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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 onthe 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



Abstrakt

Tato prace se zabyva tenkymi vrstvami nanokrystalickych diamant( (NCD) pro studie bio-
senzor(l a je tvofena komentovanym souborem autorovych publikaci. Ukazuje zakladni
zpUsoby, jak vyuZit a modifikovat NCD pro snimani bunécné kultury, tkanovych kultur a
savCich adhezivnich proteind. Tento vyzkum popisuje, jak Zivd hmota interaguje
s diamantovym povrchem bio-senzor. Jejim cilem je vyvinout pracovni postup od
vyroby po méfeni a porozuméni interakci Zivych materialQ s bio-senzory na bazi na
diamantu reprezentované tfemi rdznymi funkénimi principy.

Prvni studie se zabyva mérenim Zivotaschopnosti kvasinkovych bunék
(Saccharomyces cerevisiae) pomoci SGFET senzoru na bazi NCD. Prenosové
charakteristiky SGFET senzor( vykazuji negativni posuny napéti hradlové elektrody o
hodnotu —26 mV a —42 mV pro sacharézu a kvasinkovou peptonovou dextrézu (YPD) s
burikami ve srovndni se stejnymi roztoky bez bunék. Tento efekt je vysvétlen lokalni
zménou pH v tésné blizkosti vodikem modifikovaného diamantového kandlu v dlsledku
metabolickych procesli kvasinkovych bunék. Tento pfistup otevird cestu pro pouZiti
SGFET senzorl na bazi diamantu s novymi typy bunéénych kultur (bakteriadlni buriky,
buriky hub, ¢asti virQ).

Druha studie se zaméruje na snimani Zivotaschopnosti sav¢ich kmenovych bunék
pomoci impedancéniho senzoru (IDT) pokrytého NCD. Pro hodnoceni pouZzitelnosti byl
experiment proveden paralelné s komeréné pouzivanym laboratornim zafizenim pro
otestovani rozdilu v citlivosti. Bylo zjisténo, Ze diamantovy senzor je citlivéjSi béhem
pocatecni faze rlistu bunék, zatimco kontrolni systém je citlivéjsi béhem druhé rlistové
faze ASC. Tato prdce pfispiva k prokdzani stability, biokompatibility odolnosti a
univerzalnosti diamantového povrchu, ktery dale umoziuje modifikaci adheze
bunécénych kultur na povrch a otevira cestu pro nové typy funkénich povlaku.

Treti studie, zamérena na senzor QCM pokryty NCD, ktery byl dosud pouzivan
pouze jako senzor plynu, zkouma adhezi proteini na NCD v zdavislosti na smacivosti
povrchu. Byly analyzovany posuny sériové rezonancni frekvence senzord a na jejich
zakladé byla vyhodnocena mira adheze fibrilarnich a globularnich proteinG. Senzory byly
modifikovany dvéma typy povrchovych zakonceni, v prvnim pfipadé hydrofobni
funkcionalizaci vodikem a v druhém pripadé hydrofilni funkcionalizaci kyslikem. Dale
byla pozorovdna rlizna ¢asové zavisla adheze proteini na O-NCD a H-NCD QCM. Tento
vyzkum popisuje rozhrani proteinu/NCD pomoci odezvy senzorlt NCD-QCM a prohlubuje
obecnou znalost konformace proteinli na povrchu na zakladé jeho smacivosti.

Tato prace prokazuje, Ze diamant je vhodnym materidlem, ktery kombinaci
biokompatibility a Sirokych moznosti modifikace povrchu, umoznuje ladéni elektrickych
a chemickych vlastnosti v zavislosti na specifickém pouziti v biologickych védach.

Klicova slova: nanokrystalicky diamant, bio-senzorika, povrchova modifikace
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Introduction

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. Inthe case of adiamond, the very best advantage lies inthe 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, | 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.



Introduction

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 anidea 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, | 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 anacoustic 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 onthe level ofcellular interaction. Diamond inany form is
biocompatible, where the level of biocompatibility is highly dependent on the content
of the sp? phase of carbon and other (possibly toxic) contaminating molecules.
In biosensors, the diamond's biocompatibility is assessed based onsuch 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 tothe 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. | 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 (Sa0S-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, | 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 inthe Earth’s lithosphere and the 2nd most
abundant element in the human body [3].

Carbon can perform various bonding hybridisations andforms, 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 CO; 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 inany physical way. Carbon allotropes of all
dimensionalities are known, butthere 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 forall 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 afield of science ofits 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 (1s?2s%2p?) 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 ofthem 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, sp? and sp> hybridisation of the atomic orbitals
(Figure 3.3) [10,11].

e 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.

e sp®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].

e sp? 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 - 10% cm_a)
than any other solid. The high bond energy between two carbon atoms (83 kcal-mol™)
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™). The coefficient of friction of polished diamond is 0.07
inargon and 0.05 in humid air. Diamond is resistant to corrosion attemperatures
over 800 °C, except in an oxygen atmosphere. Also, some types of diamond have
the highest thermal conductivity of all materials (20 W-cm™K™ 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, |focus exclusively onthe 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™-K=2 (at 300 K)
Electron mobility 4500 cm?-v1.s71
Hole mobility 3800 cm?-v1.s7!
Bandgap 5.47 eV
Density 3.52 g:em™3
Melting point 4027 °C
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Resistivity 10%° Q-cm
Bond length 1.54 A
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 (uCD 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 um 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 aninteresting 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 ata 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 tothe NCD surface,
but they did attach in spots with low homogeneity of NCD thin film [27,28]. The main
idea is touse NCD as a functional coating for medical implants, butthe 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 atalower temperature, approx.200—-400 °C
with a higher concentration of CHa4. 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.

UNCD
f\ Diamond seeds
Continuous renucleation

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 ofa) 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, | 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 x 15 mm?), 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].

12
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The most used method is currently alow-pressure synthesis of the diamond
through plasma-enhanced chemical vapour deposition (PE-CVD), which uses a mixture
of gases (CHa4, CO2 and H; 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 ofthe 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].

13
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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 inthe 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 x 10 x 1 mm?3) 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 ina 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 % CHa in Hz, and microwave power 1000 W. The deposition temperature
was inthe range of 550 + 600 °C. These deposition parameters led tothe 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 (N)
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 x 15 x 1 mm?3 in size). The width/gap of electrode periodicity was set to 100 um.
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 x 1700 W, pressure
0.1 mbar, gas mixture 200/5/20 sccm ofHy/CHs/CO; 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 um. Two key-hole-shaped electrodes
with diameters of 5mm were deposited on both sides byvacuum 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 mm?2. 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 Hy / CHa / CO3), 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 toamore 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 asan electrode inthe 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
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of diamond mechanical sensing. Boron doped diamond will change electrical resistance
with strain (piezo-resistance), meaning it can be used asa 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 ina 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 achange 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 isimmobilised 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 onthe 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
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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, Ifound asolution-gated field-effect transistor
with functionalised diamond suitable forthe 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 orits
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 inseveral studies forthe 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 inthe long term, andit 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 forimpedance 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.

Medical applications of diamond
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Drug delivery
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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 aneed 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, orthe 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 toachieve 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
inthe form of thin films deposited on different substrates, mainly glass or robust
single-crystalline diamond substrates) as well asa 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 forindividual device configuration
and specific applications such asimpedance 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 asfor “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].
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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 asbiocompatible sensors.
The properties of diamond SGFETs, such asthe 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] orto measure the surface potential ofliving 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.

Power and data lead

Diamond electronics

capsule and diamond array \
“ \ \

]

'
Silicone form and™ &
attachment,points

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, | focused on yeast cells (Saccharomyces cerevisiae),
which are widely used asthe 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 andsurface structures are well defined
and understood. They have astable negative surface charge with very weak pH
dependency, which determines their behaviour in the solution [100,101]. In general,
yeast cells are known asnon-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.
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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 toits 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 inimpedance sensors for biological studies [89] and forthe
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 asin-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 Sa0S-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
oncell differentiation towards various phenotypes [113]. For example,
the differentiation of ASCs towards adipocytes and osteoblasts was successfully
guantitatively monitored inreal-time byimpedance 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 onvarious properties of these cells and for their biomedical
applications. Therefore, in this research, | have focused on the investigation of cell
adhesion, spreading, and proliferation by impedance sensing with diamond-based
impedance sensors.

The results are compared withimpedance 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
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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 inthe air [115,116],
antibodies, allergens [117,118], proteins [119], DNA sequence [120,121], bacteria
[116,122,123] andcell culture layer [123]. Its certain advantages are low cost
and relatively easy fabrication. However, bare QCMs (i.e., with SiO, or gold sensing
surface) have low selectivity and are fragile interms of mechanical properties.
On the other hand, awide 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 0157: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.
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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 toits 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 ofthe quartz exposed tohigh temperatures.
Nevertheless, some success has been already obtained by bonding a free-standing
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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 um). 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. Inthelast 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 ingas sensor
applications [40,133]. This thesis is building onthe 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 onits 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

a) Hydrogenation of NCD  b) Su-8 photoresist8ll ¢ Lithography d) Oxygen plasma

HHHHHHHHHH

Eagle XG Eagle XG

e) Photoresist removal f) Contact deposition g) Covering resist h) Opening in resist
OOOHHHHOOO Au HHHHH Au Au HHH
Eagle XG Eagle XG Eagle XG Eagle XG

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 inoxygen radio-frequency plasma
(300 W, 3 min. exposition time) to generate insulating O-terminated areas, which
surround the H-terminated channels (5 pum wide and 60 pum 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.
New design

Old design

Diamond channel

Gold contacts

150 pm 100 pm

Sensing area

ClEVLEEIZEEY Sensing area Overlaying area’

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 um). With the final photolithographic step, openings were created (60 um x 60 um)
to define the active gate area [23]. The resulting sensors are shown in Figure 4.2.
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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 (um) 20 50 100 150
Conductivity (nQ™1) 7.57+0.07 13.6+0.04 74.2+0.7 76.4+0.5

for Us = Ups =-0.6V

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 theelectrodes 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
asensor 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 um, and the width of the electrodes is 100 um. The whole dimension
of the sensor’s substrate is 15 x 15 x 1 mm? to fit the measuring chamber created for this
measurement, on which the utility model was filed [ARef:14]. The chamber
from polycarbonate serves asthe sterile andinert 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 to15x15x1 mm?3 squares. After the cleaning
procedure, the optical lithography is done forthe further deposition ofthe
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 underlow temperature inthe 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 tothe 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
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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
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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.

33



Experimental part

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

Vaclav Prochazka™“*?, Michal Cifra, Pavel Kulha'?, Tibor 1z4k!, Bohuslav Rezek?, Alexander
Kromka*

IFaculty of Electrical Engineering, Czech Technical University in Prague, Technicka 2, 16627 Prague, Czech Republic
2|nstitute of Physics, The Czech Academy of Sciences, Cukrovarnicka 10/112, 162 00 Prague, Czech Republic
3Institute of Photonics and Electronics, The Czech Academy of Sciences, Chaberskd 57, 182 51 Prague, Czech Republic
4Faculty of Civil Engineering, Czech Technical University in Prague, Thakurova 7, 16629 Prague, Czech Republic

4.4.1. Summary

This research explores the new way to use nanocrystalline diamond solution gated field
effect transistor asa 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 toalocal pH change inthe 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.
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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 inthe clinical
application, HIV-1 Tat was spiked intothe human blood serum, andit 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)

Probe RNA Tat
aptamer and
aptamer derived
second strand

Tat protein

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

4.4.2. Author’s contribution

| 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 inthe study regarding detecting HIV-1 Tat protein
with NCD-EGFET by fabrication of SGFET sensors on Si/SiO; 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 CO; 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 therate of pH change ascells 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 asthe 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 onthe quartz
or Si/Si0O; substrate. A simplified model of the interface was proposed. The results
contributed to a better understanding of the ongoing effects onthe 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

Vaclav Prochazka?, Roman Matéjka>*, Tibor 124k*?, Ondrej Szabé?, Jana Stépanovska?, Elena
Filova3, Lucie Baéakova?, Vit Jirdsek' and Alexander Kromka®?

IInstitute of Physics, Czech Academy of Sciences v.v.i., Cukrovarnicka 10, 162 00 Prague 6, Czech Republic

2Faculty of Electrical Engineering, Czech Technical University in Prague, Technickd 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, nam. Sitnd 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 apromising 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)
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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

| 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, | 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™) 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, andits 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

Véaclav Prochazka'?, Pavel Kulha?, Tibor lzsak'®, Egor Ukrainstev?, Marian Vargal*,
Vit Jirasek'®, Alexander Kromka®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, Dubravska cesta 9, 841 04 Bratislava, Slovak Republic
SInstitute 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 andoxygen plasma toachieve 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 asarepresentant of fibrillar and globular proteins
with adhesive capabilities (See Figure 4.10).

By this, the proof of concept has been made fora future variety of surface
functionalisation with excellent stability and biocompatibility.
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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

| 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 inthe 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 atinternational 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. Theresults 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, in2019), 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 ofthe crystal lattice inan 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 atinternational 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, |
monitored the viability of the cell culture electrically. With the knowledge from the
fabrication and measurement of used SGFET sensors, | created a new design of the
sensor toincrease reliability, conductivity, and sensitivity and to lower the “faulty
from fabrication” rate.

Inspired by results accumulated during the use ofthe 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, | 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. | performed the measurement in triplets to minimize the outlying results'
influence and provide standard deviations.

The third sensor principle | 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/SiO, 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, | found several new possibilities for how to use each sensor,
which have not been fully explored in this work. In the case of SGFET, | 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), | am currently
experimenting with the possibility of combining them into one sensor. Such a sensor
could serve asthe 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, | 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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Diamond thin films provide unique features as substrates for cell cultures and as bio-electronic sensors.
Here we employ solution-gated field effect transistors (SGFET) based on nanocrystalline diamond thin
films with H-terminated surface which exhibits the sub-surface p-type conductive channel. We study
an influence of yeast cells (Saccharomyces cerevisiae) on electrical characteristics of the diamond SGFETs.
Two different cell culture solutions (sucrose and yeast peptone dextrose-YPD) are used, with and without
the cells. We have found that transfer characteristics of the SGFETs exhibit a negative shift of the gate

Keywords: . . voltage by —26 mV and —42 mV for sucrose and YPD with cells in comparison to blank solutions without
Nanocrystalline diamond . . L . C . .
Yeast cells the cells. This effect is attributed to a local pH change in close vicinity of the H-terminated diamond

surface due to 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 negative surface charge of yeast

Field-effect transistor
Transfer characteristics

PH sensitivity

cells on the SGFETSs electrical characteristics are discussed as well.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Diamond is considered as a perspective material in cells and
tissue oriented life sciences. In addition to unique mechanical, ther-
mal, and electrical properties, diamond is also biocompatible and
exhibits surface conductivity which is highly sensitive to changes
in surrounding environment due to surface transfer doping mech-
anism [1,2]. Thanks to these properties diamond-based transistors
do not need any gate dielectric layer.

There are many types of diamond-based bio-electronic devices
of new generation. They differ in type of diamond (intrinsic
or boron-doped polycrystalline diamond in form of thin films
deposited on different substrates (mainly glass), or robust single-
crystalline diamond substrates) as well as working principle. The
working principle of devices for direct electrical measurement of
cells activity and for study the cell-cell or cell-substrate interactions
differs for individual device configuration and specific applications
such asimpedance measurements, field-effect transistor configura-

* Corresponding author at: Academy of Science Czech Republic, Institute of
Physics, Cukrovarnicka 10, Prague, Czech Republic.
E-mail addresses: prochazkav@fzu.cz, prochvad@fel.cvut.cz (V. Prochazka).

http://dx.doi.org/10.1016/j.apsusc.2016.05.003
0169-4332/© 2016 Elsevier B.V. All rights reserved.
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tion, etc. For example, impedance measurement techniques employ
microelectrode arrays (MEAs) [3,4]. MEAs found application in the
study of immune system response efficiency [5], direct monitor-
ing of cardiac action potentials of cells [4] 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) [6]. Interdigital electrodes based
on hydrogen-terminated diamond on glass substrates were found
prospective as optically transparent devices for real-time moni-
toring of cellular activity (incubation, cultivation, adhesion, etc.)
[7].

In contrast to impedance-based devices, solution-gated field
effect transistors (SGFETs) with hydrogen-terminated diamond
surface allow study of a single cell. 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 influence of the diamond film morphology [8], pH
[9], protein adsorption [8] or membrane adsorption and disrup-
tion [10] on the electrical characteristics has been well described.
In another study enzyme-modified field effect transistors were
applied for detection of enzymatic reactions [11] or for measure-
ment of surface potential of living cells [12]. Micro and nanoscopic
field SGFETs have a potential for study of electrodynamic cellular
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Table 1
Average conductivity and pH of used solutions.

Measured at 18.9°C pH

Conductivity

before the addition of cells 30 min. after the addition of cells (measurement start) Without cells (mScm~!) Ccpris ~1.108 cellsml~' (mScm—')

YPD 6.4 6.1
Sucrose (2 wt%) 7.0 6.8

3.21+0.04
0.434+0.02

3.10+0.04
0.41+0.02

behavior, which is theoretically predicted [13] yet challenging to
detect [14]. The functionalized diamond surface was used in sev-
eral studies for pattern guided formation of glial and retinal neuron
networks [15,16], and it was also demonstrated as perfect solu-
tion for photo-sensitive retinal prosthesis and neural interfacing
device [17]. However, the studies were focused on the interactions
of mammal adherent cells or excitable cells with strong surface
potential. There is a lack of studies focused on the interactions of
non-adherent, non-excitable cells.

Thus in presented work we focused on yeast cells (Saccha-
romyces cerevisiae), which are widely used as basic model of
eukaryotic cells in molecular biology and genetics [18]. Yeast cells
enable a wide variety of genetic engineering techniques and the
strict functional analyzes 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 sur-
face charge with very weak pH dependency, which determines their
behavior in the solution [19,20]. In general, yeast cells are known
as non-adherent cells, although some yeasts such as S. cerevisiae,
Candida albicans and Candida glabrata have the ability to adhere to
plastic surfaces [21,22]. The yeast cell adhesion to plastic substrates
is believed to depend on hydrophobic interaction [23]. Novel meth-
ods for attachment and cultivation of specifically positioned single
yeast cells on a microelectrode surface employ a weak electrical
potential (—0.2 and —0.4 V) [24]. It was reported that the yeast cells
attached to the negative potential-applied ITO electrodes showed
normal cell proliferation.

We study the influence of different solutions (sucrose and yeast
peptone dextrose without or with yeast cells) on the H-diamond
SGFET electrical characteristics. We discuss interactions of the yeast
cells and cell culture solutions with H-terminated diamond surface
on the transistor gate. We suggest that metabolic activity of yeast
cells can be detected by the H-diamond SGFET.

2. Experimental
2.1. Fabrication of the sensor

Fused silica glass substrates (in size of 10 mm x 10 mm x 1 mm)
were ultrasonically cleaned in isopropyl alcohol and deionized
water (DI) and subsequently were immersed for 10 min into an
ultrasonic bath with a colloidal suspension of diamond nanopow-
der with nominal particle size of ~5nm. This process leads to the
formation of a 5+ 25 nm thin layer of diamond powder necessary
to initiate the diamond growth in a thin film.

Nanocrystalline diamond (NCD) thin films were grown in a
microwave ellipsoidal cavity reactor by chemical vapor deposi-
tion (CVD) process for 4.5 h, at following conditions: gas pressure
30 mbar, gas mixture 1% CH, in Hy and microwave power 1000 W.
The deposition temperature was in the range of 550 - 600 °C. These
deposition parameters led to the growth of ~450 nm thick diamond
film with grain sizes ~250nm [3]. Diamond films were further
hydrogenated in the same microwave plasma reactor at 600°C in
hydrogen plasma for 10 min to induce the surface conductivity.

Photolithographic masks were applied on H-terminated NCD
films using a positive MA-P1215 photoresist to define FET channels
and contacts. The NCD films were treated in oxygen radio-

frequency plasma (300W, 3min exposition time) to generate
insulating O-terminated areas, which surround the H-terminated
channels (5 wm wide and 60 um long stripes) connecting source
and drain contacts. The source and drain contacts were pre-
pared by thermal evaporation (10nm of Ti and ~50nm of Au)
followed by the lift-off technique. The samples were cleaned in
acetone and photoresist stripper (mr-REM 660). The area between
contacts was covered with a positive photoresist ma-P 1240 (thick-
ness 4 wm). The final photolithographic step created openings of
60 wm x 60 pm to define the active gate area (Fig. 3) [25].

2.2. Experimental procedure

Yeast cells Saccharomyces cerevisiae (Euroscarf collection;
genetic background BY4741, MATa) were used in experiments.
Sucrose medium was prepared by dissolving it in DI water to
achieve 2% weight concentration. YPD medium was autoclave-
sterilized contained: 1%(w/v) yeast extract (Chemos CZ, s.r.0.),
2%(w/v) peptone (Chemos CZ, s.r.o), 2%(w/v) D-glucose (Penta,
s.r.o.) in DI water. Glucose was filtration sterilized (200 nm diam-
eter filter pores) and added to medium after sterilization. Cells
for experiments were cultivated as follows. Glass Erlenmeyer
flask (100 ml) was filled with autoclave sterilized 10 ml of YPD
medium. The medium was inoculated with yeast cells from YPD
agar plate and the culture was cultivated at 30°C on an orbital
shaker at 180 rpm for 16 h. Then, the cell culture was centrifuged
at 3000 RPM for 5 min, supernatant discarded and cells transferred
to either sucrose or YPD medium to achieve final cells concentra-
tion Ccepis = 108cells ml~1. Blank media (without cells) were used as
references. Electrical conductivities of the employed media were
measured by the conductivity meter calibrated after each mea-
surement with 10 repetitions for accuracy. The resulting values are
shown in Table 1.

For electrical measurements, two high precision source-meter
units were used (Keithley 327). The first unit was connected
between the channel electrodes of the sensor (i.e. source and drain),
the second between the AgCl electrode and source electrode. The
AgCl electrode was immersed into a drop of solution on the sen-
sor gate area. Image of the setup is shown in Fig. 1. The drain
and source electrodes are completely commutable due to sensor
symmetry, thus there is no physical difference between them. For
measurements of transistor transfer characteristics the Ups was
kept constant (Ups =—0.6 V). First set of measurements was done
with blank solutions (sucrose or YPD) by covering of the SGFETs
active opening area with a 10 pl droplet. After each measurement,
the SGFETs were rinsed by ethanol followed by deionized water.
Second set of measurements was performed with cells contained
in the medium (sucrose or YPD). The cells were let to sediment on
the surface for 10 min prior to the measurements.

3. Results and discussion

Functionality and properties of diamond-based transistors were
at first characterized by electrical measurements in standard phos-
phate buffer saline solutions (PBS) at different pH. Fig. 2a shows
the gate voltage dependence of the diamond-based SGFET mea-
sured at constant current Ipg=5nA for pH varied from 9 to 4
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Source electrode

Fig. 1. Photo of the sensor setup for electrical measurements.
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Fig. 2. a) Gate voltage dependence of the diamond-based SGFET measured in phosphate buffer saline with different pH. b) Comparison of the transfer characteristics of
two transistors for sucrose and YPD solutions. ¢, d) Negative shift in transfer characteristics of SGFET “after addition of yeast cells into solution” for sucrose (c¢) and YPD (d)

solution.

and back and using Ag/AgCl electrode. The pH sensitivity shown
approx. +17mV pH-! linear dependence of the gate voltage shift,
which is comparable with previously published values (approx.
+15mV pH~! in such configuration) [9,12,26].

Transfer characteristics of SGFETs in sucrose and YPD solutions
without cells are shown in Fig. 2b. For reliable determination of
the transistor stability and the behavior in solutions the charac-
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teristics are shown for two different transistors prepared on the
same substrate (i.e. the same chip and thus the same diamond film
morphology). Transfer characteristics showed consistently a sig-
nificant gate voltage shifts between the two used solution: +29 mV
and +18 mV (compared at Ips = —1nA) for transistor nos. 1 and 2,
respectively. The gate voltages shift differences between the tran-
sistor 1 and 2 are most likely caused by inhomogeneities of diamond
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Fig. 3. Optical microscope images of sensor active area with cells in YPD and sucrose solution: cells suspended in sucrose (a) or YPD medium (b) counted in Burker chamber
for determination of viability (m. 20x); cells suspended in sucrose (c¢) or YPD medium (d) before measurement (m. 50x); cells suspended in sucrose (e) or YPD medium (f)
after measurement (m. 50x ). Optical image of washed and rinsed sensor active area after measurement of g) sucrose with cells and h) YPD medium with cells solutions (m.

20x) (Note: the sensor opening area is 60 x 60 pm?).

Transfer characteristics of SGFET with blank YPD solution were
shifted to more positive gate voltage values (+29 mV), with respect
to transfer characteristics of SGFET with blank sucrose. Difference

layer (i.e. mainly the H-conductive channel area). The transistor
no. 1 with the higher channel conductivity was used for further

experiments.
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Table 2 AgCl gate
Comparison of cell viability after their transfer to the medium, before measurement UG

(30 min after cell transfer) and after measurement (40 min after cell transfer).

After transfer of Before After
cells to the measurement measurement
medium
(%) (%) (%)
Sucrose 2 wt% 913 85.71 83.33
YPD 98.7 93.95 92.65

in pH between sucrose solution and YPD solution is —0.6 pH (see
Table 1). This would correspond to a negative shift in transfer
characteristics equal to —10 mV (based on Fig. 2a). Thus, the posi-
tive shift from sucrose to YPD cannot be attributed to pH change.
Another factor behind the shift could be adsorption of molecules
from YPD solution on the gate, such as in the case of protein FETs
[27]. However, the measured shift was also in negative direction in
that case. Thus, the only remaining reason of the positive shift is
different conductivity of sucrose and YPD solution. Wetted area
on the sensor was the same for both solutions in all measure-
ments. The sensor opening was fully flooded. YPD solution has a
higher conductivity by an order of magnitude (see Table 1). Dif-
ferent conductivities change the potential drop across the solution
and thereby actual potential applied on the transistor gate surface.
The actual voltage on the channel surface will be higher, hence
conductivity of the channel increases.

Fig. 2c and d shows transfer characteristics of SGFET after
addition of yeast cells into sucrose or YPD solutions. Both SGFET
transfer characteristics exhibit a negative shift of the gate volt-
age by —26 mV for sucrose and —42 mV for YPD, with respect to
characteristics of blank solutions without cells.

Considering negative charge of the yeast cell membrane the gate
voltage shift should be expected oriented oppositely (to more posi-
tive values), if the membranes are on the diamond surface. Thus the
shift of characteristics does not correspond to the field-effect of the
negatively charged cells, i.e. with the increased holes concentration
in the p-type channel.

Assuming that as the yeast cells form a layer over the conductive
channel (Fig. 3), additional gate resistance will arise in dc measure-
ments. In this configuration, the voltage drops across the diamond
interface and then the channel conductivity will decrease. Conse-
quently, the voltage drop will contribute to the shift of transfer
characteristics in the negative direction. However, the formation
of such electrically resistive layer was not confirmed by significant
change in gate currents (see Fig. 2¢c, d), which was observed for
instance with adsorbed protein layers [8]. Note also that the yeast
cells are non-adherent cells, i.e. they donit adhere to the gate sur-
face. In conformity with that, we did not observe any increase of
leakage gate currents during cell cultivation, unlike in the case of
adherent cells. For instance when adherent SAOS-2 cells adhered on
the H-terminated diamond channel the gate current increased up
to 100x [28]. Transistor gate currents recovered to original values,
when the cells were washed away (Fig. 3g, 3h). Cells morphology
appears to be unchanged (see Fig. 3¢, e for sucrose, Fig. 3d, ffor YPD).
Monitoring the cell culture viability at the end of measurement in
comparison with initial viability (counted in Burker chamber), no
significant change has been found. Viability was tested in every
phase of the experiment and was monitored by cell staining (stan-
dard 0.4% trypan blue solution) (see Table 2). It is important to note
that staining with trypan blue is slightly toxic for cells and therefore
cell death can be caused just by staining [29].

The last factor to consider is a metabolic activity of cells. The
yeast cells produce CO, to surroundings. It causes acidification in
the cells vicinity: CO, + H,0 — HCO3~ +H30* [30,31]. According to
the pH sensitivity in Fig. 2a, this leads to negative gate voltage shift
on the H-diamond SGFET. The shift by —26 mV or —42 mV would
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Fig. 4. A schematic view of SGFET channel part in the cell solution (cross-section
view) and equivalent electrical circuit.

correspond to pH change by —2 pH to —3 pH. This may seem rel-
atively large. However it is related to a local near-surface effect
and does not represent the change of bulk pH in the whole cell
medium. The value is comparable to FET sensors of embryonic cells
where respiration activity of a single embryo caused about —0.7
pH change [32]. Thus the metabolic activity of the yeast cells is the
most likely explanation of the observed gate potential shifts in our
case. This conclusion is also corroborated by the fact that when the
cells are in a nutrient rich YPD medium, which enables more inten-
sive metabolism than sucrose medium, their effect on SGFET gate
voltage is higher than for cells in sucrose media.

The above analysis is summarized in a model in Fig. 4. It shows
a schematic cross-section of the SGFET sensor including equivalent
electrical circuit along the left side. Note that the circuit represen-
tation does not completely reflect reality as the model includes
only real component of the resistance and omits serial and par-
allel capacitive components (cells, Debyeis layer, etc.). Impedance
elements in this case are neglected, since the transfer character-
istics of the transistor are measured in the DC regime with a long
time interval (20 ms) for the stabilization on each of the measured
voltage level.

4. Conclusion

We showed that the performance of solution-gated field effect
transistor (SGFET) based on nanocrystalline diamond thin films
with H-terminated surface is sensitive to non-adherent yeast cells.
SGFET transfer characteristics exhibited a positive shift of the gate
voltage for a change from sucrose to YPD medium without cells.
This effect was attributed to a different potential drop across the
solutions due to their order of magnitude different conductivity.
After addition of cells, the transfer characteristics showed a nega-
tive shift of the gate voltage with respect to blank solutions without
cells. Several effects were considered to explain these shifts such as
a negative surface charge of yeast cells, the influence of electrical
field on the cells, and the cell adhesion to the active surface of the
transistor. The most likely cause of the observed effect is the change
of pH in a close vicinity of the H-terminated diamond surface due
to metabolic activity of the yeast cells. This is corroborated by the
fact that the effect is enhanced in the YPD medium which provides
more nutrients for the yeast cells. A global change of pH due to
yeast activity plays only a minor role in this response. We proposed
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an overall model describing the electronic interaction of the yeast
cells with the H-terminated diamond surface. The H-terminated
diamond seems to be promising for an electronic monitoring of
metabolic activity of non-adherent cells.
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ARTICLE INFO ABSTRACT

Keywords: Cell-based impedance spectroscopy is a promising label-free method for electrical monitoring of cell activity.
Diamond film Here we present a diamond-based impedance sensor with built-in gold interdigitated electrodes (IDT) as a
Biosensor promising platform for simultaneous electrical and optical monitoring of adipose tissue-derived stem cells
Stem cells

(ASCs). The impedance spectra were collected in a wide frequency range (from 100 Hz to 50 kHz) for 90 h of cell
cultivation in chambers designed for static cultivation. Absolute impedance spectra were analyzed in terms of
measured frequencies and cell properties monitored by a high-resolution digital camera. The control commer-
cially-available impedance system, based on gold electrodes exposed to the cultivation media, and also our
specially developed sensor with gold electrodes built into a diamond thin film detected three phases of cell
growth, namely the phase of cell attachment and spreading, the phase of cell proliferation, and the stationary
phase without significant changes in cell number. These results were confirmed by simultaneous live cell ima-
ging. The design of the sensing electrode is discussed, pointing out its enhanced sensitivity for a certain case. The
diamond-based sensor appeared to be more sensitive for detecting the cell-substrate interaction in the first phase

Impedance spectroscopy

of cell growth, while the control system was more sensitive in the second phase of cell growth.

1. Introduction

Bioelectrical sensors are of high interest as non-invasive label-free
techniques for in vitro monitoring of biological events, due to their
simplicity and fast response in real time. At the present time, there are
two analytic approaches which employ either optical or electronic
signal processing [1]. These two approaches have reached the state-of-
the-art in a transducer type which converts a stimulus-induced cellular
response into a quantifiable signal (i.e. a biosensor signal). Among the
broad family of electronic systems, impedance measurement seems to
be one of the simplest and most powerful methods for monitoring cel-
lular signals during cell cultivation [2]. 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 [3].

Diamond has been proposed as a promising material for life science
and regenerative medicine due to its biocompatibility, chemical stabi-
lity and favorable combination of optical, mechanical and electrical

properties [4]. In addition, its surface can be covalently terminated by
specific atoms or molecules which control cell occupation, adhesion,
proliferation and cell differentiation [5]. In our previous studies, we
have already introduced a surface-conductive diamond thin film as a
functional layer in impedance sensors for biological studies [6,7] and
for recognizing gas and chemical molecules [8,9]. It has been proven
that intrinsic diamond thin film can be used as biocompatible biosensor
for in-situ electronic (label-free) monitoring of cell behavior in cultures
[6]. In that approach, the sensing principle of the diamond-based im-
pedance 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 thin
diamond film was deposited on a glass substrate. This made it fully
transparent in the visible range, including a low fluorescence back-
ground. Moreover, any possible and unwanted geometrical effects of
metal electrodes (e.g. step edges) were avoided, and purely surface
atom modifications defined and induced the p-type diamond surface
conductivity [6]. Surface-conductive H-terminated diamond channels
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were also applied in the case of solution-gated field effect transistors to
study the interactions of human osteoblast-like SAOS-2 cells with a
diamond surface [10].

In our present study, an impedance sensor with a functional dia-
mond layer deposited on gold interdigitated electrodes is employed to
monitor electrically and optically the growth activity of adipose tissue-
derived stem cells (ASCs). ASCs were chosen because, together with
human bone marrow mesenchymal stem cells, they had become the
most popular adult stem cells used in tissue engineering, cell therapy
and studies on cell differentiation towards various phenotypes [11]. For
example, differentiation of ASCs towards adipocytes and osteoblasts
was successfully quantitatively monitored in real time by impedance
sensing [12]. Generally, cell differentiation is preceded by cell adhe-
sion, spreading and proliferation, and these cell functions are also used
for expanding the ASCs into desirable quantities for the purposes of
further studies on various properties of these cells, and for their bio-
medical applications. In our study, we therefore focus on an in-
vestigation of cell adhesion, spreading and proliferation by impedance
sensing with diamond-based impedance sensors. The results are com-
pared with impedance measurements provided using a commercially-
available gold interdigitated electrodes array (xCELLigence RTCA
system, Roche Applied Science).

2. Experimental part
2.1. Preparation of sensors and measurement setup

The transducer of the sensor is formed by metal composite inter-
digitated electrodes (IDTs, 10nm Ti and 80nm Au) deposited on a
quartz substrate (Corning XG, 15 x 15 mm? in size) (see Fig. Sla and
S1b in the supplementary files). The width/gap of electrode periodicity
was set to 100 um. Samples with IDTs were coated with a diamond
layer approx. 100 nm in thickness, using a linear antenna pulsed mi-
crowave plasma chemical vapor deposition system [13]. The deposition
conditions were as follows: microwave power 2 x 1700 W, pressure
0.1 mbar, gas mixture 200/5/20 sccm of H,/CH,/CO,, temperature
400 °C and process time 50 h. After deposition, the active sensor area
was homogenously covered with a fully closed nanocrystalline diamond
(NCD) film (Fig. S1c). The diamond character of the deposited film was
confirmed by Raman spectroscopy [14].

Two types of sensors were used for the impedance measurements:
gold IDT electrodes on glass (i) with a nanocrystalline diamond film,
further labelled as “NCD sensor”, and (ii) without a nanocrystalline
diamond film, further labelled as “Au sensor”. Before the experiments,
the surface of the NCD sensors was oxygen-terminated using radio-
frequency plasma. This step made the diamond surface hydrophilic and
electrically insulating. To note, the surface of as grown diamond film is
generally hydrogen-terminated due to high hydrogen content (> 88%)
in the gas mixture used during deposition process. Hydrogen-termi-
nated surface could lead to p-type surface conductivity. Therefore, to
avoid any surface shortcuts and make the diamond surface well defined
for cell cultivation, its oxygen-termination is needed.

The cells were cultivated in custom-built chambers designed for
static cultivation (see Fig. S2b-S2d in supplementary files) in a 500 pl
reservoir (made from polycarbonate) with a cultivation area of 7 x 10
mm?. All materials that were used are biocompatible (nontoxic) to cells
and are compatible with the autoclave sterilization process. The
structure of the chambers is also optimized for real time microscopic
imaging of the cells during their cultivation (Fig. S2a). During the ex-
periments, the whole system was placed in an incubation chamber,
where the temperature (37 °C) and the atmosphere (5% CO, and > 90%
relative humidity) were kept constant. The impedance sensors were
interconnected with a measuring device using gold spring connectors
(Mill-Max Mfg. Corp., NY, USA). A custom multiplexer unit (MUX) was
built to measure 8 parallel chambers during one experiment. Low-re-
sistance reed relays were used (Littelfuse, Inc, IL, USA). The printed
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Fig. 1. a) Schematic draw of the computational domain used for FEM simula-
tion. b) Representative fluorescence image of cells on xCELLigence sensor with
highlighted dimensions of electrodes [6] (Note: the diameter (D) of circular-
shape electrodes is "85 pum, and the gap (g) between electrodes with opposite
polarity is “25 pm).

circuit board for MUX was optimized for equal length of traces for each
channel to achieve similar impedance parameters.

The impedance parameters were measured using a Bode 100
(OMICRON electronics GmbH, Germany) vector analyser with custom
built software for automated measurements of multiple channels. The
impedance spectra were collected in a frequency range from 100 Hz to
50 kHz for 90 h cultivation. In this paper, we focus on impedance data
measured at 1 kHz frequency.

Simultaneously with these experiments, reference measurements
with the same cultivation conditions were performed using the
xCELLigence RTCA system (Roche Applied Science) [3,15]. This system
uses circular-shape Au IDT electrodes (Fig. 1b) and provides the time
evolution of the so-called cell index, defined as (Z;-Z)/const, where Z; is
the absolute impedance measured at time i and Z, is the starting im-
pedance at time t = 0's. Here, the measurement frequencies are limited
to three discrete frequencies: 10 kHz, 25 kHz and 50 kHz.

2.2. Cell cultivation

Prior to cell cultivation, all parts of the cultivation chambers and
impedance sensors were cleaned using 70% ethyl alcohol and were
thoroughly rinsed with deionized water. Then the impedance sensor
was installed in the cultivation chamber, and they were assembled all
together (Fig. S2d). Finally, the assembly was sterilized using an au-
toclave (15 min at 121 °C) and was dried at 80 °C.

Human adipose tissue-derived stem cells (ASCs) were isolated from
lipoaspirate obtained by liposuction [16]. The isolation was conducted
in compliance with the tenets of the Declaration of Helsinki for ex-
periments involving human tissues and under ethical approval issued
by the Ethics Committee at the Bulovka Hospital in Prague (August 28,
2014). Written informed consent was obtained from the patient before
the liposuction procedure. The cells in passage 2 were seeded on the
impedance sensors and on the controls. The set contained eight culti-
vation chambers with 4x Au sensors and 4x NCD sensors. Here, 3 sen-
sors from both the Au sensors and the NCD sensors were seeded with
cells, while 1 sensor was left as the control (i.e. without cells), in order
to investigate the influence of the culture medium, e.g. its evaporation
and degradation over time. Pure and NCD-covered microscopic glass
coverslips (both seeded with cells) were used as other control samples
for a study of how the material of the sensor or the measurement itself
affects the behavior of the cells.

The initial seeding density of ASCs was set according to refs.
[17,18], and was adapted to the area of our designed culture chamber
(0.7 cm?) and the xCELLigence RTCA System (0.2 cm?) (used for the
reference measurements). The recommended density for RTCA is 3 000
cells/well (approx. 15 300 cells/cm?), giving 11 000 cells/well for our
home-made cultivation chamber. The cells were cultivated in standard
high glucose Dulbecco's Modified Eagle's culture medium (DMEM) with
the addition of 10% fetal bovine serum and human recombinant fi-
broblast growth factor-2 (FGF-2, 10ng/ml). A 200 pl volume of the
medium per well was applied in RTCA, and 650 pl per well was applied
for our home-made cultivation chamber. After the cells had been
seeded, the cultivation chambers equipped with sensors were connected
to the MUX unit (Fig. S2), and time-lapse measurements began (i.e.
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both electrical and optical monitoring). The measuring step period was
set to 4 min.

After the impedance measurements, the cells were fixed using 4%
paraformaldehyde and were fluorescence stained, using DAPI and
phalloidin conjugated with tetramethylrhodamine (TRITC). The images
of the fluorescently-stained ASCs on the impedance sensors and on
controls were measured using a Leica DMi-8 microscope with a 10x
objective and a Chroma multiband fluorescence filter.

2.3. FEM simulation

Finite element method (FEM) simulation using Comsol Multiphysics
software was employed to study the distribution of the current density
and the electric field for both the Au sensor and commercial
xCELLigence RTCA system. For simplicity, in the first approach, the
nanocrystalline diamond film was not taken into account, only the gold
interdigitated electrodes with different width/gap periodicities de-
posited on glass substrates, and in the presence of a cell medium, were
used for modelling in 2D geometry (see Fig. 1a). In the case of the
xCELLigence system (circular electrodes), a perpendicular vertical cut
along the centers of the circles was used as a computational domain (see
“model length” in Fig. 1b). The other parameters were the same for
both sensors, i.e. the height of the electrodes (h.;) 90 nm, the height of
the glass substrate (hgqs) 100 pm, and the height of the cell medium
(hmeq) 200 pm. The height of the cell medium was chosen on the basis of
the results of our first preliminary simulations, where we observed that
higher values of hy.q (=200 um) do not significantly affect the simu-
lation results.

The conductivity of the cell culture medium (18.55 mS/cm) and the
permittivity of water (80) were put as material properties in the finite
element method model, as recommended in [19]. The specific electrical
conductivity of gold was set to k = 49 x 10° S/m) [20]. For the glass
substrate, conductivity 1 x 1072 S/m and relative permittivity 4.2
were used.

In the FEM model, the time-harmonic equation of current continuity
for the given AC frequency (1kHz) was investigated, i.e. the in-
vestigated parameters are the amplitudes of the harmonic current and
voltage forms. The voltage amplitude was set to 0.5V. At the middle
electrode the voltage was set to U = UO*sin(wt), while at the edge
electrodes U = 0 V.

3. Results and discussion
3.1. A comparison between the NCD sensor and the Au sensor

Fig. 2 summarizes the absolute and relative impedances measured
by the pristine Au and NCD sensors (in the graphs labelled as ‘Au’ and
‘NCD’), while the ASCs were being cultivated. The impedances are
plotted for 1 kHz frequency. The as-measured absolute impedances for
three NCD sensors and two Au sensors are plotted in Fig. 2a. Employing
several sensors in a single experiment minimizes systematic errors and
gives additional information about reliability and reproducibility of the
sensors. For example, as can be seen in Fig. 2a, the absolute impedance
values for the NCD sensors are approx. 2 times lower ("300 2) than for
the pristine Au sensors (7600 Q). This difference could be attributed to
the character of the diamond layer. Generally, diamond is characterized
as an insulating material. However, in the case of nanocrystalline dia-
mond (NCD), the diamond film consist of small grains featured by the
sp3 carbon bonds (attributed to diamond) and the sp2 carbon bonds
(attributed to amorphous carbon) which are present at the grain
boundaries. In the NCD films, sp? bonds dominate, making the diamond
film less resistive [21]. In addition, the surface of a diamond film can
exhibit p-type surface conductivity when it is finished by hydrogen
atoms [6,22]. However, in our case we eliminated (minimized) this
contribution while the surface was terminated by oxygen atoms using
RF plasma, which is known as an insulating surface.
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Further, we investigated the time evolution of the relative im-
pedances as a function of sensor type (Fig. 2b). The relative impedances
were calculated by subtracting the as-measured absolute impedances
with Z, (i.e. Z-Zy, where Z, is the impedance measured at time t = 0's
and Z; is the impedance at time t;). In Fig. 2b, the relative impedances
measured for the medium with cells (Z_.y, solid lines) and without cells
(Zmedium, dashed lines) for NCD sensors and Au sensors are plotted. Both
Zmedium Curves increased almost linearly, which could be attributed e.g.
to the adsorption of proteins in the culture medium to the sensor sur-
face. It has been reported that the adsorption of albumin, a major
protein component of the serum supplement of the culture medium, can
modulate the impedance, the electrical current and the potential of
peptide-modified Au surfaces [23].

When Zcqwm (the impedance measured for the medium without
cells) is subtracted from Z_.; (the impedance measured for the medium
with cells), we obtain in the first approximation of the impedance,
which involves only the influence of cell cultivation. Side effects related
to the ageing of the medium should be minimized [2] (see “baseline-
corrected impedances” in Fig. 2¢ for one selected NCD sensor and for
one Au sensor). These impedances are discussed below.

As can be seen in Fig. 2d, the time-dependent data of the baseline-
corrected relative impedances can be divided into three main regions.
At the beginning (up to 4+ 6 h), there is a sharp increase of Z (region I).
From 10+12h up to "60+70h (region II), the increase of Z is much
slighter (the slope for this region is 10 + 15 times lower than for region
D). Finally, in region III at the end of the experiments (> 70h), Z is
almost constant or decreases slightly. Between these three main re-
gions, we have defined two short intermediate regions. As was men-
tioned above, these data are plotted for 1 kHz frequency. However, the
same behavior was also observed for impedance data measured at other
frequencies. For example, Fig. S3a shows baseline-corrected im-
pedances (i.e. Z.y-Zmedium) for frequencies varying from 500 Hz to
20kHz. As expected, the impedance decreases with increasing fre-
quency. However, their time-dependent trends are almost the same (see
the normalized impedance spectra in Fig. S3b). We therefore focus
further on the impedance data interpretation measured at 1kHz
(Fig. 2d), especially on the explanation for the possible origins (causes)
of regions I, IT and III, also on the basis of the time-lapse optical images
of the cells taken simultaneously during the experiments (Fig. 3).

The rapid increase in Z at the beginning (region I) seems to form a
temporary period during which the cells were added to the cultivation
medium, fell down onto the sensor active area, and started to adhere
and spread on the substrate. Here, the shape of the cells was circular-
like or ellipsoidal (see optical images in Fig. 3 (or in Fig. S4) from 0.5 h
up to 3h). From "4 h of the experiment, the first intermediate region
began, in which the cells started to change their shape (Fig. 3). Most of
the cells gained a spindle-like or polygonal morphology and formed
numerous lamellipodia and filopodia. If the initial cell population
density is enough low, i.e. if there is still reaming space between them
on the sensor area, the cells proliferate quickly, causing a steep increase
in Z (cf. Figs. 2d and 3 ; time from 6 h up to 15h after cell seeding).
Region II is characterized by a slighter increase in Z, which marks the
formation of a confluent cell layer, accompanied by a slowdown of cell
proliferation (cf. Figs. 2d and 3 ; from 17 h up to “65 h). Finally, region
III (separated from region II with the second intermediated region)
corresponds to cell confluence, i.e. full coverage of the active sensor
area with cells. The cells stop their proliferation and their number is
constant, or can even decrease slightly, due to their delamination from
the surface, particularly from the Au surface (cf. Figs. 2d and 3 ; up to
90 h). Similar cell behavior was detected in NIH-3T3 fibroblasts cul-
tured in a digital microfluidic system capable of impedance sensing
[24], and also in mutant Chinese hamster V79 cells by an RT-CES
system based on gold electrodes on silicon substrate [25], and operating
on a similar principle similar to that of the xCELLigence system used in
our present study.

In summary, the cell growth dynamics detected by our sensor
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Fig. 2. a) As-measured absolute impedance, b) relative impedance and c),d) baseline-corrected impedance of adipose tissue-derived stem cells during the cultivation
experiment, measured at frequency of 1 kHz for 4 days with diamond-coated and pristine Au IDT sensors (labelled as ‘NCD’ and ‘Au’, respectively). Notes: relative
impedances represent shifted as-measured absolute impedances by Z, (impedance at time t = 0's, i.e. Z;-Zy); baseline-corrected impedances are relative impedances
subtracted by the impedances measured for medium without cells (i.e. Zcey-Zmedium)-

100 pm
Fig. 3. Time-lapse optical images of cells on the NCD sensor surface during the
cultivation and simultaneous electrical measurement.

resemble the classical “growth curves”, which are widely used for
evaluating the growth of cell populations. These growth curves consist
of the following three major phases: the lag phase, in which the cells
attach and spread on the cultivation substrate; the exponential phase, in
which the cells proliferate; and the stationary phase, in which the cells
reach confluence. Their numbers either do not change significantly or
even decrease usually due to cell death and detachment [25-27]. The
cell dynamics was also verified by direct cell counting in transparent
regions of live cell-imaging pictures for the NCD sensor. The calculated
time-dependent cell density on the NCD sensor is shown in Fig. S5a in
the supplementary data. The resulting growth curve has standard cell
growth behavior, consisting of three major phases: the lag phase, cell
proliferation, and the stagnation phase. The cell growth curve, as will
be discussed further, copies the cell index data of the xCELLigence
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sensor well (Fig. S5b). Note that the cell density data was obtained from
time-lapse optical images of the cells on the surface of the NCD sensor;
in the case of the xCELLigence system, real-time optical monitoring was
not possible due to its specific structure, and just this simultaneous
optical and electrical monitoring is the main advantage of our NCD
sensor in comparison with commercial systems.

3.2. A comparison between the NCD sensor and the xCELLigence sensor

As has been mentioned above, simultaneously with the measure-
ments performed by NCD and Au sensors, reference measurements were
carried out using the commercially available xCELLigence RTCA system
(i.e. by a gold interdigitated electrode array). Fig. 4a shows cell indexes
measured by four xCELLigence sensors for the medium with cells (CI,
2 blue and 2 green solid lines) and for the medium without cells
(ClLyediums two red dashed lines). As in the impedance measurements
taken by the Au sensors and NCD sensors, the cell indexes of the
medium without cells were subtracted from the cell indexes of the
medium with cells (i.e. the baseline-corrected cell index was calculated
as Cl.en — Clyedium), and was compared with the impedance data mea-
sured by the NCD sensor (Fig. 4b).

As is shown in Fig. 4b, both plots consist of the three main regions
described above. However, there are differences in slope steepness.
While in the first region the slope is steeper for NCD sensor, in the
second region the xCELLigence system shows steeper slope. It seems
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Fig. 4. a) Cell indexes measured by xCELLigence RTCA
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that the NCD sensor is more sensitive that the xCELLigence system in
the first region and less sensitive in the second region. Theoretically,
the observed differences can be partially attributed to the different
nature of diamond surface and gold/glass surfaces, and hence there are
different cell adhesion properties in the early stage of cell cultivation,
which could influence the impedance measurements. In our earlier
studies and studies by other authors, NCD films have proved to be ex-
cellent substrates for cell adhesion [28,29], while Au is generally
known to be rather bioinert. However, as shown in Fig. 2d, the NCD and
Au sensors with the same IDT structures exhibit almost the same be-
haviors, so this explanation is not valid in our case. Another contribu-
tion is related to the different frequencies used during impedance
measurements by the NCD sensor and by the xCELLigence system.
However again, as shown in Fig. S3a and S3b (in the supplementary
files), the frequency does not significantly influence the measurements
for the NCD sensor.

Next, as shown in Fig. S5b, the cell growth curve, obtained from
time-lapse optical images of cells on the NCD sensor surface, well copies
the cell index data of the xCELLigence sensor. It is therefore supposed
that the xCELLigence sensor should have similar cell growth curve. The
difference in the impedance curves of NCD and xCELLigence sensors
could be related to sizes of the IDTs. The NCD sensors and the
xCELLigence RTCA system use different IDT structures. While for the
NCD IDT sensor the width of the gap is the same as the electrode width
(i.e. 100 pum, for example see Fig. S4), in the case of the xCELLigence
IDT, the gap is much smaller than the electrode width. The width (or
the diameter) of the circular-shape electrodes is 85 pym, and the gap
between them is around 25 um (Fig. 1b). This means that the ratio of
the total electrode area to the gap area is 2:1 for the xCELLigence IDT
and 1:1 for the NCD sensor.

The geometry of the IDT electrodes also influences the current
density magnitude and its distribution over the sensor surface. Fig. 5
shows the distribution of the current density as simulated for two types
of gold IDT electrodes on a glass substrate with 100/100 pm and 85/25
um width/gap periodicity. The simulation predicts that for the

freq(1}=1000 Hz Contour: Current density norm (A/m?)

)

4.96 4.8 5 5.02 5.04 *10%m

freq(1)=1000 Hz Contour: Current density norm (A/m?}

Au IDT m

T T T 0
60 75 90 105

Time (h)

xCELLigence sensor the maximum intensity of the current density is
approx. twice as high as in the case of our Au IDT for the same AC
voltage conditions.

The sensitivity distribution over the sensor surface is proportional to
the relative current density. The regions of low current density will
contribute less to the overall reduction in current (and therefore to the
increase in impedance) when they are covered with cells. However, this
will affect the sensitivity of the sensor by the same factor throughout
the cell growth period.

Fig. 6 shows the current density distributions across the line be-
tween two electrodes at a Z-height of 1 um. The current density peaks
correspond to the electrode edges, with each peak having its half-width
of half-maximum (HWHM) as indicated. Consequently, we can define
the “sensitivity distribution ratio” (SDR) as

SDR=4xHWHM / W,, (¢B)]

where W, is the period width (the sum of the gap width and the elec-
trode width). According to the simulation results, SDR is 0.052 for the
Au IDT sensor and 0.073 for the xCELLigence system. In the first as-
sumption the overall sensitivity of the two sensors is qualitatively
comparable. However, differences in peak current density magnitudes
may lead to different courses of Z,cqium, as the electric properties of the
medium are modified by the passage of the current. Indeed, as can be
seen in the case of the xCELLigence sensor, Zmedium (CI) increases ra-
pidly during the first 4h, reaching 50% of its saturated value (see
Fig. 4a). However, the increase in the Zeqium for the Au IDT sensor is
much slower (compare with Fig. 2b). This may contribute to the steeper
increase in the baseline-corrected impedance, as shown in Fig. 4b.
However, the exact medium change mechanism is unknown in our case.
More precise experimental measurement and simulation studies also
need to be carried out in 3D geometry and taking into account the
temporal and spatial change in the electrical properties of the
medium + cells. However, this topic lies beyond the scope of present
study.

Finally, 90 h after seeding, the cells reached confluence and were

xCELLigence E-’

Current density (A/m?)

4.22 424 4.26 428 43 x10°m

Fig. 5. Distribution of current density for Au IDT electrodes system (a) used for diamond deposition and for commercial xCELLigence sensor (b) plotted with the same

scale bar.
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Fig. 6. Distribution of current density across the line located between electrodes of the Au IDT (left) and xCELLigence sensor (right) at 1 um above the glass substrate.

homogenously distributed over the sensor area. Native pictures (Fig. S6
a—-d in supplementary files) revealed that the cells were of spindle-
shaped or polygonal morphology at the end of the experiments.
Spindle-shaped morphology prevailed on the gold IDT sensor, while the
polygonal morphology was more pronounced on the NCD-coated gold
IDT sensor, and particularly on the NCD-coated and uncoated glass
coverslips. The predominant spindle-shaped cell morphology could be a
consequence of slightly delayed cell adhesion and spreading on the gold
IDT sensor (Fig. 4b). It is generally known that gold surfaces are rather
bioinert. For improved cell adhesion and growth, they should be further
functionalized with chemical groups and/or biomolecules [30].
Nevertheless, the cells on all tested surfaces displayed a well-developed
actin cytoskeleton (Fig. S6 e-h), as revealed by staining with TRITC-
conjugated phalloidin, which binds filamentous (F) actin [31]. Gen-
erally, the microscopic observations of cell morphology proved that
there were no significant differences between the gold IDT sensor, the
NCD-coated gold IDT sensor and the control NCD-coated and uncoated
glass surfaces. Also, the final cell population densities were similar on
each tested surface (Fig. S6). These results are in good correlation with
similar impedances and similar cell indexes detected by the gold IDT
sensor and the NCD-coated gold IDT sensor in the interval of “75-90 h
after cell seeding (Fig. 4b).

4. Conclusions

We have employed an impedance sensor type using a functional
diamond layer deposited on metal interdigitated electrodes for mon-
itoring the adhesion, growth and metabolic activity of adipose tissue-
derived stem cells during cultivation. Wide frequency range measure-
ments (100 Hz to 50 kHz) with time dependent impedance monitoring
correlated with time-lapse optical microscopy enabled us to study the
cell-cell and cell-substrate interactions and to investigate electro-
chemical processes at the electrode-electrolyte interface. The diamond-
based sensor seems to be more sensitive during the early integration of
cells with a diamond thin film (for cultivation time up to approx. 15h
after cell seeding), while the control commercially-available
xCELLigence gold IDT system seems to be more sensitive in the later cell
growth phase (for time interval from approx. 15 to 65h after cell
seeding). The simulated sensitivity distribution ratio rose more slowly
for the Au IDT sensor than for the xCELLigence system, which is
probably related to the steeper increase in its baseline-corrected im-
pedance. However, the exact mechanism for these differences still
needs further studies. We can conclude that the thin nanocrystalline
diamond layer (100 nm) on the gold IDT provides a promising platform
for future simultaneous electrical and optical monitoring of cell events
on surfaces functionally terminated by various biomolecules.
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This study presents a sensor based on quartz crystal microbalance (QCM) coated with nanocrystalline diamond
(NCD) thin film, functionalization method and novel application of such sensor. Diamond-coated QCMs (DQCMs)
were superficially terminated by hydrogen and oxygen (H-NCD and O-NCD) to control its surface dipole/po-
tential. Two protein solutions were tested: bovine serum albumin (BSA) and fibronectin (FN). We performed
reference measurements of serial resonant frequency (SRF) of clean QCMs loaded with protein and compared
them with SRF shifts DQCMs loaded with proteins. In order to investigate the influence of the deposited NCD thin
film on QCM measuring capabilities, additional FEM analysis was performed. The simulation results showed that
QCM sensors maintain the sensing capabilities with a rigid thin film of NCD on its surface. The shift of SRF was
demonstrably caused by the weight of protein adhered to the diamond film’s surface. We compared masses
estimated from the Sauerbrey equation to characterize the adhesive properties of the studied proteins.
Comparing bare QCM and DQCM, we discovered diamonds enhance the sensing performance for 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 DQCMs. Moreover, a different time-dependent behaviour (i.e. different adsorption rate,
degrees of physisorption and/or preference of the diamond surface functionalization) of the O-NCD and H-NCD
QCMs was observed for BSA and FN proteins. In this meaning, we propose a schematic model which describes the
detection principle of BSA and FN proteins on H- and O-terminated DQCM sensors. Finally, a simple proof of
concept for using the functionalized diamond-coated sensors with current stimulation and EQCM (Electro-
chemical Quartz Crystal Microbalance) is also proposed.

1. Introduction

and relatively easy manipulation. However, bare QCMs (i.e. with Si002
or gold sensing surface) have low selectivity and are fragile in terms of

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 [1].
Several works have shown that QCM is suitable for the detection of
multiple types of substances, such as pollutant molecules in the air [2,3],
antibodies, allergens [4,5], proteins [6], DNA sequence [7,8], bacteria
[3,9,10] and cell culture layer [10]. Its certain advantages are low cost

mechanical properties. On the other hand, the sensitivity and selectivity
can be improved by a wide range of surface modifications or
functionalizations.

Generally, immunological detection methods are based on surface
functionalization by specific antibodies which immobilize the detected
substance to the surface of the sensor by direct binding via a functional
group or Key-Lock system [11,12]. For example, for DNA detection, a
complementary synthetic DNA sequence (oligonucleotide probe) is
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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 [13]. For example, the
Escherichia coli detection was realized by using of 0157:H7 sequence
[14], and for the detection of Salmonella Enteritidis and Chlamydia
trachomatis bacteria, thin layers of polyethyleneimine bound with
glutaraldehyde and cystamine were applied, respectively [9].

Thus, it is evident that a proper and long-term stable surface func-
tionalization of the QCM sensors is a vital issue for biosensor applica-
tions. 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 functionalization of the
QCMs is mentioned, it primary means the surface functionalization of
those gold electrodes. However, as it was already confirmed, the sta-
bility of (e.g.) gold-thiol functionalization strategies are questionable
for long term monitoring of pathogens or other critical areas where a
false negative signal could be a real risk in the evaluation of the
measured data. In contrast to that, the stability of the diamond surface is
unrivalled [15]. Diamond, due to its properties, provides the possibility
to obtain stable surface termination using standard chemical-physical
methods. Moreover, diamond exhibits low friction, high chemical sta-
bility, bio-inertness and tunable wettability to the nanoscale [16,17].

The idea of covering the QCM with a diamond 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), and thus, the deposition of diamond on QCM was not
widely utilized due to the loss of piezoelectric properties of the quartz.
Nevertheless, some success has been already obtained by bonding a free-
standing diamond to the QCM [18]; but these experiments resulted in a
large reduction of quality factor Q, and this solution was not commer-
cially viable due to the desired thickness of the free-standing diamond
layer (>20 pm). 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) [19,20]. However, these
materials are more expensive than quartz. In the last decade, there have
been a lot of attempts to decrease the temperature of diamond film
deposition [18]. This was successfully achieved by the development of
surface wave plasma [21] or linear antenna microwave plasma deposi-
tion systems [22,23]. These methods allow the deposition of diamond
films even at temperatures as low as 250 °C [24]. Linear antenna mi-
crowave plasma system was already successfully applied for deposition
of a homogeneous diamond film on QCMs without loss of its piezo-
electric properties [25]. These diamond-coated QCM sensors, developed
by our group, were further successfully applied for a proof-of-concept
study in gas sensor applications [25,26]. Here, in the present work,
we further explore their applicability in the field of biosensors.

As known, QCM sensors have great applicability in biosensors. There
are several studies on QCM sensors that dealt with the adhesion of living
cells [27] or adhesion and metabolism of cancer cells [28]. However, in
the detection of living cells, an important role plays the proteins, which
mediate the living culture’s adherence to the sensor surface and should
strongly influence the sensor-cell interface. In addition, adsorption of
the proteins onto various inorganic material surfaces is of significant
importance also for medicine and pharmaceuticals, where a new gen-
eration of drugs might be designed to be transported on nanoparticles
for specific drug delivery [29]. Therefore, our experiments related to the
diamond-coated QCMs for biosensor applications were focused on pro-
tein adhesion studies. In the present study, two kinds of proteins were
used: bovine serum albumin (BSA) and fibronectin (FN). These proteins
were chosen because they are standard proteins serving in McCoy’s
medium for human cells cultivation. BSA is a flexible protein, and it is
the most abundant plasma protein in the circulatory system with a
negative surface charge at pH 7.0 [30]. FN is a ~450 kDa dimeric
glycoprotein composed of two nearly identical polypeptide chains
covalently linked by disulfide bridges near their carboxyl termini. FN is
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also the essential protein of the extracellular matrix, which indirectly
mediate cell adhesion [31]. The adhesion of proteins was studied in
terms of differently terminated diamond-coated QCMs (DQCM) surfaces,
i.e. with hydrophilic (O-terminated) and/or hydrophobic (H-termi-
nated) surface properties.

In general, highly hydrophilic surfaces prevent the adsorption of
proteins, or these molecules are bound very weakly. However, on highly
hydrophobic materials, proteins are adsorbed in rigid and denatured
forms, hampering cell adhesion [32]. In the case of diamond films, it has
been shown that FBS proteins assemble both on H-terminated (hydro-
phobic) and O-terminated (hydrophilic) surfaces in a 2-4 nm thin pri-
mary layer, although in different protein conformation [33]. Therefore,
in this work, we demonstrate the successful fabrication of both
hydrogen- and oxygen-terminated diamond-coated QCM devices, and
we present the results of protein detection and adsorption studies of two
standard proteins: bovine serum albumin (BSA) and fibronectin (FN).

2. Materials and methods
2.1. Fabrication and characterization of diamond-coated QCM sensors

We used AT-cut QCMs with 10 MHz serial resonance frequency
(purchased from Krystaly, Hradec Kralové, a.s., Czech Republic). The
diameter of the circular-shaped piezoelectric QCM sensor was 14 mm
with 6.5 mm circular gold electrodes (30 nm Cr, 100 nm of Au) at the
centre sputtered on both sides of the sensor element (Fig. 1a). First,
QCMs were seeded by applying ultrasonic agitation in a deionized
water-based diamond powder suspension [34]. Samples were placed
vertically into the chamber to ensure the diamond deposition on both
sides of the QCM within one run (Fig. 1b). Nanocrystalline diamond
(NCD) films were grown by pulsed linear antenna microwave plasma
chemical vapour deposition system in Hy/CH4/CO5 gas mixture [22,23].
The parameters during the deposition process were as follows: 5% of
CH4 and 20% of CO; in a hydrogen atmosphere; a total gas pressure of
10 Pa; pulsed microwave power of 2 x 1.7 kW; and a substrate tem-
perature was kept between 350 °C and 400 °C. After 34 h long deposi-
tion, a diamond film with a thickness of approx. 250 nm was achieved.
The low growth rate (<10 nm x h’l) is attributed to the low deposition
temperature and low working pressure and/or low plasma density
process conditions [35]. The Au contact pads were not covered by dia-
mond (Fig. 1a). The diamond character of the deposited film was
confirmed by Raman spectroscopy with an excitation wavelength of 442
nm (InVia Renishaw Raman spectrometer), and its morphology was
evaluated with scanning electron microscopy (SEM, Maia3, Tescan).

After the diamond deposition, the surface of the diamond-coated
QCMs was treated in hydrogen and oxygen plasma to obtain hydro-
phobic and hydrophilic properties, respectively. The functionalization
by hydrogen was performed in a focused MW plasma CVD chamber
(Aixtron P6 system, 1500 W, 30 mbar, 300 sccm of Hy, 10 min, 400 °C).
These samples are further labelled as hydrogen-terminated diamond-
coated quartz crystal microbalance (H-DQCM) sensors. The oxygen
termination was achieved by exposure to capacitive radiofrequency
plasma (FEMTO, Diener electronic GmbH, Germany, frequency 13.56
MHz, r.f. power 45 W, process pressure 50 Pa, time 1 min), and these
samples are labelled as the oxygen-terminated diamond-coated quartz
crystal microbalance (O-DQCM) sensors. These procedures were done in
dedicated systems for such treatments to minimize unwanted memory
effects in the deposition systems (i.e. chamber walls contamination with
dopants, etc.). Chemical compositions of the differently terminated
diamond surface have been evaluated by X-Ray photoelectron spec-
troscopy and published in our previous work [36].

Finally, the gold electrodes of the QCMs were connected to a socket
using a silver nanoparticle conductive epoxy paste (Fig. 1c). The epoxy
was cured for 5 h at 70 °C in the evacuated oven.
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Fig. 1. (a) Schematic top and the cross-sectional view of the diamond-coated QCM. (b) Schematic drawing of the pulsed microwave plasma system with linear
antenna arrangement with vertically positioned QCM sensors in the chamber. (c) Photo of the diamond-coated QCM sensor in the HC51/U socket. Note: one circular-
shaped gold electrode is sputtered on the front side, and the second electrode is sputtered on the backside.

2.2. FEM simulation

In order to prove the function of the diamond-coated QCM sensor,
FEM simulation was performed using COMSOL® environment to
calculate the frequency spectrum of the loaded and unloaded sensor.
The modelled element consisted of the 164.5 m thick and 13.9 mm in
diameter quartz cylinder with the 100 nm thick and 6.5 mm in diameter
cylindrical Au electrode fully covered (i.e. including the whole area of
QCM) or uncovered with the diamond film of thickness approx. 250 nm.
The diamond layer was considered homogenous, continuous (i.e.
pinhole-free) and rigidly connected to the Au layer. The electrostatic
equations were coupled with the elasticity equations via the coupling
matrix related permittivity to the stress tensor. The diamond film was
considered as a non-piezoelectric and elastic layer with a density of
3150 kg x m~>, Young modulus 1140 GPa and Poisson ratio 0.069.
These values were taken from the COMSOL® Multiphysics ver. 5.0
materials database, as well as all the properties of the AT-cut quartz and
Au electrode. The added mass on the top of the diamond film was
simulated as increased diamond thickness by a step 1 nm.

2.3. Protein adsorption measurements

The impedance spectroscopy was applied for the protein adsorption
analysis on the diamond-coated QCMs. Impedance measurements were
performed using an Omicron Bode 100 Vector Network and Impedance
Analyzer system with a test fixture for connection of QCM sensors in
HC51/U socket commonly used for oscillator packaging (Fig. 1c). To
measure the serial (SRF) resonance frequency, multiple frequency sweep
measurements with 2.4 Hz resolution (with a center frequency set to 10
MHz at first natural mode and frequency window of 40 kHz, measured at
16 501 points) were performed to ensure there is no temperature shift in
SRF.

Bovine serum albumin (BSA) and fibronectin (FN) were used as
representative examples of both globular and fibrillar proteins. Both
compounds were dissolved in phosphate buffer saline (PBS; pH = 7)
used as a transfer medium with a concentration of 1 wt%. Solutions in
the volume of 150 pl were applied to the QCM (i.e. bare Au-QCM or
DQCM) sensor active area by a drop-casting technique. First, the applied
drop was kept on the QCM for 10 min, and then the QCM was rinsed with
deionized water and dried by a nitrogen gas flow (step 1). After
impedance measurement of the SRF shift, the second drop was applied to
the same side of the sensor for an additional 10 min, and the whole
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procedure was repeated (step 2). This resulted in the deposition time of
20 min total (i.e. 10 + 10 min). These experiments were performed to
study the influence of an additional protein layer on the SRF shift of the
DQCM. As a reference, the clean diamond-coated QCM sensor (without
applying any solutions) was used (step 0, see Tab. S1 in supplementary).

In summary, for impedance measurements of three applied solutions
(PBS, BSA, FN), we used 36 QCM sensors, ie. three sets each of 12 sen-
sors. One set consisted of following - the first half of the sensors was bare
Au/QCM without diamond, where three of them were hydrogen-
terminated (H-QCM), and three were oxygen-terminated (O-QCM).
The second half of the sensors were diamond-coated QCM, and again,
three were hydrogen-terminated (H-DQCM), and three were oxygen-
terminated (O-DQCM) (see Tab. S2 in supplementary).

The shifts in SRF were measured (impedance characteristic shown in
Supplementary material section in Fig. S1.) and converted to mass using
the Sauerbrey equation (1):

2
Yo Am
AP,

where fj is the resonant frequency in Hz, Am is the change of the mass in
kg, Af is the change of frequency with respect to the resonant frequency
in Hz, A is the area of the electrode in m?, pq is the density of quartz
(2684 kg x m™3), Hq ls the shear modulus of AT-quartz in Pa (29.5 GPa).
Because the SRF shift did not exceed 2%, the use of the Z-match method
was not applied [37].

Af = —

@

3. Results and discussion
3.1. Characterization of the diamond-coated QCM sensors

First, the diamond films were analysed by Raman spectroscopy on
both sides of the DQCM sample, where the same diamond film quality
was confirmed. The Raman spectrum reveals the typical character of the
nanocrystalline diamond film: a sharp diamond-peak at ~1326 cm™!
attributed to sp carbon bonds overlaying the broad D-band (~1350
cm™!) observed in the presence of small crystallites, and a broad G-band
at ~1580 cm™! corresponding to sp2 carbon bonds (Fig. 2) [38]. The
redshift of the diamond peak (1332 cm™!) is typically observed for
ultrananocrystalline (UNCD) or nanocrystalline diamond (NCD) films
with a small size of grains. The difference (approx. 3 cm™Y) in the dia-
mond peak position for the diamond films grown on and outside the Au
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Fig. 2. Normalized Raman spectra of the diamond film grown on the QCM

sensor measured on the gold electrode area and out of electrode area using laser
with 442 nm excitation wavelength.

electrode area is caused by different morphology and induced stress at
the substrate/diamond interface, and its value was evaluated to A 3 GPa
[39].

Fig. 3a shows top and cross-sectional SEM images of the QCM sensors
before (bare QCM) and after the diamond growth (DQCM). The SEM
images were acquired in the centre of the QCM sensor, i.e. from the Au
electrode area. It is clearly visible that the surface morphology of the
bare QCM is characterized by deep scratches and significant roughness
(approx. 250-500 nm). The diamond-coated QCM features a similar
surface morphology because the deposited nanocrystalline diamond thin
film well copies the initial morphology of the QCM. This means that bare
and the diamond-coated QCMs can be well compared just in terms of
their sensory behaviour, i.e. without any significant morphological

a) Top-view

Before deposition

After deposition

Cross-section view b
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impacts on the adhesiveness of protein solutions. On the other hand, the
surface properties (hydrophilic vs hydrophobic) can be easily tailored by
termination only in the case of the DQCM sensors, as shown in Fig. 3b.
The surface termination by O- and H-atoms has no effect on bare QCM, i.
e. its surface remains still hydrophilic.

3.2. FEM simulation

The FEM analysis was performed to evaluate the influence of the
diamond film on the function of the QCM sensor. Fig. 4a shows the
simulated serial resonant frequency (SRF) shifts compared to the
calculated SRF values from the Sauerbrey equation as a function of
added mass on the QCM surface. Here, the added mass represents the
deposited diamond film (80-150 nm). As observed, there is an excellent
agreement between the simulated and measured data, which proved
that stiffness of the diamond did not alter the piezoelectric properties of
the QCMs, and hence, the Sauerbrey equation for the diamond-coated
QCMs remained valid. Therefore, the Sauerbrey equation can be used
reliably to direct the conversion of the measured SRF data of the protein-
coated DQCMs sensors to the adhered mass of proteins.

Fig. 4b shows the simulated displacement altitude of the loaded, bare
quartz crystal (with thickness d = 164.5 pm) between two gold elec-
trodes (see schematic drawing in Fig. 1a). It is apparent that the longi-
tudinal wave has its maximum in the middle of the circular electrode (i.
e. shear mode resonantor). The amplitude of the displacement decreases
from the middle to the edge of the circular electrode and does not exceed
2 pm. In Fig. 4c, there is a comparison of the displacement for bare (i.e.
uncoated) and diamond-coated QCM. It was observed that the difference
in the displacement altitude is the largest at the surface of the QCM (see
inset in Fig. 4c), but only approx. 2% lower for the diamond-coated QCM
than in the case of the bare quartz resonator. Based on this simulation,
we propose that the diamond film causes the same effect as a mass on the
QCM surface, and thus, it does not disturb the sensor function in a non-
linear way. According to our simulations, we confirm that the Sauerbrey

Water contact angle

Fig. 3. (a) Top view (left column) and cross-section view in BSE mode (middle column) SEM images of the bare and diamond-coated QCM sensors. (b) Contact angle
measurements on the bare and diamond-coated QCM sensors surface terminated by oxygen (O-QCM and O-DQCM) and hydrogen (H-QCM and H-DQCM) atoms.
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Fig. 4. (a) Serial resonant frequency (SRF) shift as a function of the added mass of the diamond-coated QCM sensor. The SRFs were calculated both from the
Sauerbrey equation and evaluated from FEM simulations. The frequency of unloaded crystal was 9.975728 MHz. (b) The displacement amplitude of the loaded quartz
crystal with thickness d = 164.5 pm (see schematic drawing in Fig. 1b) evaluated from FEM simulation at f = 9.975348 MHz frequency. (c) Comparison of the relative

displacements of the diamond-coated and uncoated (i.e. bare) QCMs.

equation is valid also for DQCM sensors. Of course, compared with the
bare QCM, there is an additional shift in SRF due to the deposited dia-
mond film, but this shift is involved in the initial stage (i.e. reference
background) of the diamond-coated QCMs prepared for the protein
adsorption studies.

3.3. Protein adsorption on diamond-coated QCM sensors

AFM analysis of QCM samples after the BSA protein adhesion did not
recognize any visible clusters of the proteins on the surface (see Fig. 5).
The same result was also observed for the applied FN protein (not shown
here). Although observation of protein is technologically challenging on
a rough surface such as QCM, it is essential to confute the possibility of
clusters, which can develop on the surface of the DQCM sensor. At the
same time, from SRF shifts evaluated from impedance measurements, it
is apparent that there is a mass of protein adhered on the surface. Based
on our previous work [40], we supposed that one protein layer could
have a thickness in the range of 2-4 nm. The surface roughness evalu-
ated from AFM images is independent of the protein adhesion and is
predominantly given by the macroscopic surface of the quartz crystal
itself and slightly modulated by the diamond film nano-roughness.

On the other hand, impedance measurements revealed changes in
SRF of the QCMs, indicating/confirming the protein adsorption. In our
study, we focused on the analysis of the shift of the SRF, and because the
SRF shift can be directly converted to the mass (see previous section
3.2.), in the further analysis, we use mass data calculated using the
Sauerbrey equation.

a)
0.4 um
0.3

0.2

b)

Fig. 6 compares the adhered mass of two phosphate buffer based
protein solutions and the clean reference PBS with pH = 7 (i.e. FN +
PBS, BSA + PBS, PBS) on H- and O-terminated QCM and DQCM sensors
for each step of the experiment. The measured data were analyzed
regarding: i) protein adsorption on the QCMs, ii) effect of first (10 min)
and additional-time (+10 min) protein adsorption and generally on iii)
effect of protein type and surface termination. The experiment was
conducted in three sets to ensure the repeatability of the sensor. Figs. 6
and 7 shows averaged mass adhered in three measurements and stan-
dard deviation for each measurement.

From Fig. 6a is apparent that more adsorbed proteins were observed
on diamond-coated QCM than on the bare QCM for all the used solu-
tions. The clearly highest mass value (BSA protein) was adsorbed on the
hydrogen-terminated NCD surface, which is in accordance with the re-
sults obtained by Aramesh et al. [6], where the affinity of BSA was
recorded as slightly higher to hydrogen-terminated nanodiamond (H-
ND) particles. In spite of differences in the methodology of the mea-
surement (meaning that in our study, we measured the mass of mole-
cules directly bonded to the surface, oppositely of measuring the mass of
superficially modified diamond nanoparticles with BSA adhered on
them [6]), both studies revealed similar results.

Although the H-terminated diamond is hydrophobic, a significantly
higher mass adsorption was observed than on hydrophilic oxygen-
terminated diamond. This could be explained with the consideration
of surface charge properties. In contrast to the O-terminated diamond
surface, the H-terminated diamond surface is featured by C-H dipoles,
which due to the transfer doping mechanism, makes the surface

Fig. 5. (a) Representative AFM image of the diamond-coated QCM surface with applied BSA and (b) corresponding map of adhesion forces.
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Fig. 7. (a) A comparison of adsorbed mass on DQCM during the additional time of deposition (orange bars) and adsorbed mass during the first 10 min long
deposition (green bars). (b) Total adsorbed mass (after 20 min long exposure) with the use of oxygen (pink) and hydrogen (cyan) terminated diamond coating on

QCM (to note, H-termination generally immobilized more matter on surfaced).

positively charged and leads to p-type surface conductivity [41,42]. It
was shown that in electrolytes, this surface charge is mainly induced by
the unsymmetrical adsorption of OH™ and H30™ ions from the aqueous
solution, resulting in a large interfacial charge [43,44]. This surface
charge can have an important role in processes governed by the dia-
mond/solution interface, such as electron transfer to charged redox
molecules, ion sensitivity, or as in our case, in the adsorption of charged
molecules and proteins. It is supposed that because the H-terminated
surface is hydrophobic, the adsorbed proteins become denatured with
their hydrophobic core sticking to the diamond surface and hydrophilic
parts being solvated into the medium, such as in the case of FBS proteins
[45]. Thus, different surface termination results in a changed confor-
mation of proteins and leads to preferred adsorption on H-terminated
diamond surfaces. In addition, NCD wettability can also be tailored by
grafting other specific atoms and functional chemical groups (e.g.
fluorine or amine groups) that influence the wettability and surface
energy of NCD films in another way. To conclude, the diamond surface
wettability, as well as its surface energy, can be widely modulated, thus
can be made selective for specific compounds. Moreover, this property
can be further utilized for specific use in immunoassays, where diamond
could enable much better sensitivity and density of termination, than
currently used solutions, without the need of changing the piezoelectric
material because of its phase transition temperature [19].

Another benefit of DQCM is the fact that the presence of NCD enables
much higher sensitivity of the sensor for macromolecular compounds in
the additional re-deposited protein layer compared to bare QCMs,
compare Fig. 6a and 6b. The adhered mass during re-deposition showed
several times higher values for DQCMs (Fig. 6b, blue bars) in contrast to
bare QCM (Fig. 6b, white striped bars).

We found out that not only FN (Fig. 7a, blue arrow) and BSA had
shown higher adsorption to DQCM, with respect to bare QCM, it also
preserved relatively low saturation level for PBS (Fig. 7a, magenta
arrow) as did bare QCM without diamond. This convenient behaviour
enables us to further distinguish between solvent and analyzed bio-
molecules, which significantly enhances the sensor’s specificity. Inves-
tigation of superficial termination and preferential adsorption of
macromolecules shown that for all three solutions, H-termination
attracted a higher amount of molecules to the surface of DQCM than O-
termination (see Fig. 7b). To note, in the case of FN on H-DQCM, there is
a significant increase during second exposure to the solution. That can
be caused by the prolonged conformation of FN on hydrophobic surfaces
[46]. The abovementioned findings are schematically presented in
Fig. 8.

The diamond film seems beneficial for multiple reasons; the first
reason seems to be the generally higher sensitivity of the QCM sensor. It
is attributed to a higher attraction of DQCM sensor, which enables
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Fig. 8. A schematic diagram describing the detection/adsorption principle of BSA and FN proteins using H- and O-terminated diamond-coated QCM sensors.

physisorption much easier than bare Au/quartz surface. The second is
the variability of sensor surface properties, and the third reason is the
possibility of a simple modification of the morphology of the diamond
(etching, growth parameters)

As the last trial, we performed measured conductivity (pico-
amperemeter Keithley 6487) of Ag/AgCl — solution->NCD/Au channel
to investigate the possibility of real-time electrical mobilization of the
molecules/cells on the surface. We found out that there was slightly
higher conductivity for H-DQCM than O-DQCM, i.e. 29 mS and 25 mS,
respectively. Both measurements were performed on the samples with
the same diamond deposition conditions. Thus, the modification of
diamond thin film conductivity is possible next to changing the thin film
morphology also by superficial treatment.

4. Conclusions

We have shown that surface wettability and functionality of nano-
crystalline diamond-coated QCM can be simply controlled by hydrogen
or oxygen termination. Both terminations were successfully tested for
detection of phosphate buffer saline soluble proteins Bovine serum al-
bumin and fibronectin and compared with clean phosphate saline
buffer.

Both proteins exhibited enhanced adhesion on functionalized nano-
crystalline diamond-coated QCM compared to bare gold QCM, resulting
in higher serial resonance frequency shifts. We analyzed results
regarding different adsorption rate, degrees of physisorption and/or
preference of the diamond surface functionalization.

FN (single component) protein assay revealed a smaller amount of
adhered mass than BSA, and the results implicate that the exposure time
plays an essential role in its further adhesion. Variable interactions of FN
with hydrophobic (H-NCD) and hydrophilic (O-NCD) diamond surfaces
were attributed to a change in protein conformation. Furthermore, FN
showed also additional adsorption during the second exposure only on
the hydrophobic diamond surface. In contrast, BSA solution exhibited
most of the adhered molecules during the first 10 min of exposure, un-
like FN, which adhered most in the prolonged exposure period (20 min
in total). Bovine serum albumin assay confirmed that BSA prefers H-
NCD surface.

Overall, this study confirmed that D-QCM sensors are exceptionally
promising due to the possibility of superficial and stable grafting of the
carbon surface by many types of atomic groups and organic molecules.
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Combining such a sensor with chemical moieties offers a simple fabri-
cation and enhanced sensitivity/selectivity, which has been proven by
adjusting the wettability of the surface. Such a sensor will repeatably
distinguish the adsorption of lighter molecules of solvent and heavier/
bigger molecules in solution. Another potential lies in the detection of
bacterial cultures, virulent particles and specific pathogens at very low
concentrations.

Building on current research, we propose to combine QCM mea-
surements with hydrogen-induced two-dimensional conductive dia-
mond used to stimulate molecules/living cultures enabling
simultaneous label-free monitoring and stimulation.
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ABSTRACT

Nanocrystalline diamonds have recently gained great attention to circumvent the current
hurdles, with their appealing properties such as high-surface-area to volume ratio, low-
background current, wide potential window, biocompatibility, and chemical stability. The
nanocrystalline diamonds electrolyte-gated field-effect transistor (NCD-EGFET) can operate
directly in solution without involving gate oxides in bringing the hydrogen-tethered moieties
and facilitates the p-type surface conductivity. This research investigated on Trans-activator
of transcription (Tat) protein; a powerful viral gene activator that plays a pivotal role in the
primary stage of the human immunodeficiency virus type 1 (HIV-1) replication. Dose-
dependent interactions of HIV-1 Tat on NCD-EGFET-based RNA aptamer sensing surface
were monitored and attained the detection down to 10 fM. The linear regression curve with
30 estimation professed the sensitivity range to be 31.213 mV/logio [Tat Concentration]M
and the limit of detection of 6.18 fM. 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 the genuine non-fouling interaction with the aptamer. The attained high-
performance signal enhancement with nanocrystalline diamond-biosensing aids to
circumvent the issues in the current diagnosis.

Keywords: Aptamer, Electrolyte-gated Field Effect Transistor, HIV-1 Tat, Nanocrystalline
Diamonds.

1. INTRODUCTION

Human immunodeficiency virus (HIV) has become a widespread disease throughout the world
and ~70 million people were found infected. HIV predominantly comprises of 15 types of protein
and ssRNA genome with two strands, which make the entire structure of the virus. HIV encodes
three enzymes, namely reverse transcriptase, protease, and integrase [1]. The supplementary
proteins such as trans-activator of transcription (Tat), viral protein unique (Vpu), regulator of
virion (Rev), viral infectivity factor (Vif), negative regulatory factor (Nef), P6, and viral protein r
(Vpr) are also present in HIV [2]. HIV disseminates throughout certain body fluids that strikes the
defence system, specifically the CD4 cells, also known as T cells. These unique cells help the
defence system of the body to eliminate the infections. Throughout time, HIV can demolish most
of these cells causing the body unable to fight against the infections and diseases. Different
screening test have been developed to identify the existence of HIV in human especially for the
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early stage of the disease [2]. The developments of various screening test for HIV have attracted
many researchers to improve the technique and quality of the device for the early detection of
HIV [3].

HIV-1 Tat protein is an important component for viral replication and activation transcription of
HIV-1 gene products [4]-[6]. HIV-1 Tat, a small protein consists of 86-101 amino acids which
include the N-terminal, C-terminal glutamine-rich regions, basic, cysteine-rich core, and proline-
rich. HIV-1 Tat experiences plentiful post-translational modifications like methylation,
phosphorylation, ubiquitination, and acetylation [7], which further increase the abundance of
HIV-1 Tat synergy with the host proteins by providing HIV-1 Tat with more flexible conformation
changes and/or contacting interfaces. It is vital in the transcription of viral RNA and amplifies the
quantity of protein produced by linking itself to the viral RNA. Although HIV-1 Tat dominates
numerous functions such as controlling the cellular processes by interrelating with different
cellular structures [8]-[11]; it is fundamentally included in the transcription of integrated HIV-1
proviruses [12]. In the current research, HIV-1 Tat is chosen as a target protein due to its existence
during the early stage of HIV-1 infection. By detecting HIV-1 Tat, the highly risked individuals can
detect virus transmission in the early disease stage regularly to reduce the risk of HIV pandemic.

Throughout this research, RNA aptamer was used as a sensing probe for the recognition of HIV-1
Tat (target). RNA aptamer is a single-stranded oligonucleotide which competent of binding to a
specific target with high sensitivity, specificity and affinity. Aptamer-target interactions are based
on the affinity binding and the non-covalent bonding exists between the aptamer and the target
molecule (aptamer-target complex). This interaction can be caused by hydrogen bonding,
electrostatic interactions, aromatic stacking, hydrophobic interaction, or van der Waals
interactions [13]. The introduction of aptamer as aptasensor has built up several applications in
the science, with various advantages such as more invulnerable to regeneration and degradation,
hence, binding affinities and specificities can simply be controlled and promoted by rotational
design or by molecular immobilization techniques on biochips. It can differentiate among chiral
molecules and capable to define a target molecule site with chemical stability at stringent
conditions [14]-[16]. On the other hand, merging of molecular biology and nanoelectronics has
led to designate a new field known as bioelectronics. The introduction of polycrystalline diamond-
based field-effect transistor (FET) as the sensing device for the detection of HIV brings a novelty
due to its promising chemical stability, broad potential window, small background current, and
biocompatibility [17]. Although few works have been reported on HIV-1 Tat detection, the study
of HIV-1 Tat in spiked human on the nanocrystalline diamond was not yet presented.

Nanocrystalline diamond (NCD) is a carbon-based unique material for bioelectronic systems due
to its above features and it is a favourable combination for optical, electrical, and mechanical
properties. Regardless of the stability NCD, the surface chemistry of the diamond can be easily
modified to control its physical properties, for example, surface wettability, electron affinity, and
electrical conductivity. Regarding this, the hydrogen-terminated surface (H-terminated) shows a
hydrophobic characteristic and displays the p-type induce surface conductivity through an
intrinsic diamond. Meanwhile, the oxygen terminated (O-terminated) surface exhibits a
hydrophilic and extremely resistive [18]. The prominent reasons to implement the above features
into the FET are due to its promising properties such as mass production, miniaturization,
standardization, low price, and its flexible configuration for simple measurement [19].

Herein, this study has demonstrated the binding activity of HIV-1 Tat protein with probe RNA
aptamer in human blood serum in terms of dose-dependent analysis on hydrogen-terminated
nanocrystalline diamond electrolyte-gate FET by electrical performance. It combines both the
chemical stability and biocompatibility of nanocrystalline diamond surface under electrolytic
condition. Furthermore, this study has shown that nanocrystalline diamond can acts as
transducing channel, as it provides a large surface to volume ratio thus improving the
performance of FET in terms of sensitivity, selectivity and specificity on HIV-1 Tat detection.
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2. MATERIALS AND METHODS
2.1 Materials and Reagents

RNA aptamer used in this study has a split configuration, in which 5’-UCGGUCGAUCGCUUCAUAA-
3’-NH; as probe aptamer and 5’-GAAGCUUGAUCCCGAA-3’ is the aptamer derived as the second
strand. Both aptamers were purchased from Trilink Biotechnologies, USA. The recombinant HIV-
1 Tat stored at -75°C was purchased from Immuno Diagnostics, Inc. Bovine serum albumin (BSA)
was purchased from Sigma Aldrich. AB male human serum was purchased from Nano Life Quest
Sdn Bhd. Phosphate buffered saline solution (PBS), sodium saline citrate (SSC) and all other
chemicals, unless mentioned, were purchased from Sigma Aldrich. The equipment used in this
research was Keithley 6487 picoammeter and Keithley 2400 source meter.

2.2 Fabrication of the Nanocrystalline Diamond Electrolyte Gated Field-Effect Transistor
(NCD-EGFET)

Nanocrystalline diamond (NCD) thin films were grown on silicon (Si) substrate for 4.5 hours by a
chemical vapour deposition (CVD) process in a microwave ellipsoidal cavity reactor. The gas
pressure was set at 30 mbar, microwave power of 1000 W and gas mixture as 1% methane (CH4)
in hydrogen gas (H2) were used. The deposition temperature was in the range of 550-600°C, which
led to the growth of approximately 450 nm thick nanocrystalline diamond film with grain sizes of
~250 nm [20]. NCD thin films were additionally hydrogenated in hydrogen plasma for 10 minutes
at 600°C to prompt the surface conductivity giving the H-terminated NCD films. The beginning of
the FET fabrication process starts with photolithographic masks were utilized on H-terminated
NCD films using a positive MA-15 photoresist to specify three FET channels and three pair of gold
patches that serve as source and drain with ohmic contacts of the holes accumulation layer of the
FET. The gold patches were conceived by thermal evaporation [10 nm of titanium (Ti) and ~50
nm of gold (Au)] accompanied by the lift-off procedure using acetone. The samples were treated
in oxygen radio frequency plasma at 300 W for one minute to achieve the insulating O-terminated
areas, which surround the 20 pm wide and 60 um long stripes H-terminated channels that
connecting the source and drain contacts. The samples were cleaned by acetone and the area
between contacts and channels was covered with a positive photoresist AR-P-3220 with a
thickness of 4 um. The final photolithographic step generated the aperture of 60 pm x 20 pm to
clarify the active gate area.

2.3 Receptor-Target Bio-recognition for Different Concentration Detection and
Selectivity of Receptor

The immobilization of chemically-modified RNA aptamer was conducted on the active gated
surface of the NCD-EGFET. To trigger the carboxylic functional groups on the sample, every sample
was initially treated with a mixture of 0.4 M 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
hydrochloride (EDC) and 0.1 M N-hydroxysuccinimide (NHS) with ratio 1:1 for 1 hour [17], [21].
Then, the first strand of RNA aptamer was diluted with 3x SSC, 0.4 M EDC, and 0.1 M NHS to a final
concentration of 10 pM. A 3 pl of the solution was manually drop-casted on the surface of the gate
channel and incubated at 38°C for 2 hours in a humidified chamber, followed by a thorough
cleansing with PBS. The binding of target HIV-1 Tat with the probe RNA aptamer was done at
room temperature for 1 hour with various concentrations of HIV-1 Tat at different time. The
concentration of the second strand aptamer used was proportional to the concentration of Tat
protein used. After that, Tris—HCI buffer solution was used as a rinsing agent to avoid the
nonspecific binding. An 8.3 M urea solution was used to remove the tested HIV-1 Tat from the
active gate channel to achieve the regeneration process in order to test dose-dependent HIV-1 Tat.
For the selectivity study, three different proteins with 100 pM concentration were used. These
proteins were bovine serum albumin (BSA), negative regulatory factor (Nef), and p24. Both Nef
and p24 are protein existed in HIV. For the real application of the developed aptasensor, human
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serum with 100 times dilution factor was selected to study the effect of HIV-1 Tat binding to RNA
aptamer. For this study, 100 nM of HIV-1 Tat was spiked in human serum and the detection
procedures were carried out identical to the detection of 100 pM HIV-1 Tat in the standard
solution.

3. RESULTS AND DISCUSSION

NCD-EGFET was fabricated to identify the interaction of RNA aptamer and binding activity of HIV-
1 Tat protein in standard solution and spiked human serum on the active gate channel of the
device. The binding of RNA aptamer on different concentration of HIV-1 Tat in standard solution
was studied in details giving the sensitivity and the limit of detection of the device. Following the
sensitivity study of the NCD-EGFET, the selectivity and specificity have been conducted to
determine the performance of the device towards other biomolecules. In the final part of this
paper, the spiking analysis was conducted. HIV-1 Tat was spiked into human blood serum to
observe the interference of human blood serum on HIV-1 Tat detection.

3.1 Fabrication of the Nanocrystalline Diamond Electrolyte Gated Field-Effect Transistor
(NCD-EGFET)

A fabricated NCD-EGFET device for HIV-1 Tat detection using RNA aptamer is illustrated in Figure
1(a). The NCD-EGFET biosensor detection operates based on the change with the surface charges
[22]. The dominant carriers inside a nanocrystalline diamond are holes and the density of surface
holes will increase or decrease in respect to the number of biomolecules charges, either positively
or negatively charged ions that bind on the surface of active gate channel of NCD-EGFET. So, this
characteristic defined a p-type field-effect transistor. As the surface of the gate channel is dipped
in the electrolyte solution (PBS), the density carrier of the gate channel was regulated by the field
effect of the biomolecules electric charge nearby the solid surface. To prove the functionality of
NCD-EGFET, the measurement of l4s-Vas was conducted using an Ag/AgCl as a reference electrode
in 1 mM PBS at pH 7.4. Figure 1(b) shows the image of 20 um width active gate channel, observed
under the scanning electron microscope (SEM) at 453x magnification, while Figure 1(c) shows
the binding structure of HIV-1 Tat on the H-terminated NCD-EGFET channel with RNA aptamer as
sensing probe by the activation of EDC-NHS. The RNA aptamer was immobilized on the active gate
channel surface of NCD-EGFET and incubated for 2 hours in a humified chamber at 38°C. Later,
HIV-1 Tat was introduced to the probe RNA aptamer accompanied by aptamer-derived second
strand. These interactions form a duplex structure of aptamer in the existence of HIV-1 Tat,
causing a significant change in the gate potential [21].
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Figure 1. The fabricated NCD-EGFET: (a) in 1 cm x 1 cm dimension with three pair of source and drain

contact pads for different gate channel, (b) with H-terminated gate channels of 20 um width observed

under the scanning electron microscope (SEM), and (c) the binding mechanism of HIV-1 Tat protein on
NCD-EGFET via RNA aptamer as sensing probe.

3.2 Interaction of HIV-1 Tat on Split Aptamer: Dose-Dependent Binding of HIV-1 Tat and
Linear Regression Analysis

The interaction of the HIV-1 Tat on split aptamer was studied in detail by observing the value of
gate potential difference (AVg). Figure 2(b) shows a gate potential shifted by 174.80 mV when
100 pM HIV-1 Tat was introduced to RNA probe aptamer on the active gate channel surface of
NCD-EGFET. This interaction caused the shift of gate potential towards the negative direction with
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respect to the potential charge changes created by the biomolecular interaction. This result
confirmed that the NCD-EGFET responses were only observed when specific interaction between
recognition molecules (aptamer and HIV-1 Tat) takes place on the active gate surface. Based on
previous studies, it has been revealed that HIV-1 Tat rich in positively charged ions [23], [24]. With
the isoelectric point (pI) of 9.88, it is verified that HIV-1 Tat is positively charged at pH 7.4. The
positively charge HIV-1 Tat affects the current reduction. Due to the reduction of electron transfer
from source to drain, the gate potential shifted to a negative direction (M.F. Fatin et al, 2019).
Thus, it can be postulated that HIV-1 Tat binding cause the gate potential to deflect in the negative
direction for the l4s—Vgs transfer characteristic. Since the diagnosis of HIV-1 Tat on the NCD-EGFET
biosensor is based on the modification in the charge allocation on the channel surface, the
difference in molecular charges was observed, which verified the result obtained in this research.
Further, when the RNA aptamers formed the duplex in the presence of HIV-1 Tat (Figure 2(a)), the
fixed charge is doubled and the number of reallocation charges increases, thus the system
decreases the amplitude of the current. This is primarily due to the repulsion between the positive
charges of HIV-1 Tat with the positive hole carriers of the substrate within the sensing area. This
work proves that the detection of HIV-1 Tat in standard solution was successfully done and the
desired RNA aptamer specifically adapted for HIV-1 Tat interaction.

The binding activity between aptamer-immobilized H-terminated NCD and HIV-1 Tat was also
performed in control measurement without using any probe. A 100 pM concentration of HIV-1
Tat was dropped on the bare NCD-EGFET and incubated for 1 hour at room temperature. l4s-Vgs
measurement was performed to understand the binding activity of HIV-1 Tat on the surface of an
active gate channel without RNA aptamer. Only a small change in gate potential (18.52 mV) was
obtained and the result was shown in Figure 2(c). The minor changes in the gate potential were
insignificant thus indicated that HIV-1 Tat was not fully bound to the surface of NCD-EGFET. Weak
binding of HIV-1 Tat was noticed towards the NCD-EGFET surface shows that detection of HIV-1
Tat on NCD-EGFET sample cannot be done without the existence of RNA aptamer, further
indicates the specificity.

HIV-1 Tat

Strand 1 Strand 2 Complex HIV-1

Figure 2(a). Binding mechanism of strand 1 RNA aptamer and aptamer-derived second strand with HIV-1
Tat from HIV-1 virus, forming a complex structure for detection strategy.
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Figure 2(b). The las-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 2(c). The Ias-Vgs of NCD-EGFET with and without RNA aptamer immobilization. Small changes in
gate potential show the non-specific binding of Tat protein to the active gate channel of the device.

The effect of different concentrations of the HIV-1 Tat was studied in details. Figure 3(a) and (b)
displays the gate potential behaviour depending on the concentration of HIV-1 Tat protein. The
concentrations of HIV-1 Tat were varied from 100 pM down to 10 fM to identify the interactions
on binding activity in the standard solution. The measurement was conducted on the same device
to ensure the accuracy of the shifting gate potential. When 10 pM HIV-1 Tat was introduced to the
RNA probe aptamer, a 128.90 mV change in gate potential was recorded. On the other hand, a
shifting of 117.10 mV was determined after the binding of 1 pM HIV-1 Tat. The shifting of gate
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potential keep reducing after 100 fM and 10 fM of HIV-1 Tat were bound on RNA probe aptamer
with 62.90 mV and 55.40 mV, respectively. The shifting in gate potential decline with the
concentration gradient of HIV-1 Tat owing to the aspect number of charged molecules that reduce
dramatically with HIV-1 Tat concentration gradient. The interaction between molecules inside the
electrolytes diminished when fewer molecules interacted with the RNA probe aptamer.
Furthermore, the lowest concentration for detection, which is the limit of detection (LOD) of HIV-
1 Tat was analyzed as in Figure 3(c). The biosensor produced a linear response of relative change
in the measured Vg over the logarithmic HIV-1 Tat concentration from 10 fM to 100 pM with the
LOD of 6.18 fM, based on calculation from the standard deviation of the response and the
calibration curve’s slope [26]. According to other researchers, the limit of detection of HIV-1 Tat
was recorded at 0.6 nM using multiwall carbon nanotubes-FET based biosensor [27], 1 pM
concentration when using SPR enhanced ellipsometry [28] and 10 nM using the calorimetric
detection [25]. From the experiment conducted throughout this research, it can prove that the
used of NCD based EGFET is much more sensitive towards HIV-1 Tat protein detection compared
to other methods and materials. The calibration curve slope in Figure 3(d) was obtained from the
linear response of Vg with the increase of HIV-1 Tat concentration was from 10 fM to 100 pM,
representing the sensitivity of the device, which is 31.213 mV/logio [Tat concentration] M.
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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 Vas =-0.1 V. (a) ldas-Vgs transfer characteristic at different
concentration of Tat protein, (b) Enlarge of Iuas-Vgs response at different concentration of Tat protein, (c)
Calibration curve of the relative change in Vs, 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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3.4 Analytical Performance of Nanocrystalline Diamond-Electrolyte Gated Field Effect
Transistor

The analytical characteristics of NCD-EGFET biosensor in terms of selectivity and specificity were
investigated. The selectivity of protein binding on RNA aptamer was studied in details by using
different types of protein, which includes BSA, Nef, and p24. The interactions of these proteins
with the RNA aptamer on the gate channel surface during the binding process were identified.
The proteins were integrated on the probe RNA aptamer to replace the HIV-1 Tat and performed
the experiments independently. First, BSA was integrated on the device followed by Nef and p24.
The concentration of proteins tested was standardized at 100 pM.

Based on Figure 4, the shifting in gate potential was observed when biomolecules were integrated
to the probe RNA aptamer. During the integration of BSA, the gate potential deflected towards the
positive direction by ~38.50 mV. The shifting in gate potential was caused by the lack of BSA
binding to the probe aptamer. The interaction was obstructed with the BSA molecules hence there
is a hindrance in the binding with the probe [29]. A shifting of ~10.00 mV towards the positive
direction was measured during the integration of Nef on the NCD-EGFET. Even though Nef was
presentin HIV as one of the accessory proteins, the deviation in gate potential was negligible since
it was in a positive direction. In contrast, the shifted in gate potential is approximately 11.90 mV
towards negative direction when p24 was introduced in the binding analysis. The fluctuation in
gate potential was observed since p24 slightly binds to the probe RNA aptamer, and p24 is
abundantly found in the early phase of HIV-1. Yet, the result cannot be used as the change in gate
potential was insignificant compared to the shifting of gate potential obtained for HIV-1 Tat
binding. This result reveals that the probe RNA aptamer is specifically and selectively binding only
with HIV-1 Tat.

—— RNA aptamer

1 ——RNA aptamer + p24

—— RNA aptamer + Nef
~— RNA aptamer + BSA

Drain-Source Current, I, (nA)

Drain-Source Current, I, (nA)

T T T T T T
00 01 02 03 -04 -05 \06
Gate Potential, V_ (V)

— . .
-0.28 -0.30 -0.32 -0.34 -0.36 -0.38
Gate Potential, Vgg V)

Figure 4. The las-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.

3.5 High-Performance Measurement: Spiking Analysis
Additionally, the binding of probe RNA aptamer with HIV-1 Tat in spiked human serum was

studied to evaluate the interference effect from human serum in the interaction events and to
practice towards the clinical sample analysis. Human serum with 100 times dilution factor was
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used as a medium for the HIV-1 Tat. The binding activity was observed by measuring the gate
potential shifted when HIV-1 Tat spiked in human serum passed to the RNA aptamer on the active
gate channel surface. Human serum alone was used as a control experiment to investigate the
binding of human serum to the probe RNA aptamer in the absence of HIV-1 Tat. Figure 5 shows
the changes in gate potential on the surface channel of NCD-EGFET with and without HIV-1 Tat in
human serum. There is a shift of 34.50 mV in gate potential when clear human serum bound to
the RNA aptamer indicating a low interference effect of human serum in the binding event. This
result was certified that the human serum contains different non-specific molecules so that a
slight non-specific binding occurs during the immobilization process as shown before [30]. As
soon as HIV-1 Tat was spiked in the human serum, the change in gate potential shows a significant
difference (142.80 mV). The results expressed the specificity of RNA aptamer to HIV-1 Tat. From
this work, we could prove that the detection of HIV-1 Tat in human serum was successfully done
and the desired RNA aptamer specifically adapted for HIV-1 Tat interaction.
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Figure 5. The lus-Vgs of H-terminated NCD-EGFET in human serum with and without the presence of HIV-1
Tat protein. In human serum binding activity, a small change of 34.50 mV was presented while 142.80 mV
was observed when HIV-1 Tat protein spiked in human serum.

4. CONCLUSIONS

In summary, this research has successfully determined the interactions of dose-dependent HIV-1
Tat on NCD-EGFET with the limit of detection down to 10 fM. The gate voltage deviated was in a
negative direction as the HIV-1 Tat approaches the active gate surface of H-terminated NCD-
EGFET channel. The selectivity of RNA aptamer towards various biomolecules was examined and
the RNA aptamer was specifically and selectively binds the HIV-1 Tat. The binding of 100 nM HIV-
1 Tat to RNA aptamer in human serum was successfully performed by spiking experiment. The
sensitivity and selectivity of the device show a successful development of a highly specific
biosensor that can be adapted to clinical monitoring of biological diagnosis via nanocrystalline
diamond approach for detecting HIV-1 Tat and provides the potential of nanocrystalline diamond
bio-interfaces in clinical biosensor applications.
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