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Abstract

Sensors based on quartz crystal microbalances (QCM) have dominated research in recent
years. They have produced excellent laboratory results in analyzing the mass as well as the
conformation of nanoparticles and molecules. The technology is constantly developed and
widely used in various fields of chemistry, physics and biology. Here, we investigated a novel
concept based on the use of nanodiamonds on QCM and explored the performance of
nanodiamonds on QCM sensors, which helps in expanding the application of nanodiamonds in
biosensing and exploring their effectiveness in QCM setups. We established a procedure and
suitable parameters for the QCM sensor measurement. 5 MHz opensource QCM sensor system
was used for building up the sensor assay for detection of cortisol via antigen (Ag)-antibody
(Ab) reactions. Optical pictures after each functionalization step as well as scanning electron
microscopy (SEM) pictures before and after the experiment were observed and compared. The
values of amplitude, phase, resonance frequency, and dissipation were acquired in dry and
water environment. The main evaluated QCM parameters were changes in resonance frequency
(Af) and simultaneous changes in QCM energy dissipation (AD), corresponding to changes in
mass and morphology of the investigated sensor structure. Thereby we identified sensor assay
build up, its functioning in dry and water conditions as well as potential issues such as partial
release of nanodiamonds during the chemical treatments.

Keywords: Quartz crystal microbalance (QCM); Nanodiamonds; Cortisol; Scanning electron

microscopy (SEM); Frequency; Dissipation,
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1. Introduction

Quartz crystal microbalance (QCM) based sensors became popular and widely explored
for biosensing because of their ease of use for high sensitivity analyses of masses and
conformations of adsorbed biomolecules as well as possibility of real -time sensing of analyte
and reaction kinetics in fluid cells. The proper and long-term stable functionalization of QCM
sensor surfaces has been previously studied and discussed by academics as it is crucial for
biosensor applications [1]. They proposed the idea of covering QCM with a diamond film,
which due to its properties offers the possibility of obtaining a stable surface termination using
standard chemical-physical methods, and investigated the adhesion of two proteins (bovine
serum albumin and fibronectin) on diamond-coated QCM surfaces with different terminations.

In recent years QCM devices have been continuously updated and modern QCM devices
offer excellent sensitivity and precision, capable of detecting mass changes in the nanogram
range. This makes them ideal for studying thin films, surface interactions and molecular
adsorption processes and can be used for a variety of applications such as monitoring the
adsorption of nanoparticles and molecules, studying cellular interactions, and environmental
sensing, as well as for drug discovery and material characterization in the pharmaceutical
industry. Recent advances include the development of a QCM with dissipation monitoring
(QCM-D), which provides additional information about the viscoelastic properties of the layer
under study. This extends the range of applications for QCMs and increases the depth of
analysis. QCM s increasingly being integrated with other analytical techniques such as
ellipsometry, surface plasmon resonance and electrochemical methods to provide more
comprehensive data and insights. Enhanced software tools for data analysis and interpretation
have also been developed in software and data analysis, enabling researchers to more easily
analyze complex datasets and gain greater insight into their experiments. There is a trend to
make QCM equipment more compact and portable, allowing for measurements to be taken in
situ and analyzed in real time in a variety of environments. The QCM market is growing, driven
by increasing use in academic research and industrial applications. Continuous research and
development have led to new discoveries and improvements in QCM technology.

Recent studies have shown the application of QCM in many areas, such as the role of the
dissipation monitoring (QCM-D) technique in understanding the mechanism of supported lipid
bilayers (SLBs) formation and its use in combination with other analytical techniques such as
atomic force microscopy (AFM) and localized surface plasmon resonance (LSPR) [2]. QCM
technique has also been indispensable for the quantitative analysis of the interaction between
AP peptides and lipid membranes. It provides a methodological basis for the classification of

AP binding properties, which is essential for understanding the mechanisms of Alzheimer's
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disease at the molecular level [3]. QCM technology has also been used to create a sensitive and
selective gas sensor array for the detection and classification of acetone, a key biomarker for
diabetes Combining QCM with a variety of sensing films and sophisticated analytical
techniques demonstrates a promising approach to non-invasive disease detection through breath
analysis [4].

As the measurement technology of QCMs continues to improve, more attention is being
paid to the enhancement of QCM sensors. Since the quality and performance of the sensor is
highly dependent on the additional sensitive layer, additional sensing layers need to be added
to the surface of the QCM electrodes to improve the sensor performance including selectivity,
sensitivity, response time and stability [5].

The QCM's advantages include its great sensitivity, real-time monitoring capabilities, and
many applications in surface science, nanotechnology, and biosensing [6]. However due to its
susceptibility to temperature changes and environmental influences, data interpretation requires
careful analysis, which comes with a high cost of equipment and experimentation [7].
Nowadays, QCM is used in many different fields, such as surface science to study coating
changes [8] and biosensors [9] that identify biomolecular interactions. Prospective
developments include enhancing stability and sensitivity, including machine learning [10] and
nanotechnology [11], and creating specialized QCM devices for particular uses. This sensor
type's versatility stems from its ability to control a QCM's selectivity through the application of
various coatings, which is one of its main advantages.

The QCM is based on the principle of piezoelectric effect [12]. In addition, it is constructed
around a quartz crystal, electrodes, and an oscillating circuit. Upon application of an electrical
potential, the crystal oscillates at its characteristic frequency [13]. Frequency shifts are caused
by mass perturbations on the crystal surface, such as coatings or adsorbed molecules [14]. These
frequency shifts act as an indicator to identify mass changes. Therefore, by measuring the
change in the oscillation frequency of the crystal, the amount of substance adsorbed and the
surface properties can be recognized. Typically, the biosensor for detection and analysis of a
biological/biochemical reaction is an electrode consisting of quartz coated with metals like Au
or Ti [15]. To achieve high sensitivity, selectivity, and stability for the biosensor, the surfaces
must be modified appropriately by a specific bioreceptor for each type of biosensing [15].

The most commonly employed bioreceptors due to their high specificity and selectivity are
antibodies, enzymes, DNA (Deoxyribonucleic acid), RNA (ribonucleic acid), cell receptors. As
antibodies have a high specificity for identifying antigens, they are frequently utilized in
biosensors. An antibody is a Y-shaped protein featuring specific regions that exhibit high
selectivity for antigens. These regions form highly specific bonds with certain molecules or
pathogens. An antigen, essentially an 'antibody generator', is a component that triggers the
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generation of antibodies. It is recognized by the unique binding sites of antibodies. Antibodies
are thus perfect for uses in environmental monitoring, food safety, and medical diagnostics.
Enzymes are biological molecules that act as highly selective and specific catalysts. They are
often used in biosensors to detect the presence of specific substrates, such as glucose in blood
sugar monitoring devices. DNA and RNA can be used as bioreceptors due to their ability to
specifically bind to complementary sequences. This property is exploited in genetic testing and
molecular diagnostics. Cell receptors can be utilized in biosensor technology to detect the
presence of various ligands. This is particularly useful in drug discovery and the study of cell
signaling pathways.

QCM biosensors have been employed for the detection of a broad variety of biomolecules
such as proteins [16], nucleic acids [17], peptides [18], oligonucleotides [19], and hormones
[20]. QCM biosensors have been recognized for their reliability, cost-effectiveness, and
sensitivity, and they utilize a label-free and real-time biorecognition mechanism. They have
found applications in various fields, including biomedical applications, where they offer
significant advantages [21].

In terms of parameters, QCM biosensors primarily observe frequency change (Af) and
dissipation change (AD). Frequency change is related to the mass change on the sensor surface.
When a biomolecule binds to the sensor surface, it causes a change in the mass, which in turn
alters the resonance frequency of the quartz crystal. This frequency shift is proportional to the
mass of the adsorbed biomolecule, allowing for quantitative analysis [22]. The dissipation
change parameter is particularly useful for monitoring the viscoelastic and conformational
characteristics of a sample. Furthermore, QCM with dissipation monitoring (QCM-D) has been
utilized as a tool to monitor cell adhesion, cytotoxicity, cell viability, and other important
phenomena in cells, showecasing its versatility in bioengineering and biomedical research [23].

One significant steroid hormone that is linked to negative health outcomes is cortisol. It
also plays a significant role in stress psychobiology [24]. Extended periods of stress stimulate
the adrenocorticotrophic hormonal (ACTH) system, which results in the adrenal cortex
releasing cortisol hormones. Cortisol is the end product of the hypothalamic—pituitary—adrenal
(HPA) axis, which is the main component of the human body’s adaptive system to maintain
regulated physiological processes under changing environmental factors [25]. Stress influences
many other biomarkers, but the most important and possibly clinically useful biomarker for
measuring and tracking stress is cortisol [26]. Blood pressure, glucose levels, and the
metabolism of carbohydrates are all influenced by cortisol levels. Additionally, it supports the
immune, endocrine, skeletal, cardiovascular, and renal systems' homeostasis [26,27,28,29].


https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/physiological-process
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Fig. 1.2 Molecular structure of Cortisol (C21H3005).

There are many methods of detecting cortisol nowadays, such as surface plasmon
resonance (SPR) [30,31], Enzyme linked immunosorbent assays (ELISA) [32],
radioimmunoassay (RIA) [33] and electrochemical immunosensors [34].

For improving a biosensors sensitivity (the steepness of a slope of concentration
calibration curve) and limit of detection (the lowest resolvable concentration of target molecule
in analyte), the use of novel materials and nanomaterials for modifying the active sensor surface.
These materials can often improve the sensor response by increasing its surface area by
nanomorphology as well as provide new physical and chemical and charge transfer effects
directly affecting the molecular sensing mechanism. The incorporation of new nanomaterials
and nanodiamonds into biosensor technology marks a significant advancement in enhancing
their sensitivity and limit of detection. These materials were selected because of their high
surface-to-volume ratio, which increases target molecule interaction sites and enhances sensor
responsiveness. Particularly nanodiamonds have special electrical qualities that are essential to
biosensing mechanisms, such as redesigned bandgaps for effective charge transfer. Furthermore,
their chemical stability and biocompatibility guarantee reliable and secure functioning in
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intricate biological settings. These nanomaterials are adaptable for a range of applications
because of their ability to be customized for the targeted detection of particular molecules. All
things considered, the application of these cutting-edge nanomaterials in biosensors opens up
new possibilities for developing more precise, sensitive, and trustworthy detection systems for
a variety of applications, from environmental monitoring to medical diagnostics.

Diamond films have previously been used in QCM sensors with good experimental results.
For example, V. Proch&ka et al. modified diamond-coated QCM (DQCM) with hydrogen and
oxygen to control surface properties [1]. It was concluded that diamond-coated QCM sensors
offer significant advantages in terms of sensitivity and specificity for protein detection, making
them promising for a variety of biosensing applications. M. Varga et al. developed gas sensors
based on QCM coated with nanocrystalline diamond (NCD) and observed that the NCD-coated
QCM has higher sensitivity and better stability than the bare QCM [35].

In our research, we explored such possible benefits of nhanodiamonds. We focused on using
QCM for studying interaction between nanodiamonds, antibodies, and cortisol to better
understand their function in biosensors. Diamond nanoparticles, within the framework of QCM
experiments. Nanodiamonds, known for their exceptional chemical stability, biocompatibility,
and unique optical properties, present a promising avenue for enhancing biosensor performance.
In this study, we investigated the potential of nanodiamonds to improve the sensitivity and
specificity of QCM-based detection systems. The large surface area and the ability to
functionalize nanodiamonds could lead to improved binding efficiency and specificity when
detecting target molecules such as antibodies and cortisol.

Detonation nanodiamonds (DNDs) carbon particles with a size of 4 6 nm, is one of the
few commercially produced products that belongs to the family of nanocarbons, which also
includes fullerenes, carbon nanotubes, graphene, globular nanocarbon, onions, and other
structures [36]. More and more high-tech applications are using them, including polishing
artificial crystals, modifying plastics and resins, creating wear-resistant coatings, and using
them as greases and friction modifiers to change the rate at which surfaces wear [37,38]. The
literature reports that different functional groups like alcohol, amine, amide, carboxylic acid,
and carbonyl are naturally present on the surface of nanodiamonds [39,40]. Thereby, they can
provide good interface for linking bioreceptors or adsorbing biomolecules directly [39,41].
Nanodiamonds (NDs) were also used for humidity sensors as part of a high-performance
nanodiamond/cellulose nanocrystal (ND/CNC) composite-based acoustic humidity sensor [42].
NDs are particularly attractive for this application due to their large specific surface area, higher
chemical stability, and mechanical modulus. They significantly optimized the humidity-
sensitive performance of the sensors, improving their sensitivity and reducing humidity
hysteresis. The unique properties of NDs make them a potent material for enhancing the

capabilities of QCM humidity sensors.
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DNDs may also enhance nanomorphology of the sensor surface and even facilitate charge
transfer mechanism for complementary electrochemical sensing of cortisol. Their high surface
area-to-volume ratio and rich surface chemistry enable effective surface modifications. This
can lead to improved sensitivity and selectivity in cortisol detection, crucial for stress and health
monitoring. The electrochemical properties of DNDs, combined with their biocompatibility,
make them suitable for developing advanced biosensors for cortisol, offering potential for non-
invasive and real-time monitoring in clinical and health applications.

This research may thus help expand nanodiamond applications in biosensing and explore
their effectiveness in a QCM setup, thereby paving the way for more advanced, sensitive, and
reliable biosensing technologies.

Fig. 1.3 Functional groups distributed on pristine ND surfaces.
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2. Materials, methods and theory

2.1. Materials

Potassium phosphate monobasic (KH2PO4) solvent, di-potassium hydrogen phosphate
(K2HPO4) powder, N-Hydroxysuccinimide 98% (NHS), N-(3-Dimethylaminopropyl)-N'-
ethylcarbodiimide hydrochloride (EDC), Bovine serum albumin (BSA), hydrocortisone
(cortisol) (1 mg/l mL methanole), were obtained from Sigma-Aldrich chemicals. Purified
mouse monoclonal anti-cortisol-antibodi (5.605 mg/mL) was purchased from Abcam. Purified
DND were supplied by NanoCarbon Research Institute Ltd. (particle size in the 4.040.8 nm).
PBS (pH 7.0, 0.05 M) was obtained by mixing of K2HPO4 (2.336 g) and KH2PO4 (1.577 g) in
50 mL of distilled water.

2.2 Fabrication of cortisol immunosensor

Firstly, 10 pL of DND solution at 10% concentration was dropped on a clean QCM sensor
and placed on a hot plate at 40<C allow it to be heated uniformly and dried completely after
approximately 20 min. Next, 10 L of a mixture of EDC (400 mM) and NHS (100 mM) was
dropped onto the dried surface and wait for 90 min before gently rinsing the surface with HPLC
water. In the next step, 10 pL of Ab (10 g/ImL) solution was dropped on the surface of the
modified QCM sensor and waited for 90 min at room temperature to immobilize the Ab. Excess
Ab was then washed off the surface with HPLC water, after which 10l of BSA (1%) solution
continued to be added to the surface, and waited for 1h at room temperature, before being gently
rinsed with HPLC water. This step is to make it block the non-specific binding sites and
unbound functional groups on the Ab on the surface of QCM sensor. Then 10 pL of 100 nM.
Ag (8.92 pL/5mL) solution was dropped on top of the modified QCM sensor and waited for 90
min at room temperature before gently rinsing with HPLC water.

2.3 QCM theory and device

OpenQCM Q-1 device is the first open-hardware scientific instrument ready for soft matter
research. It is an advanced quartz crystal microbalance, characterized by high sensitivity and
precision in measurements. Equipped with real-time resonance frequency and Dissipation
monitoring [14]. QCM is a surface-sensitive device that can measure molecular-scale events. It

is also a sensitive and convenient method for examining mass changes at the boundary between
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solid and liquid conditions. The piezoelectric effect is the foundation for the quartz crystal
microbalance (QCM) sensor. This high-resolution mass sensing method has been applied
extensively in a variety of domains, including surface chemistry, biochemistry, and biomedical
engineering. Its sensitivity is at the picogram level [13].

Fig. 2.1 Photograph of our QCM experimental setup, showing QCM device, cables,

computer. pipette, software, eppendorfs, sensors, blower, hot plate.

Measurements in three conditions of dry-water-dry were taken on the QCM sensor after
each step of modification and four parameters were collected, namely: phase, amplitude,
resonance frequency, and dissipation.

Amplitude reflects the oscillation intensity of the quartz crystal. In biosensors, amplitude
changes can indicate mass alterations or surface interactions at the sensor interface. Frequency
measures the rate of oscillation of the quartz crystal. In biosensors, a change in frequency
directly corresponds to a mass change due to biomolecular adsorption or desorption. The phase
angle in QCM indicates the nature of the mechanical load on the sensor. In biosensors, this can
help in understanding the type of interaction (e.g., rigid or viscoelastic) between the sensor
surface and the biomolecules. Dissipation measures energy loss in the system, indicating the
viscoelastic properties of the adsorbed layer. In biosensors, it provides insight into the
mechanical properties of biomolecular layers, essential for understanding molecular
interactions and conformational changes.

It is derived that the quartz crystal's vibration amplitude changes in direct proportion to the
change in its motional resistance [43]. Sauerbrey evidenced in 1959 that the frequency change
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of an oscillating crystal is related to the surface adsorbed mass, where the linear relationship
between the frequency change (Af) and the adsorbed mass (Am) is:

c tqp
Am = =Af, ¢ =14
m=- f, c i

where n is the harmonic number, p, is density of quartz and equals —17.7 Hz ng/cm2 for a 5-

MHz crystal [44]. In order for the Sauerbrey relationship to hold, three conditions need to be
met. Three requirements must be met: the mass adsorbed must be uniformly distributed
throughout the active area of the crystal, rigidly adsorbed, and small in relation to the mass of
the quartz crystal [44 ,45].

In QCM measurements, the phase parameter is the change in phase of the oscillating signal,
usually associated with a change in frequency, which can be used to measure the change in
mass adsorbed on the surface of the crystal.

The QCM-D technology is highly sensitive and quantitative in measuring mass changes
because it measures a frequency shift from the crystal's fundamental resonant frequency (Af)
when a change in mass occurs at the surface interface or within the thin film. By recording
variations in the energy dissipation factor (D), QCM-D concurrently tracks the viscoelastic
characteristics of the overlayer or thin film adsorbed to the quartz sensors (Fig. 2.2(A)). The
amplitude of the crystal oscillation decays exponentially when the generator is turned off. By
measuring the oscillation's amplitude as a function of time, one can determine the energy
dissipation factor [46]. When there is a change in mass in either air or vacuum for a rigid layer
(AD = 0), the frequency shift (Af) is proportional to the change in mass and can be measured
using the Sauerbrey equation [44]. The equation proposed by Kanazawa and Gordon must be
used to relate Af to mass changes because biological processes occur in a liquid environment,

where the Sauerbery equation is no longer applicable [47].
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Fig. 2.2 (A) Schematic representation of QCM-D plots reporting frequency factor (Af) and
dissipation energy factor (AD) vs. time. (B) Representative AD-Af plot signatures for cell
adhesion on sensor surfaces (I-initial adhesion, Il-formation of attachment points, I11-cell
spreading, IV-steady state of spread cells, V-production of ECM), cytotoxicity studies (left
side: I-water release from cytoskeleton, ll-cell lysis; right side: I-cell detachment) and
cytoskeleton modification such as platelets activation (I-initial interactions among surface
sensor and platelets, 11-platelets spreading and pseudopodia formation) [48].
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Fig. 2.3 Standard design of QCM-Q1[49].
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2.4 Measurement settings

The sensor is at the heart of the QCM-D experiment. By using of QSX 301 comes in a box
of 5 sensors from Biolinscientific company. The sensor’s surface is gold (Au). The surface
roughness was < 1 nm RMS. It should be stored in a cool, dry place out of light. Stable baseline
in air and deionized water in 22 <C. QSense sensors are 5 MHz to optimize the useful sensitivity,
the sensing depth and the information required to quantify soft films.[49]

Fig. 2.4 Standard design of Qsense sensor [50].

The Lorentzian resonance curve of the quartz is analyzed to determine the frequency, phase,
and dissipation to be monitored during the measurement process. The software instructs the
DDS synthesizer to obtain raw amplitude data from the gain/phase comparator and to passively
excite the quartz crystal in the vicinity of its resonance frequencies. This configuration makes
it possible to record the resonance curve in real time, which allows for the simultaneous
monitoring of frequency and dissipation [51].
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Fig. 2.5 The software of Real-Time openQCM GUI-2.1 [51].
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Fig. 2.6 Schematic presentation of the immunosensor fabrication.

| also tested different volumes and concentrations of DND solutions on QCM sensors for

dryl-water-dry2 experiments. Based on these experiments, we selected 10 uL of 10% DND

solution.
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Fig. 2.7 Pictures of 10 microliters and 25 microliters of DND solutions of different

concentrations originally and after repeated exposure to water and drying.
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3. Results and discussion

3.1. Optical characteristics of sensors after each functionalization

Fig. 3.1 shows photographs of QCM in each functionalization steps Au, DND, EDC+NHS,
Antibody, BSA, Antigen (100 nM). It can be observed from the optical pictures that during the
DND step, the dry1 picture has a clear black edge and the black edge becomes lighter in colour
in dry2. This means that DND lost some of it with water. After the reaction with the mixed
solution of EDC and NHS, the colour of the black edges became lighter, and no significant
changes were observed in dryl and dry2 for this step. After adding antibody to the reaction, it
can be observed that the black edges have disappeared and the edges have become transparent.
After adding BSA to the reaction, no significant changes occurred. After adding Ag reaction
can be observed that the circle loses its lustre and becomes a little thinner.

DND EDC+NHS
dryl dry2 dryl dry2

Ab BSA
dryl dry2 dry

Fig 3.1. Pictures of QCM functional layers: Au, DND, EDC+NHS, Antibody, BSA, Antigen
(100 nM).
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3.2. SEM pictures

Figure 3.2 shows the results of Scanning Electron Microscopy (SEM) employed to
examine the surfaces of a bare sensor and sensors treated with 2% and 10% DND at 1 pm. In
the SEM images of the bare sensor, a relatively uniform and clear surface morphology was
observed. When observing the 2% and 10% of DND solutions on the SEM images, a clear
difference in their nanoparticle morphology as well as the compact layer can be seen, where the
10% DND solution looks a bit more. This suggests that the deposition of DND on the sensor
surface increases with the concentration of DND. SEM images at 1 pm under different
concentrations of antigen demonstrated significant morphological changes. With increasing
antigen concentration, the number and density of these bright dots significantly increased,
possibly due to the cumulative effect of the antigen on the sensor surface. The proliferation of
these dot-like features suggests a more intense interaction of the antigen with the sensor surface.

(A). Bare 1 ym 2%DND 1 pm 10% DND 1um

Ag(100 nM)

A ;n_;l! I 2 .'.

Fig. 3.2 (A). SEM images of bare sensor, 2% DND, 10% DND at 1 um.
(B). SEM images of 1 jum at different concentrations of antigen.

3.3. QCM spectra example

In the following Figures there are spectral plots as well as time dependencies of frequency,
phase, resonance frequency, and dissipation obtained as raw data from the software in dry and
water environments, respectively. They show the shift and change of each of the four
parameters as well as good temporal stability and low noise of the data.
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Fig 3.3.1 Amplitude in dry condition.
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Fig 3.3.2 Amplitude in water condition.
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Fig 3.3.4 Phase in water condition.
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Fig 3.3.6 Resonance frequency in water condition.
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Fig 3.3.8 Dissipation in water condition.
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From the experimental raw data illustrated in the Figures above, we extracted dependency
of characteristic QCM parameters on the functionalization steps of the sensor assay. The
Figures below show line plots of the four parameters in both water and dry environments.
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Fig 3.3.9 Line chart of phase changes.
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Fig 3.3.10 Line chart of amplitude changes.
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The observation of the above data shows that the phase increases significantly after the
addition of the mixed solution of NHS and EDC, and then the phase value decreases
significantly after the addition of Ab solution for the reaction, and the phase remains basically
unchanged during the subsequent two-step reaction process with BSA and Ag solutions. The
amplitude increased at each step of the operation after the addition of NHS and EDC.

Resonance frequency refers to the natural oscillation frequency of a quartz crystal
oscillator when it is not adsorbed or attached to a substance. This frequency is one of the
characteristics of quartz crystals. When there is no external mass attached to the surface of the
quartz crystal, it will oscillate at its intrinsic resonance frequency. When a substance is adsorbed
or attached to the surface of a quartz crystal, its mass changes, thus affecting its resonance
frequency. By observing the change in resonance frequency, the change in mass adsorbed on
the surface of the crystal can be inferred.

By observing the change in resonance frequency under dry and water conditions, it was
seen that the value of resonance frequency increased significantly with the addition of further
mixed solution of NHS and EDC. During the addition of Ab and BSA and Ag again, the
resonance frequency remained basically unchanged. Dissipation usually refers to how much
energy is dissipated from a crystal oscillation or how much the oscillating signal decays, and is
sometimes referred to as the 'dissipation factor'. This dissipation is usually related to the
adhesive or bonding properties of the adsorbed material. Therefore, the dissipation parameter
is used in QCM as a measure to describe the degree of decay and energy loss of the crystal
oscillation signal, which helps to provide a more comprehensive analysis and understanding of
the adsorption process and the properties of the observed substance.

The most important evaluation step is to analyse differences after each each step. The
following figures show the evaluation of Af and AD after each modification step. The frequency
and dissipation data show significant effect of nanodiamond coating on QCM and that the series
of reactions successfully immobilized Ab on the gold sensor, in agreement with the SEM
images. By looking at the bar chart for Af, it can also be seen that some of the nanodiamond
was lost during the washing process, so it resulted in a negative value in the water. By looking
at the error bar histogram of AD, it can be seen that there is a significant change in the values
for dissipation in the presence of EDC and NHS. In water as molecules are flowing in water, in
dry environment the molecules collapse on the surface of the QCM sensor.

We still have problems with the concentration of nanodiamonds, we have also tried to
optimize the concentration of Ag and present different amounts and structures under SEM
observation (Fig. 3.2).
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3.4. Reproducibility

I made three sets of data, all of which are in appendices. The data results are roughly
similar with no obvious difference, which reflects the high consistency of the experimental
results. Consistent results indicate both correct sensor function yet also that adhesion of
nanodiamonds remains a problem for quantitative antigen analyses. Some nanodiamonds are
most likely to be removed during the functionalization chemistries, thus Af trend due to
molecules is obscured by the opposite frequency increase due to nanodiamonds release. The
bare sensor, in particular, exhibits notable stability and consistent performance throughout dry-
to-wet-to-dry cycles.
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4. Conclusion

We established a procedure and suitable parameters for the QCM sensor measurement and
we finally chose a diluted 10% concentration of DND solution. During the cleaning process we
used ethanol on the bare sensor for cleaning to avoid the influence of other impurities. HPLC
water was used for cleaning after the reaction of dropping different substances on the sensor.
This is because during the experiment it was found that when other types of water were used, a
little salt might remain in it, which had an effect on the results of the experiment.

Too much concentration of DND was found to cause its poor adhesion on the surface of
the sensor and peeling off during further processing. We also compared and observed the optical
pictures after each functionalization step and the SEM pictures before and after the experiment.
The values of amplitude, phase, resonance frequency, and dissipation were also compared
between dry and water environment of the sensor. The results show that in the water
environment, the dissipation values are larger than in the dry environment due to the floatation
of molecules in the water. By observing the frequency values of dryl and dry?2 step, the decrease
in the values is most likely still due to some loss of nanodiamonds adsorbed on the surface after
the water step.

We also observed and compared Af and AD. They show consistently effect of molecular
binding up to the antibody-antigen interaction. The decrease of the QCM frequency in some
steps indicates the additional mass of nanodiamonds and molecules. Yet the increase of the
frequency in some cases is most likely due to the release of some nanodiamonds from the
surface, which we also proved with the optical images. This is most likely due to the chemicals
weakening the adhesion between the DNDs. This masks the molecule-induced frequency shift,
and the adhesion of DND to the QCM must be improved, e.g., by chemical grafting or surface
chemical treatments (ethanol, plasma), because reducing the amount of DND is not enough.
We also show the effect of various surface morphologies such as rough nanodiamond layers,
molecular coatings, and rough antibodies in each functionalization step by observing AD. By
comparing the measurements in water and in the dry state, it was shown that in the dry state the
molecules collapsed on the surface, showing lower dissipation due to making more rigid layer.
In water environment the molecules tend to float, showing higher dissipation due to their
flexibility. Thus, in general, measurements in water are more reliable for the sensor.

To sum up, the QCM technique has played a key role in elucidating DND interactions with
molecules in the sensor assay. The QCM served as a platform for detecting the formation of
Ab/ DND EDC NHS bioelectrode. This QCM-based immunoassay can be further improved by
better adhesion of DNDs via chemical bonding and extended to the detection of other antigens
and biological compounds.
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Appendices
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Fig. Al. A picture of QCM functional layers: Au, DND, EDC+NHS, Antibody, BSA, Antigen
(100 nM) on three different sensors.
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Fig. A2. SEM images after adding Ag (100 nM) at different magnifications.
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Fig. A3. SEM images after adding Ag (50 nM) ) at different magnifications.
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Fig. A4. SEM images after adding Ag (0.1 nM) at different magnifications.
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Bare 5um 2% 5um

Fig. A5. SEM images of bare sensor, 2% DND, 10% DND at 5 um.
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Fig. A6. SEM images of bare sensor, 2% DND, 10% DND at 20 um.
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Fig. B1. Measurement of frequency, phase, resonance frequency and dissipation under Air-
water-dry cycles with QCM sensors on different dates.
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Fig. B2. Measurement of frequency, phase, resonance frequency and dissipation at different
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Water Water
5000 80
45.00 70
_ 000 60
2 3500 '§ R
‘T 3000 & %0
5 sw T w0
£ 8
G 2000 £ 30
£ o
£ s 20
10,00 .
500
0.00 E
) . E 258
o% 2% 12504 254 100% o - ” t‘m“ o oo
DND dissolution DND dissolution
o e
—— 10l —e—25L 10uL 25uL
Water Water
-
_ 10050000 0.0025
N
&
= 10000000 0.002
c
% c
9950000 S 00015
g £ 00015
% 2
2 9900000 8 oo
5 o
c
g 9850000 00005
@
[
9800000 o
[ 2% 1250% 25% 100% % - 12.50% 5% 1008
DND dissolution DND dissolution

—— 10l =825 —— 10l —8=25L
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Fig. B15. Sensor5’s resonance frequency.
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