD-based 

materials, both with smooth and structured morphology, can be particularly beneficial because 

of their chemically inert surfaces resulting in (bio)fouling resistance [63] and remarkable 

biocompatibility [58] is neuroscience. These materials have proved suitable (i) electro-

chemical sensors for detection of neurochemicals, including electroactive neurotransmitters 

[47, 54, 64-66], (ii) substrates for neuron cultivation [58, 60, 67-70], and (iii) devices for 

stimulation and recording of neuroelectric signals (detection of action and local field 

potential) [59, 61, 63, 71]. 

Points (i) and (ii) are thoroughly discussed in the following subchapters. Just one brief 

note concerning (iii): BDDplanar films typically possess a relatively low double-layer 

capacitance (and higher impedance), which limits their application for neural cell stimulation; 

however, structuring the surface represents a very convenient way how to overcome this 

drawback [59, 61]. 

2.3.1 Detection of neurotransmitters 

In general, catecholamine and indolamine neurotransmitters, their precursors and metabolites, 

belong among the most researched biomolecules in the field of electroanalysis [72-74].       

The catechol ring of catecholamine neurotransmitters, i.e., dopamine, epinephrine, and 

norepinephrine, easily oxidizes to an ortho-quinone (see Fig. 1(A) for dopamine). This 

reaction is considered (quasi)reversible and proceeds via the inner-sphere ET mechanism.   

The oxidation reaction of structurally different indolamine neurotransmitters, such as 

serotonin, proceeds through the phenolic group and leads to formation of ketones [75].  

 After a closer look at the dopamine oxidation mechanism (depicted in Fig. 1), it is clear 

that its first oxidation product, dopamine-o-quinone, can undergo a spontaneous ring closure 

reaction leading to the formation of leucodopaminechrome (5,6-dihydroxyindole), which in 

turn oxidizes to dopaminechrome (Fig. 1(B)). The latter compound can even isomerize and 

further polymerize into melanin-like compounds (or some articles refer to the so-called ñpoly-

dopamineò film) on the electrode surface, which cause passivation, decrease the available 

electroactive sites, and thus inhibit the ET reaction [76, 77].  
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Fig. 1 (A) First electrooxidation step of dopamine leading to dopamine-o-quinone, and (B) its 

subsequent reactions. Mechanism adapted from [78]. 

As expected, because of the above-discussed superior characteristics, BDD represents a 

material of choice for the development of electrochemical sensors for neurotransmitter 

detection [12, 79], which is also evidenced by Table 1 providing an overview of various 

BDD-based materials, planar, structured, miniaturized and even modified, applied for sensors 

development.  

 

(Moreover, the table summarizing figures of merit of electroanalytical methods developed for 

dopamine detection utilising non-modified BDDplanar and BDDporous and modified BDDporous 

electrodes can be found in appendices in Publication V on page 142). 
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Table 1 An overview of selected non-modified and modified BDD electrodes used for the 

detection of neurotransmitters.  

Neurotransmitter  BDD material Remarks Ref. 

Dopamine 

 

PPT-BDDplanar simultaneously with paracetamol, in human urine [80] 

BDDplanar various doping level; simultaneously with 

melatonin, in human serum 

[81] 

O-BDDplanar different film thickness; in the presence of AA [29] 

CPT-(H-)BDDplanar in the presence of cysteamin [82] 

BDDÕE long-term monitoring [65] 

BDDÕE in the presence of AA; in-vivo detection in brain [64] 

BDD nanograss in the presence of UA [46] 

'bSi'/BDDporous in the presence of UA [54] 

BDDporous simultaneously with vitamin B6 in human serum [47] 

PPA/PTy-BDDplanar in the presence of L-DOPA, DOPAC, AA, UA [83] 

SnHCF-BDDplanar determination in saliva [84] 

Nafion-MWCNT- 

BDDÕE 

in the presence of serotonin and AA [85] 

 AuNPs-BDDporous B/C 20 000 ppm [48] 

 Nafion-BDDporous in the presence of AA and 5 vol% human serum [50] 

 carbon black NPs-

Nafion-BDDporous 

in the presence of AA and UA [49] 

Epinephrine 

(adrenaline) 

 

BDDplanar determination in urine, in the presence of UA [86] 

APT-(O)-BDDplanar in the presence of lidocaine [87] 

Graphene-BDDplanar in the presence of UA [88] 

CNTs/BDDporous liquid flow arrangement  [51] 
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Norepinephrine 

(noradrenaline) 

 

BDDplanar liquid flow arrangement [89] 

BDDplanar detector HPLC-ED, simultaneous determination of 11 

biogenic amines in rat cortex and hippocampus 

[90] 

BDDÕE monitoring of in-vitro release from the 

sympathetic nervous system 

[66] 

BDDÕE detection in the presence of various drugs [91] 

BDDÕE CE-AD, analysis in tissue [92] 

ERGO-BDDPE simultaneous determination with serotonin [93] 

Serotonin  

 

O-BDDplanar  in a buffer containing HEPES [94] 

BDDÕE monitoring of in-vitro release from 

enterochromaffin cells 

[95] 

BDDÕE in the presence of melatonin  [96] 

BDDÕE monitoring of release and reuptake from tissue [97] 

BDDÕE release from the mucosa [98] 

PDMA-BDDplanar in the presence of AA [99] 

ERGO-BDDPE simultaneously with norepinephrine [93] 

Nafion-MWCNT-

BDDÕE  

in the presence of dopamine and AA [85] 

Abbreviations: AA  ï ascorbic acid; APT ï anodic pre-treatment; AuNPs ï gold nanoparticles; 

BDDPE ï boron-doped diamond paste electrode; BDDÕE ï boron-doped diamond microelectrode; 

'bSi'  ï 'black silicon' needles; CE-AD ï capillary electrophoresis with amperometric detection;    

CNTs ï carbon nanotubes; CPT ï cathodic pre-treatment; DOPAC ï 3,4-dihydroxyphenylacetic acid; 

ERGO ï electrochemically reduced graphene oxide; HPLC-ED ï high-performance liquid chromato-

graphy with electrochemical detection; L-DOPA ï L-3,4-dihydroxyphenylalanine; MWCNT  ï multi-

walled carbon nanotubes; NPs ï nanoparticles; PDMA ï poly(N,N-dimethyl aniline); PPA/PTy ï 

poly-pyrrole-1-propionic acid/poly-tyramine; PPT ï pre-treated by polishing; SnHCF ï tin 

hexacyanoferrate; UA ï uric acid.  
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Further, Table 2 summarizes physiological concentration levels of neurotransmitters, 

which significantly differ depending on the analysed biological matrices. In general, basal 

extracellular concentration of neurotransmitters in striatum (a brain region) is very low, 

typically in the nmol Lī1 range [100]. However, when striatum is electrically stimulated, 

dopamine concentration can increase up to 2 Õmol Lī1 [101]. As evident from Table 2, serum 

levels of neurotransmitters are also quite low, particularly in the case of (nor)epinephrine 

[102]; for dopamine and serotonin the average levels in serum samples reach Õmol Lī1 

concentrations. Besides, all neurotransmitters are metabolised in the human body, thus, only a 

small amount may be detected in urine, where, naturally, their metabolites predominate. 

Nevertheless, dopamine as the most abundant catecholaminergic neurotransmitter is also 

excreted to urine, where its concentration ranges from 0.5 to 2 Õmol Lī1 [103]. Importantly, 

dopamine molecules are pre-concentrated (up to 1 mol Lī1) and stored in vesicles of neural 

cells, from which dopamine is released during the nerve stimulation [104]. Consequently, 

dopamine concentration in proximity to neurons reaches Õmol Lī1 levels, which is favourably 

used in experiments in-vitro carried out with neural tissues.   

Table 2 Physiological concentrations of neurotransmitters in various biological samples. 

Neurotransmitter  Biological sample Concentration Refs. 

Dopamine Striatum (brain)  basal ï 40 nmol Lī1 

electrically stimulated ï 0.1 ï 2 Õmol Lī1 

[100] 

[101] 

 Blood serum 10 nmol Lī1 ï 1 Õmol Lī1 [104] 

 Urine  0.5 ï 2 Õmol Lī1 [103] 

Epinephrine Brain <1 nmol Lī1 [100] 

 Blood serum  0.8 nmol Lī1 [102] 

Norepinephrine Striatum (brain) 12 nmol Lī1 [100] 

 Blood serum  0.4 to 10 nmol Lī1 [102] 

Serotonin  Striatum (brain) 70 nmol Lī1 [100] 

 Blood serum 0.28 to 1.14 Õmol Lī1  [102] 
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2.3.2 Growth substrate for neuron cultivation 

First, it is important to mention that even though elemental boron possesses mild toxicity, 

boron atoms present in BDD electrodes are 'locked' in the diamond lattice and, thus, do not 

affect biocompatibility, adherence, nor proliferation of neural cells [12, 58, 67].  

Second, regarding culturing the neural cells, a certain level of inconsistency appears in the 

published reports on planar and structured BDD materials, which are related to:  

(i) Surface termination (H- vs. O-); 'enhanced' biocompatibility has been ascribed to 

hydrophilic O-terminated BDD surfaces [105].  

(ii)  The necessity to treat BDD surfaces with a polymer adhesion layer in order to support 

attachment and assist with the development and long-term survival of cultured 

neurons; the most widely employed coatings are poly-L/D-lysine (its structure is 

displayed in Fig. 2(A)) [60, 68-70], polyethylenimin [69], polyornithine [67], and 

some procedures even use glycoprotein laminin [58].  

In [70] the authors stated that O-terminated BDDplanar surfaces demonstrated better suitability 

for cell cultivation, in comparison with H-terminated ones, but only when coated by a 

polylysine layer. In the absence of a polymer coating, the growth of neurons was not 

observed, which is consistent with the findings obtained on uncoated planar diamond samples 

reported in [68, 69]. On the contrary, another study described that proliferation and successful 

neuron cultivation can be attained on bare H- as well as on O-terminated BDDplanar substrates, 

i.e., without prior polymer treatment [105]. 

However, such polymer (or protein) treatment can negatively affect both the conductivity 

and fouling resistance and can further increase the demands for preparation and maintaining 

of the material. Thus, non-modified (bare) surfaces are preferred provided they enable 

proliferation and survival of neuron cells and recording of their activity over extended 

periods. One innovative way to maintain the surface in a bare mode but simultaneously fulfil 

the mentioned requirements is its structuring: a range of developed BDD-based structured 

materials has already been successfully applied in neural interface applications without 

applying any additional polymer coating [59, 68]. Besides, some reports indicate that 

changing morphology from planar (smooth) to structured (porous) enhances cell growth and 

proliferation, presumably due to the larger surface area and increased roughness [58].   
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Fig. 2 Chemical structure of (A) poly-L-lysine (PLL) and (B) HEPES compound. 

 Further, another factor to be considered is a medium used for neuron cultivation, which 

needs to mimic physiological conditions and the buffering activity of the human body. Simple 

inorganic buffers, such as a pH 7.4 phosphate buffer, are not suitable for applications in 

biological systems because they possess several disadvantages, manifested by inhibition of 

enzymatic and metal ion-dependent reactions [106]. 

A common tissue culture buffer is HEPES buffered saline (HBS) [106], which typically 

consists of carbohydrate D-glucose (dextrose) and chloride-based salts (NaCl, KCl, MgCl2, 

CaCl2), but the main component ensuring buffering activity is HEPES, 2-[4-(2-

hydroxyethyl)piperazin-1-yl]ethanesulfonic acid (pKa1 (sulfonic group) = 3, pKa2 (secondary 

amine) = 7.55 [107]). Clearly, HEPES is a complex organic compound, specifically 

zwitterionic N-substituted aminosulfonic acid, also containing a piperazine ring in its structure 

(see Fig. 2(B)), which can be potentially oxidizable. Besides HBS, HEPES is a main buffering 

component of considerably more complex Neurobasal medium, which is undoubtedly the 

most widespread (commercially available) solution employed in neuron cultivation 

experiments [58, 60, 68, 69]. Neurobasal is a multicomponent medium containing 37 

compounds (in its 'basic' form without the addition of other supplements), including 17 

proteinogenic amino acids, eight vitamins, eight inorganic salts, inositol, D-glucose 

(dextrose), sodium pyruvate and, of course, HEPES. Importantly, at least eight of these 

compounds were recognised as electroactive; namely, tryptophan, tyrosine, cysteine, 

histidine, methionine, vitamin B6, vitamin B12, and HEPES.  

Presence of the polymer layer as well as the used bio-mimicking environment, possibly 

containing redox-active interferents, can negatively affect the sensing ability. Therefore, when 

proposed applications of planar or structured BDD-based materials, in addition to the 

formation of a neuron-electrode interface, aim to cover other measurements, especially 

neurochemical sensing, both aspects should be carefully considered and examined. 
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3 Results and discussion 

A vast majority of herein presented results have been published in peer-reviewed 

international journals, referenced as [108-111] (and stressed in bold) in this Chapter. 

Besides, all four publications can be found in Chapter 6 as appendices Publication II, III, IV, 

and V. 

Within this work, twelve different types of new BDDporous electrode materials were 

successfully developed and prepared in the Materials for Nanosystems and Biointerfaces 

Group based at the Department of Functional Materials of the Institute of Physics of the 

Czech Academy of Sciences. For fabrication of BDDporous, a novel multi-step approach was 

applied, whereby the bulk of the electrode was created by ñthinò porous BDD layers; a 

detailed description of the entire fabrication process can be found in [108, 109, 111, 112].  

Importantly, fabricated BDDporous electrodes differed in: 

(1) used deposition template (carbon nanotubes, SiO2 nanofibers, or their mixture) [113], 

(2) boron doping level (B/C in the gas phase 500 ï 8000 ppm) [108],  

(3) growth time of the individual layers (2.5 h vs. 5 h) [108],  

(4) number of deposited layers (2, 3 and 5) [111], and  

(5) content of non-diamond (sp2) carbon [111].  

Moreover, BDDplanar films deposited on flat conductive silicon (cSi) wafers were studied 

to confirm the effect of porosity. BDDplanar deposition was carried out using either a common 

CVD reaction chamber or a CVD reactor with the so-called ñlinear antenna delivery systemò 

[109]. A brief overview of prepared and researched BDD-based electrodes is provided in 

Table 3. Importantly, almost all electrodes (the only exception being two planar samples) 

were studied in their as-grown mode, i.e., with H-terminated surfaces.  
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Table 3 An overview of all prepared and studied BDDplanar and BDDporous electrodes. 

Morphology Template B/C ratio 

(ppm) 

Number of  

layers 

Growth 

time (h) 

Ref. 

planar cSi wafer 2000 ï 5  [113] 

planar cSi wafer 500, 1000, 2000, 

4000, 8000 

ï 5  [108] 

planar a cSi wafer 4000 ï 2.5 [109] 

planar a cSi wafer 230 000 b ï 8  [109] 

porous c A ï CNTs  

B ï CNTs + SiO2 NFs 

C ï SiO2 NFs 

2000 

 

4 

 

4 Ĭ 2.5 (10) 

 

[113] 

porous SiO2 NFs 500, 1000, 2000, 

4000, 8000 

3 3 Ĭ 2.5 (7.5) [108] 

porous SiO2 NFs 4000 2 

3 

5 

2 Ĭ 5 (10) 

3 Ĭ 5 (15) 

5 Ĭ 5 (25) 

[111] 

 

a These two types of BDDplanar electrodes were examined in their as-grown mode (H-termination) and 

after in-situ electrochemical anodic activation (O-termination). All other listed BDD electrodes were 

utilised only as-deposited, i.e., with H-terminated surfaces. 

b Such high B/C ratio had to be used because BDD deposition was performed in the CVD chamber 

with the so-called ñlinear-antenna delivery systemò [109].  

c In Chapter 3.1, BDDporous based on A ï carbon nanotubes (CNTs), B ï a mixture of CNTs with SiO2 

nanofibers (NFs), and C ï SiO2 NFs only, are denoted as A-BDDporous, B-BDDporous, and C-BDDporous, 

respectively. 

 

Subsequently, all developed BDDporous materials were thoroughly characterised, tested 

and compared using a range of techniques:  

(i) Scanning electron microscopy (SEM) to observe the surface morphology and quality 

of deposited layers.  
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(ii)  Raman spectroscopy to assess the quality and diamond layer composition, particularly 

to estimate boron concentration [32, 33] and non-diamond (sp2) carbon content.  

(iii)  Cyclic voltammetry (CV) to evaluate electrochemical behaviour; CV was recorded in: 

a) a supporting electrolyte to determine the width of the potential windows 

and double-layer capacitance (Cdl) values (see Eq. 1), 

b) a solution of five redox markers differing in the standard electrode 

potentials (summarized in Table 4) and the nature of ET, which was either 

outer-sphere ([Ru(NH3)6]
3+/2+, [IrCl 6]

2ī/3ī, FcMeOH0/+) or inner-sphere 

([Fe(CN)6]
3ī/4ī, dopamine / dopamine-o-quinone), to assess ȹEp values, 

which are inherently related to the rate of ET kinetics, effective surface 

area (Aeff; see Eq. 2), proclivity to adsorption and fouling, response 

stability; the latter two types of experiments were performed only with 

dopamine / dopamine-o-quinone redox couple.  

Spectroscopic measurements in (i) and (ii) were conducted at the Institute of Physics of the 

Czech Academy of Sciences; however, the results were necessary for correct interpretation 

and correlation of electrochemical data.  

Selected BDDporous electrodes manifesting favourable voltammetric behaviour were 

subjected to further experiments, particularly:  

(i) A more sensitive square-wave voltammetric (SWV) technique was selected and 

optimized to develop reliable methods for detection of dopamine; analytical figures of 

merit were determined such as sensitivity, limit of detection (LOD), limit of 

quantification (LOQ), and selectivity in the presence of common interfering 

compounds (e.g., ascorbic acid, uric acid, paracetamol).   

(ii)  Designed BDDporous electrodes, either bare or modified with a PLL layer, were tested 

in bio-mimicking (HBS) and real neuron cultivation (Neurobasal) media to elucidate 

their electrochemical performance when exposed to conditions commonly employed 

in neuron growth experiments.  

Above-mentioned alterations in deposition conditions (points (1) ï (4)) of BDDporous 

electrodes simultaneously represent the investigated parameters affecting their characteristics; 

each parameter was thoroughly examined and is discussed separately in the next subchapters.  
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Table 4 Standard electrode potentials E0 (vs. standard hydrogen electrode) for selected redox 

systems in aqueous solutions at 25ÁC. 

Half reaction E0 (V) Ref. 

[Ru(NH3)6]3+ + eī ᵶ [Ru(NH3)6]2+ 0.10  [114] 

[IrCl 6]2ī + eī ᵶ [IrCl 6]3ī 0.8665 [115] 

[ferrocenium]+ + eī ᵶ ferrocene0 (a)  0.40 [116]  

[Fe(CN)6]3ī  + eī  ᵶ [Fe(CN)6]4ī 0.361 

0.358 

[114] 

[115] 

p-benzoquinone + 2 eī + 2 H+ ᵶ hydroquinone (b) 0.6992 [115] 

(a) Structurally similar to ferrocenemethanol (FcMeOH+/0). 

(b) Structurally similar to dopamine / dopamine-o-quinone.  

 

Cdl values were calculated based on CV measurements performed in a solution of 

supporting electrolyte (1 mol Lī1 KCl): 

Cdl = ȹIAV / Ageom v             (Eq. 1), 

where ȹIAV (in A) is the average capacitive current difference between the forward and 

reverse scan at a potential of 0 V (vs. Ag/AgCl), v is the scan rate (0.10 V sī1) and Ageom 

represents geometric electrode surface area exposed to the solution. 

To assess Aeff, CV experiments were conducted with 1 mmol Lī1 redox probe in 

1 mol Lī1 KCl within the range of v 0.01 ï 0.10 V sī1, and the Randles-Sevcik equation 

(Eq. 2) for a reversible process was applied:  

Ip = (2.69Ĭ10
5) n3/2 Aeff D

1/2 v1/2 c0          (Eq. 2), 

where Ip is peak current (A), n is the number of transferred electrons (n = 1), v is the potential 

scan rate (V sī1), D is the diffusion coefficient and c0 is the concentration (10ī6 mol cmī3) of a 

selected redox marker. 
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3.1 Different templates used for deposition  

In the first step, three different types of BDDporous materials were prepared using the following 

porous scaffolds: (a) carbon nanotubes (A-BDDporous), (b) a mixture of carbon nanotubes with 

silica (SiO2) nanofibers in a ratio of 1:1 (B-BDDporous), and (c) SiO2 nanofibers only (C-

BDDporous); all other deposition parameters were kept constant (see Table 3).  

Scanning electron micrographs of all porous samples, depicted in Fig. 3(A), showed 

complete coverage of the structured template with a closed BDD layer. Nevertheless, the 

apparent porosity of the A-BDDporous sample was reduced, as clearly visible in Fig. 3(Aii), 

compared to the other two structured templates, shown in Fig. 3(Aiii) and (Aiv) .  

Next, the applicability of the BDDporous materials for the recording of voltammetric 

responses of neurotransmitters dopamine and serotonin and their precursors, tyrosine, L-

DOPA and tryptophan (all 0.1 mmol Lī1), was verified in a pH 7.4 phosphate buffer 

(0.1 mol Lī1). Fig. 3(B) shows CVs recorded for dopamine and serotonin, and it is 

immediately apparent that decreased porosity of A-BDDporous electrode manifested in obtained 

electrochemical responses of studied analytes, resembling responses attained on BDDplanar 

electrode with smooth morphology. This behaviour is presumably associated with the smaller 

dimensions of carbon nanotubes (length (l) from 5 to 9 ɛm, diameter from 110 to 170 nm), 

compared to SiO2 nanofibers (l from 5 to 20 ɛm, diameter of 500 nm). Similar observations 

were reported in [54], where 'black silicon' ('bSi') wafers of short (l of 1 Õm) and long (l of 15 

ï 20 Õm) needles were examined, and only a negligible difference between BDD-coated short 

'bSi' needles and flat BDD electrode was recognized. At the same time, a more significant 

increase in current intensity was observed for longer needles. Moreover, in [41], short (l of 

1 Õm) and long (l of 3 Õm) silicon nanowires were used as templates for BDD growth, and the 

resulting nanostructures also exhibited different electrochemical properties: Specifically, 7.2-

times higher currents for glucose oxidation were recorded on long BDD nanowires, compared 

to the short ones, which was directly correlated to their different lengths.  

On the contrary, on BDDporous electrodes of ñBò and ñCò type, the characteristics related 

to the porous structure, thus to the increased electroactive area, can be easily recognized in 

Fig. 3(B). Structuring the surface resulted in a considerable increase in background currents 

but also in an increase in oxidation peak currents of both tested neurotransmitters, compared 
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to BDDplanar and even A-BDDporous electrode, which can potentially lead to improved 

sensitivity. Also, oxidation of studied biomolecules occurred at lower potentials, which may 

positively affect selectivity. 

 

Fig. 3 (A) Scanning electron micrographs of (Ai)  BDDplanar, (Aii)  A-BDDporous, (Aiii)  B-

BDDporous, and (Aiv)  C-BDDporous electrodes. (B) Cyclic voltammograms of (Bi) dopamine 

and (Bii)  serotonin (both 0.1 mmol Lī1) in a pH 7.4 phosphate buffer (0.1 mol Lī1) recorded 

on BDDplanar and BDDporous electrodes.   

Besides, Cdl and Aeff were calculated for all four samples (using Eq. 1 and Eq. 2 described 

in Chapter 3) and are summarized in Table 5. As expected, the lowest Cdl and Aeff values were 

estimated for BDDplanar, and a negligible increase was recognized for the A-BDDporous.           

A particular discrepancy appears in the case of other two porous electrodes: whereas Cdl 

values increased dramatically, suggesting enhancement factor in real electrode area of 96 for 

B-BDDporous and 27 for C-BDDporous, Aeff values did not increase correspondingly; in contrast, 

only 1.8 and 1.5 effective surface enlargement factors, respectively, were obtained, which are 

considerably smaller than factors estimated based on Cdl values. These results suggest that the 

diffusion process of electroactive species (i.e., redox marker, neurotransmitter) from               

a solution into the bulk of BDDporous electrode is limited [54, 62]. Hence, redox reactions 
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proceed predominantly on the structured surface and only partially inside the pores. This 

further indicates that truly accessible Aeff of developed porous electrodes for electrochemical 

processes is significantly smaller than their real 'bulky' area; it can also be seen in Fig. 3(B). 

Nevertheless, similar disagreement between real and effective surface area was recognised in 

other studies, which reported an increase factor of 340 [62] and 221 [54] for structured BDD 

electrodes (evaluated from Cdl), whereas the peak currents of the used [Fe(CN)6]
3ī/4ī redox 

probe only doubled, in contrast to BDDplanar films.  

Table 5 Cdl and Aeff values evaluated for tested BDDplanar and BDDporous electrodes.  

BDD material Cdl (ÕF cmī2) Cdl, porous / Cdl, planar Aeff (mm2) Aeff, porous / Aeff, planar 

BDDplanar 55 ï 3.80 ï 

A-BDDporous 110 2 4.47 1.2 

B-BDDporous 5270 96 6.95 1.8 

C-BDDporous 1490 27 5.53 1.5 

 

All in all, C-BDDporous manifested (i) satisfactory porous character, its porosity is more 

pronounced than in the case of A-BDDporous, and (ii)  more convenient signal to background 

ratio, compared to B-BDDporous sample. Therefore, a 3D template based on SiO2 nanofibers 

was selected for preparation and investigation of all other studied BDDporous electrodes. 

3.2 Boron-doping level 

Further, the influence of boron-doping level denoted as a B/C ratio in the gas phase (ppm): 

500, 1000, 2000, 4000, and 8000, in fabricated BDDporous electrodes (3 layers; growth time 

2.5 h / layer) was studied [108]. The results were compared with the set of conventional 

BDDplanar electrodes deposited using identical B/C ratios (see Table 3).  

Concerning morphological features, SEM images of all BDDplanar samples showed closed 

layers with a clearly defined polycrystalline structure; the grain size of 250 ï 350 nm was 

estimated for B/C 500 ï 4000 ppm films, while a higher number of smaller grains of ~200 nm 

occurred in B/C 8000 ppm planar film (compare Fig. 4(Ai) and (Aii)). Further, SEM of 

BDDporous samples confirmed that a 3D template consisting of SiO2 nanofibers was covered 
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entirely with a BDD layer (Fig. 4(Aiii)) , except for B/C 8000 ppm, which showed regions of 

poor BDD coating (see Fig. 4(Aiv)). The phenomena observed at higher B/C 8000 ppm on 

planar and porous electrodes can be associated with a decrease in the film growth rate and the 

film quality with the addition of boron, which affects the nucleus formation during the initial 

stage of growth [16, 34].  

Further, Raman spectroscopy was used to probe the presence of non-diamond (sp2) 

content and to estimate the boron incorporation in the deposited diamond layers, based on the 

position of the boron-related peak at ca 480 cmī1 and using an empirical equation described in 

[33] (examples of Raman spectra recorded for BDDplanar and BDDporous electrodes with the 

peak description are shown in Fig. 7(B) in Chapter 3.4). For the set of BDDplanar electrodes, 

the boron concentration ([B]) was estimated to range from ~1.3Ĭ1021 atoms cmī3 for B/C 

1000 ppm to ~3.8Ĭ1022 atoms cmī3 for B/C 8000 ppm, as depicted in Fig. 4(B) (note that 

estimation for 500 ppm diamond layer was not possible due to the interference of the peak 

related to cSi substrate at ca 520 cmī1). Only a minor contribution from the sp2 phase was 

recognised at higher B/C ratios of 4000 ppm and 8000 ppm. In contrast, the contribution from 

sp2 carbon was more significant in all BDDporous layers regardless of the doping level; the 

origin of the sp2 phase in BDDporous electrodes is thoroughly explained in Chapter 3.4. As 

indicated by Fig. 4(B), an increase in [B] with increasing B/C ratio in the gas phase was also 

confirmed for porous layers, in which [B] ranged from ~5.7Ĭ1020 atoms cmī3 for B/C 

500 ppm to ~2.6Ĭ1021 atoms cmī3 for B/C 8000 ppm.  

Turning to electrochemical characteristics of prepared BDD samples, nearly an 80% 

increase in Cdl values, a 100 mV shorter potential range, and a 51 mV negative shift in 

oxidation peak of dopamine were observed on BDDplanar electrodes with increasing doping 

level from 500 ppm to 8000 ppm. These were expected outcomes, which correlated well with 

other studies investigating the effect of boron content on the electrochemical performance of 

planar diamond films [14, 15]. Besides, the æEp value of 61Ñ7 mV for [Ru(NH3)6]
3+/2+ and 

74Ñ7 mV for [Fe(CN)6]
3ī/4ī was assessed, confirming near-reversible behaviour, fast ET 

kinetics, the high quality of fabricated BDDplanar samples, and suggesting no dependency of 

æEp on the dopant content nor the presence of sp2-bonded impurities. Similarly, the 

independence of ȹEp for the [Fe(CN)6]
3ī/4ī redox probe on the boron-doping level was also 

reported for H-BDDplanar electrodes deposited in the range of B/C 5 000 ï 50 000 ppm [4] and 

B/C 1 000 ï 50 000 ppm [18].  
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Fig. 4 (A) Scanning electron micrographs recorded for the following samples: (Ai)  BDDplanar 

of B/C 4000 ppm, (Aii)  BDDplanar of B/C 8000 ppm, (Aiii)  BDDporous of B/C 4000 ppm, and 

(Aiv)  BDDporous of B/C 8000 ppm. (B) Assessed [B] values based on Raman spectra recorded 

on BDDplanar and BDDporous electrodes deposited at various B/C ratios. (C) Cyclic 

voltammograms of 1 mmol Lī1 dopamine in a pH 7.4 phosphate buffer (0.1 mol Lī1) recorded 

on BDDporous electrodes with different boron-doping levels. 

Interestingly, increased content of sp2 carbon, indicated by Raman spectra, was proved to 

be a more dominant factor ruling the electrochemical behaviour of BDDporous electrodes than 

the boron-doping level. For porous samples, Cdl values dropped by ~95% with increasing B/C 

ratio, and ȹEp evaluated for inorganic redox probes was lower than 59 mV, indicating their 

partial adsorption inside the pores. Surprisingly, æEp for inner-sphere [Fe(CN)6]
3ī/4ī redox 

system, well-recognized in electrochemistry for its sensitivity to the presence of oxygen-

containing groups on the electrode surface, recorded on BDDporous electrodes remained 

unaffected even after seven months of exposure to air. This demonstrates the high stability of 

BDDporous towards spontaneous air oxidation (by atmospheric oxygen or HCO3
ī/OHī present 

in a thin layer of water formed on the solids [37]). In contrast, an increase in æEp values (by 

30 ï 224 mV) was recognized on lower-doped BDDplanar films (B/C 500 ï 2000 ppm), while 
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æEp on B/C 4000 ï 8000 ppm planar films persisted unaffected, which is consistent with [37] 

reporting stabilizing effect of the higher boron content on H-terminated diamond surface.  

Moreover, dopamine oxidation potentials (EpA, DA) were independent of boron 

concentration in BDDporous electrodes and were lower (EpA, DA of +0.20 Ñ 0.03 V), compared 

to the set of BDDplanar samples (EpA, DA ranged between +0.28 V and +0.36 V). In addition, 

cathodic peak, corresponding to the reduction of dopamine-o-quinone back to dopamine (see 

Fig. 1(A)), can be distinguished in the voltammograms recorded on BDDporous electrodes, 

shown in Fig. 4(C). Besides, evaluated æEp in the range of 0.060 V  0.102 V reveals near-

reversible redox process for dopamine on BDDporous-based electrode materials. This behaviour 

again confirms a considerable effect of sp2 carbon sites, enhancing and facilitating electron 

transfer rate [19, 21] via acting as adsorption spots for dopamine molecules [17, 19]. Similar 

effects, resulting from structuring the BDD surface, on the electrochemical behaviour of 

dopamine were also described in other studies [46, 54, 62], which reported pronounced 

reversibility, an increase in peak current and a negative shift in oxidation peak potential on 

BDDporous electrodes, in contrast to the planar ones. 

All aspects considered, boron-doping level of 4000 ppm was identified as optimal 

because at this B/C ratio, good morphological features were achieved, metallic conductivity 

was ensured, and most importantly, the maximal anodic signal-to-background current ratio for 

the studied analyte, dopamine, was obtained. 

As a result, 4000 ppm-doped BDDplanar and BDDporous electrodes were subjected to 

further experiments employing a more sensitive pulse voltammetric technique ï SWV. This 

technique was selected to take advantage of (i) the near-reversible nature of the dopamine 

redox reaction and (ii) suppressed formation of a passivating layer due to the fast scan.           

A continuous decrease in dopamine peak currents was registered in subsequent CV scans on 

both planar and porous electrodes, presumably due to the adsorption of dopamine oxidation 

products, which may create a polymer-like film (as described in Chapter 2.3.1). The 

optimization of SWV operational parameters, such as amplitude (A; 10 ï 200 mV), frequency 

(f, 5 ï 100 Hz), and step potential of the staircase waveform (æEs; 1 ï 10 mV), was performed 

utilising a solution of 10 ɛmol Lī1 dopamine in a pH 7.4 phosphate buffer (0.1 mol Lī1) 

separately for BDDplanar and BDDporous samples. The optimal SWV parameters were 

established as follows: A of 120 mV, f of 20 Hz, æEs of 2 mV for BDDplanar, and A of 40 mV,   

f of 30 Hz, æEs of 2 mV for BDDporous.  
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3.3 Growth time of the individual layers 

After identifying a suitable template (SiO2 nanofibers) and boron-doping level (B/C 

4000 ppm), the optimized SWV parameters were used to examine the third parameter ï the 

growth time of the individual porous layers [108]. Two BDDporous electrodes were tested in 

this part of the study, both with three deposited layers, which grew for different times, either 

2.5 h / layer (denoted as ñthinnerò; from previous Chapter 3.2) or 5 h / layer (denoted as 

ñthickerò; newly prepared).  

It is immediately evident from SEM images, shown in Fig. 5(A), that the apparent 

porosity of the ñthickerò BDDporous sample was decreased. By contrast, its mechanical 

stability was considerably improved. Such change in morphological characteristics naturally 

manifested in electrochemical behaviour and obtained voltammetric responses. In SW 

voltammograms recorded for a 10 ɛmol Lī1 dopamine solution (depicted in Fig. 5(B)) using 

the optimal parameters, the lowest oxidation peak current (IpA, DA) of 0.565 ɛA was obtained 

on BDDplanar, whereas a 7.7-fold and a 2.6-fold increase in IpA, DA was recognized on ñthinnerò 

and ñthickerò BDDporous electrodes, respectively. The lesser increase in recorded IpA, DA on the 

latter electrode can be attributed to its lower pore density, and thus decreased electrode 

surface area available for electroanalytical processes. However, the relative standard deviation 

(RSD) of IpA, DA from ten consecutive SW voltammograms for 1 ɛmol Lī1 and 10 ɛmol Lī1 

dopamine solutions was correspondingly 8.6% and 0.9%, 7.1% and 4.8%, and 4.7% and 2.1% 

on BDDplanar, ñthinnerò BDDporous and ñthickerò BDDporous electrodes, demonstrating 

outstanding repeatability of recorded dopamine signals. BDD electrode surface fouling was 

clearly avoided, as very stable IpA, DA values were obtained without any activation procedure. 

In addition, the near-reversible redox behaviour of dopamine was further proved by distinct 

signals in the forward and backward components of the SWV scan, as shown in the inset in 

Fig. 5(B). Besides, the electrode-to-electrode signal reproducibility was assessed on five 

electrodes from each BDD set (i.e., planar, ñthinnerò porous, and ñthickerò porous), which 

was deposited in ñone-runò using the same growth conditions (details can be found in [108]). 

As expected, excellent reproducibility was confirmed with the RSD values of IpA, DA 

(10 ɛmol Lī1 dopamine) being 3.2% for BDDplanar, 5.1% for ñthinnerò BDDporous, and 3.9% 

for ñthickerò BDDporous electrodes.  



3 Results and Discussion   36 

 

Fig. 5 (A) SEM images of (Ai)  ñthinnerò (2.5 h / layer) and (Aii)  ñthickerò (5 h / layer) 

BDDporous electrodes. (B) SW voltammograms of 10 ɛmol Lī1 dopamine in a pH 7.4 

phosphate buffer (0.1 mol Lī1) recorded on (Ƅ Ƅ) BDDplanar, (ƄƄ) ñthinnerò BDDporous, and 

(ƄƄ) ñthickerò BDDporous electrodes. The inset displays individual (ƄƄ) forward and (ƄƄ) 

backward components of the (ƄƄ) total SWV current recorded for 1 mmol Lī1 dopamine in a 

pH 7.4 phosphate buffer (0.1 mol Lī1) on ñthickerò BDDporous electrode. 

 

Next, concentration dependences of dopamine in a pH 7.4 phosphate buffer (0.1 mol Lī1) 

were recorded on all three types of BDD electrodes to verify the applicability of the 

developed SWV methods. The attained figures of merit are tabulated in Table 6 along with 

calculated LOD and LOQ values (determined as a 3-fold and a 10-fold, respectively, of the 

standard error of the intercept, divided by the slope of the corresponding calibration plot). 

Besides, SW voltammograms recorded for different dopamine concentrations on ñthinnerò 

BDDporous are depicted in Fig. 6(A). 

As evident from Table 6, both porous electrodes outperformed BDDplanar film in terms of 

enhanced sensitivity, demonstrated as a slope of the concentration dependence, and lower 

LOD values. Specifically, ñthinnerò BDDporous electrode manifested almost 3-times and 7.5-

times higher sensitivity towards dopamine detection than ñthickerò BDDporous and BDDplanar 
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samples, respectively. However, the lowest measurable concentration (0.25 ɛmol Lī1) and the 

lowest LOD value were attained on ñthickerò BDDporous. Notably, both developed BDDporous 

electrodes can compete well against other bare structured BDD materials, employed for 

dopamine determination, on which LOD values of 0.8 ɛmol Lī1 [46] (by amperometry), 

0.06 ɛmol Lī1 [47] and 0.27 ɛmol Lī1 [54] (both by using differential pulse voltammetry) 

were achieved. Even though ca 4-times lower LOD, compared to BDDporous electrodes 

developed within this study, was reported in [47], a calibration plot with two linear regions 

was registered, limiting the method's applicability in real-life media analysis. 

 Furthermore, an overview of electroanalytical procedures established to determine 

dopamine using bare planar BDD and bare and modified structured BDD electrodes can be 

found in [1, 111]. 

Table 6 Analytical figures of merit obtained for dopamine by recording SWV in a pH 7.4 

phosphate buffer (0.1 mol Lī1), with estimated LOD and LOQ values.   

BDD material (B/C 4000 ppm) BDDplanar ñthinnerò BDDporous ñthickerò BDDporous 

Linear range (ɛmol Lī1) 1.0 ï 10.0 0.50 ï 10.0 0.25 ï 10.0 

Intercept a (nA) ī40 Ñ 7 186 Ñ 33 25 Ñ 11 

Slope a (nA ɛmolī1 L)  60.3 Ñ 1.2 449.4 Ñ 6.4 157.4 Ñ 2.2 

R 0.9992 0.9994 0.9993 

LOD (ɛmol Lī1) 0.35 0.22 0.21 

LOQ (ɛmol Lī1) 1.17 0.73 0.70 

a All uncertainties denote standard deviations.  

Nevertheless, the most exciting results were obtained when an interference study was 

performed to clarify the specificity of the developed electrodes and SWV protocols. As 

demonstrated by Table 1, among the most tested interfering agents in physiological media 

belong ascorbic acid, uric acid, and paracetamol. When these interferents were present in a 

100-fold excess, ñthickerò BDDporous distinguished individual signals of dopamine and 

selected interfering compound; an example for ascorbic acid is shown in Fig. 6(B). No such 
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observation was made in the case of planar and ñthinnerò porous electrodes, i.e., enhanced 

selectivity was demonstrated on BDDporous with layers grown for longer times. Such 

behaviour suggests that the selectivity of the BDDporous materials can be altered by adjusting 

their porosity. 

 

Fig. 6 (A) SW voltammograms of dopamine in a pH 7.4 phosphate buffer (0.1 mol Lī1) 

recorded on ñthinnerò BDDporous electrode. Increasing concentration of dopamine (ɛmol Lī1): 

(7) 0.50, (6) 0.75, (5) 1.00, (4) 2.50, (3) 5.00, (2) 7.50, (1) 10.00. (B) SW voltammograms of  

a mixture of 10 ɛmol Lī1 dopamine and 1000 ɛmol Lī1 ascorbic acid in a pH 7.4 phosphate 

buffer (0.1 mol Lī1) recorded on (Ƅ Ƅ) BDDplanar, (ƄƄ) ñthinnerò BDDporous, and (ƄƄ) 

ñthickerò BDDporous electrodes (all B/C 4000 ppm). 

Considering the above-mentioned analytical figures of merit and the results of the 

interference study, a prolonged growth time of 5 hours of each layer was selected and 

preferred for further investigation. 
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3.4 Number of deposited porous layers and content of non-

diamond carbon 

The last studied factor, whose impact on the characteristics and behaviour of BDDporous 

materials was clarified, was the number of deposited porous layers (2, 3 and 5) [111]. Hence, 

three porous electrodes were studied, namely 2L-BDDporous, 3L-BDDporous (denoted as 

ñthickerò BDDporous in Chapter 3.3) and 5L-BDDporous. The other, previously 'optimized' 

parameters, i.e., SiO2 template, B/C 4000 ppm and growth time of 5 h / layer, were constant.  

First, recorded cross-sectional SEM images, shown in Fig. 7(A), confirmed the thickness 

of BDDporous electrodes to increase steadily at a rate of ~4 ɛm / porous layer. Second, for all 

three BDDporous samples, the consistent [B] value of ~2Ĭ1021 atoms cmī3 [32] and increased 

content of non-diamond (sp2) carbon, compared to BDDplanar film, was evaluated by Raman 

spectroscopy; individual spectra are depicted in Fig. 7(B). Importantly, non-diamond G-peak 

at ca ~1500 cmī1 intensified with the increasing number of deposited layers. Such an increase 

in the non-diamond phase is generally associated with the plasma conditions within the bulk 

of the porous layer during the diamond film growth. To put it simply, a chance for important 

growth species (i.e., atomic H and CH radicals) to form diamond (sp3) bonds is lower ñinsideò 

the porous layer than on the top. As already pointed out, a novel multi-step approach was 

developed to fabricate BDDporous electrodes, whereby the bulk of the material was made up of 

ñthinò porous layers. Nevertheless, when subsequent porous layers were formed, the sp2 rich 

domains were favourably deposited on the underlying layers due to the limited penetration of 

the already mentioned growth species, responsible for diamond (sp3) growth, into the porous 

scaffold (i.e., SiO2 nanofibers).  

Moreover, a newly developed probe, which performs simultaneously scanning 

electrochemical microscopy (SECM) and scanning ion-conductance microscopy (SICM), and 

thus, allows distinguishing topography (morphology) and electrochemical activity, was 

successfully applied on the structured surface of 2L-BDDporous electrode [110]. Recorded 

SECM image showed regions of the high current intensity, which could be associated either 

with enhanced electrochemical activity or topographical extrusion of the surface due to its 

structuring. However, SICM technique helped to differentiate between these two types of 

information and obtained scanning ion-conductance micrograph revealed that the spots of 

higher currents are predominantly related to the extrusions, thus topographical characteristics.    
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Fig. 7 (A) Cross-sectional scanning electron micrographs and (B) Raman spectra of studied 

samples: (i) BDDplanar, (ii)  2L-BDDporous, (iii)  3L-BDDporous and (iv) 5L-BDDporous. 

Next, CV experiments performed in a KCl solution (1 mol Lī1) revealed two trends: the 

more porous layers, (i) the narrower the working potential window (a decrease from 2.4 V for 

2L-BDDporous to 2.2 V for 5L-BDDporous), and (ii) the higher the Cdl values (an increase from 

405 ÕF cmī2 for 2L-BDDporous to 1060 ÕF cmī2 for 5L-BDDporous). Both observed phenomena 

can be attributed not only to the porous structure enlarging electrode area in contact with an 
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electrolyte solution but also to the higher content of sp2 carbon impurities in the bulk of the 

porous materials, whose presence was confirmed by Raman spectra (see Fig. 7(B)). 

To electrochemically characterise the developed BDDporous electrodes and compare them 

with a BDDplanar, CVs were recorded in a solution of four redox probes differing in the 

standard electrode potential (see Table 4), the charge and the nature of ET (outer-sphere vs. 

inner-sphere). As can be seen in Fig. 8(A) displaying CVs of FcMeOH+/0, a representative of 

outer-sphere marker, æEp was independent of the BDD material and approached a value of 

59 mV for a reversible single-electron redox system, which thus confirmed fast ET kinetics 

and high quality of the fabricated BDD-based electrode materials. On the contrary, in the case 

of [Fe(CN)6]
3ī/4ī, shown in Fig. 8(B), assumedly due to its inner-sphere character, the 

obtained æEp substantially differed: on BDDplanar film, the value of at most 136 mV was 

assessed, which dropped when morphology changed to porous; e.g., æEp of 62 mV was 

evaluated for 5L-BDDporous.  

Further, Fig. 8(A) and Fig. 8(B) demonstrate increased peak currents of examined redox 

probes with the increasing number of porous layers. Therefore, Aeff was experimentally 

assessed using the FcMeOH+/0 redox probe and the Randles-Sevcik equation (denoted as Eq. 2 

in Chapter 3). As expected, BDDplanar with a relatively smooth surface exhibited the lowest 

Aeff (4.71 mm2), which corresponded well to Ageom (4.91 mm2) exposed to the solution, 

whereas the most significant increase in Aeff was observed for porous electrodes with 3 and 5 

layers (7.16 mm2 and 7.72 mm2, respectively). However, the recognised enhancement in 

voltammetric responses and Aeff values on BDDporous samples is not as significant as would be 

supposed based on Cdl values, which is again related to the limited diffusion of the redox-

active species into the bulk of the porous material, as already explained in Chapter 3.1.  
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Fig. 8 Cyclic voltammograms of (A) FcMeOH+/0, (B) [Fe(CN)6]
3ī/4ī (both 1 mmol Lī1 in 

1 mol Lī1 KCl), and (C) 1 mmol Lī1 dopamine in a pH 7.4 phosphate buffer (0.1 mol Lī1) 

recorded on (Ƅ Ƅ) BDDplanar, (ƄƄ) 2L-BDDporous, (ƄƄ) 3L-BDDporous and (ƄƄ) 5L-BDDporous 

electrodes (all B/C 4000 ppm). (D) Concentration dependences of dopamine obtained by 

SWV on studied BDDplanar and BDDporous electrodes with corresponding LOD values. 

Then, the electrochemical behaviour of neurotransmitter dopamine was studied on all 

tested electrodes by CV in a pH 7.4 phosphate buffer. All recorded voltammograms illustrate 

a near-reversible redox system corresponding to the ñ2eī, 2H+ò reaction of dopamine/ 

dopamine-o-quinone redox pair (see the mechanism in Fig. 1(A)). Apart from that, dopamine 

behaves dramatically different depending on the morphology of the BDD material, as it is 

immediately obvious from Fig. 8(C): On BDDporous electrodes, oxidation potential is shifted to 
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less positive values, æEp is considerably lower, and dopamine provides enhanced anodic peak 

currents and well-developed cathodic peaks, compared to the BDDplanar film. The observed 

electrochemical performance of dopamine, especially on 3L-BDDporous and 5L-BDDporous 

electrodes, can be associated with more electroactive sites available for redox reactions due to 

the surface structuring, as confirmed by higher Aeff values. However, these electroactive sites 

may also be attributed to the increased content of sp2-bonded carbon, as indicated by Raman 

spectroscopy (see Fig. 7(B)). Sp2-rich domains accelerate ET kinetics and behave as 

adsorption sites for dopamine, and thus facilitate its redox reaction. Clearly, the dopamine 

redox reaction is extremely sensitive to the surface chemistry due to the different sp2/sp3 ratio 

introduced by the structuring of the BDD surface. 

Finally, concentration dependences of dopamine in a pH 7.4 phosphate buffer were 

measured using optimized SWV methods up to a concentration of 30 ɛmol Lī1 to cover 

dopamine levels in neural tissues (typically in ɛmol Lī1 units, see Chapter 2.3.1). The 

dependences are plotted in Fig. 8(D) and obtained analytical figures of merit are summarized 

in Table 7. A significant boost in the analytical performance of BDDporous electrodes was 

recognized with the increasing number of layers: the highest sensitivity and the lowest LOD 

were attained on the 5L-BDDporous electrode. However, it is essential to emphasize that 3- and 

5-layered BDDporous do not differ significantly in assessed LOD values and the lowest 

measurable concentrations, which implies that further increase in the number of deposited 

porous layers (i.e., more than five) would not manifest in improved analytical performance.  

Therefore, for electrochemical sensing applications, particularly targeting 

neurotransmitter dopamine, a SiO2 nanofibers-based BDDporous electrode with five deposited 

porous layers (while each layer grew for 5 hours), boron-doping level of 4000 ppm and higher 

sp2 content, was identified as the most suitable, i.e., 5L-BDDporous. 
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Table 7 Analytical figures of merit obtained for dopamine by recording SWV in a pH 7.4 

phosphate buffer (0.1 mol Lī1), with assessed LOD and LOQ. 

BDD material (B/C 4000 ppm) BDDplanar 2L-BDDporous 3L-BDDporous 5L-BDDporous 

Linear range (ɛmol Lī1) 2.5 ï 30.0 2.0 ï 30.0 0.5 ï 30.0 0.7 ï 30.0 

Intercept a (nA) ī43.8 Ñ 7.1 ī38.8 Ñ 4.4 ī10.5 Ñ 12.4 ī130.7 Ñ 38.4 

Slope a (nA ɛmolī1 L)  33.2 Ñ 0.4 35.9 Ñ 0.3 152.4 Ñ 1.0 574.1 Ñ 2.5 

R 0.9995 0.9998 0.9998 0.9999 

LOD (ɛmol Lī1) 0.64 0.37 0.24 0.20 

LOQ (ɛmol Lī1) 2.13 1.23 0.80 0.67 

a All uncertainties denote standard deviations.  

3.5 Designed BDDporous electrode 

Since a BDDporous-based device, which could combine the cultivation of neurons and the 

measuring of the released neurotransmitters, is foreseen, the designed porous electrode was 

employed to further experiments to elucidate its behaviour under conditions required for 

culturing the neural cells. 

3.5.1 Biomimicking media 

The first thing to be considered is a medium used for neuron growth, which needs to be non-

cytotoxic, and it must ensure conditions (pH, osmolality, individual ion concentrations) 

matching those of the human body. Therefore, the possibility of dopamine detection in more 

complex bio-mimicking media was verified [109, 111].  

The first studied pseudo-physiological environment was a common tissue culture 

medium, HBS (pH 7.4; its composition is detailed in Chapter 2.3.2), where HEPES is a 

buffering agent (for structure see Fig. 2(B)). This compound was confirmed electroactive 

within the scope of this work [109]. Electroactivity of HEPES compound, which is present in 

HBS at a high concentration of 20 mmol Lī1, is responsible for narrowing the working 
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potential window, particularly in the anodic region because HEPES irreversibly oxidizes at a 

potential of ca +0.8 V on as-grown (H-terminated) BDD-based electrodes. However, no 

negative impact on the recorded dopamine signals (occurring at EpA, DA of +0.20 V) was 

noticed. Concentration dependence of dopamine was recorded on the designed 5L-BDDporous 

electrode in HBS using the developed SWV method and analytical parameters (sensitivity, 

linear range, LOD) comparable to those reported for a simple phosphate buffer were achieved.  

 Also, HEPES is a main buffering component of an even more complex environment, 

Neurobasal medium, which is widely utilised in neuron cultivation experiments. Importantly, 

eight out of its 37 components (listed in Chapter 2.3.2) were identified electroactive, 

including HEPES. However, no signals, which could be associated with these compounds, 

were detected in cyclic and SW voltammograms recorded within the investigated potential 

range from ī0.2 V to +0.8 V on the 5L-BDDporous electrode; the latter potential value is again 

related to the HEPES oxidation, which limits the available anodic region of the 

electrochemical window.  

In the next step, the applicability of the developed 5L-BDDporous electrode and SWV 

protocol was verified for dopamine determination in the spiked Neurobasal medium using the 

standard addition method. The found dopamine concentration (10.09 Ñ 0.22 Õmol Lī1) 

corresponded very well to the added one (10.0 Õmol Lī1). This confirmed that dopamine can 

be accurately determined on the 5L-BDDporous electrode even in such complex bio-mimicking 

solution and the proposed SWV method was not severely impacted by any matrix effects. 

3.5.2 Poly-L-lysine coating 

To achieve successful neuron cultivation, besides using Neurobasal-based media, a surface 

treatment is often required to promote adhesion and effective attachment of the neural cells to 

a growth substrate, as explained in Chapter 2.3.2. Such treatment is usually performed by 

coating material with a selected cationic polymer; PLL is the most widely used (for structure 

see Fig. 2(A)). Therefore, the modification of the designed 5L-BDDporous electrode with PLL 

was performed according to the standard procedure used in neuron cultivation experiments 

(10 ɛg mLī1 PLL dissolved in a pH 8.4 borate buffer (0.15 mol Lī1) was applied on the 

electrode surface and left at room temperature for 1 h) [68] and investigated from the 
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electrochemical point of view [111] using 1.0 mmol Lī1 dopamine in a pH 7.4 phosphate 

buffer (0.1 mol Lī1). 

The application of PLL coating on porous electrode surface resulted in a decrease in 

dopamine peak currents by 17%, whilst the peak potentials remained constant. A drop in 

signal intensity can be attributed to (i) the reduced number of electroactive sites due to the 

presence of the PLL layer, which also hindered dopamine diffusion to the electrode surface, 

and (ii) electrostatic repulsion between protonated dopamine and the PLL coating as both 

species contain amino- groups in their structures, which carry a positive charge in a pH 7.4 

medium (pKa (amine) values of 10.75 [117] and 10.55 [118] are reported for dopamine and 

PLL, respectively). 

Further, the PLL layer formed on the 5L-BDDporous was not stable enough, and removal 

of PLL was observed through increased dopamine currents even when the treated surface was 

simply rinsed with deionized water. Assumedly, one hour is not a long enough period to 

create a continuous and stable PLL coating on the structured electrode surface. This instability 

represents a serious problem as released PLL may saturate receptors on unattached neural 

cells, and thus prevent their effective adhesion to the growth substrate. However, it should be 

also stressed that some types of structured BDD materials have already been utilised in their 

bare mode, i.e., without any polymer treatment, for successful neuron cultivation [59], 

including the BDDporous based on SiO2 nanofibers [68]. Hence, this indicates that 

inconvenience resulting from the instability of the PLL layer on porous surfaces can be easily 

overcome by not applying such a layer in the first place.  

Ultimately, all these findings should be borne in mind when preparing porous 

electrodeīneural interfaces. 



4 Conclusion   47 

4 Conclusion 

Within the scope of this Ph.D. thesis, newly developed BDDporous-based electrode materials 

(twelve in total) with structured architectures, prepared using various fabrication parameters, 

were thoroughly characterised and investigated from an electroanalytical point of view. To 

confirm the effect of enlarged porous surface, a set of conventional BDDplanar electrodes was 

also studied. 

Undoubtedly, every parameter examined in this thesis, i.e., porous template, boron-

doping level, the growth time of individual layer, the total number of deposited porous layers, 

and sp2 carbon content, was proved to play a crucial role when it comes to the morphological 

features and electrochemical performance of developed BDDporous electrodes. The impact of 

each listed factor, governed by selected deposition conditions, on electrochemical 

characteristics (e.g., the width of the potential windows, Cdl and Aeff values, ET kinetics 

manifested by evaluated ȹEp), and voltammetric behaviour of selected analyte, the 

neurotransmitter dopamine, were individually assessed and carefully clarified. Besides, 

electrochemical data obtained for BDDporous electrodes were correlated with their 

morphological and structural features, elucidated using SEM and Raman spectroscopy.  

In general, some common trends were noticed on all porous electrodes, particularly:  

(1) Effective surface area of all BDDporous electrodes available for electroanalytical 

processes was, on the one hand, confirmed to be higher than the electroactive area of 

BDDplanar films with flat surfaces. On the other hand, it was shown to be much lesser than the 

'real' area of the porous material, which is caused by the limited diffusion of redox-active 

species into the bulk of the BDDporous electrodes. 

(2) Due to the employed fabrication strategy, not only enlarged (porous) surface was 

attained but also increased sp2 carbon content was confirmed in BDDporous materials, which, 

naturally, manifested by (i) a significant increase in background currents, and thus in Cdl 

values, (ii) narrowing of working potential windows, and by (iii) voltammetric characteristics 

recognised for dopamine, such as pronounced reversibility, faster ET kinetics, sharper peak 

shapes, lower oxidation potentials and intensified peak currents, in contrast to BDDplanar 

(predominantly sp3 carbon-based) electrodes.  
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Subsequently, considering all aspects such as morphology, mechanical stability, 

electrochemical characteristics, and analytical performance, the most convenient deposition 

conditions were identified and selected to produce a porous electrode targeting sensitive and 

selective dopamine detection. As a result, a SiO2 nanofibers-based BDDporous electrode with 

five deposited porous layers (while each layer grew for 5 hours), boron doping level of 

4000 ppm and higher sp2 content resulting from deposition conditions, was identified as the 

most suitable for dopamine sensing. Remarkably, this porous electrode provided a 17-times 

higher sensitivity and a 3.2-times lower LOD value (2.0Ĭ10ī7 mol Lī1) than the conventional 

BDDplanar film, using the optimized SWV method in a pH 7.4 phosphate buffer. Moreover,      

a designed BDDporous electrode manifested improved selectivity for dopamine in the presence 

of common interfering compounds in physiological media, ascorbic and uric acid, as it 

successfully distinguished the individual voltammetric signals of dopamine even in the 

presence of a 100-fold excess of the interferent. No such observation was made for planar 

electrodes, on which overlapped peaks were recorded. These results clearly show that 

changing morphology from planar (smooth) to structured (porous) represents a powerful 

approach of considerably enhancing the sensing ability of the BDD electrodes.  

 Further, the electrochemical performance of the developed BDDporous electrode was 

successfully verified in bio-mimicking solutions, particularly in a tissue culture medium, 

HBS, and in a multicomponent Neurobasal medium, which is widely used in neuron 

cultivation experiments. Importantly, dopamine detection was enabled in both complex 

environments, even though they both contain electroactive species, including buffering agent 

HEPES. Application of a neuron adhesion-promoting layer, PLL, on BDDporous electrode, 

resulted in altered dopamine behaviour: its anodic peak current decreased due to hindered 

diffusion and electrostatic repulsion. However, successful neuron cultivation was also 

achieved on BDDporous deposited on SiO2 nanofibers in its bare mode, i.e., without polymer 

treatment. Therefore, a platform based on BDDporous material enabling simultaneously neuron 

cultivation and recording of the neurotransmitter dopamine may be envisioned.  

Finally, a deeper understanding of factors influencing the final morphological and 

electrochemical features can lead to a rational design of new and highly promising BDDporous 

electrode materials, whose properties can be optimised for specific purposes. Consequently, 

expansion of in-vitro and in-vivo applications of BDD-based porous architectures in 

electroanalysis, sensors development and neuroscience can be expected.  



5 References  49 

5 References 

[1] S. Baluchov§, A. DaŔhel, H. Dejmkov§, V. Ostatn§, M. Fojta, K. Schwarzov§-Peckov§, 

Recent progress in the applications of boron doped diamond electrodes in electroanalysis of 

organic compounds and biomolecules - A review, Anal. Chim. Acta, 1077 (2019) 30-66. DOI: 

10.1016/j.aca.2019.05.041. 

[2] K. Patel, K. Hashimoto, A. Fujishima, Application of boron-doped CVD-diamond film to 

photoelectrode, Denki Kagaku, 60 (1992) 659-659. DOI: 10.5796/electrochemistry.60.659. 

[3] N.J. Yang, S.Y. Yu, J.V. Macpherson, Y. Einaga, H.Y. Zhao, G.H. Zhao, G.M. Swain, X. 

Jiang, Conductive diamond: synthesis, properties, and electrochemical applications, Chem. 

Soc. Rev., 48 (2019) 157-204. DOI: 10.1039/c7cs00757d. 

[4] Y. Einaga, J.S. Foord, G.M. Swain, Diamond electrodes: Diversity and maturity, MRS 

Bull., 39 (2014) 525-532. DOI: 10.1557/mrs.2014.94. 

[5] O.M. Cornejo, M.F. Murrieta, L.F. Castaneda, J.L. Nava, Characterization of the reaction 

environment in flow reactors fitted with BDD electrodes for use in electrochemical advanced 

oxidation processes: A critical review, Electrochim. Acta, 331 (2020) 135373. DOI: 

10.1016/j.electacta.2019.135373. 

[6] Y.P. He, H.B. Lin, Z.C. Guo, W.L. Zhang, H.D. Li, W.M. Huang, Recent developments 

and advances in boron-doped diamond electrodes for electrochemical oxidation of organic 

pollutants, Sep. Purif. Technol., 212 (2019) 802-821. DOI: 10.1016/j.seppur.2018.11.056. 

[7] S.R. Waldvogel, S. Mentizi, A. Kirste, Boron-doped diamond electrodes for 

electroorganic chemistry, in: M.R. Heinrich, A. Gansauer (Eds.) Radicals in Synthesis Iii, 

Springer-Verlag Berlin, Berlin, 2012, pp. 1-31. 

[8] S. Lips, S.R. Waldvogel, Use of boron-doped diamond electrodes in electro-organic 

synthesis, ChemElectroChem, 6 (2019) 1649-1660. DOI: 10.1002/celc.201801620. 

[9] P.R.F. da Costa, E.V. dos Santos, D.R. da Silva, S.O. Ganiyu, C.A. Martinez-Huitle, 

Diamond films as support for electrochemical systems for energy conversion and storage, in: 



5 References  50 

N. Yang (Ed.) Novel Aspects of Diamond: From Growth to Applications, 2nd Edition, 

Springer International Publishing Ag, Cham, 2019, pp. 199-222. 

[10] C.Y. Guo, J.G. Zheng, H.W. Deng, P.H. Shi, G.H. Zhao, Photoelectrocatalytic interface 

of boron-doped diamond: Modification, functionalization and environmental applications, 

Carbon, 175 (2021) 454-466. DOI: 10.1016/j.carbon.2020.12.027. 

[11] S.Y. Yu, N.J. Yang, S.T. Liu, X. Jiang, Diamond supercapacitors: Progress and 

perspectives, Curr. Opin. Solid State Mat. Sci., 25 (2021) 100922. DOI: 

10.1016/j.cossms.2021.100922. 

[12] D.J. Garrett, W. Tong, D.A. Simpson, H. Meffin, Diamond for neural interfacing: A 

review, Carbon, 102 (2016) 437-454. DOI: 10.1016/j.carbon.2016.02.059. 

[13] P.A. Nistor, P.W. May, Diamond thin films: giving biomedical applications a new shine, 

J. R. Soc. Interface, 14 (2017) 20170382. DOI: 10.1098/rsif.2017.0382. 

[14] K. Schwarzov§-Peckov§, J. Vos§hlov§, J. Barek, I. Ġloufov§, E. Pavlova, V. Petr§k, J. 

Zav§zalov§, Influence of boron content on the morphological, spectral, and electroanalytical 

characteristics of anodically oxidized boron-doped diamond electrodes, Electrochim. Acta, 

243 (2017) 170-182. DOI: 10.1016/j.electacta.2017.05.006. 

[15] R. Ġeleġovsk§, B. Krankov§, M. ĠtŊp§nkov§, P. Martinkov§, L. Jan²kov§, J. ChĨlkov§, 

M. Vojs, Influence of boron content on electrochemical properties of boron-doped diamond 

electrodes and their utilization for leucovorin determination, J. Electroanal. Chem., 821 

(2018) 2-9. DOI: 10.1016/j.jelechem.2018.02.007. 

[16] P. Yu, J. Zhang, T. Zheng, T. Wang, Influence of boron doped level on the 

electrochemical behavior of boron doped diamond electrodes and uric acid detection, Colloid 

Surf. A-Physicochem. Eng. Asp., 494 (2016) 241-247. DOI: 10.1016/j.colsurfa.2016.01.031. 

[17] T. Watanabe, Y. Honda, K. Kanda, Y. Einaga, Tailored design of boron-doped diamond 

electrodes for various electrochemical applications with boron-doping level and sp2-bonded 

carbon impurities, Phys. Status Solidi A-Appl. Mat., 211 (2014) 2709-2717. DOI: 

10.1002/pssa.201431455. 



5 References  51 

[18] R. Trouillon, D. O'Hare, Y. Einaga, Effect of the doping level on the biological stability 

of hydrogenated boron doped diamond electrodes, Phys. Chem. Chem. Phys., 13 (2011) 5422-

5429. DOI: 10.1039/c0cp02420a. 

[19] S. Garcia-Segura, E. Vieira dos Santos, C.A. Mart²nez-Huitle, Role of sp3/sp2 ratio on 

the electrocatalytic properties of boron-doped diamond electrodes: A mini review, 

Electrochem. Commun., 59 (2015) 52-55. DOI: 10.1016/j.elecom.2015.07.002. 

[20] M.R. Baldan, A.F. Azevedo, A.B. Couto, N.G. Ferreira, Cathodic and anodic pre-treated 

boron doped diamond with different sp2 content: Morphological, structural, and impedance 

spectroscopy characterizations, J. Phys. Chem. Solids, 74 (2013) 1830-1835. DOI: 

10.1016/j.jpcs.2013.07.015. 

[21] I. Duo, A. Fujishima, C. Comninellis, Electron transfer kinetics on composite diamond 

(sp3)ïgraphite (sp2) electrodes, Electrochem. Commun., 5 (2003) 695-700. DOI: 

10.1016/s1388-2481(03)00169-3. 

[22] T.A. Ivandini, T. Watanabe, T. Matsui, Y. Ootani, S. Iizuka, R. Toyoshima, H. Kodama, 

H. Kondoh, Y. Tateyama, Y. Einaga, Influence of surface orientation on electrochemical 

properties of boron-doped diamond, J. Phys. Chem. C, 123 (2019) 5336-5344. DOI: 

10.1021/acs.jpcc.8b10406. 

[23] T. Ando, K. Asai, J. Macpherson, Y. Einaga, T. Fukuma, Y. Takahashi, Nanoscale 

reactivity mapping of a single-crystal boron-doped diamond particle, Anal. Chem., 93 (2021) 

5831-5838. DOI: 10.1021/acs.analchem.1c00053. 

[24] S. Wang, V.M. Swope, J.E. Bulter, T. Feygelson, G.M. Swain, The structural and 

electrochemical properties of boron-doped nanocrystalline diamond thin-film electrodes 

grown from Ar-rich and H-2-rich source gases, Diam. Relat. Mat., 18 (2009) 669-677. DOI: 

10.1016/j.diamond.2008.11.033. 

[25] D.A. Tryk, H. Tachibana, H. Inoue, A. Fujishima, Boron-doped diamond electrodes: The 

role of surface termination in the oxidation of dopamine and ascorbic acid, Diam. Relat. Mat., 

16 (2007) 881-887. DOI: 10.1016/j.diamond.2007.02.002. 

[26] L.A. Hutton, J.G. Iacobini, E. Bitziou, R.B. Channon, M.E. Newton, J.V. Macpherson, 

Examination of the factors affecting the electrochemical performance of oxygen-terminated 



5 References  52 

polycrystalline boron-doped diamond electrodes, Anal. Chem., 85 (2013) 7230-7240. DOI: 

10.1021/ac401042t. 

[27] B.C. Lourencao, R.F. Brocenschi, R.A. Medeiros, O. Fatibello-Filho, R.C. Rocha-Filho, 

Analytical applications of electrochemically pretreated boron-doped diamond electrodes, 

ChemElectroChem, 7 (2020) 1291-1311. DOI: 10.1002/celc.202000050. 

[28] B. Shen, S.L. Chen, F.H. Sun, Effect of deposition temperature on properties of boron-

doped diamond films on tungsten carbide substrate, Trans. Nonferrous Met. Soc. China, 28 

(2018) 729-738. DOI: 10.1016/s1003-6326(18)64705-3. 

[29] Y. Qi, H. Long, L. Ma, Q. Wei, S. Li, Z. Yu, J. Hu, P. Liu, Y. Wang, L. Meng, Enhanced 

selectivity of boron doped diamond electrodes for the detection of dopamine and ascorbic acid 

by increasing the film thickness, Appl. Surf. Sci., 390 (2016) 882-889. DOI: 

10.1016/j.apsusc.2016.08.158. 

[30] J.V. Macpherson, A practical guide to using boron doped diamond in electrochemical 

research, Phys. Chem. Chem. Phys., 17 (2015) 2935-2949. DOI: 10.1039/c4cp04022h. 

[31] M. Bernard, A. Deneuville, P. Muret, Non-destructive determination of the boron 

concentration of heavily doped metallic diamond thin films from Raman spectroscopy, Diam. 

Relat. Mat., 13 (2004) 282-286. DOI: 10.1016/j.diamond.2003.10.051. 

[32] V. Mortet, Z. Vlļkov§-Ģivcov§, A. Taylor, M. Davydova, O. Frank, P. Hubik, J. 

Lorincik, M. Aleshin, Determination of atomic boron concentration in heavily boron-doped 

diamond by Raman spectroscopy, Diam. Relat. Mat., 93 (2019) 54-58. DOI: 

10.1016/j.diamond.2019.01.028. 

[33] V. Mortet, Z. Vlļkov§-Ģivcov§, A. Taylor, O. Frank, P. Hubik, D. Tremouilles, F. 

Jomard, J. Barjon, L. Kavan, Insight into boron-doped diamond Raman spectra characteristic 

features, Carbon, 115 (2017) 279-284. DOI: 10.1016/j.carbon.2017.01.022. 

[34] N.G. Ferreira, E. Abramof, E.J. Corat, V.J. Trava-Airoldi, Residual stresses and 

crystalline quality of heavily boron-doped diamond films analysed by micro-Raman 

spectroscopy and X-ray diffraction, Carbon, 41 (2003) 1301-1308. DOI: 10.1016/s0008-

6223(03)00071-x. 



5 References  53 

[35] J.J. Wei, C.M. Li, X.H. Gao, L.F. Hei, F.X. Lvun, The influence of boron doping level 

on quality and stability of diamond film on Ti substrate, Appl. Surf. Sci., 258 (2012) 6909-

6913. DOI: 10.1016/j.apsusc.2012.03.134. 

[36] J.P. Lagrange, A. Deneuville, E. Gheeraert, Activation energy in low compensated 

homoepitaxial boron-doped diamond films, Diam. Relat. Mat., 7 (1998) 1390-1393. DOI: 

10.1016/s0925-9635(98)00225-8. 

[37] G.R. Salazar-Banda, L.S. Andrade, P.A.P. Nascente, P.S. Pizani, R.C. Rocha-Filho, L.A. 

Avaca, On the changing electrochemical behaviour of boron-doped diamond surfaces with 

time after cathodic pre-treatments, Electrochim. Acta, 51 (2006) 4612-4619. DOI: 

10.1016/j.electacta.2005.12.039. 

[38] J. Vos§hlov§, J. Sochr, S. Baluchov§, L. Ġvorc, A. Taylor, K. Schwarzov§-Peckov§, 

Comparison of carbon-based electrodes for detection of cresols in voltammetry and HPLC 

with electrochemical detection, Electroanalysis, 32 (2020) 2193-2204. DOI: 

10.1002/elan.202060103. 

[39] H.B. Suffredini, S.A.S. Machado, L.A. Avaca, The water decomposition reactions on 

boron-doped diamond electrodes, J. Braz. Chem. Soc., 15 (2004) 16-21. DOI: 10.1590/s0103-

50532004000100004. 

[40] Q. Cao, P. Puthongkham, B.J. Venton, Review: new insights into optimizing chemical 

and 3D surface structures of carbon electrodes for neurotransmitter detection, Anal. Methods, 

11 (2019) 247-261. DOI: 10.1039/c8ay02472c. 

[41] Q. Wang, P. Subramanian, M.S. Li, W.S. Yeap, K. Haenen, Y. Coffinier, R. 

Boukherroub, S. Szunerits, Non-enzymatic glucose sensing on long and short diamond 

nanowire electrodes, Electrochem. Commun., 34 (2013) 286-290. DOI: 10.1016/j.elecom. 

2013.07.014. 

[42] N. Yang, H. Uetsuka, O.A. Williams, E. Osawa, N. Tokuda, C.E. Nebel, Vertically 

aligned diamond nanowires: Fabrication, characterization, and application for DNA sensing, 

Phys. Status Solidi A-Appl. Mat., 206 (2009) 2048-2056. DOI: 10.1002/pssa.200982222. 

[43] Q. Wang, A. Vasilescu, P. Subramanian, A. Vezeanu, V. Andrei, Y. Coffinier, M.S. Li, 

R. Boukherroub, S. Szunerits, Simultaneous electrochemical detection of tryptophan and 



5 References  54 

tyrosine using boron-doped diamond and diamond nanowire electrodes, Electrochem. 

Commun., 35 (2013) 84-87. DOI: 10.1016/j.elecom.2013.08.010. 

[44] S. Szunerits, Y. Coffinier, E. Galopin, J. Brenner, R. Boukherroub, Preparation of boron-

doped diamond nanowires and their application for sensitive electrochemical detection of 

tryptophan, Electrochem. Commun., 12 (2010) 438-441. DOI: 10.1016/j.elecom.2010.01.014. 

[45] M. Lv, M. Wei, F. Rong, C. Terashima, A. Fujishima, Z.Z. Gu, Electrochemical 

detection of catechol based on as-grown and nanograss array boron-doped diamond 

electrodes, Electroanalysis, 22 (2010) 199-203. DOI: 10.1002/elan.200900296. 

[46] M. Wei, C. Terashima, M. Lv, A. Fujishima, Z.Z. Gu, Boron-doped diamond nanograss 

array for electrochemical sensors, Chem. Commun., (2009) 3624-3626. DOI: 

10.1039/b903284c. 

[47] Y.R. Li, H.J. Li, M.J. Li, C.P. Li, D.Z. Sun, B.H. Yang, Porous boron-doped diamond 

electrode for detection of dopamine and pyridoxine in human serum, Electrochim. Acta, 258 

(2017) 744-753. DOI: 10.1016/j.electacta.2017.11.121. 

[48] X.R. Mei, Q.P. Wei, H.Y. Long, Z.M. Yu, Z.J. Deng, L.C. Meng, J. Wang, J.T. Luo, 

C.T. Lin, L. Ma, K.Z. Zheng, N.X. Hu, Long-term stability of Au nanoparticle-anchored 

porous boron-doped diamond hybrid electrode for enhanced dopamine detection, Electrochim. 

Acta, 271 (2018) 84-91. DOI: 10.1016/j.electacta.2018.03.133. 

[49] H.C. Li, K.C. Zhou, J. Cao, Q.P. Wei, C.T. Lin, S.E. Pei, L. Ma, N.X. Hu, Y.H. Guo, Z.J. 

Deng, Z.M. Yu, S.C. Zeng, W.L. Yang, L.C. Meng, A novel modification to boron-doped 

diamond electrode for enhanced, selective detection of dopamine in human serum, Carbon, 

171 (2021) 16-28. DOI: 10.1016/j.carbon.2020.08.019. 

[50] H.C. Li, J. Cao, Q.P. Wei, L. Ma, K.C. Zhou, Z.M. Yu, S.C. Zeng, R.T. Zhu, W.L. Yang, 

C.T. Lin, L.C. Meng, Antifouling nanoporous diamond membrane for enhanced detection of 

dopamine in human serum, J. Mater. Sci., 56 (2021) 746-761. DOI: 10.1007/s10853-020-

05344-5. 

[51] B.C. Lourencao, R.A. Pinheiro, T.A. Silva, E.J. Corat, O. Fatibello-Filho, Porous boron-

doped diamond/CNT electrode as electrochemical sensor for flow-injection analysis 

applications, Diam. Relat. Mat., 74 (2017) 182-190. DOI: 10.1016/j.diamond.2017.03.006. 



5 References  55 

[52] D.B. Luo, L.Z. Wu, J.F. Zhi, 2-Dimensional micro-network of boron-doped diamond 

film: fabrication and electrochemical sensing application, Chem. Commun., 46 (2010) 6488-

6490. DOI: 10.1039/c0cc01511c. 

[53] D.B. Luo, L.Z. Wu, J.F. Zhi, Fabrication of boron-doped diamond nanorod forest 

electrodes and their application in nonenzymatic amperometric glucose biosensing, ACS 

Nano, 3 (2009) 2121-2128. DOI: 10.1021/nn9003154. 

[54] P.W. May, M. Clegg, T.A. Silva, H. Zanin, O. Fatibello-Filho, V. Celorrio, D.J. Fermin, 

C.C. Welch, G. Hazell, L. Fisher, A. Nobbs, B. Su, Diamond-coated óblack siliconô as a 

promising material for high-surface-area electrochemical electrodes and antibacterial surfaces, 

J. Mat. Chem. B, 4 (2016) 5737-5746. DOI: 10.1039/c6tb01774f. 

[55] S. Szunerits, Y. Coffinier, R. Boukherroub, Diamond nanowires: A novel platform for 

electrochemistry and matrix-free mass spectrometry, Sensors, 15 (2015) 12573-12593. DOI: 

10.3390/s150612573. 

[56] K. Siuzdak, R. Bogdanowicz, Nano-engineered diamond-based materials for 

supercapacitor electrodes: A Review, Energy Technol., 6 (2018) 223-237. DOI: 

10.1002/ente.201700345. 

[57] S. Ruffinatto, H.A. Girard, F. Becher, J.C. Arnault, D. Tromson, P. Bergonzo, Diamond 

porous membranes: A material toward analytical chemistry, Diam. Relat. Mat., 55 (2015) 

123-130. DOI: 10.1016/j.diamond.2015.03.008. 

[58] A.C. Taylor, B. Vagaska, R. Edgington, C. Hebert, P. Ferretti, P. Bergonzo, R.B. 

Jackman, Biocompatibility of nanostructured boron doped diamond for the attachment and 

proliferation of human neural stem cells, J. Neural Eng., 12 (2015) 066016. DOI: 

10.1088/1741-2560/12/6/066016. 

[59] G. Piret, C. Hebert, J.P. Mazellier, L. Rousseau, E. Scorsone, M. Cottance, G. 

Lissorgues, M.O. Heuschkel, S. Picaud, P. Bergonzo, B. Yvert, 3D-nanostructured boron-

doped diamond for microelectrode array neural interfacing, Biomaterials, 53 (2015) 173-183. 

DOI: 10.1016/j.biomaterials.2015.02.021. 



5 References  56 

[60] S. Seyock, V. Maybeck, E. Scorsone, L. Rousseau, C. Hebert, G. Lissorgues, P. 

Bergonzo, A. Offenhausser, Interfacing neurons on carbon nanotubes covered with diamond, 

RSC Adv., 7 (2017) 153-160. DOI: 10.1039/c6ra20207a. 

[61] S. Meijs, M. McDonad, S. Sorensen, K. Rechendorff, L. Fekete, L. Klimsa, V. Petrak, N. 

Rijkhoff, A. Taylor, M. Nesladek, C.P. Pennisi, Diamond/porous titanium nitride electrodes 

with superior electrochemical performance for neural interfacing, Front. Bioeng. Biotechnol., 

6 (2018) 171. DOI: 10.3389/fbioe.2018.00171. 

[62] B.C. Lourencao, T.A. Silva, H. Zanin, P.W. May, E.J. Corat, O. Fatibello-Filho, 

Promising electrochemical performance of high-surface-area boron-doped diamond/carbon 

nanotube electroanalytical sensors, J. Solid State Electrochem., 20 (2016) 2403-2409. DOI: 

10.1007/s10008-016-3128-4. 

[63] S. Meijs, M. Alcaide, C. Sorensen, M. McDonald, S. Sorensen, K. Rechendorff, A. 

Gerhardt, M. Nesladek, N.J.M. Rijkhoff, C.P. Pennisi, Biofouling resistance of boron-doped 

diamond neural stimulation electrodes is superior to titanium nitride electrodes in vivo, J. 

Neural Eng., 13 (2016) 056011. DOI: 10.1088/1741-2560/13/5/056011. 

[64] A. Suzuki, T.A. Ivandini, K. Yoshimi, A. Fujishima, G. Oyama, T. Nakazato, N. Hattori, 

S. Kitazawa, Y. Einaga, Fabrication, characterization, and application of boron-doped 

diamond microelectrodes for in vivo dopamine detection, Anal. Chem., 79 (2007) 8608-8615. 

DOI: 10.1021/ac071519h. 

[65] G. Dutta, C. Tan, S. Siddiqui, P.U. Arumugam, Enabling long term monitoring of 

dopamine using dimensionally stable ultrananocrystalline diamond microelectrodes, Mater. 

Res. Express, 3 (2016) 094001. DOI: 10.1088/2053-1591/3/9/094001. 

[66] J. Park, V. Quaiserova-Mocko, K. Peckova, J.J. Galligan, G.D. Fink, G.M. Swain, 

Fabrication, characterization, and application of a diamond microelectrode for 

electrochemical measurement of norepinephrine release from the sympathetic nervous system, 

Diam. Relat. Mat., 15 (2006) 761-772. DOI: 10.1016/j.diamond.2005.11.008. 

[67] P.A. Nistor, P.W. May, F. Tamagnini, A.D. Randall, M.A. Caldwell, Long-term culture 

of pluripotent stem-cell-derived human neurons on diamond - A substrate for 

neurodegeneration research and therapy, Biomaterials, 61 (2015) 139-149. DOI: 

10.1016/j.biomaterials.2015.04.050. 



5 References  57 

[68] J. Krusek, I. Dittert, T. Smejkalova, M. Korinek, K. Gottfriedova, H. Freislebenova, E. 

Neuhoferova, L. Klimsa, S. Sedlakova, A. Taylor, V. Mortet, V. Petrak, V. Benson, V. 

Petrakova, Molecular functionalization of planar nanocrystalline and porous nanostructured 

diamond to form an interface with newborn and adult neurons, Phys. Status Solidi B-Basic 

Solid State Phys., 256 (2019) 1800424. DOI: 10.1002/pssb.201800424. 

[69] B. Jakubcova, J. Turnova, O. Rehounek, J. Polak, A. Mineva, A. Taylor, P. Hubik, V. 

Petrak, V. Petrakova, Neuron adhesion on diamond: Competition between polymer treatment 

and surface morphology, Adv. Eng. Mater., 20 (2018) 1800182. DOI: 

10.1002/adem.201800182. 

[70] P.W. May, E.M. Regan, A. Taylor, J. Uney, A.D. Dick, J. McGeehan, Spatially 

controlling neuronal adhesion on CVD diamond, Diam. Relat. Mat., 23 (2012) 100-104. DOI: 

10.1016/j.diamond.2012.01.023. 

[71] N. Torres-Martinez, C. Cretallaz, D. Ratel, P. Mailley, C. Gaude, T. Costecalde, C. 

Hebert, P. Bergonzo, E. Scorsone, J.P. Mazellier, J.L. Divoux, F. Sauter-Starace, Evaluation 

of chronically implanted subdural boron doped diamond/CNT recording electrodes in 

miniature swine brain, Bioelectrochemistry, 129 (2019) 79-89. DOI: 10.1016/j.bioelechem. 

2019.05.007. 

[72] Z. Tavakolian-Ardakani, O. Hosu, C. Cristea, M. Mazloum-Ardakani, G. Marrazza, 

Latest trends in electrochemical sensors for neurotransmitters: A Review, Sensors, 19 (2019) 

30. DOI: 10.3390/s19092037. 

[73] Y.G. Ou, A.M. Buchanan, C.E. Witt, P. Hashemi, Frontiers in electrochemical sensors 

for neurotransmitter detection: towards measuring neurotransmitters as chemical diagnostics 

for brain disorders, Anal. Methods, 11 (2019) 2738-2755. DOI: 10.1039/c9ay00055k. 

[74] B. Si, E. Song, Recent advances in the detection of neurotransmitters, Chemosensors, 6 

(2018) 1. DOI: 10.3390/chemosensors6010001. 

[75] L. Borland, A.C. Michael (Eds.), Electrochemical Methods for Neuroscience, 1st ed., 

CRC Press, Boca Raton, 2006. 



5 References  58 

[76] R. Hosoda, N. Kamoshida, N. Hoshi, Y. Einaga, M. Nakamura, In situ infrared 

spectroscopy of dopamine oxidation/reduction reactions on a polycrystalline boron-doped 

diamond electrode, Carbon, 171 (2021) 814-818. DOI: 10.1016/j.carbon.2020.09.069. 

[77] E. Peltola, S. Sainio, K.B. Holt, T. Palomaki, J. Koskinen, T. Laurila, Electrochemical 

fouling of dopamine and recovery of carbon electrodes, Anal. Chem., 90 (2018) 1408-1416. 

DOI: 10.1021/acs.analchem.7b04793. 

[78] J. Breczko, M.E. Plonska-Brzezinska, L. Echegoyen, Electrochemical oxidation and 

determination of dopamine in the presence of uric and ascorbic acids using a carbon nano-

onion and poly(diallyldimethylammonium chloride) composite, Electrochim. Acta, 72 (2012) 

61-67. DOI: 10.1016/j.electacta.2012.03.177. 

[79] E.K. Purcell, M.F. Becker, Y. Guo, S.A. Hara, K.A. Ludwig, C.J. McKinney, E.M. 

Monroe, R. Rechenberg, C.A. Rusinek, A. Saxena, J.R. Siegenthaler, C.E. Sortwell, C.H. 

Thompson, J.K. Trevathan, S. Witt, W. Li, Next-generation diamond electrodes for 

neurochemical sensing: Challenges and opportunities, Micromachines, 12 (2021) 128. DOI: 

10.3390/mi12020128. 

[80] K. Tyszczuk-Rotko, I. Jaworska, K. Jedruchniewicz, Application of unmodified boron-

doped diamond electrode for determination of dopamine and paracetamol, Microchem J., 146 

(2019) 664-672. DOI: 10.1016/j.microc.2019.01.064. 

[81] Z. Yang, M.J. Li, H.J. Li, H.Y. Li, C.P. Li, B.H. Yang, Polycrystalline boron-doped 

diamond-based electrochemical biosensor for simultaneous detection of dopamine and 

melatonin, Anal. Chim. Acta, 1135 (2020) 73-82. DOI: 10.1016/j.aca.2020.08.042. 

[82] A. Wong, A.M. Santos, O. Fatibello-Filho, Simultaneous determination of dopamine and 

cysteamine by flow injection with multiple pulse amperometric detection using a boron-doped 

diamond electrode, Diam. Relat. Mat., 85 (2018) 68-73. DOI: 10.1016/j.diamond.2018.03. 

034. 

[83] F.J. Shang, Y.L. Liu, S. Hrapovic, J.D. Glennon, J.H.T. Luong, Selective detection of 

dopamine using a combined permselective film of electropolymerized (poly-tyramine and 

poly-pyrrole-1-propionic acid) on a boron-doped diamond electrode, Analyst, 134 (2009) 

519-527. DOI: 10.1039/b814317j. 



5 References  59 

[84] G.A.A. Guimaraes, J.N. Lacerda, Y.T. Xing, E.A. Ponzio, W.F. Pacheco, F.S. Semaan, 

R.M. Dornellas, Development and application of electrochemical sensor of boron-doped 

diamond (BDD) modified by drop casting with tin hexacyanoferrate, J. Solid State 

Electrochem., 24 (2020) 1769-1779. DOI: 10.1007/s10008-020-04558-6. 

[85] A.Y. Chang, S. Siddiqui, P.U. Arumugam, Nafion and multiwall carbon nanotube 

modified ultrananocrystalline diamond microelectrodes for detection of dopamine and 

serotonin, Micromachines, 12 (2021) 523. DOI: 10.3390/mi12050523. 

[86] J. Sochr, ō. Ġvorc, M. Rievaj, D. Bustin, Electrochemical determination of adrenaline in 

human urine using a boron-doped diamond film electrode, Diam. Relat. Mat., 43 (2014) 5-11. 

DOI: 10.1016/j.diamond.2014.01.005. 

[87] P.T. Pinar, Y. Yardim, Z. Senturk, Individual and simultaneous electroanalytical sensing 

of epinephrine and lidocaine using an anodically pretreated boron-doped diamond electrode 

by square-wave voltammetry, Diam. Relat. Mat., 101 (2020) 107649. DOI: 10.1016/ 

j.diamond.2019.107649. 

[88] M. Marcu, T. Spataru, J.M. Calderon-Moreno, P. Osiceanu, L. Preda, N. Spataru, Anodic 

voltammetry of epinephrine at graphene-modified conductive diamond electrodes and its 

analytical application, J. Electrochem. Soc., 165 (2018) B523-B529. DOI: 10.1149/ 

2.1321811jes. 

[89] D. Hamblin, J. Qiu, L. Haubold, G.M. Swain, The performance of a nitrogen-containing 

tetrahedral amorphous carbon electrode in flow injection analysis with amperometric 

detection, Anal. Methods, 7 (2015) 4481-4485. DOI: 10.1039/c5ay01017a. 

[90] L. Zhang, J.Q. Yang, Y. Luo, J.C. Shang, X.H. Jiang, Simultaneous determination of 

eleven compounds related to metabolism of bioamines in rat cortex and hippocampus by 

HPLC-ECD with boron-doped diamond working electrode, J. Pharm. Biomed. Anal., 118 

(2016) 41-51. DOI: 10.1016/j.jpba.2015.10.020. 

[91] H. Dong, S.H. Wang, A.H. Liu, J.J. Galligan, G.M. Swain, Drug effects on the 

electrochemical detection of norepinephrine with carbon fiber and diamond microelectrodes, 

J. Electroanal. Chem., 632 (2009) 20-29. DOI: 10.1016/j.jelechem.2009.03.022. 



5 References  60 

[92] V. Quaiserova-Mocko, M. Novotny, L.S. Schaefer, G.D. Fink, G.M. Swain, Led with 

amperometric detection using a boron-doped diamond microelectrode: Validation of a method 

for endogenous norepinephrine analysis in tissue, Electrophoresis, 29 (2008) 441-447. DOI: 

10.1002/elps.200700398. 

[93] S. Nantaphol, R.B. Channon, T. Kondo, W. Siangproh, O. Chailapakul, C.S. Henry, 

Boron doped diamond paste electrodes for microfluidic paper-based analytical devices, Anal. 

Chem., 89 (2017) 4100-4107. DOI: 10.1021/acs.analchem.6b05042. 

[94] A.G. Guell, K.E. Meadows, P.R. Unwin, J.V. Macpherson, Trace voltammetric detection 

of serotonin at carbon electrodes: comparison of glassy carbon, boron doped diamond and 

carbon nanotube network electrodes, Phys. Chem. Chem. Phys., 12 (2010) 10108-10114. 

DOI: 10.1039/c0cp00675k. 

[95] B.A. Patel, X.H. Bian, V. Quaiserova-Mocko, J.J. Galligan, G.M. Swain, In vitro 

continuous amperometric monitoring of 5-hydroxytryptamine release from enterochromaffin 

cells of the guinea pig ileum, Analyst, 132 (2007) 41-47. DOI: 10.1039/b611920d. 

[96] B.A. Patel, Continuous amperometric detection of co-released serotonin and melatonin 

from the mucosa in the ileum, Analyst, 133 (2008) 516-524. DOI: 10.1039/b717034c. 

[97] G. Marcelli, B.A. Patel, Understanding changes in uptake and release of serotonin from 

gastrointestinal tissue using a novel electroanalytical approach, Analyst, 135 (2010) 2340-

2347. DOI: 10.1039/c0an00260g. 

[98] H. Zhao, X.C. Bian, J.J. Galligan, G.M. Swain, Electrochemical measurements of 

serotonin (5-HT) release from the guinea pig mucosa using continuous amperometry with a 

boron-doped diamond microelectrode, Diam. Relat. Mat., 19 (2010) 182-185. DOI: 

10.1016/j.diamond.2009.10.004. 

[99] S.G. Park, J.E. Park, E.I. Cho, J.H. Hwang, T. Ohsaka, Electrochemical detection of 

ascorbic acid and serotonin at a boron-doped diamond electrode modified with poly(N,N-

dimethylaniline), Res. Chem. Intermed., 32 (2006) 595-601. DOI: 10.1163/ 

156856706777973736. 



5 References  61 

[100] M. Perry, Q. Li, R.T. Kennedy, Review of recent advances in analytical techniques for 

the determination of neurotransmitters, Anal. Chim. Acta, 653 (2009) 1-22. DOI: 

10.1016/j.aca.2009.08.038. 

[101] K.T. Kawagoe, J.B. Zimmerman, R.M. Wightman, Principles of voltammetry and 

microelectrode surface states, J. Neurosci. Methods, 48 (1993) 225-240. DOI: 10.1016/0165-

0270(93)90094-8. 

[102] C.C. Chernecky, B.J. Berger, Laboratory Tests and Diagnostic Procedures, Saunders 

(Elsevier), Philadelphia, 2012. 

[103] Z.D. Peterson, D.C. Collins, C.R. Bowerbank, M.L. Lee, S.W. Graves, Determination 

of catecholamines and metanephrines in urine by capillary electrophoresisïelectrospray 

ionizationïtime-of-flight mass spectrometry, J. Chromatogr. B, 776 (2002) 221-229. DOI: 

10.1016/S1570-0232(02)00368-9. 

[104] E.E. Ferapontova, Electrochemical analysis of dopamine: Perspectives of specific in 

vivo detection, Electrochim. Acta, 245 (2017) 664-671. DOI: 10.1016/j.electacta.2017.05. 

183. 

[105] A. Vaitkuviene, M. McDonald, F. Vahidpour, J.P. Noben, K. Sanen, M. Ameloot, V. 

Ratautaite, V. Kaseta, G. Biziuleviciene, A. Ramanaviciene, M. Nesladek, A. Ramanavicius, 

Impact of differently modified nanocrystalline diamond on the growth of neuroblastoma cells, 

New Biotech., 32 (2015) 7-12. DOI: 10.1016/j.nbt.2014.06.008. 

[106] C.M.H. Ferreira, I.S.S. Pinto, E.V. Soares, H. Soares, (Un)suitability of the use of pH 

buffers in biological, biochemical and environmental studies and their interaction with metal 

ions - a review, RSC Adv., 5 (2015) 30989-31003. DOI: 10.1039/c4ra15453c. 

[107] N.E. Good, G.D. Winget, W. Winter, T.N. Connolly, S. Izawa, R.M.M. Singh, 

Hydrogen ion buffers for biological research, Biochemistry, 5 (1966) 467-477. DOI: 

10.1021/bi00866a011. 

[108] S. Baluchov§, A. Taylor, V. Mortet, S. Sedl§kov§, L. Klimġa, J. Kopeļek, O. H§k, K. 

Schwarzov§-Peckov§, Porous boron doped diamond for dopamine sensing: Effect of boron 

doping level on morphology and electrochemical performance, Electrochim. Acta, 327 (2019) 

135025. DOI: 10.1016/j.electacta.2019.135025. 



5 References  62 

[109] M. Brycht, S. Baluchov§, A. Taylor, V. Mortet, S. Sedl§kov§, L. Klimġa, J. Kopeļek, 

K. Schwarzov§-Peckov§, Comparison of electrochemical performance of various boron-

doped diamond electrodes: Dopamine sensing in biomimicking media used for cell 

cultivation, Bioelectrochemistry, 137 (2021) 107646. DOI: 10.1016/j. bioelechem. 2020. 

107646. 

[110] S. Wert, S. Baluchov§, K. Schwarzov§-Peckov§, S. Sedl§kov§, A. Taylor, F.M. 

Matysik, A cost-efficient approach for simultaneous scanning electrochemical microscopy 

and scanning ion conductance microscopy, Mon. Chem., 151 (2020) 1249-1255. DOI: 

10.1007/s00706-020-02635-0. 

[111] S. Baluchov§, M. Brycht, A. Taylor, V. Mortet, J. KrŢġek, I. Dittert, S. Sedl§kov§, L. 

Klimġa, J. Kopeļek, K. Schwarzov§-Peckov§, Enhancing electroanalytical performance of 

porous boron-doped diamond electrodes by increasing thickness for dopamine detection, 

Anal. Chim. Acta, 1182 (2021) 338949. DOI: 10.1016/j.aca.2021.338949. 

[112] V. Petr§k, Z. Vlļkov§-Ģivcov§, H. Krysov§, O. Frank, A. Zukal, L. Klimġa, J. Kopeļek, 

A. Taylor, L. Kavan, V. Mortet, Fabrication of porous boron-doped diamond on SiO2 fiber 

templates, Carbon, 114 (2017) 457-464. DOI: 10.1016/j.carbon.2016.12.012. 

[113] S. Baluchov§, S. Sedl§kov§, A. Taylor, L. Klimġa, J. Kopeļek, V. Mortet, K. 

Schwarzov§-Peckov§, Morphological and biosensing properties of porous boron doped 

diamond based electrodes, in:  52nd Heyrovsky Discussions, Liblice, Czech Republic 2019. 

Book of Abstracts, pp. 9. 

[114] A.J. Bard, L.R. Faulkner, Electrochemical Methods: Fundamentals and Applications, 

2nd ed., Wiley, New York, 2001. 

[115] Electrochemical Series, in: S.D. Cramer, B.S. Covino, Jr. (Eds.) Corrosion: Materials, 

ASM International, 2005. 

[116] R.R. Gagne, C.A. Koval, G.C. Lisensky, Ferrocene as an internal standard for 

electrochemical measurements, Inorg. Chem., 19 (1980) 2854-2855. DOI: 

10.1021/ic50211a080. 



5 References  63 

[117] Y.X. Li, J. Li, E. Shangguan, Q.M. Li, The effect of acidity, hydrogen bond catalysis 

and auxiliary electrode reaction on the oxidation peak current for dopamine, uric acid and 

tryptophan, Anal. Methods, 7 (2015) 2636-2644. DOI: 10.1039/c4ay02771j. 

[118] H.M. Eckenrode, H.L. Dai, Nonlinear optical probe of biopolymer adsorption on 

colloidal particle surface: Poly-L-lysine on polystyrene sulfate microspheres, Langmuir, 20 

(2004) 9202-9209. DOI: 10.1021/la048863j. 



6 Appendices  64 

6 Appendices 

6.1 Publication I 

 



6 Appendices  65 

 

 



6 Appendices  66 

 

 

 

 



6 Appendices  67 

 

 

 

 



6 Appendices  68 

 

 

 

 



6 Appendices  69 

 



6 Appendices  70 

 



6 Appendices  71 

 


















































































































































































