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Abstract

This dissertation thesis presents newly developed electrode materials based on poreus boron
doped diamondBDDporoug and their potential applications in electroanaly8iarticularly,

these novelBDDporous €lectrodes (twelve in total) were thoroughly electrochemically
characterisednd compared, and the ones with the most promising properties were selected to

develop reliable voltammetric methods @atecting theneurotransmitter dopamine

Initially, the impact of selected fabricatioparameters on the final properties and
electrochemical behaviour of novBDDporouselectrodes was clarified; the following factors
were specifically studied(l) deposition templatesed (2) borondoping level, (3) growth
time of the individual layersi.€., porosity), (4) number of deposited layeig.{ thickness),
and (5) content of nediamond (sp carbonimpurities Alterations in deposition conditions
naturally resulted inBDDporous €lectrodes with diverse (i) structural and morphological
features, which weranvestigated by scanning electron microscopy and Raman spectrpscopy

and (ii) physical anélectrochemicatharacteristics, examined by cyclic voltammetry.

Besides, to assess the suitability of sele@B@®orouselectrodes fodopamine detection,
other parameters, such sigsceptibility to adsorptioandresponse stability, sensitivitand
selectivity, were evaluated using developed squaeaee voltammetric procedurg-or
electrochemical sensing applicatiomsainly targeting dpamine,a SiQ nanofibersbased
BDDyorous €lectrode with five deposited porous layers (while each layer grew for 5 hours),
boron doping level of 4000 ppm and highef spntent, was identified as the most suitable.
Also, a platform based on BDQBous matgial combining neuron growth and recording of
released neurochemicals can be envisioned. For this reason, a designged.BEEctrode
with desired analytical performanteward dopaminavas subjectedeither bare or modified
with aneuron adhesieopromding poly-L-lysinelayer,to further experiments complex bie
mimicking environmentsAs a resultbehaviourof the developedBDDyorous €lectrodewas

clarified under conditionsequired for successful culturing of the neural cells
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1 Aims of the work

Borondoped diamond (BDD) is a welistablished electrode material possessing exceptional
characteristics. However, the performance of BDD can be significantly boosted by changing
its morphology from relatively planar (BQaha) to porous(BDDporoug. Such boosting is
particularly manifested by increased sensitivity, improved selectivity, and lower detection
limits, which are alessentiafactors inthe sensor development ardzesides sensing, another
promising field in which botlBDDpianarand BDDyorousmaterials can be beneficiaécause of

their remarkable biocompatibility is neuroscienbedeed,one type of BDRorous developed
within this work has already demonstrated suitability for neuron cultivafitwerefore,

a phtform based on BDjarous combining neuron growth and recording of neurochemical
signals can be envisionedlhis possible application ione of the reasons why

neurotransmitters were selected as the analytes of interest stuidys

However, it needs to be emphasized that the properties of BD® dependent on
numerousfactors For BDDyanas Clarification of thesdactorshas been attainedue to the
continuous 3§/ear researchin contrast BDDporous Materials are still considered novel and
only a few studieseported on the effect of selected 3D templates and deposition conditions
on ther propertiesFor this reasonthe main goal of this work wae elucidate factorshat
have a significant impacton the final characteristics arelectrochemicalperformance of
novel BDDporousdeveloped and prepared at the Institute of Physics of the Czech Academy of
Sciencs, and toidentify the best depositioronditions leading to the porous electrode, which
is paticularly suitable forelectrochemicalsensing ofdopamine Finally, the effects of
conditionsrequired forneuron cultivation on the voltammetric behaviourtloé designed,
most suitable BDRyrouselectrode vereexamined.

Theaimsof thiswork wereaacomplishedthroughthefollowing steps:

() Thorough literature backgroundhe latest progressrends, anddevelopmentsn
electroanalysis of organic compoundscluding neurotransmittersising BDD-based
electrodematerialswvas reviewed.

(i) Complex electrochemical characterisation neiwly developedBDDyorous €lectrode

materials prepared under various deposition condititmes investigated parameters
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wereporous templatehorondoping level growth time of the individual porous layer
(i.e., porosity) andthetotal number of deposited porous lag/@re., thickness)

(i) The most promising BDErous Materialsfor electrochemical sensingere identified
and used to develop squarerave voltammetric protocols for reliable detection of
neurotransmitter dopamine

(iv) Performance of designed BRdauselectrodesvasverified under conditions typically

required for successfallturing oftheneural cells

The resultsobtained within the scopef this Ph.D. thesisverereported in thdollowing

scientific publicationsvailable as appendicésli 6.5 (Publication i V):

1. S.Bal uc,MoD&RhH IDej mk U.vC8s,t aM.nFBjta, K. Sc hwa+ zov §
P e ¢ k Recdnt progress in the applications of boron doped diamond electrodes in
electroanalysis of organic compounds and biomoleculds review, Anal. Chim.

Acta, 1077(2019 30i 66.

2. S.Bal uc,Aday®r,V. Mortet,S.Se d | 8k K Ivig§ nga,p e ODeHKE, K.
Sc hwaiza\k Poro8is boron doped diamond for dopamine sensing: Effect of
boron doping level on morphology and electrochemical performegieetrochim.
Acta, 327(2019 135025.

3. S.Wert, S.Bal uc,KoSclewaro v-Be c k ®&vS8e,d | § A.oTaydr, F-M.
Matysik, A costgfficient approach for simultaneous scanning electrochemical
microscopy and scanning ion conductance microscdpyn. Chem, 151 (2020
1249 1255.

4. M. Brycht,S.Bal u c,A.day®r,V. Mortet,S.Se d| S8lkilvisndKeo,pel ek,
K. Sc hwa Pz Kk &unfparison of electrochemical performance of various
borondoped diamond electrodes: Dopamine sensing in biomimicking media used for
cell cultivation,Bioelectrochemistryl37(2021) 107646.

5. S.Bal u c, MoBvyght,A. Taylor,V. Mortet,J.Kr T ¢l.Dktert,S.Sed| §lkk ov §,
KIl'i mg.aKopel Kk SchwaiPzek®BEnBancing electroanalytical
performance of porous boraloped diamond electrodes by increasing thickness for
dopamine detectional. Chim. Ada, 1182(2021) 338949.
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2 Introduction

2.1 BDDfor 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[i¢f. attached as?ublication |

in appendices.

BDD has become a wedlstablished and widely used electrode material since its
introduction in 19942]. The unprecedeat popularity of BDD proceeds from a large range
of outstanding characteristicglistinguishing BDD from other commonly employed
carbonaceous and metallic electrod&hese properties include but are not limited to
exceptional chemical stability and mechanical strength, wide working potential window,
resistance towards corrosion arakgivation, possibility oin-situ electrochemical activation,
dopantcontrolled adjustable conductivity, biocompatibilitpw noise,low capacitance and
background currert, 3, 4]

Neverthelessit is important to mention thahe use of BDD is notestrictedonly to
electroanalysis. Conductive diamond is a remarkably versatile mg&rialhich has been
extensively employed in numerous electrochemical applications, such paltutant
degradation anWastewater treatmeni, 6], electreorganicsynthesig7, 8], electrocatalysis
[9, 10], and electrochemical energy storg@ell], but aled@citmoacmemi cal O
fields, includingbiomedicineand neurosciendd 2, 13] This chapter focusesainly on BDD
featuresessentiafor electrochemical sensing, while applications of BDD in akimterfacing

are discussed in more detail in Chapter 2.3.

Borondoping level[14-18] and sp carbon contenfl9-21], crystallographic orientation
[22, 23] morphological characteristice.§, grainsize,boundaries and point defecti@4],
surface termiation (H vs.O-) [25-27] are all factors considerabigfluencing finalproperties
of BDD films. Consequently they affect electron transfefET) kinetics atthe electrodé
electrolyte interfacewhich is manifested in recorded respongestential positioning and

signal intensity) of studied redeactive moleculesThese causal relationships have been
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clarified because othe continuous 36/ear researchimingto resolve thenterplay between
electrochemical behaviour of analyte of interest and surface (and bulk) properties of BDD

films.

Importantly, all factorsnentioned abovare essentially governed by conditions adjusted
for the chemical vapor deposition (CVD) procedwpidally employed for BDD growth
Among the mostritical conditionsare theselected conductive bstrateand its temperature
[28], B/C ratio[14, 16]and C/H ratig17] in the gas phase, composition of the gas mixture
[17, 24] pressure, total gas flomndgrowth time[29].

2.1.1Boron-doping level

In general borondoping is accomplished from the gas phase by adding a-sordaining
compound, such as diborane, trimetbgrane trimethyl borateor boron trioxide, into the

CVD reactionchamber with the source gases (carbontaining gase.g, methae, and
hydrogen)[3, 30]. In electroanalyticaktudies the doping level of the BDD electrodes is
predominantlystated as the B/C ratio in the gas phase, typically ranging from 100 to
15000ppm, asaccurated et er mi n a tagtuabn kbodr otnhecofincent r ati on
challenging and requires sophisticatedpensive, and noteadily availableequipment(e.g,
secondary ion mass spectrometry, boron nuclear reaction analifg)ever, boron
concentrationin BDD electrodescan be at least roughly estimated by recordiamnan

spectrgd31-33] or Mott-Schottky plots in an electrolyte solutiB0].

The orondoping level has &ignificant impact on the morphologicaphysical and
electrochemical properties of fabricated BDD filjdgl-16]. Increased boron content in the
electrodes leads to (i) a decrease in the grainwizeh is ascribedo the reduced growth rate
triggered by boronaddition [34], (i) an increase in intrinsic stress aachount ofsp’ carbon
sites, wich can negatively affecand significantly deteriorate rigid diamond latti¢85],
(i) higher conductivity andthus lower resistivity BDD electrodescan exhibit either
semiconductivity or metallic conductivity depending on the boron concentr§B6j
A threshold for metallic type conductivity was estimatede 31 1?©boron atoms pecn?®
[31, 36] which corresponds toa threeboron ators per 1000 carbon atomkterestingly, it
has been shown thahe borondoping level influences lontgrm resistance towards

spontaneous air oxidation of thetermination[37] as well as vulnerability to biofoulingl8].
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Doping levelinfluences ET kineticqtherefore,the oxidation/reduction poteratls of
electroactive specigsand the magnitude of the provided sign§isl-16, 38] which
consequentlyinfluences the sensitivity of developecelectroanalyticalmethods Besides,
hydrogen and oxygen evolution reactions, limiting the available potential range for
electroanbysis in aqueoussolutions also depend orthe dopant concentration as these
processes are related to adsorption of water molecules/protons or intermediates of limiting
reactions €.g, atomic hydrogen) on boremch sites with subsurface substitutional boron
defects. As aesult highly-doped BDD electrodes typically manifest shorter electrochemical
windows, which are narrowed in both anodic and cathodic potential regions, compared to
lowly-doped BDD filmg14, 39]

2.1.2Non-diamond (sp) carbon

In BDD electrochemistrythe roleof si# carbon, typically formed at the grain boundaries and
due to the defects during depositia controversial topidOnthe one handthe presence of

sp’ carbon in BDD electrodes is electrochemically indicated by increased background currents
and shorten# potential windowg4, 19, 21] andincorporated spimpurities can increase
proclivity towards adsorption and electrode fouljad], whicharedetrimentalphenomenan
electroanalysisOn the otherhand, sp domains can acpositively as ET mediators and

considerably accelerate electrode react[@8s 21}

Electrochemical behaviour dfvo redox couplesvith more complex molecular structure,
hydroquinone/quione [21] and dopamine/dopamirequinone[17], was studied on BDD
electodes with intentionally increased?sparbon content. These molecules were selected
because their multistep electron and proton electrochemical resptimseed through inner
sphere ET, wich makeshydroquinoneand dopamine extremely dependent and sensitive to
the surface chemistry of the electrodes. Indeed, in both stidieg1] higher contenof sp?
sites led to more pronounced reversibility, and thus to faster ET kinetics manifested by
smaller peako-p e a k s e p ar ab)irexorded/by tyadlie wltaringetrirhese results
revealed that the éfponded carbon domains ¢ime BDD surface repment adsorption spots
for both aromatic compounds and significantly facilitate their redox reactiditaing that
sp’ carbon plag a catalytic role In addition, such adsorptiggromoting sp sites may be
responsible for 'molecule preconcentration’ loa ¢lectrode surface, which can possibly lead

to enhanced sensitivity and improved detection lifdi®§ in the electroanalycal field.
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Hence, in electrochemical applicatiorise presence and amount of?sgarbon on the

BDD electrode surface should hgorouslyconsidered and controllefdpossible

2.2BDD electrodes: Structuring the surface

Increasing the electrode surface area has becopnevalentand effective method tboost
further the alreadysuperior characteristics of BDD electrodgsee Chapter 2.1yvithout
modifying their surface. Structuring the BDD surface can leadhigher doubldayer
capacitance, increasesdensitivity and improved selectivity, compared to conventional
BDDyianar films; the latter two characteristics are particulaatjvantageous in electroanalysis
of bioactiveorganic compounds and sensors development [46e85]. Besidessensing it
comes as no surprise th&DD porous structures maglso be effectively utilised as
supercapacitor§s6], filtration or extraction membrand57], anodes formineralization of

organic pollutant$s, 6], and bieinterfaces in neuroscien{e8-61].

Fabrication strategies for structured BDD materials describetieiterature can be

separated into two main groups:

()Antdpwno p rcariecatibyetehing the diamond surface through various
masks.This way, functional nanostructured arrangements were successfully prepared
These includerertically aligned BDD nanowires, which were effectively employed for
electrochemical sensing of DNJ42], glucose[41] and detection of electroactive amino
acids tyosine and tryptophan¢43, 44] a BDD nanogass array, employed for
electrochemical detection of cateclb], dopamne and uric acif46], a nanostructured
BDD/Ta sensor for simultaneous detectmfnrdopamine and vitamin B6 (pyridoxine) in
human serund7], a porous BDD/Si electrode further modified witbld nanoparticles
[48], carbon blackparticlesand 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 prpreparation processes are often requiradking this approach more

complicated and tedious.
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(i) AAbotupdm appr oach i s asi cossists of BRD cgatirigfofo r wa r
already poroussubstrates. Awide variety of structuredtemplates is available for
BDDyorous €lectrode fabricatianThesecomprisevertically aligned multwalled carbon
nanotubes,employed inthe detection of epinephrine ddrenaline) acetaminophen
(paracetamol)[51, 62] and dopamine[62], silicon nanowiresthat were used in
amperometricsensors for adeninfb2] and glucosg53], and 'black silicon' needles

employed insensitive dopamine detectifiv].

All the abovementioned electroanalytical studies repdrtamplified responses for
structured BDD electrodes, in contrast to conventional BRDfilms with a nearlyflat
surface Boosted analytical performance waainly demonstrated bincreasegeak currents
of studied oxidizable organic molecules due e targer surface area, whichsulted in
substantially enhanced sensitivity and lower detection limsdecrease in oxidation
potentias caused, in som cases, improved selectivity ah electroanalytical method using
a structured electrod&ubsegently, thisenabled successful simultaneous determination of
the analyts of interest[43, 47] or determination of an analyta the presence afommon
interfering compoundg53, 54] All in all, 3D-structured BDD electrodes appear to be

adesirableand promisingplatform for electrochemical sensing.

However theimpact of various factorg.g, doping level, amount of $garbon, surface
termination, etc.pn the properties and electrochemical performance of structuredBB&n
materials has rarely beenvestigated Only two electroanalytical studies dealt with the
influence of dimensions of selected 3D scaffolds used for BDD depositton effect of
varying lengtrs of either silicon nanowirept1] or 'black slicon' needleg54], controlledby
the etching timewas evalused and compared. Both studies reported similar observation
longer nanostructures provided larger active areatand higher sensitivity for the selected
analytes than shorter ones. Hence, theanowire/needlelength was crucial for the
electrochemical behaviour at the electiiaglectrolyte interface.
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2.3 Applications of BDD in neuroscience

Besides electrochemical sensing, another very perspective area in whichb&3B®
materials, both with smooth and structured morphology, can beylarly beneficiabecause

of their chemically inert surfaces resulting (ibio)fouling resistancg63] and remarkable
biocompatibility [58] is neuroscience. These materials have proved suitablelegjro
chemicalsensors for detection of neurochemicatgluding electroactive neurotransmitters
[47, 54, 6466], (ii) substrates for neuron cultivatig8, 60, 6770], 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) arehoroughlydiscussed in the followg subchapterslust one brief
note concerning (iii) BDDpianar films typically possess a relatively low doulbéger
capacitance (and higher impedaneg)ich limits their application for neural cell stimulation;
however, structuring the surfacepreserd a very convenientvay how toovercome this
drawback59, 61]

2.3.1 Detection of neurotransmitters

In general catecholamine and indolamine neurotransmitters, their precansonsetabolites
belong among the mostsearchediomolecules inthe field of electroanalysig72-74].

The catechol ring of catecholamine neurotransmittees, dopamine, epinephrine, and
norepinephrine, easily oxidizes to amtho-quinone (see Fig. (A) for dopamine) This
reaction isconsidered (quasi)reversibnd proceedwia the innersphere ET mechmsm

The oxidation reaction of structurally different indolamine neurotransmitters, such as

serotonin, proceedbroughthe phenolic group and leads to formation of ketoj7ég.

After a closer lookat thedopamine oxidatiomechanisn{depicted inFig. 1), it is clear
thatits first oxidation produgtdopamineo-quinone can underga@ spontaneous ring closure
reaction leading tahe formation of leucodopaminechrome (&thydroxyindole), which in

turn oxidizes to dopaminechron{Eig. 1(B)) The latter compound can even isomerize and

further polymerize into melanilke compounds (or soenarticles refer tthesoc al | ed fApol

dopamineo fil m) on the electrode surface,
electroactive sites, and thus inhibit the ET readir@, 77}

W
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(A) HO 0
e, -2H* \\\O/>
HO HzN +2e, +2H* O//’ HzN

|

dopamine dopamine-o-quinone
B O HO 0
k cyclization -2e7, -2H° \\\\\
= H,N LA 2
0 2 HO N +2e,+2H 0/ N
H H

dopamine-o-quinone leucodopaminechrome dopaminechrome
Fig. 1 (A) Firstelectraxidation step of dopamineadingto dopamineo-quinone, andB) its

subsequenteactions. Mechanism adapted frpr8].

As expectedbecause othe abovediscussed superior characteristics, BDD represents a
material of choice for the development electrochemical sensors for neurotransmitter
detection[12, 79] which isalso evidenced byable 1 providing an overview of various
BDD-based materials, planar, structyredniaturizedand even modifiedappliedfor sensors

development.

(Moreover,thetable summarizingigures of merit otlectroanalytical methods developed for
dopamine deteatn utilising nonr-modified BDDgplanar and BDDyorous and modified BDIlgbrous
electrodes can be found in appendiceRulication Von pagel4?2).
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Table 1 An overview of selected nomodified and modified BDD electrodes used foe

detection of neurotransmitter

Neurotransmitter BDD material Remarks Ref.

Dopamine PPT-BDDyianar simultaneously with paracetamol, in human urin [80]

HO NHz BDDpianar various doping level; simultaneously witt [81]

Hoj@m melatonin, in human serum
O-BDDpjanar different film thickness; in the presence of AA  [29]
CPT-(H-)BDDpianar  in the presence of cysteamin [82]
BDDOE long-termmonitoring [65]
BDDOE in the presence of AAn-vivodetection in brain  [64]
BDD nanograss in the presence of UA [46]
'bSi’BDDporous in the presence dJA [54]
BDDporous simultaneouly with vitamin B6 in human serum [47]
PPA/PTYy-BDDpianar  in the presence a-DOPA,DOPAC, AA, UA [83]
SNHCFBDDypjanar determination irsaliva [84]
Nafionr-MWCNT- in the presence of serotonin and AA [85]
BDDOE
AUNPSsBDDyorous B/C 20000 ppm [48]
Nafion-BDDporous in thepresence of AA and 5 vol% human serum [50]
carbon black NPRs inthepresence of AA and UA [49]
Nafior-BDDporous

Epinephrine BDDypianar determination in uringin the presence of UA [86]

(adrenaline)
APT-(O)-BDDyianar  in the presence didocaine [87]

OH

HOD/bH\ GrapheneBDDgpanar  in the presence of UA [88]
HO

CNTSBDDyorous liquid flow arrangement [51]
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Norepinephrine BDDpianar liquid flow arrangement [89]

(noradrenaline) _ o
BDDpianardetector ~ HPLC-ED, simultaneous determination of : [90]

Ho@jﬁ/w biogenic amine rat cortex and hippocampus
HO BDDOE monitoring of in-vitro release from the [66]

sympathetic nervous system

BDDOE detection in the presence of various drugs [91]
BDDOE CE-AD, analysis in tissue [92]
ERGOBDDPE simultaneous determination with serotonin [93]
Serotonin O-BDDpianar in abuffer containingHEPES [94]
N BDDOE monitoring  of in-vitro  release  rfom [95]
HOO\/C enterochromaffin cells
" BDDOE in the presence of melatonin [96]
BDDOE monitoring of elease and reuptakem tissue [97]
BDDOE release from the mucosa [98]
PDMA-BDDpjanar in the presence of AA [99]
ERGOBDDPE simultaneouly with norepinephrine [93]
Nafion-MWCNT- in the presence of dopamine and AA [85]
BDDOE

Abbreviations: AA T ascorbic acid APT 1 anodic prereatment;AuNPs i gold nanoparticles;
BDDPE i borondoped diamond paste electrodeD D OiEborondoped diamond microelectrode;
'bSi* 1 'black silicon needles;CE-AD i capillary electrophoresis with amperometric detettio
CNTs'i carbon nanotube€PT i cathodic prdreatmentDOPAC i 3,4-dihydroxyphenylacetic acid;
ERGO 1 electrochemically reduced grapieeoxide;HPLC-ED i high-performance liquichromate
graphy with electrochemical detectiarDOPA i L-3,4-dihydroxyphenylalanineWCNT 1 multi-
walled carbon nanotubed{Ps 1 nanoparticlesPDMA i poly(N,N-dimethyl aniline); PPA/PTy i
poly-pyrrole-1-propionic acid/polytyramine; PPT 1 pretreated by polishing;SnHCF 1 tin

hexacyanoferratdJA i uric acid
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Further, Table 2 summarizedysiological concentration levels of neurotransmifters
which significantly differ dependingn the analysed biological matricesn general, basal
extracellular concentration of neurotransmitters in striat@rbr@in region) is very low,
typically in the nmoL'! range[100]. However, whenstriatum iselectrically stimulated,
dopamine concentration can increase up @raoLl* [101]. As evident from Table 2 esum
levels of neurotransmittersre also quite low, particularly in the case of (nomnephrine
[102]; for dopamine and serotonin the average levelseérum samples reach ma.l*
concentrationsBesides, b neurotransmitterare metabolised in the human body, thus, only a
small amount may be detected in urin@here, naturallytheir metabolitegpredominate
Nevertheless, dopamine as the most abundant catecholaminergic neurotransmitter is also
excreted to urinewhere its concentratiorangesfrom 0.5 to 20 md_l* [103]. Importantly,
dopamine molecules are prencentrated (up to rhol L'Y) and stored in vesicles of neural
cells, from whichdopamine isreleased duringhe nerve stimulationN104]. Consequently
dopamineconcentratiorin proximity to neurons reach€sm d_1* levels, which is favourably

usedin experimentsn-vitro carried out with neural tissues.

Table 2 Physiological concentrations néurotransmitters in various biological samples.

Neurotransmitter Biological sample Concentration Refs.
Dopamine Striatum (brain)  basali 40nmol L™! [100]
electrically stimulated 0.17 2 O md [101]

Blood serum 10nmolL™i 1 Omé | [104]

Urine 0512 Omwél [103]

Epinephrine Brain <lnmolL"™ [100]
Blood serum 0.8nmol L' [102]

Norepinephrine  Striatum (brain)  12nmol L' [100]
Blood serum 0.4 to 10nmol L'™? [102]

Serotonin Striatum (brain)  70nmol L'! [100]
Blood serum 0.28 to L. 14 Omol [102]
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2.3.2 Growth substrate for neuron cultivation

First, it is important to mention thaven though elemental boron possesses mild toxicity,
boron atoms present in BDD electrodes are ‘'locked’ in the diamond latticdhagdio not

affect biocompatibilityadherencenorproliferation of neural cellgl2, 58, 67]

Second, egardimg 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 (Hvs. O-); ‘enhanced’ biocompatibility has been ascribed to
hydrophilic Gterminated BDD surfacg405].

(i) The recessity to treat BDD surfaces with a polymer adhesion layer in order to support
attachment and assist witthe development and loatgrm survival of cultured
neurons; the most widelgmployed coatings are pobl/p-lysine (its structureis
displayed in Fig 2(A)) [60, 6870], polyethylenimin[69], polyornithine[67], and

some proceures even use glycoprotein lamifs8].

In [70] the authors stated that-@rminated BDRanarSurfaces dewnstrated better suitability

for cell cultivation, in comparison with d#€rminated ones, but only when coated by a
polylysine layer. In the absence of a polymer coating, the growth of neurons was not
observed, which isonsistentvith the findings obtainedn uncoated planar diamond samples
reported in68, 69] On the contraryanother studgescribedhat proliferation and successful
neuron cultivation candnattainedon bareH- as well as on @erminated BDRanarSubstrates,

i.e., without prior polymetreatmen{105].

However, such polymer (or protein) treatment can negatafédgtboth the conductivity
and foulingresistance andan further increase the demands for preparation and maintaining
of the material. Thusponmodified parg surfaces are preferregrovided they enable
proliferation and survival of neuron cells and recording of their activity over extended
periods.One innovative way tmaintainthe surface in a bare mode but simultaneously fulfil
the mentioned requirements is #ggucturing a range of devieped BDDbased structured
materials hasalready been successfully applied in neural integfaapplications without
applying any additional polymer coatin®9, 68] Besides, some reports indicate that
changing morphology from planasmooth)to structuredporous)enhances cell growth and

proliferation, presumably due to the larger surface area and increased roj§8hess
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Fig. 2 Chemical structure fA) poly-L-lysine (PLL) andB) 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 $wdyle
inorganic buffers, such as a pH 7.4 phosphate buffer, are not suitald@diacations in
biological systems because thpgssesseveral disadvantagesanifested by inhibition of

enzymatic and metal iedependent reactior$06].

A common tissue culture buffer is HEPES buffered saline (HB®j], which typically
consists of carbohydrate-glucose(dextrose) and chlorideased salts (NaCl, KCI, Mgg&l
CaCh), but the main componenensuring buffering activity is HEPES2-[4-(2-
hydroxyethyl)piperazifl-ylJethanesulfonic acig¢pKazx (sulfonic group) = 3, Ka2 (Secondary
amine) = 7.55[107]). Clearly, HEPES isa complex organic compoundspecifically
zwitterionic N-substituted aminosulfonic acidso containinga piperazine ring in its structure
(see Fig2(B)), which can beotentially oxidizableBesides HBS, HEPES is a main buffering
component ofconsiderably 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 multicompent medium containing73
compounds (in its 'basic’ form withotie addition of other supplements), including 17
proteinogenic amino acidseight vitamins, eight inorganic salts, inositol,D-glucose
(dextrose) sodium pyruvate and, of course, HEPE®patantly, at leasteight of these
compounds were recognised as electroactimamely, tryptophan, tyrosine, cysteine,
histidine, methionine, vitamin B6, vitamin B12, and HEPES.

Presence of the polymer layer as well as the usedhliocking environment, pssibly
containing redoyactive interferents, can negativelifect the sensing ability. Therefore, when
proposed applications oblanar or structuredBDD-based materials, in addition tihe
formation of a neurorelectrode interface, aim to cover other measurements, especially

neurochemical sensingothaspectshould be carefullgonsidered and examined.
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3 Results anddiscussion

A vast majority of herein presentedresults have been published in peeviewed
international journals, referencedas [108-111] (and stressed irbold) in this Chapter.
Besides, all four publications can be found in Chapter 6 as apperiidg#ation Il, I, 1V,
and V.

Within this work, twelve different types afiew BDDporous €lectrode materials were
successfully developed and prepaiadthe Materials for Nanosystems and Biointerfaces
Group based at thBepartment of Functional Materiatsf the Institute of Physics of the
Czech Academy of Sciences. For fabricatiorB&fDporos, @ NOvel multistep approach was
applied, whereby the bul k of the el eatrode
detailed description of thentirefabrication process can be found #98, 109, 111112]

Importantly, fabricate@®DDyporouselectiodesdifferedin:

(1) useddeposition templatécarbon nanotube&iO, nanofibers, or their mixturgl13],
(2) boron doping leveglB/C in the gas phase 508000 ppm)108],

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

(4) number of deposited layg®, 3 and 5111}, and

(5) content of nordiamond (sp carbon[111].

Moreover BDDpianarfilms deposited orilat conductive silicon (cSi) wafensere studied
to confirm the effect of porosityBDDpianardeposition was carried ousingeitheracommon
CVD reaction chamber or a CVD reactoth thesoc al | ed Al i near antenna
[109]. A brief overview of prepared and researched Bid3ed electrodes is provided in
Table 3. Importantly, almost all electrode@he only exceptiorbeingtwo planar samples)

were studied in their agrownmode,i.e., with H-terminated surfaces.
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Table 3 An overview of all prepared and studied BRxrand BDDyorouselectrodes.

Morphology Template B/C ratio Number of Growth Ref.
(ppm) layers time (h)

planar cSi wafer 2000 T 5 [113]

planar cSi wafer 500, 1000, 2000 i 5 [108]
4000, 8000

planar? cSi wafer 4000 T 2.5 [109]

planar? cSi wafer 230000° i 8 [109]

porous® A7 CNTs 2000 4 4 1 2. [113]

Bi CNTs + SiQ NFs

Ci SiO: NFs
porous SiO: NFs 500, 1000, 2000 3 3 1 2. [108]
4000, 8000
porous SiO, NFs 4000 2 2 1 5 [111]
3 3 1T 5
5 5 T 5

2 These two types of BDJRnarelectrodes were examined in theirggswn mode (Hermination)and
afterin-situ electrochemical anodic activation t@mination). All other listed BDD electrodes were

utilised only asdepositedi.e., with H-terminated surfaces.

® Such high B/C ratidadto be used because BDD deposition was performed in the CVD chamber
withthesoc al | e da mMtld mreaarde l[i09.ery syst emo

¢In Chapter 3.1, BDRwusbased oA T carbon nanotubes (CNTH,1 a mixture of CNTs with Si@
nanofibers (NFs)andC 1 SiO; NFs only, are denoted asBDDyorous B-BDDporous @nd CBDDporous

respectively.

Subsequently, all developed BRYaus materials were thoroughly characterised, tested
and compared using a range of techniques:
(i) Scanning eletron microscopy (SEM) to observe the surface morphology and quality

of deposited layers
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(i) Raman spectroscopy to assess the quality and diamond layer compepsitimularly
to estimae boronconcentratio32, 33]andnon-diamond §p?) carbon content
(iif) Cyclic voltammetry (CV) to evaluate egochemical behaviouCV was recorded in:

a) a supporting electrolyte tdeterminethe width of the potential windows
anddoublelayer capacitancéCq)) values(see Eql),

b) a solution of five redox markers differingn the standard electrode
potentials(summarized ifmable4) andthe nature of ET, which was either
outersphere [Ru(NHz)e]*"2*, [IrClg)?" /,*FcMeOH™) or innersphere
([Fe(CNX]®/, dopamine /dopamineo-quinong, t o &ysvales s @
which are inherently related the rate ofET kinetics,effective surface
area (Aer; see Eq 2), proclivity to adsorption and fouling, response
stability; the latter two types of experiments were performed oviti
dopamine / dopamire-quinone redox couple.

Spectroscopic easurements in (i) and (ii) were conducted at the Institute of Physics of the
Czech Academy of Sciengehowever, the results were necessarydoirectinterpretation

andcorrelation of electrochemical data.

Selected BDlvrous electrodes manifesting favourabloltammetric behaviourwere

subjected to further experiments, particularly:

() A more sensitivesquarewave voltammetc (SWV) technique was selected and
optimizedto develop reliable methesdor detection of dopamine; analytical figures of
merit were determined such as sensitivity, linit detection (LOD), limit of
guantification (LOQ) and selectivity in the presence of common interfering
compounds€.g, ascorbic eid, uric acid paracetamdl

(i) Designed BDDLorouselectrodeseither bare omodified witha PLL layer, weretested
in bio-mimicking (HBS) andreal neuron cultivation (Neurobasal) media to elucidate
their electrochemical performance when exposed to conditions commonly employed

in neuron growth experiments.

Above-mentioned alterations in deposition conditigp®ints (1)7 (4)) of BDDgorous
electrods simultaneously represent the investigated parameters affecting their characteristics;
each parameter was thoroughly examined and is discussed separately in shéchexters
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Table 4 Standard electrode potentidt$ (vs. standarchydrogen electrodepr selectedredox

systems in aqueous solutions at 25AC.
Half reaction E°(V) Ref.
[RU(NHs)e]3* + € 2 [Ru(NHa)g]?* 0.10 [114]
[IrCle]2 ™+ & 2 [IrClg)®T 0.8665 [115]
[ferrocenium} + € z ferrocené® 0.40 [116]
[Fe(CNY]3 T+ € z [Fe(CNYJ*T 0.361 [114]
0.358 [115]

p-benzoquinone + & + 2 H" z hydroquinoné® 0.6992 [115]

@ Structurally similar to ferrocenemethanol (FcMe®H

® Structurally similar to dopamine / dopamiaejuinone.

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

supporting electrolytel(mol L't KCI):

Ca = I/Gp/ AgeomV (Eq 1),

wh e rlg/ (impA) is the averageapacitivecurrent difference between the forward and
reverse scan at a potential of 0 ¥W.(Ag/AgCl), v is the scan rate (0.10 V1 and Ageom

representgeometric electrode surface area exubt® the solution.

To assessAer, CV experiments were conducted withmimolL'! redox probein
1 mol L"? KCI within the range ofv0.017 0.10V s'!, and the RandleSevcik equation

(Eq.2) for a reversible process was applied:
b= ( 2.9 AADY>V2 o (Eq. 2,

wherelp is peak current (A is the number of transferred electrons=(1), v is the potential
scan rate (V'$), D is the diffusion coefficient and is the concentration (1®mol cni ®) of a

selected redox marker.
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3.1 Different templates used for deposition

In the first step, thredifferent types of BDwrousmaterials were prepared usitige following
porous scaffolds: (a) carbon nanotub&sBDDyporouy, (b) @ mixture of carbon nanotubes with
silica (Si®) nanofibers in a ratio of 1:1B(BDDporoud, and (c) Si@ nanofibers only C-
BDDyoroug; all other deposition parameters were keptstami(see Table).

Scanning electron micrographs of all porous samples, depicted i8(&)g.showed
complete coverage of the structured template with a closed BDD layer. Nevertheless, the
apparat porosity of the ABDDporous Samplewas reducedas clearly visible in Fig3(Aii),

compared tahe othertwo structured templateshown in Fig. 3(Aiii) andAiv).

Next, the applicability of the BDfwus materials forthe recording of voltammetric
responsef neurotransmitters dopamine and serotonin and their precursors, tyrosine, L
DOPA and tryptophan(all 0.1mmolL'?), was verified in a pH7.4 phosphate buffer
(0.1molL™). Fig. 3(B) shows CVs recorded for dopamine and serotonimd it is
immediatelyapparenthat decreased porosity &-BDDporouselectrodemanifested in obtained
electrochemical responses of studied analytes, resembling res@ttzsesdon BDDyjanar
electrodewith smooth magphology: This behaviouris presumably associated with the smaller
dimensions of carbon nanotubg@sngth (I) from 5 to 9¢ m, di ameter nMmjom 11(
compared to Si@nanofibers(l from 5 to 20e m, d i a menmg Similar obsesvations
were repored in[54], where 'black silicon' (‘bSi") wafers of shdro(f 1 Om) loglBd | on
i20 Om) needl e anduontyanegligivle diffeiemce btween BDEpated short
'bSi' needles and flat BDD electrode was recogni2zédhe same timea more significant
increase in current intensity was observed éogker needlesMoreover, n [41], short(l of
1 O mand bng ( of 3O m3ilicon nanowires were used as templates for Bjp@wth and the
resulting nanostructuresdsoexhibited different electrochemical properties: Specifically; 7.2
times higher currents for glucose oxidation were recorded onBBxigynanowires compared
to the short ones, which was directly correlated to their different length

On the contraryon BDDporouselectrodes ofiBo andiCo type, the characteristics related
to the porous structure, thus to the increased electroactivecarebde easily recognized in
Fig. 3(B). Structuring the surface resultedanconsiderable increase in background currents

but also inan increase in oxidi@n peak currents of both tested neurotransmitters, compared
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to BDDpianar and even ABDDporous €lectrode which can potentially lead to improved
sensitivity. Also, oxidation of studied biomolecules occurred at lower potentials, wiaigh

positivdy affectselectivity.

1/ pA

-50 . 1 . 1 . I 1

-0.4 0.0 04 0.8 0.0 0.3 0.6 0.9
E /V vs. Ag/AgCI E !V vs. Ag/AgCI

Fig. 3 (A) Scanning electron micrograptes (Ai) BDDpianas (Aii) A-BDDporous (Aiii) B-
BDDporous @and (Aiv) C-BDDporous €lectrodes(B) Cyclic voltammograms ofBi) dopamine
and (Bii) serotonin(both 0.1mmol L") in a pH 7.4phosphate buffer (0.molL'Y) recorded

on BDDpianarandBDDporouselectrodes.

BesidesCa andAett were calculated for all four samples (using Eg. 1 and Eq. 2 described
in Chapter 3andare summarized ifiable5. As expected, the lowe&u andAer values were
estimated for BDRanas and a negligible increase was recognized for thRBD®porous
A particulardiscrepancy appeais the case of other two porous electrodebereasCa
values increased dramatically, suggesting enhancement factor in real electrode area of 96 for
B-BDDporousand 27 for CBDDporous Aeff Values did not increase rmespondinglyin contrast,
only 18 and 1.5effective surfacenlargement factey respectivelywereobtained whichare
considerably smaller than factors estimdtaded orCq values.These results suggest that the
diffusion process ofelectroactive speciesi.€., redox marker neurotransmitter) from

a solution into the bulk oBDDyporous €lectrode is limited54, 62] Hence, redox reactions
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proceed predominantly on the structured surface and only partially inside the pores. This
further indicates that trulpccessiblédess Of developed porous electrodes for electrochemical
processes is significantly smaller than their real 'bulky' are@nalso beseen in Fig. @B).
Nevertheless, similar disagreement between real and effective surface area was recognised in
other studieswhich reportedcnincrease factoof 340[62] and 221]54] for structured BDD
electrodegevaluated fromCq), whereas the peak currentstbé used[Fe(CN)]® '/ fedox

probe only doubled, in contrast to BR&arfilms.

Table 5 Cq andAes values evaluated for tested BRaarand BDDyorous€lectrodes.

BDD material Caq ( OF TZ)C Cal, porous/ Cal, planar At (mmZ) Aer, porous/ Aet, planar

BDDpianar 55 T 3.80 T

A-BDDyorous 110 2 4.47 1.2
B-BDDporous 5270 96 6.95 1.8
C-BDDyorous 1490 27 5.53 15

All in all, C-BDDporous manifested(i) satisfactory porous charactéts porosity is more
pronounced than ithe case of ABDDporous and (ii) more convenient signal to background
ratio, compared to BBDDporous Sample. herefore a 3D template based on Si@anofibers
wasselected fopreparatiorandinvestigationof all other studied BDRrouselectrodes.

3.2Boron-doping level

Further, theinfluence of borordoping leveldenoted as 8/C ratio in the gas phagppm)
500, 1000, 2000, 4000, and 800@ fabricated BD[orous €lectrodes (3 layers; growth time
2.5 h / layer) was studied.08]. The results were compared with the setcofiventional

BDDypianarelectrodes deposited usimgenticalB/C ratios(seeTable3).

Concerning morpholagal featuresSEM images o&éll BDDyianarSamples showed closed
layers with a clearly defined polycrystalline structure; the grain size ofi ZEBOnm was
estimated for B/C 500 4000 ppm films, while a higher number of smaller grains of v#80
occurred in B/C 8000 ppm planar filfcompare Fig. 4(Ai) and (Aii)) Further, SEM of

BDDyorous Samplesconfirmed that a 3D template consisting of Si@nofbers was covered
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entirelywith a BDD layer (Fig. 4(Aiii)), except for B/C 8000 ppm, which showed regions of

poor BDD coating(see Fig. 44iv)). The phenomena observed at higher B/C 8000 ppm on
planar and porous electrodes can be assocmthdh decrease in thelm growth rateand the

film quality with theaddition of boron, which affects the nucleus formation during the initial
stage of growtlil6, 34]

Further, Raman spectroscopy wassedto probe the presence of nodimamond §)
content and to estimate the boron incorporation in the deposited diamond layers, based on the
position of the boromelated peak ata480 cmi® and using an empirical equation described in
[33] (examples of Raman spectra recorded for BER and BDDyorous €lectrodes withthe
peak desaption areshownin Fig. 7(B) in Chapter 3.4)For the set of BDRanar €lectrodes,
the boron concentratioffB]) was esti mat ed t o*awmsony’dor B/CG om ~1
1000p pm t o ?>a®msBni3Kdd B/C 8000 ppm as depicted in Fig. 4(Bjnote that
estimation for 500 ppm diamond layer was not possible due to the interference of the peak
related tocSi substrate ata 520 cm?). Only a minor contribution fromthe sp? phase was
recognised at higher B/C ratios of 4088m and 8000 ppm. In ntrast, the contribution from
spf carbonwas more significantin all BDDporous layers regardlesef the doping level; the
origin of the sp? phase inBDDporous €lectrodess thoroughly explained in Chapter 3A4s
indicated by Fig4(B), an increase in [Bjvith increasing B/C ratio in the gas phase was also
confirmed for porous layser in which [B] rangd f r o m  ~?% atofmé cimG for B/C
500ppm t o *~a®mséni3foHB/C 8000ppm.

Turning to electrochemical characteristiok prepared BDD samplesearly an 80%
increase inCq values, a 100nV shorter potential range, and a BY negative shift in
oxidation peak of dopamine weobservedon BDDyanar €lectrodes with increasy doping
level from 500 ppm to 8000 ppm. Thesergvexpected outcomes, which corretitee|l with
otherstudiesinvestigating theeffect of boron content othe electrochemical performance of
planar diamond filmg14, 15] Besidesth e Eyamlueof 6 1 N7 fomRu(NHs)s]*"%" and
74 N7 for\[Fe(CN)]¥¥ was assessed, confirming neaversible behaviour, fast ET
kinetics, the high quality of fabricated BR&ar samples, and suggesting no dependency of
aE, on the dopant contenmor the presence ofp-bonded impurities. Similarly, the
i ndepen dB forcthee [Fe(EN)]&* redox probe on the boratoping level was also
reported for HBDDypjanar€lectrodes deposited in the range of B/@0BT 50 000 ppm[4] and
B/C 10007 50000 ppm[18].
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Fig. 4 (A) Scanning electron micrographecorded fotthe following samples (Ai) BDDpianar

of B/C 4000ppm, (Aii) BDDpjanarof B/C 8000 ppm(Aiii) BDDporous0f B/C 4000 ppm, and
(Aiv) BDDporousof B/C 8000 ppm(B) Assessed [B] values based on Raman spectra recorded
on BDDyanar and BDDyorous €lectrodes deposited at various B/C ratig€) Cyclic
voltammograms of inmol L' dopamine ira pH 7.4phosphate buffef0.1 mol L'Y) recorded

on BDDporous€lectrodesvith differentborondoping leves.

Interestingly,increased content sff carbon indicated by Raman spectias proved to
be a more dominant factor ruling the electrochemical behaviour of BRielectrodes than
the borordoping level. For porousamplesCa values dropped by95% with increasin@®/C
ratio, and qE, evaluated for inorganic redox probes was lower than 59 mV, indictteig
partial adsorption inside the pore8urprisingly, aE, for innersphere[Fe(CN)]¥ /4 redox
system, welrecognized in electrochemistry for its sensitivity to the presence of oxygen
containing groups on the electrode surface, recorded onp&ddelectrodes remained
unaffected even aftexevenmonthsof exposure to airThisdemonstrasthe highstability of
BDDporoustowards spontaneous air oxidation (by atmospheric oxygétCak'/OH' present
in a thin layer of water formed on the soli@3]). In contrast, an increase &k, values(by
307 224mV) was recognized on loweloped BDDRjanar films (B/C 5001 2000ppm), while
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aEpon B/C 40000 8000 ppm planar films persisteshaffected which is consistent witf87]

reporting stabilizing effect of theigherboron content on Herminated diamond surface.

Moreover, dopamine oxidation potential€p{ pa) were independent of boron
concentration in BDRyouselectrodes andvere lower Epapaof+0 . 20 N 0. 03 V),
to the set of BDRanar Samples Epa, ba ranged between +0.28 &d+0.36 V). In addition,
cathodic peak, corresponding to the reduction of dopamtingnone back to dopamine (see
Fig. 1(A)), can bedistinguished inthe voltammogams recorded on BDRyous €lectrodes,
shown in Fig. 4(C)Besidese v a | u B, tnehd rarsge of 0.060 V 0.102 V reveals near
reversible redoyrocess for dopamine on BRéusbased electrode materials. Thishaviour
again confirms aonsiderable effect of arbon sites, enhancing and facilitating electron
transfer ratd19, 21]via acting as adsorption spots for dopamine moledlés19]} Similar
effects, resulting from structuring the BDD surface, tha electrochemical behaviour of
dopamine were also described ather studied46, 54, 62] which reported pronounced
reversibility, an increase in peak current and a negative shift in oxidation peak potential on
BDDporous€lectrodes, in contrast to the planar ones.

All aspects considered, boraloping level of 400@pm wasidentified as optimal
because at this B/C ratio, good morphological featwe® achievedmetallic conductivity
wasensured, and most importanttile maximal anodic signai-background current ratio for

thestudied analytejopaminewas obtained

As a result 4000ppmdopedl BDDpianar and BDDyorous €lectrodes were ubjected to
further experiments employingmore sensitive pulse voltammetric techniGu8WV. This
technique was selected to take advantage of (i) thereearsible nature of the dopamine
redox reaction and ifi 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 polyniige film (as described in Chapter 2.3.I)he
optimization of SWV operational parameters, suchraplitude A; 107 200 mV), frequency
(f,511200 Hz) , and step pot enHsLlialdo m¥)fwastpdrfermedit ai r c
utilising a solution of10¢ md.1* dopamine ina pH7.4 phosphatebuffer (0.1molL™)
separatelyfor BDDpianar and BDDQyorous Samples. The optimral SWV parameters were
established as followgs of 120 mV,fof 2 0  HEz of 2 e/ for BDDplanas andA of 40 mV,
fof3 0 HEzaf 2 na% for BDDyorous
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3.3Growth time of the individual layers

After identifying a suitable template (SO nanofibers) and boredoping level (B/C
4000ppm), the optimized SWV parameters were used to examine the third pardntieéer
growth time ofthe individual porous layer§l08]. Two BDDyorous €lectrodes wergested in

this part ofthe study, both withthreedepositedayers,which grewfor different timeseither

2.5 h |/ | ayer [(fara previows cChapter 3.Drt5Hi/ fayee (dnoted as
At hi;odwly prépared

It is immediately evident from SEM images, shown in.FgA), thatthe apparent
porosity ofthe it h i ¢ k edou® santplB Wvas decrease8y contrast its mechanical
stability was considerably improve8uch change in morphological characteristics naturally
manifested in electrochemical behaviour and obtained voltammetric respons&NV
vol tammogr ams r e clLbdapanine $olotiorfdepictddid Fig HiB))using
the optimal parametersthe lowest oxidation peak curredgA pa) of 0.565¢ A° was obt ai n
on BDDyianas Whereas a 7-told and a 2.6old increase ifpa,pawas r ecogni zed on
and At hi wdseecttodeeiectivel. The lesseincrease in recordeda, pa on the
latter electrode can be attributed to its lovpare density, and thus decreased electrode
surface area available for electroanalytical procestmsever, he relative standard deviation
(RSD) of Ipa, pa from ten consecutiv€W voltammogramg$or 1¢ md.1* and 10e md.1t
dopamine solutions a&s correspondingl8.6% and 0.9%/7.1% and 4.8%, and 4.7% and 2.1%
on BDDpianas it hi n pogud and fBIEXED BDDporous electrodes demonstrating
outstanding repeatability of recordddpaminesignals.BDD electrode surfacéouling was
clearly avoided as very stabléa pa values were obtained withoahy activation procedure.

In addition, the neareversible redox behaviour of dopamine was further provedigiinct
signalsin the forward and backward componentstbé SWV scan as shown irthe inset in
Fig.5(B). Besides the electrodeto-electrode gjnal reproducibility was assessed on five
electrodesrom eachBDD set (.e, planar,fit h i paroas, andihickero porous) which
wasdeposited n fi ame thesameywthconditions(details can be found if108]).

As expected excellent reproducibility was confirmed with the RSD values ofipa pa

(10 md.1* dopaming being 3.2% for BDDpianas 5.1%f or At h i phom @nd 8.9%8 D D
forit hi c Kk gorbus@lecBoDes.
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BDDyporous €lectrodes.(B) SW voltammograms ofl 0 & mb dioparhine ina pH 7.4
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(b At hi 8EDgokuselectrodesThe inset displays individugb B forward and(b B
backward components of tifie B total SWV current recordefbr 1 mmol L' dopamine in a

pH 7.4 phosphate buffer (0.1 mdifon @At hi Gokuselearod® D D

Next, concentration dependences of dopamine in a pH 7.4 phosphate buffer (0'f)mol L
were recorded on all three types of BDD electrodes to verify the applicabilityreof
developed SWV methodJhe attained figures of merit are tabulated in T&b#ong with
calculatedLOD andLOQ values(determined as a-fold and a 1€fold, respectively, of the
standard error of the intercept, divided by the slope of the corresygpodiibration plot).
Besi des, SW voltammograms recorded for di ff
BDDporousare depicted in Fig. 6(A).

As evident from Tabl®, both porous electrodes outperformed Biak:film in terms of
enhanced sensitivity, demonstrated as a slope of the concentration dependence, and lower
LOD values. Speci fodus€l@ctrodey maniféstedh alnmositiérescand® B D
ti mes higher sensitivity hti@karrdsaBddDasi ne d
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samples, respectively. However, the lowest measurable concentta®®i (m o 1%) amd the

| owest LOD val ue wer eporoastNotably, methddevelopedBQBis ¢ k e r 0
electrodescan compete well against othearb structured BDD materials, employed for
dopamine determination, on which LOD valuesGof 8 &'i[dd] (byLamperometry),

0.06e mo f'[4fJand 0. 27 [54] (batH by usingdifferential pulse voltammetjy

were achieved Even thoughca 4-times lower LOD, compared to BDRBE.us electrodes
developed within this studyyasreported in[47], a calibration plot with two linear regions

was registered, limiting the method's applicability inldalmedia 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, 117].

Table 6 Analytical figures of merit obtained for dopamine by recording SWV in a pH 7.4
phosphate buffgf0.1 molL'?), with estimated LOD and LOQalues

BDD material (B/C 4000 ppm)| BDDpianar it h i BDDgobusC i t h i BODgrbus
Linearrange( ¢ md¥) L |1 07100 0507 10.0 0.257 10.0
Intercept * (nA) 1408 7 186K33 25N11

Slope*( n A E'bjo | 60.3N1.2 449.4N6.4 157. 42.K

R 0.092  0.999% 0.998

LOD ( e md¥) L 035 0.22 0.21

LOQ ( € md¥) L 1.17 0.73 0.70

aAll uncertainties denotstandard deviations.

Nevertheless, the most exciting results were obtained when an interference study was
performed to clarify the specificity of the developed electrodes and SWV protocls. A
demonstrated byrable 1, among the most tested interferingnégén physiological media
belong ascorbic acid, uric acid, and paracetamol. When these interferents were present in a
100f ol d e X CesS S, podd dishinguisked rindividialDdignals of dopamine and
selected interfering compound; an example for dscacid is shown in Fig. 6(BNo such
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selectivity was demonstrated on BRRus with layers grown for longer times. Such

behaviour suggests that the selectivfythe BDDyorous materials can be altered by adjusting

their porosity.
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(7) 0.50, (6) 0.75, (5) 1.00, (4) 2.50, (3) 5.00, (2) 7.50, (1) 1GW®PSW voltammograms of
a mixture of 1& md.1! dopamine and 1000 md_1* ascorbic acid in a pH 7.4 phosphate
At hi np&s and BBHP D

buffer (0.1molL™) recorded on H

)bB D Dplanaﬁ (

At hi c k pobus@lecBoDes (all B/C 4000 ppm).

)

Consideringthe abovementioned analytical figures of merit and the resultsthaf

interference studya prolonged growth time of 5 hours of each layer vgatected and

preferred for furtlerinvestigation



3 Results and Discussion 39

3.4 Number of deposited porous layers and content of nen

diamond carbon

The last studied factor, whose impact on the characteristics and behaviour @6d@DD
materials was clarifiedyasthe number of deposited porous layers (2, 3 affdH)]. Hence,
three porous electrodes were studied, namelyBRDporous 3L-BDDporous (denoted as
At hi ck edudin G8per 3.3) and 5BDDporous The other previously ‘optimized'
parameterg,e., SiQG template, B/C 4000 ppm and growth time of Hawyer, were constant.

First, recordedcrosssectional SEM imageshown in Fig.7(A), confirmedthe thickness
of BDDporouselectrodes to increasteadilyat a r ate of ~Secodforall por ot
three BDDQyorous Samples, le consistent [Bvalueo f  ~22dtoin® crh® [32] and increased
content of nordiamond (sp carbon compared to BDRunar film, was evaluated by Raman
spectroscopyindividual spectra are depicted in Fig(B). Importantly nondiamond Gpeak
atca~1500 cm ! intensified withtheincreasing number of deposited laye3schanincrease
in the nondiamond phase igenerally associat with the plasma conditions within the bulk
of the porous layer during the diamond film growfle put it simply, a chance for important
growth speciesi.e., atomic H and CH radicgiso form diamondsp)bonds i s | ower i
the porous layer than on the top. As already pointed out, a novelstagtiapproach was
developed to fabricate BDRlouselectrodes, whereby the bulk of the material was made up of
fithi nd p oNevedrelestwhgn subseant porous layeraiereformed, the sprich
domainswerefavourably deposited on the underlying layers due to the limited penetration of
the already mentioned growtspeciesresponsible for diamongp®) growth into the porous

scaffold(i.e., SiO: nanofbers).

Moreover, a newly developed probe, which performs simultaneously scanning

electrochemical microscoggsECM) and scanning icgonductance microscogICM), and

thus allows distinguishing topography (morphology) and electrochemical activity, was
successfully applied othe structured surface of 2BDDporous €lectrode[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 teaoique helped to differentiate between these two types of
information and obtained scanning ioonductance micrograph revealed that the spots of

higher currents are predominantly related to the extrusibas topographical characteristics.
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Fig. 7 (A) Crosssectional scanning electron micrograml (B) Raman spectraf studied
SampleS(i) BDDpIanar, (”) 2L'BDDp0rOUS (|||) 3L'BDDporousand(iV) 5L'BDDporous

Next, CV experimentperformed in a KCI solution (fol L™) revealediwo trends: the
more porous layers, (i) the narrower therking potential window(a decreas&éom 2.4V for
2L-BDDporousto 2.2V for 5L-BDDporoug, and (ii) the higher th€qy values(an increasdérom
4050 Fem 2 for 2L.-BDDporousto 10600 Fem' 2 for 5L-BDDporoud. Both observed phenomena
can be attributed not only to the porous structure enlarging electrode area in contact with an
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electrolytesolutionbut also to the higher content offsmarbon impurities in the bulk of the

porous materials, whosegsence was confirmed by Raman spectraKgger/ B)).

To electrochemically characteritiee developed BDvouselectrods andcompare them
with a BDDpianas CVs were recorded in a solution of four redox prolufering in the
standard electrode potential (see Tad)lethe charge and the nature of ET (ousgherevs
innersphere). As can be seenFfig. 8(A) displaying CVs of FcMeOl, a representative of
outers p her e Byavaskireependest of the BDD material and approached a value of
59mV for a reversible singlelectron redox system, which thus confirmed fast ET kinetics
and high quality of the fabricated BDiiased electrode materia@n the contraryin the case
of [Fe(CN)]®'’,*shown in Fig. 8(B),assumedlydue to its innesphere character, the
o0 b t a i By subdstaragallydiffered: on BDDjanar film, the valueof at most136mV was
assessed, which dropped when morphology changed to peays Egef 62mV was

evaluated for 5tBDDporous

Further, Fig. 8(A) andrig. 8(B) demonstraténcreasedeak currents oéxaminedredox
probes withthe increasingnumber of porous layersTherefore Aet was experimentally
assessed usirtge FcMeOH°redox probeand the RandleSevcik equation (denoted as Eq. 2
in Chapter 3) As expected, BDEanar With a relatively smooth surface exhibited the lowest
Act (4.71mm?), which corresponetl well to Ageom (491 mnf) exposed to the solutipn
whereas the most significant increasé\in was observed for porous electrodes with 3 and 5
layers (7.16mn? and 7.72nn?, respectively). However, the recognised enhancement in
voltammetric responses aAdit values on BDRvrousSampleds not as significant as would be
supposed based d@y values, which is again related to the limited diffusion of the redox

active speciemto the bulk of the porous material, as already explained in Chapter 3.1.
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Fig. 8 Cyclic voltammograms ofA) FcMeOH™, (B) [Fe(CN)]®' / fdoth 1 mmolL™? in
1mol L' KCI), and(C) 1 mmolL'! dopamine in a pH 7.4 phosphate buffer (@dlL'™?)
recorded ont{ b) BDDgpjanas (> 1) 2L-BDDporous (b B 3L-BDDporousand ¢ B 5L-BDDporous
electrodes (all B/C 4000 ppm{D) Concentration dependences of dopamam¢ainedby
SWV on studied BDRanarand BDDyorous€lectrodes with corresponding LOD values.

Then, theelectrochemicabehaviour ofneurotransmittedopamine was studied on all
tested electrodes by CV in a pH 7.4 phosphate buffer. All recamaleammogramsllustrate
a nearreversible redox system corpemding to theil 2,e2H'0 reaction of dopamine/
dopamineo-quinone redox pair (see the mechanism in Fig. 1(Apart from that, dopamine
behaves dramatically different depending on the morphology of the BDD material, as it is

immediately obvious fronfrig. 8(C): On BDDRorouselectrodespxidation potentials shifted to
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| ess posi Episconsiderably lowr,sand depamine provides enhanced anodic peak
currents and wellleveloped cathodic peakspmpared tahe BDDyanarfilm. The observed
electrochemical performance of dopamine, especially ofBBDporous and 5L-BDDporous
electrodes, can be associated withre electroactive sites available for redox reactions due to
the surface structuring, as confirmed by highgrvalues. However, these electroactive sites
may also be attributed to the increased content‘ebspded carbon, as indicated by Raman
spectoscopy (see Fig. 7(B))Spr-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 difféfsptratio

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 ©fn8a.1* to cover
dopamine levelsn neural tis ues (typi t'aulnltsyseei Ghaptern2@The
dependences are plotted in R&gD) and obtained analytical figures of merit are summarized
in Table7. A significant boost inthe analytical performance of BDJaous €lectrodes was
recognized witlthe increasing numbeof layers: the highest sensitivity and the lowest LOD
wereattainedon the 5L-BDDporous€lectrode However, it isessentiato emphasize that&and
5-layered BDDRorus do not differ significantly in asessed LOD values and the lowest
measurable concentratgrwhich imples that further increase ithe number of deposited

porous layersife., more tharfive) would not manifest in improved analytical performance.

Therefore, for electrochemical sensing applications, particularly targeting
neurotransmitter dopamine, a Si@anofibersbased BDDRorous €lectrode with five deposited
porous layers (while each laygrew for 5 hours), boredoping level of 4000 ppm and higher
sp content, was identified as the most suitabde, 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 maf1), with assessedOD and LOQ.

BDD material (B/C 4000 ppm)| BDDpjanar ~ 2L-BDDyorous  3L-BDDyorous  5L-BDDyorous
Linearrange( ¢ md¥) L |557300 207300 057300 077300
Intercept * (nA) i43.8 138.8 [7110.5 [1130. 7
Slope*( n A &'jo | 33.2 35.9 N152.4 574.1 |
R 0.0995  0.9998 0.9998 0.9999
LOD ( e md}) L 0.64 0.37 0.24 0.20

LOQ ( e mdl) L 2.13 1.23 0.80 0.67

aAll uncertainties denote standard deviations.

3.5 Designed BDDorous electrode

Since a BDDyorousbased device, which could combitige cultivation of neuronsand the
measuring of the released neurotransmitters, is foreseen, the designed porous electrode was
employed to further experiments to elucidate its behaviour under conditionseckedoir

culturing the neural cells.

3.5.1 Biomimicking media

The first thing to be considered is a medium used for negrowth which needs to be nen
cytotoxic, and it must ensure conditions (pH, osmolality, individual ion concentrations)
matching those fahe human body. Thereforthe possibility of dopamine detection in more
complexbio-mimicking media was verifiell09, 111]

The frst studied pseudgphysiological environment was common tissue culture
medium,HBS (pH 7.4;its composition isdetailed in Chapter 2.3.2where HEPES is a
buffering agent (for structure see Fig. 2(B))This compoundwas confirmed electroactive
within the scope of this workL09]. Electroactivity of HEPES compound, which is present in

HBS ata high concentration of 2GimolL'?, is responsible for narrowing the working
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potential window, particularly irthe anodic region because HEPES irreversibly oxidizes at
potential ofca +0.8 V on asgrown (Hterminated)BDD-based electrodedHowever, no
negative impact orthe recorded dopamine signals (occurringEak, pa of +0.20V) was
noticed. Concentration dependence of dopamineraasdedon the designed 5tBDDporous
electrodein HBS usingthe developed SWV method and analytical parameters (sensitivity,

linear range, LO@) comparable to those reported éosimplephosphate buffer were achieved.

Also, HEPES is a main buffering componentasf even more complex environment,
Neurobasal medium, which vgidely utilisedin neuron cultivation experimentsnportantly,
eight out of its 37 componentglisted in Chapter 2.3.2Jvere 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
rangef r om 1 0. 2 oNthebleBDBGusdectdde; the latter potential value is again
relaed to the HEPES oxidation, which limits the available anodic regionthef

electrochemical window.

In the next stepthe applicability of thedeveloped5L-BDDyporous €lectrode andBWV
protocolwas verified for dopamine determination in the spiked Neurdbasdium using the
standard addition method. The found dopamine concentrati®O9qN0.220 maLl?)
corresponded very well to the added ¢né 0 . 0 L' iis Iconfirmedthat dopamine can
be accuratelyleterminedbn the 5L-BDDyporouselectrode even inush complex biemimicking

solution and the proposed SWV method was not sevienglgictedby any matrix effects.

3.5.2 Poly-L-lysine coating

To achieve successful neuron cultivation, besides using Neurdizsad mediaa surface
treatment ioftenrequired to promote adhesion and effective attachmethieafeural cells to
a growth substrateas explained in Chapt&:3.2. Such treatment is ually performed by
coating material witta selected cationic polymePLL is themost widely usedfor structure
see Fig 2(A)). Therefore the modification othe designedbL-BDDyorouselectrode with PLL
was performed according tbe standardprocedure used in neuron cultivation experiments
( 10 ¢£'gPLLdissolved in a pH 8.4 borate buffer (0.15 moéb)Lwas applied on the

electrode surface and left at room temperature for 168) and investigated fronthe
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electrochemical point of vieyl11] using 1.0mmolL'! dopamine in a pH 7.4 phosphate
buffer (0.1mol L™Y).

The application of PLL coating on porous electrode surface resulted in a decrease in
dopamine peak currents by 17%, whilst the peak potentials remained coAstop in
signal intensity can be attributed ( the reducednumberof electroactive sitedue to the
presence othe PLL layer, which alsohindered dopamine diffusioto the electrode surface,
and (ii) electrostatic repulsion between protonated dopamine and the PLL coating as both
species contain amin@roups in their structures, which carryasitive charge in a pH 7.4
medium (pKa (amine) values of 10.7817] and 10.59118] are reportedor dopamine and
PLL, respectively)

Further, the PLL layer formed on tfé-BDDporousWas not stable enoughnd removal
of PLL was observed through increased dopamine currents even whesathdsurface was
simply rinsed withdeionizedwater Assumedly one hour is nota long enoughperiod to
create a continuous and stable PLL coating on the structuretbdiesurfaceThis instability
represents aeriousproblemasreleased PLL may saturate receptors on unattached neural
cells, and thus prevertheir effectiveadhesion to the growth substratewever, it shoulde
alsostressedhat some types o$tructued BDD materials hee already leen utilised in their
bare mode,i.e., without any polymer treatmenfor successful neuron cultivatiofb9],
including the BDDyporous based on SiQ nanofibers [68]. Hence this indicates tat
inconvenience resulting from the instabilitytbe PLL layer on porous surfaces can be easily

overcome by not applying suehayer in the first place.

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

electrode neuralinterfaces.
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4 Conclusion

Within the scope of this Ph.D. thesis, newly developed BRil2based electrode materials
(twelve in total) with structured architectures, prepared using various fabrication parameters,
were thoroughly characterised amyestigated froman electroanalytical point ofiew. To
confirm the effect of enlarged porous surfagsget of conventional BDixnarelectrodes was

also studied.

Undoubtedly, every parameter examined in this thess, porous template, boren
dopinglevel, the growth time of individual layahetotal number of deposited porous layers,
and sp carbon content, was proved to play a crucial role when it comes to the morphological
features and electrochemical performance of developedyBfielectrodes The impact of
each listed factor,governed by selected deposition conditions, on electrochemical
characteristicsg.g, the width of the potential windos; Cq and Aert values, ET kinetics
mani fested bBy), aedv \mltamraetrie dehagour ofelected analyte, the
neurotransmitter dopamine, eve individually assessed and carefully clarified. Besides,
electrochemical data obtained for BRus electrodes were coleged with their

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

In general, smecommontrendswere noticedn all porous electrodeparticularly

(1) Effective surface areaf all BDDporous €lectrodes available foelectroanalytical
processes wason the one hand,confirmed to be higher thathe electroactive areaf
BDDpianarfilms with flat surfacesOn the other handt was shown to benuchlesserthan the
'real' area of the porous material, which is causedhbyimited diffusion of redoxactive
species into the bulk of the BREwuselectrodes.

(2) Due to the employed fabrication strategy, not only enlarged (porous) swéace
attainedbut alsoincreased spcarbon contentvas confirmed in BDDQorous Materials,which,
naturally, manifested by (i) a significant increase in background currents, and tlds in
values,(ii) narrowing of working potential windowsind by (ii) voltammetric charactegiics
recognised for dopamine, such as pronounced reversibility, faster ET kinetics, sharper peak
shapes, lower oxidation potentials and intensified peak currents, in contrast tg./&DD
(predominantly spcarbonbased) electrodes.
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Subsequently, considering all aspects swh morphology, mechanical stability,
electrochemical characteristjcand analytical performancée most convenient deposition
conditions were identified and selected to produper@uselectrode targeting setise and
selectivedopaminedetection.As a resulta SiQ nanofibersbasedBDDyorous €lectrode with
five deposited porous layers (while each layer grew for 5 hours), boron doping level of
4000ppm and higher gpcontentresulting from deposition conditis, was identified as the
most suitabldor dopamine sensindRemarkablythis porouselectrodeprovideda 17-times
higher sensitivity ané 3.2-times lower LOD valu¢ 2 . 0”Imal D'?) thanthe conventional
BDDpianar film, usingthe optimized SWV method in a pH 7.4 phosphate bufidoreover,

a designed BDDyrouselectrodemanifested improved selectivifpr dopamine in the presence

of common interfering compounds in physiological media, ascorbic and uric acid, as it
successfullydistinguished the individual voltammetric signals of dopamine even in the
presence of 100fold excess of the interfereniio such observation was made for planar
electrodes, on which overlapped pgakere recorded.These results clearly shothat
changng morphologyfrom planar (smooth) to structured (porouspresentsa powerful

approach otonsiderablyenhaning the sensing ability of the BDD electrodes

Further, the electrochemical performance tioé developed BDIpbrous €lectrode was
successfully verified in bionimicking 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 enabldabtim complex
environmentseven though they both contain electroactive speuiekjding buffering agent
HEPES Application of a mruron adhesiopromoting layer, PLL, on BDFRous €lectrode,
resulted in altered dopamine behavios anodic peak currendecreased due to hindered
diffusion and electrostatic repulsiotdowever, successful neuron cultivation was also
achieved on BDRyousdeposited on Si©nanofibers in its bare modee., without polymer
treatmentTherefore a platform based on BDRousmaterial enabling simultaneously neuron

cultivation and recording of the neurotransmitter dopamagbe envisioned.

Finally, a deeper understanding of factors influencing the fimadrphological and
electrochemical featuresan lead to a rational desi@f new and highlypromisingBDDyorous
electrode materials, whose properties caro@misedfor specific purposeConsequently
expansion ofin-vitro and in-vivo applications of BDD-based porous architecturesn

electroanalysis, sensors development and neuroscience eapdmted
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compaosite materials or new approaches in construction of microelectrodes and microelectrode arrays for
biosensing represent another area of interest. Attention is paid to possibilities in detection of amino
acids, peptides and proteins, nucleobases, nucleos(t)ides and DNA/RNA.
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1. Introduction

Boron doped diamond (BDD) thin films have become a well-
established tool in electrochemistry since their introduction in
1992 [1]. Continuous fundamental research recognizes BDD as a
biocompatible material with good electronic, chemical and me-
chanical properties, exhibiting semiconductivity to metallic-type
conductivity depending on the boron-doping level and content of
non-diamond carbon phase. For electroanalysis, the most impor-
tant properties constitute a wide potential window in aqueous and
mixed aqueous-organic solutions (ca ~3—3.5V), low and stable
background current, decreased proclivity to fouling in comparison
with other solid electrode materials and a possibility of in-situ
electrochemical activation. The potential of BDD-based materials
has been readily recognized in commercial sphere (overview of
suppliers in Table 1). This competitive supply enabled distribution
of BDD-based materials to analytical research laboratories not
possessing reactors for their fabrication by microwave plasma or
hot filament chemical vapour deposition (MWCVD; HFCVD),

In the last fifteen years, compact reviews [2—G] and books
devoted to diamond electrochemistry, physics and applications
[7—10], including diamond nanostructures and particles [11] have
been published. Moreover, outputs of the twenty five-year history
of BDD-related research (5860 publications according to Web of
Knowledge database; Fig. 1) can be traced in a number of reviews
devoted to the particular aspects, such as surface modifications
[12,13], electrosynthesis and anodic waste water treatment
[14—19], or electroanalytical applications including applications in
biosensors [20—31] and in liquid-flow techniques employing BDD
electrodes for electrochemical detection [32].

In 2009, we reviewed progress in electroanalysis of organic
compounds and biomolecules and their constituents in
Refs. [26,28]. Two years later, we published another review, with
emphasis on the miniaturized BDD electrodes and their arrays
(MEA) [29]. Naturally, topics related to electroanalytical applica-
tions of BDD have appeared also in thematic reviews, eg, in
Ref. [33] dealing with simultaneous voltammetric determinations

of organic analytes, in Ref, [34] devoted to detection of phenolic
compounds in plants or in Refs. [35,36] devoted to analysis of
pharmaceuticals.

Herein, we comment on the state of art in the field of electro-
analysis of various organic compounds and biomacromolecules and
their constituents by means of bare BDD-based electrodes
including microelectrodes and microelectrode arrays, and BDD
structured architectures with focus on progress in the last ten years
since the publication of [26,28] (further referred to as “reported
decade”). The comprehensive Table 2, which overviews particular
studies and specifies the BDD electrode, its pretreatment and
optimized electroanalytical methodology including obtained limit
of detection (Lp) documents the variety of approaches developed
for electroanalysis of environmental pollutants, dyes, agrochemi-
cals, pharmaceuticals, food components and additives, neuro-
transmitters, their metabolites and precursors in a variety of
matrices. Further, achievements in electroanalysis of proteins and
DNA/RNA and their constituents are commented.

2. New trends in electroanalysis of organic compounds

Continuous research profiting from advantageous properties of
the BDD electrodes resulted in efforts to understand factors influ-
encing potential positioning and intensity of signal of redox-active
organic compounds. This can be observed especially in the last
decade, as a number of studies have appeared to resolve the
interplay between electrochemical properties of BDD films and
electrochemical behaviour of analytes on one side and surface and
bulk properties of BDD films on the other. These include surface
termination [7,48-52], sp® carbon content [53,54], morphology
(grain size, crystallographic orientation) and are basically deter-
mined by conditions adjusted for the CVD procedure (e.g,
conductive support and its temperature, B/C ratio and C/H ratio in
gas-mixture, its composition, pressure and total gas flow).

In electroanalysis, this interest resulted in broadening the
optimized parameters related to electroanalytical performance of
BDD electrodes and extension of the spectra of analytes and
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Table 1
Commerdial suppliers of BDD materials.

Supplier

Characterization of provided BDD materials and electrodes and related equipment Ref.

Element Six (UK)"

As-deposited BDD in wafer form for electrodes up to 138 mm in diameter, thickness 0.4—0.8 mm, boron doping  [37]

level ~3-10%° cm >, resistivity 0.02—-0.18 Q cm: electrodes can be cut to a custom defined shape with a range of
surface finishes, metallization and bonding options

‘Windsor Scientific (UK), since 2019 Bio-Logic

SAS (France) bottom part;

Boron doping level 0.1% (B/C 1000 ppm), resistivity 0.075 cm; a) BDD in an inert Teflon body, 3 mm diameter, flat [38]

b) Individual pieces (both sides polished) 10 x 10.5 x 5 or 3 x 3 mm, thickness ~0.5 mm

NeoCoat
(Switzerland)”

a) Standard NeoCoat®-Electrodes on silicon: monocrystalline or polycrystalline Si, thickness 1—2 mm, boron doping [39]
level 100—10000 ppm (3-10'"-3.-10*" cm ?), resistivity 0.002—0.5 (2 cm; available different shapes (rectangle,

disc, square), sizes, one or both sides coated

b) Standard NeoCoat®-Electrodes on metal: Nb or Ta substrates, thickness 1 mm, boron doping level 2500 ppm,
resistivity 0.015 € cm, both sides coated

¢) NeaCoat®-Analytics: (1) micro-electrodes chips sensors with standard size of 3 x 7 mm or upon request:
microdisc array (MDA, diameters in the range 2—10 um) or interdigitated array (IDA, finger distance of less than
5 pm) of BDD electrodes. (2) SenSys Sensors: p-Si, thickness 0.5 mm, chip size 2.8 = 7 mm, number of
microelectrodes 50—500, microelectrode size 3—15 um

d) NeoCoat®-RDE set: p-5i, thickness 1 mm, resistivity 0.10-0.150Q cm

Condias (Germany)'

HFCVD BDD, plates, mesh, pins and combinations thereof, areas up to 100 x 50 cm?, standard substrate materials: [40]

NDb, Ta, Si, graphite, and conductive ceramics, BDD thickness >15 pm

sp3 Diamond Technologies (USA)

Undoped or conductive HFCVD Si/BDD films (resistivity 0.05—10 Q cm), wafer diameters (d) 50, 75, 100, 150, 200 [41]

and 300 mm, thickness 0.2—10.0 um (thicker films available), grain size down to 10nm; customized HFCVD BDD
coatings on large substrates and numerous substrate materials (graphite, Nb, Si, SiC, Ti, and W), customized boron

concentration
ESA Biosciences” (USA)
Advanced Diamond Technology (USA)

ESA Coulochem IIl detector with a choice of cell design: amperometric or coulometric cells with BDD electrode(s) [42]
Nanocrystalline thin film BDD electrodes (UNCD*): [43]

polycrystalline diamond (UNCD Lightning25: conductive — boron-doped); substrate material Si, SiO;, thin metal
films as seed layers (Ti, Nb, Ta, W), sizes 10 x 10mm up to 50 x 50 mm (other sizes available upon request),

resistivity 0.01-0.1 Q2 cm
GL Sciences (Japan)
Fraunhofer CCD — Center for Coatings and
Diamond Technologies {USA)

Electrochemical detectors equipped with BDD electrode for HPLC instrumentation [44]
a) BDD disk electrodes: a 2 mm polished BDD disk in a 6 cm long x 6 mm outer diameter PEEK housing (custom  [45]
orders with other chemical resistant housings, including PTFE are possible); b} free-standing BDD plates

(10 x 10 mm or custom), as-grown, unpolished, thickness 0.4 mm; c¢) BDD MEAs, can be fabricated on various
substrates with several individual electrode diameters, center-to-center spacing and patterns; d) BDD optically
transparent electrodes, grown on quartz substrates

DropSens (Spain)
Antec Scientific (The Netherlands)

Screen-printed BDD electrodes, deposited on ceramic substrate [46]
Thin-layer flow cell equipped with BDD electrode (Magic Diamond™) for HPLC instrumentation 147]

* Formerly De Beers [ndustrial Diamond.

b Spin-off company of Swiss Center of Electronic and Microtechnology (CSEM), previously Adamant Technologies (AT).

© Spin-off company of the Fraunhofer Institute for Thin Films and Surface Technology.

4 Acquisition of Thermo Fisher Scientific.

600

.
I boron doped diamond electro®
+ "chemistry analytical” £ 839

450

300

Number of publications

150 4

1990 1995 2000 2005 2010 2015
Year

Fig. 1. Number of publications in database Web of Knowledge issued from 1987 to
2018 related to boron-doped diamond (*boron doped diamond™ 5185 articles
including 182 reviews, and 832 proceedings papers) and to application of boron doped
diamond in electroanalysis (“boron doped diamond electro®” + category: chemistry
analytical: 741 articles including 41 reviews, and 52 proceedings papers).

electroanalytical methods used. The most important attributes in
the reported decade, previously not considered or representing a
marginal direction of BDD-related electroanalytical research are as
follows:

(i) Surface pretreatment has been identified as a crucial factor
influencing electron transfer kinetics and increased number of
studies has been performed on cathodically pretreated (ie., H-

terminated) surfaces, frequently with an anodic cleaning step
preceding the cathodization. Further, mechanical polishing at
alumina slurry or silk cloth has been newly introduced; (ii) effect of
boron doping level has been investigated or at least stated for BDD
materials employed; (iii) adsorption of analytes and their associates
with surfactants has been utilized in adsorptive voltammetric
techniques, even using transfer techniques; (iv) role of sp® carbon
phase in the electrochemical performance has been examined; (v)
frequency of studies dealing with reducible analytes has been
increased; (vi) increased attention has been paid to possibilities of
employment of voltammetric methods for simultaneous determi-
nation of multiple analytes, sometimes with employment of che-
mometric approaches in voltammetric techniques or with
multiple-pulse amperometric detection in liquid flow techniques;
(vii) different strategies have been employed to enhance sensitivity
and selectivity of electroanalytical measurements with bare BDD
materials, including structuring the BDD surface, construction of
BDD MEAs and microelectrodes or even smaller-sized designs, and
composite electrodes (screen printed, paste BDD electrodes).

2.1. Surface termination of bare BDD materials

In comparison with other carbon-based electrode materials,
electron transfer at the heterogeneous surface of BDD is hindered
for many redox processes [55], leading to potential shifts of the
corresponding signals closer to current onsets of both hydrogen or
oxygen evolution reactions (HER, OER), which limits the working
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Table 2
Selected electroanalytical studies on bare BDD electrodes dealing with oxidizable and reducible (in italic script) organic compounds.
Analyte BDD electrodef Electroanalytical method, Ip Application, remarks Ref.
pre-treatment arrangement, conditions® [pmol L]
Neurotransmitters, their metabolites and precursors; interferents
Dopamine commercial Amp, 0.05MPB pH 7 0.35 Ep=+08V [322]
BDDyys/PPT
Dopamine MWCVD BDD film/ Amp; 0.07 MPB pH 7, 15 - [223]
APT Ep = +0.58 V (film), +0.38V 0.8 distinguishing DA
BDD nanograss (nanograss array) and UA signals
array/as-prepared
Dopamine MWCVD BDD/APT CV; 0.07 MPB pH 7 14 BjC 10* ppm [323]
Dopamine HFCVD BDDyE/as- FIA-FSCV; PBS pH 7.4 0.027 in vivo detection of  [218]
prepared extracellular DA
Dopamine MWCVD BDD DPV; 0.1 MPBS pH 7.4 less than 0.100 determination in the [215]
NEA/APT presence of AA
Dopamine MWCVD UMEA/  CV; 0.1 M H,S04 1.0-10 * determination in the [324]
CPT presence of AA
Dopamine MWCVD BDDpE/ FSCV; PBS pH 7.4 not established B/C 20 000 ppm [220]
potential cycling
Dopamine, adenosine Thermo Scientific HPLC-CD; 45mM (NH,4)3P0s,  2.1-107%,1.2:1073 determination in [244]
ESA model 5041 1.1 mM Na4P>0;, and 4% ACN, tissue-content
analytical cell with adjusted to pH 3 using H3POu, samples from the
a BDD disk Ep = +0.84 V (vs. Pd) frontal cortex and
electrode striatum of mice
Dopamine, ascorbic acid BDDcsen/APT, SWV; 0.10M HCIO, 0.283,0.968 simultaneously in  [325]
8000 ppm synthetic
cerebrospinal fluid
and serum
Dopamine, ascorbic acid commercial BDD  ChA; 0.1MPB pH 7.4, 0042,75 simultaneously [213]
MEA/APT Ep = +04V (DA), +1.3 V (AA)
Dopamine, cysteamine commercial FIA-MPA (wall-jet); 0.011, 0.013 river water and [263]
BDDne/CPT 0.05 M HyS04 bovine serum
Dopamine, pyridoxine (vitamin B6) EA-HFCVD porous DPV; 0.1 MPB pH 7 0.06, 0.21 simultaneously in [228]
BDD/as-prepared human serum
Dopamine, uric acid HFCVD BDD- LSV; 0.2MPBpH 7 0.27,2.1 simultaneously [221]
coated “black Si*
long-needle
electrodefas-
prepared
Dopamine, epinephrine, norepinephrine commercial HPLC-AD; 20 mM AcB-CBJACN 1.31-107%,1.09-107%, simultaneously in -~ [326]
detector (ED703, (100/16, v/v) with 1 gL ' 11810 * human urine
GL Sciences, sodium 1-octanesulfonate,
Japan)/APT Ep=+08V
Epinephrine commercial SWV; 0.5M HCIO4 021 human urine [327]
BDDuws/PPT
Epinephrine HFCVD porous FIA-AD (wall-jet); 0.2MPB pH 0.50 synthefic serum [231]
BDD/as-prepared 7, Ep = +030V
Epinephrine, normetanephrine, commercial CZE-AD; 50 mM H3PO4 - Tris 1.7, 1.7, 04, 1.7, 0.4, 0.4, 0.3, 0.8, 2.1, 2.1, simultaneously in  [328]
tryptophan, isoproterenol, BDDyys/as- (pH 3), Ep = +1.0V 13 human urine
homovanillic acid, vanillylmandelic prepared
acid, indoxyl sulfate, 5-
hydroxytryptamine, 4-hydroxy-3-
methoxybenzylamine, 3,4-
dihydroxybenzylamine, tryptamine
1-DOPA commercial SWV: 0.04 M BRB pH 3 08 seeds extracts of [258]
BDDwys/- velvet bean
1-DOPA Commercial ECD HPLC-ED; 20 mM AcB-CB:ACN 10 fmol human plasma [329]
(ED703, GL (100:5, v/v) with 1gL !
Sciences, Japan)  sodium 1-octanesulfonate,
Ep=+10V
Serotonin MWCVD BDDpE/  high-speed ChA; 150 mM NaCl, 0.013 serotonin transport  [330]
as-prepared 5mM KCl, 1.2 mM MgCl,, in primary
5mM glucose, 10 mM HEPES, lymphocytes
and 2 mM CaCly,, pH 7.4,
Ep=+08V
Serotonin Commercial CV; 0.1 M NacCl with 5mM 0.5 - [60]
BDDgs/acid HEPES buffer
cleaning, O-
termination
Tryptophan BDD nanowires/  DPV; NaPO4/NaOH (pH 11) 0.5 = [224]
APT
Tryptophan, tyrosine BDDespn/UV DPV; 0.1 M KCl (pH 7.4) 5;5: simultaneously in [226]
irradiation 05,02 human plasma
BDD nanowires/
UV irradiation

(continued on next page)
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Analyte BDD electrode/ Electroanalytical method, Lp Application, remarks Ref.
pre-treatment arrangement, conditions® [umol L~1]
Vanillylmandelic acid, homovanillic acid  commercial DPV; 0.1MPB pH 3 04,06 - [63]
BDDws/APT
Menocyclic and polycyclic (substituted) aromatic hydrocarbons; heterocycles
2-Aminobiphenyl, MWCVD BDD/APT HPLC-AD; 10 mM AcB pH thin-layer/wall-jet simultaneously in [331]
3-aminobiphenyl, 5:ACN:MeOH (40:30:30, vjv/ 1.6-107%/2.1-102 model samples of
4-aminobiphenyl V) 7.5:107%2.3-1072 tartrazine
Ep (vs. SHE) = +1.44 V (thin- 1.1-107%2.0-102
layer), +1.20 V (wall-jet)
2-Aminobiphenyl, MWCVD BDDJAPT DPV; 0.04 M BRB pH 7 DPV/HPLC model solutions of  [75]
4-aminobiphenyl, HPLC-AD (wall-jet); -/0.060 Sunset Yellow
1-aminonaphthalene, ACN:0.01 M PB pH 3 (40:60, v/ -/0.039
2-aminonaphthalene v),Eh =410V 0.89/0.021
0.44/0.018
1-Aminonaphthalene MWCVD BDDJAPT DPV; 0.04 M BRB pH 2 14 = [78]
1-Hydroxypyrene commercial HPLC-AD (wall-jet); MeOH: 0.087 human urine [332]
BDDws/potential ~ 0.05MPB pH 5 (80:20, v/v),
pulses Ep=+10V
1-Nitropyrene, 1-aminopyrene commercial DPV; MeOH:0.04 M BRB pH 3 0.3, 0.06 - [74]
BDDyys/potential ~ (70:30, v/v)
pulses
1-Nitrapyrene, 1-aminopyrene, 1- commercial DPV; MeOH:0.04M BRB pH 3 0.30, 0.06, 0.10 simultaneous [191]
hydroxypyrene BDDyws/potential ~ (70:30, v/v) determination
pulses
2-(2-Hydroxyphenyl)-thiazole-4- commercial Amp; 50 mM PB pH 9 with 20% 0.012 Ep=+07V [333]
carbaldehyde BDDyys/PPT ACN
2-Aminoacetophenone N/A/PPT CV;PBpH 7 4860 exhaled air [334]
2-Aminobiphenyl MWCVD BDD/APT, DPV; 0.04 M BRB pH 7 0.72, 0.48, 0.80, 0.48, and 0.21 [168]
B/C (ppm): 500,
1000, 2000, 4000,
and 8000
2-Aminobiphenyl, MWCVD BDDJAPT HPLC-AD (thin-layer); 0.01M 0.060, 0.096, 0.15 drinking and river  [76]
3-aminobiphenyl, AcB pH 5:ACN:MeOH (40/30/ water
4-aminobiphenyl 30, viv[v), Ep = +1.2V
2-Heptyl-3-hydroxy-4-quinolone commercial Amp; 15mM H5PO, adjusted  1.0-102 detection in cultures [89]
BDDyys/APT to pH 2 with 1M HCI:ACN (1:1, of P. aeruginosa
viv),Ep = +08 V mutant strains
2-Heptyl-3-hydroxy-4-quinolone, 2- commercial DPV; 50mM AcB pH 5 with ~ 0.25, 0.25, 0.05 simultaneously in [335]
heptyl-4-hydroxyquinoline, pyocyanin BDDyys/PPT 20% ACN microbial
P. aeruginesa strain
2-Heptyl-3-hydroxy-4-quinolone, 2- commercial DPV; 50 mM AcB pH 5 with 1.07,2.48, 1.74 bacterial cultures, [90]
heptyl-4-hydroxyquinoline, pyocyanin BDDyys/potential  20% ACN + 1.0 mM CTAB cystic fibrosis
cycling sputum
1-Naphthol, 2-naphthol commercial DPV; 0.05M H2504 0.05, 0.10 natural water, [336]
BDDy/CPT synthetic urine
5-Nitroquinoline MWCVD BDDJAPT DPV; 0.1 M AcB pH 5 0.20 or 0.50 - [101]
or CPT
Anthranilic acid, salicylic acid commercial LSV; 0.1 MPB pH 7 with 16%  3.79, 0.80 plant growth [337]
BDDyys/potential ~ EtOH stimulants
cycling
Barakacin commercial DPV; 50 mM PB pH 2 with 20% 5-10~3 bovine feces, sputum [338]
BDDyys/PPT ACN of cystic fibrosis
patients
Benzola]pyrene commercial SW-AdSV; DMSO-0.1 M BRB ~ 1.02:10°2 tap water [149]
BDDys/APT PH 2 with 250 uM SDS,
Eac = +0.1V, tye=120s
Cocaine commercial BIA-SWV (wall-jet); 0.89 real cocaine samples [133]
BDDyc/CPT 0.1 MH,50,
Cotiitine commercial FIA-MPA (wall-jet): 0.1MPB  0.06 saliva; reductive [178]
BDDyc/CPT pH7 determination of
oxidation product
Ethylone commercial SWV; 0.5 M H;S04 i seized street drug ~ [239]
BDDpc/CPT
Indole-3-acetic ccid commercial SWV; 0.1 M BRB pH 2 122 plant seeds [121]
BDDws/APT
Isatin MWCVD BDDJas- FIA-AD (thin-layer); 0.1 MPB  0.10 Ep=+11V [339]
prepared pH72
Isatin MWCVD BDDjf- SWV; 0.1 M PBS pH 7.4 0.22 synthetic urine [212]
MWCVD BDD 0.04
MEA/-
Methamphetamine HFCVD BDD/CPT  DPV; 0.04 M BRB pH 10 0.05 human urine [340]
N-hydroxysuccinimide MWCVD BDDjas- LSV; 0.1 M NaHCO3 109 - [341]
prepared
Nicotine commercial DPV; 0.04 M BRB pH 8 03 [342]

BDDyys/PPT
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Analyte BDD electrodef Electroanalytical method, Lp Application, remarks Ref.
pre-treatment arrangement, conditions® [umol L™']
tobacco products,
anti-smoking
pharmaceuticals
Phenanthrenequinone dioxime commercial DPV; 0.04 M BRB pH 3 022 human blood [257]
BDDuys/CPT
Uric acid HFCVD BDD film/ Amp; 0.1 M PBS pH 7.4 13 Ep = +0.4 V (vs. SCE) [230]
as-prepared 27
HFCVD micro-
patterned BDD/as-
prepared
Uric acid HFCVD BDDjas-  DPV; 0.1 mM NaOH 3.9, 3.2,and 2.1 = [175]
prepared
B/C (ppm): 3500,
5500 and 7500
Uric acid HFCVD BDD/- DPV; 0.04 M BRB pH 2.25 TT human urine [343]
DNA, RNA and their ¢ modified nucl Jides
7-Methylguanine commercial SWV; 0.1 M AcB pH 5 1.2 human urine [135]
BDDyys/PPT
4-nitrophenyl-triazole-labeled 2'- commercial CV; 02M AcB pH 5 1.0 (for in- and ex-situ modes) - [193]
deoxycytidine and 7-deazaadenosine  BDDy,s/PPT
8-Oxoguanine BDDcsena/CPT DPV; 0.1 M AcB pH 4.5 1.0 - [301]
Adenine HFCVD, B/C Amp; 0.1 M AcB pH 4.3, 5.0 (film), determination in the [229]
5000 ppm Ep=+1.4V (vs. 5CE) 2.5 (nanorod forest) presence of AA and
BDD film/as- UA
prepared
BDD nanorod
forestfas-prepared
Adenine, guanine commercial DPV; 0.04 M BRB pH 6 0.019, 0,037 human urine [305]
BDDws/PPT
Adenine, guanine, caffeine MWCVD BDD/H- DPV; 0.05MPB pH 4.5 3.1, 98,625 - [344]
plasma
AMP, ADP, ATP MWCVD BDD/CPT CV; 0.2 MPB pH 4 30,2820 . [319]
AMP, ADP, ATP NJAJ- CE-AD; 0.1 MPB pH 7, 1.78, 0.56, 0.59 simultaneous [345]
Ep = +095V detection
AMP, GMP, CMP, TMP BDDesen/APT; CPT SWV: 0.1 M BRB pH 7 not established simultaneous [233]
detection
Guanine commercial CV; 0.5M KOH (pH 14) 1.76 - [242]
BDDyys/PPT
Phenolic and polyphenolic compounds; quinones
2-Nitrophenol, commercial HPLC-AD (wall-jet); Red[/Ox mode simultaneously in [182]
4-nitrophenol, BDDyys/potential  Red mode: 0.05 M AcB pH 1.2/1.0 drinking and river
2 4-dinitrophenol cycling 4, eOH (58:42, viv), 038/1.5 water
Ep=-12V 0.7/0.6
0Ox mode: 0.05MPB pH
6.75:MeOH (65:35, v|v),
Eb=+13V
17 flavonoids: BDDgsgm/CPT HPLC-AD (wall-jet); gradient not established simultaneously in [245]
delphinidin, epigallocatechin gallate, elution (Hz0-MeOH fruit extracts
ferulic acid, hesperidin, hyperoside, ~HCOCH), Ep = +12V
kuromanin, malvidin, morin, quercetin,
quercetin-3-0-glucopyranoside,
peonidin, peonidin-3-0-rutinoside,
pellargonidin, procyanidin A2, rutin,
resveratrol, catechin
17z-Ethinylestradiol commercial SWV; 0.1 M BRB pH 8 03 supply dam [346]
BDDar/CPT
2-Amino-3-nitrophenol, commercial DPV; BRB:MeOH (90:10, vfv) DPV/HPLC hair dyes [183]
2-amino-4-nitrophenol, BDDay/APT HPLC-AD (wall-jet); 0.04 MPB 0.5/0.31
2-amino-5-nitrophenol, pH 2:MeOH (65:35, v/v), 0.9/0.15
4-amino-2-nitrophenol, Ep=+10V 0.6/0.21
4-amino-3-nitrophenol 0.5/0.16
0.4/0.18
2-Nitrophenol, 4-nitrophenol, 2,4- commercial DPV;BRBpH4 64 0.090, 0.030, 0.030 drinking and river  [181]
dinitrophenol BDDws/potential water
cycling
4-Chloro-3-methylphenol commercial 1SV, DPV, SWV; 0.1MPB pH 2 0.85, 0.46, 0.34 - [123]
BDDwys/APT 15V; 0.01 M NaOH with 036
commercial 20 pmol L' CTAB
BDDyys/PPT
4-Chloro-3-methylphenol MWCVD BDD/APT, DPV; 0.1 MPB pH 2 0.25,0.29, 0.11,0.12, and 0.20 - [123]
B/C (ppm): 500,
1000, 2000, 4000
and 8000

(continued on next page)
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Analyte BDD electrode/ Electroanalytical method, Lp Application, remarks Ref.
pre-treatment arrangement, conditions® [umol L~1]
Benzophenone-3 commercial DPV; 0.01 M NaOH with 0.1 - [73]
BDDws/PPT 0.1 mM CTAB 1.5,1.9,and 0.8
MWCVD BDD/APT, DPV; 0.04 M BRB pH 12
B/C (ppm): 2000,
4000, and 8000
Bisphenol A commercial DPV; 0.5 M Hz504 0.21 — [111]
BDDar/CPT
Bisphenol A, bisphenol F, 4-ethylphenol, commercial CE-AD; 50 mM PB pH 10.5 with 0.3, 0.3, 0.3, 0.5 bottled water [347]
bisphenol A diglycidyl ether BDDyys/potential 3% ACN, Ep — +14V samples exposed to
cycling sunlight
Butylated hydroxyanisole, butylated BDD¢spm/CPT SWV; 10 mM KNOs (pH 1.5 0.14, 0.25 simultaneously in [99]
hydroxytoluene adjusted with 1.0 M HNO4) margarine and
mayonnaise
Butylated hydroxyanisole, butylated BDD¢spm/CPT FIA-MPA (wall-jet); 10mM 0.030, 0.40 simultaneously in [348]
hydroxytoluene KNO3 (pH 1.5 adjusted with mayonnaise
1M HNOs) with 30% EtOH
Butylated hydroxyanisole commercial BIA-AD (wall-jet); 0.1 M HClO4 0.05 biodiesel [349]
BDD ar/CPT with 50% EtOH, Ep, = +1.0 V
Catechol MWCVD BDD film/ Amp; 0.07 MPB pH 7 28 Ep=+06V [227]
as-prepared 13 (film), +1.1V
MWCVD 0-BDD (nanograss array)
nanograss array/
as-prepared
Catechol, resorcinol, hydroquinone commercial DPV; 0.05M H,50,4 163,192,155 - [350]
BDDar/APT
Estradiol commercial SWV; 0.10MPB pH 12 1.6 also bisphenol A, [103]
BDDgs/APT nonylphenol,
ethynylestradiol,
estrone, estriol
investigated
Estriol BDD film/CPT, SWV: 5.0 mM NaOH 0.17 PhF + human urine  [351]
8000 ppm
Estrone commercial DPV, SWV; 0.25 M Hz504 0.20, 0.10 water matrices [352]
BDDr/CPT
Estrone, 17-B-estradiol N/A/CPT HPLC-AD; 0.01 MPB pH 5:ACN 0.211, 0.196 human urine [353]
(72:28, vjv), Ep = +1.2V
Estrone, 17-B-estradiol, estriol commercial FIA-AD; 0.5 M HpS04, 0.10, 0.10, 0.10 tap and river water [354]
BDDr/CPT Ep=+115V
Hydroquinone commercial BIA-AD (wall-jet); 0.1 MH;S04, 0.016 PhF [355]
BDDar/CPT Ep—+10V
Methylparaben, ethylparaben, BDD disk/CPT, HPLC-AD (thin layer); 25mM NJA shampoos [356]
propylparaben 8000 ppm Na,HPO,4 pH 7:ACN (40:60, v/
v), pulse mode
Phenaol HFCVD BDD/H-  SWV; 0.5 M H;50,4 0.85 - [357]
plasma
Phenol HFCVD BDD/CPT ~ SWV; 0.5 M H>S04 95.6 (E1), 87.1 (E2) = [358]
E1 = cauli-flower
structure;
E2 = flat surface
Pterostilbene commercial SW-AdSV; 0.1 M HNO; with ~ 4.3-1073 dietary supplements [106]
BDDyys/CPT 0.2 mM CTAB, open-circuit,
tace =305
Pyrogallol commercial LSV; 0.18 M H2504 0.85 biodiesel blends 1359]
BDDyys/-
Quercetin MWCVD BDDJAPT FIA-AD (wall-jet); 0.1 M 03 Ep=+09V [360]
HNO5:MeOH (1:1, vjv)
Resveratrol commercial SW-AdSV; 0.1 M HNO; with  0.0276 dietary supplements [147]
BDDyys/CPT 0.1 mM HTAB, open-circuit,
b =60s
Tetrabromobisphenol A HFCVD BDD/CPT CV;0.1MPBpH 8 0.027 river water [361]
Thymol commercial SWV; BRB pH 4.0 a9 essential oil of Carum [362]
BDDyys/- copticum seeds
Total phenols (ferulic acid, pyrocatechol, MWCVD BDD/APT LSV; acidic media pH 2.0 not established teas, juices and [360]
sinapic acid, quercetin) wines
Wedelolactone N/A[PPT SWV; BRB pH 2.5 0.14 plant extract [363]
a-Tocopherol (vitamin E), MWCVD BDDjfas- FIA-AD; 50 mM NacClOy4 in 0.041 Ep=+06V [364]
ubiquinone (coenzyme Qiq) prepared MeOH 0.017 Ep=1405V
FIA-AD; 50 mM NaClO4 in
MeOH:hexane (76.7:23.3, v/v)
Pharmaceuticals and therapeutics
8-Chlorotheophylline, caffeine, commercial BIA-MPA (wall-jet); 0.05M 0.31, 049, 0.76 simultaneously in [365]
diphenhydramine BDDy/CPT AcB pH 4.7
8-Chlorotheophylline, diphenhydramine commercial BIA-MPA (wall-jet); 0.05 M 0.11,0.15 simultaneously in [366]
BDD4y{CPT AcB pH 4.7 PhF
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