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1 INTRODUCTION
1.1 Motivation

The emerging wearable technology has integrated electronics into daily activities. The
awareness about health is growing in a society that leads to the demand in the healthcare
industry. However, it comes with the underlying need for innovations to keep it relevant. The
biosensors market has been expanding during the last decade. It was valued over $20 billion
in 2018[1]. Due to the technological advancements in biosensors, this value is expected to
reach around 80 percent compound annual growth rate in the next few years. The use of
biosensors delivers an innovative, flexible, user-friendly, and end-to-end service to the
modern health care system. Enhancement in technology has led to the awareness about a
healthy lifestyle along with the smart infrastructure, which is accelerating the demand for
wearable biosensors for continuous health monitoring.

There are a few sensors available in the market, such as blood pressure, heartbeat, and
pulse rate sensors. In wearable devices, health-related information is gathered via body-worn
wireless sensors and transmitted to the caregiver via an information gateway, such as a
smartphone, personal computers, and cloud computing. The schematic illustration of
wearable sensors with a health monitoring system has been shown in figure 1.1. Caregivers
can use this information to implement interventions as needed through continuous monitoring.
Hence, the development of biosensors is influencing the point-of-care diagnostics and
positively affects the health care market in forthcoming years.

Though the wearable sensors are advancing in the technology, there is a gap between
wearable devices and biosensors because of challenges in implanting biosensors in wearable

accessories. The performance of biosensors is the reflection of the optimization of their



attributes, such as selectivity, sensitivity, stability, and reproducibility. The enhancement
in the sensitivity has been achieved by increasing the active surface area using
nanoparticle-functionalized electrodes due to the existence of edges where electric field
intensity is higher[2]. Efforts have been made to improve the performance of the biosensors
with the use of nanoparticles. However, the effective utilization of the properties of
nanoparticles has still lacked information about their behavior under certain conditions, which

hinders the methods of controlling their orientation in specific applications.
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Figure 1.1: Hlustration of wearable sensors with remote health monitoring system
regenerated with permission[3]

Nanoparticles exhibit higher surface to volume ratio and hence are chemically
reactive and are used as a catalyst in electrochemical sensing. Nanoparticles also play an
important role in optical sensing because of the excitation of the surface electrons.
Plasmonic nanostructures such as silver and gold nanoparticles enable amplification of the
scattering signal by electromagnetic and chemical enhancement[4]-[7]. The

electromagnetic enhancement occurs due to the collective oscillation of the free electrons



on the surface of the NPs, while the chemical enhancement occurs due to the charge transfer
between molecules and the surface[8]. The surface architecture of surface-functionalized
electrodes with nanoparticles impacts on the response of the electrochemical biosensors.
The sensor response depends on the size, shape, and surface attachment of NPs [9]-[11],
as the optical and chemical properties of nanoparticles are dependent on their size and
shape. NP have broad spectra of applications in nanoscale electronics[12]. In most of the
sensing methods, the use of high-density NP causes polydispersity, and different
orientations on the electrode surface conceal the effects of these factors[13], [14].
Moreover, the orientation and tethered patterning of recognition molecules on the electrode
surface is always described using simple sketches, which fail to consider the non-idealities
in target-surface interaction and arrangement. The data obtained in these cases are averaged
over several phenomena that make it problematic to interpret.

Since the NPs are thermodynamically unstable in their free form due to high surface
energy, they tend to agglomerate. The uneven surface coverage, due to the present
deposition techniques, fails to provide the possible effective enhancement in the active
surface area. Furthermore, the commonly used NP deposition techniques for surface
modification are drop-casting, dip coating, spin coating[15], spray coating[16], and
molecular interface such as ligand exchange[17] face a challenge in controlling the NP size
core distribution and the polydispersity on the electrode.

Aerosolized nanoparticle deposition has been a well-known technique these days of
deposition of nanoparticles on the sensor substrates. However, it still fails to keep the
nanoparticles from agglomerating and form the clusters. There are a few techniques that

involve the plasma treatment in the synthesis of nanoparticles; however, there is a lack of



understanding of the effects of plasma treatment on their morphology, optical, and
electrical properties. Since the electrochemical response depends on the nature of NP
distribution achieved during deposition, the variation in the electrode-electrode baseline
and the active surface area occur; hence, it affects the inter-electrode variability. In the
intent to improve the inter-electrode variability of electrochemical sensors, it is required to
obtain the uniform NP structure, controlled surface electron transfer, and understand the
NP-electrode surface interface.

The motivation of this research is to study the effects of the atmospheric cold plasma
treatment on plasmonic nanoparticles and quantify the NP coverage on the electrode
surface. To obtain the optimized method of nanoparticle deposition, first, there was a need
to understand the effects of plasma on morphology, optical properties, electrical properties,
and surface charge of nanoparticles.

In this research, the plasma-assisted morphological changes[18], optical and
electrical properties enhancement, and surface charge tuning of AgNPs and AuNPs have
been reported. The electroactive surface area was improved using the plasma-assisted
deposition method. The theoretical correlation based on the evaluation of the electroactive
surface area and morphological properties of AgNPs and AuNPs was established. The
nanoparticle deposition with optimization of aerosolized plasma system was carried out to
achieve the desired surface architecture. This deposition was done on the fabricated Au
electrodes on the silicon substrate, and these electrodes were used to detect cortisol.

The proposed technique of plasma-assisted surface charge tuning of NPs in this
research provided the distribution of NPs maintaining the repulsive barrier. The controlled

repulsive barrier led to the formation of a well-organized NP film on the electrode surface.



It helped in providing the controlled, effective active surface area to enhance the

electrochemical response. The electrodes surface modified with the optimized parameters

have shown closely resembled NP distribution and hence nearly equal electroactive surface

areas. The proposed method has the potential to minimize the inter-electrode variability as

it involves a controlled surface modification process.

1.2 Objectives

i)

i)

Characterization of atmospheric plasma set-up and evaluation of its parameters
to understand their role in the deposition process. Optimization of the
deposition process.

Understand the effects of atmospheric plasma treatment on optical,
morphological properties of AgNPs and AuNPs. Study of plasma treatment-
induced change in size, surface roughness, SPR, and SERS signals of Ag and
Au NPs.

CV and EIS Characterization of NPs modified electrodes to investigate the
change in electrochemical performance of plasma-treated electrodes.
Fabrication of microelectrodes using evaporated gold. Characterization of drop-
casted, aerosolized, and plasma-assisted aerosolized NP modified electrodes.
Comparison of electroactive surface area and inter-electrode variability of three
different sizes of nanoparticles for the chosen deposition techniques. Cortisol

detection and sensitivity analysis of as-fabricated electrodes.

1.3 Dissertation organization

Chapter 2 consists of a background and literature review. The sensing mechanism of

biosensors, the role of plasmonic NPs in biosensing, and current state-of-the-art of NPs



deposition techniques with their advantages and shortcomings were presented. The theory
of the cold atmospheric plasma and its parameters were also discussed in this chapter. This
chapter was concluded with a description of various types of immunosensors.

Chapter 3 presents the plasma-assisted aerosolized deposition assembly and Ar
plasma characterization. This chapter also describes the methods of characterization, such
as SPR, SERS, surface charge measurement, SEM, and TEM imaging. Microfabrication of
electrodes was also explained with evaporation, photolithography, and lift-off procedures.
The mechanism of the electrochemical immunosensing of cortisol that is used in this work
was described.

Chapter 4 shows the study of the effects of plasma treatment on morphological and
optical properties of AgNPs and AuNPs. The mechanism of plasma-induced size reduction
was explained with SEM, TEM, and AFM characterization along with SERS signals. The
stability study of the plasma-assisted SERS substrate was also discussed.

Chapter 5 includes the study of the comparison of electrochemical properties of
untreated and plasma treatment on AuNPs and AgNPs modified SPCEs. Cortisol detection
using these electrodes were discussed in this chapter.

Chapter 6 presents the results of the electrochemical performances of 20nm, 40nm,
and 60nm of AuNPs modified Au electrodes deposited with drop-casting, aerosol spray,
and plasma-assisted aerosolized techniques. The comparison of CV and EIS responses of
these electrodes was carried out. The inter-electrode variability and correlation of ESA and
the size of NPs for all three methods of deposition were compared. Cortisol detection was

performed using all these electrodes with sensitivity evaluation.



Chapter 7 summarizes the study of the effects of plasma on NPs and their
applications in optical and electrochemical sensing in this work. Future work and detailed

directions that can be considered to continue this work are also discussed in this chapter.



2 BACKGROUND AND LITERATURE REVIEW

2.1 Biosensor

Biological recognition elements are converted into the signal output using biosensors
to detect the specific analyte. Biosensors consist of an analyte, bio-receptors, recognition
elements, and transducers. There are a few recognition methods that are usually used to
sense the analyte, such as immunosensors, Cyto-sensors, geno-sensors, enzyme-based
sensors, and polymer-nanocomposite based sensors[19]. The bio-receptors such as
enzymes, antibodies, DNA, organelle, cells, and micro-organisms are selected based on the
recognition method. The schematic representation of the biosensing mechanism is shown

in figure 2.1.
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Figure 2.1: Schematic representation of the sensing mechanism of biosensors

The recognition element captures the molecules of analyte selectively, which leads
to a change in the signal generated by the sensor. This change in the signal is then measured
and converted into the electrochemical, calorimeter, or optical signal using a suitable

transducer. The signal processing unit is added based on the mode of the measurement to



convert the signal into the readable form. In the process of analyte detection, the possibility
of errors that get added is during sample preparation, due to environmental variations,
during biological binding due to poor affinity, transducer noise and total noise
accumulation in the measurements.

The advantages of decreasing scale in electrochemistry can be attributed to the
enhanced mass transport and allows increased sensitivity towards molecular level analysis.
The presence of NPs attributed to the enlarged electroactive surface area and fast electron
transfer kinetics as compared to bulk electrodes. It is the elementary need to determine the
electroactive surface area of the electro-catalysts during the electrochemical reactions.
However, in most of the studies, it is not considered. Efforts have been made to calculate
the electroactive area using the CV response of modified electrodes [20]. However, there
is a lack of understanding of the effects of the sensing area architecture on the electroactive
surface area. The orientations of elements used to modify the sensing area play an essential
role in the sensor response. NPs have a broad spectrum of applications in nanoscale
electronics[12]. These applications need to have the controlled deposition of NPs from
dispersion onto the electrode surface and understanding of the particle-particle, particle-
surface interactions[21].

2.2 Properties of NPs and their applications

Nanoparticles exhibit unique electrical, optical, chemical, and catalytic properties
and hence, play a vital role in biosensing. As the surface to volume ratio of NPs increases
as their size decreases, this larger surface area enables the solubilization of more
compounds and hence an increase in the dissolution rate. NPs have a high dissolution rate,

and surface to volume ratio that results in the enhancement of solubility and chemical



reactions. Figure 2.2 shows the various applications of NPs and respective properties that
are used in biosensing.
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Figure 2.2: Properties of NPs and their applications

NPs exhibit effective charge transfer in biological activities due to their
physiochemical properties. AgNPs are used in antimicrobials and antibacterial coating.
Also, their high extinction coefficient makes them suitable for fluorescence applications.
The electron band gap increases as the size of semiconductor NPs decreases, which means
more energy is required to excite the electron in NPs. In this case, the light of higher
frequency and lower wavelength would be absorbed; hence NPs are used in solar cells[22].
Magnetic NPs are used in data storage media, magnetic resonance imaging, and drug
delivery[23] as their properties can be modified using magnetic fields.

2.3 Plasmonic Nanoparticles

Plasmonic nanoparticles are the nanoparticles, unlike other materials whose electron

density can couple with wavelengths that are larger than the particle size. Plasmonic

materials are vital for applications such as molecular-level biosensing and nanoscale

10



electronics[12]. Plasmonic nanostructures, such as AgNPs and AuNPs, enable the signal
amplification of the sensor through electromagnetic and chemical enhancement[4]-[7].
Being noble NPs, AgNPs and AuNPs provide high stability, simple chemical synthesis,
and tuneable surface functionalization, which make them valuable in the world of
biosensing.

AgNPs are responsible for the electromagnetic enhancement in the biosensing due to
the charge transfer between molecules and the electrode surface[24]. Nanoparticles exhibit
different properties depending on their morphology, e.g., AuNPs have a broad range of
optical spectra depends on their size. Au NPs suspension varies from the dark red color to
dirty yellow color depends on their sizes; hence, they are used in a colorimetric assay[25].
These optical properties are due to the oscillations of free surface electrons, which resonate
at a specific frequency called localized surface plasmon resonance.

Au NPs are most commonly used in electrochemical biosensing to immobilize the
different moieties such as antibodies, enzymes, nucleic acid, biocompatible polymers, or
other bio-receptors as they maintain their activities after immobilization[26], [27]. Such
functionalization of NPs for therapeutic applications has been increasing the application
area in targeting the specificity and increasing the biocompatibility of biosensing. The
morphology of the metal nanoparticles defines the response of a sample, which can be
altered by thermal annealing[28], [29]. The thermal annealing[30]-[32] of NP films leads
to a change in the mean NP diameter due to agglomeration, creating an observable red or
blue shift in the SPRs.

AgNPs have low sintering temperature and high stability, which make their

application area wider in bio-sensing devices, conductive ink, in textiles, and many
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more[33], [34]. Due to the rich electronic and catalytic properties, AUNPs have been used
to detect biomolecules through electrochemical signals[35]. AuNPs are used as labels in
immunosensing, and plasmonic sensing as SPR, and SERS. They display distinct physical
and chemical properties along with easy preparation and superior biocompatibility to
AgNPs, which make them an essential material in biological and chemical detection[36].

AgNPs are an ideal candidate for optical applications[10], [19] because of their high
extinction coefficient, their tunable optical properties through their size and shape, and
surface plasmon resonance (SPR) in the UV-visible region. These properties have been
exploited in applications such as solar energy harvesting, light-emitting diodes, printed
optoelectronic devices, and surface-enhanced Raman scattering (SERS)[8]. SERS is a
powerful analytical tool for sensing a low concentration of molecular biomarkers. SERS
allows amplification of Raman signals by inducing electromagnetic excitation of the
surface plasmons.

Ag NPs tend to form a natural oxide layer on their surface, which affects the
symmetry of the electro-dissolution in electrochemical reactions, SPR and SERS[37]. The
symmetrical partial surface oxidation is acceptable for maintaining the shape of Ag NPs
and their optical response[37].

2.4 Methods of Nanoparticle Deposition

The conventional methods of NP deposition are spin-coating a dispersion[38],
depositing a thin film by sputtering or evaporation, and then annealing to form the thin
film[39], [40]. However, they require more advanced instruments and still do not have
control over size and distribution over the surface. The schematic representation of NP

deposition techniques is as shown in figure 2.3.
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Figure 2.3: Schematic representation of various NP deposition techniques

The NP density varies in the films that are obtained using all these methods. The
drop-casting process provides the liquid media after the deposition, which leads to the
agglomeration of NPs. Cluster formation has been observed in Spin coated NP films[41]
and polydispersity, and insufficient surface coverage in dip coating, spray coating, and
aerosol spray. The ligand tethered NP attachment on the substrate involves the complicated
set-up to modify the ligands and NPs' surface charge and also, clusters, substrate defects,
and orientations of ligands are responsible for forming uneven films[21]. Moreover, the
uncontrolled NPs size can occur in the precursor growth of NPs[25]. The possible defects
in these methods are represented in figure 2.3.

In some of the techniques of NP deposition, such as vacuum evaporation[42] and
electrodeposition[43], the characterization of electrode interfaces is difficult[44]. Also, the
substrates being treated using these techniques must be tolerant of the elevated
temperatures and vacuum set-up.

Some of the commercially available inkjet printed [45], and electrodeposited[46]
electrodes also show the uneven and uncontrolled NP distribution. It is hard to control the

size of NPs in these cases. Plasma-assisted synthesis techniques of NPs have become a
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focus research area of material science and nanotechnology[47]. However, it lacks the
understanding of the plasma-induced modifications of NPs properties. Moreover, the
plasma synthesis processes used to control NP size are highly complex[48].

Figure 2.4 shows the NP distribution obtained using inkjet printing, drop-casting,
electrodeposition, hydrophobic coating, evaporation, and free-standing ultrathin film

formation using the filtration method.

Figure 2.4: a) Inkjet-printed, b) drop-casted, c) electrodeposited NPs on SPCE, d)
hydrophobic coating, e)evaporation-induced AuNP film formation, and f) ultra-thin
AuNPs film using filtration technique, adapted from [45], [46], [49]-[51]

The films formed using these techniques involve coalescence and agglomeration of NPs.
The recorded variability of NP inkjet-printed electrodes is 6%, of electrodes modified with
the electrodeposition method is around 5%, and that of drop cast NP deposited electrodes
is 10%. The molecular interface for the NP deposition also has limitations in controlling
the orientations of ligands on the surface. The surface roughness and defects can cause

random orientations and disturbed NP patterning.
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Microwave monitored AgNPs sintering at higher temperatures for SERS
enhancement has shown the amplification factor up to 108[52]. However, this method
forms clusters of NPs as a function of temperature. Plasma-assisted synthesis of NPs has
emerged as an essential research area of material science and nanotechnology[47].
Moreover, the plasma synthesis processes used to control NP size are highly complex[48].

In this research, a novel and simple approach of cold atmospheric plasma (CAP)
treatment was proposed to provide energy to the AgNPs substrate, similar to that provided
in thermal annealing but at room temperature. AgNPs on substrates by injecting aerosol in
flowing argon gas were deposited and then treated them with a low-temperature
atmospheric plasma jet. The aerosolized NP deposition assembly and plasma set-up are
derived from our previous work[53] and that of Dey et al.[54] with a few modifications.
The plasma technique used by Khan et al.[55] involves pulsed laser deposition and a
comparatively complex experimental assembly. By contrast, the set-up used in this work
contains a simple nebulizer to create NP aerosol for the deposition.

The NPs total potential is a function of their separation distance, and the interparticle
distance depends on the Van der Waals force, Electrostatic double layer (EDL), and
electrosteric interactions[56]. Based on the VVan der Waals attraction or repulsion force, the
agglomeration and dispersion occur, respectively. The charged surface of NPs adsorbed
opposite charged ions in the stern potential region and formed the EDL.

2.5 Plasma

Plasma is energetically the fourth state of matter, which contains charged and neutral

particles. The particle (except electrons) energy in the plasma varies from 1 eV to 10 eV,

which is equivalent to the range, 10* K to 10° K, respectively. Plasma is referred to as gas
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discharges, and it can be produced by passing an electrical discharge through the gas.
According to the kinetic theory of gases[57], in ordinary neutral gas, only gravitational
forces act, which are negligible. Particles in the gas stream travel in straight lines with a
distribution of velocities. They collide with each other and with the wall of the container
during their journey. This collision defines the motion of the particles called a random
Brownian motion.

The cross-section for collision ‘a’ and mean free path A,

a= mr? (2.1)
Where, r - radius of particles as rigid spheres
d - density
1
A= Py (2.2)

The average number of collisions per second (frequency of the collision) v can be
expressed as equation 2.3.
v=V/A (2.3)
Where, V - the average velocity of the molecules in the gas.

From equation 2.3, the mean time between collisions can be expressed as,

1

_1_2 V= kT2
t v v (M) (2:4)
Where, t - mean time between collisions

k - Boltzmann constant
T - Temperature

M - Mass of a molecule
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A %,7\ = ct/p 2.5)

Where, ct - Constant depending on the gas
p - gas pressure

The larger is pressure, the smaller the mean free path of the collision that results in
the larger energy provided to the particles due to collision. In plasma, the motion collision
of the particles forms the positive and negative electric charges in small confined areas,
where these charges create long-range coulombic fields. It affects the motion of the
particles that are some distance from the charge concentrations.

A charged particle in a plasma moves along a path of the electric field. The overall
interaction of the particles in the plasma gives the characteristic collective behavior, and
each parameter defines the nature of the plasma stream. The collision-less plasma can be
created by keeping the pressure of the system low as it leads to a smaller number of
collisions and stronger long-ranges electromagnetic forces. Local concentrations of
charges in plasma are confined to volumes of small dimensions, Ap, wWhich is a
characteristic dimension of the plasma, called the Debye length.

For plasma to be stable, the dimensions of the system should be several orders of
magnitude larger than the Debye length. In order of tens of micrometers outside of these
small volumes, the charge density of ions is approximately equal to the density of electrons,
which makes the plasma electrically neutral. Due to the higher mobility of electrons, they
act faster to cancel the charge present in the plasma created by the applied electric field
than ions. This response is called Debye shielding, which gives plasma its quasi-neutrality.
Hence, the applied electrical potential develops mostly near the surfaces, over a distance

called the Debye length.
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1

/1D _ (SOkTe)E (2.6)

N, e?

Where, &o - the permittivity of the free space
e - the charge of the electron

Plasma is obtained when the required amount of energy, higher than the ionization
energy, is added to atoms of gas that cause ionization and production of ions and electrons.
Parallel to the ionization, the opposite process of recombination occurs to form neutral
atoms or molecules. Plasma is excited and sustained by providing gas, electromagnetic
energy in different forms, such as microwave, radiofrequency, and direct current.
2.5.1 Plasma parameters

As electrons make up the largest number of particles in the system, they transfer the
energy through collisions to the molecules of the gas. It causes the ionization and
dissociation of the gas molecules. Similarly, the ions absorb energy and cause chemical
reactions after collisions with the molecules. The motions of the plasma particles, which
induce the collisions, are of two types, elastic and inelastic. An elastic collision occurs
between electrons and heavy targets with negligible energy transfer and does not lead to
the excitation of the target. However, in an inelastic collision, the target goes to an excited

state, with the maximum amount of energy transfer.
Energy transfer Wtr = (2 %) w (2.7)

Where, Wir - Energy transfer from electrons to heavy targets
me - Mass of the electron
M - Mass of the heavy particle

W - Energy of the electron

18



For an elastic collision of an electron with an argon atom, the fraction of transferred energy

Wtr 1

—_—~

is, .
W 40,000

The electrons absorb energy through acceleration when the electric field is applied,
and transfer the same amount of energy by inelastic collisions with the neutral gas

molecules. The fraction of this transferred energy can be expressed as,

Wt M
— = (2.8)
w M+m
Where, m- The mass of particle losing energy

In an inelastic collision, electrons transfer almost all their energy to a heavy particle
(m= me << M), creating an energetic plasma species. These are the particles responsible
for the creation and of sustained downstream plasma.

Energy transfer through inelastic collisions varies from 0.1 eV to more than 10 eV.
The energy required for excitation of molecules is less than 0.1eV, and ionization is more
than 10 eV. The density of the charged particles in the plasma is defined by the degree of
ionization of the gas. The degree of ionization, a defines as,

o= ni/n (2.9)
Where, ni - the number of ionized particles
n - the total number of particles present in the plasma

The critical ionization ac~ 1.73x1012 a T2.

If a>>> ac, the charged particles behave as in a fully ionized gas.

Hence, to obtain stable atmospheric plasma, the energy should be less than the critical

ionization.
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2.5.2 Cold Atmospheric Plasma

Typically, the parameters and the range of their default values for the cold plasma
are as follows,
Electron Temperature, Te~ 1 eV, Electron density, ne ~ 101° /cm™, Debye Length, Ap = 74

um.

A =693(T, L) (2.10)

€ ne (cm™3)
Debye length depends on the electron temperature, the energy of the electrons which
get excited and responsible for collisional energy transfer, and electron density (ne).

The energy associated with the plasma is given by,
W = @ (KT,) 2.11)

When the electric field is applied to the gas system, an electron multiplication process
takes place, which can be characterized by a macroscopic coefficient, ar that represents the
mean number of ion-electron pairs formed along a path of 1 cm. The coefficient, ar, is
called the first Townsend coefficient and is dependent on the electric field (E), the pressure
(P), and the nature of the gas as well, which helps in designing the plasma system.

When the applied voltage is low, the current produced by the collection of the
available free charges is negligibly small. When the applied voltage reaches a specific
threshold value, ions get accelerated and hit the cathode with their energy, which causes
the emission of the secondary electrons. The secondary electrons contribute to the
formation of more ions by collisions with the neutral particles of the gas. These ions also
are accelerated towards the cathode and produce more electrons and more ions.

Simultaneously, electrons created by ionizing collisions and by secondary processes are
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removed from the plasma by drift and diffusion to the walls of the gas system, by
recombination with positive ions, and in certain gases, by the formation of negative ions.
2.5.3 Plasma-Induced Surface Modification

When the surface comes in contact with the plasma, the electrons and ions recombine
and are lost from the plasma system after reaching the substrate surface, which has to be
modified. Electrons, due to the thermal velocities, reach the surface faster than the ions by
leaving the plasma with a positive charge. Thus, the surface achieves a negative potential
relative to the plasma. The Debye Shielding effect induces the potential developed between
the surface and the plasma that is enclosed to a layer of the number of Debye lengths. This
layer is called a plasma sheath that affects the penetration and repulsion of the electrons
through it. The sheath potential is given by[57].

For the planar surface:

Vs = (kl) In(——) (2.12)

2e 2.3*mi
Where, Vs - sheath potential
mi - a mass of the ion

The thickness of the plasma sheath is the thickness of the region where the electron
density is negligible and where the potential drop Vs occurs. It depends on the collisional
mean free path in the plasma and is affected by external biases applied to the surface.
2.6 Nanoparticle-based Electrochemical Immunosensing

Due to the rich electronic and catalytic properties, plasmonic NPs have been used to
detect biomolecules through electrochemical signals[35]. Although direct detection of
biomarkers using conventional electrochemical reactions is possible, various methods have

been successfully adapted where nanocomposites boost the sensitivity of biosensors.
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Electrochemical sensing involves a transducer which converts the biochemical signal into
an electrical signal.

There are various methods available to detect the analyte using electrochemical
immunosensing, including competitive, sandwich, and labeled immunoassay[19], [58].
Nanoparticles are used as labels, or as an underlying layer to bind biorecognition elements
for biosensing. In some cases, ligands such as Self Assembled Monolayer (SAM) are used
for binding, and in some methods, they are used to increase the electroactive surface area.
Figure 2.5 shows various techniques that involve NPs in immunosensing. Due to the strong
affinity of Au surface with amino groups and mercapto groups, AuNPs facilitate the
conjugation of biological ligands[59].

AgNPs provide improved electrochemical signals and can be oxidized easily; hence
they are suitable in the detection of tags in electrochemical sensing. However, they are
unstable and hard to functionalize. Also, most importantly, they have less biocompatibility

than AuNPs, which limits their application area in immunosening[19], [60].
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Figure 2.5: Nanoparticle-based electrochemical immunosensing includes [a), and b)]
Competitive, ¢) sandwich, and d) NP as an underlying layer and Ligand-based
immunosensing. Adapted From [19]
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As nanoparticles serve as a fundamental layer in the fabrication of biosensors and
further layers of bio-receptors are attached to them, it is necessary to achieve a uniform
film on the sensing area.

In this work, the ligand-based electrochemical immunosensors have been fabricated

for the detection of cortisol with DTSP SAM to bind cortisol antibodies to the NP surface.
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3 EXPERIMENTAL PROCEDURE

In this work, the aerosolized deposition system combined with the cold atmospheric
plasma system using Argon gas has been designed and developed considering all the
parameters that are described in chapter 2. The designed plasma system has been used to
control the NP surface charge to obtain comparatively dispersed NP placement on the
electrode surface than drop-casting and aerosol spray methods. Zeta-potential
measurements were carried out to analyze the surface charge on NPs during deposition.
Based on the DLVVO model[21], the force of Van der Waals attraction and the Electrostatic
double layer is dependent on average particle size, the distance between interacting
surfaces, absolute temperature, stern layer thickness, and zeta potential. The experimental
assembly for aerosolized deposition with surface charge tuning with plasma has been
developed in this work.
3.1 Aerosolized deposition and argon plasma assembly

Figure 3.1 shows the experimental set-ups used for NP deposition (Figure 3.1a and
3.1b) and plasma treatment (Figure 3.1c and 3.1d). For NP deposition, an ultrasonic
nebulizer was used to create an aerosol of the NP solution. The nebulizer was connected to
a quartz tube to provide a desired path to the aerosol. The ultrasonic nebulizer was modified
to have one inlet for Argon (Ar) gas and one outlet, which was connected to the quartz
tube, with an outer diameter of 6 mm and an inner diameter of 3mm.

A glass capillary with a 1-mm inner diameter was inserted into the quartz tube
(Technical Glass Products, Ohio). Another Ar inlet was connected to the midway point of
the quartz tube and was controlled by a mass flow controller (MFC). Teflon tape (Everflow

Supplies) was used as a moisture blocker between the quartz tube and glass capillary
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(placed in front of the MFC outlet) to absorb the excess moisture created from the aerosol
in the path before deposition.

A high-voltage supply (variable output of 1-20 kV; variable frequency of 20-60
kHz; current of 20-30 mA) to generate the plasma (Figure 3.1c and 3.1d), was connected
to two electrodes made from copper rings on the quartz tube. These tubular copper
electrodes were placed 1 cm apart. The MFC-controlled Ar gas flow was supplied to the
quartz tube to produce a stable Ar cold plasma.

The Ar flow rate was set using a gas flow controller at 2 L/minute. The external
power supply was used to deliver sinusoidal power (~10 kV, ~30 kHz) to the electrodes.

The high-voltage supply was turned on, and the impedance was adjusted in such a
way that the voltage and variable frequency reached a point where the downstream plasma
became stable. The voltage supply and gas flow were turned off after treatment.
biPolyethylenimine (BPEI)-functionalized Ag NPs and Citrate capped Au NPs of an
average size of 10 nm were purchased from Sigma-Aldrich and used to make a 0.02 mg/ml
solution in deionized water. The NPs solution was poured into the nebulizer to create the

aerosol.
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Figure 3.1: a) Schematic illustration and b) photograph of the experimental set-up for the

deposition of Ag NPs on the substrate. ¢) Schematic illustration and d) photograph of the

experimental set-up of the cold plasma unit. €) Ag NPs deposited on a flexible polyimide
film[61].

The stream of Ar gas of ~15 SCCM was supplied to the inlet of the nebulizer. NPs

aerosol was carried along the path through the quartz tube and capillary through the stream

of Ar. The Ar gas supplied to the midway of the quartz tube regulated the flow of the NPs
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for film deposition as required. The concentrated NPs were carried through the capillary.
They were deposited on the quartz slides for SPR detection, on silicon for the scanning
electron microscopy (SEM), and SERS characterization, and on the copper grids for the

transmission electron microscopy (TEM).

3.1.1 Argon plasma
Ar atomic structure: Ar has its atomic number- 18 and atomic mass- 39.948. It has
the electron distribution in its atomic structure as 1s? 2s? 2p® 3s? 3p®[62]. The energy
associated with each of the energy levels in the atom can be calculated as:
En = —13.6 Z/n% eV (3.1)
Where, n- number of the shell the electron present
Z- atomic number

The energy level diagram for the Argon atom is shown in figure 3.2.
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Figure 3.2: Argon energy level diagram
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3.1.2 Plasma characterization

The free electrons are present in 3p- 3p, 4s levels of the Ar atom. The electron
transition mostly takes place between 4p and 4s atomic states. The applied external
potential acts on the neutral gas when applied, the electrons get energies by absorbing the
energy. The electrons then, due to collisions with other molecules, generate the ions and
then ions due to the collision with other molecules, generate the secondary electrons. The
current gets generated proportion to the applied electric field and electron-ion interactions.

The Argon plasma generated was diagnosed by using Optical Emission Spectroscopy
(OES). The electrons emit energy when they make transitions between different energy
levels in the atom. The transitions can be analyzed by obtaining the radiated emission
energy from the electrons at different wavelengths. The optical emission spectrum was

recorded for the Ar gas CAP, as shown in figure 3.3.
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Figure 3.3: Optical emission spectra for Ar plasma. Inset: relative intensity of the Ar |
and Ar 1l transitions with respect to the relative higher-energy level[53].
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An optical emission spectrometer (Ocean Optics, HR2000+ES) was used to obtain

the intensity counts for the downstream plasma[63]. As the Ar plasma falls under the

visible spectra, the range of the wavelength at which we get the intensities of the radiated

energy is as shown in figure 3.3. From the OES of the Ar gas plasma, the intensities for

various transitions were detected. The Arl refers to the transition from 4p to 4s and Arll to

4d to 4p. The intensities for the Ar transitions were also measured[64] as,

Table 1. Ar Intensities and corresponding parameters

Wavelength I A (x10") | E1 E2 G
695.3 Arl | 1.41E+04 0.63 11.54 | 13.32 3
7055 Ar Il | 3.82E+03 0.38 11.54 | 133 5
7259 Ar |l | 3.02E+03 0.18 11.62 | 13.32 3
750.8 Arl | 2.88E+03 4.45 11.82 | 13.27 1
762.2 Arl | 1.37E+04 2.45 11.54 | 13.15 3

772 Ar | 9.05E+03 0.51 11.54 | 13.15 3
801.2 Arl | 2.03E+03 0.92 11.54 | 13.09 5
811.2 Arl | 3.94E+03 3.31 11.54 | 13.07 7

826 Ar | 3.88E+03 1.53 11.83 | 13.32 3

842 Ar | 1.65E+03 2.15 11.62 | 13.09 5

852 Ar | 4 57E+02 1.39 11.82 | 13.28 3

912 Ar | 1324 1.89 11.54 | 12.90 3

Some of the intensities other than Ar were also identified such as,

At, 307.7 nm, 281.2 of OH; at 336.2 nm, 214.2 of N»; at 356.2 nm, 186.2 of CO,; at 776.2

nm, 804.6 of O,; at 921.2 nm, 248.2 of O».
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