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Abstract

This workdealswith nanocrystalline diamon@CD}hin filmsfor biosensor studieand
it is composed from authors peeeviewed articleslt showsthe basic wayso utilise and
modify NCDfor cell culture sensing, tissue sensingndadhesive protein sensing
Thisresearchdescribesliving matter interfacing bioelectronic senssrlts goal is to
develop aworkflow from fabrication to the measurementand understandingof living
material interaction on diamondbased biosensar represented bythree different
principles

Thefirst studydealswith measuringhe viability of the yeast cells3accharomyces
cerevisiag usingthe diamond SGFET sens®he transfer characteristics tfe SGFETs
exhibit negative shifts ahe gate voltage byg26 mV and;42 mV forsucrose angeast
peptone dextrose (YPD) witlells comparedo blank solutions withouthe cells. This
effect isexplained bythe local pH changén the close vicinityof the Hfunctiondised
diamond channel du the metabolic processeas the yeast cellsThisapproachpaved
the wayfor usingNCD SGFHEilith new types of cell cultures (bacterial/fungi cells).

Thesecond study focuses @ensinghe viabilityof adult stem cellby NCDcoated
impedance sensoemployinginterdigitated electrodes [DT). Forusability evaluation
the experiment has beendone in parallel with the commercially usedlaboratory
equipmentto observethe differencein sensitivity.It was found thathe diamondsensor
is more sensitive duringhe initial phaseof the cell growth while the control systemis
more sensitive duringhed SO2y R | { / QA& ThB M@lgséries adralbasiS tb
stable surface functionalisation of the di@nd, which enables the modification of cell
cultures adhesion to the surface and opens the way forousmew types of functional
coatings.

Thethird study (diamondbased QCM senspr which was until now used
onlyasagas sensqrinvestigates variationn adhesion of proteins othe NCDcoated
quartz crystal microbalance (NEBCM).Theserial resonance shiftsf the sensor were
analysed, andthe level of adhesionof two fibrillar andglobular proteins was evaluated
by measuremens. As follows two types of surface terminations were compared
namelyhydrophobic hydrogen terminatioand hydrophilic oxygen terminatiorAbove
that, the different time-dependent belaviour of protein adhesiononthe ONCD
andH-NCD QCMs was observedhe studydescrited the protein/NCD interface
explaining the response of the NCICM sensors and deepened the general knowledge
of protein conformation on the surface based on its wettability.

This thesiwerifiesthat diamond isan excting material thankgo the combination
of biocompatibility andvast possibilitiesof surface modification, which allows tuning
electrical and chemicaroperties dependingn the specifiausein biology

Keywordsnanocrystalline diamond, bioseaors sufacemaodification



Abstrakt

Tato prace se zabyva tenkymstvamiy’ | y 2 { NBadGl £t A 01 0K RA+ YIyida
aSYyT2NAS (02nSyl 12YSy(20dl yeyY UkuizadkadBiy | dzi
TLAazo0ex 211 DedzONG || Y2RATA| 2210&AKAS LINE
al 36 NOK | profeiSal Xedity Ny@Kam popisujejak O & @mota interaguje
sdiamantovym povrchem bisenzoé& dejim cilem je vyvinout pracovni postup od

geNeBroe Ll YSnSyN | L}2NERI debiSsemNory ha/ a8l { OA
diamantureprezentd | y'S (i njS ¥ Kizy NEpHAgSEY X A
t NDYN adGdzRRAS &a$S 11 oeéot YSnSyNY OA@2

(Saccheomyces cereviside pomoci SGFETBenzoru na bazi NCDt njSy 2 a2 @S
charakteristiky SGFETS y T@&NJAlF T dz2 Ny S 3| { hradipyd eldkiPodydzy & v |
hodnotu (26 mV a¢42 mV pro sachard6zu a kvasinkovyeptonowu dextrézu (YPD) s
0dzz 1 YA QO st@ii@ BT YNl & 0 ST efektdbS (0R a@Syiid Sy f
1T YSy2dz LI @ vodkanyrgodifikbvphEhRA & ¥4 y G2 OSK2 (F yt f dz
YSil o2t A01 80K LINRPOS&4 | JceNitADS @& 6K LBz SR ¢
SGFER SYT 2NA yI oydde YW Iaa ddodzyS6yeOK 1 dz i
0dzz |1 & KdzaaGA OANA
5NHzKt &0§dzRAS &S 11 YSnjdza$ oy iy SE2NNetOKN 6@Ay¢
L2 Y2 ON A YLISRI (inpokiteho NCBY N2 N2 Ry 2 OSy N LJ2 dzOA
experiment proveden par&8lf yS & (1 2YSNBYy S L2 dzONDlpgéeyY |
otestovaniNB T RNf dz @ OAGf A@2aiAd . eft2 1T 2A00GSy2:
LI26t GSE6YN F+1 S NAaldz odzyS1= T FOIGNYO2 12y 4N
faze ASCTato prace LJnj va kprokazani stability, biokompatibilityodolnosti a
univerzalnosti diamantového povrchu ktery dale dzy2 Oz dz2S Y2 RAFTA1 I O
odzy S6yé OK {dzft GdzNJ yI LIR2IONDOK | 208SONNI OSaic
¢ njS i NI alild2R3 B36% QCMpbkryty NCDkteryo @ f R 2 & daR  LJ2 dzC
pouze jako senzor plynu, zkouma adhedNR G SA y &vl Y OA &1 BaGA yI &
povrchu Byly analyzovany posury S NA 2 @S  NB T 2 yskenyod ¥ Na jgidhS | gSy
Tt1ftI RS o02tmraPBRKERE2OEFNA L + NI N OFenzbry b§l§y 2 6 dzt +
modifikovany dvS Y i @ LI8  LJ2 ONDK 2 GelLAND Y NIV 2hydipRighNRES
funkcionalizacivodikem a vR NHzK S Y hydj¢filniifuRkSionalizackyslilem. Déle
byla pozorovam NA 4 6yl & 2 @ % adhdzePrbteirth na GNCD a FNCD QCMTento
vyzkum pojisujerozhrani proteinu/NCIpomociodezvyd Sy T 2 NFCM pré&hibuje
obecnou znalost konformace protdiy | LJ2 NDKdz yI T+1fFRS 2SK?2
Tato praceprokazuji@ OS R Avhodhyyithate@a®m, ktery kombinad
biokompatibility aOA NPV 22AK2 8 G N Y2RAFAL Ll OS L2 ONDKdzZ dz
I OKSYAO1éeOK gftlraldy2aidN uwAl2it 284103 20K WISRA L

KNou slova:nanokrystalickydiamant, biesenzorikapovrchova modifikace
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Introduction

1. Introduction

The pesented doctoral thesis deals with the nanocrystalline diambaded biosensors
and their use with living matter to further describe the procedsdsng place during the
interaction of cells and macromolecular proteingth the hydrophobic and hydrophilic
surface of nanocrystalline diamond.

Diamond is considerealperspective material irtells andissueoriented life
sciences. laddition tounique mechanical, thermal, aredectrical properties, diamond
is also biocompatible anelxhibitstwo-dimensionahole-like surface conductivity, which
is highly sensitive tohanges inthe surrounding environment due to the surface transfer
doping mechanisniil,2]. Modern bisensors must be very sensitive aselective, easy
to use andabricate, portable, cheapgliable,and optimally detecbiologicalevents in
reattime. Inthe case ofadiamond, thevery best advantage lies the possibility
of durable and straightforwat surface terminationwhichenables the adaptation of its
properties tospecific sensing needs.

The submitted thesislissertation takes the form of a set of publications as per
Article 1, paiagraph3 of the Dear®@ Directive for Defence of Dissertation TheseSzdch
Technical UniversityFaculty of Electrical Engineerinff consists of 4publications
published inpeerreviewedjournals and 7contributionsat internatioral and national
conference in the field ofbiosensors in the last 6 year§he publications present the
complete life cycle of the sensors from thesign and fabricatiomacross their uséor
living matter to the measurement, signal analysis dihlly, the discussionand
interpretation of theaccumulatedresults.

As a result of thithesis,| have utilised apecific type ofliamond (nanocrystalline)
applicable fobiosensors There are threeharacteristic/representativeensorworking
principleson which are demonstratethe usefulnesandthe great potentiabf diamond
as a unique functional layen biosensors However,this workaimsnot onlyto prove
the use of the diamondbutits goal is alsdo demonstratethe possibilitiesof surface
functionalsation of nanocrystallinediamondbased sensoelements Sensors described
in this thesis were designedabricated andthe sensor testing experiment elaborated
asa proof-of-conceptfor future useof diamond filmsaslabeHree bio-electronicsensors
working in reatime. Sensors were successfullested in laboratory conditions to
monitor the viability and motility of living cells and to investigate the properties of
adhesive proteingepending on the wettability of the surfacand experimental findings
were discussed andxplained, and relevantesults were published in peeeviewed
scientificjournals.

Presented work wadone within the scope of the projects listed in sectidm of
this thesis.



Introduction

1.1. Structureof the thesis

At the start, aconcisetheoretical introductionis providedo the topic of different forms
of carbon. Since his work deals exclusivelyith the nanocrystallinediamond (NCD)
in athin-film form, the readergets acquaintedwith different types of diamond and
selected (bie) sensors Both topicsare summarsed in the state of the artresearch.
Fusing those twobroad areas of expertise resultsin afield of study focusedonthe
sensing applicans of diamonds.

Inthe experimental partthe reader gets acquaintedvith the utilisation of NCD
in the form of diamondbasedelectricalbiosensos for biological researchSectiors 4.1
to 4.3 ofthe experimental paridescribe thedetailed fabrication procedure Following
sections 4.4 to 4.6 describl@aboratory usesof fabricated sensorsn the biomedical
researchas thesummaryof publishedarticles(integration text), furtherextended by the
text describinghe author's contribution andsummarizinghe noveltyof the publicatiors
to the current state of the top& The conclusionf the thesis summases achieved goals
andgivesthe reader anidea aboutthe author's prospectsFull texts of the referred
| dzii Kaztibldate enclosedn the appendix.

1.2. Objectives

Themaingoalof this thesis i¢0 generate new scientific knowledgm the interaction of
nanocrystalline diamondNCD)thin films with different types of living matter andto
show the novel potentials of diamond thin filmsandtheir surfacefunctionalisation
in new waysnot yet describel. Forthe author to follow the line of research multiple
stepsare necessaryto achievethe main goal. Firstsuitable sensor principles must be
selected.Also,the grown diamondlayer must be compatiblevith the used technology
to withstand the fabrication conditions All the above is demanding on technological
implementation, which is one of the goals of this dissertatids. suitable the three
diamondbasedsensortypeswere found, eachemployinga different working principle.

Previous studies have alreadipcused onthe utilisation of semiconductive
propertiesof diamondsin the form of SGFETn this matter, | extended the present state
of the artwith my experimengl findingsby involvinghe non-adhesivdiving organisms
whichdiffer from mammal celinteractions usedintil now.

The ®cond suitable type ithe impedance sensdn the form of the interdigitated
transducerelectrode (IDT, also called comb electrod&lthough tis sensowith gold
electrodeshas beeralready commercially usedr sensing mammal cell culturgs has
not been usedn such mattemwith superficially functionased NCD thin filncoating

The third type of sensor isanacoustic sensor, specifically quartz crystal
microbalancelnthis caseanopportunity ariseso use NCDthin film asaninterfacing
layerthat can be easilynd steadily functionaked with variousmolecular groups.
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Other typesof sensos are to be issuedbut to maintain the clear scopeof the

thesis it coversonlyresearchto highlight significantachievements and finding3.he
main objectives can be summsed asfollows:

T
T
T

Conceptuabe new useof existingand new typesof NCD based biosensors
Fabricate nanocrystalline diamommlsufficientquality for biosensos use

Fabricate multiplesensorswith different working principle andenhance their
propertiesby using NCD

Design andperform novel experiments with fabricated diamond sensors
andbiomaterialto discuss\ (0 2@ MANR ¢ dzal o Af A G @

Expandhe useof the developed SGFET sersstorother typesof live organismdike
bacteriaor viruses

Create adproof of concept using living cellsandcultures onnanocrystalline
diamondbased biosensors

Discussthe measured resultsand propose a model describingongoing effectsto
achieve new knowlgge

Basedon the results, adjustafabrication procedure,andupdate the designof the
sensorgo overcometheir disadvantages
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2. Motivation

2.1. Advantage®f usingdiamond thin films

The nost advantageous propertiesfthe diamond are usually connectedith its
biocompatibility onthe level ofcellular interaction. Diamondinany form is
biocompatible, wherehe level of biocompatibility is highly dependerin the content
of the sp? phase of carbon andother (possibly toxic)contaminating molecules.
In biosensors the diamonds biocompatibility is assessed basexhsuch purity.
Themotivation for my research isnot limited strictly to biocompatibility, the main
reason behind choosing diamorakafunctional layer isthe combination of optical
transparencyandthe greatpossibilityof surface modification of the diamond Thanks
to its carbon cubical latticediamondis perfectfor bondingmultiple typesof molecules
onits surface, all changing its chemical, macrosca@pidmicroscopic properties.

2.1.1.Sufacetermination

The diamond actasan excellent carriefor surfacefunctionalistion by atomsor atomic
groups, aptamersor other typesof functional (bio-) molecules.In section 4.6, these
properties were usedo examinea protein adhesiorto the terminated NCD.

2.1.2.Biocompatibility

Oneof the main topicsof this thesis ighe utilisation of the NCDandits biocompatibility
in biosensors studiesin section 4.5. the properties of the diamond were utilised
to monitor adiposederived stem cells (ASCandtheir growth from inoculation through
confluency to the formation of additional layers.Inaddition, the inertness of the
diamondis a great advantagevhenusing itasa sensing materiah section4.4.

2.1.3.Morphology modulation

NCD offersexcellert possibilities for surface morphology modificationby changing
the deposition time the gascomposition or after-growth treatment Cells differ in igze

and shape and NCD can be morphologically adapted to suit the properties of cell
cultures and living tissues.

2.1.4. Electrochemicalvindow

Boron doped diamon¢BDD)can actasanexcellent electrode becaus# the diamond's
very broadelectrochemical windowhighestof any known materiglsee Table3.1). That
meansthe wide potential rangeeombinedwith the conductivityof BDDis predcting this
type of diamond for use asa sensory implantwhich enables us to use higher power
levels before causingxidation or reductiorat the surfaceof the electrode
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2.2. Originalityandnovelty

The motivationof my thesis iso employ multiple of the abovementioned properties
of the NCDto create anovel biosensoror use an existing diamonebased biosensor
in anovel way. | intendo utilise the biocompatibilityof the NCDthe chemical inertness
with living organisms, the wide electrochemical window of NCD the surface
conductivity inducedbyhydrogen termination andmost importantly the stability
andeaseof surface functionasation underroom conditions.

2.2.1.NCDasa platform for biosensors

There aresensing principleshat have not been used witNCD before aabiosensor
for detectingliving culture Forexample the IDT electroddelectrical sensingy widely
usedto monitor mammal cell culture growthut sucha sensor is based solebn gold
electrodes, which mayexpose the culture to higher currentsthanbeing coated
with NCD.

Fezoelectrigorinciples offersuchpossibilifesin the form of acoustic sensors such
asQCM or SAW sensorsGenerally acoustic sensors are oftenvercoated witha
functional layetto increasesensitivityand specifiaty. With thin NCD filnon the sensofs
surface,avariety of surface modificatioa can be added amonthe abovementioned
benefits.

Amongstother principles it is worth mentioning optical biosensors. i$Hield
promisesexcting possibilities, althouglhe use of NCDin this field is currentlyin the
phaseof theoretical considerationsRegardingny field of study, this work is focused
on electrical sensors.

2.2.2.Novel useof NCDbasedbiosensors

There areNCDbasedsensors thathave already beennderresearchin past yearse.g.,
SGFET senswmhich hasbeen usedio monitor sarcomaosteoblast(SaO) andHelLa
culture, but never asthe tool for monitoring the viability of nonadherent cellasyeas
cellsor other typesof bacteria/fungi. Onef my goals iso investigateNCDbasedSGFET
underthe influenceof nonadherent cell cultureand understand the relation between
Y2Rdzf  GA2Yy 2F {DC9¢ Q& OKI NI daieSvidilaniehdO a
to extend my researcton SGFEDy modifyingthe conductive channelith functional
molecules (aptamers, carbonynd others.

As diamond can acsaninsulator andsemiconductorat once, it can be used
for multisensory purposes, wher¢é combinesstimulator in the form of SGFET dDT
electrodes with applied voltageon and QCM measuremerit a single sensochip.

Iy F
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3. Stateof The Art

3.1. CarbonForms

All life formson Earth consistof many atomsof most of the elementson the periodic

table. Someof the atomsplayan essentiakole in metabolic mechanismgndsome are
despitebeing presenin small amouns, redundantor even toxi¢ and someascarbon

are essentiain every role we can thinéf. Carbon is essentiér all formsof life on Earth

andis withouta doubt oneof the most important natural elements the periodic table.

It is the 17th most abundant elemenin K S 9 I NI K Q andttie A2idKrgoét LIK S NS
abundant elementn the human body3].

Carbon can perform various bonding hybsations andforms, enabling
the existence of life (combined with other elements) aswe know it. Its variability
predeterminesthe diamondasthe element around whichhe world isturning around.
Whether it isthe circulation of CQ inthe atmosphereandthrough the biomassof all
living thingsor the energy we use every daythe form of oil, coal or gas carbon has
many utilsationsfor modern societyWe are slowly learningp use carbonn other ways
than burning itto produce energyasit wasfor long years

Allotropes of carbon have also received considerable attention doeheir
usefulnessn material sciencgd4]. Generally, there is need for materials that shows
almost ideal physical characteristiags any physical way. Carbon allotropes all
dimensionalities are knownbutthere is no consensusnhow many are defined
at present. Moreover,othernew forms are predicted (e.g., Mgraphene, 2020]5].
Themost weltknown allotropes of carbon are graphite (1917), fullerene (1970),
nanotube (1991), graphene (2004), nanobud (200Bpyre 3.1), (nane)diamond,
nanofoam, nanoribbon, narborn, nanosheeand otherg6].

This structural diversity allows many different typesscientificandtechnological
utilisation. Carbon forms are suitabldor all kinds of applications, depending
only on molecular conformation, whether it is superconductivdyroom temperature
(graphene), high thermal conductivity, biocompatibility (diamond), molecular charge
transport (CNT)or the possibilityto carry functional matcules inside (C60C540).
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Figure 3.1 a) Diamond: b) Graphite, c) Lonsdaleite, d) C60 buckyball, e) C540, f) C70,
g) Amorphouscarbon, andh)singlewalled carbon nanotubgt].

The extremeandwell-defined conditions aswell asthe purity of reactants,have
to be secured, causingome molecula conformatiors to be challengingo achieve
which is apparentrom the carbon phase (pressure/temperature) diagramigure3.2.
This transformation is afield of science ofits own andthis thesis is concerned
exclusively with the fabrication of diamond which is indisputably the most
biocompatible formof all carbonbased materialsPlentyof studies focuseanthe use
of its unique ekreme propertiesasit is alsopartly the focusof the presented thesis.
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Figure3.2 Phase diagrarof carbon[7]

The neutralcarbon atom bears six electroqgwo tightly bound (1s) closto the
nucleusandfour asvalence electrons (tw the 2s subshelndtwo in the 2p subshell)
[8]. Thegroundstate electron configuratiorof carbon (142s°2p?) allows it to bond
inthree different ways (singledouble, andtriple bonds) andwith many different
elements. Forthis reason, carbon manifests itsaif many different allotropic forms
with entirely different properties[9]. All ofthem have the same building block,
the carbon atom,but their crystalline structure is differentThethree basic carbon
allotropeswith aninteger degreeof carbon bond hybridation are carbine, graphite
anddiamond correspondingto sp, sp and sp® hybridisation of the atomic orbitals
(Figure3.3) [10,11]

1 sp hybridisation (linear): oneabital hybridiseswith one of the p-orbitalsto make
two sp-hybridized orbitalsTheangle between these new orbitals is 18@hdthe
carbon atom bondby adiagonal symmetry.

 sp’hybridisation(trigonal planar): one-srbital is mixedwith two p-orbitalsto form
three hybridised orbitalsvith atrigonal symmetryand characteristic 120° angles
between them[10].

 sp® hybridisation: each carbon atom is arranged tetrahedrally. Each tetrahedron

combineswith four other tetrahedraandformsa strongly bonded, entiry covalent
facecentred cubic crystal structureFigure 3.1a). Diamond can also exist
in ahexagonal (lonsdaleite) forfi2].
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Figure3.3 Drawingof sp, sp2andsp3 hybrid orbita[10].

Diamond
Diamond Figure3.1) isanallotrope of carbon that is being considerddr usein several

medical applicationslts crystal exhibitsahigher atomic density (1.761023cm<3)
than any other solid. Thehigh bondenergy between two carbon aton{83kcatmolst)
andthe directionalityof tetrahedral bonds arg¢he main reasondor the high strength
of the diamond. Diamond demonstratethe highest Vickers hardness valus all
materials (1000 kgmm<). Thecoefficient of friction of polished diamond is 0.07
inargon and0.05 in humid air. Diamond is resistarib corrosion at temperatures
over800°C, exceptin anoxygen atmosphere Also, some type®fdiamond have
the highest thermal conductivitpf all materials (20 Wem Kt at room temperature).
See summasation in Table3.1. Diamond is considereaperspective materialn cells
andtissueoriented life sciencesRelatedto that, it is anideal substratefor surface
functionalsation thanksto the vastandknown @arbonbased chemistry13]. In addition

to unique mechanical, thermadnd electrical properties, diamond is also biocompatible
andexhibits surface conductivity which is higebnsitiveto changesn the surrounding
environment dueto the surface transfer doping mechanisendno needfor a gate
dielectric layer. Recently new generatiorof bio-electronic devices is being developed
basedon the p-type surface conductiwt(supeficial functionalsationwith H),or Bfor p-
type andP for n-type doping of the diamondthin film [1]. Theprimary division of the
diamond materials isrom the top levelasmonocrystallineand polycrystalline in this
thesis |focus exclusivelyonthe nanocrystalline diamond thin film, whichs
polycrystalline.

Table3.1 Thephysical propertie®f chemical vapour deposite(CVDHdiamond[14¢18]

Properties CVD Diamond
Hardness 10000 kgmmS?
Thermal conductivity 20 WmSL-KS (at 300 K)
Electron mobility 4500 cn3-Wel.st
Hole mobility 3800 cnd-\»slsst
Bandgap 5.47 eV
Density 3.52 genr3
Melting point 4027°C
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Resistivity 10°°m-cm
Bond length 1.54A
Bond angle 109.47
Bonding sp
Dielectric constant 5.7
Refractive index 2.41 (at 591 nm)

3.2. Polycrystalline diamond (PCD)

Polycrystalline diamorgican be further divided according todlproess of growth and
the resulting size of crystals.

321.aAONRPONEB&GLFE EME RAFY2YR 0>/ 5

Microcrystalline diamondMCD)is commonlypreparedby chemical vapour deposition
(CVD. lts fabrication is doneby ionisation of gasesin microwave plasmaf methane
inwhich the carbon is highly representedMCD occursin specific conditions
whennanocrystalline diamondN\CD thin film is depositedor along timewithout re-
nucleation Srong re-nucleation resuls inthe evolution of small grain sizescausing
nanocrystallineof ultra-nanocrystalline growth, seleigure3.4[20]. Large crystals can be
divided intosmaller pieces depending on the applicatiafier fabrication. It can be
accomplishedisingmolten ironand aluminiumat hightemperatures and pressure[19].
Thediamond can bdurther polishedwith various methodsand processes summarized
in [20].

3.2.2.Nanocrystalline diamond (NCD)

Nanocrystalline diamonthin films are usually referretb as diamondsvith agrain size
of less than 0.5> Y with suppressedre-nucleation. NCHased thin filmsor grains
embeddedin binder are widely usedh industry asa coatingfor hard material cutting
tools. Thenanocrystalline diamond offersaninteresting compromise joining
the propertiesof bulk diamondin the thin layer embodimentlt exhibitsgood enough
electron/hole mobility andthermal conductivity, which ismainly limited bythe
scatteringof electrons/hdeson grain boundarie$21,22]

First,it is necessarto distinguish betweeithe useof NCDin the form of individual
nanoparticlesor athin film.

In biologyand medicine,the useof NCD nanoparticleis researche@sone of the
progressive methods fordrug delivery and tracking pathways of molecules
Theparticle® surface is graftedvith a functional moleculeonits surfaceandserves
asthe selective point, whictindswith atarget molecule, concentrating nanocrystalline
particles ata specific location[23,24] Another use of diamond nanoparticles is
fluorescence imaging. If nitrogeracancycentresare introducedinto a hanoparticle,
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some cellular biomolecules display autofluorescentbeemission intensity is well
abovethe background signdR5].

Inthe form of NCDas thethin film, the researchactivities are broader (passivation
layer, functional layer, layer for MEM&)d otherg. For example, e study wherethe
NCDcoated steehndtitanium substratesvere colonsed with bacteriarevealedexcting
resultson their biocompatibility NCD exhibitedhe highest resistancéo the process
of bacterial colorsation. It was found thatthe rate of biofilm formation is firmly
dependent on the presenceof adhesive proteinsn the medium[26]. In another study,
the adhesionof platelets was testedo investigatethe suitabiity of NCDfor use as
acoating for medical applicatioa Theplatelets did not attachto the NCD surface,
but they did attach in spots withlow homogeneityof NCD thin film[27,28] Themain
idea istouse NCDasafunctional coating for medical implants,butthe problems
with poorly defined effectsonthe interface, homogeneityanddelamination remain.
Forthose reasons, there sneedto develop new waysf surfacetreatment.

3.2.3.Ultra-nanocrystalline diamond (UNCD)

The smallest grain size diamond film is called uitraocrystalline its grain size iess
than 10 nm, andbecauseit is easer made on metal substratesthan NCD it is avery
suitable materialfor implantable medical devicef29]. Thus it is more appropriate
for the fabrication of bio-MEMSandretinal implants.UNCDis fabricatedby a similar
procedure asNCD diamond, usuallyatalower temperature approx.200¢ 400°C
with ahigher concentratiorof CH. A hgher concentratiorof argon gas (A or nitrogen
gas (N) is injected. Its exact amount is dependeah deposition temperatures
andsubstrateg[20]. Thestructural difference betweeMCD,NCD and UNCD is shown
in Figure3.4. and Figure3.5. As shown, during depositiasf UNCD occursontinuousre-

nucleationin layers.
UNCD

f\ Diamond seeds
Continuous renucleation

Figure3.4 Left: MCD structureMiddle: NCD structurgright: UNCD structuref diamond[32].

11
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Figure 3.5 Scanning electron microscopy images ofa) microcrystalline diamond b)
nanocrystalline diamondnd c) ultra-nanocrystalline diamond. Notidbe scale[30¢33]

3.3. Fabricationof diamond

There are two basic method® induce the growth of the synthetic diamond (not
to mention natural diamonds creation)

The oldestandmost straightforward isthe fabricaion of diamonds using high
pressure andhigh temperature (HPHTQr detonation nanediamond (DND) Tlose
methods applied high pressure (in ordeiof GPa)andhigh temperature to obtain
asynthetic diamond.TheHPHTmethod is used usuallyto produce a monociystalline
diamond However, due to uncontrollable conditions during this typefdiamond
fabrication, the diamond particles aswell asdiamond thin layers antlakes, are
produced.TheDND methodbf fabrication is usedo produce diamongarticles.

3.3.1.The technologyof NCD fabrication

Theother type of technology procedureisedto fabricate diamond is chemical vapour
deposition (CVD).

CVD lowpressure deposition is performead two typesof equipment, which differ
in how plasma is spread the deposition chamber anith how plasma is generated,
asshownin Figure3.6.

Thestandardmethods accordingo the way how plasma igenerated are plasma
jet, dc discharge (presently used less often), hot filament (HF) CVD (producing diamond
in lesser purity)land microwave enhanced/assisted (ME) CVD produaidg@mond thin
film of a higher purityin comparewith HFCVD.

Inthe scopeof myresearch] focusedon MECVD, which we can further dividby
how plasma is spread during depositidtinear microwavdrequency plasmaHRigure
3.6a) is most often usedfor deposition of diamond on substrates or larger area
(>15x15 mn?), while elliptical focused plasmandbell resonator focused plasma
(Figure3.6 b andc) is rather usedor smaller substrates, faster growtmdfor effective
surface functionasiation. Theprocess ofliamond growth is donasfollows[15,34.

12
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Activationinto radicals

Gasphase chemical reactions

Gasphase chemical reactions between activated species
Reactionwith the substrate

Nucleationand growth of individual crystallite$35]

o bk bR

The most usedmethod is currently alow-pressure synthsis of the diamond
through plasmaenhancedchemical vapour depositiorPECVD), which usesmixture
of gases (CH CQ andH. for non-diamond phases purification) ionisday microwave
antennas, whichasasourceof energy createplasma (othersources can be thermal,
optical, etc.). Theproper procedure createsadiamond phasenearthe substrates
surface, binding with the presentnucleation centreto the substratethat eventually
grows into a continuousliamond layer. A specificdescription of microwave PECVD
reactorsandthe generic conditions used during my research can be found below.

Lowtemperature CVDreactor (Diffusion plasma)

Duringthis typeof deposition,the growth rate is much sloweahan in hightemperature

plasma,but the deposition areds biggerandthe temperature lowerthan with focused

plasma This is especiallypeneficial for big planar subrates, where the high

homogeneity of large deposition areas can be achievebthetemperature duing

deposition les between 350°C¢550°C, which enables deposition onasurface

with relatively higher thermal expansion, suclasmicroscopy glassorcommon

substrateswith low thermal expansionsuchasCorning Eagle X&sborosilicate glass,
or JG®gradeA, B[36].

Hightemperature CVDreactor (Focused plasma)

This typeof depositionprogressesn amuch smaller volumef plasmabut with much
greater intensity andgrowth speed. Therefore, it is suitable for thicker diamond
depositions with excellet homogeneity andresulting purity ofthe diamond.
Neverthelessthis technology can be usednlywith substratesthat can resist high
temperatures diring deposition such asCorning Eagle X@ JGS Grade A,GB
andthe effective areaof the deposition is much smallefhetemperature may vary
from 600°C to roughly 150C0°C, dependingon the deposition chambennicrowave
power, and heat conductivityof the sampleandthe holder[37].
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Figure3.6 a) Lineadeposition chamber (Roth&Rau® AK400), b) Ellipsoidal deposition chamber
with focused plasma (Aixtron®), c) Bell resonator deposition chamber with focused
plasma(SEKI®) [42]
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3.3.2.Deposition conditionsind standard procedures

The generic deposition conditions sed to fabricate nanocrystalline diamorsl are

described in this section,which ha been referred to further inthe text NCD is
fabricatedfor biosensorsandit wasutilisedto monitor living culturesand characterse

protein adhesiorand cellculture adhesioron NCD surface Eachof the sensosappeals
to the different properties of ananocrystalline diamondsthe main advantagef such

anenhanced sensor.

SGFET sensors were maglequartz glass substratesCorning Eagle X&glass
substrates (in the size of 10x10x1 mm3) were ultrasonically cleanedh isopropyl
alcoholanddeionized water (DW). Subsequently, thewere immersedor 10 minutes
inanultrasonic  bath with acolloidal suspension of diamond nanepowder
with anominalpatrticle sizeof approx.5 nm. This proces®rmedabto 25nm thin layer
of diamond powder necessary initiate the diamond growthin athin film. NCD thin
films were grown inamicrowave ellipsoidal cavity reactobychemical vapour
deposition (CVD) presdor 4.5 hours, at the following conditions: gas pressure Ber,
gas mixture ©6CH in Hz, andmicrowave power 1000V. Thedeposition temperature
was inthe range of 550+600°C. These deposition parameters léathe growth
of approx.450nm thick diamond filmwith grain sizesapprox.250nm [21]. Diamond
films on glass substrates were hydrogenat@dthe same microwave plasma reactor
at 600°C in amicrowaveinduced hydrogen plasméor 10 mirutes to induce surface
conductivity. After surface treatmenthe chamber was slowly filleaith nitrogen (Nz)
to maintain Htermination on the substrate surface.

Metal composite interdigitated electrodes formthe interdigitated transducer
sensor(IDTs, 10 nm Tand80 nm Au) depositecbn aquartz substrate (Corningagle
X@R) 15x 15 x 1 mm?in size).Thewidth/gap of electrode periodicity was séb 100> Y ®
Samplesvith IDTs were coatedith adiamond layer approx. 100 nthick, usingalinear
antenna pulsed microwave plasma chemical vapo deposition system [38].
Thedeposition conditions wereasfollows: microwave power % 1700W, pressure
0.1mbar, gas mixture 2005/20 sccm ofH./ CH/ CQ, temperature 400G
andprocess time 50 h. After depositiothe active sensor area was homogenously
coveredwith afully closed NCD filmirhediamond characterof the deposited filmis
confirmed after depositiolby Raman spectroscod®9].

QCMDs were madizom both-side polished ADdzi 6opc mMp QO |j dzI NI
with adiameter of 14 mm andthicknessof 170> Y ® ¢ gi®le-shapead electrodes
with diameters of 5mm were deposited onboth sides byvacuum deposition.
Theelectrodes were composeaf a 30 nm Cr adhesion lay@nda 100nm.top Au layer.
Themasssensitive area is situatad the central partof the resonator, coverinthe area
where thetwo electrodes are overlapped, thus creatinige thicknessshear mode
resonator SeeFigure 4.6) [40]. Theeffective sensing areanthe gold electrode is
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25 mm?. QCMs were nucleatdaly ultrasonic seedingvith diamond powdein deionized
water, grownby pulsed linear antenna microwave plasma chemical vapour deposition
system[41] at atemperature lowerthan 400°C.Suchdeposition conditions were used
(microwave power 1708V, pressure O.inbar, gas mixture 1005/ 20sccm

of o/ CH/ CQ), which resultedn adiamond film thicknessf approx. 200- 300nm.
Afterwards, the diamond surfacesvere hydrogenandoxygentreated by appropriate
plasma procedurgto obtain hydrophobi®r hydrophilic character.

3.4. Diamondbased snsors

Sensors using diamond laydrave beerthe target of the researchfor about30 years
now. Inmedicine andbiotechnology there is aneed to characterse biomaterials,
forexample, different kinds of proteins, their hydrophilicity, andchange
of conformation. Thecharactergation of structural changes of macromolecules
contributes to amore profound knowledge of biomolecular processesThemost
significan advantageof diamondbased sensors is that living culture can be monitored
ain vivce without its destruction andthe diamondsurface can be easilgitoredfor any
application Thecellsandtissues can beultivated directlyon the sensor,andthey can
be non-destructively monitored andstimulated. As further describedthe use of the
diamond is not limitedbnly to a biosensor studybut its use is expandetb many more
sersory fields.

3.4.1.Electrochemistry

In the pure state,an intrinsic diamond isn excellem insulator. When properly doped,
the diamond excels asanelectroce inthe field of electrochemistry Thus, for this
purpose it must be dopedwith boron to achievep-type conductivitywith high carrier
mobility. Thebenefits of using adiamond in electrochemistry are mainlthe wider
potential window andlower background currenten aqueoussolutions. Another type
of treatment which customisa diamondasan electrodeis the surfacdunctionalsation
with hydrogen. After this treatment, the diamond electrode is highly sensitive
to the ionic strengthof the solutionandpH [42,43] Theboron-doped diamond(BDD
has been extensively useith water treatments asit can effectively generate ozone
and hydroxyl radicalsvith minimal degradatiomf the BDD electrod@t4]. More detailed
electrochemicaproperties of diamondare outof the scopeof this thesis butareader
with more profoundinterestis pointedto [45¢47].

3.4.2.Mechanical sensQr nanomechanical sensing andquantum
nano-sensors

When we ae talking abouthe useof the diamondasa mechanicakensorwe discover
that the piezo resistancef the diamond is utiBed in most workpublishedin the field
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of diamond mechanical sensingoron doped diamond will change electricasistance
with strain (piezeresistance), meaning it can be usedastrain gaugeonrugged
electronic microsensorfor pressureandacceleration sensingt high temperaturesup
to 170°C or 250°C [48¢50]. From the measurement dhe macroscopic properties,
diamond also found its way to measuranomechanical propertiesf sample molecules
in nano electremechanical systems (NEMB)trogen vacanc{NV) centresin diamonds
are being usedo locate single elementary chargeSmbealded NV in diamond offers
agreat pespective for quantum sensorg51] andnano-sensingapplications Recent
discoveriesin the field of quantum sensing shiftethe spotlight of diamond research
to onearea whichisthe areaof quantum computingThediamond is being extensively
tested for new emerging quantum technology. Diamondaigery dtractive material
with along coherence timeNV centre ina diamond can performasaqubit at room
temperature. Photoelectrically readVcentrein adiamond can be utilizedsa bridging
device between basic quantum processor uaihdnanoscale electrais, enabling
photoelectric quantum gate operatiorf52¢54].

3.4.3.Gas sensors

Diamond can be usedsa sensitive layeffor detecting the singlemolecule substances
andmacromolecular andeven the whole organism, justbyachange of structure
andsuface functionalsation (e.g., SGFET$ensordasedon the diamond are recently
usedasgas detectorsandsensors sensitivéo specific gasesuchashydrogen, water
vapour[55], ammoniga andcarbon dioxidg40,56] A similar application is founia the
pH sensitivity of SGFET transistor baseoh hydrogenterminated diamond [57].
Terminationwith hydrogen offerssensitivityto the surroundinggasenvironment due
to induced surface conductivityp8]. With the use of surface functionalisaton, abroad
spectrumof gas sensing applicatisican be found59¢62].

3.4.4.Deoxyribonucleic acidNA and protein sensors

DNA sensors baseoh diamondthin films are another subjecof researchwith great
perspective Existingsensorsoften use aminecarboxyl,or thiol termination necessary
for biomolecule immobisation. Thedetected biomolecule is immobilisexh the surface
of the biosensoandformsalayer. There is high capacitive binding between lagétke
solid surface channeandliquid electric double layeonthe surface. Thienables
the detection of DNA aptamers influencebly the distance between layerand polarity
of the molecule[63]. Another typeof detection is the fluorescenceof DNA binding
ondiamonds [34]. Inanother study enzymemodified fieldeffect transistors were
realised using acetylcholinesterasand penicillinase asdetection layes of specific
enzymatic reactios [64]. Thesurfaceof the diamond sensor can also be chemically
modified by organiclayers, which again senaslinking biomoleculef solid surface
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andspecific protein[65]. Thebiomolecular layer lead$o changesin the conductivity
of the interface alteringthe conductivityof the diamond thin film{66].

3.4.5.Cellculture sensors

In the field of direct electrical measuremerdf living cells, several approaches are used
to investigatethe propertiesof the cellmembraneand cell/surface interface. Onef the
common techniques is direct impedance measuremeoitcells by microelectrode
array(MEA) or Interdigitated Transducer (IDT) electrodé7¢69]. Thepatch-clamp
contactingthe cell by microelectrode ishe method for measumgliving cells surface
potentials [8] andestimatingthe cell's behaviougin vivce. However it isatechnological
challenge whethethe excitableor non-excitable cells are usd@0¢73]. Another study
was performeddy observationof the cell aggregation influena@ impedance spectrum,
measured between microelecidesandone referent electrodd74]. Apossible way is
ameasurementby patch-clamp technique, morexplicily monitoring of cell viability
aswas describedh [75].

From all the above, Ifound asolutiongated fieldeffect transistor
with functionalsed diamond suitablefor the measurement of cellular electrostatic
effects. These devices, -salled solutiongated fieldeffect transistors (SGFETS), have
found vast usein the study of solution/celtsurface interactions, livingnicroorganisms
andtissue cellsasbiocompatible sens&[76]. Mostof the experiments foasedon the
adherent typeof cells are aimedb describethe influenceof the functionalsed diamond
oncell culturesandits common interaction[77,78] Thesurface wettability can be
tailored duringfabrication by specific termination (by hydrogemndoxygen or its
combination). Effects sudsthe dependenceof the conductivityon the grain siz¢79],
pH sensitivity of SGFETS[66], protein adsorption [80], anddisruption of the
semiconductive propertieby adhesive proteinsvere described81].

3.4.6.Tissue sensors

The functionalsed diamond was usedn several studiesforthe pattern-guided
formation of glial andretinal neuron networks. It was found thdhe function of the
adhesive cell growttonthe diamond surface was not disturbd82,83] This makes
adiamond perfect solutiorior a photosensitive retinal prosthesendneural interfacing
device[84]. In advance, nonconventional borestoped nanocrystalline diamond-{BCD)
was usedasaninterfacing device[85]. Diamondbased biosensors are not limited
onlyto excitable neuron cells. It nabe usedin situationswhenthe tissue cannot be
observed by conventional techniquegoptically, exposingthe cell culture to light),
andits conditionmustbe monitoredwithout anyinvasionin the sterile incubator Such
asensor should bebiocompatible inthe long term, andit should not electrically
influence the measured sampleTheinterdigital transducer Kigure 3.11) is perfectly
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suitable for this kind of application.In this researchadult stem cells (AS@)ere used
asasample for impedance characterizationin vivcé 2as described in section 4.5.

Monitoring cell settlement, proliferation and differentiation in the bodylike conditions
is oneof the targetsof future work The application of diamorsds summarised irFigure
3.7, with the main division between therapeutic use and diagnostic use.

Medical applications of diamond

Anti-inflamatory
coating

Drug delivery Retinal

prosthetics

Dosimetry

Neural

Imagin
S prosthetics

DNA
biosensors

Tissue
engineering

Cell based
biosensors

Protein
biosensors

Imunoassays

Figure3.7 Applications ofliamond thin films andliamond nanoparticles ihiomediche [13]

3.5. Biosensors

Nowadays in biotechnologyandmolecular biology, mosbfthe methods are based
on biochemicé processesdyes, andoptical observation. These methods are often
destructive andbased onsubijective evaluation methods There isaneed for non-
destructive,objective,and simpleto usecell/ tissue monitoring techniquesBiosensors
have great yetunfulfilled potentialinlive sciences. Its properties characterise each
sensor accordingp the form of energy domairthey transform,the type of signal they
produce, orthe properties of such signal. Although it isecessaryto know how
the sensor worksandwhat modulates thesignal it produces, we often distinguish
between time and frequency signals different characteristicsEvery biosensor has
specificselectivityand specificity.Thecombinationof these determines howhe sensor
behavesn adefined environmentOther properties can characterise the functiontiogé
sensorbasedonthe output signal. It can be dividedto static parameters (transfer,
linear, load characteristics, precision, resolution, sensitivity, specificity, stability,
hysteress, reproducibility)anddynamic parameters (transfer function, frequency,
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impulse

response).Functional

materials are usedo achieve exact specificity
andselectivity, notto mention other important propertiesof the sensor.

Biosensors basedn nanocrysalline diamond thin films functionaded by surface
termination arethe focus of the presenteddoctoral thesis In the Experimental part
three typesof sensors were developezhdtestedwith cell cultureand proteins.

3.5.1.Solution Gated FieldEffectTransistor

There are many typesf diamondbased bieelectronic deviceof anew generation.
They differin the type of diamond (intrinsicor boron-doped polycrystalline diamond
inthe form of thin films deposited ondifferent substrates mainly glassor robust
singlecrystalline diamond substratesaswell asaworking principle. Theworking
principleof devicedor direct electrical measuremerf cell activityandfor the studyof
the celkcell or cellsubstrate interactions differdor individual device configuration
andspecific applications suclasimpedance measurements, fiekffect transistor
configuration and othersForexample pboth impedanceand conductivitymeasurement

techniques employ micelectrode arrays (MEAgsdescribedn [85,86]

MEAs found application ithe study ofimmune system response efficienf87],
direct monitoring ofcardiac action potentials afells [85] asshown inFigure 3.8,

or for action potential recording anstimulation ofneural networks fob 2 (i K

applicaions (rigid substrate) asell asford Ay OA @2 ¢
biocompatible substrate]88]. Interdigital transducer electrodes (IDT) basedtlom
hydrogenterminated diamond orglass substrates were found prospectiveoasically
transparent devices faraltime monitoring ofcellular activity (incubation, cultation,
adhesion, and otherg89].
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In contrastto impedancebased devices, solutiegated fieldeffect transistors
(SGFETS9)ith hydrogenterminated diamond surfaceallow the study of asingle cell
with minimum load currentsThey have found usk researchof solution/celtsurface
interactions, living microorganismsandtissue cells asbiocompatible sensors.
Theproperties of diamond SGFETs, suesthe influence of the diamond thin film
morphology [90], pH [91], protein adsorption [92], or membrane adsorption
anddisruption[93] on the electrical characteristichkavebeen well describedn another
study, enzymemodified fieldeffect transistors were appliedo detectenzymatic
reactions [65] oto measirethe surface potential of living cells [94]. Micro
andnanoscopic field SEETs havthe potential for the study of electrodynamic cellular
behaviaur, which is theoretically predicted95] yet challengingto detect [96].
Thefunctionalsed diamond surface was uséaseveral studiesor the pattern-guided
formation of glial andretinal neuron networkq78,97] andit was also demonstrated
asthe perfect solution for photo-sensitive retinal prosthesisandneural interfacing
devices[98] (SeeFigure3.9).

However, most othe studies were focused dhe interactions ofmammal
adherent cells oexcitable cells witlsurface potential. There islack ofstudies focused
on the interactions ohon-adherent, norexcitable cells.

Power and data lead

Diamond electronics

capsule and diamond array ‘
R

v

'
Silicone form and™ &
attachment poinfs '

Figure3.9 (a) Medical illustratiorof the form for the Bionic Vision Australia(BVA epiretinal
device, tackedn position overthe macula, (b) Micrograpbfthe external faceof adiamond
feedthrough array.Theblack squares are conductingNCDandthe lighter lines are exposed
PCD through which light is transmitted. Some light throtlgharray is blockedby evaporated
wiresonthe reverse side. (cJheinterior faceof the feedthrough arrayith evaporated metal
wires contacting some feethroughs[98].
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Thusin the presented work | focusedon yeast cells $accharomyces cerevisjae
which are widely usedasthe basic modelof eukaryotic cellsin molecular biology
andgenetis[99]. Yeast cellare the subjectof variousgenetic engineering techniques
andstrict functional analyses of proteins. They are nocpolar, nonrexcitable
andnon-adherent cells. Their innerandsurface structures are welldefined
andunderstood. They haveastable negative surface chargeith very weak pH
dependency, which determines thelrehaviaur inthe solution[100,101] In general,
yeast cells are knownasnon-adherent cells, although some yeasts such
asSaccharomycescerevisiag Candida albicans andCandida glabrata canadhere
to plastic surfacefl02,103]

Theyeast cell adhesion tplastic substrates depends drydrophobic interaction
[105]. Novel methods foattachment andcultivation ofprecisely positioned single yeast
cells onamicroelectrode surface employ@S 1 { St SOGNR OF 6 nldend Sxyod A I f
[104] (SeeFigure3.10). It was reported that thgeast cells attached tthe negative
potential-applied indium tin oxide (ITO) electrodes showed normal cell proliferation.

Replaced in and diluted Potential application

Cultured with PBS(-) for 24 hr at RT
yeast cells 7\ e Ag/AgCl i
— LAsmtefl
Centrlfugatlon )
IIIIIIIIIIIIIIIIIIM
Patterning electrode
YM medium

SYTO9  PI

o) (O

Green fluorescence Red fluorescence
Live Dead i’

>
;o

Washout SYTO?9 and PI staining

Observation

Figure3.10 Theprocedureof attachmentand cultivationprecisdy positioned yeast cel[404].

The influenceof different solutions (sucrosendyeast peptone dextros€YPD)
without or with yeast cellspnthe Hdiamond SGFET electrical characterisictudied
Theinteractions of the yeast cellsandcell culture solutions witlthe H-terminated
diamond surfaceonthe transistor gateandother interesting findings are discussed
in section4.4.
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3.5.2.Interdigitated Transducer Sensor

Bioelectrical sensors aaf high interest dueo their non-invasive labefree usefor din-
vitro¢ monitoring of biological eventsandsimplicity andfast responsein reakttime.
Presently, there are two analytic approachist employ either opticalor electronic
signal processinfl06]. Both these approaches reached statidhe artin atransduce
type that convertsa stimulusinduced cellular respongato the quantifiable signalife.,
biosensor signal). Frothe broad familyof electronic systems, impedance measurement
seemsto be one of the simplestandmost powerful methodsfor monitoring cellular
signals during cell cultivatiofL07]. Themain reasonfor its wide application is that
the monitored impedance signal is sensitive ratlyto ionic currentsbut alsoto cell
growth stages, i.e.cell attachment, spreading, shape, proliferation, differentiation
andcommunication[106,108] Diamond is proposedsapromising materialfor life
science andregenerative medicine dudo its biocompatibity, chemical stability
andfavourable combination of optical, mechanical andelectrical properties[109].
Inaddition, its surface can be covalentigrminated by specific atomsor molecules
which controlthe cell occupation, adhesion, proliferatipandcell differentiation[80].

In previous studiesa surfaceconductive diamond thin filmwas already introduced
asafunctional layer inimpedance sensordor biological studies[89] andfor the
recognitionof gasandchemical moleculefl10]. It was proven that intrinsic diamond
thin film could be usedasa biocompatible biosensdior din-situ¢ electronic monitoring
of cells behaviourin cultures [89]. Inthat case the sensing principleof the diamond
based impedance sensor was basedmpedance measurements employing conductive
hydrogenterminated surface regionsasin-plane electrodes that wereseparated
by resistive oxidized surface regions.

Thediamondthin film was depositean the quartz substrate,andthereby, it was
fully transparentin the visible ranggincluding low fluorescence background. Moregver
anypossibleandunwanted geometricakffects of metal electrodes (like sep edges)
were avoidedaspurely surface atom modifications defineamhdinduced the p-type
diamond surface conductivitjl11]. Thesurfaceconductive Hunctionaliseddiamond
channels were lgo appliedn the caseof solution-gated fieldeffect transistorgo study
the interactionsof human osteoblat-like SaOS2 cellswith the diamond surfacg112].

In this thesis impedance senserwith afunctional diamond layer deposited
ongold interdigitated electrodesare employed to monitor the growth andactivity
of adipose tissualerived stem cells (ASCs) electricalh optically. ASCs were chosen
because together with human bone marrow mesenchymal stem cells, they became
the most popular adult stem cells usadtissue engineering, cell therapgndstudies
oncell differentiation towards various phenotype [113]. Forexample,
the differentiation of ASCs towards adipocyteandosteoblasts was successfully
quantitatively monitored inreattime byimpedance sensing71]. Generally, cell
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differentiation is precededby cell adhesion, spreadingnd proliferation, andthese cell

functions are also usedor expanding the ASCsinto desirable quantities, needed
for further studies onvarious properties of these cells andfor their biomedical

applications. Thereforein this research | haw focugd onthe investgation of cell

adhesion, spreadingandproliferation byimpedance sensingwith diamondbased

impedance sensors.

Theresults are comparedwith impedance measurements provided using
acommercially available gold interdigitated electrodes arrayCELLigen@® RTCA
system, Roche Applied Sciefire Theconcept ofthe diamond enhanced IDTs is
schematically describeid Figure3.11
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3.5.3.QuartzCrystal Microbalance

The quartz crystal microbalance (QCM) sensor is baseke piezoelectric effect. It is
a highrresolution mass sensing techniquath sensitivityat the picogram levebndhas
been widely useth many fields suchssurface chemistrybiochemistryandbiomedical
engineering[114]. Several works have shown that QCM is suitafoledetection
of multiple types of substances, suctlaspollutant molecules inthe air [115,116]
antibodies, allergend117,118] proteins [119], DNA sequencgl120,121] bacteria
[116,122,123] andcell culture layer [123]. Its certain advantages are low cost
andrelatively easyfabrication However, bare QCMs.€., with SO, or gold sensing
surface) have low selectivityandare fragile interms of mechanical properties.
Onthe other hand awide range of surface modificationsor functionalsation can
improve sensitivityand selectivity

Generally, immunological detection methods are basednsurface
functionalsation by specific antibodieshat immobilise the detected substanceo the
sensor's surfacéy direct binding viaafunctional groupor KeyLock systemasshown
in Figure3.12 [124,125] Forexample,for DNA detection,acomplementary synthetic
DNA sequence (oligonucleotide probe) is usually wadda grafting pointon the sensor
surface.Inthe caseof bacteria detection, common chemical compounds are applied,
which are producedy the investigated organismglL26]. Forexample,the Escherichia
coli detection was reated usingthe O157:H7 sequencfl27], andfor the detection
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of Salmonellaenteritidis  andChlamydiarachomatis  bacteria, thin layers
of polyethyleneimine bound with glutaraldehyde andcysteamine were applied,
respectively{122]. A proper andlongterm stable surface functionahtion of the QCM
sensors igital for biosensor applications. As knowthe basic configuratiomf the QCM
device consist®f circubr-shaped quartz crystal, which is covereath aplanar gold
electrodeon both sides.

Thus, wherthe surface functionalisation dhe QCMs is mentioned, it primarily
means thesurface functionalisation dhose gold electrodes. However, iasvas already
confirmed, thestability of(e.g.) goldthiol functionalisation is questionable
for longterm monitoring ofpathogens oother critical areas where false negative
signal could be eeal threat tothe evaluation othe measured data.

Figure 3.12 Biosensing interfacesvith typical applications. Sensor surfaces can be coated
with single or double-stranded DNA. Singktranded DNA recogses complementary strands

in solution by hybridisation. Furtfermore, unspecific adsorption processefproteins or cells
with surfaces can be monitordd25]

In contrastto that, the stability of the diamond surface is unrivalldd]. Diamond,
due toits properties, provideghe possibility to obtain stable surface borsdusing
standard clemical or physical methodsTheidea of coating the QCMwith adiamond
thin film is not new, but unfortunately, the Curie pointof quartz (573C) is lower
thanthe deposition temperatureof conventional diamond growth processes (600
1000°C) Thus, the deposition of diamondon QCM was not widely utded dueto the
loss of piezoelectric properties of the quartz exposed to high temperatures
Nevertheless, some success has been already obtaydsbnding afree-standing
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