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Abstract 

This work deals with nanocrystalline diamond (NCD) thin films for biosensor studies and 

it is composed from authors peer-reviewed articles. It shows the basic ways to utilise and 

modify NCD for cell culture sensing, tissue sensing, and adhesive protein sensing. 

This research describes living matter interfacing bioelectronic sensors. Its goal is to 

develop a workflow from fabrication to the measurement and understanding of living 

material interaction on diamond-based biosensors represented by three different 

principles.  

The first study deals with measuring the viability of the yeast cells (Saccharomyces 

cerevisiae) using the diamond SGFET sensor. The transfer characteristics of the SGFETs 

exhibit negative shifts of the gate voltage by –26 mV and –42 mV for sucrose and yeast 

peptone dextrose (YPD) with cells compared to blank solutions without the cells. This 

effect is explained by the local pH change in the close vicinity of the H-functionalised 

diamond channel due to the metabolic processes of the yeast cells. This approach paved 

the way for using NCD SGFET with new types of cell cultures (bacterial/fungi cells).  

The second study focuses on sensing the viability of adult stem cells by NCD-coated 

impedance sensor employing interdigitated electrodes (IDT). For usability evaluation, 

the experiment has been done in parallel with the commercially used laboratory 

equipment to observe the difference in sensitivity. It was found that the diamond sensor 

is more sensitive during the initial phase of the cell growth, while the control system is 

more sensitive during the second ASC’s growth phase. This work serves as a basis to 

stable surface functionalisation of the diamond, which enables the modification of cell 

cultures adhesion to the surface and opens the way for various new types of functional 

coatings.  

The third study (diamond-based QCM sensor), which was until now used 

only as a gas sensor, investigates variation in adhesion of proteins on the NCD-coated 

quartz crystal microbalance (NCD-QCM). The serial resonance shifts of the sensor were 

analysed, and the level of adhesion of two fibrillar and globular proteins was evaluated 

by measurements. As follows, two types of surface terminations were compared, 

namely hydrophobic hydrogen termination and hydrophilic oxygen termination. Above 

that, the different time-dependent behaviour of protein adhesion on the O-NCD 

and H-NCD QCMs was observed. The study described the protein/NCD interface 

explaining the response of the NCD-QCM sensors and deepened the general knowledge 

of protein conformation on the surface based on its wettability.  

This thesis verifies that diamond is an exciting material thanks to the combination 

of biocompatibility and vast possibilities of surface modification, which allows tuning 

electrical and chemical properties depending on the specific use in biology. 

Keywords: nanocrystalline diamond, biosensors, surface modification   
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Abstrakt  

Tato práce se zabývá tenkými vrstvami nanokrystalických diamantů (NCD) pro studie bio-

senzorů a je tvořena komentovaným souborem autorových publikací. Ukazuje základní 

způsoby, jak využít a modifikovat NCD pro snímání buněčné kultury, tkáňových kultur a 

savčích adhezivních proteinů. Tento výzkum popisuje, jak živá hmota interaguje 

s diamantovým povrchem bio-senzorů. Jejím cílem je vyvinout pracovní postup od 

výroby po měření a porozumění interakci živých materiálů s bio-senzory na bázi na 

diamantu reprezentované třemi různými funkčními principy. 

První studie se zabývá měřením životaschopnosti kvasinkových buněk 

(Saccharomyces cerevisiae) pomocí SGFET senzoru na bázi NCD. Přenosové 

charakteristiky SGFET senzorů vykazují negativní posuny napětí hradlové elektrody o 

hodnotu –26 mV a –42 mV pro sacharózu a kvasinkovou peptonovou dextrózu (YPD) s 

buňkami ve srovnání se stejnými roztoky bez buněk. Tento efekt je vysvětlen lokální 

změnou pH v těsné blízkosti vodíkem modifikovaného diamantového kanálu v důsledku 

metabolických procesů kvasinkových buněk. Tento přístup otevírá cestu pro použití 

SGFET senzorů na bázi diamantu s novými typy buněčných kultur (bakteriální buňky, 

buňky hub, části virů). 

Druhá studie se zaměřuje na snímání životaschopnosti savčích kmenových buněk 

pomocí impedančního senzoru (IDT) pokrytého NCD. Pro hodnocení použitelnosti byl 

experiment proveden paralelně s komerčně používaným laboratorním zařízením pro 

otestování rozdílu v citlivosti. Bylo zjištěno, že diamantový senzor je citlivější během 

počáteční fáze růstu buněk, zatímco kontrolní systém je citlivější během druhé růstové 

fáze ASC. Tato práce přispívá k prokázání stability, biokompatibility odolnosti a 

univerzálnosti diamantového povrchu, který dále umožňuje modifikaci adheze 

buněčných kultur na povrch a otevírá cestu pro nové typy funkčních povlaků. 

Třetí studie, zaměřená na senzor QCM pokrytý NCD, který byl dosud používán 

pouze jako senzor plynu, zkoumá adhezi proteinů na NCD v závislosti na smáčivosti 

povrchu. Byly analyzovány posuny sériové rezonanční frekvence senzorů a na jejich 

základě byla vyhodnocena míra adheze fibrilárních a globulárních proteinů. Senzory byly 

modifikovány dvěma typy povrchových zakončení, v prvním případě hydrofobní 

funkcionalizací vodíkem a v druhém případě hydrofilní funkcionalizací kyslíkem. Dále 

byla pozorována různá časově závislá adheze proteinů na O-NCD a H-NCD QCM. Tento 

výzkum popisuje rozhraní proteinu/NCD pomocí odezvy senzorů NCD-QCM a prohlubuje 

obecnou znalost konformace proteinů na povrchu na základě jeho smáčivosti. 

Tato práce prokazuje, že diamant je vhodným materiálem, který kombinací 

biokompatibility a širokých možností modifikace povrchu, umožňuje ladění elektrických 

a chemických vlastností v závislosti na specifickém použití v biologických vědách. 

Klíčová slova: nanokrystalický diamant, bio-senzorika, povrchová modifikace   
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1. Introduction 

The presented doctoral thesis deals with the nanocrystalline diamond-based biosensors 

and their use with living matter to further describe the processes taking place during the 

interaction of cells and macromolecular proteins with the hydrophobic and hydrophilic 

surface of nanocrystalline diamond. 

Diamond is considered a perspective material in cells and tissue-oriented life 

sciences. In addition to unique mechanical, thermal, and electrical properties, diamond 

is also biocompatible and exhibits two-dimensional hole-like surface conductivity, which 

is highly sensitive to changes in the surrounding environment due to the surface transfer 

doping mechanism [1,2]. Modern biosensors must be very sensitive and selective, easy 

to use and fabricate, portable, cheap, reliable, and optimally detect biological events in 

real-time. In the case of a diamond, the very best advantage lies in the possibility 

of durable and straightforward surface termination, which enables the adaptation of its 

properties to specific sensing needs. 

The submitted thesis dissertation takes the form of a set of publications as per 

Article 1, paragraph 3 of the Dean’s Directive for Defence of Dissertation Theses at Czech 

Technical University, Faculty of Electrical Engineering. It consists of 4 publications 

published in peer-reviewed journals and 7 contributions at international and national 

conferences in the field of biosensors in the last 6 years. The publications present the 

complete life cycle of the sensors from the design and fabrication across their use for 

living matter to the measurement, signal analysis and finally, the discussion and 

interpretation of the accumulated results. 

As a result of this thesis, I have utilised a specific type of diamond (nanocrystalline) 

applicable for biosensors. There are three characteristic/representative sensor-working 

principles on which are demonstrated the usefulness and the great potential of diamond 

as a unique functional layer in biosensors. However, this work aims not only to prove 

the use of the diamond but its goal is also to demonstrate the possibilities of surface 

functionalisation of nanocrystalline diamond-based sensor elements. Sensors described 

in this thesis were designed, fabricated, and the sensor testing experiment elaborated 

as a proof-of-concept for future use of diamond films as label-free bio-electronic sensors 

working in real-time. Sensors were successfully tested in laboratory conditions to 

monitor the viability and motility of living cells and to investigate the properties of 

adhesive proteins depending on the wettability of the surface, and experimental findings 

were discussed and explained, and relevant results were published in peer-reviewed 

scientific journals. 

Presented work was done within the scope of the projects listed in section 7.4 of 

this thesis. 
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1.1. Structure of the thesis 

At the start, a concise theoretical introduction is provided to the topic of different forms 

of carbon. Since this work deals exclusively with the nanocrystalline diamond (NCD) 

in a thin-film form, the reader gets acquainted with different types of diamond and 

selected (bio-) sensors. Both topics are summarised in the state of the art research. 

Fusing those two broad areas of expertise results in a field of study focused on the 

sensing applications of diamonds.  

In the experimental part, the reader gets acquainted with the utilisation of NCD 

in the form of diamond-based electrical biosensors for biological research. Sections 4.1 

to 4.3 of the experimental part describe the detailed fabrication procedures. Following 

sections 4.4 to 4.6 describe laboratory uses of fabricated sensors in the biomedical 

research as the summary of published articles (integration text), further extended by the 

text describing the author's contribution and summarizing the novelty of the publications 

to the current state of the topics. The conclusion of the thesis summarises achieved goals 

and gives the reader an idea about the author's prospects. Full texts of the referred 

author’s articles are enclosed in the appendix. 

1.2. Objectives 

The main goal of this thesis is to generate new scientific knowledge on the interaction of 

nanocrystalline diamond (NCD) thin films with different types of living matter and to 

show the novel potentials of diamond thin films and their surface functionalisation 

in new ways not yet described. For the author to follow the line of research, multiple 

steps are necessary to achieve the main goal. First, suitable sensor principles must be 

selected. Also, the grown diamond layer must be compatible with the used technology 

to withstand the fabrication conditions. All the above is demanding on technological 

implementation, which is one of the goals of this dissertation. As suitable, the three 

diamond-based sensor types were found, each employing a different working principle. 

Previous studies have already focused on the utilisation of semiconductive 

properties of diamonds in the form of SGFET. In this matter, I extended the present state 

of the art with my experimental findings by involving the non-adhesive living organisms, 

which differ from mammal cell interactions used until now. 

The second suitable type is the impedance sensor in the form of the interdigitated 

transducer electrode (IDT, also called comb electrode). Although this sensor with gold 

electrodes has been already commercially used for sensing mammal cell cultures, it has 

not been used in such matter with superficially functionalised NCD thin film coating. 

The third type of sensor is an acoustic sensor, specifically quartz crystal 

microbalance. In this case, an opportunity arises to use NCD thin film as an interfacing 

layer that can be easily and steadily functionalised with various molecular groups. 
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Other types of sensors are to be issued but to maintain the clear scope of the 

thesis; it covers only research to highlight significant achievements and findings. The 

main objectives can be summarised as follows: 

• Conceptualise new use of existing and new types of NCD based biosensors 

• Fabricate nanocrystalline diamond in sufficient quality for biosensors use 

• Fabricate multiple sensors with different working principles and enhance their 

properties by using NCD 

• Design and perform novel experiments with fabricated diamond sensors 

and biomaterial to discuss its “in-vitro” usability 

• Expand the use of the developed SGFET sensors to other types of live organisms like 

bacteria or viruses 

• Create a “proof of concept” using living cells and cultures on nanocrystalline 

diamond-based biosensors 

• Discuss the measured results and propose a model describing ongoing effects to 

achieve new knowledge 

• Based on the results, adjust a fabrication procedure, and update the design of the 

sensors to overcome their disadvantages 
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2. Motivation 

2.1. Advantages of using diamond thin films 

The most advantageous properties of the diamond are usually connected with its 

biocompatibility on the level of cellular interaction. Diamond in any form is 

biocompatible, where the level of biocompatibility is highly dependent on the content 

of the sp2 phase of carbon and other (possibly toxic) contaminating molecules. 

In biosensors, the diamond's biocompatibility is assessed based on such purity. 

The motivation for my research is not limited strictly to biocompatibility; the main 

reason behind choosing diamond as a functional layer is the combination of optical 

transparency and the great possibility of surface modification of the diamond. Thanks 

to its carbon cubical lattice, diamond is perfect for bonding multiple types of molecules 

on its surface, all changing its chemical, macroscopic, and microscopic properties. 

2.1.1. Surface termination 

The diamond acts as an excellent carrier for surface functionalisation by atoms or atomic 

groups, aptamers, or other types of functional (bio-) molecules. In section 4.6, these 

properties were used to examine a protein adhesion to the terminated NCD. 

2.1.2. Biocompatibility 

One of the main topics of this thesis is the utilisation of the NCD and its biocompatibility 

in biosensors studies. In section 4.5. the properties of the diamond were utilised 

to monitor adipose-derived stem cells (ASC) and their growth from inoculation through 

confluency to the formation of additional layers. In addition, the inertness of the 

diamond is a great advantage when using it as a sensing material in section 4.4. 

2.1.3. Morphology modulation 

NCD offers excellent possibilities for surface morphology modification by changing 

the deposition time, the gas composition, or after-growth treatment. Cells differ in size 

and shape, and NCD can be morphologically adapted to suit the properties of cell 

cultures and living tissues. 

2.1.4. Electrochemical window 

Boron doped diamond (BDD) can act as an excellent electrode because of the diamond's 

very broad electrochemical window (highest of any known material, see Table 3.1). That 

means the wide potential range combined with the conductivity of BDD is predicting this 

type of diamond for use as a sensory implant, which enables us to use higher power 

levels before causing oxidation or reduction at the surface of the electrode.  
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2.2. Originality and novelty 

The motivation of my thesis is to employ multiple of the abovementioned properties 

of the NCD to create a novel biosensor or use an existing diamond-based biosensor 

in a novel way. I intend to utilise the biocompatibility of the NCD, the chemical inertness 

with living organisms, the wide electrochemical window of NCD, the surface 

conductivity induced by hydrogen termination and most importantly, the stability 

and ease of surface functionalisation under room conditions. 

2.2.1. NCD as a platform for biosensors 

There are sensing principles that have not been used with NCD before as a biosensor 

for detecting living culture. For example, the IDT electrode (electrical sensing) is widely 

used to monitor mammal cell culture growth, but such a sensor is based solely on gold 

electrodes, which may expose the culture to higher currents than being coated 

with NCD.  

Piezoelectric principles offer such possibilities in the form of acoustic sensors such 

as QCM or SAW sensors. Generally, acoustic sensors are often overcoated with a 

functional layer to increase sensitivity and specificity. With thin NCD film on the sensor's 

surface, a variety of surface modifications can be added among the abovementioned 

benefits. 

Amongst other principles, it is worth mentioning optical biosensors. This field 

promises exciting possibilities, although the use of NCD in this field is currently in the 

phase of theoretical considerations. Regarding my field of study, this work is focused 

on electrical sensors. 

2.2.2. Novel use of NCD-based biosensors 

There are NCD based sensors that have already been under research in past years, e.g., 

SGFET sensor which has been used to monitor sarcoma osteoblast (SaOS-2) and HeLa 

culture, but never as the tool for monitoring the viability of nonadherent cells as yeast 

cells or other types of bacteria/fungi. One of my goals is to investigate NCD-based SGFET 

under the influence of nonadherent cell culture and understand the relation between 

modulation of SGFET’s characteristics and cell culture viability. Moreover, I intend 

to extend my research on SGFET by modifying the conductive channel with functional 

molecules (aptamers, carbonyl, and others).  

As diamond can act as an insulator and semiconductor at once, it can be used 

for multisensory purposes, where it combines stimulator in the form of SGFET or IDT 

electrodes with applied voltages on and QCM measurement in a single sensor chip. 
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3. State of The Art 

3.1. Carbon Forms  

All life forms on Earth consist of many atoms of most of the elements on the periodic 

table. Some of the atoms play an essential role in metabolic mechanisms, and some are, 

despite being present in small amounts, redundant or even toxic, and some as carbon, 

are essential in every role we can think of. Carbon is essential for all forms of life on Earth 

and is without a doubt one of the most important natural elements in the periodic table. 

It is the 17th most abundant element in the Earth’s lithosphere and the 2nd most 

abundant element in the human body [3].  

Carbon can perform various bonding hybridisations and forms, enabling 

the existence of life (combined with other elements) as we know it. Its variability 

predetermines the diamond as the element around which the world is turning around. 

Whether it is the circulation of CO2 in the atmosphere and through the biomass of all 

living things or the energy we use every day in the form of oil, coal, or gas, carbon has 

many utilisations for modern society. We are slowly learning to use carbon in other ways 

than burning it to produce energy as it was for long years.  

Allotropes of carbon have also received considerable attention due to their 

usefulness in material science [4]. Generally, there is a need for materials that shows 

almost ideal physical characteristics in any physical way. Carbon allotropes of all 

dimensionalities are known, but there is no consensus on how many are defined 

at present. Moreover, other new forms are predicted (e.g., Me-graphene, 2020) [5]. 

The most well-known allotropes of carbon are graphite (1917), fullerene (1970), 

nanotube (1991), graphene (2004), nanobud (2006) (Figure 3.1), (nano-)diamond, 

nanofoam, nanoribbon, nano-horn, nanosheet and others [6]. 

This structural diversity allows many different types of scientific and technological 

utilisation. Carbon forms are suitable for all kinds of applications, depending 

only on molecular conformation, whether it is superconductivity at room temperature 

(graphene), high thermal conductivity, biocompatibility (diamond), molecular charge 

transport (CNT), or the possibility to carry functional molecules inside (C60 – C540). 
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Figure 3.1 a) Diamond: b) Graphite, c) Lonsdaleite, d) C60 buckyball, e) C540, f) C70, 

g) Amorphous carbon, and h)single-walled carbon nanotube [4]. 

The extreme and well-defined conditions, as well as the purity of reactants, have 

to be secured, causing some molecular conformations to be challenging to achieve, 

which is apparent from the carbon phase (pressure/temperature) diagram in Figure 3.2. 

This transformation is a field of science of its own, and this thesis is concerned 

exclusively with the fabrication of diamond which is indisputably the most 

biocompatible form of all carbon-based materials. Plenty of studies focused on the use 

of its unique extreme properties as it is also partly the focus of the presented thesis.  
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Figure 3.2 Phase diagram of carbon [7] 

The neutral carbon atom bears six electrons – two tightly bound (1s) close to the 

nucleus and four as valence electrons (two in the 2s subshell and two in the 2p subshell) 

[8]. The ground-state electron configuration of carbon (1s22s22p2) allows it to bond 

in three different ways (single, double, and triple bonds) and with many different 

elements. For this reason, carbon manifests itself in many different allotropic forms 

with entirely different properties [9]. All of them have the same building block, 

the carbon atom, but their crystalline structure is different. The three basic carbon 

allotropes with an integer degree of carbon bond hybridisation are carbine, graphite, 

and diamond, corresponding to sp, sp2 and sp3 hybridisation of the atomic orbitals 

(Figure 3.3) [10,11].  

• sp hybridisation (linear): one s-orbital hybridises with one of the p-orbitals to make 

two sp-hybridized orbitals. The angle between these new orbitals is 180°, and the 

carbon atom bonds by a diagonal symmetry.  

• sp2 hybridisation (trigonal planar): one s-orbital is mixed with two p-orbitals to form 

three hybridised orbitals with a trigonal symmetry and characteristic 120° angles 

between them [10].  

• sp3 hybridisation: each carbon atom is arranged tetrahedrally. Each tetrahedron 

combines with four other tetrahedra and forms a strongly bonded, entirely covalent 

face-centred cubic crystal structure (Figure 3.1a). Diamond can also exist 

in a hexagonal (lonsdaleite) form [12].  
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Figure 3.3 Drawing of sp, sp2, and sp3 hybrid orbital [10]. 

Diamond 

Diamond (Figure 3.1) is an allotrope of carbon that is being considered for use in several 

medical applications. Its crystal exhibits a higher atomic density (1.76 · 1023 cm–3) 

than any other solid. The high bond energy between two carbon atoms (83 kcal·mol–1) 

and the directionality of tetrahedral bonds are the main reasons for the high strength 

of the diamond. Diamond demonstrates the highest Vickers hardness value of all 

materials (10 000 kg·mm–2). The coefficient of friction of polished diamond is 0.07 

in argon and 0.05 in humid air. Diamond is resistant to corrosion at temperatures 

over 800 °C, except in an oxygen atmosphere. Also, some types of diamond have 

the highest thermal conductivity of all materials (20 W·cm–1K–1 at room temperature). 

See summarisation in Table 3.1. Diamond is considered a perspective material in cells 

and tissue-oriented life sciences. Related to that, it is an ideal substrate for surface 

functionalisation thanks to the vast and known carbon-based chemistry [13]. In addition 

to unique mechanical, thermal, and electrical properties, diamond is also biocompatible 

and exhibits surface conductivity which is highly sensitive to changes in the surrounding 

environment due to the surface transfer doping mechanism and no need for a gate 

dielectric layer. Recently, a new generation of bio-electronic devices is being developed 

based on the p-type surface conductivity (superficial functionalisation with H), or B for p-

type and P for n-type doping of the diamond thin film [1]. The primary division of the 

diamond materials is from the top level as monocrystalline and polycrystalline; in this 

thesis, I focus exclusively on the nanocrystalline diamond thin film, which is 

polycrystalline. 

Table 3.1 The physical properties of chemical vapour deposited (CVD) diamond [14–18] 

Properties CVD Diamond 

Hardness 10 000 kg·mm–2 

Thermal conductivity 20 W·m–1·K–2 (at 300 K) 

Electron mobility 4500 cm2·V–1·s–1 

Hole mobility 3800 cm2·V–1·s–1 

Bandgap 5.47 eV 

Density 3.52 g·cm–3 

Melting point 4027 °C 
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Resistivity 1020 Ω·cm 

Bond length 1.54 Å 

Bond angle 109.47° 

Bonding sp3 

Dielectric constant 5.7 

Refractive index 2.41 (at 591 nm) 

3.2. Polycrystalline diamond (PCD) 

Polycrystalline diamonds can be further divided according to the process of growth and 

the resulting size of crystals. 

3.2.1. Microcrystalline diamond (μCD or MCD)  

Microcrystalline diamond (MCD) is commonly prepared by chemical vapour deposition 

(CVD). Its fabrication is done by ionisation of gases in microwave plasma of methane 

in which the carbon is highly represented. MCD occurs in specific conditions 

when nanocrystalline diamond (NCD) thin film is deposited for a long time without re-

nucleation. Strong re-nucleation results in the evolution of small grain sizes, causing 

nanocrystalline of ultra-nanocrystalline growth, see Figure 3.4 [20]. Large crystals can be 

divided into smaller pieces depending on the application after fabrication. It can be 

accomplished using molten iron and aluminium at high temperatures and pressure [19]. 

The diamond can be further polished with various methods and processes summarized 

in [20]. 

3.2.2. Nanocrystalline diamond (NCD)  

Nanocrystalline diamond thin films are usually referred to as diamonds with a grain size 

of less than 0.5 μm with suppressed re-nucleation. NCD-based thin films or grains 

embedded in binder are widely used in industry as a coating for hard material cutting 

tools. The nanocrystalline diamond offers an interesting compromise joining 

the properties of bulk diamond in the thin layer embodiment. It exhibits good enough 

electron/hole mobility and thermal conductivity, which is mainly limited by the 

scattering of electrons/holes on grain boundaries [21,22]. 

First, it is necessary to distinguish between the use of NCD in the form of individual 

nanoparticles or a thin film.  

In biology and medicine, the use of NCD nanoparticles is researched as one of the 

progressive methods for drug delivery and tracking pathways of molecules. 

The particle’s surface is grafted with a functional molecule on its surface and serves 

as the selective point, which binds with a target molecule, concentrating nanocrystalline 

particles at a specific location [23,24]. Another use of diamond nanoparticles is 

fluorescence imaging. If nitrogen-vacancy centres are introduced into a nanoparticle, 
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some cellular biomolecules display autofluorescence. The emission intensity is well 

above the background signal [25].  

In the form of NCD as the thin film, the research activities are broader (passivation 

layer, functional layer, layer for MEMS, and others). For example, the study where the 

NCD coated steel and titanium substrates were colonised with bacteria revealed exciting 

results on their biocompatibility. NCD exhibited the highest resistance to the process 

of bacterial colonisation. It was found that the rate of biofilm formation is firmly 

dependent on the presence of adhesive proteins in the medium [26]. In another study, 

the adhesion of platelets was tested to investigate the suitability of NCD for use as 

a coating for medical applications. The platelets did not attach to the NCD surface, 

but they did attach in spots with low homogeneity of NCD thin film [27,28]. The main 

idea is to use NCD as a functional coating for medical implants, but the problems 

with poorly defined effects on the interface, homogeneity and delamination remain. 

For those reasons, there is a need to develop new ways of surface treatment. 

3.2.3. Ultra-nanocrystalline diamond (UNCD)  

The smallest grain size diamond film is called ultra-nanocrystalline. Its grain size is less 

than 10 nm, and because it is easier made on metal substrates than NCD, it is a very 

suitable material for implantable medical devices [29]. Thus, it is more appropriate 

for the fabrication of bio-MEMS and retinal implants. UNCD is fabricated by a similar 

procedure as NCD diamond, usually at a lower temperature, approx. 200 – 400 °C 

with a higher concentration of CH4. A higher concentration of argon gas (Ar) or nitrogen 

gas (N2) is injected. Its exact amount is dependent on deposition temperatures 

and substrates [20]. The structural difference between MCD, NCD, and UNCD is shown 

in Figure 3.4. and Figure 3.5. As shown, during deposition of UNCD occurs continuous re-

nucleation in layers.  

 

Figure 3.4 Left: MCD structure, Middle: NCD structure, right: UNCD structure of diamond [32]. 
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Figure 3.5 Scanning electron microscopy images of a) microcrystalline diamond, b) 

nanocrystalline diamond and c) ultra-nanocrystalline diamond. Notice the scale [30–33] 

3.3. Fabrication of diamond 

There are two basic methods to induce the growth of the synthetic diamond (not 

to mention natural diamonds creation)  

The oldest and most straightforward is the fabrication of diamonds using high 

pressure and high temperature (HPHT) or detonation nano-diamond (DND). Those 

methods applied high pressure (in order of GPa) and high temperature to obtain 

a synthetic diamond. The HPHT method is used usually to produce a monocrystalline 

diamond. However, due to uncontrollable conditions during this type of diamond 

fabrication, the diamond particles, as well as diamond thin layers and flakes, are 

produced. The DND method of fabrication is used to produce diamond particles. 

3.3.1. The technology of NCD fabrication 

The other type of technology procedure used to fabricate diamonds is chemical vapour 

deposition (CVD).  

CVD low-pressure deposition is performed in two types of equipment, which differ 

in how plasma is spread in the deposition chamber and in how plasma is generated, 

as shown in Figure 3.6. 

The standard methods according to the way how plasma is generated are plasma 

jet, dc discharge (presently used less often), hot filament (HF) CVD (producing diamond 

in lesser purity) and microwave enhanced/assisted (ME) CVD producing a diamond thin 

film of a higher purity in compare with HF-CVD. 

In the scope of my research, I focused on ME-CVD, which we can further divide by 

how plasma is spread during deposition. Linear microwave-frequency plasma (Figure 

3.6a) is most often used for deposition of diamond on substrates or larger area 

(> 15 × 15 mm2), while elliptical focused plasma and bell resonator focused plasma 

(Figure 3.6 b and c) is rather used for smaller substrates, faster growth and for effective 

surface functionalisation. The process of diamond growth is done as follows [15,34]. 
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1. Activation into radicals  

2. Gas-phase chemical reactions  

3. Gas-phase chemical reactions between activated species  

4. Reaction with the substrate  

5. Nucleation and growth of individual crystallites [35] 

The most used method is currently a low-pressure synthesis of the diamond 

through plasma-enhanced chemical vapour deposition (PE-CVD), which uses a mixture 

of gases (CH4, CO2 and H2 for non-diamond phases purification) ionised by microwave 

antennas, which as a source of energy creates plasma (other sources can be thermal, 

optical, etc.). The proper procedure creates a diamond phase near the substrate's 

surface, binding with the present nucleation centre to the substrate that eventually 

grows into a continuous diamond layer. A specific description of microwave PE-CVD 

reactors and the generic conditions used during my research can be found below. 

 

Low-temperature CVD reactor (Diffusion plasma) 

During this type of deposition, the growth rate is much slower than in high-temperature 

plasma, but the deposition area is bigger and the temperature lower than with focused 

plasma. This is especially beneficial for big planar substrates, where the high 

homogeneity of large deposition areas can be achieved. The temperature during 

deposition lies between 350 °C – 550 °C, which enables deposition on a surface 

with relatively higher thermal expansion, such as microscopy glass, or common 

substrates with low thermal expansion, such as Corning Eagle XG®, borosilicate glass, 

or JGS® grade A, B [36]. 

 

High-temperature CVD reactor (Focused plasma) 

This type of deposition progresses in a much smaller volume of plasma but with much 

greater intensity and growth speed. Therefore, it is suitable for thicker diamond 

depositions with excellent homogeneity and resulting purity of the diamond. 

Nevertheless, this technology can be used only with substrates that can resist high 

temperatures during deposition, such as Corning Eagle XG®, JGS Grade A, B®, 

and the effective area of the deposition is much smaller. The temperature may vary 

from 600 °C to roughly 1500 °C, depending on the deposition chamber, microwave 

power, and heat conductivity of the sample and the holder [37]. 
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Figure 3.6 a) Linear deposition 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 conditions and standard procedures 

The generic deposition conditions used to fabricate nanocrystalline diamonds are 

described in this section, which has been referred to further in the text. NCD is 

fabricated for biosensors, and it was utilised to monitor living cultures and characterise 

protein adhesion and cell culture adhesion on NCD surfaces. Each of the sensors appeals 

to the different properties of a nanocrystalline diamond as the main advantage of such 

an enhanced sensor. 

SGFET sensors were made on quartz glass substrates. Corning Eagle XG® glass 

substrates (in the size of 10 × 10 × 1 mm3) were ultrasonically cleaned in isopropyl 

alcohol and deionized water (DIW). Subsequently, they were immersed for 10 minutes 

in an ultrasonic bath with a colloidal suspension of diamond nano-powder 

with a nominal particle size of approx. 5 nm. This process formed a 5 to 25 nm thin layer 

of diamond powder necessary to initiate the diamond growth in a thin film. NCD thin 

films were grown in a microwave ellipsoidal cavity reactor by chemical vapour 

deposition (CVD) process for 4.5 hours, at the following conditions: gas pressure 30 bar, 

gas mixture 1 % CH4 in H2, and microwave power 1000 W. The deposition temperature 

was in the range of 550 ÷ 600 °C. These deposition parameters led to the growth 

of approx. 450 nm thick diamond film with grain sizes approx. 250 nm [21]. Diamond 

films on glass substrates were hydrogenated in the same microwave plasma reactor 

at 600 °C in a microwave-induced hydrogen plasma for 10 minutes to induce surface 

conductivity. After surface treatment, the chamber was slowly filled with nitrogen (N2) 

to maintain H-termination on the substrate surface. 

Metal composite inter-digitated electrodes form the interdigitated transducer 

sensor (IDTs, 10 nm Ti and 80 nm Au) deposited on a quartz substrate (Corning Eagle 

XG®, 15 × 15 × 1 mm3 in size). The width/gap of electrode periodicity was set to 100 μm. 

Samples with IDTs were coated with a diamond layer approx. 100 nm thick, using a linear 

antenna pulsed microwave plasma chemical vapour deposition system [38]. 

The deposition conditions were as follows: microwave power 2 × 1700 W, pressure 

0.1 mbar, gas mixture 200 / 5 / 20 sccm of H2 / CH4 / CO2, temperature 400 °C, 

and process time 50 h. After deposition, the active sensor area was homogenously 

covered with a fully closed NCD film. The diamond character of the deposited film is 

confirmed after deposition by Raman spectroscopy [39]. 

QCMDs were made from both-side polished AT-cut (35° 15’) quartz crystal plates 

with a diameter of 14 mm and thickness of 170 μm. Two key-hole-shaped electrodes 

with diameters of 5 mm were deposited on both sides by vacuum deposition. 

The electrodes were composed of a 30 nm Cr adhesion layer and a 100 nm. top Au layer. 

The mass-sensitive area is situated in the central part of the resonator, covering the area 

where the two electrodes are overlapped, thus creating the thickness-shear mode 

resonator (See Figure 4.6) [40]. The effective sensing area on the gold electrode is 
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25 mm2. QCMs were nucleated by ultrasonic seeding with diamond powder in deionized 

water, grown by pulsed linear antenna microwave plasma chemical vapour deposition 

system [41] at a temperature lower than 400 °C. Such deposition conditions were used 

(microwave power 1700 W, pressure 0.1 mbar, gas mixture 100 / 5 / 20 sccm 

of H2 / CH4 / CO2), which resulted in a diamond film thickness of approx. 200 ÷ 300 nm. 

Afterwards, the diamond surfaces were hydrogen and oxygen-treated by appropriate 

plasma procedures to obtain hydrophobic or hydrophilic character.  

3.4. Diamond-based sensors 

Sensors using diamond layers have been the target of the research for about 30 years 

now. In medicine and biotechnology, there is a need to characterise biomaterials, 

for example, different kinds of proteins, their hydrophilicity, and change 

of conformation. The characterisation of structural changes of macromolecules 

contributes to a more profound knowledge of biomolecular processes. The most 

significant advantage of diamond-based sensors is that living culture can be monitored 

“in vivo” without its destruction, and the diamond surface can be easily tailored for any 

application. The cells and tissues can be cultivated directly on the sensor, and they can 

be non-destructively monitored and stimulated. As further described, the use of the 

diamond is not limited only to a biosensor study, but its use is expanded to many more 

sensory fields.  

3.4.1. Electrochemistry 

In the pure state, an intrinsic diamond is an excellent insulator. When properly doped, 

the diamond excels as an electrode in the field of electrochemistry. Thus, for this 

purpose, it must be doped with boron to achieve p-type conductivity with high carrier 

mobility. The benefits of using a diamond in electrochemistry are mainly the wider 

potential window and lower background currents in aqueous solutions. Another type 

of treatment which customises diamond as an electrode is the surface functionalisation 

with hydrogen. After this treatment, the diamond electrode is highly sensitive 

to the ionic strength of the solution and pH [42,43]. The boron-doped diamond (BDD) 

has been extensively used in water treatments as it can effectively generate ozone 

and hydroxyl radicals with minimal degradation of the BDD electrode [44]. More detailed 

electrochemical properties of diamond are out of the scope of this thesis, but a reader 

with more profound interest is pointed to [45–47]. 

3.4.2. Mechanical sensor, nanomechanical sensing, and quantum 
nano-sensors 

When we are talking about the use of the diamond as a mechanical sensor, we discover 

that the piezo resistance of the diamond is utilised in most work published in the field 



  State of The Art 

 17 

of diamond mechanical sensing. Boron doped diamond will change electrical resistance 

with strain (piezo-resistance), meaning it can be used as a strain gauge on rugged 

electronic microsensors for pressure and acceleration sensing at high temperatures up 

to 170 °C or 250 °C [48–50]. From the measurement of the macroscopic properties, 

diamond also found its way to measure nanomechanical properties of sample molecules 

in nano electro-mechanical systems (NEMS). Nitrogen vacancy (NV) centres in diamonds 

are being used to locate single elementary charges. Embedded NV in diamond offers 

a great perspective for quantum sensors [51] and nano-sensing applications. Recent 

discoveries in the field of quantum sensing shifted the spotlight of diamond research 

to one area, which is the area of quantum computing. The diamond is being extensively 

tested for new emerging quantum technology. Diamond is a very attractive material 

with a long coherence time. NV centre in a diamond can perform as a qubit at room 

temperature. Photoelectrically read NV centre in a diamond can be utilized as a bridging 

device between basic quantum processor unit and nanoscale electronic, enabling 

photoelectric quantum gate operations [52–54]. 

3.4.3. Gas sensors  

Diamond can be used as a sensitive layer for detecting the single-molecule substances 

and macromolecular and even the whole organism, just by a change of structure 

and surface functionalisation (e.g., SGFET). Sensors based on the diamond are recently 

used as gas detectors and sensors sensitive to specific gases such as hydrogen, water 

vapour [55], ammonia, and carbon dioxide [40,56]. A similar application is found in the 

pH sensitivity of SGFET transistor based on hydrogen-terminated diamond [57]. 

Termination with hydrogen offers sensitivity to the surrounding gas environment due 

to induced surface conductivity [58]. With the use of surface functionalisation, a broad 

spectrum of gas sensing applications can be found [59–62]. 

3.4.4. Deoxyribonucleic acid (DNA) and protein sensors  

DNA sensors based on diamond thin films are another subject of research with great 

perspective. Existing sensors often use amine, carboxyl, or thiol termination necessary 

for biomolecule immobilisation. The detected biomolecule is immobilised on the surface 

of the biosensor and forms a layer. There is high capacitive binding between layers of the 

solid surface channel and liquid electric double layer on the surface. This enables 

the detection of DNA aptamers influenced by the distance between layers and polarity 

of the molecule [63]. Another type of detection is the fluorescence of DNA binding 

on diamonds [34]. In another study, enzyme-modified field-effect transistors were 

realised using acetylcholinesterase and penicillinase as detection layers of specific 

enzymatic reactions [64]. The surface of the diamond sensor can also be chemically 

modified by organic layers, which again serve as linking biomolecules of solid surface 



State of The Art 

 18 

and specific protein [65]. The biomolecular layer leads to changes in the conductivity 

of the interface, altering the conductivity of the diamond thin film [66].  

3.4.5. Cell culture sensors  

In the field of direct electrical measurement of living cells, several approaches are used 

to investigate the properties of the cell membrane and cell/surface interface. One of the 

common techniques is direct impedance measurement of cells by microelectrode 

array (MEA) or Interdigitated Transducer (IDT) electrode [67–69]. The patch-clamp 

contacting the cell by microelectrode is the method for measuring living cells' surface 

potentials [8] and estimating the cell's behaviour “in vivo”. However, it is a technological 

challenge whether the excitable or non-excitable cells are used [70–73]. Another study 

was performed by observation of the cell aggregation influence on impedance spectrum, 

measured between microelectrodes and one referent electrode [74]. A possible way is 

a measurement by patch-clamp technique, more explicitly monitoring of cell viability 

as was described in [75].  

From all the above, I found a solution-gated field-effect transistor 

with functionalised diamond suitable for the measurement of cellular electrostatic 

effects. These devices, so-called solution-gated field-effect transistors (SGFETs), have 

found vast use in the study of solution/cell-surface interactions, living microorganisms, 

and tissue cells as biocompatible sensors [76]. Most of the experiments focused on the 

adherent type of cells are aimed to describe the influence of the functionalised diamond 

on cell cultures and its common interaction [77,78]. The surface wettability can be 

tailored during fabrication by specific termination (by hydrogen and oxygen or its 

combination). Effects such as the dependence of the conductivity on the grain size [79], 

pH sensitivity of SGFETs [66], protein adsorption [80], and disruption of the 

semiconductive properties by adhesive proteins were described [81].  

3.4.6. Tissue sensors  

The functionalised diamond was used in several studies for the pattern-guided 

formation of glial and retinal neuron networks. It was found that the function of the 

adhesive cell growth on the diamond surface was not disturbed [82,83]. This makes 

a diamond perfect solution for a photosensitive retinal prosthesis and neural interfacing 

device [84]. In advance, nonconventional boron-doped nanocrystalline diamond (B-NCD) 

was used as an interfacing device [85]. Diamond-based biosensors are not limited 

only to excitable neuron cells. It can be used in situations when the tissue cannot be 

observed by conventional techniques (optically, exposing the cell culture to light), 

and its condition must be monitored without any invasion in the sterile incubator. Such 

a sensor should be biocompatible in the long term, and it should not electrically 

influence the measured sample. The interdigital transducer (Figure 3.11) is perfectly 
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suitable for this kind of application. In this research, adult stem cells (ASC) were used 

as a sample for impedance characterization “in vivo”, as described in section 4.5. 

Monitoring cell settlement, proliferation and differentiation in the body-like conditions 

is one of the targets of future work. The application of diamonds is summarised in Figure 

3.7, with the main division between therapeutic use and diagnostic use. 

 

Figure 3.7 Applications of diamond thin films and diamond nanoparticles in biomedicine [13] 

3.5. Biosensors  

Nowadays, in biotechnology and molecular biology, most of the methods are based 

on biochemical processes, dyes, and optical observation. These methods are often 

destructive and based on subjective evaluation methods. There is a need for non-

destructive, objective, and simple to use cell / tissue monitoring techniques. Biosensors 

have great yet unfulfilled potential in live sciences. Its properties characterise each 

sensor according to the form of energy domain they transform, the type of signal they 

produce, or the properties of such signal. Although it is necessary to know how 

the sensor works and what modulates the signal it produces, we often distinguish 

between time and frequency signals or different characteristics. Every biosensor has 

specific selectivity and specificity. The combination of these determines how the sensor 

behaves in a defined environment. Other properties can characterise the function of the 

sensor based on the output signal. It can be divided into static parameters (transfer, 

linear, load characteristics, precision, resolution, sensitivity, specificity, stability, 

hysteresis, reproducibility) and dynamic parameters (transfer function, frequency, 
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impulse response). Functional materials are used to achieve exact specificity 

and selectivity, not to mention other important properties of the sensor.  

Biosensors based on nanocrystalline diamond thin films functionalised by surface 

termination are the focus of the presented doctoral thesis. In the Experimental part, 

three types of sensors were developed and tested with cell culture and proteins. 

3.5.1. Solution Gated Field Effect Transistor 

There are many types of diamond-based bio-electronic devices of a new generation. 

They differ in the type of diamond (intrinsic or boron-doped polycrystalline diamond 

in the form of thin films deposited on different substrates, mainly glass or robust 

single-crystalline diamond substrates) as well as a working principle. The working 

principle of devices for direct electrical measurement of cell activity and for the study of 

the cell-cell or cell-substrate interactions differs for individual device configuration 

and specific applications such as impedance measurements, field-effect transistor 

configuration, and others. For example, both impedance and conductivity measurement 

techniques employ microelectrode arrays (MEAs) as described in [85,86]. 

MEAs found application in the study of immune system response efficiency [87], 

direct monitoring of cardiac action potentials of cells [85] as shown in Figure 3.8, 

or for action potential recording and stimulation of neural networks for both “in vitro” 

applications (rigid substrate) as well as for “in vivo” retinal prostheses (flexible 

biocompatible substrate) [88]. Interdigital transducer electrodes (IDT) based on the 

hydrogen-terminated diamond on glass substrates were found prospective as optically 

transparent devices for real-time monitoring of cellular activity (incubation, cultivation, 

adhesion, and others) [89].  

 

Figure 3.8 The cross-section view of MAE sensor for monitoring of action potentials of cardiac 

cells [85] 
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In contrast to impedance-based devices, solution-gated field-effect transistors 

(SGFETs) with hydrogen-terminated diamond surfaces allow the study of a single cell 

with minimum load currents. They have found use in research of solution/cell-surface 

interactions, living microorganisms, and tissue cells as biocompatible sensors. 

The properties of diamond SGFETs, such as the influence of the diamond thin film 

morphology [90], pH [91], protein adsorption [92], or membrane adsorption 

and disruption [93] on the electrical characteristics, have been well described. In another 

study, enzyme-modified field-effect transistors were applied to detect enzymatic 

reactions [65] or to measure the surface potential of living cells [94]. Micro 

and nanoscopic field SGFETs have the potential for the study of electrodynamic cellular 

behaviour, which is theoretically predicted [95] yet challenging to detect [96]. 

The functionalised diamond surface was used in several studies for the pattern-guided 

formation of glial and retinal neuron networks [78,97], and it was also demonstrated 

as the perfect solution for photo-sensitive retinal prosthesis and neural interfacing 

devices [98] (See Figure 3.9).  

However, most of the studies were focused on the interactions of mammal 

adherent cells or excitable cells with surface potential. There is a lack of studies focused 

on the interactions of non-adherent, non-excitable cells.  

 

 

Figure 3.9 (a) Medical illustration of the form for the Bionic Vision Australia (BVA) epiretinal 

device, tacked in position over the macula, (b) Micrograph of the external face of a diamond 

feed-through array. The black squares are conducting N-UNCD, and the lighter lines are exposed 

PCD through which light is transmitted. Some light through the array is blocked by evaporated 

wires on the reverse side. (c) The interior face of the feedthrough array with evaporated metal 

wires contacting some feed-throughs [98]. 
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Thus in the presented work, I focused on yeast cells (Saccharomyces cerevisiae), 

which are widely used as the basic model of eukaryotic cells in molecular biology 

and genetics [99]. Yeast cells are the subject of various genetic engineering techniques 

and strict functional analyses of proteins. They are non-polar, non-excitable, 

and non-adherent cells. Their inner and surface structures are well defined 

and understood. They have a stable negative surface charge with very weak pH 

dependency, which determines their behaviour in the solution [100,101]. In general, 

yeast cells are known as non-adherent cells, although some yeasts such 

as Saccharomyces cerevisiae, Candida albicans and Candida glabrata can adhere 

to plastic surfaces [102,103].  

The yeast cell adhesion to plastic substrates depends on hydrophobic interaction 

[105]. Novel methods for attachment and cultivation of precisely positioned single yeast 

cells on a microelectrode surface employ a weak electrical potential (−0.2 and −0.4 V) 

[104] (See Figure 3.10). It was reported that the yeast cells attached to the negative 

potential-applied indium tin oxide (ITO) electrodes showed normal cell proliferation. 

 

 

Figure 3.10 The procedure of attachment and cultivation precisely positioned yeast cells [104]. 

The influence of different solutions (sucrose and yeast peptone dextrose (YPD) 

without or with yeast cells) on the H-diamond SGFET electrical characteristics is studied. 

The interactions of the yeast cells and cell culture solutions with the H-terminated 

diamond surface on the transistor gate and other interesting findings are discussed 

in section 4.4. 
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3.5.2. Interdigitated Transducer Sensor 

Bioelectrical sensors are of high interest due to their non-invasive label-free use for “in-

vitro” monitoring of biological events and simplicity and fast response in real-time. 

Presently, there are two analytic approaches that employ either optical or electronic 

signal processing [106]. Both these approaches reached state of the art in a transducer 

type that converts a stimulus-induced cellular response into the quantifiable signal (i.e., 

biosensor signal). From the broad family of electronic systems, impedance measurement 

seems to be one of the simplest and most powerful methods for monitoring cellular 

signals during cell cultivation [107]. The main reason for its wide application is that 

the monitored impedance signal is sensitive not only to ionic currents but also to cell 

growth stages, i.e., cell attachment, spreading, shape, proliferation, differentiation, 

and communication [106,108]. Diamond is proposed as a promising material for life 

science and regenerative medicine due to its biocompatibility, chemical stability, 

and favourable combination of optical, mechanical, and electrical properties [109]. 

In addition, its surface can be covalently terminated by specific atoms or molecules 

which control the cell occupation, adhesion, proliferation, and cell differentiation [80]. 

In previous studies, a surface-conductive diamond thin film was already introduced 

as a functional layer in impedance sensors for biological studies [89] and for the 

recognition of gas and chemical molecules [110]. It was proven that intrinsic diamond 

thin film could be used as a biocompatible biosensor for “in-situ” electronic monitoring 

of cells behaviour in cultures [89]. In that case, the sensing principle of the diamond-

based impedance sensor was based on impedance measurements employing conductive 

hydrogen-terminated surface regions as in-plane electrodes that were separated 

by resistive oxidized surface regions. 

The diamond thin film was deposited on the quartz substrate, and thereby, it was 

fully transparent in the visible range, including low fluorescence background. Moreover, 

any possible and unwanted geometrical effects of metal electrodes (like steep edges) 

were avoided as purely surface atom modifications defined and induced the p-type 

diamond surface conductivity [111]. The surface-conductive H-functionalised diamond 

channels were also applied in the case of solution-gated field-effect transistors to study 

the interactions of human osteoblast-like SaOS-2 cells with the diamond surface [112]. 

In this thesis, impedance sensors with a functional diamond layer deposited 

on gold interdigitated electrodes are employed to monitor the growth and activity 

of adipose tissue-derived stem cells (ASCs) electrically and optically. ASCs were chosen 

because, together with human bone marrow mesenchymal stem cells, they became 

the most popular adult stem cells used in tissue engineering, cell therapy, and studies 

on cell differentiation towards various phenotypes [113]. For example, 

the differentiation of ASCs towards adipocytes and osteoblasts was successfully 

quantitatively monitored in real-time by impedance sensing [71]. Generally, cell 
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differentiation is preceded by cell adhesion, spreading, and proliferation, and these cell 

functions are also used for expanding the ASCs into desirable quantities, needed 

for further studies on various properties of these cells and for their biomedical 

applications. Therefore, in this research, I have focused on the investigation of cell 

adhesion, spreading, and proliferation by impedance sensing with diamond-based 

impedance sensors. 

The results are compared with impedance measurements provided using 

a commercially available gold interdigitated electrodes array (xCELLigence® RTCA 

system, Roche Applied Science®). The concept of the diamond enhanced IDTs is 

schematically described in Figure 3.11 

 

Figure 3.11 Four types of IDT sensor configuration for measurement of living cells [89]. 

3.5.3. Quartz Crystal Microbalance 

The quartz crystal microbalance (QCM) sensor is based on the piezoelectric effect. It is 

a high-resolution mass sensing technique with sensitivity at the picogram level and has 

been widely used in many fields such as surface chemistry, biochemistry, and biomedical 

engineering [114]. Several works have shown that QCM is suitable for detection 

of multiple types of substances, such as pollutant molecules in the air [115,116], 

antibodies, allergens [117,118], proteins [119], DNA sequence [120,121], bacteria 

[116,122,123] and cell culture layer [123]. Its certain advantages are low cost 

and relatively easy fabrication. However, bare QCMs (i.e., with SiO2 or gold sensing 

surface) have low selectivity and are fragile in terms of mechanical properties. 

On the other hand, a wide range of surface modifications or functionalisation can 

improve sensitivity and selectivity. 

Generally, immunological detection methods are based on surface 

functionalisation by specific antibodies that immobilise the detected substance to the 

sensor's surface by direct binding via a functional group or Key-Lock system, as shown 

in Figure 3.12 [124,125]. For example, for DNA detection, a complementary synthetic 

DNA sequence (oligonucleotide probe) is usually used with a grafting point on the sensor 

surface. In the case of bacteria detection, common chemical compounds are applied, 

which are produced by the investigated organisms [126]. For example, the Escherichia 

coli detection was realised using the O157:H7 sequence [127], and for the detection 
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of Salmonella enteritidis and Chlamydia trachomatis bacteria, thin layers 

of polyethyleneimine bound with glutaraldehyde and cysteamine were applied, 

respectively [122]. A proper and long-term stable surface functionalisation of the QCM 

sensors is vital for biosensor applications. As known, the basic configuration of the QCM 

device consists of circular-shaped quartz crystal, which is covered with a planar gold 

electrode on both sides. 

Thus, when the surface functionalisation of the QCMs is mentioned, it primarily 

means the surface functionalisation of those gold electrodes. However, as it was already 

confirmed, the stability of (e.g.) gold–thiol functionalisation is questionable 

for long-term monitoring of pathogens or other critical areas where a false negative 

signal could be a real threat to the evaluation of the measured data. 

 

Figure 3.12 Biosensing interfaces with typical applications. Sensor surfaces can be coated 

with single or double-stranded DNA. Single-stranded DNA recognises complementary strands 

in solution by hybridisation. Furthermore, unspecific adsorption processes of proteins or cells 

with surfaces can be monitored [125] 

In contrast to that, the stability of the diamond surface is unrivalled [2]. Diamond, 

due to its properties, provides the possibility to obtain stable surface bonds using 

standard chemical or physical methods. The idea of coating the QCM with a diamond 

thin film is not new, but unfortunately, the Curie point of quartz (573 °C) is lower 

than the deposition temperature of conventional diamond growth processes (600–

1000 °C). Thus, the deposition of diamond on QCM was not widely utilised due to the 

loss of piezoelectric properties of the quartz exposed to high temperatures. 

Nevertheless, some success has been already obtained by bonding a free-standing 



State of The Art 

 26 

diamond to the QCM [128]; but these experiments resulted in a significant reduction 

of quality factor Q, and this solution was not commercially viable due to the desired 

thickness of the free-standing diamond layer (> 20 µm). One way how to overcome 

the problems with the low Curie point of quartz was the use of high melting point 

piezoelectric crystals such as langasite (no phase transition up to the melting point 

at 1500 °C) and gallium phosphate (950 °C) [129,130]. However, these materials are 

more expensive than quartz. In the last decade, there have been many attempts 

to decrease the temperature of diamond film deposition [128]. This was successfully 

achieved by the development of surface wave plasma [36] or linear antenna microwave 

plasma deposition systems [38,131] (See Figure 3.6a). These methods allow 

the deposition of diamond films even at temperatures as low as 250 °C [132]. A linear 

antenna microwave plasma system was already successfully applied for deposition 

of a homogeneous diamond film on QCMs without loss of its piezoelectric properties 

[40]. These diamond-coated QCM sensors, developed by our research group, were 

further successfully applied for a proof-of-concept study in gas sensor 

applications [40,133]. This thesis is building on the gained knowledge regarding 

low-temperature NCD diamond deposition and aims to demonstrate the novel use 

of diamond-coated QCM for label-free protein detection of two standard proteins: 

bovine serum albumin (BSA) and fibronectin (FN). The results of this research are 

presented in section 4.6. 
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4. Experimental part 

The experimental part of this thesis consists of authors' publications with a connection 

to conference papers and proceedings related to the topic. This thesis dealt with three 

types of electrical sensing principles. Firstly, a solution gated field-effect transistor with a 

nanocrystalline diamond (NCD) conductive channel was used to characterise the non-

adherent non-polar yeast cells' viability. In another study, the conductive channel is 

modified to sense the HIV-1 Tat protein responsible for HIV infectivity. The second, 

the interdigitated transducer (IDT) electrode with NCD coating, was employed 

for “in-vitro” monitoring of live adipose-derived stem cells (ASCs), and the comparison 

with a commercially used solution is offered. The third sensor is NCD coated quartz 

crystal microbalance (QCM), which was used for label-free protein sensing. This 

section covers everything from the fabrication of the sensors to published results. 

4.1. Solution-Gated Field Effect Transistor (SGFET) 

The first of the sensors is a solution-gated field-effect transistor used for the detection 

of yeast cells settled on its gate. This type of sensor is sensitive to pH. The study 

described in detail in section 4.4 deals with the detection of yeast cells. The cells settle 

in the opening of the sensor, and then the transfer characteristics are measured, and the 

shifts are recorded with reference to the solution without cells.  

4.1.1. Fabrication of SGFET sensor 

 

Figure 4.1 Cross-sectional scheme of H-diamond SGFET fabrication procedure [77] 

As shown in Figure 4.1, photolithographic masks were applied on H-terminated 

NCD films using a positive ma-P1215 photoresist to define conductive channels 

and contacts. The NCD films were treated in oxygen radio-frequency plasma 

(300 W, 3 min. exposition time) to generate insulating O-terminated areas, which 

surround the H-terminated channels (5 μm wide and 60 μm long stripes) connecting 
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source and drain contacts. The source and drain contacts were prepared by thermal 

evaporation (10 nm of Ti and approx. 50 nm of Au), followed by the lift-off technique.  

 

Figure 4.2 SGFET sensors (left) according to old design with rectangular hydrogenated NCD 

and decentred narrower channels, (right) according to new design with bone-like hydrogenated 

NCD area and centred wider channels [134]. 

The samples were cleaned in acetone and photoresist stripper (mr-REM 660). 

The area between contacts was covered with a negative photoresist SU-8 (thickness 

4 μm). With the final photolithographic step, openings were created (60 μm × 60 μm) 

to define the active gate area [23]. The resulting sensors are shown in Figure 4.2. 



  Experimental part 

 29 

Based on previous experience with unreliable sensors, the new design was 

created, highly increasing the conductivity and, most importantly, the reliability. 

The comparison of the designs is also shown in Figure 4.2. The main difference is that 

the sensitive structure of the channel was changed from a rectangular shape to a bone-

like shape to increase the area of Ti/Au electrode in contact with the channel, where 

the weak spot was observed very often in the past. Another difference is the positioning 

of the conductive channels in the centre of the substrate. This was done because of the 

lowest spatial deformation of NCD thin film in the centre during the cooling-down phase 

after deposition. During cooling, the diamond thin film cracked, causing the disruption 

of the electrical conductivity. The last enhancement is the widening of the channel 

resulting in higher and more stable currents through the channel, as shown in Table 

4.1. [134] 

Table 4.1 The conductivities of the conductive surface channel fabricated according to the old 

design (light grey) and new design (dark grey) 

 OLD NEW NEW NEW 

Channel width (µm) 20 50 100 150 

Conductivity (nΩ–1) 
for UG = UDS = -0.6V 

7.57±0.07 13.6±0.04 74.2±0.7 76.4±0.5 

 

4.2. Interdigitated Transducer Electrode (IDT) 

The second of the sensors is an IDT sensor covered by a nanocrystalline diamond thin 

film used to detect ASCs growing on its surface. The IDT sensors are most often used 

as gas sensors offering comprehensive options for coating a sensitive variety of gases 

and substances. The main principle is based on the fact that the coating or functional 

material between the electrodes is changing its properties as permittivity 

and conductivity. This is the reason; we can observe a change in impedance spectrum 

after performing impedance measurement. Section 4.5 is dedicated to the use of such 

a sensor for “in-vitro” monitoring of adipose-derived stem cells. In Figure 4.3, 

the interdigitated transducer (NCD-IDT) is shown with the nanocrystalline diamond 

coating over the Ti/Au electrodes and openings for gold contacts. The gap between 

electrodes is 100 µm, and the width of the electrodes is 100 µm. The whole dimension 

of the sensor’s substrate is 15 x 15 x 1 mm3 to fit the measuring chamber created for this 

measurement, on which the utility model was filed [ARef:14]. The chamber 

from polycarbonate serves as the sterile and inert reservoir for measurement 

with the cell culture in DMEM solution. The chamber preserves optical transparency 

and is small enough to fit the incubator. Read the complete research in Appendix 8.2. 
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Figure 4.3 NCD based interdigitated transducer sensor developed for in vitro measurements 

with adipose-derived stem cells 

4.2.1. Fabrication of interdigital transducer (IDT) sensors  

Lithography steps are shown in Figure 4.4. The sensors are made on JGS glass, which is 

capable of withstanding high temperatures up to 800 °C before reaching its melting 

point. The glass is thoroughly cleaned in an ultrasonic bath, and the mixture of acetone 

and isopropyl alcohol is used to perfectly clean the surface of the substrate from grease 

and the residues from cutting it to 15 x 15 x 1 mm3 squares. After the cleaning 

procedure, the optical lithography is done for the further deposition of the 

titanium/gold electrodes. Before evaporation, the exposed area of the substrate, which 

is going to bear the electrodes, needs to be treated in oxygen plasma to clean the rest 

of the polymer (“plasma ashing”). This step is very important for the adhesion of the gold 

contacts. The evaporation of the gold electrodes is followed by lift-off in acetone 

assisted by soft ultrasound treatment. This step leaves us with standard gold IDT 

structures on glass, not unlike those commercially used by X-Celligence®.  After the IDT 

electrode is fabricated, the second lithography procedure is performed to create a 

“sandwich-like” structure with the diamond seeds trapped in the initially spin-coated 

resist and the top resist layer, fixing them through selective nucleation. 

After this procedure, the sensors are coated with a nanocrystalline diamond thin 

film, using the deposition conditions described in subsection 3.3.2. The selective 

nucleation by the lithographic mask enabled the gold contacts to remain uncoated 

on the sides of the sensor after deposition, thus without insulating the NCD layer. 
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Figure 4.4 Fabrication procedure of NCD coated IDT sensor. a) The JGS glass was formatted 

to size followed by cleaning, and b) lithography. After c) plasma “ashing” in oxygen, d) gold 

electrodes were evaporated, and e) selective nucleation using lithography was done. At last, f) 

diamond deposition was done, resulting in NCD thin film covering the IDT electrodes and leaving 

the contacts opened. 

After the diamond deposition, the surface is exposed to hydrogen plasma to clean 

its surface further and leave it terminated by hydrogen, which is suitable for our 

experiments [135]. At the end of fabrication, IDT electrodes are entirely covered 

with NCD diamond.  

4.3. Quartz Crystal Microbalance (QCM) 

The third principle gaining the advantages of a diamond is QCM. A nanocrystalline 

diamond coating grew under low temperature in the CVD chamber to preserve 

the piezoelectric properties. This approach enables new types of assays 

and functionalisation of QCM due to the capability of the diamond to bond multiple 

molecular and atomic groups. As a proof of concept, working samples were provided, 

and their reaction was measured in response to fibronectin and albumin as seral 

proteins with adhesive functionality in the mammal body. In this research, the sensor 

was designed, simulated, and fabricated to be capable of performing label-free 

measurements. This study contributes to a better understanding of mechanisms that 

integrin proteins (albumin, fibronectin) are using to adhere to the hydrophobic 

and hydrophilic surface. In Figure 4.5, the QCM sensor is shown after deposition 

and on the right side of the socket and holder during the measurement of protein 

settling on the modified diamond's surface. 
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Figure 4.5 The QCM sensor in the socket and holder with a drop of solution covering the whole 

electrode 

4.3.1. Fabrication of QCM diamond-based sensors  

 

Figure 4.6 The fabrication procedure of the nanocrystalline diamond-coated quartz crystal 

microbalance sensor. a) Planar AT-cut from quartz ingot resulting in b) quartz wafer is followed 

by c) evaporation of gold electrodes. For nanocrystalline diamond coating, the QCM sensor is d) 

nucleated with diamond nanoparticles in a nominal size of 5 nm and e), f) treated in hydrogen 

or oxygen plasma. 

 

The procedure of DQCM fabrication is at some point like the fabrication of the previous 

two sensors. The process diagram is shown in Figure 4.6. The substrate is prepared 

by AT-cut of the homogenous quartz ingot to preserve the specific piezoelectric 

NCD covered QCM

Socket

3D printed horizontal holder 

Drop of solution covering whole 

electrode
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properties. After polishing the sensor, gold electrodes are evaporated on both sides, 

with lead areas pointing to the opposite side of the sensor to be contacted by a vector 

network analyser later. The sensing area nearby and over the electrode is then 

nucleated, and the diamond deposition is performed, leaving a nanocrystalline diamond 

thin film on the sensor's surface. After that, half of the sensors are treated with hydrogen 

and the other half with oxygen plasma to achieve hydrophobicity and hydrophilicity. 

There is similar morphology of diamond (as in the case of SGFET and IDT sensors) 

with termination by hydrogen and oxygen at the end of the fabrication. 

As it was described in section 3.3.2, it is crucial not to exceed the Currie point 

temperature of the quartz during deposition. Doing so would disrupt the piezoelectric 

properties of the quartz. The maximum temperature during deposition and surface 

treatment can rise to 350 °C at the peak, and the cooling phase after deposition must be 

prolonged to maintain the integrity of the quartz crystal lattice.  
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4.4. Influence of bacterial/fungi cells and RNA aptamers 
on electrical characteristics of diamond-based field-effect 
transistors 

Based on: Influence of non-adherent yeast cells on electrical characteristics of diamond-

based field-effect transistors, published in Applied Surface Science, 2017 

DOI: http://dx.doi.org/10.1016/j.apsusc.2016.05.003 

Václav Procházka*,1,2, Michal Cifra3, Pavel Kulha1,2, Tibor Ižák1, Bohuslav Rezek1,2, Alexander 
Kromka2,4 

1Faculty of Electrical Engineering, Czech Technical University in Prague, Technická 2, 16627 Prague, Czech Republic  
2Institute of Physics, The Czech Academy of Sciences, Cukrovarnická 10/112, 162 00 Prague, Czech Republic  
3Institute of Photonics and Electronics, The Czech Academy of Sciences, Chaberská 57, 182 51 Prague, Czech Republic  
4Faculty of Civil Engineering, Czech Technical University in Prague, Thákurova 7, 16629 Prague, Czech Republic 

4.4.1. Summary 

This research explores the new way to use nanocrystalline diamond solution gated field 

effect transistor as a platform for measuring yeast cells' metabolic activity and 

detecting HIV-1 Tat protein in the serum sample. The pH sensitivity of the SGFET sensor 

predestines it to be the perfect tool for monitoring the cells which are changing the pH 

of the solution by producing acidifying metabolites in their vicinity. The influence 

of yeast cells (Saccharomyces cerevisiae) on electrical characteristics of the diamond 

SGFETs was studied. Two different cell culture solutions (sucrose and yeast peptone 

dextrose - YPD) were used, with and without the cells. It was found that transfer 

characteristics of the SGFETs exhibit a negative shift of the gate voltage by –26 mV and 

–42 mV for sucrose and YPD with cells in comparison to the blank solutions without 

the cells. This effect is attributed to a local pH change in the close vicinity of the 

H-terminated diamond surface due to the metabolic processes of the yeast cells. The pH 

sensitivity of the diamond-based SGFETs, the role of cell and protein adhesion on the 

gate surface, and the role of the negative surface charge of yeast cells on the SGFETs 

electrical characteristics are discussed as well. The simplified model of the cells/diamond 

interface is shown in Figure 4.7. 

Another study dealt with the detection of HIV-1 Tat protein with RNA aptamer-

sensing technique. This research investigated the trans-activator of transcription (Tat) 

protein, a potent viral gene activator that plays a pivotal role in the primary stage of the 

human immunodeficiency virus type 1 (HIV-1) replication. The interactions of HIV-1 Tat 

on nanocrystalline diamond extended gate field-effect transistor (NCD-EGFET)-based 

RNA aptamer sensing surface were monitored and attained the detection down 

to 10 fM. The linear regression curve set the limit of detection to 6.18 fM. 

http://dx.doi.org/10.1016/j.apsusc.2016.05.003
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Figure 4.7 Simplified model of effects on the yeast/HNCD interface 

The selectivity analysis of NCD-EGFET was conducted with different proteins from HIV 

(Nef and p24) and bovine serum albumin. Furthermore, to practice in the clinical 

application, HIV-1 Tat was spiked into the human blood serum, and it displayed 

a genuine non-fouling interaction with the aptamer. This work presented a new way 

to use EGFET to detect HIV-1 Tat protein [136]. (See Figure 4.8) 

 

Figure 4.8 The functionalisation of EGFETs channel for detection of HIV-1 Tat protein [136] 

4.4.2. Author’s contribution 

I participated in the research regarding experimental studies on the influence of non-

adherent yeast cells on electrical characteristics of diamond-based field-effect 

transistors by proposing and performing the experiment, including the preparation 

of samples, solutions, and measurement setup, followed by data collection and analysis, 

the discussion of the results with co-authors, and the article composure and review. Co-

authors participated in the form of the yeast cells culture preparation, the deposition of 

diamond thin film, consulting, co-writing, and reviewing individual parts of the article. 
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The author participated in the study regarding detecting HIV-1 Tat protein 

with NCD-EGFET by fabrication of SGFET sensors on Si/SiO2 substrates and tutoring 

the University Malaysia Perlis student regarding the fabrication of SGFETs. He also 

participated in the deposition of diamond films, conceptualising the experiment, 

evaluating the sensor’s functionality after fabrication, and preparing the text for the 

experimental part. Co-authors were responsible for the preparation, post-fabrication 

procedures, analyses, and chemical procedures to achieve stable functionalisation, 

writing parts of the text depending on the analysis performed and reviewing the article. 

4.4.3. The paper’s contributions toward the progress of the field 

The SGFET sensor has been used since its first introduction with polypyrrole as a chemical 

sensor [137] and soon after that for its pH sensing capabilities in aqueous solutions 

[138,139]. As a next step, it has been used in research with specific aptamer 

functionalisation to detect DNA in multiple forms [140–143], although in most cases, the 

SGFET sensor was formed by a modified graphene layer. Recently, multiple studies have 

shown its usability with living cells and cultures. In [112], osteoblastic cells and cancer 

cells were used, and the mutual influence of the NCD and the cells on the gate electrode 

surface was described. In another study [144], gamma irradiation was used to investigate 

the change of the gate currents when irradiating fibroblast culture. In [145], the 

influence of excitable neural cells was investigated to determine the distortion of 

graphene SGFETs to large amplitude and the high-frequency signal generated by neural 

cells. Before this paper [ARef:1], an NCD based SGFET sensor was never used with the 

culture of Saccharomyces cerevisiae, which led to the following. The use of the SGFET 

sensor with yeast cells laid down a new method of measuring the viability of yeast cells. 

This research provided an explanation of yeast cells' influences on the sensors transfer 

characteristics and pointed out the different metabolism activity of yeast cells whether 

a sucrose or yeast peptone dextrose (YPD) is used as a culture solution. It proposed the 

model in which yeast cells exclude CO2 in close vicinity in sufficient amount to change pH 

and consequently transfer characteristics of NCD based SGFET. 

The paper focused on the detection of HIV-1 Tat protein [ARef:3] and presented a 

new method of nanocrystalline diamond functionalisation with aptamer in order to 

detect HIV-1 Tat protein (See [136], which enabled the new use of such sensor, and the 

authors tested its function in laboratory conditions. It was found that the sensor is 

preserving its sensitivity and low detection threshold in serum, making it sensitive to low 

concentrations of measured protein in clinical conditions. 

4.4.4. Compliance with the objectives of the thesis 

The NCD-based SGFET sensor was successfully fabricated on Corning Eagle XG® substrate 

to preserve optical transparency for monitoring purposes. 
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In the core study, four solutions were prepared, sucrose and YPD, both 

with and without yeast cells at the same concentrations. The pH and conductivity of the 

solutions were monitored to determine the rate of pH change as cells began 

to metabolise. Multiple measurements with SGFET were performed to show 

the influence of sensor transfer characteristics. 

The technological goal of fabricating the nanocrystalline diamond thin film in high 

quality was done as the sensors showed good stability and conductivity through 

the channel.  

As an extension of SGFETs usability, new experiments with these diamond sensors 

functionalised with HIV-1 Tat aptamers were designed, and the experiments focused on 

the detection of HIV-1 Tat protein has been performed with results published in a peer-

reviewed journal. The use of bacterial and viral organisms or their genome fulfilled 

the goal of expanding the use of the SGFET sensor. A proof of concept was successfully 

demonstrated. 

By this work, it was laid down a new way of measuring non-adhering cells and their 

viability. It utilised the unique properties of nanocrystalline diamond films. The most 

important properties utilised by this work were semiconductivity, surface morphology, 

biocompatibility, optical transparency, and fabricability of SGFET on the quartz 

or Si/SiO2 substrate. A simplified model of the interface was proposed. The results 

contributed to a better understanding of the ongoing effects on the interface 

nonadherent cell-diamond surface.  
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4.5. Nanocrystalline diamond-based impedance sensors for real-
time monitoring of adipose tissue-derived stem cells 

Based on: Nanocrystalline diamond-based impedance sensors for real-time monitoring 

of adipose tissue-derived stem cells, published in Colloids & Surfaces B: Biointerfaces, 

DOI: http://dx.doi.org/10.1016/j.colsurfb.2019.01.048  

Václav Procházka1,2, Roman Matějka3,4, Tibor Ižák1,2, Ondrej Szabó1, Jana Štěpanovská1,4, Elena 
Filová3, Lucie Bačáková3, Vít Jirásek1 and Alexander Kromka1,2 

1Institute of Physics, Czech Academy of Sciences v.v.i., Cukrovarnická 10, 162 00 Prague 6, Czech Republic 
2Faculty of Electrical Engineering, Czech Technical University in Prague, Technická 2, 166 27 Prague, Czech Republic 
3Institute of Physiology, Czech Academy of Sciences v.v.i., Videnska 1083, 14220 Prague 4, Czech Republic 
4Faculty of Biomedical Engineering, Czech Technical University in Prague, nám. Sítná 3105, 272 01 Kladno, Czech 
Republic 

4.5.1. Summary 

In this work, the NCDs electrochemical window was utilized to lower the currents, which 

burden the cells in the existing X-Celligence® solution. When using nanocrystalline 

diamond as a coating, a smaller current density near the electrodes was confirmed 

with simulation. The diamond-based impedance sensor with built-in gold interdigitated 

electrodes (IDT) is a promising platform for simultaneous electrical and optical 

monitoring of adipose tissue-derived stem cells (ASCs). The impedance spectra were 

collected in a wide frequency range (from 100 Hz to 50 kHz) for 105 h of cell cultivation 

in chambers designed for static cultivation. Whole impedance spectra were analysed 

in terms of measured frequencies and cell properties monitored by a high-resolution 

digital camera. These results were confirmed optically by live-cell imaging 

and comparison with a commercial control system with gold electrodes directly exposed 

to media (X-Celligence®). The diamond-based sensors were more sensitive for detecting 

the cell-substrate interaction in the first phase of cell growth, while the control system 

was more sensitive in the second phase of cell growth. The NCD layer provided a fully 

biocompatible interface and inert layer, which promoted the cell growth on its surface, 

which can be easily tailored for a specific function. Impedance measurements combined 

with simultaneous live imaging showed that we could observe every change in adipose-

derived stem cells (ASC) behaviour, whether it is cell attachment and spreading, forming 

a confluent layer, or forming more layers. The toxicity study with staining was performed 

to prove the biocompatibility of nanocrystalline diamond thin film fabricated for such a 

purpose. (See Figure 4.9) 

 

http://dx.doi.org/10.1016/j.colsurfb.2019.01.048
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Figure 4.9 The diamond sensor top view and cross-section view (left), fluorescence microscopy 

image of stem cells growing on NCD IDT sensor (middle), and the response of diamond and gold 

surface X-Celligence® sensor during 105 hours long growth time(right) 

4.5.2. Author’s contribution 

I participated in this research with the design and fabrication of the impedance sensor, 

validation of its function, the conceptualization of the experiment, and automation 

of measurement with adipose-derived stem cells. Also, I participated in data evaluation, 

discussion of ongoing electrical and physical effects and writing and reviewing of 

the article. Co-authors participated in analyses (fluorescence microscopy, Raman 

spectroscopy, phase contrast microscopy), ASC culture preparation and dilution, FEM 

simulation, writing parts of the text depending on the analysis performed and reviewing 

the article. 

4.5.3. The paper’s contributions toward the progress of the field 

The IDT sensor has been widely used in environmental sensing [146,147], biology 

[148,149]  or water resources application [150]. Its versatility enables the usage as a 

conductivity sensor, capacitive sensor (impedance spectroscopy), or in a particular 

configuration of electrodes as an acoustic sensor generating surface acoustic wave 

(SAW). For the sake of clarity, this chapter serves as a state of the art comparison limited 

to label-free biosensor applications of IDT used as a sensor for impedance spectroscopy.  

IDT sensors have been used in biology research as the platform for the detection 

of aminoacids, proteins, macromolecular compounds, cells and cell cultures [148,151], 

bacteria [152], and cervical cancer cells [153]. Its straightforward principle with variable 

coating and ease of use enabled the development of commercial measuring devices such 

as xCelligence®[148,154]. 

The xCelligence® system is used to determine the optimal point for further 

processing of the cells. During cultivation in the cultivation plate, all phases of cell settling 

and growth can be observed in cell index numbers [148]. This system works with gold 
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electrodes which show highly current density in their vicinity than gold electrodes coated 

with nanocrystalline diamond.  

The design and fabrication of the biosensor with gold electrodes coated with 

nanocrystalline diamond enables the novel method of tuning wettability, which cell 

cultures react to [155]. Moreover, it brings new possibilities for functionalisation while 

preserving biocompatibility. According to my findings and simulations in COMSOL® 

[ARef:2], the diamond coating lowers the influence of the currents during measurement 

on cell growth. The comparative study performed in this article [ARef:2] led to the finding 

that the commercially available system is more sensitive after cells settle to the confluent 

layer. The system proposed is more sensitive in the early stages of cell growth and 

enables further functionalisation of the surface. 

4.5.4. Compliance with the objectives of the thesis 

The NCD-based IDT sensors were successfully fabricated on 15 x 15 x 1 mm3 Corning 

Eagle XG® substrate to preserve optical transparency for monitoring purposes. Human 

adipose tissue-derived stem cells (ASCs) were isolated from lipoaspirate obtained 

by liposuction. Dulbecco's Modified Eagle's Culture Medium® (DMEM) with the 10 % 

addition of fetal bovine serum and human recombinant fibroblast growth factor-2 (FGF-

2, 10 ng·ml–1) culture solutions with adipose-derived stem cells were prepared. Long-

term measurements with cells and control long-term measurements determining 

the stability of the sensor under culture medium were performed for validation 

of measured results. The goal of fabricating NCD thin film in high quality was achieved 

as the sensors showed good stability and biocompatibility “in vitro”. The new sensor was 

developed with NCD thin-film overcoating the IDT electrodes, and its surface was 

superficially modified with hydrogen. The sensor was successfully used with adipose-

derived stem cells (ASC), and the results were published in peer-reviewed journals.  

This work dealt with the enhancement of the properties of the commonly used 

solution by a nanocrystalline diamond as a platform for monitoring adhering cells 

and their viability. The results contributed to better resolution during real-time 

monitoring of the early stages of cell culture growth. At the same time, it opened new 

possibilities for surface functionalisation, coating and patterning of the surface.  
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4.6. Detection of proteins by quartz crystal microbalance sensor 
coated with a nanocrystalline diamond thin film 

Based on: Detection of globular and fibrillar proteins by quartz crystal microbalance 

sensor coated with a functionalised diamond thin film, published in Applied Surface 

Science 

DOI: http://dx.doi.org/10.1016/j.apsusc.2022.153017  

Václav Procházka1,2, Pavel Kulha2, Tibor Izsák1,4, Egor Ukrainstev1,2, Marián Varga1,4, 
Vít Jirásek1,5, Alexander Kromka1,3 

1Institute of Physics, Czech Academy of Sciences, Cukrovarnicka 10, 162 00 Prague, Czech Republic  
2Faculty of Electrical Engineering, Czech Technical University in Prague, Technicka 2, 166 27 Prague, Czech Republic 
3Faculty of Civil Engineering, Czech Technical University in Prague, Thakurova 7, 166 29 Prague, Czech Republic 
4Institute of Electrical Engineering, Slovak Academy of Sciences, Dúbravská cesta 9, 841 04 Bratislava, Slovak Republic 
5Institute of Plasma Physics, Czech Academy of Sciences, Za Slovankou 1782/3, 182 00 Prague, Czech Republic 

 

4.6.1. Summary 

In this work, the NCD thin film was deposited on the QCM sensor surface (NCD-QCM). 

The deposition of NCD on temperature-sensitive quartz was a technological challenge 

due to possible delamination and disruption of piezoelectric properties. The NCD was 

superficially treated in hydrogen and oxygen plasma to achieve hydrophobic 

and hydrophilic properties.  

Two protein solutions were tested: bovine serum albumin (BSA) and fibronectin 

(FN). Reference measurements were performed using serial resonant frequency (SRF) 

of clean QCMs without protein and loaded with protein and compared with SRF shifts 

of NCD coated QCMs without proteins and loaded with proteins. We compared masses 

estimated from the Sauerbrey equation to characterise the adhesive properties of the 

studied proteins. Comparing bare QCM and NCD-QCM, we discovered that 

nanocrystalline diamond thin film enhances the sensing performance of proteins. At 

the same time, it saturates quickly with phosphate buffer saline used as a diluent 

solution for proteins. Results showed a significant increase in protein adhesion 

confirmed by the increase of the mass for both oxygen and hydrogen-terminated NCD-

QCMs. Moreover, a different time-dependent behaviour (i.e., different adsorption rate, 

degrees of physisorption and preference of the diamond surface functionalisation) 

of the O-NCD and H-NCD QCMs was observed for BSA and FN proteins. A study with FN 

and BSA was performed as a representant of fibrillar and globular proteins 

with adhesive capabilities (See Figure 4.10). 

By this, the proof of concept has been made for a future variety of surface 

functionalisation with excellent stability and biocompatibility.  

http://dx.doi.org/10.1016/j.apsusc.2022.153017
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Figure 4.10 a) The results of adsorption compared for short and prolonged exposure time 

with standard deviation. b) The model of the ongoing effects during protein adhesion on the 

NCD-QCM sensor's surface 

4.6.2. Author’s contribution  

I participated in this research with the design of the experiment, preparation of the 

samples, wettability modification (plasma treatment), measurement of the impedance 

response to different solutions, and evaluation of the data, followed by discussion 

and composing and reviewing of the article. Co-authors participated in the simulation, 

conceptualising the initial experiment and the deposition of diamond, writing parts of 

the text depending on the analysis performed and reviewing the article. 
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4.6.3. The paper’s contributions toward the progress of the field 

The latest knowledge focusing on the control of protein adsorption has shown many 

possible combinations of coatings with subsequential analysis using QCM methods. In 

the [156] study, the bases focused on creating a polyelectrolyte control multi-layer 

coating for minimizing non-specific adsorption. Using this, they have successfully 

minimized the adsorption of albumin, fibrinogen, and other seral proteins.  

The QCM method is very often used in experiments concerning aptamer 

functionalisation [157], the formation of biofilm [158], the adsorption of surfactants 

[159] and tissue engineering [160] and immunoassays [161].  The generic goal of 

immunoassay coatings is to detect very low concentrations of analyte in the solution 

while preserving selectivity. Slightly different methods label-free methods of detection 

are used for the research of surface interaction. It utilises as a coating a layer which is 

mimicking the investigated surface, and it detects the mass preferentially binding to the 

surface, as described in the study focused on viral interactions with the host cell surface 

[162]. 

Other studies utilising the QCM sensor for the detection of serum proteins showed 

that there is a difference in adhesion depending on the surface charge of the protein. In 

[119], the adhered mass of diamond nanoparticles covered by bovine serum albumin 

and lysine was measured and cross-compared with ATR-FTIR analysis of their surface. 

This method was chosen because of the limitations of CVD deposition of NCD onto QCMs 

surface due to temperature. This issue has been overgone in [163], although the QCM 

sensor has been used for gas sensing applications. Until this article came to light, QCM 

was never coated with the diamond before. 

In article [ARef:4], NCD coated QCMs were used for the first time in label-free detection 

of globular and fibrillar adhesive proteins. The nanocrystalline coating on QCM enables 

much easier, broader, and more stable functionalisation. On top of that, the morphology 

of the surface can be modified by tuning the deposition parameters.  To validate the 

nondisruptive properties of the NCD on QCM gold electrode, the COMSOL® simulations 

were created, showing there is a dampening only in the form of a mass of the diamond 

layer, which agreed with the experiments.  

4.6.4. Compliance with the objectives of the thesis 

The goal has been to fabricate the QCM sensor with nanocrystalline diamond coating 

using the low-temperature deposition (< 350 °C) overwent the known problem of low 

Currie point of quartz. The simulation in the COMSOL® environment has been done 

to evaluate the influence of the diamond/Au/quartz interface on the sensing properties 

of the sensor. The simulations were performed to investigate the disruptive impact 

of diamond thin film on sensor piezoelectric properties. Following the preparation of the 

sensors, an experiment was performed with adhesive proteins (globular and fibrillar) 
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and different types of surface functionalisation with the accent on a different multitude 

of adhesion on a hydrophobic or hydrophobic solution. The QCM sensor showed 

a significant response, which differs depending on the surface modification. This finding 

contributes to understanding the ongoing effects on the interface 

of protein / nanocrystalline diamond. The results were discussed, and a simplified model 

was proposed as shown in Figure 4.10. The presented article has been published 

in Applied Surface Science Journal (IF=6.7, 2022). 
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5. Conclusion 

Nowadays, diamond layers are widely used for experimental evaluations to outperform 

previous results and find new biosensors and cell detection applications. This fact leads 

to rapid improvements in fabrication technology and procedures. Researchers are each 

year closer to achieving the desired purity and homogeneity of the material for multiple 

uses in the electronic industry. New methods are developed, and new types 

of machinery are built, whether for industrial use or in the interests of science. In this 

thesis, diamond is used primarily as a material for sensing the application of living 

organisms, like non-adherent, non-polar yeast cells, adult stem cells, and their growth, 

activity, and adhesion. In the frame of this work, three types of diamond-based sensors 

were developed and realised. The results were summarised and published in peer-

reviewed impacted journals and presented at international conferences based on 

experiments fully described in the attached publications.  

The first developed device was a diamond-based SGFET sensor, which was used to 

characterise the cell/sensor interface using non-excitable nonpolar yeast cells. During 

the fabrication, one major problem occurred with the quality of the diamond channel 

in a few cases. The NCD channel is very sensitive to temperature changes and applied 

solutions. The sensors were damaged by temperature during reservoir settling several 

times. Another possible complication was the cracking of the diamond layer during 

the cooling down of the substrate. Both problems were identified and have been solved 

by different placement of the functional structures and by restriction of the temperature 

changes. Experiments were performed to characterise the cell / sensor interface. Based 

on measured results, the simplified model has been proposed. The results were 

published in Applied Surface Science (IF = 3.1, in 2017), and the reference can be found 

in [ARef:1] and in Appendix 8.1.  

The second type of sensor presented in this thesis is the interdigitated transducer 

impedance sensor. This sensor detects the change of permittivity of the dielectric (cells) 

between contacts and, in the case of golden contacts without a diamond layer on the 

top, as well as the change of solutions conductivity. Such change occurs when the cell 

appears in the close vicinity or between the contacts. Few realised configurations are 

shown in Figure 3.11. These sensors were fabricated by standard optical lithography 

procedure. Sensors were used with adult stem cells to characterise the sensitivity of the 

sensor on cell growth. The results showed good sensitivity to cell activity, especially 

in the early stages of growth. The research was published in Colloids & Surfaces B 

Biointerfaces (IF = 4.1, in 2019), and the reference can be found in [ARef:2] 

and in Appendix 8.2. 

The third type of sensor realised in this research was a quartz crystal microbalance 

sensor coated with the diamond thin film. Its working principle was based on the 

piezoelectric effect, the deformation of the crystal lattice in an electric field. 
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The impedance characteristics of sensors were measured at different times after 

the application of specific proteins, and shifts in serial resonant frequency peak positions 

were evaluated. These shifts were dependent on the amount of protein adhered to the 

surface. This amount differs if hydrogen or oxygen termination was used because of its 

wettability. Results were presented at international conferences and published 

in Applied Surface Science (IF = 6.7, in 2022) [ARef:4] and in Appendix 8.3. 

5.1. Scientific contribution  

My contribution to the presented research activities relies on the implementation of 

novel and unique approaches in the field of diamond-based biosensors. With the use 

of well-known sensing electrical and electro-mechanical principles enhanced 

by extraordinary properties of the nanocrystalline thin films, living organisms and cell 

cultures are monitored real-time, label-free and “in vitro” without disturbing their 

metabolic state.  

The first sensor, the SGFET, was unique with its sensitivity and the novelty lies in its 

use with nonadherent yeast cells and parts of the HIV genome. The shifts in transfer 

characteristics were dependent on the ionic strength of the solution, and a significant 

shift was observed with the use of non-adherent yeast cells. By this technique, I 

monitored the viability of the cell culture electrically. With the knowledge from the 

fabrication and measurement of used SGFET sensors, I created a new design of the 

sensor to increase reliability, conductivity, and sensitivity and to lower the “faulty 

from fabrication” rate. 

Inspired by results accumulated during the use of the SGFET sensor 

and understanding factors disrupting the SGFETs measuring capability (i.e., with 

the adhesive molecules), the examination of protein adhesion on the nanocrystalline 

diamond came to my attention.  

This brings us to the second type of sensor, the QCM sensor used for the first time 

coated by NCD as a biosensor for label-free protein detection, which showed sensitivity 

to the mass of adhered proteins. By this method, I further characterised the mechanism 

of the protein adhesion on the hydrophobic and hydrophilic substrates. The SRF shifts 

revealed that the D-QCM sensor functionalised with oxygen is less sensitive to both FN 

and BSA with a faster saturation rate than the sensor functionalised with hydrogen. 

On the other hand, the sensor functionalised by hydrogen is susceptible to promoting 

FN’s adhesion. I performed the measurement in triplets to minimize the outlying results' 

influence and provide standard deviations. 

The third sensor principle I dealt with is the IDT sensor covered by 

nanocrystalline diamond. Such sensors were used for label-free impedance 

measurement of living cultures to characterise their viability in real-time. The novelty of 

this research is ensured by a coating of gold IDT electrodes with nanocrystalline diamond 
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and using such a system with a living culture. In addition, the presence of high-quality 

nanocrystalline diamond enabled further modification of the surface, thus tuning 

the sensors' sensitivity and selectivity. Biocompatible structures were created, and with 

the cooperation of the Biotechnology and biomedicine centre in Vestec, the IDT sensors 

were characterised in working conditions under the influence of ASC cell culture. 

The research confirmed that the diamond IDT sensors have remarkable sensitivity 

in an early stage of cell growth, higher than commercially used Au/SiO2 X-Celligence® 

sensors.  

It can be concluded that within the scope of this thesis, the diamond-based 

biosensors were designed, fabricated, and validated with the experiment in a novel way 

while following the current directions in the field of diamond-based biosensors. 

The models were proposed based on experimental results, describing the interaction of 

nanocrystalline diamond with proteins, aptamers, and living cells. The obtained 

knowledge contributed to the field of label-free diamond biosensors. 

5.2. Prospects 

During my Ph.D. study, I found several new possibilities for how to use each sensor, 

which have not been fully explored in this work. In the case of SGFET, I would like to use 

it with bacteria and develop a method to differentiate between several species based 

on their surface properties. Another possible improvement would be to use a new design 

of the SGFET sensor and structure its conductive channel with etching to create a 3D 

diamond structure and observe the response of such sensor. In the future, monitoring 

of different cell cultures with specifically tailored surface properties (modifying surface 

functionalisation) is planned. 

In the case of mass and impedance sensors (i.e., QCM and IDT), I am currently 

experimenting with the possibility of combining them into one sensor. Such a sensor 

could serve as the detector QCM sensor and IDT sensor and can combine both 

measurement procedures into one, not to mention the IDT electrodes can be used 

for stimulation or excitation of the living material on its surface. In the future, I would 

like to use gained knowledge to employ more sensing principles and perhaps develop a 

combined sensor, which could be used for multisensory measurement 

The abovementioned sensors utilise intrinsic, i.e., non-doped nanocrystalline 

diamond. A wide variety of surface functionalisation and morphology changes combined 

with doped conductive diamond offers new possibilities for future research. 
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8. Appendix 

8.1. Influence of non-adherent yeast cells on electrical 
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8.2. Nanocrystalline diamond-based impedance sensors 
for real-time monitoring of adipose tissue-derived stem cells 
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8.3. Detection of globular and fibrillar proteins by quartz crystal 
microbalance sensor coated with a functionalized diamond 
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Figure 2(b). The Ids-Vgs of NCD-EGFET with and without 100 pM HIV-1 Tat protein, measured in 1 mM 

PBS at pH 7.4. 
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Figure 3. Detection of Tat protein target at different concentration (100 pM to 10 fM) using the NCD-
EGFET biosensor at sweep Vgs of 0 V - -0.6 V with Vds = -0.1 V. (a) Ids-Vgs transfer characteristic at different 
concentration of Tat protein, (b) Enlarge of Ids-Vgs response at different concentration of Tat protein, (c) 
Calibration curve of the relative change in Vgs, shows the LOD, (d) Vgs response curve of the biosensor at 

different Tat protein concentrations, shows the sensitivity of the device. 
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Figure 4. The Ids-Vgs of NCD-EGFET in various proteins such as p24, Nef and BSA for the selectivity study. 
For p24, Nef, and BSA, the gate potential tends to shift no more than 40 mV meanwhile for Tat protein, a 

174.80 mV was shifted in gate potential. 
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