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Abstract

The advent of nanoparticle technology in the medical and pharmaceutical sectors offers significant
potential in the quest for more effective healthcare solutions. Surface biofunctionalization, the
engineering of nanoparticle surfaces for targeted biomedical applications, is critical for the
development of personalized medicine in the delivery of diagnostic and therapeutic agents.
However, the transition from laboratory research to commercial scale production faces substantial
challenges in ensuring scalability of synthesis methods, consistent nanoparticle quality and
addressing safety concerns related to toxicity. The commercial viability of nanoparticle-based
medical products requires the precedence of translation into clinical settings warranting their
integration into cellular environments while maintaining bioactivity. Traditional methods for
nanoparticle synthesis and functionalization often fall short from achieving this aim due to
inconsistencies in particle sizes, high production costs, reagent toxicity and subsequent complex
wet-chemical processing.

This thesis introduces plasma polymerization as a high-throughput method for producing surface-
active polymeric nanoparticles, through a more environmentally friendly, dry synthesis process.
Chapter 1 introduces the foundational role of polymer nanoparticles in nanomedicine, emphasizing
their surface functionalization mechanisms for improved diagnostics and therapeutics, and
identifies challenges in overcoming biological barriers for targeted cellular delivery. Chapter 2
presents the general methodologies used throughout the thesis. In Chapter 3, an enhancement of
the collection yield was achieved while maintaining the physicochemical properties required for
subsequent surface treatment. This was demonstrated through the biofunctionalization of the
resulting plasma polymerized nanoparticles (PPNs), achieved through a single-step, reagent-free
immobilization of various diagnostic molecules. This process led to the formation of strong, non-
cytotoxic covalent bonds, as confirmed by in vitro cellular studies and imaging in Chapter 4. The
long-term stability and integrity of the nanoparticles was studied under various storage conditions
in Chapter 5, providing evidence for their bioactivity after one year of storage. Finally, the last
chapter presented detailed characterization and diagnostics in the plasma reactor used for PPN
synthesis, validating a continuum fluid model against experimental data to refine the model's
predictive accuracy and enhance our understanding of parameters that affect plasma-assisted
nanoparticle synthesis.

This thesis has established the capability of PPNs in bridging the gap between laboratory
innovation and clinical utility. By demonstrating a scalable approach to nanoparticle production
and biofunctionalization, PPNs can pave the way for the development of next-generation
nanomedicines for disease diagnostics and treatments.
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Chapter 1. Introduction & Literature Review

This chapter reviews and discusses the advances in surface functionalization of polymeric
nanoparticles (PNPs) for biomedical applications, emphasizing biosensing, bioimaging, targeted
drug delivery, and cancer therapy. It highlights the significance of polymeric nanoparticles in
achieving sustainable healthcare solutions, evaluates the benefits of employing various
biofunctionalization techniques, including plasma polymerization, and identifies the existing gaps
in the research landscape.

Chapter 1 has been partially published as a review article in Small entitled: “Surface Bio-
engineered Polymeric Nanoparticles”. DOI: https://doi.org/10.1002/smll.202310876.
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1.1. Introduction

In the face of global grand challenges, the field of nanotechnology is finding itself at the forefront
of international endeavours for sustainability. Upon the United Nation’s call for the Decade of
Action, the world’s research has been redirected to achieve a list of Sustainable Development
Goals (SDGs) by 2030 to “end poverty, protect the planet and improve the lives and prospects of
everyone, everywhere” [1]. As a result, many efforts have been made to employ nanotechnology
in progressing toward these goals, including promoting sustainable agriculture [2-4], improving
water security [5-7], advancing electronics [8-10], and combating the latest Covid-19 pandemic
disease [11-14]. In the pursuit of the “Good health and well-being” SDG, nanoparticles are proving
to be the leading candidates for the design and fabrication of new medicinal products.
Nanoparticles can also be engineered to exhibit a variety of opto-magnetic [15, 16],
pharmacokinetic [17, 18] or catalytic [19, 20] properties. For biomedical applications, spanning
from on-demand drug delivery in precision medicine to disease diagnostics, nanoparticles have
gained tremendous scientific and commercial interest over the past few decades [21-25].

Polymeric nanoparticles (PNPs) present significant advantages in these emerging biomedical
applications that inorganic materials do not possess. The flexible long-chain structure of polymers
enables stable colloidal dispersions with minimal aggregation due to steric hindrance and
electrostatic repulsion [26]. PNPs have shown great promise as attractive platforms for disease
diagnostics, such as bioimaging, owing to their stability and dispersibility [27, 28]. They can also
be successfully employed for cancer treatment because of their high loading capacity of active
ingredients [29-31]. Their compatibility with biomolecular and cellular systems and modulated
degradability facilitate their circulation in the blood and the removal of the load after its release.
For all these intriguing applications, the meticulous selection of nanoparticle composition and
surface properties is fundamental to their end-application success. As surface properties are
correlated with bulk properties, the choice of the polymer depends on the desired surface
characteristics of the particle and the nature of its load, both of which are governed by its intended
biological role [32].

Surface functionalization of PNPs using bioactive tethering moieties, referred to as ‘biofunctional
molecules’ in this review, is an established route to inducing specific cellular responses. The
biofunctional molecules in this context can be categorized as molecules designed to have specific
functions within biological systems and can be attached to the surface atoms of nanoparticles via
their functional head groups [33]. They can range from small organic compounds (e.g.,
alkanethiols, amines, and carboxylic acids) to polymers like polyethylene glycols, surfactants, and
functional biomolecules such as proteins, DNA, and peptides.

Successfully grafting biofunctional molecules onto nanoparticles modulates their surface
characteristics and achieves desired biological activity such as biosensing [34-36], bioimaging [37,
38], and targeted therapy [39, 40] (Figure 1. For instance, nanoparticle structures specifically
modified with ions, fluorophores, or antibodies can behave as nanoprobes for surface chemical
fluctuations such as pH as well as sensors for reactive oxygen species (ROS) and biologically
threatening agents [41, 42]. Further, surface functionality attained with metallic and non-metallic
ionic groups as well as selectively-binding peptides can facilitate the recognition and imaging of
tumours or cancerous cells [43-45]. Surface functionalization using polymer coatings can also
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control the duration of circulation in the blood, or half-life, and prevent nanoparticle uptake by the
immune system, thus significantly impacting its in vivo fate [46, 47]. Using hydrophilic polymers
such as polyethylene glycol (PEG) or polysaccharide heparosan (HEP) grafted on the surface of
the nanoparticle can provide “stealth” properties and increase their residence time in the blood [48-
50]. On the other hand, surface treatment via the immobilization of a specific tumour-homing
ligand, such as an antibody, antibody fragment, folic acid, peptide, aptamer, or polysaccharide,
can facilitate specificity towards a diseased location, increase load-binding capacity and enhance
cellular internalization necessary for effective targeted therapy [51-53]. Thus, the surface
decoration with biofunctional molecules determines not only the surface nature of the particles but
also the physico-chemical properties fundamental to realizing their application potential [54].
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CANCER THERAPY
»
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tumour cells Deep tissue
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Stealth during blood transport
to target site

TARGETED DELIVERY

Figure 1. Schematic illustration of surface-bioengineered polymeric nanoparticles (PNPs) for biomedical
applications, including biosensing, bioimaging, stealthy delivery and targeted therapy. PNPs surface-
functionalized by carbohydrates, antibodies, or acids can be utilized for biosensing through the
fluorescence of fluorophores that detach upon interactions with reactive oxygen species (ROS), pH
fluctuations, or markers of biothreat agents such as bacteria or viruses. For bioimaging using computed
topography (CT), magnetic resonance imaging (MRI), or optical imaging requiring deep tissue penetration,
Gold and other metallic particles can be conjugated to the surface of PNPs to track organs through
mechanisms such as Near Infra-Red (NIR) Fluorescence. The delivery of any of these particles requires the
extension of their duration in the blood stream for as long as possible. This can be achieved by modifying
the nanoparticle surface with a polymer such as Polyethylene glycol (PEG), known as PEGylation.
Conjugating models of drugs such as Doxorubicin (Dox), Rhodamine B (RhB) and Proflavine (Pfv) onto
nanoparticle surfaces can be facilitated by a linker molecule such as Tannic Acid (TA) that have proven to
increase the efficiency of the targeted delivery and therapy of diseased cellular sites, especially in
malignant tumour cells. This article critically reviews the recent advances made in developing PNPs



with biochemically modified surfaces for an array of biomedical implementations, including
biosensing, bioimaging, and the targeted delivery of therapeutics. Although several review articles
have served as an excellent resource for understanding the existing nanoparticle surface
modification methods, they have often stemmed from an isolated perspective of a specific type of
PNP [55-57] or a single biomedical application [58-60]. Here, we shed light on the mechanisms
of biomolecule interactions with PNP surfaces, underpinning their function for a range of
biomedical applications. This review seeks to consolidate and critically discuss recent progress
made in tailoring PNP interfaces for biological activity.

A key emphasis of this review is to distinguish between the covalent and noncovalent nature of
the bonds responsible for anchoring biomolecules to the surfaces of PNPs. We discuss how this
distinction impacts the selection of functional molecules used to effectively tackle specific
biological barriers. The stability and biological efficacy of the surface-functionalized PNPs are
evaluated in the detection, diagnostics and treatment of diseases, including cancerous tumours, in
vitro and in vivo. Finally, the review concludes with an overview of the challenges hindering
further development, together with a perspective on the future of the field, before concluding with
recommendations for the areas of focus that may be carried out to expedite the clinical translation
of surface-functionalized PNPs.

1.2. Biofunctional molecules attached to polymeric nanoparticles: Mechanisms
of surface attachment

Nanoparticles integrated within cellular environments induce a biological response that either
recognizes them as compatible entities or attempts to eliminate them. Surface functionalization
can tune the nanoparticle interactions with the physiological medium to prevent their extraction
by the immune system. The type of surface functionalization processes can generally be classified
as non-covalent [61, 62] or covalent [63, 64], with a difference in the nature and strength of the
bonds. In this section, we provide an overview of noncovalent and covalent approaches to couple
biofunctional molecules to PNPs, describe the mechanisms of attachment and evaluate their
advantages and disadvantages (Figure 2a).



Noncovalent coupling of functional molecules to nanoparticles, also referred to as physisorption
or physical adsorption, is achieved via physical interactions of the molecules in their internal
cavities or on their surfaces. The underlying mechanism for such attachment includes van der
Walls interactions, hydrogen bonding, and electrostatic interactions (also known as ionic bonding)
[65]. Using oppositely charged surfaces or the polarity of the materials for the surface decoration
of nanoparticles is a relatively simple modification strategy to immobilize molecules on surfaces
since there is no linker chemistry involved, and often requires no or minimum preparation [66].
One example, among many, is the positively-charged functional groups of chitosan (-NH3") that
can electrostatically attach anti-HER2 antibodies on the surface of polymeric poly(lactic-co-
glycolic acid) (PLGA) nanoparticles loaded with Doxorubicin [67]. Despite the simplicity of the
process, the non-covalent nature of adsorption renders the functional molecule susceptible to
exchange in the presence of other biomolecules with greater affinity to the surface. Also known as
the Vroman effect, this competitive exchange needs to be investigated pre- attachment to assess
the likelihood of instability of the conjugate [68-70].

Covalent coupling addresses the need to surface functionalize PNPs with more durable bonds.
Covalent reactions between the surface of nanoparticles and the desired molecules can
permanently alter the surface chemistry, achieved by binding the molecules via stronger chemical
bonds. Covalent attachment via wet-chemical methods, as commonly used for bioreceptor
immobilization, is either mediated by a precisely chosen linker added onto the particle surface or
by the addition of suitable functional groups to anchor the biomolecules (Figure 2b).

Introducing an additional linker or spacer molecule is an established approach to facilitate the
binding of a molecule with certain functional groups. As one recent example, this linker-mediated
approach has been used to design DNA probes for the detection of peptides and proteins. The
covalent attachment of amine-polyethylene glycol (PEG)-azide to carboxylated polystyrene
particles aided the subsequent DNA aptamer probe attachment to the azide-PEG nanoparticle
surface [71]. The targeting of histidine tags and VEGF protein was achieved at greater stability
than conventional labels with high affinity and specificity. Although PEG and silane are generally
employed as carbon-chain linker molecules, the existence of natural derivatives such as dopamine
and chitosan offers a competitive variety of surface chemistries to be utilized for covalent
functionalization.

Another method for covalent conjugation of functional molecules, as illustrated in Figure 2b,
relies solely on reactive groups present on the surface of the nanoparticles. It entails the direct
attachment of the molecules to the surface of nanoparticles without the need for separate linker
molecules. The addition of organic functional groups, such as R-NH2 and R-COOH, is widely
applied in the field to directly bind biomolecules to nanoparticles [72]. Silica nanoparticles, for
example, can be functionalized by aminosilanes, which introduce an amino group on the surface
[73], whereas noble metals such as gold are often modified using crosslinkers with -SH or -NH>
groups [74]. Through the oxidation of carbon-based nanomaterials, carboxyl (-COOH), hydroxyl
(-OH), and carbonyl (-C = O) functional groups can be generated on the nanoparticle surface [75].
One of the most commonly used covalent conjugation chemistries is the carbodiimide-based
coupling that facilitates the binding between the surface of PNPs and a variety of desired
conjugates, including proteins, gold nanoclusters, fluorescent compounds and antibodies [76-79].
Further advances in conjugation chemistries have enabled more precise control over surface
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modifications by using site-selective methods to conjugate ligands or functional groups to
nanoparticles [80-82]. These approaches control the arrangement of chemically distinct and active
sites, presenting prospects for additional modifications through the selective masking or exposure
of reactive groups [83]. For instance, harnessing site-selective chemistries such as vinyl sulfone
conjugation [84], maleimide functionality [85] and azidation [86] to conjugate antibody fragments
to PLGA-based NPs has been shown to enhance antigen binding compared to conventional
methods. By refining the reaction domains, formulations with increased binding affinities can be
produced, optimizing ligand orientation for maximal interaction and enhancing the effectiveness
of the covalent conjugation [87, 88]. Nonetheless, strong covalent binding faces limitations arising
from the control of environmental conditions during functionalization, such as pH [89] as well as
non-specific interactions between living systems and the nanoparticles [90].

The complex nature of wet-chemical covalent conjugation approaches remains their major
drawback. Current protocols necessitate multiple steps, encompassing polymer or conjugate
preparation, chemical intervention during or after particle polymerization, and are often followed
by subsequent purification procedures [45, 91-94]. For example, the covalent PEGylation of
polystyrene nanoparticles requires aminated PEG, carboxyl-modified nanoparticles, cross-linking
agents like 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide, and quenching agents such as
glycine, often entailing over three incubations, prior to any biofunctional molecule conjugation
[91, 95]. Intermediate wet chemical coupling steps can be complicated, time-consuming, and
necessitate high costs. PNPs covalently linked with imaging agents also exemplify the challenges
associated with dissolving and labelling polymers, often requiring elevated temperatures (60 °C -
130 °C), overnight incubations, and multiple purification cycles [45, 93]. In addition, the choice
of nanoparticle fabrication material and the reaction conditions (pH, temperature, duration, etc.)
can be detrimental to the conjugation if the resultant product lacks the appropriate and sufficient
reactive functional groups [89, 96]. Due to the toxic or volatile nature of some common solvents
used in the synthesis of nanoparticles and their modifications, such as Ethylene Glycol,
glutaraldehydes, amines and pungent acids [97, 98], wet-chemical protocols can also require high
standards of safety procedures. The need for reagent-free covalent attachment strategies to PNPs
devoid of these fabrication complications is hence evident.

Dry plasma-based techniques for nanoparticle synthesis and surface modification, facilitating
covalent attachment, have arisen as a more sustainable alternative to conventional wet-chemistry
methodologies [99, 100]. Plasma, commonly referred to as the fourth state of matter, is a partially
ionized gas consisting of charged and neutral species, including gas molecules, electrons and
radicals (Figure 2¢). These dry plasma-based techniques operate without the use of any reagents,
other than vapours from which the nanoparticles are comprised or cargo molecules to be
conjugated to them, significantly reducing cost, environmental impact and safety risks. Key factors
for comparing plasma-based and wet-chemical processes include costs (initial setup, materials,
energy, maintenance), resource utilization (labour, space, waste disposal), operational efficiency,
environmental impact, and scalability. In biological research, plasma polymerization presents a
cost-effective alternative to expensive and inconsistently available coated cultureware, with
systems achieving return on investment within a year in high-throughput labs and further
enhancing outputs with automated control systems and process data logging[101]. As one
example, in the treatment of contact lenses, despite plasma polymerization being initially 12 times
more expensive than Layer-by-Layer (LBL) coating, it becomes more cost-effective annually due



to significantly lower material usage and minimal effluent production [102]. LBL methods
necessitate extensive wastewater treatment, a factor which is often overlooked in preliminary
economic analyses that significantly increases operational costs. Thus, while the choice between
plasma and wet-chemical processes depends on specific needs, scalability, and long-term
considerations, balancing initial capital investment against operational costs and environmental
impacts favours plasma-based technologies due to their inherent single-step efficiency [102, 103].

Plasma-based technologies can be categorized into non-depositing and depositing processes. Non-
depositing plasma processes, such as plasma immersion ion implantation (PIII) and atmospheric
pressure plasma treatment, modify the surfaces via physical and/or chemical changes without
depositing an additional layer [66, 104-108]. Depositing plasmas, on the other hand, coat the
surfaces of substrates with either an additional layer like plasma polymer films [109-114] and

magnetron-sputtered coatings [115-120] or synthesize new material such as nanoparticles [121-
124].

The plasma processes share a common underlying concept: The electrons in the plasma are
accelerated by electric fields, and they excite the reactant gases, resulting in ionization, radical
fragmentation, and enhanced plasma phase chemistry [110]. With an organic gas such as acetylene
[125] or monomer vapours such as allylamine [126, 127], acrylic acid [128], octadiene [129, 130],
or thiophene [131, 132], plasma polymerization can be used not only for the coating of particulate
surfaces but also for the production of organic nanoparticles [123, 124, 133]. Originally known as
plasma dust or powder, plasma polymerized nanoparticles (PPNs) were explored as by-products
in space or contaminants in semi-conductor industry plasma processes [134]. More recently, their
potential as nanocarriers in the biomedical field has been realized and is being explored for multi-
functional therapeutics [135]. Plasma polymerization of nanoparticles results in radical-rich
surfaces allowing the immobilization of multifunctional biomolecules in a single incubation step
[124, 136]. Thus, plasma polymerization presents an appealing alternative to wet chemical surface
functionalization for applications in biomedicine.
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Figure 2. (a) Surface functionalization of nanoparticles using physical and chemical methods.
Physisorption results in interactions governed by Van der Waals forces, hydrogen bonds or hydrophobic
forces and can be easily achieved with prolonged mixing or orbital shaking of the nanoparticle solution
and the immobilization solution. Despite their abundance, the immobilized agents are typically weakly
bound and can detach in the blood, inducing macrophage uptake and an immune response. Wet and dry
chemisorption achieve stronger bonds due to the nature of the covalent surface attachment. However, dry
synthesis of PNPs has the advantage of fewer, faster, and more environmentally-friendly conjugation steps
that achieve more uniform surface modification. (b) Two methods for covalent coupling between functional
molecules and the surface of PNPs: (i)using a linker/spacer molecule such as PEG, silica, chitosan,
dopamine, etc. or (ii) reactive functional groups (amine, carboxyl, sulfhydryl, hydroxyl groups) embedded
in the surface of the nanoparticle. (c) Schematic representation of a plasma, the fourth state of matter.
Subjecting a neutral gas to a high-energy source creates a plasma discharge comprising neutral and
ionized molecules, radicals and electrons.

1.3. Surface biofunctionalized PNPs: Biomedical applications
1.3.1. Biosensing systems

The advancement of highly sensitive small-scale sensors that detect biological agents is of integral
importance for many biomedical and environmental sciences. These biosensors are typically
designed with a recognition element to identify and specifically bind with target analytes and a
transducer component whose primary role is to report the binding event in the form of an
electrochemical, colourimetric, or fluorescent signal [137] (Figure 3).

PNPs offer an appealing platform for surface functionalization in biosensing, particularly in the
fields of disease theranostics and prevention (Table 1). PNPs possess versatile physicochemical
properties that can be fine-tuned, and their surface can be equipped with specific functional groups,
enabling them to serve as both receptor and signalling components within the biosensor systems
[138]. The ability of these systems to accurately detect various physiological conditions and
species is critical for ensuring cellular stability, preventing organ system deterioration and
combating global biological threats. These factors are expressed by pH value [139-148], reactive
oxygen species (ROS) [149-151], and small biological agents [42, 152-154], discussed in detail in
the following sections.
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Figure 3. The core components of a biosensor operate to recognize biological elements (such as antibodies,
amino acids, enzymes, etc.) at the interface. They subsequently transduce and amplify this recognition into

a measurable signal, which is then presented on the output user interface, typically in the form of
electrochemical, electrical, or optical measurements.



Table 1. Examples of polymeric nanoparticles and their chemical surface modification with functionalizing agents employed for biosensing pH,
reactive oxygen species, and biothreat agents.

Material  of Functionalizing Mechanism(s) of Biomedical application In vitro cell studies In vivo studies Ref
Nanoparticle  agent(s) Sfunctionalization
Polyacrylonitri Lanthanide metal Schiff base reaction Biosensors to  Bacillus N/A N/A [42]
le (PAN) Terbium (Tb) and anthracis bacteria in aqueous
Europium (Eu) solution
Polyacrylamid  Oregon green OG Isothiocyanate of pH biosensing and Fluorescent signal calibration in a N/A [141]
e fluorophore, each dye solution measurement intracellularly cytoplasm-mimicking buffer and
reacting with NH»- in endosome-lysosome successful internalization  via
fluorescein FS, Nanoparticles pathway HepG2 cells
Rhodamine B
RhB
Poly(phenylac  Dexamethasone *Modified pH biosensing, tissue Hydrophilic  groups in  the N/A [155]
etylene) (PPA) (DXM) surfactant free engineering and cancer copolymers P(PA-co-AA) induced a
and (encapsulated) emulsion treatment higher loading efficiency and an
poly(phenylac enhanced surface charge ideal for
etylene-co- the controlled release of the drug
acrylic  acid) upon pH fluctuations.
(P(PA-co-
AA))
Polyacrilonitri  Boronate/ FITC Schiff base reaction  Fluorescence based sensing The cellular uptake, viability, and N/A [151]
le (PAN) of intracellular hydrogen microscopic imaging of BPAN
peroxide nanoparticles were evaluated in
RAW264.7 cells.
Lanthanide Phenylalanine Chemical Fluorescence based H»O, H,0; selectivity was demonstrated [156]
Coordination (Phe) as bridging coordination of 4- sensing in aqueous solutions and urine
Polymer ligands, terbium carboxyphenylboro samples
Nanoparticles  ions (Tb%") as nic acid (CPBA)
(Phe/Tb metal nodes, with Phe/Tb CPNPs
CPNPs) carboxyphenylbor
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Lipopolymer
1,2-distearoyl-
sn-glycero-3-
phosphoethan
olamine-N-
[amino(polyet
hylene
glycol)-2000]
(DSPE-PEG-
NH>)

Polystyrene

Self-
immolative
polymer mix

onic acid (CPBA)

Carboxyphenylbo
ronic acids
(CPBAs) as guest
ligands

4-carboxy-3-
fluorophenylboro
nic acid (FPBA),

7-
hydroxycoumarin
(HC), and

Alizarin red S
(ARS)

Nile Red
(encapsulated)
and FITC

fluorescein  dye
(surface)

chlorin e6 (Ce6)
dye
(encapsulated),
poly(ethylene
glycol) PEG
(surface)

HC and FPBA were
each conjugated
with  DSPE-PEG-
NH, through a
condensation
reaction  between
amino and carboxyl
groups while the
nanoparticle ~ was
achieved by
combining the three
polymer grafts via
film hydration.

ARS forms adducts
with boronic/boric
acid of the FPBA.

Covalent coupling
to the particle
surface via amine
groups.

Ce6 was loaded via
both  hydrophobic
interactions

and m—n stacking,
while
Poly(ethylene
glycol) methyl ether
(mPEG-OH) was
conjugated to the
particle surface by

Ratiometric biosensing of N/A

hydrogen peroxide

Ratiometric measurements of

pH in biofilms

Chemiluminescent imaging
of Reactive Oxygen Species

for disease diagnostics

Fluorometric monitoring of the
time-dependent changes in pH in E.

coli biofilms

N/A

N/A

N/A

Sustainable signals
were generated at the
target site of four
disease bearing mice
models

[150]

[157]

[158]
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Chitosan
(CHIT)
nanocomposit
e and graphene
nanoribbons
(GNRs)
Polymer/Gold
hybrid

Lignin

3-
Polythiophene
Acetic  Acid
(3-PTAA)

Sarcosine oxidase
(SOx)

Heparin

Chitosan

Alpha-fetoprotein
antibody  (anti-
AFP)

an ester bond

Covalent
immobilization via
glutaraldehyde
coupling

Covalent linkage
via maleimide-thiol
bonding.

Layer-by-layer
assembly

Covalent bond
between the amine
group of anti-AFP
and the carboxylic
group of 3-PTAA
via ethyl-3-(3-
dimethyl
aminopropyl)
carbodiimide

Prostate cancer diagnostics

via  sensing of blood
sarcosine
Colorimetric  sensing  for
diagnostics

Electrochemical sensor

Electrochemical
Immunosensing
Cancer

of Liver

Study performed on blood samples
from apparently healthy persons vs.
prostate cancer patients

N/A

N/A

Detected AFP
samples

in human blood

N/A

N/A

N/A

N/A

[159]

[160]

[161]

[162]
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1.3.1.1. pH sensors

Intracellular pH plays various pivotal roles in cellular metabolic pathways, including endocytic
processes, enzyme activity, and protein misfolding [164, 165]. Abnormal values of pH are thus
associated with cellular dysfunctions, which can lead to an increased risk of various diseases, such
as cancer and Alzheimer’s disease [166-169]. Over the past few years, pH nanosensors have
emerged as valuable tools to quantify intracellular pH values. Their ability to offer high signal
intensities, rapid response times, ease of modification, and efficient intracellular loading makes
them particularly promising in this domain [170-174].

The most frequently used fluorescent nanosensors for pH measurement operate as "turn-on" or
"turn-off" systems, relying on changes in fluorescence intensity at a specific excitation wavelength
to function. Depending on the specific chemical properties of the nanosensors, the signal can either
become brighter (turn-on) or dimmer (turn-off) in response to variations in pH levels at that
particular wavelength. However, due to having only one emission signal for detection, the signal
results are adversely influenced by variations in the environmental conditions, photobleaching,
leakage from the cells, excitation intensity and sensor concentration [175, 176].

Ratiometric fluorescent sensing, in contrast, relies on multiple wavelengths of an excitation or
emission spectrum to detect local environmental changes. Based on two emission signals at two
distinct wavelengths, dual ratiometric fluorescent sensors have emerged to eliminate the effects of
the limitations associated with those based on single intensity change [177-179]. Among these
ratiometric nanosensors, polymer assemblies have the superior benefit of allowing non-invasive
and in-situ tracking of cellular dynamics and processes [180]. One example in this area is a
tuneable ratiometric fluorescent pH nanosensor developed by conjugating aggregation-induced
emission (AIE)-based fluorescent dyes to the surface of hyperbranched PNPs [139]. In this system,
two different dyes based on 1,8-naphthalimide are incorporated, with one functioning as pH-
sensitive and the other serving as a reference. The pH-sensitive (green) dye, which undergoes
protonation of the amino group in acidic conditions, and the pH-insensitive fluorophore (blue) are
attached to the surface of the nanoparticles via 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide
EDC HCI as a coupling reagent. Intracellular pH sensing using such biofunctionalized PNPs was
successfully conducted in HeLa cells, as evidenced by distinct fluorescence emissions in each
channel. These ratiometric fluorescent nanosensors exhibited strong emissions, good
biocompatibility, and selective accumulation in acidic organelles (Figure 4A). Notably, this study
generated a calibration curve covering the pH range of 5.6 to 8.0 through additional intracellular
calibration experiments, using a pH-dependent signal derived from the combination of both
channels (Figure 4B).

Another example of ratiometric fluorescent sensing is the development of a polymer nanosensor
that relies on the fluorescence resonance energy transfer (FRET) between a pair of dyes covalently
coupled to the nanoparticles [140]. A covalent bond is formed in the polymer particle matrix due
to the presence of an unsaturated polymerizable double bond in the donor dye, 4-ethoxy-9-allyl-
1,8-naphthalimide (EANI). The acceptor, fluorescein isothiocyanate (FIT-C), is conjugated onto
the surface of the nanoparticles through a reaction between its isothiocyanate groups and
the amino groups on the surfaces of nanoparticles. The response characteristics of these
nanosensors have been shown to alter from emitting intense blue fluorescence at low pH, to turning
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into luminous green at high pH values, effectively visualizing the intracellular pH changes at the
lysosomal pathways (Figure 4C).

Triple-labelled pH nanosensors expanded the field of ratiometric measurements and introduced a
novel strategy for multi-functionalization [141, 146]. In the work of Rikke V. Benjaminsen et al.,
for example, an additional pH-sensitive fluorophore, Oregon Green (OG), was covalently
conjugated to the nanoparticles coupled with a pH-probing and pH-inert reference dye fluorescein
(FS) and rhodamine B (Rh-B), respectively (Figure 4D(i)) [141]. This combination was
synthesized on an acrylamide crosslinked matrix and effectively performed pH detection at the
endosome-lysosome system (Figure 4D(ii)). The enhanced nanosensor offers the advantage of a
larger, well-defined sensing measurable range than the dual-labelled sensor. In this work, often-
neglected aspects of calibration (Figure 4D(iii)), background subtraction, and localization in cells,
are addressed, paving the way for subsequent research to further tune pH sensing measurements.
Ratiometric pH measurements can also be performed using self-organization principles where the
desired functionalities are introduced throughout the design of the nanoparticle pH sensors [142,
143]. Notably, a mixed micelle approach based on triblock copolymers allows for controlling the
spectroscopic properties and surface density of the surface targeting molecules by adjusting the
amount of peptide-bearing polymers in the nanosensor composition [142].

The pH range that a pH nanosensor covers is another important element that influences its
performance, particularly in live cell measurements. The development of design strategies for the
preparation of pH-sensitive systems from individual nanoprobes to dual-/triple-system surface-
modified nanoparticles has further extended pH range measurements [144, 145, 147]. In a work
by Sun et al., for example, it is shown that different combinations of fluorophores (FITC /BCECF,
Rhodamine B /Alexa 633) extend the pH sensitivity range and thus the potential for measuring the
physiologically relevant pH interval to 4 units in almost all mammalian cellular environments
using conjugated PNPs (Figure 4E) [144]. Although in this work, a robust binding of the
fluorescence dyes to the nanoparticles was achieved by the reaction of isothiocyanates (ITC) with
the free primary amine groups of the nanoparticles, complications with FRET and sufficient
linearity of the ratiometric curve had to be carefully considered for the efficient choice of
fluorophore combinations.
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Figure 4. (A) Hyperbranched Polylactide Nanoparticles Functionalized as ratiometric pH nanosensors
with a green fluorophore as the pH-sensitive probe and a blue one as the reference. (B) The hyperbranched
polymer nanoparticles were used as an efficient sensing platform for intracellular pH in living HeLa cells
clamped at pH 5.61, pH 6.51, and pH 7.98. (4) and (B) Reprinted (adapted) with permission from [139].
Copyright 2015 American Chemical Society. (C) A schematic representation of the preparation of pH-
sensitive ratiometric fluorescent polymer nanosensors and their application in water. Reprinted from [140],
Copyright (2016), with permission from Elsevier. (D) Triple-labeled polyacrylamide nanoparticle
nanosensor (i) schematic, (ii) a combined confocal microscopy image showing its uptake by a HepG2 cell
and a linear scale for the pH measurements and (iii)in vitro calibration curves with Oregon Green,
Fluorescein, and their combination. Reprinted (adapted) with permission from [141]. Copyright 2014
American Chemical Society. (E) Schematic illustration of the preparation route for pH nanosensors: NP—
Oregon—fluorescein—-RhB and NP—Oregon—BCECF-Alexa 633 through surface functionalization
Reproduced from Ref [144] with permission from the Royal Society of Chemistry.

1.3.1.2. ROS Sensors

Reactive oxygen species (ROS) naturally form because of oxygen metabolism and are crucial in
cell signalling pathways for the growth of living organisms [181-183]. However, substantial
increases in reactive oxygen species, such as hydrogen peroxide (H202) levels, can cause oxidative
stress, potentially altering protein stability and causing (sub)cellular damage. As a result,
functional deterioration of organ systems, such as neurodegenerative disorders, cardiovascular
diseases, and cancers, might ensue [184-186]. Therefore, studies surrounding the detection,
quantification and tracking of ROS in complex live cellular systems have surged [187-189].

Electron spin resonance (ESR) is one traditional method for ROS detection that relies on the
presence of magnetic moments associated with at least one unpaired electron in the molecular
structure. However, unlike other reactive oxygen species such as superoxide radicals (O2™) and
hydroxyl radicals (*OH), H20: lacks an unpaired electron spin. Thus, spin-trapping probes would
require the formation of intermediate detectable radicals via cascades of redox reactions [190].
The potential of this approach for H2Oz in vivo imaging is limited by the degree of spin trapping
specificity, instability of the probes, the high cost of ESR spectrometers, and the potential influence
of redox mediators on cell metabolism [191].

PNPs have drawn increasing interest as fluorescent sensing probes for retaining solubility and
prolonged blood circulation, favourable for H2O2 detection in almost any biological environment
[149, 192-194]. Surface modification of PNPs adds the benefit of high versatility to their
composition and functionalization to exhibit high-contrast images specific to H202. Boronate-
based fluorescent probes, in particular, offer high specificity among contrast agents employed for
hydrogen peroxide sensing at physiologic concentrations [195-199].

One widely used sensing mechanism in this field relies on conjugating chemical compounds onto
the PNP that can achieve fluorescence resonance energy transfer (FRET) via single-wavelength
excitation [200-203]. For example, the fluorescence emission spectrum of 7-hydroxycoumarin
(HC) at 450 nm overlaps with the absorbance spectrum of 4-carboxy-3-fluorophenylboronic acid
(FPBA) when it is bound with Alizarin red S (ARS) dye, achieving FRET and a new fluorescence
emission peak at 600 nm (Figure 5A) [150]. In the presence of H2O2, ARS dissociates from the
surface of the nanoprobe, decreasing the intensity at 600 nm as the fluorescence intensity at 450
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nm increases which allows for a sensitive and selective ratiometric fluorescence response for H202
detection.

Alternatively, PNPs can be customized to produce a photoinduced electron transfer (PET) effect
specific to H2O2. The Pinner method, for instance, can be used to achieve a Schiff base on
polyacrylonitrile (PAN) nanoparticles, causing a PET reaction upon the treatment with boronate
esters [151]. When the boronate-modified polyacrylonitrile (BPAN) nanoparticle interacts with
H202, the fluorescence intensity changes, and the emission peak shifts distinctively (Figure 5B).
This method was successfully demonstrated in vitro using BPAN nanoparticles inserted into
RAW264.7 living cells, modelling macrophages in which endogenous H202 was produced. The
lack of nanoparticle penetration into the mitochondria and the nucleus was a clear indication that
the BPAN nanoparticles were taken up by the cells and are nontoxic, offering an attractive method
for detecting elevation in H202 levels under conditions of oxidative stress using polymeric
nanoprobes.
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19



spectra of BPAN (red) compared to PAN (blue) nanoparticles. Reprinted (adapted) with permission from
[151]. Copyright 2012 American Chemical Society.

1.3.1.3. Biothreat agent sensors

The rise of globally threatening biological agents, including viruses, bacteria, and toxins, each with
varying degrees of transmissibility and infectivity, underscores the critical demand for effective
sensors. As an exemplar, the recent COVID-19 outbreak has accentuated the necessity for swift
biothreat agent identification. The diversity of such threatening agents and their varying degrees
of infectivity and transmissibility rendered their detection highly challenging [204]. Established
detection methods such as genome sequencing [205], enzyme-linked immunosorbent assay
(ELISA) [206], and polymerase chain reaction (PCR) [207] are being continuously developed to
overcome these challenges. However, these methods are typically used only after a diagnosis of
the pathogen is suspected by a clinician. These assays are also often not suitable for use in the
field, are time-consuming (hours to days) and can be limited in their sensitivities [208-210]. The
creation of a rapid, cost-effective, yet autonomous pathogen detection system that can be easily
applied in the field necessitates the reduction of sample preparation steps [211]. By capitalizing
on large surface/volume ratios, dispersibility, and unique nanoscale interactions, nanoparticle-
based biosensors are being developed with sensitivity and accuracy that surpass traditional
biothreat detection methods [212].

PNPs with engineered surfaces have also emerged as a promising frontier in the field of virus
detection [11, 213]. These nanoparticles can be designed to mimic the properties of host cells, i.e.,
cells that provide a conducive environment for viral reproduction, to make them particularly
effective in detecting viruses [214]. This approach involves coating the PNPs with human-cell-
derived membranes sourced from specific cells that viruses naturally interact with, such as immune
CDA4 T cells, the target of the recent severe acute respiratory syndrome coronavirus 2 (SARS-CoV-
2) [215]. The cell-mimicking nanoparticles present molecular structures on their surfaces that
mimic the receptor sites on the host cells that the virus normally binds to, such as human
immunodeficiency virus type 1 (HIV-1) gp120 receptors and sialic acid for avian influenza virus
(AIV) [216, 217].

Nanoparticles conjugated with antibodies can detect viruses by attaching virus-specific antibodies
to their surfaces. When exposed to a virus, the antibodies bind to viral antigens, triggering a
detectable signal and allowing for highly specific and sensitive virus detection [218]. For instance,
PNP-laden nanocarriers (PNLNs) loaded with chromogens (phenolphthalein and thymolphthalein)
have been conjugated with antibodies specific to target viruses influenza virus A (IVA) subtypes
HIN1 and H3N2 [219]. When these PNLNs, along with anti-virus antibody-conjugated magnetic
nanoparticles (MNPs), interact with the target viruses and undergo magnetic separation, a
colourimetric reaction occurs due to pH changes, enabling the detection of the viruses with high
specificity and low limits of detection in human serum samples. Similarly, conjugating influenza
virus A (IVA)-antibodies to conductive 3,3°,5,5’-tetramethylbenzidine (TMB) polymer-based
nanoparticles formed an immunocomplex sandwich structure with the virus [220]. Interaction with
the virus produced an optical signal response due to the catalytic oxidation of released TMB
molecules, which resulted in a highly sensitive colorimetric sensor for the detection of airborne
respiratory viruses. Another recognition mechanism includes conductive polymer-based
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nanoparticles (CPVs) with a peptide with affinity for hemagglutinin, a protein found on the surface
of the influenza virus [221]. The peptide-conjugated CPVs (PCPVs) exhibit an optical response
mechanism through altered n—r interactions upon binding to the virus. The multifunctionalization
of such nanoparticles with targeting biomolecules and antiviral drugs not only imparts specificity
to these nanosensors but also incorporates antiviral therapeutics that inhibit and protect against
viruses [222, 223].

Dipicolinic acid (DPA), one of the bacterial biomarkers, is a major component of the Bacillus
anthracis spore, which is considered a high risk for biological warfare. Luminescence of
Lanthanide ion metals, i.e., rare-earth metals, has emerged as one of the most promising methods
for the detection of DPA due to its long fluorescence lifetime and large Stokes shift [152, 224,
225]. Polymer nanoparticles can be functionalized into photoluminescent bioagent sensors by their
surface modification with a specific lanthanide ion. For example, anchoring the Lanthanide metal
europium (Eu) onto Schiff-base modified polyacrylonitrile (S-PAN) nanoparticles as a sensing
moiety has been successful in detecting B. anthracis spores with high selectivity over aromatic
molecules in aqueous solution [42]. For grafting the europium onto the nanoparticles, in the first
step, ethylenediamine (EDA) is covalently grafted onto S-PAN nanoparticles. Ethylenediamine
tetraacetic acid dianhydride (EDTAD) is introduced onto the nanoparticles, leading to the reaction
between the amino groups and the anhydride groups. The resulting EDTAD molecule on the
nanoparticles is then converted into [Eu(EDTA)—(H20)3] complex by reaction with EuCls (Figure
6A). These abundant functional groups on the surface of the PAN nanoparticles provide facile
surface modification via covalent bonding. The photoluminescence spectra of SPAN nanoparticles
increase the quantum yield of PAN nanoparticles, providing reference fluorescence and functional
groups for the covalent attachment of lanthanide metals.

Antibody conjugation to the surface of nanoparticles is also used to recognize bacterial antigens,
generally with the assistance of a fluorescent dye either anchored on or encapsulated in the probe.
Synthesizing nanoparticles with acetoacetoxyethyl methacrylate AAEM, for example, endows
diketone group functionalities that facilitate the covalent surface linking of S Salmonella typhi (S.
typhi) antibodies (Ab) without any crosslinker or activator [153]. The covalent bond between the
two moieties is facilitated when the amino groups of the S. typhi antibody (Ab) interact with the
keto-enolic functional group found in the AAEM component of the fluorescent polymeric
nanoparticles (FPNPs). This interaction results in the formation of antibody-nanoparticle
conjugates (Ab-FPNP), as illustrated in Figure 6B.). In this work, a sandwich format was utilized
for the capture and tracking of the bacteria: antibody-modified polycarbonate membranes (mPC-
S. typhi Ab) were used for the selective capturing of S. typhi, while the pyrene-loaded antibody-
nanoparticle probes (Ab-FPNP) generated a fluorescent signal upon antigen recognition. The
immune-complex (mPC-S. typhi Ab-Ag-Ab-FPNP) was tracked with the bright fluorescence of
polycyclic aromatic hydrocarbon pyrene dye encapsulated inside the polymeric nanoparticle.

Aside from acids and antibodies, carbohydrates have also been increasingly considered in crucial
recognition events as alternative bioreceptors. Carbohydrates are particularly attractive due to their
higher resistant to denaturation and higher binding affinity [154, 226]. Mannose is a carbohydrate
molecule that can function as a receptor for Escherichia coli as it binds with the lectin proteins on
the bacterial surface [227, 228]. Decorating amphiphilic conjugated PNPs with mannose has
recently led to a solution-processable electrochemical sensing layer nanoparticle biosensor that
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demonstrated targeting ability toward E. coli pili protein [154]. The mannose-functionalized PNPs
resulted in the fabrication of an innovative biointerface with dispersibility and a high surface ratio,
which could facilitate the development of strategies for the design of new imaging probes and
biosensors. However, it is worth noting that mannose was physically adsorbed onto the outer
surface of the PNPs. This coating relied on hydrophilic-hydrophilic interactions between the
triethylene-glycol-thiophene TEG segments on the outer surface of the nanoparticles and the
hydroxyl groups of the mannose. This noncovalent method remains susceptible to potential
detachment or instability in biological environments that require further assessment in cellular
environments.
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Figure 6. (4) Schematic illustration of the fabrication procedure of europium (Eu)- polyacrylonitrile (PAN)
nanoparticles and the following surface functionalization steps to achieve sensing of Bacillus anthracis
bacterial spore with Ca-DPA. Reprinted from [42], Copyright (2011), with permission from Elsevier. (B)
(1) Bioconjugate probe synthesis via the surface functionalization of polymeric fluorescent nanoparticles
with covalently bound Salmonella typhi anti body. (2) Schematic representation of the formation of mPC
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fluoroimmunoassay utilizing (i) nitric acid (ii) sodium borohydride (iii) glutaraldehyde, antibody (Ab),
antigen (Ag), and the bioconjugate probe (FPNP-Ab) for the detection of Salmonella bacterial antigen.
Reprinted with permission from [153].

1.3.2. Bioimaging systems

Molecular imaging is a diagnostics technique for the visualization and quantification of
physiological changes using imaging probes or agents. Advanced molecular imaging techniques
have enabled the in-sifu monitoring of variations at the cellular level for the early detection of
diseases [229-231]. Over the last decade, there has been increasing interest in using PNPs
as imaging agents for the spatiotemporal evaluation of cellular functions and tracking the
expression of disease biomarkers [59, 232, 233]. The advantage of nanoparticles functioning as
molecular imaging agents is that their size facilitates their passage through cellular barriers without
inducing foreign body immune reactions. Furthermore, their large area-to-volume ratio enables
high loading capacity, allowing them to deliver concentrated imaging agents at target areas. The
surface functionalization of PNPs enhances their functional performance in imaging in several
ways, such as (i) enhanced biocompatibility with existing biochemical processes, (ii) multimodal
imaging capability, and (ii1) their multiplexing ability to attach signalling or receptor targeting
moieties in a single nanocomposite. Surface-modified PNPs have been successfully employed as
contrast agents for a number of imaging modalities such as Xray [44, 45, 234-237], optical imaging
[238-243], and magnetic resonance imaging (MRI) [244-247], as discussed in the following
sections.

1.3.2.1. X-ray contrast agents

Computed tomography (CT) is a well-established imaging modality that is extensively used in
hospitals and clinical investigations of a wide range of diseases [248-250]. CT utilizes X-rays as a
source of ionizing radiation to non-invasively produce high-resolution 3D images of organs and
reconstruct them using computer algorithms [251]. Contrast agents with high molecular weight
can passively accumulate in tissues with increased vascular permeability, such as cancerous sites,
via the enhanced permeability and retention (EPR) effect [252]. Although the most frequently used
contrast-generating elements are iodine [253], gold [254], and bismuth [255], lanthanides have
also been explored due to their high atomic number -critical for X-ray attenuation [256-258].
However, small contrast molecules based on these elements are not ideal for most clinical
applications due to the associated toxicity at the concentrations required for imaging and their short
circulation half-lives [259, 260].

These drawbacks are commonly countered by incorporating contrast agents (CA) into
nanoparticles with a surface layer of a hydrophilic polymer, lipid, silica, or other compounds that
yield biocompatibility in biological media (Table 2). For instance, a biodegradable polymer poly-
g-caprolactone (PCL) layer stabilizes metallic nano-contrast agents in aqueous media in
comparison with conventional free-standing iodinated contrast agents [234]. Similarly, bismuth
and lanthanides nanoparticles with a polyvinylpyrrolidone (PVP) coating exhibit a superior in vitro
X-ray attenuation than free iohexol commercial contrast agents [44]. The use of non-ionic
surfactants, such as PEGylated surfactants, during the synthesis method of lipid nanoparticles, has
also been explored as a modifying factor for increased stability after intravenous (IV)
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administration [235]. In addition, gold is known to exhibit a superior CT imaging efficiency than
other elements due to its high atomic number of 79. The linkage of solubilized, meso-tetrakis(4-
carboxyl)-21H,23H-porphine (TCPP) functional gold nanoparticles (CD-AuNPs@TCPP) onto the
surface of a covalent organic polymer nanoparticle (COP-8) has been designed to form
COP@Au@TCPP nanocomposites for CT tumour imaging and photodynamic cancer therapy
[236]. After the COP@Au@TCPP nanocomposites aggregate in the tumour site through EPR,
imaging information can be obtained to characterize the tumour through the CT imaging capacity
of CD-AuNPs. Meanwhile, the CD-AuNPs act as catalyzers that decompose H202 into Oz,
preceding its sensitization by the TCPPs to achieve effective photodynamic therapy (PDT). The
tandem catalysis PDT efficiency of the COP@Au@TCPP can then be tracked and visualized in
this CT-imaging-guided PDT system demonstrated in Figure 7A.

However, hydrophobic interactions govern the linkage of the CD-AuNPs to the n-octyl groups on
the surface of COP-8. The hydrophilic coating of contrast agents combined with hydrophobic
surface attachments presents a risk of the untimely release of encapsulated or weakly tethered
compounds during imaging procedures. This may be attributed to the hydrolysis of the polymeric
shell, the leakage of the confined agents, or the breakage of surface bonds via reactions with the
surrounding physiological environment.

Consequently, modifying the PNPs by covalent bonds offers an optimized polymeric
nanoconstruct for CT applications. In a study by Joélle Balegamire et al., it has been demonstrated
that potential iodine leakages can be prevented by covalently grafting the iodine moiety onto the
polymeric backbone, such as triitodobenzoyl moiety onto poly(vinyl alcohol) for imaging the liver,
the spleen and the cardiovascular system [45]. In this work, the PEGylated functionalized
polymeric nanoparticles were radiopaque for several hours well within the radiology working
attenuation window and presented an enhanced biocompatibility over nanoemulsions with an
iodinated oil core and polymeric shell. Another example is using an amide bond to covalently link
thirty-seven (37) 3-N-[(N',N’-dimethylaminoacetyl)amino]-R-ethyl-2,4,6-
tritodobenzenepropanoic acid (DMAA-IPA) molecules to the surface of a starburst PAMAM
Generation 4 (G-4) dendrimer (Figure 7B) [237]. The outcome was iodine-labelled nanoparticles
with biocompatible and stable features for CT imaging despite the need for further biological
evaluation. Further research investigating in vitro and in vivo CT imaging of iodinated polymeric
nanoparticles has since propelled massive development into CT imaging-guided cancer treatment.
Not only can PNPs functionalized with contrast agents improve the visibility of inflammation and
tumours, but they can also accurately identify the size and location of tumours [261], track the
distribution of photothermal agents [27], and reflect therapeutic results when conjugated with
targeting agents too [27].

25



Table 2. Examples of polymeric nanoparticles and their chemical surface modification with functionalizing agents specifically for bioimaging

applications.
Material of Functionalizing Mechanism(s) of Biomedical application In vitro cell studies In vivo studies Ref
Nanoparticle agent(s) Sfunctionalization
Magnetic ferric Chitosan coating Covalent reaction between Magnetic resonance contrast Efficiently internalized into N/A [262]
oxide core and Fluorescein the isothiocyanate group of agents for MR imaging and SMMC-7721 cancer cells
isothiocyanate FITC and the primary amino optical probes for cancer easily visualized using
(FITC) group of chitosan detection clinical MRI imager in vitro
Poly(lactic-co- Fe304 NPs Fe;04 NPs surface Optical and MR imaging- MR T2-weighted images of Imaging  signal [263]
glycolic acid) surface attachment through amine- guided Au  NR/QD/Fe3O4/Taxol- evaluated  after
(PLGA) + FesO4 +  attachment terminals loaded PLGA administration to
QD through amine- NPs were measured using a  A549 (lung cancer
terminals 3T MR system cells)-induced
SCID mice the
tumour area
Poly (l-glutamic  Polyfluorene Electrostatic complex of Turn on/ turn off PFO/PG-Dox complex up N/A [264]
acid) (PLGA) containing positively charged PFO with  Fluorescence imaging taken into A549 cells and the
oxadiazole negatively charged PG-drug PFO displayed bright blue
moieties (PFO) conjugate fluorescence upon  Dox
assembly release in lysosome, showing
the “turn-on” state of
PFO/PG-Dox complex.
Polyacrylonitrile Anti-ErbB2 Pristine PAN NPs acquired Label-free imaging of breast Imaging of human breast N/A [265]
(PAN) antibody amine functional groups after cancer cells cancer SK-BR-3  cells,
treatment with exhibiting a fluorescence
ethylenediamine (EDA). quantum yield higher than
Antibodies ~ were  then that of DAPI by 2.6-fold and
anchored via N-ethyl-N'-(3- lasting for 11 hours.
dimethylaminopropyl)

carbodiimide hydrochloride
(EDC)/N-
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Poly(ethylene
glycol) (PEG) +
methyl methacrylate
backbone
Tetraphenylmethan
e-based (TPM)
microporous polym
er network
Hyperbranched
polyprodrug
amphiphiles (hPAs)
Methacrylic  acid
monomer (MMA) +
Azobisisobutyronitr
ile initiator + 2-
aminoethyl
methacrylate
hydrochloride
(AEMH)

1,4,7,10-
tetraazacyclodo
decane-
N,N’,N”,NW-
tetraacetic  acid
(DOTA) as a
chelator +

the positron
emitter **Cu

+

GRGDS peptide

Rhodamine 6G

Gd  Guanidine
residues

Reference
fluorescent dye
(4-ethoxy-9-
allyl-1,8-
naphthalimide:
EANI) in the
core of
nanoparticle,
and

hydroxysuccinimide (NHS)
activation

Radical Addition-
Fragmentation Transfer
(RAFT)

Mixing dye solution with
surfactant-stabilized
nanoparticles followed by
dialysis

Click reaction of alkynyl
functionalized DOTA(Gd)
complex with the azidation
product of h-P(CPTM-co-
GMA)-bP(OEGMA-co-

GPMA) making the
covalently  tethered Gd
complex.

FITC was covalently linked
onto the particle surface via
amino groups that resulted
from the one-pot
miniemulsion
polymerization of EANI into
the nanoparticles

Radioactive and confocal
imaging potent for tumour
angiogenesis, metastasis,
inflammation, certain
cardiovascular abnormalities,
and bone resorption

Energy transfer, Catalysis,
optoelectronic applications,
imaging

Tumour imaging

Photoinduced electron
transfer (PET) and
intracellular fluorescence
imaging of Hg?* for
bioremediation such as

mercury detection

High cellular internalization

in USTMG human
glioblastoma

cells was imaged with the
%Cu-labeled multivalent
CNPs

N/A

Imaging of HepG?2 cells

Cell viability and selectivity
towards Hg* were
demonstrated in HeLa cells
incubated in Hg?"

Study on blood

retention,  liver,
and spleen
accumulation  of

%4Cu-labeled
CNPs in Sprague-
Dawley rats

N/A

In vivo Dblood
circulation of
hPA-2 and

guanidine-free

hPA-3 was
examined in
healthy rats,
exhibiting

comparable half-
lives and potent
uptake.

By encapsulating
another dye,
ratiometric
fluorescence and
selective
recognition
Hg?*in  totally
aqueous solution
were achieved in

of

[266]

[238]

[267]

[243]
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PLA-PEG with oily
core

Zirconium dioxide

(Zr0O») with
Polydopamine
(PDA)

Poly (lactic-co-
glycolic acid)
(PLGA)-
polyethylene glycol
(PEG) (PLGA-
PEG)

Hydrophilic dye
fluorescein
derivative
(AEMH-FITC)

IR780
molecules fluore
scent dye

Doping
Mn?* ions,

Functionalizing
with Tween 20,

Fluorescent
probe,
coumarin-6

Near-infrared
fluorescent dye
(DiR)

Covalent attachment via one-

pot  copper-free  strain-
promoted alkyne-azide
cycloaddition (SPAAC)
reaction  with  IR-PLA
conjugates

Physical non-covalent

attachment was achieved by
mixing with water to obtain a
suspension of the dye during
the NP synthesis

Mn?* directly chelated by the
coordination effect of

catechol or carboxyl groups
in PDA

n-n stacking and hydrogen
bonding interaction of PDA
with nanocomposites surface

A modified
nanoprecipitation technique
that exposes the positively
charged polymer on the
surface allowing free
carboxylic groups of PLGA-
PEG NP

react with multiple exposed
amine groups on PAMAM
and PEL

Image-guided diagnosis.

Computed tomography (CT)
imaging, magnetic resonance
(MR) imaging

Fluorescence imaging in
major organs (brain, heart,
lung, liver, kidney, spleen,
and pancreas) for Blood
Brain Barrier (BBB) studies

Using J774A.1 macrophage-
like cell line, covalently and
noncovalently attached
molecules were compared for
fluorescence imaging
efficacy.

CT and MR imaging effects
were demonstrated with high
resolution.

Tracking of NPs in BBB cell
culture model (monoculture

of human brain
microvascular  endothelial
cells, \CMEC/D3)

live cells as well
as tap and
drinking  water,
showing excellent
water
dispersibility.

N/A

Infra-Red thermal
images of
BALB/c nude
mice bearing
SMMC-7721 cells
mice injected
intratumorally

IVIS-200
visualization  of
the fluorescence
intensity in brains
of mice bearing
GBM orthotopic
xenografts  with
PTX-loaded PGM
NPs.

[268]

[269]

[270]
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Figure 7. (4) Schematic diagram showing the binding of meso-tetrakis(4-carboxyl)-21H,23H-porphine
(TCPP) functional gold nanoparticles (CD-AuNPs@TCPP) onto the surface of a covalent organic polymer
nanoparticle (COP-8) (COP@Au@TCPP) via hydrophobic interaction. In addition to their CT imaging
capacity, CD-AuNPs act as catalyzers that decompose H>O: into O». TCPPs then sensitize O> into 'O: to
achieve effective photodynamic therapy. Reprinted (adapted) with permission from [236]. Copyright 2020
American Chemical Society. (B) Scheme showing the surface functionalization of an iodinated polymeric
particle with covalently linked thirty-seven (37) 3-N-[(N',N'-dimethylaminoacetyl) amino]-R-ethyl-2,4,6-
triiodobenzenepropanoic acid (DMAA-IPA) molecules for Computed tomography (CT) imaging with high
contrast and long-lived vascular concentrations. Reprinted (adapted) with permission from [237].
Copyright 2002 American Chemical Society.

1.3.2.2. Optical contrast agents

Optical imaging, such as fluorescence and bioluminescence imaging, has enabled researchers to
enhance the field of disease diagnostics through the optical visualization of complex subcellular
biological events in living systems [271]. Recent developments in optical imaging instruments
using PNPs have accrued exponential growth in molecular imaging due to their non-invasive
advantage combined with the high photostability of the carrier particle [28, 272, 273].

29



Fluorescence imaging, in particular, can employ optical probes with unique features, such as multi-
colouring or signal activation control, to increase the signal-to-background ratio [274, 275].

The fluorescence signal of PNPs and its duration is governed by the chemical reactions that result
from coupling selective fluorescent agents to the particle surfaces. For example, energy transfer
from microporous organic tetraphenylmethane nanoparticles to surface-bound Rhodamine 6G
dye molecules can induce a detectable green emission (Figure 8) [238]. However, in this work,
the coated Rhodamine 6G nanoparticles were prepared by mixing the dye solution with a dilute
dispersion of surfactant-stabilized nanoparticles. Such methods of physical adsorption by mixing
jeopardize the intrinsic fluorescent properties of the fluorescent label after exposure to
physiological environments. Covalent binding of the conjugated moiety circumvents the
deterioration of the fluorescent agent, as is the case for near-infrared dyes (NIRFs). NIRFs are a
specific class of dyes with the fluorescence capability of deep tissue penetration [239]. The cyanine
(Cy) NIRF dye family covalently links to polymeric matrices of the nanoparticles due to their
amine-reactive properties. For example, Cy5-conjugated polylactide (Cy5-PLA) [276], Cy5.5—
conjugated glycol chitosan (Cy5.5-GC) [240], Cy7- poly (ether amine) (Cy7-PEA) [241], and
Cy7.5- polyethylene glycol-poly(lactic-co-glycolic acid) (Cy7.5- PEG-PLGA) [242] nanoparticles
have been employed as robust dyes with fluorescent stability lasting up to days. Similarly,
hydrophilic dye fluorescein derivative AEMH-FITC covalently binds to PNPs with abundant
amino groups on their surfaces for imaging in HeLa living cells, as was demonstrated by the work
of Hong Wang et al [243]. In this work, the surface-bound dye functioned as a mercury recognition
group, while a reference hydrophobic dye, 4-ethoxy-9-allyl-1,8-naphthalimide (EANI), was
encapsulated into the nanoparticle core. As a result, this ratiometric fluorescence method, primarily
found in biosensors, can be adapted to complement bioimaging in selective areas of the human
body with high detection limits.

Efficient energy transfer in dye loaded
fluorescent, microporous polymer nanoparticles

Figure 8. [Left to right] A diagram of the tetraphenylmethane-based microporous organic polymer (TPM-
MOP) nanoparticles, AFM topography image of TPM-MOP nanoparticles deposited on a quartz plate, and
a schematic illustration of the strong green emission observed via excitation energy transfer from the TPM-
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MOP nanoparticles to the surface-bound Rhodamine 6G acceptor dye molecules. Reproduced from Ref
[238] with permission from the Royal Society of Chemistry.

1.3.2.3. Magnetic resonance (MR) contrast agents

Magnetic resonance imaging (MRI) is a prevalent imaging technique in the clinical field used for
disease diagnostics. The abundance of practitioners offering non-invasive MRI imaging is directly
related to its safety for the brain and central nervous system as it does not involve the use of
ionizing radiations [277]. MRI produces high-resolution three-dimensional maps of sections in
soft tissue samples, highlighting the differences in local proton density and delineating interior
anatomical features of the specimen [278]. Contrast agents are used to overcome the inherent
sensitivity problems that hamper the differentiation between pathological and normal tissues at
cellular and molecular levels. The contrast in MR images is determined based on the longitudinal
(T1) or transverse (T2) relaxation time of the surrounding water protons within the tissue
environment under a strong external magnetic field [279]. Contrast agents are characterized by
their relaxivity, a measure of the sensitivity of the contrast agent, referring to the degree to which
they can improve the longitudinal or transverse water relaxation rate constants (R1 = 1/T1 or R2
= 1/T2, respectively) [280]. When injected, contrast agents induce water proton density changes
that shorten (T1) or (T2) and subsequently increase relaxivity while altering the brightness or
darkness of the resultant image, respectively.

A variety of paramagnetic compounds have been evaluated as MR contrast agents, but gadolinium-
based small molecules are currently preferred as T1 contrast agents due to their favourable
electronic and magnetic structures [281-283]. However, if free Gd ions are released, Gd agents
may exceed recommended dosage limits and cause nephrotoxicity [284]. Using Gd-chelates (e.g.,
1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA) -Gd,
diethylenetriaminepentaacetic acid (DTPA) -Gd) can bind the Gd ions and prevent them from
leaching out in vivo, but they would still lack in vivo stability as the smaller size results in rapid
renal clearance. On the other hand, Gd-chelate conjugated PNPs can concentrate Gd** ions on the
nanoparticles, and increase the T1 signal intensity ratio [244]. To enhance the stability of the
immobilization, spacer-aided covalent grafts are used to introduce necessary functional groups to
the nanoparticle surface. For instance, different spacers were covalently coupled to the carboxylate
groups at the PLGA nanoparticle surface to introduce primary amines necessary for the
conjugation of chelating molecules DTPA or DOTA- Gd [245]. The stability of the surface grafts
using branched Polyethyleneimine PEI as a spacer was superior to linear spacers due to its higher
thermodynamic and kinetic stability (Figure 9A). The covalent surface-grafting of the chelating
molecules reduces the toxicity risk of free Gd** and enhances the cellular uptake of Gd*" ions
through the size-tuneable, biocompatible nanoparticle favourable for blood pool imaging or the
recognition of capillary lesions. High relaxivities of up to 14.381 m M~ ! s! have been achieved
using DTPA-Gd chelated to a nanoparticle with PLGA core and a paramagnetic-folate-coated
PEGylated lipid shell layer [246]. The paramagnetic (DTPA-Gd) chelated nanoparticle
PLGA/PFPL exhibited an approximately three-fold enhancement in the longitudinal relaxivity
compared to the commercial small-molecular-weight MRI contrast agent, Magnevist®, as shown
in Figure 9B. MR images of the nanoparticle system (PLGA/PFPL) also showed that T 1 -
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weighted bright contrast imaging was achieved at lower concentrations of Gd compared to
Magnevist ® (Figure 9C). In addition, in vivo experiments have been performed with Gd- DTPA
surface-modified polyethylenimine-grafted poly(L-lysine) (PEI-PLL) nanoparticles as novel
polymeric micellar MR imaging contrast agents [247]. The DTPA conjugated polymers, followed
by complexation with Gd*+ yielded an MR imaging contrast agent with high Gd** loading density.
As aresult, an improvement in contrast enhancement and significantly prolonged circulation time
with high T1 relaxivity in blood vessels has been confirmed relative to that of conventional
contrast agent Gd—DTPA (Figure 9D). One possible reason given was the large molecular weight
of PEI-PLL-DTPA (>30 kDa), which could hinder its excretion from the kidney [285].

Surface-functionalized PNPs, hence hold a great promise for an optimal contrast media design as

they possess the attributes of biocompatibility, strong signal generation, and high CA load rates
with long periods of stealth.
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Figure 9. (A) Schematic diagram showing the step-by-step surface functionalization of PLGA nanoparticles
with gadolinium Gd. The addition of a spaced/linker layer supports the covalent grafting of the Gd reduces
the toxicity risk of free Gd°" and enhances the cellular uptake of Gd®" ions through the size-tuneable,
biocompatible nanoparticle. This combination is favourable for blood pool imaging, the recognition of
capillary lesions and the enhancement of imaging stability. Reprinted from [245], Copyright (2010), with
permission from Elsevier. (B) Relaxivity plot showing the distinct enhancement in PLGA/PFPL over
Magnevist ® with values 14.381 mM-1.s-1 compared to 4.927 mM-1.s-1 respectively and (C) MR images
of nanoparticle system (PLGA/PFPL) showing T 1 -weighted bright contrast imaging at lower
concentrations of Gd compared to Magnevist ® [246]. (B) and (C) Copyright © 2011 WILEY-VCH Verlag
GmbH & Co. KGaA, Weinheim. (D) The T1-weighted MR images of a Kunming mouse injected with PEI-
PLL-DTPA-Gd showing the in vivo blood pool contrast enhancement (CE) for the liver, vessels, heart and
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abdominal aorta (marked in red) up to 24 h post-injection. Reproduced from [247] with permission from
the Royal Society of Chemistry.

1.3.3. Targeted delivery and cancer therapy

Nanoparticles have been extensively explored as platforms for the transport of therapeutic drugs
to diseased cellular sites [67, 286]. However, targeted drug delivery via nanoparticles is confronted
with the challenge of nonspecific physiological interactions between the nanocarriers and
biological fluid in which they must travel [287]. For instance, nonspecific adhesion to blood
components could disrupt the morphology of normal blood cells, result in aggregation or
precipitation, and cause changes in cellular and intravascular functions [288, 289]. An additional
challenge during the nanoparticle circulation in the bloodstream is their exposure, detection and
subsequent sequestration by the body’s mononuclear phagocyte system (MPS), such as scavenger
endothelial cells in the liver [290]. Therefore, the engineering of nanoparticles for drug
transportation needs to prevent the detrimental effects of the adverse interactions at these sites. As
the first direct contact with bio-organic fluid is through the surface, the successful intravenous
distribution of nanocarriers mainly relies on their surface characteristics. Surface-modified
nanoparticles are, hence, designed to overcome the obstacles of the nonspecific interactions with
blood components and rectoendothelial systems in order to specifically target pathogenic sites
[291]. Table 3 summarizes a collection of surface-functionalized PNPs applied in targeted drug
delivery and therapeutic applications over the past two decades.
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Table 3. Examples of polymeric nanoparticles and their chemical surface modification with functionalizing agents for applications in targeted drug
delivery and cancer therapy.

Nanoparticle Functionalizing Mechanism(s) of Biomedical In vitro cell studies In vivo studies Ref
agent(s) functionalization application
a-acetoxy- Peptidyl ligands  Transformation of the Potential drug N/A N/A [292]
poly(ethylene glycol)- (phenylalanine (Phe) acetal groups into carriers with
poly(d,l-lactide) block and tyrosyl-glutamic aldehyde groups modulated
copolymer (acetal- acid (Tyr—-Glu) followed by Schiff base surface charge
PEG-PDLLA) and reductive amination
Poly(lactide-co- Biotin and folic acid Interfacial Activity Tumour-targeted = Molecule-conjugated Enhanced [293]
glycolide) PLGA, Assisted Surface drug delivery nanoparticles were accumulation and
Paclitaxel cancer drug Functionalization extensively taken wup improved efficacy
Poly-ethylene  glycol (encapsulated) (IAASF) relative to free in mouse MCF-7
(PEG) spacer nanoparticles by xenograft tumour
different cancer cell model.
lines with
overexpressed
receptors.
Poly(lactic-co-glycolic ~ Taxol (paclitaxel)- Fe304 NPs and Tumour-targeted Distributed HeLa cells Strong anticancer [263]
acid) (PLGA) + FesO4+  (encapsulated), quantum dots (QDs) chemotherapy via (cervix cancer cells) in performance
QD surface attachment photothermal- an MTT assay demonstrated in
Fe;04 NPs and quantum  through amine- control drug effectively killed due to  vivo on a
dots (QDs), and terminals, release Taxol release. subcutaneous
with dorsal flank
Anti-Her2 monoclonal Anti-Her2 monoclonal chemotherapy injection of
antibodies antibodies were and photothermal tumour cells
immobilized on the destruction (MBT-2 bladder
surface of Au cancer cells) with
NR/QD/Fe304/Taxol- laser irradiation.
loaded PLGA NPs The treated mice

were still alive
after two months,
with 100%
tumour decrease
or no regrowth

35



Poly (I-glutamic acid)
(PLGA)

Anticancer drug
camptothecin ~ (CPT)
molecules + oligomer
chain of ethylene glycol
(OEQG)

polyacrylonitrile (PAN)

The model anticancer
drug doxorubicin Dox

CPT conjugated
inherently,
Water-soluble drug—
doxorubicin salt
(DOX-HCI ), calcein,
cisplatin or
phosphotungstic  acid
(PTA) as dyes
(encapsulated)

Anti-ErbB2 antibody

Electrostatic assembly
of cationic conjugated
polymer PFO and
anionic PLGA
covalently- -conjugated
with anticancer drug
doxorubicin (PFO/PG-
Dox).

The carboxylic acid of
the OEG lead to a direct
ester formation of CPT

Pristine PAN  NPs
acquired amine
functional groups after

treatment with
ethylenediamine
(EDA). Antibodies
were then anchored via
N-ethyl-N'~(3-
dimethylaminopropyl)
carbodiimide
hydrochloride
(EDC)/N-
hydroxysuccinimide

(NHS) activation

Cancer therapy

Dual-drug
chemotherapy

Active targeting
of breast cancer
cells

Controlled Dox release
upon uptake of
PFO/PG-Dox complex
into lung cancer A549
cells

The nanocapsules
delivered anticancer
drugs revealing in a
synergetic cytotoxicity
to cancer cells, assessed
in SKOV-3 ovarian
cancer cells and MCF-7
breast cancer cells MTT
assay.

Low cytotoxicity and
good uptake into human
breast cancer SK-BR-
3 cells were
demonstrated by
antibody-conjugated

surface-treated ~ PAN
nanoparticles (anti-
ErbB2 tPAN)

after therapy.

N/A

The in  vivo
antitumor activity
of OEG-DiCPT
was preliminarily

assessed  using
athymic mice
bearing
intraperitoneal
(ip) tumors

showing fast and
significant tumor
suppression with
DiCPT drug

N/A

[264]

[294]

[265]
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Poly(ethylene  glycol)
(PEG) + methyl
methacrylate backbone
Hydrophobic drugs
(doxorubicin  (DOX)
and camptothecin
(CPT)) + (poly-L-
lactide) polymer
conjugate

Poly(phenylacetylene)
(PPA) and
poly(phenylacetylene-
co-acrylic acid) (P(PA-
co-AA))

PEGylated  Poly[9,9-
bis(N-but-3’-ynyIN,N-
dimethylaminohexyl)-
fluorenyldivinylene-alt-
4,7-

(2 ’ B 1 ’ 33 ’ s
benzothiadiazole)
dibromide] (PFVBT)

with derivatives

1,4,7,10-
tetraazacyclododecane-
N,N’,N"" N""'-tetraacetic
acid (DOTA) as a
chelator +

the positron
emitter **Cu

J’_

GRGDS peptide

Lipid-polymer coating
(Egg PC and

1,2- distearoyl-sn-
glycero-3-
phosphoethanolamine-
N-carboxy-
(polyethyleneglycol)-
2000 (DSPE-PEG-
COOH))

Dexamethasone (DXM)
(encapsulated)

Doxorubicin (DOX)

*Radical Addition-
Fragmentation Transfer
(RAFT)

*Nanoprecipitation

*Modified
free emulsion

surfactant

DOX covalently
conjugated to PFVBT
by a thioketal linker.

Targeted
therapeutics

Dual-drug
delivery

for

chemotherapeutic

S

Tissue
engineering

and

cancer treatment

On-demand
photodynamic
therapy
chemotherapy

and

High cellular
internalization in
U8TMG human
glioblastoma

cells was achieved and
assessed at increasing
ratios of conjugated
RGD. Specificity
towards the tumour
integrin  oP3, was
confirmed in
comparison to integrins
of macrophages and

blood platelets.

Dual-drug loaded
nanoparticles showed
an enhanced
cytotoxicity against

MDA-MB-435  breast
cancer cells compared
to mixtures of the drug-
polymer conjugates.

Introduced DXM
loaded nanoparticles to
be used in the apoptosis
inhibition of human
tumour cells (HeLa)

Invitro cytotoxicity of
TCP-DOX NPs was
assessed in MDA-MB-
231 cells and indicated
negligible toxicity.

In vivo study on
blood retention,
liver, and spleen
accumulation of
64Cu-labeled
nanoparticles in
normal rats
showed
proportionality
between loadings
and effect on
blood retention

N/A

N/A

N/A

[266]

[295]

[155]

[296]
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Hyperbranched
polyprodrug
amphiphiles (hPAs)

Poly(lactic-co-glycolic
acid) PLGA NPs

PEG-ylated
poly[hexadecyl
cyanoacrylate-co-
methoxypoly(ethylene
glycol) cyanoacrylate]
(P(HDCA-co-
MePEGCA))

Gd Guanidine residues
(encapsulated)
Oligo(ethylene glycol)
monomethyl ether
methacrylate
(OEGMA) and
guanidinopropyl
methacrylamide

(GPMA) (OEGMA-co-
GPMA) (hPA-2)

Albumin (Al)
Rhodamine B label

Paclitaxel
(encapsulated)

Biotin treatment

Streptavidin FITC-anti-
ABia monoclonal
antibody,

Click  reaction of Drug  delivery,
alkynyl functionalized release, and
DOTA(Gd) complex tumour imaging
with  the azidation

product of h-P(CPTM-

co-GMA)-

bP(OEGMA-co-
GPMA) making the
covalently tethered Gd
complex.

RAFT
copolymerization
governed the synthesis
of hPA-2

Three methods of Al
attachment:
physisorption,
interfacial embedding,
and dopamine (pD)
polymerization
compared

Biotin/streptavidin
(Sav) ligation strategy
yielding extraordinarily
high non-covalent
affinity, as verified in
[298]

Drug delivery
into tumours with
controlled surface
interactions

Alzheimer’s
disease therapy

In-vitro cytotoxicity of
guanidine-

decorated hPA-2 was
evaluated using MTT
assay and showed an
activated drug release.

Improved transport, less

inflammation, greater
biodistribution and
higher tumour

accumulation (B16F10
tumor-bearing  mice)
were achieved with pD-
mediated functional Al-
NPs

N/A

In vivo blood
circulation of
hPA-2 and
guanidine-free
hPA-3 was
examined in
healthy rats,
exhibiting

comparable half-
lives and potent
uptake.

An in vivo study
using  C57BL/6
mice bearing
B16F10
melanoma
revealed a greater
accumulation of
pD-Al-
functionalized
NPs in tumours
with lesser
phagocytotic
interactions
compared to
NPxAl.
Significant
reduction in
soluble forms of
AP and memory
recovery in
transgenic  mice
with Alzheimer’s-
like disease

[267]

[297]

[299]
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Upconversion
nano-onions (UCNOs)
with stacked polymer
coating layers (UCNPs-
PEIRB-PEISeSe)

PLA-PEG with oily
core

Upconversion
nanoparticle
core
NaYF4:Yb/Ho/Nd@Na
YF4:Nd core

(UCNP)

siRNA, R8 peptide, and
hyaluronic acid (HA)

IR780
molecules fluorescent
dye

A middle silica shell

with the first
photosensitizer  (PS)
methylene blue (MB)
encapsulated,

an outside mesoporous
silica shell (MS) with

the second PS rose
39engal (RB),
anticancer drug

Residual —NH, group
on UCNPs-PEIRB-
PEISeSe surface and
carboxyl groups on
peptide R8 covalently
modified the
nanoparticle surface,

Negatively charged HA

linked to positively
charged siRNA-RS8-
modified NPs via

electrostatic interaction.

Covalent attachment via
one-pot copper-free
strain-promoted alkyne-
azide cycloaddition
(SPAAC) reaction with
IR-PLA conjugates

Physical non-covalent
attachment was
achieved by mixing
with water to obtain a
suspension of the dye
during the NP synthesis

Surface treated with
boronic acid (BA)
molecules,

Modified NH, groups
for positively charged
outmost MS shells,

Negatively charged RB
were attached onto
channel walls through
electrostatic attractions,

Precise
delivery

drug

and

tumour therapy.

Photosensitize

IS

for photodynamic

therapy.

Synergistic
chemotherapy
(Chemo)
photodynamic
therapy (PDT)

and

R8- and HA-mediated

recognition and
delivery specificity,
effectively  improved
the gene silencing

efficiency in vitro

In vitro release studies
and cell viability studies

with  the J774A.1
macrophage-like  cell
line  showed  that
covalently-linked IR
NPs were less
cytotoxic, better
maintained their dye in
biological

environments, and

resulted in less uptake
than physically attached
IR NP.

Antitumour efficiency
tests in HeLa model cell
confirmed  biological
safety of the
nanoparticles and their
synergistic chemo/PDT
ability killed almost all
the cancer cells.

Suppressed [300]
tumour growth in
vivo using HepG2
cell tumour-
bearing nude mice
by revealing
massive cell
shrinkage and
nuclei  absence
with NIR
irradiation.

N/A [268]

In vivo antitumor
efficiency tested
on mice bearing
HeLa

tumours indicated
that although the

[301]

PDT is more
efficient than
Chemo, when
Chemo and PDT
were

combined, tumour
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Zirconium dioxide
(ZrOy) with
Polydopamine (PDA)

Conjugated  polymer

nanoparticles (CPNs)

Poly(lactic-co-glycolic
acid) PLGA

doxorubicin
hydrochloride (DOX)
uploaded into channel
pores, and

Cyclodextrine
conjugated  on
nanoparticle surface

(CD)
the

Doping Mn?" ions,

Tween 20,

Drug doxorubicin
hydrochloride (DOX)
Therapeutic pDNA
(HSP70-pTRAIL-
EGFP),

W-7 molecule
(encapsulated)

EL4 T-cell plasma
membrane

DOX was loaded into
the  pores  through
physical diffusions.

CD molecules were
conjugated onto the
nanoparticle surface via
acid-labile linker
associating with pre-
anchored BA
molecules.

Mn?" directly chelated
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* . .
The nature of the surface interaction was not assessed.
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1.3.3.1. Targeted drug delivery

The engineering of effective surface-functionalized PNPs for targeted drug delivery thus takes
into consideration three key factors: the surface modification method, the compatibility of the
surface with the circulation environment, and the targeting ability of the functionalized particle.
Different surface modification methods have varying effects on the conformation of the surface
functionalizing agent and its interactions with diseased microenvironments. Hyun et al. compared
physisorption, interfacial embedding, and a novel method based on dopamine polymerization to
functionalize the surface of PLGA nanoparticles with albumin (Al) (Figure 10A) [297]. The
oxidative polymerization of dopamine into polydopamine (pD) binds the latter with amine- or
thiol-surface groups to form functional coatings [306]. Dopamine polymerization-mediated
albumin conjugation, pD-Al, results in the preservation of the protein conformation as opposed to
interfacial embedding, which changes the folded structure of the albumin during surface
modification. Moreover, the pD-Al surface layer facilitated nanoparticle transport and interaction
with cancer cells via albumin-binding proteins gp60 and SPARC. On the other hand, denatured
albumin promoted MPS uptake due to direct and indirect interactions with “J774A.1”
macrophages assessed as a phagocytic cell model [297]. In addition to contributing a thin
biocompatible layer, the dopamine self-polymerization method introduces a high ligand
anchoring ability on the particle membrane [307]. Folate, chitosan and peptides are examples of
molecules that have been immobilized onto the membranes of PNPs using polydopamine-based
conjugation for the development of targeting nano drug carriers [308-310]. However, several risks
emerged from pD-based surface functionalization, including shifting the optical properties of the
carrier nanoparticles and jeopardizing the stability of the polymer or drug due to the alkaline
condition essential for polymerization [311]. As a result, tannic acid (TA) has been identified as
an alternate surface modifier composed of plant-derived polyphenolic compounds [312, 313].
These polyphenols deposit reactive layers on surfaces of polymeric particles in the form of
oligomers and accommodate thiol- or amine-terminal groups. The interactions of TA- surface
functionalized PLGA NPs with target cells have been characterized after different molecules, such
as fluoresceinamine (fla), folate-conjugated and amine-terminated PEG (pFol), albumin, or low
molecular weight chitosan (LMWC) were bound to the TA coating [314]. Moreover, (hetero)
aromatic drugs doxorubicin (Dox), proflavine (Pfv), and rhodamine B (RhoB) were loaded to the
surface of PLGA-TA and displayed a high affinity to the surface modifier. The drug loading
efficiency registered a linear increase with Dox and Pfv but saturated at an upper limit with RhoB
(Figure 10B). This difference was attributed to the primary amine groups found in Dox and Pfv
that can be covalently conjugated to the TA coating but are missing from RhoB linkages. Upon
the successful loading of drugs onto the surface of the PNPs, an important step remains to ensure
the biocompatibility of the functional particle within its circulating medium.

The hydrophilicity of surface-modified particles is critically important because it complements
their targeting ability and site specificity, defining their performance as targeting agents. During
their circulation in the body, PNPs modified with hydrophilic surfaces can evade uptake by the
rectoendothelial system [315], prolong blood circulation half-life [316], and reach the target
organs or cells [49, 317]. Adding hydrophilic spacers to a surface introduces steric effects of
surface shielding and prevents biomolecular compounds from distorting the surface and degrading
its performance, which is particularly important in in-vivo targeting applications [192, 318]. For
colorectal cancer therapy, as an example, a biodegradable chitosan layer is engineered to enhance
the biodegradability and biocompatibility of polymeric drug-loaded nanoparticles [92, 319, 320].
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Figure 10. (A) A schematic drawing of the three methods used to conjugate albumin (Al) to PLGA
nanoparticles with and without polydopamine pD. Reprinted from [297], Copyright (2018), with
permission from Elsevier. (B) Functionalization of NP-TA with Dox, Pfv, and RhoB and calculations of

43



the amount of each compound using their supernatants. Reprinted (adapted) with permission from [314]
Copyright 2016 American Chemical Society. (C) (Left) Diagram illustrating the process of nanoparticle
functionalization using M2pep to enhance uptake by tumour-associated macrophages. (Right) In vivo
evaluation of free PLX3397 drug, PLX3397-loaded nanoparticles coated with M2pep (PLX3397@NP-
pTA-M2pep), and PLX3397-loaded nanoparticles coated with a different material (PLX3397@NP-pTA-
Al) in C57BL/6 mice with subcutaneous B16F 10 tumours, demonstrated by monitoring changes in tumour
volume recorded every other day. Reprinted with permission from [43]. (D) Schematic drawing of the
process of synthesis and application of folate-conjugated gold—photoactive polymer nanoparticles. Upon
surface functionalization with folic acid, the particles demonstrate strong capabilities in the
photogeneration of reactive oxygen species and targeted photothermal therapy of C6 glioma brain cancer
cells. Reprinted (adapted) with permission from [321]. Copyright 2018 American Chemical Society.

Electrostatic adsorption on the surface of negatively charged particles allows for the development
of a coating chitosan layer due to its cationic charge [322]. For example, the in vitro anticancer
activity of Imatinib (IMT)-loaded PNPs was sustained due to the presence of a chitosan corona
on the nanoparticle surface [319]. The chitosan protected red blood cells from destruction
expected by the IMT, caused higher and controlled cytotoxicity against CT26 colon carcinoma
cell lines, and maintained physical stability with minor variations after six months. In addition,
significant inhibition of colon cancer cells (HT-29) has been demonstrated for chitosan-coated
DTX and 5-FU drug-loaded PLGA nanoparticles compared to uncoated nanoparticles in [320]
and [92], respectively.

1.3.3.2. Cancer therapy

For site-specific or targeted delivery to malignant tumour cells, surface-modifying molecules are
elected to guide the nanoparticles to the desired site. Ligands with a high affinity for elements
within the tumour microenvironment, such as pH fluctuations and overexpressed proteins,
enhance binding efficiency to target receptors and amplify drug activity at the tumour site.
Tumour-associated macrophages (TAMs), for example, play a pivotal role by activating
signalling pathways that promote the proliferation of cancer stem cells. Consequently, TAMs have
emerged as attractive targets for potential cancer therapies [323]. As such, PLGA nanoparticles
were surface-modified with a tannic acid-iron complex before coating with M2pep, a peptide
ligand that selectively binds to M2-polarized macrophages [43]. M2pep-coated nanoparticles
showed high localization of CD206" macrophages in mice B16F10 melanoma models, compared
to uncoated nanoparticles. PLX3397, a colony-stimulating factor inhibitor [324], was then
encapsulated in M2pep-coated nanoparticles and attenuated tumour growth better than the free
drug counterpart and Albumin-coated nanoparticles (Figure 10C).

Another promising targeting agent applied in this domain is folic acid (FA) due to the
overexpression of folate-receptor binding sites on the surface of cancerous cell line tissues [325].
Photo-responsive gold-immobilized acrylic polymer nanoparticles (PGPNPs) were surface-
modified with folic acid through L-cysteine linkages to function as site-specific tumour-targeting
agents that enhance intracellular uptake via endocytosis (Figure 10D) [321]. The FA-conjugated
PGPNPs improved targeting efficiency in rat brain C6 glioma cancer cell line by a factor of ~2.5
compared to the nonconjugated nanoparticles. This assembly consisting of a functional molecule
as a targeting element, a PNP as a stealthy carrier, and a drug as a therapeutic element has been
explored for treating respiratory infections, ovarian cancer, Alzheimer’s disease and more [326-
331]. This progress has paved the way for combining further diagnostic moieties to achieve dual
targeting, image-guided therapy, and a diversity of novel multifunctional disease theranostic
agents [27, 332-334].
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In conclusion, developing surface-functionalized PNPs for targeted drug delivery represents a
promising avenue in nanomedicine. Overcoming challenges related to nonspecific interactions in
biological fluids and evasion of the mononuclear phagocyte system (MPS) is crucial for effective
drug transport. Surface modification methods, such as dopamine polymerization and tannic acid-
based coating, offer diverse approaches to functionalize nanoparticles while preserving their
biocompatibility. Hydrophilic surface modifications enhance nanoparticle circulation, prolonging
their half-life and improving targeting specificity. The choice of targeting ligands, like M2pep
and folic acid, enables precise delivery to tumour sites, enhancing drug efficacy. The ongoing
exploration of multifunctional nanoparticles holds excellent potential for future theranostic
applications in various disease treatments, further advancing the field of nanomedicine.

1.4. Future directions

Although there has been significant progress in surface biofunctionalized PNPs for diagnostics
and therapeutic applications, progress toward their clinical translation remains limited.

Among all the nanomedicines accessible in the market or in various stages of clinical translations
in June 2021, only %10 were polymer-based [335]. Reasons for this shortage of translation into
biomedical modalities likely stem from the complexities of entities beyond cells. A considerable
portion of the PNPs for diagnostics and drug delivery applications have been largely evaluated in
vitro and have yet to simulate the physiological surroundings where the nanoparticles are to be
tested. Despite our evolving understanding of in vivo environments, precise interactions between
nanoparticle surfaces and biological media are yet to be investigated. Moreover, subsequent
immune responses vary across species, adding to the challenge of establishing replicable in vivo
assays for clinical translation.

Although the tunability of surface functionalization techniques has presented a notable step
towards solving some of these challenges, there exists a deficit in scaling-up technologies for the
fabrication of functionalized PNPs in large quantities. Factors such as scale-up strategies,
reproducible manufacturing, and the progression towards industrial partnerships and
commercialization are also in shortage.

Fortunately, promising medical procedures are currently being explored as alternatives to animal
models, including stem cell research, microfluidics, and organ-on-a-chip technologies. As of
January 2023, the U.S. Food and Drug Administration FDA no longer requires animal testing for
new drugs, paving the road to accelerated advancements in these technologies, which are still in
their early stages.

Further prospects for innovation exist in developing new technologies for the biofunctionalization
of nanoparticles as diagnostics and drug delivery systems with greater precision. Such advances
can bring the field closer to a multifunctional platform that will compete with the implementation
of individual counterparts. Two notable examples of such technologies gaining significant
attention are plasma polymerization and the plasma treatment of nanoparticles. These methods
are receiving considerable interest for multifaceted biomaterial applications due to their scalability
and versatility [100, 110, 123, 124, 336, 337]. The growing research in plasma polymerized
nanoparticles is projected to have pivotal implications in diagnostic and therapeutic applications.
Their solvent-free fabrication using small amounts of gases and rapid polymerization rates as well
as their biofunctionalization via reagent-free single-step incubations, promise large-scale
industrial production, a feature critical for their efficient clinical translation. In addition,
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improvements in the synthesis and control techniques of biomolecules present new pathways for
the customization and optimization of multifunctional biomolecules that can mimic natural tissue
and cellular mechanisms [338]. One new avenue to improve biofunctionalization methods is
controlling the orientation of the biomolecule to achieve the precise arrangement for it to interact
with desired entities [339].

1.5. Conclusions

As the field of nanotechnology develops in the face of grand challenges, nanoparticles continue
to present tremendous potential for achieving the global goal of “good health and well-being” by
2030. Their design as conjugated carrier systems can fundamentally change how medical
diagnostics are achieved, treatments processed, and therapeutics delivered compared to their free
counterparts. Polymer nanoparticles, in particular, offer the advantages of circumnavigating
biological barriers due to their biocompatibility and biodegradability.

The surface bio-engineering of PNPs via integrating bioactive elements allows for a higher degree
of control over their interactions at diseased cellular sites, an aspect critical for clinical translation.
The recent advances in the surface functionalization of PNPs for biosensing, bioimaging, drug
delivery and targeted therapeutics applications were discussed. The physical, wet chemical, or dry
chemical surface functionalization mechanisms were evaluated relative to each application, where
demonstrated in the literature, and remarked where further assessment was necessary.

An array of hydrophilic polymer coatings, biosensing agents, bioimaging probes, targeting
therapeutic molecules, and combinations of these were demonstrated, elaborating on the
electrostatic, physisorbed, ionic, or chemical interactions governing their immobilization to PNPs.
Covalent and non-covalent bonds responsible for their functionalities were compared, with a focus
on both direct and linker-mediated immobilization and highlighting the advantages and
disadvantages of these approaches. The significance of covalent bonds in increasing the
specificity of the functionalized PNP was emphasized in sensing pH variations, reactive oxygen
species (ROS), and biothreat agents (viruses, bacteria, toxins, etc.).

Similarly, the review of the immobilization methods in computed tomography, magnetic
resonance, and optical imaging showed that covalent linkages circumvent the deterioration of
fluorescent and contrast agents upon incorporation with cellular environments. Nonetheless, the
importance of physisorption for surface attachments became evident in the delivery and
therapeutical role of bioconjugates that necessitate their controlled release upon contact with
targeted cells. In vitro and in vivo applications were summarized, and their innovative
contributions to advancing the field of biomedicine were highlighted over the past two decades.
Although there remain numerous unexplored avenues for further growth of the existing
approaches, surface functionalization of PNPs has demonstrated promising potential in improving
the field of nanomedicine. Compared to the conventional free agents, tuneable PNP-based
imaging, targeted drug delivery, and therapeutics can, therefore, become an excellent
multifunctional tool for designing diagnostics and treatment strategies against diseases.
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Chapter 2. General Methodology

This chapter provides an overview of the materials and methods used in different sections of the
thesis. The specific methodologies relevant to each chapter are described within their own

sections.
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2.1. Materials

High purity argon (99.99%), nitrogen (99.99%), and acetylene (98%) gases used in the plasma
process were supplied from BOC Australia. Fluorescein isothiocyanate (FITC), Nile Blue A (NB),
and all other buffer reagents such as Sodium Dodecyl Sulfate (SDS) and Phosphate-Buffered Saline
(PBS) were purchased from Sigma Aldrich and used without further processing, unless stated
otherwise. Costar or Falcon (Sigma Aldrich) 24-well cell culture collector plates were used in the
particle collection and suspension process.

2.2. Plasma polymerization of nanoparticles

Plasma polymerization of nanoparticles was conducted inside a custom-built cylindrical stainless-
steel chamber that was previously designed and used for deposition of plasma-activated coatings
[113, 340, 341]. The top electrode was powered at 100 W by an RF (13.56 MHz) ENI generator
(OEM-6AM-1) and a matching network (RFPP AM-5) (Figure 11). A commercial polystyrene 24
well cell culture plate was placed on a substrate holder located 8 cm below the RF electrode to collect
PPNs. For every experiment, the chamber was first pumped down to a base pressure of below 5 X
107 Torr using a dual dry vacuum pumping system. A combination of argon, nitrogen and acetylene
gases (BOC Australia) was introduced at constant mass flow rates of 3, 10 and 6 standard cubic
centimetres per minute (sccm), respectively, through a perforated ring to provide an axisymmetric
gas distribution from the top of the chamber. The pressure, temperature, mass and volumetric flow
rate of each gas were monitored and injected by a mass flow controller (Allicat Scientific) controlled
by Flow Vision software. A starting pressure of 150 mTorr was achieved by fine-tuning an inline
valve placed in between the vacuum system and the chamber, modulating the pumping speed and
hence the pressure and residence time of the species within the chamber. A plasma discharge was
then generated by coupling the RF power generator to the top electrode using an automated
impedance matching box to minimize reflected power.

Gasinlet

~ Ceramic insulators
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|| RF electrode
Window port
Matching
B Well-plate collect: network
> £Th T ell-plate collector
Acetylene | Nitrogen H Argon ‘
RF generator
Substrate holder

To vacuum system
Pressure gauge

Manual
control valve

Figure 11. Schematic drawing of the plasma reactor connected to an RF generator and matching network
with a well plate placed on the substrate holder for the collection of plasma polymerized nanoparticles.

2.3. Optical Emission Spectroscopy (OES)
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During the nanoparticle synthesis process, non-invasive, in situ Optical Emission Spectroscopy
(OES) was employed to monitor the polymerization and the excited species within the plasma phase.
An optical fiber, positioned perpendicularly to one of the chamber windows, captured the emitted
radiation from excited atoms and molecules. This was achieved using an Acton SpectraPro 2750
spectrometer from Princeton Instruments, equipped with a grating of 1,200 grooves per mm, and
connected to an intensified charge-coupled device (Princeton PI-MAX ICCD) for spectral
acquisition. The spectrometer, set with an exposure time of 100 pus and an intensifier gain of 250 in
Shutter Mode, allowed for the capturing of emission spectra with a resolution of 0.03 nm. To enhance
the signal-to-noise ratio, 2000 consecutive acquisitions were averaged, and the temporal evolution
of the excited species was tracked. The emission intensities across specific wavelengths were
recorded and displayed on a computer screen using Winspec-32 software, facilitating the analysis of
well-defined central wavelengths and their corresponding emission intensities throughout the
polymerization process.

2.4. Hydrodynamic size and zeta potential measurements

The zeta potential and hydrodynamic size of the nanoparticles were measured using a Malvern
Analytical NanoZS zetasizer. The temperature was set to 25 °C with 60 seconds cell equilibration
time. After collection, the nanoparticles were suspended into polystyrene vials and resuspended into
disposable folded capillary cells (Malvern, DTS1070) under sterile conditions using 1 mL syringes.
Unless otherwise specified, all measurements were performed in de-ionized MilliQ® water, with a
pH value of approximately 5.5, as confirmed by a pH meter.

2.5. Attenuated Total Reflection — Fourier Transform Infrared Spectroscopy
(ATR-FTIR)

The study of functional groups was conducted using a Bruker ALPHA portable FTIR system (Bruker
Optik GmbH, Germany) equipped with a platinum attenuated total reflection (ATR) single reflection
diamond attachment. Background scans were performed before each sample scan. All background
and sample spectra were collected with a resolution of 4 cm™!, spanning the spectral range from 400
to 4000 cm™ with an average of 128 scans. Subsequently, all FTIR spectra were subjected to
processing and baseline correction using OPUS 8.7 software (Bruker Optik GmbH, Germany).
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Chapter 3. Optimized yield of surface-active plasma-polymerized
nanoparticles for multifunctional diagnostic, targeting, and
therapeutic probes

This chapter aimed to present a novel strategy to enhance particle collection yields for the synthesis
and functionalization of polymeric nanoparticles using plasma polymerization. It highlights the
significance of this advancement as a simplified, dry process over conventional wet-chemical
methods, and identifies areas for future research in optimizing and applying these biofunctional
nanoparticles for diagnostics and therapeutics.

Chapter 3 is adapted from a manuscript which has been published in ACS Applied Nano Materials
entitled: “Surface-active plasma-polymerized nanoparticles for multifunctional diagnostic,
targeting, and therapeutic probes”. DOI: https.//doi.org/10.1021/acsanm.2c03213.
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3.1. Introduction

Polymeric nanoparticles have become increasingly popular for a broad range of modern and
emerging applications from organic optoelectronics [342, 343] to environmental remediation [344,
345] and biomedicine [346]. For example, their adjustable electronic structures have made them
suitable candidates for implementation in organic devices such as highly selective nano-sensors [347]
and hybrid imaging scanners [348]. Polymeric particles can also be engineered to attain hydrophobic
surfaces that achieve cross-linking in water and promote high affinity to contaminants in soil [129].
Biomedicine is another important growing area of application spanning theranostics [349], imaging
[59], sensing [350] and degenerative disease amelioration such as retrieving vision impaired by
retinal dystrophy [351]. Their high surface-area-to-volume ratio has also given rise to their role as
particulate carriers for drug delivery [352] and cancer treatments [297, 353].

Polymeric nanoparticles can either be prepared from natural polymers such as albumin, chitosan and
gelatin [354], or assembled from synthetic polymers such as polylactic acid (PLA) and poly(lactic-
co-glycolic) acid (PLGA) [355]. Synthetic polymeric nanoparticles are typically prepared either by
dispersion of preformed polymers into a specific shape using techniques such as nano-precipitation
[356] and emulsification [357]; or by the direct polymerization of monomers into nanoparticles
[358]. The physicochemical characteristics of the nanoparticles are influenced by the preparation
method, leading to structures such as nanospheres, nanocapsules, or polymersomes [94]. Both
dispersion-based and direct polymerisation processes rely on time-consuming chemical syntheses
and multi-step protocols with complicated techniques common to all wet-chemistry approaches [94].
Dry, physical methods for material synthesis at the nanoscale are thus extensively sought to produce
polymeric nanoparticles with tailored physical and chemical properties devoid of these fabrication
complications.

Plasma polymerization has recently emerged as a novel, green alternative to traditional wet-
chemistry methods to create nanoparticles [123, 359]. Plasma, commonly referred to as the fourth
state of matter, is a gaseous mixture of charged particles, electrons and neutral atoms with an overall
neutral charge. The plasma polymerization process takes place by generating a glow discharge using
an organic precursor gas such as acetylene [125] or monomer vapours such as allylamine [126],
acrylic acid [112], thiophene[132] or octadiene [130]. Plasma polymerization has conventionally
been used for the deposition of thin films for applications ranging from bio-functional materials [113,
360] to water purifying agents [129, 131]. Plasma polymers (PP) in the form of nanoparticles,
however, can also be produced by careful choice of the operational parameters, including the
precursor gas pressure inside the reaction chamber and plasma input power [361]. For example, in a
capacitively coupled radio frequency discharge of ethylene, low gas pressures and high power-to-
gas flow rate ratios favour the formation of highly amorphous and relatively dense polymeric
powders [362]. Whilst plasma polymerized nanoparticles (PPNs) were initially considered as
undesirable by-products which reduce the quality of PP films, they hold an unprecedented potential
to solve a wide range of challenges in the fields mentioned above.

We have recently shown that plasma polymerized nanoparticles synthesized from precursor gas
mixtures of acetylene, argon and nitrogen are excellent platforms for simple, reagent-free, and one-
step immobilisation of multifunctional cargo [123]. Argon's metastable excited states add crucial
energy to the plasma discharge, aiding in breaking up monomers, generating radicals, and enhancing
surface reactivity, while its inertness ensures stability and facilitates plasma discharge. The tunability
of the plasma polymerization process enables precise modulation of the surface properties of the
nanoparticles such as chemistry, charge, and hydrophobicity. The adjustable, pH-dependent surface
charge of these nanoparticles permits control of the density and orientation of surface-attached
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biomolecules by modifying the electrostatic interactions in the immobilization solution, as we have
recently shown for radical-rich plasma polymers in the form of coatings [339].

The controlled synthesis of PPNs offers a technology platform that can provide fully organic
nanoparticles with tuneable surface functional groups, suitable for a wide range of biomedical
applications. One example is the work of Pleskunov et al. that showed the efficacy of the plasma
polymerization process in the production of polymeric nanoparticles from acrylic acid precursor
monomers[122]. The particles synthesized with functionalized coatings are particularly attractive for
stable aqueous dispersions aimed at overcoming the major concern of acidification and its damaging
effects on cells, as well as supporting biomolecular immobilization. Despite the versatility and
potential applications of PPNs, a critical challenge that can limit their scaled-up application is to
effectively collect them within low-pressure plasma polymerization chambers and minimize their
loss into vacuum systems.

Plasma dust, or particles suspended in a plasma, have been typically collected in vacuum chambers
either from the plasma volume [363] or after their deposition on a solid surface [364]. The collection
relies on dragging the particles out of the plasma discharge towards the targeted boundaries of the
deposition chamber by manipulating the forces acting on them [365]. During their growth process,
nanoparticles in a plasma are generally subjected to an electrostatic force due to their negative charge
as well as gravitational, thermophoretic, neutral drag, and ion drag forces [366]. When the dominant
electrostatic force is overcome by oppositely directed forces, the equilibrium that suspends the
particles in the discharge is broken and the particles drift out of the plasma allowing their collection.
Hence, particle extraction and trapping strategies require external manipulation of electric fields
[367, 368], temperature gradients [369], or neutral drag forces. For example, the sudden application
of a pressure gradient to a dusty Ar/C2Hz plasma was used as a strategy to collect the nanoparticles
formed [370]. However, such collection methods usually entail design complexity, require specific
fittings such as high-cost vacuum feedthroughs, and result in the unsought modification of
nanoparticles, making them unsuitable for the intended subsequent use, particularly for biomedical
applications.

Here, we present a facile strategy to dramatically increase the collection of PPNs without the
limitations of traditional collection methods and with minimal particle loss. We show that by simply
delaying the inflow of the hydrocarbon gas (in this case acetylene) into an argon and nitrogen plasma
discharge, the collection yield of PPNs arriving on a cell culture well plate increases dramatically
compared to the usual protocol where all gasses are injected together before the application of the
power that creates the plasma. We shed light on the mechanisms governing this discovery using a
combination of plasma diagnostics and finite element simulations. We characterized the morphology
and surface properties of the particles to ensure their desired physical and chemical properties
remained unchanged. We also show the facile conjugation of fluorescent proteins in a single, reagent-
free step that preserves their function upon attachment to the nanoparticles. Further, the potential
cytocompatibility of the nanoparticles was evaluated in vitro via lactate dehydrogenase (LDH), cell
proliferation and morphology. The non-invasive strategy, requiring no further equipment, introduced
in this paper allows for an enhanced collection of PPNs with important implications for the high
throughput commercial production of biofunctional nanoparticles.

3.2. Materials and methods

3.2.1. Plasma polymerization strategies
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PPNs were synthesized in a stainless-steel chamber as explained in Section 2.2 and depicted in Figure
11. The production of the PPNs was carried out using one of two strategies: simultaneous or delayed
inflow of acetylene. In the case of the simultaneous inflow protocol, argon, nitrogen and acetylene
gases were pumped into the chamber and the starting pressure was achieved. A plasma discharge
was then maintained after reaching an equilibrium state for a polymerization duration of 5 minutes.
For the delayed inflow of acetylene, we initially introduced only argon and nitrogen gases into the
chamber at the base pressure. After reaching the starting pressure, the discharge was ignited for 90
seconds before acetylene gas was introduced into the reactor. This delay ensured a sufficient time
window for the argon/nitrogen plasma to reach an equilibrium state and the acetylene inflow to the
chamber to be manually initiated. The plasma discharge of the three gases was then maintained for
5 more minutes. An RF input power of 100 W was used for the plasma polymerization of all samples.
Compared to our previous works [123,363], in this work, we introduced an oxygen cleaning protocol
between runs to ensure the starting conditions were reproducible. The oxygen cleaning process
carried out between polymerisation runs used a flow of 50 sccm oxygen, a starting pressure of 150
mTorr and an RF input power of 100 W for 30 minutes.

3.2.2. Hydrodynamic size and pH-dependent zeta potential measurements

The size and zeta potential measurements were taken by suspending PPNs in pH buffer solutions
prepared using buffers of acids/bases at 5 mM with ionic strength IS = 10 mM and titrations to adjust
to the required pH. The specifications of each buffer solution are documented below in Table . For
each solution, the primary buffer mass was dissolved in approximately 900 ml of pure water. NaCl
salt was added to the solution, followed by titration to the desired pH at 25 °C using a monovalent
strong acid or base. The solution was then diluted to a final volume of 1000 ml with pure water.
Absorbance at 405 nm excitation light was measured using a ELx800 Biotek plate reader, yielding a
value of 0.5 £ 0.05 with Milli-Q water as the control. The nanoparticles were then transferred to
disposable folded capillary cells under sterile conditions using 1 mL syringes.

Zeta potential values were obtained from at least three measurements with every pH solution,
whereby the nanoparticles were collected from each of three independent runs following each
protocol. The averaged values were reported as the zeta potential for a specific pH, with standard
deviations on the zeta potential and pH values accounting for the error bars. The hydrodynamic size
measurements were conducted on nanoparticles resuspended as above, except in Milli-Q water at pH
5 and the average of three measurements was obtained from at least three independent runs.

Table 4. Composition of pH buffers with corresponding buffer type, buffer mass, and salt mass. Mr: molecular
weight.

pH  Buffer Buffer mass (q) Salt mass (g)
2 Phosphoric acid (Mr = 98) 0.49 0.456

3 Citric acid, monohydrate (Mr = 210.1) 1.05 0. 454

4 Acetic acid (Mr = 60.05) 0.3 0.538

5 Acetic acid (Mr = 60.05) 0.3 0.392

6 MES free acid (Mr = 195.2) 0.976 0.466

7 NaH2PO4 (Mr = 120) 0.6 0.021

9 Tris base (Mr = 121.14) 0.605 0.552

10 CAPS free acid (Mr = 221.3) 1.106 0.51

11 Methylamine (Mr = 31.1) 0.156 0.2
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3.2.3. X-ray photoelectron spectroscopy (XPS)

The surface chemical composition of the PPNs was investigated by XPS using a SPECS FlexMod
spectrometer. For these measurements, silicon wafers (8 x 8 mm) were washed with ethanol and
acetone and placed in wells of the collector plate prior to the polymerization process. The
nanoparticle samples collected on the wafers were then mounted on the XPS sample holder using
conductive carbon tape. The instrument was equipped with a monochromatic X-ray source (Al Ka,
hv =1486.7 eV) operating at 10 kV, 20 mA. Survey spectra of the samples were acquired at a fixed
take-off angle of 90°, and the measurements were conducted at base pressures below 5.0 x 10~ mbar.
Survey spectra were used for elemental composition calculations, which were conducted using
Avantage software (version 5.9902). The emitted photoelectrons were detected by a multi-channel
electron detector MCD9 at a pass energy of 30 eV and a resolution of 0.5 eV, while the high-
resolution C 1s spectra were recorded at a pass energy of 50 eV and a resolution of 0.1 eV. The
spectra were charge-corrected with reference to the binding energy of aliphatic carbon (284.6 eV).
The electron energy was analysed using a hemispherical analyzer (PHOIBOS 150) and the C 1s
higher resolution spectra were curve fitted using a Voigt function, a convolution of a Gaussian
function (WG for FWHM) and a Lorentzian function using OriginLab 2021.

3.2.4. Transmission Electron Microscopy

The Transmission Electron Microscopy (TEM) of the PPNs was conducted with a 200 kV JEOL-
2100 to investigate the size, morphology and structural evolution of the nanoparticles synthesized
under different conditions. For the TEM specimen preparation, the PPNs were scraped off from the
well wall with a tweezer onto a 3 x 3 mm copper grid (covered with a carbon lacy support film). The
bright-field TEM images of the PPNs were taken from the film areas where the particles were loosely
distributed.

3.2.5. Measurement of particle collection yield

To measure the yield, we suspended the nanoparticles into MilliQ water. The absorbance was
measured in a Biotek ELx800 microplate reader with a wavelength of 450 nm. The samples were
subject to laser light scattering (NanoSight NS300). For each measurement, samples were injected
into the system at a constant flow rate and temperature (25 °C). The video tracking and analysis
software (NanoSight NTA 3.0) was used to visualize the PPNs and obtain concentration distribution
curves from the statistical analysis of three independent measurements. The average concentration
was hence used to obtain a calibration curve of the absorbance as a function of the concentration of
the PPNs. This curve was then referred to in subsequent experiments to convert a measurement of
the particles’ absorbance into the concentration (particles/mL) in the well. Normalizing the number
of particles found by the total projected surface area gave the total yield per unit collection area of
the well plates.

3.2.6. rGFP Conjugation and flow nanometry measurements

Various masses of recombinant Green Fluorescent Protein (rGFP, Roche, Truganina, Victoria) were
resuspended in 100 L MilliQ double distilled water and incubated at room temperature with 100,000
PPN in a 1.5 mL microcentrifuge tube for 30 minutes. PPNs were washed with 1 mL MilliQ double
distilled water and centrifuged at 13,200 rpm in a benchtop centrifuge. The supernatant was removed
and the pelleted PPNs were resuspended in 200 x«L of buffer containing PBS and 0.1% (w/v) bovine
serum albumin. Resuspended PPN were added to flow cytometry tubes and flow nanometry was
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performed using a Beckman Coulter Gallios cytometer. Machine settings were altered to decrease
the size threshold allowing for detection of the PPN. The fluorescent signal from rGFP immobilised
on PPN was detected in fluorescent channel 1 (FL1). Data was analysed using the FlowJo software
package (Treestar, Ashland, OR, USA).

3.2.7. Cytotoxicity assay

Human dermal fibroblasts (GM3348) were seeded at 2 x 10? cells per well of a 96 well plate (Greiner
bio-one) 24 hours prior to nanoparticle exposure, in 100 uL DMEM with 10% fetal bovine serum
(FBS). Nanoparticles fabricated using both the simultaneous and delayed strategies were suspended
in sterile PBS and adjusted to a concentration of 4 x 10'° nanoparticles/mL. The nanoparticle
suspensions were exposed to UV in a Class II biosafety cabinet for 30 minutes immediately prior to
use. Nanoparticle solutions were serially diluted 1 in 100 to produce 5x stock concentrations ranging
from 4 x 10° - 4 x 10'° nanoparticles/mL. Immediately prior to inoculation of the cells with
nanoparticles, 50 uL of media was removed from each well and replaced with 50 uL. of media with
15% FBS. Nanoparticles were added in triplicate for each concentration, 25 uL per well, with control
wells receiving 25 uL of PBS or all media being replaced with 1% FBS in DMEM for proliferation
negative controls only. The final concentrations were 1 x 10%, 1 x 107, 1 x 10°, 1 x 10* and 1 x 10!
nanoparticles per well. All assays were run at 3 and 7 days post-inoculation with nanoparticles.
Cytotoxicity was assessed using 50 uL of media from each well with the Cyquant LDH assay
(ThermoFisher Scientific) as per kit instructions. Absorbance was measured on a
UV/VIS/Fluorescence plate reader (Tecan, Infinite M1000) at 490 nm with background reference at
680 nm. In addition, the Cyquant proliferation assay (ThermoFisher Scientific) was used to
determine if the nanoparticles inhibited proliferation as per the manufacturer's instructions for
adherent cells and fluorescence intensity was measured with excitation at 485 nm and emission at
530 nm. Lastly, the cells used for the LDH assay were fixed with 4% neutral buffered formaldehyde
for 10 minutes at room temperature. Fixed cells were rinsed twice with PBS and stained with
ActinRed and NucBlue (Invitrogen) for 15 minutes at room temperature. Cell morphology was
visually assessed at 3 and 7 days for any notable differences in cell morphology and nuclei size.

3.2.8. Statistical analysis

The data is expressed as mean + standard deviation, unless otherwise specified, and analyzed with
OriginLab software (version 2021b) or Excel. Differences between the particles produced by the
Simultaneous and Delayed strategies were analyzed using a two-sample Student’s t-test assuming
equal variance to calculate statistical significance. Statistical analysis of the cell culture data was
conducted in Prism (version 9.3, Graphpad) using 2-way ANOV A with a Dunnett post-hoc test, with
all comparisons relative to either 3 or 7-day positive controls. Statistical significance is indicated in
figures as *P < 0.05, ** P <0.01, *** P <0.001, and highly significant if **** P <(.0001.

3.2.9. Computational modelling procedures
3.2.9.1. Computational fluid dynamics modelling of reactor flow field

A numerical model of the fluid flow in the plasma reactor was built to better understand the
hydrodynamic forces acting on the nanoparticles during their growth and deposition phases at
different operating (particle formation) pressures. Given the low-pressure regime, the Knudsen
number was calculated using Eq. 1 to assess the flow rarefaction regime [371]. Here A is the mean
free path of the gas molecules, ks is Boltzmann’s constant, 7 is the gas temperature (assumed to be
300 K in a non-thermal ccrf plasma), d is the kinetic diameter of the gas molecule (in this case 340
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pm for argon [372]), p is the gas pressure (81 mTorr), and L is the characteristic length of the system
(RF electrode-lid spacing, 89 mm). The mean free path and Knudsen number were found to be 601
um and 0.007, respectively, confirming the continuum flow regime for the bulk fluid flow.

A kpT
Kn=7,= ﬁnzsz (Eq.1)

The Ar/N2/C2Hz gas mixture was modelled as steady-state, laminar, fully compressible flow using
the continuity and Navier-Stokes equations (Eq. 2 and Eq 3) [373]. Here p is the fluid pressure, p is
the fluid density, u is the fluid velocity, u is the dynamic viscosity, and 7 is the identitiy matrix. The
simulations were carried out in COMSOL Multiphysics 5.5 using a 2D axisymmetric computational
domain. The reactor geometry consisted of a 105 mm chamber radius, 350 mm chamber height, 62.5
mm RF electrode radius, 15 mm RF electrode thickness, 80 mm substrate holder radius, and 3 mm
substrate holder thickness. The RF electrode was located 89 mm below the lid of the reactor, and the
substrate holder 97 mm below the RF electrode.

V-(pu) =0 (Eq.2)
pQu V) = ~Vp + V- (u(Var + (Va)") = S (V- w)]) (Eq.3)

The fourteen 1 mm diameter inlet orifices in the gas shower of the reactor were represented
numerically as a single 1 mm slit annulus located 16 mm below the reactor lid adjacent to the wall.
A normal mass flow boundary condition was applied here as per Eq. 4, where r is the radius at the
inlet position and m is the prescribed mass flow rate calculated using a weighted average density and
viscosity of each component gas.

— [,op(u-m)2nr dS =m (Eq.4)

The outlet boundary condition was set as a constant gauge pressure of 0 Pa and all remaining walls
were set as no-slip boundaries (u = 0). The model was run with a chamber operating pressure of 81
mTorr and 132 mTorr, the values to which the pressure equilibrates while the discharge is running
in the simultaneous and delayed nanoparticle production strategies, respectively. The well-plate was
not included in the modelling for simplicity. A sample modelling result overlayed onto the
geometrical sketch of the chamber can be seen in Figure 12 below.

R

Ceramic insulators <

Gasinlet <.

Rfelectrode <

Substrate holder “

Gasoutlet <«

Figure 12. A sample modelling output overlayed onto the geometrical sketch of the chamber specifying the
gas inlet, outlet, and electrodes.
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3.2.9.2. Force balance on nanoparticles during growth and deposition

The gravitational (F), electrostatic (F,), and ion drag (F;) forces acting on the nanoparticles
throughout the reactor were estimated to understand the overall net force (F ) acting on them at any
given point in the reactor (Fy = Fg+ F, + F;). This was used to qualitatively inform the
interpretation of observed particle deposition patterns in the reactor, assuming the thermophoretic
force is similar in the delayed and simultaneous cases.

The gravitational force is given by Eq. 5, and is effectively invariant with pressure across the range
investigated, considering the fluid density (pf) is negligible compared to the particle bulk density

(Pp)-

_ mpg(pp—pr)
F g = —pp (Eq.5)

The electrostatic force (F,) acting on a nanoparticle in the discharge was calculated using Equation
6, where g, is the particle charge and E is the local electric field [374, 375]. The Debye radius (1p)
was estimated using Eq. 7 [376], whilst the floating potential (¢,) and particle charge were
calculated using OML theory (Eq. 8 and 9)[377]. The ratio of ion density (n;) to electron density
(n.) was assumed constant and used to estimate n;, whilst the ion temperature was assumed to be
0.03 eV[378]. The electron density, electric field, electron temperature (7¢), and ion drift velocity
values were estimated based on experimental data and results from a 2D axisymmetric, time-periodic
steady state, capacitively coupled radiofrequency (CCRF) argon plasma model built in COMSOL
Multiphysics 5.5. The continuum plasma model applies the drift-diffusion approximation along with
Poisson’s equation and a heavy species multicomponent diffusion model to self-consistently simulate
a weakly-ionised plasma discharge [379-384]

F, = qu (Eq.6)
f kpT,

/1D = #geﬂ (Eq7)
kpTe i eTe 1/2

b =m0 ) (Eas)

qp = 4megt, Oy (Eq.9)

The ion drag force (F;) was estimated using Eq. 10 [377, 385] where v, is the mean speed of the
ions approaching the particle [374], bc and b /,are impact parameters given by Eq. 11 and 12, T is
the coulomb logarithm (Eq. 13), and q; = Z;e is the ion charge [375, 377, 385]

Fi = nimiuivsﬂ(bg + 4bn-/2F) (quO)
2qi¢

b.=m1, [1- mivng (Eq.11)

brr/z = eqp/rnivs2 (Eq.12)
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3.3. Results & Discussion

3.3.1. Collection of plasma polymerized nanoparticles in well-plates

We produced plasma polymerized nanoparticles from a mixture of argon, nitrogen and acetylene
following one of two strategies: simultaneous or delayed insertion of the polymerizable gas, i.e.,
acetylene. The former entailed the introduction of all three gases together; whereas in the latter
strategy, acetylene was delayed for 90 seconds allowing a nitrogen and argon discharge to reach a
steady-state prior to its insertion. The nanoparticles were collected in a commercial polystyrene 24
well-plate placed on a substrate holder below the RF electrode. The strategy with simultaneous
inflow of acetylene with the other gases into the vacuum chamber resulted in a pattern of brown dust-
like powder deposited inside the wells, around the 24-well plate, on the substrate holder and the
chamber walls. As observed in Figure 13a, the nanoparticles were collected predominantly in the
centre of the well-plate with a lower concentration towards the edges, showing a minimal presence
around the peripheral wells.

We explain this distribution pattern based on the effects of size-dependent forces on the nanoparticles
as they grow in the plasma volume and move towards the substrate holder. The forces that drag the
particles out of the plasma volume are the neutral drag force Fn (proportional to 1?), the ion drag force
Fi (proportional to %), the thermophoretic force Fi (proportional to 1) and the gravitational force Fy
(proportional to 1), where r is the particle radius [386]. The negative charging of the particles during
their growth causes their confinement in the more positive plasma potential [366] until such time that
the outward-directed forces overcome the inward-directed electrostatic force. The electrostatic force,
Fe (proportional to r), dominates throughout the growth phase and levitates the particles in a ring or
dust cloud that expands as the particle size increases. A sheath forming around the substrate holder
[387], creates an electric field within it directed towards the well surfaces and intersecting them along
the surface normal direction. The field strength is proportional to the inverse of the sheath thickness,
which is reduced at the sharp edges of the wells, resulting in maximum local electric field strength
in these locations. These enhanced fields around the edges of the wells create an “electrostatic lens
effect” [363], causing the particles to be deflected into the wells by localized electrostatic forces
schematically shown in Figure 13b. If the wells are sufficiently large and the sheath thin enough to
allow the plasma to penetrate them, the particles will continue to grow inside the wells, moving
downward as they do and approaching the bottom of the collector. In the case of the 24-well plate,
the spacing between the edges of the well is greater than the thickness of the two sheaths at opposing
walls. Hence, the plasma and the particles are able to penetrate the wells.

To direct the flow of the particles into the wells, we seek to reduce their drift into the neutral gas
stream. We hypothesize that, for a constant power input and constant starting pressure, delaying the
inflow of the hydrocarbon gas allows for an increase in the partial pressures of initially present argon
and nitrogen and an enhanced density of their ions in the plasma formed, relative to a strategy where
all three gases are inlet together. This would result in an increase in the fragmentation of subsequently
injected acetylene that occurs as it is being introduced, resulting in a reduced overall pressure drop
from acetylene consumption. To verify this hypothesis, we delayed the inflow of acetylene after
maintaining a nitrogen and argon discharge for 90 seconds. Figure 13c shows images of the PPN
distribution on the well-plates in the case of simultaneous Ar/N2/C2Hz plasma discharge (left) and in
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the Ar/N2 plasma with delayed C2H: inflow (right). This delay in acetylene inflow resulted in a
significantly different spatial distribution of the nanoparticles as can be seen in Figure 13c. The
pattern of collection was closer to a uniform deposition of thicker layers of the nanoparticles. The
peripheral wells had a more darkened collection pattern than the central wells, while the substrate
holder showed little, if any, particles accumulated. This indicated a higher particle concentration in
peripheral wells and an overall bolstered process yield verified by the following yield measurements.

A confirmation of the higher number of particles gathered in the peripheral wells of the collector
following the delayed C:H2 inflow was achieved by measuring the corresponding yields. Particles
were collected from the well-plate by dispersing them into Milli-Q water and pipetting them to a
sterile absorbance plate reader. The yield of the peripheral and central wells indicated in Figure 13a
were measured from and represented by wells D3 and C3, respectively. As shown in Figure 13d, the
yield in the peripheral wells (D3) was twice as high as that in the central region with the delayed
acetylene inflow. In contrast, central wells (C3) had a yield of over three times that of the wells in
the peripheral region, in the case of the simultaneous inflow of all three gases. The total yield from
the 24 wells was greater by a factor of 2.5 in the case of delayed acetylene inflow compared to that
with simultaneous inflow, as shown in Figure 13e.

The percentage of particles collected in the well plate can be estimated using the mass of collected
particles and the mass of organic gas, i.e., acetylene, introduced into the chamber. The details of
these calculations are given in the supplementary information (S1 in [124]), and the estimated
collection efficiency percentages were in the range of 70-88% and 27-37% for the delayed and
simultaneous strategies, respectively. Together, these results indicate that modulating the flow of the
carbon-containing polymerizing gas is an effective strategy to significantly increase the nanoparticle
collection yield and, importantly, reduce the loss of nanoparticles to the vacuum chamber peripheries.
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Figure 13. (a) Nanoparticle distribution pattern under plasma polymerization from a discharge in a mixture
of argon, nitrogen and acetylene gases introduced to the vacuum chamber simultaneously. The dotted lines
delineate the peripheral and central wells in a standard 24-well cell culture plate. (b) A sketch of the
nanoparticle collection in a well plate geometry under the focusing effect of the electric field F. arising from
the reduced sheath thickness at the edges of the wells. The black arrows represent the electrostatic forces on
the negatively charged plasma polymerized nanoparticles. (c¢) The nanoparticle distribution pattern in the
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case of simultaneous Ar/N»/C>H plasma (left) and the Ar/N, plasma with delayed C>H, inflow (right). (d) The
yield of plasma polymerized nanoparticles collected from central (C3) and peripheral (D3) wells as indicated
in Figure 13a. (e) The PPN yield collected from all the 24 wells in the case of simultaneous Ar/N»/C.H;
plasma discharge and in the Ar/N> plasma with delayed C>H, inflow.

3.3.2. Monitoring nanoparticle growth mechanism

Information on the evolution of PPNs during their growth and collection provides useful knowledge
underpinning their collection yield and pattern. To gather this information, we collected time-
resolved optical emission spectra for PPNs fabricated using the delayed and simultaneous strategies.
The relative intensities and shapes of the emission lines/bands depend on collisional and radiative
mechanisms, which create a “spectral fingerprint” for each combination of plasma parameters.
Figure 14a shows the optical emission spectra of excited species in the 385 - 395 nm wavelength
range of the Ar/N2 plasma prior to acetylene inflow and of the Ar/N2/C2H2 plasma, 20 seconds after
acetylene inflow. The zoomed-in spectral range was chosen to allow for the high resolution of the
rotational-vibrational band-heads of nitrogen-based excited molecules and CN radicals. These
radicals are significant in forming carbon-nitrogen hybrids in plasma-synthesized particles, making
their detection during deposition essential for understanding various growth mechanisms. Before
acetylene addition, bands attributable to N2"(0-0) and N2(1-4) are present at 391.6 nm, and 394.4 nm,
respectively. Upon the addition of acetylene gas into the plasma, bands corresponding to CN (2-2),
CN (1-1), and CN (0-0) populations at 386.2 nm, 387.4 nm, and 388.5 nm, respectively, emerged.
The primary molecular band originates from transitions within the CN violet system (B*Z" — X?Z"),
spanning from 386 nm to 389 nm [388]. The most prominent band peak occurs precisely at 388.5
nm, resulting from transitions of electronically excited CN radicals in the v=0 vibrational state (CN
(0-0)). The second molecular band corresponds to rotational-vibrational transitions of N2>" molecular
ions (0-0) from the first negative system (B*X" — X?X€), ranging from 389 nm to 392 nm, with a
peak centered at 391.6 nm. The third molecular band arises from transitions of excited neutral N2
molecules (1-4) from the second positive system (C°IT" — B*I12), featuring a band peak centered at
394.4 nm. The identified plasma species displayed a dominant emission in the N2 spectral window
with a decrease in the intensity of Nao" after inflowing acetylene into the mixture. This significant
decrease highlights the transition from ionized to non-ionized nitrogen as direct evidence of the input
energy transfer to the fragmentation of acetylene molecules. This energy transfer is a key element
for maintaining the fragmentation of C2H». Throughout the N2 plasma breakdown, the energy per
species is accumulated before C2Hz is introduced, contributing to the formation of other species and
their corresponding excited states. The CN radicals were only detected after acetylene inflow,
revealing the role of carbon from the C2H2 monomer in initiating the growth of the particles. This
growth process can be divided into three phases: Nucleation, Coagulation/Agglomeration, and
Accretion [389]. During nucleation, successive chemical reactions occur in the gas phase
fragmenting the background gas monomers into clusters of atomic or molecular species. The
chemically bonded clusters grow by undergoing collisions and increasingly collect negative charges.
This coagulation phase eventually terminates due to the mutual Coulomb repulsion of the charged
clusters. Once each condensed particulate becomes electrostatically charged, a relatively slow
collection of radicals and positive ions takes place, and the number density remains almost constant.
Thus, monitoring the changes in the intensities of each species throughout the particle growth process
is a viable approach to illuminate their mechanism of formation.
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Figure 14. (a) Optical emission spectrum showing the 385-395nm wavelength range of excited species in the
Ar/N: plasma compared with their intensities 20 seconds after acetylene inflow commenced. (b) The temporal
evolution of the emission spectrum of nitrogenous species in an Ar/N»/C>H; plasma and (c) in an Ar/N: plasma
with delayed C>H, inflow. The instants of gas flows are indicated by arrows.

To illustrate the dynamics of the periodic particle growth cycles, we tracked the evolution of
nitrogenous emission lines with time. Figure 14b and Figure 14c show the temporal evolution of
the emission spectra of the chosen species in an Ar/N2/C2H2 plasma and in an Ar/N2 plasma with
delayed C2Hz inflow. The delayed inflow of C2H2 induced a sharp decrease of N2 ion emissions
accompanied by an increase in N2 emissions, suggesting a redistribution of energy. As energy is
diverted to the decomposition of acetylene, the overall excitation level of the nitrogen gas is reduced,
increasing the population of the lower energy N2 excited state at the expense of the higher energy
ionised state. The increase in the emission intensities of CN species indicates their production at the
start of the nucleation phase of the particles. The periodic behaviour of the emission lines shows the
correlation between the plasma species and the nanoparticle formation. These spectral oscillations
can be attributed to the variation of electron temperature and density as electrons in the plasma are
removed by the negative charging of the PPNs. These spectral oscillations correlate directly to the
phases of the PPN growth cycle during polymerization in both strategies, i.e., in the presence of Ar,
N2 and C2Hb, as the increase of the N2 molecular ion intensity trends in phase with the increase of
the other species at the beginning of each growth cycle. The radicals and N2 molecules then decrease
in emission intensity proportional to the decrease of N2* ions in the second half-cycle. The spectral
envelops of these species, measured at the same spectrometer settings, maintain their intensities and
behaviour throughout the 5 minutes of polymerization in each case. Their period of oscillation is
found to be about 16 seconds for both strategies, indicating that with the flow rate of the gases and
the discharge conditions maintained constant, the growth process taking place in the two plasma
strategies appears to be similar.

The relative intensities and shapes of the emission bands depend on collisional and radiative
mechanisms, which create the “spectral fingerprint” for each combination of plasma
parameters[390]. Before acetylene inflow, the dominant emission can be attributed to the band
emission of the nitrogen ion from the first negative system N2 + (B?Zu —X?Zg) (0-0). This result is
in excellent agreement with the literature and suggests that the dominant direct excitation reaction
for this plasma was produced through electron impact ionization [390]

e+ N2> (N2 )* +2¢ (Eq.14).
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The subsequent radiative decay of excited nitrogen ions N2* (B?Zu", v°) — N2™ (X?Z,", v*°) + hv
releases the photon energy hv detected by our spectroscope [391]. Upon acetylene inflow, the
intensity of nitrogen ion lines decreases as that of nitrogen molecule lines increases along with the
emergence of CN lines. The radiative recombination reaction € + N2* — N2 + hy where hy is the is
the energy of the released photon, indicates the energy transfer into the N2 molecule. Due to the
relatively high energy threshold for Eq.14 (Em = 18.8 eV) high energy electrons become the main
contributors to the production of molecular ions [392].

In plasma polymerization, pressure is a major discharge parameter that influences the clustering
kinetics of the particle synthesis process [393, 394]. An increase in pressure reduces the mean free
path of the species and induces an increase in the collision probability. To track the changes of
pressure for the two strategies, we logged the change in pressure values with time inside the reactor.
Figure 15a shows the evolution curve of the pressure inside the chamber throughout the plasma
polymerization process resulting from the delayed and the simultaneous strategies. In the delayed
strategy, the starting pressure of 150 mTorr increases for 30 seconds, in agreement with the
fragmentation of only argon and nitrogen. Their energized plasma-generated products then allow the
desorption of species sedimented inside the reactor into the gas phase. Initially, these reactions
increase the pressure before it stabilizes with time. The subsequent introduction of acetylene induces
a spike in pressure with the onset of acetylene fragmentation, followed by a sharp drop within 100
seconds, which shows that C2Hz is effectively consumed in plasma chemical reactions. The pressure
reduction is followed by continuous fluctuations near the operating pressure of 132 mTorr until the
polymerization process ends. In the case of simultaneous insertion of acetylene, however, an
immediate drop in starting pressure takes place within 40 seconds of the plasma discharge and stable
fluctuations are recorded around an operating pressure of 81 mTorr. When all the species were
present, turning on the RF power led to their fragmentation and rapid consumption which was
depicted by the instant pressure decrease. The pressure oscillations measured downstream are likely
correlated to the periodic consumption of reactive acetylene fragments associated with the particle
growth cycles in the OES spectra oscillations.
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Figure 15. (a) The pressure variation in plasmas produced by both the Simultaneous and Delayed strategies
over time. The delayed inflow of acetylene into the argon and nitrogen plasma is marked in the top curve at
90 seconds. The simultaneous flow of the three gases is also indicated at t=0 in the bottom curve. The drop in
pressure can be noted with distinct fluctuations after reaching a stable value. (b) The PPN deposition patterns

inside the collection cell culture plates after plasma polymerization with starting pressures of 220 mTorr and
240 mTorr.

In order to investigate the role of higher operating pressure in the delayed strategy, we attempted to
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reach the same operating pressure by the simultaneous strategy initiated at higher starting pressures
than 150 mTorr. Figure 15b shows two photos of the PPN deposition patterns after their formation
in a plasma with starting pressures of 220 mTorr and 240 mTorr, respectively. The collection patterns
in the well plates seem to be improved compared to the original simultaneous protocol starting at
150 mTorr and appear closer to that created by the delayed strategy. However, the starting pressure
of 220 mTorr dropped immediately to an operating pressure of ~109 mTorr and 240 mTorr to ~118
mTorr. A starting pressure high enough to reach the operating pressure observed in the delayed
strategy (132 mTorr) could not be achieved without manual adjustment of the pumping system valve
after the acetylene inflow. In addition, the particle waste visible by their loss to the substrate holder,
the walls and the base of the chamber was much higher for each of the higher pressures. Starting
pressures of 260 mTorr and above in the simultaneous protocol produced aggregates which could
not be dispersed. Hence, we limited our discussions to this maximum starting pressure. The operating
pressure under these conditions (~119 mTorr) resulted in the creation of larger-sized aggregates
having two size populations with an average hydrodynamic size of 1814.7 +/- 57 nm. Further details
are shown in the supplementary information (Figures S1, S2, and S4 in [124]). Hence, increasing the
pressure in the simultaneous protocol did not achieve the desired goals of increased well-plate
collection yield of monodisperse nanoparticles with minimal losses to the chamber and pumping
system.

3.3.3. Simulation of the flow field and estimation of the net forces

To further investigate the mechanism behind the observed particle deposition patterns, simulations
within the reactor were carried out, along with estimations of the net forces experienced by the
nanoparticles. The spatially varying net force acting on the PPNs, along with the electron density
distribution in the reactor, was simulated at operating pressures of 81 mTorr (Figure 16a) and 132
mTorr (Figure 16b), representing the simultaneous and delayed gas inflow strategies, respectively.
A similar trend was observed for the net force in both cases, starting from a region of high magnitude
near the RF electrode and decreasing towards the reactor walls. The region of low net force can be
seen closest to the reactor wall, between 80 and 100 mm from the origin of the axis. The steady-state
fluid velocity throughout the discharge region at the operating pressures of 81 mTorr and 132 mTorr
are plotted in Figure 16¢c and Figure 16d, respectively. The structure of the flow field is similar in
both cases, with faster flow observed for the lower pressure case resulting in greater perturbation in
the bulk plasma region. In both cases, the region of maximum electron density is located at the central
axis of the reactor and 60 mm above the substrate holder (Figure 16a, Figure 16b). Due to the
relatively high concentration of activated precursors, more nanoparticles are likely to be polymerized
in the region of high electron density. In the simultaneous strategy, the forces on particles in this
region are directed outwards from the central axis to the reactor wall, suggesting that large groups of
PPNs will be driven into the fluid stagnation zones and entrained in the neutral gas flow towards the
pump. However, in the delayed strategy, the net force on the PPNs formed below the RF electrode
results in their downwards drift towards the collector plate within the first 40 mm from the central
axis. This leads to the greater deposition of condensed particles in the collector plates, as observed
for the delayed case.

As a result, the operating pressure of 132 mTorr becomes the key factor identified for achieving the
improved collection yield of the PPNs, whilst maintaining minimal loss to the vacuum system. The
delay of acetylene inflow has been demonstrated as an efficient strategy to achieve this operating
pressure without risking damage to the vacuum system or increasing environmental waste.
Regulation of this pressure could also be achieved by introducing a feedback control mechanism
which implements valve adjustments to ensure the operating pressure stabilizes at 132 mTorr
throughout the plasma polymerization process. However, the delayed inflow protocol is preferred
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because it does not require additional feedback control instrumentation.
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Figure 16. Calculated net force acting on the PPNs. Arrows represent normalised vectors indicating the
direction of the net force, whilst the coloured surface represents the magnitude of the net force, FN, in Newtons
(N), shown on a logl0 scale. Electron density contours are overlaid in white for comparison. Results are
shown for operating pressures of (a) 81 mTorr and (b) 132 mTorr, representing the simultaneous and delayed
gas inflow strategies, respectively. (c) Steady state velocity contours for 81 mTorr and (d) 132 mTorr
operating pressures respectively. Arrows represent normalised vectors indicating the direction of the particle
velocity.

3.3.4. Physical and chemical properties of the plasma polymerized particles

We have shown that the delayed inflow of acetylene into an argon and nitrogen plasma has resulted
in an increased yield of nanoparticle collection. However, the physical and chemical properties of
the particles remain an integral factor that determines their utilization capabilities in various domains.
In particular, the morphology, average size, size distribution, surface charge and surface chemistry
are critical for applications in biomedicine as these properties can influence the function of particles.

3.3.5. Surface chemistry and zeta potential of PPNs

The surface chemistry of PPNs is an important characteristic playing a pivotal role in almost any
surface interaction. To compare the surface chemistry of the particles generated using the two plasma
strategies, we analysed the nanoparticles, collected on silicon wafer substrates, using XPS. Figure
17a shows the XPS survey spectra of nanoparticles synthesized in plasmas with and without the
delayed inflow of acetylene. For both strategies, the spectra showed distinct signals of carbon,
nitrogen, and oxygen with almost the same atomic concentrations of around 65%, 30% and 5%,
respectively (Figure 17b). No silicon signal was detected, indicating that the silicon wafer
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underneath the layer of nanoparticles was covered with layers of particles greater than the sensitivity
depth of XPS, which is around 10 nm [104, 111, 395]. The origin of the oxygen content on the
surface of the nanoparticles is suggested to be either from residual oxygen in the plasma chamber or
from the exposure to atmosphere post plasma polymerization. Due to the relatively low base pressure
(below 5x107° Torr), oxidation reactions that take place post-production are the more likely
contributors to the presence of oxygen on the PPNs. Such oxidation of plasma polymers upon
exposure to air is commonly referred to as autoxidation [341].

To further explore the effect of acetylene delay on the carbon composition of the particles, we curve-
fitted the C 1s high-resolution spectra obtained for particles produced using simultaneous and
delayed protocols as shown in Figure 17c. Three peaks associated with C—C/C—H at binding energy
(BE) = 284.6 ¢V and C—O/C-N at BE = 286.5 eV, and C=0/N-C=0 at BE = 288.0 eV were fitted
in the C Is high-resolution spectra [340, 396]. In addition, we calculated the area percentage of the
C 1s compounds plotted in Figure 17d. As observed, the Cls area percentage corresponding to each
of the carbon bonds has not exhibited any shifts with the change in the PPN synthesis strategy. The
N1s high resolution spectra can be found in the supplementary information (Figure S3). These results
indicate that delaying the acetylene insertion had no significant effect on the nature and concentration
of various elements and their bonding in the organic PPNs.
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Figure 17. Characterization of the PPN surface chemistry. (a) X-ray photoelectron spectroscopy (XPS) survey
spectrum showing the organic elemental composition of PPNs from the Simultaneous and Delayed strategies.
(b) Curve-fitted C 1s high-resolution spectra of the PPNs with C;: C—C/C-H, C;: C—O/C-N, and C3: C=0/N-
C=0 bonds identified. (c) XPS spectral analysis revealing the same elemental atomic concentration on the
surfaces of nanoparticles synthesized in both plasmas. (d) The variation of zeta potential as a function of pH
of the PPNs collected from both plasmas. The data indicates that both surfaces become negatively charged in
solutions with pH above 8. Error bars are standard deviations of at least 3 measurements.

A known concern in small particles as nanocarriers is that they may aggregate in aqueous media,
hampering their applications in biologically-relevant environments[397]. The surface charge is
critical for dispersion in aqueous solutions as it can influence how particles are ingested into cells
based on the charged groups present on the surface. Positively charged polymeric particles are up
taken to a higher extent than the negatively charged anionic ones as cells are able to internalize and
retain them for a longer time [398]. The colloidal stability of most nanoparticle suspensions is
typically determined by their surface zeta potential ({). This stability is driven by electrostatic
repulsion between charged particles. As the zeta potential depends on the interaction between the
particle’s surface and the dispersion medium, adjusting the solution pH varies the dissociation of the
developed C, N, and O-containing charged moieties, and influences the zeta potential and isoelectric
point (IEP). In Figure 17¢, the zeta potential values are plotted against pH for PPNs obtained using
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the delayed and simultaneous protocols. These data demonstrate that the zeta potentials decrease
with pH from 49.3 + 8§ and 47.3 £ 8 mV at pH 1.8 to -28.3 + 8 and -24.9+ 2 mV at pH 12.3 for PPNs
synthesized following a delayed and simultaneous protocol, respectively. To ensure a constant ionic
strength in each measurement, each pH solution was prepared with a fixed buffer concentration of 5
mM and ionic strength of 10 mM. The PPN surface fluctuated between positive and negative surface
charge around neutral pH, indicating that the isoelectric point (at which (= 0 mV) is at pH = 7. The
zeta potential becomes successively more positive below this pH value and successively more
negative further above it. An increased rate of protonation reactions of nitrogen-containing groups
at lower pH increases the zeta potential, while deprotonation of carboxyl and oxidized carbon groups
at higher pH values lowers the zeta potential. As such, tuning the amounts of these surface functional
groups by varying the parameters of particle production, such as the relative flow rates of acetylene
and nitrogen, will shift the isoelectric point[123]. The high surface charges at either ends of the pH
range depict suitable colloidal stability for nanoparticle suspensions from both synthesis protocols.
Tuning pH of the solutions used to functionalise the nanoparticles can therefore be used to achieve
stable dispersions as well as controlling the surface charge interactions with the functional moieties
being immobilized. After functionalization, the zeta potential of the particles will vary according to
the molecules immobilised.

3.3.6. Size distribution and surface morphology of PPNs

Particle size and morphology play an important role in cell-tracking, imaging, gene and drug-delivery
system designs as they control the mechanism and rate of the cellular uptake of nanoparticles.
Particle-cell adhesion and interaction, relevant to each particle size, influence the efficiency and
pathway of cellular uptake and thus the particles' ability to permeate through tissue [399]. To study
the morphological properties of PPNs after deposition, we used transmission electron microscopy
(TEM). The TEM images taken allow visualisation of the morphology and dry size of a small sample
of nanoparticles collected from D3 but cannot be considered as representative of the entire
population. Figure 18 shows TEM images of PPNs collected from well D3 of the collector plates
generated using the (a) delayed and (b) simultaneous production strategies. The average size of the
particles measured by TEM was 103 = 18 nm and 91 £ 12.5 nm for the delayed and the simultaneous
inflow of Cz2Ha, respectively. Both images display solid, amorphous particles as expected from the
similar growth cycles presented by the OES measurements (Figure 14). The PPNs attain their
spherical structure and similar size during the agglomeration phase of their synthesis, in which
cluster-cluster collisions and rapid growth take place, controlled by electrostatic interactions with
surface-radicals.
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Figure 18. TEM images of the PPNs extracted from well D3 of the (a) delayed and (b) simultaneous acetylene
inflow strategies. The images show the spherical morphology of the particles and their amorphous surfaces
resulting from the aggregation of particles through their growth phase.

We next measured the hydrodynamic size of the particles collected from peripheral and central wells
and produced in both plasma protocols using dynamic light scattering. Figure 19a compares the
average hydrodynamic size of the particles collected in peripheral (D3) and central (C3) wells of the
plates subjected to the two plasma protocols. The hydrodynamic size of PPNs following the delayed
strategy was 155 + 5 nm and 195 + 2 nm in wells C3 and D3, respectively. Whereas in the
simultaneous strategy, wells C3 and D3 collected particles of size 174 + 1 nm and 178 + 2 nm. As
TEM measurements were conducted in a dry state, the increase in the diameter of particles can be
attributed to the ionic double layer formed at the particle surface after resuspension in water. A t-test
conducted for the hydrodynamic size measurements verified the statistical significance in particle
size between particles collected in central and peripheral wells in the delayed acetylene plasma with
a P value of 0.0081; whereas in the simultaneous protocol Ar/N2/C2H2 plasma case, no statistical
significance was found with a P value of 0.3639. These results suggest that the peripheral wells
collected larger particles in the case of delayed acetylene inflow, whereas those of the simultaneous
inflow collected similar sizes in both wells.
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Figure 19. (a) The average hydrodynamic size of PPNs collected from peripheral and central wells taken
from two Ar/N2/C2H2 plasmas with delayed and simultaneous acetylene inflow respectively. (b) The average
hydrodynamic size of nanoparticles collected from all the wells taken from two Ar/N2/C2H2 plasmas with
and without delay of C2H2 inflow. (c) Size distribution of the nanoparticles extracted from all the wells from
both plasma synthesis strategies.

The variation in particle hydrodynamic size between wells C3 and D3 from the plasma with the
delayed acetylene inflow could be related to nanoparticle segregation throughout their evolution. As
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a result of the cyclic growth protocol, multiple generations of particles have been previously
observed to grow in spatial succession [366]. The formation of new generations is induced inside the
dust-free spaces in the core of the discharge volume, called the void [400]. This results in the
simultaneous existence of different, each mono-sized, generations of particles inside the same
discharge [401]. The dynamics behind this theory can be explained by the action of the global forces
on the nanoparticles driving the larger particles toward the peripheral parts of the dust cloud. The
smaller particles levitating in the inner part of the cloud and the larger ones in the outer parts, fall
into the central and peripheral wells of the collector, respectively. However, a different situation is
observed in the Ar/N2/C2H2 plasma, which can be explained as originating from a strong electrostatic
interaction between the different generations. Recalling that these particles are negatively charged
(Figure 13b), new dust particles can be trapped in the plasma core as they become confined by a
surrounding previous generation. Hence, the growth of the new generation into the same size as the
older one takes place until equilibrium is broken near sheath regions and both generations fall into
the well plates.

To obtain an average hydrodynamic size for the total number of particles collected, size
measurements were conducted on an equivalent volume of particles taken from all the 24 wells.
Figure 19b shows the average particle diameter from the well plates subjected to the two plasma
strategies. The average hydrodynamic size of the particles collected from all the 24 wells as produced
by the simultaneous and delayed strategies was 184.7 +/-10 nm and 173.3 +/- 23 nm, respectively.
These values were obtained from at least 3 measurements of 3 independent samples. The two-tailed
P value equals 0.4789 which, indicates that the difference is not statistically significant (NS). This
lack of significant difference in nanoparticle size is further supported by the size distribution curves
obtained for nanoparticles produced by both strategies, shown in Figure 19c. Figure 19¢ displays
peaks of the hydrodynamic size distributions in both plasma synthesis strategies resulting in an
average particle diameter of 170 — 200 nm. This range is particularly suitable for theragnostic
applications in which nanoparticles with a hydrodynamic size of 10 — 200 nm can be deployed as
drug carriers with tumour-targeting functionalities specific to cancerous sites [402, 403].

3.3.7. Biofunctionalization of PPNs and interactions with cells
3.3.7.1. rGFP conjugation and flow nanometry measurements

The advancement of nanoparticles in the biological field has often been hindered by the array of
required wet-chemistry steps that significantly complicate immobilization processes [404]. In this
work, the radical-rich PPNs facilitate the attachment of biomolecules and allow for their
immobilization through a simple, single-step incubation at room temperature. The reagent-free
conjugation in aqueous solution bypasses the intermediate chemical linkages and multiple
purification approaches that often interfere with the efficiency of the functionalization. To
demonstrate the efficacy of these PPNs in biomedical applications, we tested their ability to bind
biomolecules onto their surfaces. We used recombinant Green Fluorescent Protein (rGFP), extracted
from jellyfish Aequorea victoria, a biomolecule that exhibits bright green fluorescence when
exposed to light in the blue to UV range. This all-round probe acts as a highly suitable model to
validate reagent-free surface conjugation to the PPNs. GFP forms a beta barrel, cylinder-shaped
tertiary structure which is essential for generating a fluorescent signal. Impairment of the beta-barrel
tertiary structure can lead to reduced autofluorescence so GFP also serves to as a probe to determine
whether conjugation to the PPN surface compromises native biomolecule conformation.
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To validate the attachment of the protein on the PPN surfaces, we used flow nanometry as a novel
nanoparticle fluorescence detection method. Figure 20 shows the mean fluorescence intensity (MFI)
of the PPNs obtained using the two plasma production strategies following the conjugation of 0, 5
and 10 picograms of rGFP per PPN. The MFI was calculated after 50,000 counts per condition. As
expected, there was a proportional increase in mean fluorescence intensity with increasing r-GFP
concentration, suggesting successful conjugation of the probe to the PPNs. A two-sample Student’s
T-test conducted on the MFIs of the PPN surfaces comparing values obtained for the two production
strategies for each rGFP concentration revealed no significant difference, with P values greater than
0.1 (Figure 20). These results indicate that the PPN activated surfaces from both production
strategies can attach a functional protein strongly whilst maintaining its native conformation. The
delayed strategy maintained a highly activated surface suitable for conjugations of fluorescent
agents. Additionally, the plasma polymerization technology introduced here provides a potential
platform to create multifunctional nanoparticles decorated with combinations of various molecules,
including therapeutic drugs, antibodies, imaging dyes, and diagnostic agents.
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Figure 20. (a) Representative flow nanometric histogram plots of rGFP mean fluorescence intensity (MFI) in
nanoparticles collected from the Simultaneous and Delayed strategies. (b) Column plot of the mean
fluorescent intensities (MFIs) measured by the flow nanometer from the rGFP fluorescence. Two-sample
Student’s T test for each rGFP mass per PPN were conducted with P values indicating no statistical
significance between Delayed and Simultaneous MFIs taken from three independent measurements on each
PPN batch produced from Delayed and Simultaneous plasmas.

3.3.7.2. Cytotoxicity Assay

Cytotoxicity is a crucial factor to address when evaluating the potential of nanoparticles for medical
purposes. We assessed the cytotoxicity of PPNs in Human dermal fibroblasts using Cyquant lactate
dehydrogenase (LDH) proliferation assays. The assays were run at 3- and 7-days post-inoculation on
concentrations of PPNs ranging between 1 x 10! and 1 x 10° nanoparticles per well to evaluate the
% LDH release and fluorescence intensity, as shown in Figure 21. After 3 and 7 days of exposure to
the PPNs obtained from either delayed or simultaneous protocol, the cells displayed a basal LDH
release level which indicates that there was no evidence of plasma membrane damage in the cell
population, as demonstrated in Figure 21A. This observation was supported by the absorbance
measurements in Figure 21B which show that the cell proliferation after 7 days of exposure to
increasing concentrations of PPNs was comparable to positive controls. The PPNs produced by both
the simultaneous or delayed protocols were not cytotoxic nor did they affect the fibroblast
proliferation after 7 days, as shown in Figure 21A and B, with nanoparticle to cell ratios of up to 5
x 10° nanoparticles per cell (at the time of cell seeding). There was a slight depression in cell
proliferation at 3 days in response to the highest concentration tested; however, this was absent after
7 days (Figure 21B). We also evaluated the cell morphology and nuclei size for notable differences
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after PPN exposure. Cell morphology was not affected by the presence of nanoparticles as evaluated
by actin filament and nuclei staining shown in Figure 22. No cytotoxicity was observed for all
nanoparticle concentrations. This is consistent with the results of previous cytotoxicity studies that
showed that PPNs produced using the simultaneous protocol are cytocompatible and have no impact
on cell proliferation [123, 135]. Our results show that the nanoparticles produced by the delayed
strategy can not only be effectively collected and easily biofunctionalized but are also comparable in
cytocompatibility to those produced with the simultaneous protocol. The facile collection,
conjugation and safety of these particles uncover their excellent potential for an array of applications
from imaging agents for disease diagnostics to cell-targeted drug delivery in therapeutic treatments.
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Figure 21. Nanoparticle cytotoxicity as measured by the (A) LDH release (B) proliferation after 3 and 7 days
of exposure to increasing concentrations of PPNs. No cytotoxicity was observed for all nanoparticle
concentrations and after 7 days cell proliferation was comparable to positive controls. The highest
nanoparticle concentration for both simultaneous and delayed nanoparticles resulted in a non-significant
depression of fibroblast proliferation at 3 days however this trend was not evident after 7 days.
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Figure 22. (C) Images of fibroblast actin cytoskeleton (cyan) and nuclei (magenta) after 3- and 7-days
exposure to either simultaneous or delayed nanoparticles. Neither nanoparticle type nor concentration had
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3.4. Conclusions

We demonstrated a non-invasive, environmentally friendly, cost-effective, and rapid process for the
fabrication of plasma polymerized nanoparticles. We have presented evidence that delaying the
inflow of the polymerizable gas, acetylene, into the discharge strikingly enhances the collection yield
of PPNs in commercial well-plates. The increase in yield is proposed to be due to pressure gradients
regulating the net force on the particles and controlling their drift, as supported by COMSOL
MultiPhysics simulations. Optical emission spectroscopy provided insights on the fragmentation of
C2Ha, and the subsequent PPN growth mechanism was revealed to be comparable to that resulting
from a production strategy with simultaneous inflow of all gases. Furthermore, our surface analysis
studies showed that the chemical and morphological characteristics of the PPNs were not altered by
employing the delayed acetylene inflow strategy. In addition, this plasma polymerization strategy is
also capable of creating active binding sites on the PPNs that facilitate single-step, reagent-free
conjugation of functional biomolecules. This capability of the PPNs was demonstrated using rGFP
as a model fluorescent protein via a single-step and reagent-free immobilization of the functional
biomolecules. LDH cytotoxicity assays validated that the PPNs were remarkably well tolerated by
cells, which indicates their strong potential for future in vivo studies. Our findings indicate that the
technology presented here is a leap forward in facile, simple, and solvent-free fabrication of
biofunctional polymeric nanoparticles with important implications for large-scale industrial
synthesis.
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Chapter 4. Direct covalent attachment of fluorescent molecules on
plasma polymerized nanoparticles: a simplified approach for
biomedical applications.

This chapter aimed to assess the feasibility of directly covalently attaching fluorescent molecules,
such as FITC and Nile Blue, to the surfaces of plasma polymerized nanoparticles without additional
reagents. Plasma polymerization was used to synthesize and enrich the nanoparticles with functional
groups, facilitating the on-contact immobilization process. It highlights the method's efficiency over
traditional nanoparticle functionalization techniques, addressing critical biomolecular attachment
challenges in nanoparticle application for real-time imaging and drug delivery.

Chapter 4 has been submitted for publication in Nanoscale entitled: ‘Direct covalent attachment of

fluorescent molecules on plasma polymerized nanoparticles: a simplified approach for biomedical
applications.’
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4.1. Introduction

Surface-functionalized nanoparticles have become extensively popular over the past few decades as
a versatile platform for a variety of applications ranging from environmental remediation[405] and
gas sensing [406] to printed electronics [407] and numerous applications in the ever-growing
biomedical field [408-410]. Where bioactive molecules and fluorescent molecules are coupled
unprecedented functionalities can be achieved, making them attractive for applications in disease
treatment [411, 412], diagnostic assays [413], delivery of therapeutic agents [414, 415], or a
combination of the above [416, 417]. In particular, their surface modification with fluorescent
markers has amplified their functional capabilities for in vivo multi-modal imaging [418-420] and
hybrid sensing techniques[421, 422]. The development of fluorescent nanoparticles provides the
additional benefit of enabling their real-time tracking with a higher stability and better resistance to
photobleaching than that of the common fluorescent dyes[423].

Numerous methods for coupling fluorescent molecules with nanoparticles have been explored.
Physical adsorption between fluorescent molecules and polymer matrices is considered a relatively
minimally complicated procedure; however, the resultant association force is weak, and the
fluorescent molecules tend to leach into the surrounding environment of the particle [424, 425].
Electrostatic capture, involving the attraction between charged fluorescent dyes and oppositely
charged nanoparticles, is another commonly applied method for fluorescent molecule attachment
onto polymeric nanoparticles. Despite its prevalence in chemical research, it yields pH-dependent
bonding, which can readily deteriorate with minor changes in pH [426, 427]. An alternative method
for attaching fluorescent molecules onto polymeric nanoparticles involves relying on hydrophobic
interactions [158, 243], yet its major downsides arise from the need for numerous wet-chemistry
steps and the variable and often weak nature of such interactions [428, 429].

Covalent attachment provides higher robustness and bond stability compared to physical attachment
methods, but the process is often tedious and time-consuming [430]. For example, the covalent
labelling of FITC onto chitosan-coated nanoparticles required a 3-hour reaction in the dark,
precipitation using a high pH solvent, and dissolution in acetic acid before being dialyzed in distilled
water for 3 days in darkness [262, 431-433]. The chemicals and reagents utilised in the covalent
binding process may also be toxic, posing challenges for regulatory approvals. As such, there is a
growing demand for a simple, yet versatile, approach that offers the advantages of covalent
attachment but without these limitations.

Plasma polymerization is an emerging technology for the production of nanoparticles that results in
highly stable and non-toxic organic materials, ideal for biomedical applications [434]. In this process,
a precursor monomer is introduced into the reactor chamber where it is subject to a strong electric
field [100]. The resulting energetic electrons drive the activation of the monomer by mutual
collisions. This activation leads to the fragmentation of polymer-forming species that triggers the
nucleation of clusters or “proto-particles” with sizes of up to around 10 nm [435, 436]. Once formed,
these proto-particles grow into larger particles by accretion of radicals and/or ions onto their surfaces.
A negative charge then accumulates as they collect electrons in their final phase of coagulation before
reaching a critical mass that leads to their expulsion out of the plasma volume via gravitational forces.

Plasma polymerization has gained considerable attention recently due to its potential to create
nanoparticles enriched with functional groups which are highly desirable for biomedical applications.
Carboxyl-enriched particles produced by radical-induced polymerization reactions of acrylic acid
has been previously studied[122, 337]. In our previous work, we demonstrated the synthesis of
functional nanoparticles using a low-temperature, low-pressure plasma polymerization of mixtures
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of acetylene, argon and nitrogen [123, 124, 363]. The highly radical-activated surfaces of the
collected plasma polymerized nanoparticles (PPNs) render them promising candidates for covalent
linking of biocompatible and fluorescent molecules, without the need for extra coatings, intermediate
layers or any other reagents.

Here, we demonstrate that the synthesis of surface-active polymeric nanoparticles via the plasma
polymerization technology facilitates the covalent attachment of fluorescent molecules, while also
providing evidence validating the covalent nature of the bonds. As a proof of concept, we use a single
incubation step to conjugate each of model fluorescent molecules: Fluorescein isothiocyanate (FITC)
and Nile Blue (NB). FITC is a traditional fluorescein molecule widely prevalent for its fluorescent
properties [174, 437, 438], while NB is a lipid-targeting fluorescent molecule, most popular in
photodynamic tumour therapy [439]. Both fluorescent molecules have relatively large extinction
coefficients, high quantum yields, and solvent-dependent optical properties that make them ideal for
the development of nanoprobes. We anticipate that this work will broaden the scope of covalently
surface-functionalised nanoparticles, paving the way for creating the next generation of robust
fluorescently labelled polymeric nanoparticles with modern applications in biomedicine and beyond.

4.2. Materials and Methods
4.2.1. Plasma polymerization of nanoparticles

Nanoparticles were synthesized in a stainless-steel chamber as explained in Section 2.2 and depicted
in Figure 11. Briefly, plasma polymerization took place with argon and nitrogen gases initially
introduced at a base pressure, followed by a delayed inflow of acetylene to maximize the yield. The
process was controlled to maintain a working pressure of 1.5 x 10~ Torr and a power input of 100
W, with the resultant PPNs collected on a 24-well culture plate on the lower electrode.

4.2.2. pH-Dependent Hydrodynamic Size and { Potential measurements

For experiments involving varied pH levels, different pH buffer solutions were prepared while
maintaining a consistent ionic strength with 0.001 M NaCl solutions. Six 50 mL 0.001 M NaCl
solutions were adjusted to different pH values using titration methods. Specifically, 0.1 mL of 0.05
M HCl solution was added to each NaCl solution, followed by the addition of 0 mL, 0.45 mL, 0.695
mL, 0.8 mL, 0.9 mL, and 1.15 mL of 0.01 M NaOH solution into samples 1 to 6 respectively. The
actual pH values of these solutions were measured using a pH meter, resulting in values of 4, 5, 6, 7,
8 and 9 for samples 1 to 6 respectively. Next, 8x10® nanoparticles were suspended in 2 mL of each
pH-adjusted solution, achieving a concentration of 4x10® particles/mL. Absorbance at 405 nm
excitation light was measured using an ELx800 Biotek plate reader, yielding a value of 0.44 + 0.05
with Milli-Q water as the control. The nanoparticles were then transferred to disposable folded
capillary cells under sterile conditions using 1 mL syringes. Zeta ({) potential measurements were
conducted, and the average ( potential values for specific pH levels, along with standard deviations
representing errors, were reported. Hydrodynamic size measurements and the average size were
determined based on three measurements obtained from at least three independent runs.

4.2.3. X-ray photoelectron spectroscopy (XPS)
The chemical state and composition of the PPN sample surfaces were investigated using XPS with a

Thermo Fisher K-Alpha+ XPS/UPS system (Thermo Fisher Scientific, USA). The XPS system
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utilized a monochromated, microfocused Al K-Alpha X-ray source and a 180° double focusing
hemispherical analyzer equipped with a 128-channel detector. The PPNs collected in the 24-well
plate were suspended post-synthesis in 10 mL milli-Q water and transferred to a 15-mL centrifuge
tube, followed by centrifugation using an Eppendorf 5810 centrifuge at 8000 rpm for 10 minutes.
The PPNs were freeze-dried using an Alpha 2-4 LSCbasic Freeze Dryer for 24 hours then arranged
on an indium foil affixed into a double-sided conductive carbon tape on the XPS sample holder. The
survey spectra were collected at a pass energy of 200 eV and a resolution of 1 eV, while the high-
resolution C 1s spectra were recorded at a pass energy of 50 eV and a resolution of 0.1 eV. The base
pressure was below 5x10°® mbar for all the measurements. A total of 10 scans were conducted for
each sample. Elemental composition calculations and peak fitting for high-resolution peaks were
performed using the Avantage software (Thermo Fisher Scientific, USA).

4.2.4. Time of flight secondary ion mass spectrometry (ToF-SIMS)

ToF-SIMS was performed using a Physical Electronics Inc. PHI TRIFT V nanoTOF® instrument,
with a pulsed liquid 7*Au primary ion gun, operated at 30 kV. Dual charge neutralization was
utilized in the form of an electron flood gun and Ar" ions (both 10 eV). The collection time per spot
was 3 minutes, and the raster size was 10 cm?, with 7 spots per sample. All resulting spectra were
processed using WincadenceN® software (version 1.8.1.3 Physical Electronics Inc.).

4.2.5. Water contact angle measurements

The hydrophobicity of the nanoparticles was assessed by measuring the contact angle formed by a
water droplet on a silicon substrate coated with a dense layer of nanoparticles. The measurements
were performed using a Biolin Scientific Theta Tensiometer in the sessile drop configuration. 10
water droplets with volumes of 3 pul. were deposited onto the particle-coated substrate. The
interaction behavior with water was closely observed and the average minimum contact angle was
measured to be (23.8 + 0.6) °. The reported contact angle value of each sample is the average of at
least three measurements.

4.2.6. Scanning Electron Microscopy (SEM)

The surface morphology of plasma polymerized nanoparticles was investigated using a Zeiss Ultra
Plus scanning electron microscope (SEM). The experimental setup involved configuring the
microscope with an aperture size of 30 pm, operating at a low voltage of 5 kV, and maintaining a
working distance of 5 mm, using the In-lens detector. Subsequently, the SEM micrographs were
analyzed and processed using the Smart Tiff software. Nanoparticles were stored in a dry state for
one week then dispersed in MilliQ® water at a concentration of 4x108 particles/mL. They were then
dropped onto a clean silicon wafer and left to naturally air dry before capturing Scanning Electron
Microscopy (SEM) images.

4.2.7. Electron Paramagnetic Resonance (EPR) spectroscopy

A Bruker EMX X-band EPR spectrometer was utilized to measure spin density in the PPNs two
hours after synthesis. The spectrometer operated at room temperature with a microwave frequency
of 9.8 GHz, a central magnetic field of 3510 G,sampling time of 90 ms, modulation amplitude of 3

G and a microwave power of 25 mW . The reported EPR spectra represent the average of 10 scans.

4.2.8. Conjugation of FITC to plasma polymerized nanoparticles
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FITC (1 pg/mL) was incubated with nanoparticles (5%107 nanoparticles/mL) in 100 pL of MilliQ®
water at room temperature for 30 minutes. The conjugated particles were extracted by centrifugation
at 1x10° rpm for 5 minutes. 80 pL of the supernatant was removed and replaced with 80 pL of
MilliQ® water. This washing procedure was carried out three times unless otherwise specified, and
the fluorescence intensity of supernatant and re-suspended conjugated particles was measured using
a CLARIOstar Plus plate reader after each wash. The excitation and emission wavelengths were set
to 405 nm and 504 nm, respectively.

4.2.9. Detergent washing of FITC-conjugated PPNs

To confirm that the FITC molecules were covalently immobilized onto the nanoparticle surfaces,
washing protocols were enlisted between measurements. Nanoparticles, initially washed with water
for three times as described above, were then incubated for 1 hour in 100 puL of 5% sodium dodecyl
sulfate (SDS) or 5% Tween20 detergent at room temperature. The solutions were centrifuged at
10000 rpm for 5 minutes, after which the supernatants were decanted and reserved for analysis. The
remaining conjugated particles were then washed with water as specified in each section followed
by measurements of the immobilized fluorescent molecule.

4.2.10. Flow cytometry of FITC-conjugated PPNs (Flow nanometry)

Nanoparticles (5x107 nanoparticles/mL) were incubated in distilled water, DMSO or FITC (1
ug/mL) as described above. Nanoparticles were analysed using a Gallios Flow Cytometer (Beckman
Coulter, Brea, CA, USA) located in the Bosch Institute Live Cell Analysis Facility (University of
Sydney). The machine parameters were adjusted to reduce the size threshold, enabling the detection
of PPNs. FITC fluorescence was assessed using fluorescent channel 1. Flow cytometry data was
analysed using Flowjo version 10 and data analysed using Graphpad Prism.

4.2.11. Conjugation of Nile Blue to plasma polymerized nanoparticles

Nile Blue (N0766, Sigma-Aldrich) was dissolved in MilliQ® water to a stock concentration of 0.25
mM. Fresh nanoparticles were suspended in 10 mL MilliQ® water at an initial concentration of
3.76x10"! PPN/mL. For NB conjugation, 3.8 mL of the diluted 0.25 mM NB solution were added to
3mL of nanoparticles stock, achieving approximately 30 pg of NB per 10° nanoparticles. The mixture
was left to incubate on a rocker, covered in foil, at room temperature for 30 minutes. The samples
were then centrifuged at 8000 rpm for 10 minutes and washed with 10 mL MilliQ® water. Detergent
washing was achieved by mixing with 10 mL of 5% SDS solution for 30 minutes, followed by three
water washes. After each step, the samples were centrifuged, and the supernatant was saved for XPS,
ATIR-FTIR, or fluorescence measurements Nile Blue (Ex: 624/13nm, Em: 678/17) using fluorescent
black plate UV Greiner box with clear-bottom 96 well plates. Finally, for cellular uptake imaging,
the above steps were repeated and the pellets were dispersed in 1 ml sterile PBS.

4.2.12. Cell Culture Assay

MCF-7 human breast cancer cells were maintained at 37°C in an atmosphere with 5% CO2 in
Minimum essential medium, 10% (v/v) Fetal Bovine Serum (FBS), and 0.01 mg/ml recombinant
human insulin. Cell density was determined using a trypan blue dye exclusion assay. For the process
of passaging and plating, detachment of the cells was carried out using 0.05% trypsin-EDTA
(Invitrogen).

4.2.13. Confocal Laser Scanning Microscopy
77



The internalization and intracellular behaviour of NB-PPNs were examined using confocal laser
scanning microscopy. MCF-7 cells were seeded onto 1.5 cm coverslips in 24-well plates at 250,000
cells per well in 500 pL. Nile Blue conjugated PPNs were produced as mentioned above. After
removing the medium, the cells were treated with NB-PPNs at a final concentration of 7,500 PPNs
per cell in the culture medium for 4 hours. Untreated cells served as the control. Subsequently, the
solution was aspirated, and cells were washed with 200 uL. PBS. Nuclei were stained with 200 uLL
of NucBlue™ Live reagent (Hoechst 33342) (ThermoFisher Scientific, R37609) for 3 minutes,
washed, and fixed with 10% Neutral buffered formalin (Sigma-Aldrich) at room temperature. After
a 10-minute incubation, cells were washed again and stained with ActinRed™ (ThermoFisher
Scientific) followed by a 10-minute incubation protected from light. The solution was removed, cells
were washed twice with PBS, stained cultures were stored at 4 degrees Celsius in PBS until being
mounted on slides for imaging. Confocal images were captured using a Nikon C2 Confocal
microscope (Lasers: 405 nm, 488 nm, 561 nm, 640 nm. Detectors: 3 Standard PMTs using Filter
Blocks: DAPI/CyS5, FITC, TRITC). Image analysis was performed using Imagel (version 1.53c,
NIH) Maximum intensity projections were generated, and Mean fluorescence intensity of Nile Blue
associated with cells was determined by applying a binary selection mask of the actin cytoskeleton.

4.2.14. Statistical analysis

The data is presented as mean =+ standard deviation (SD), unless otherwise stated, and was analyzed
using Prism (version 9.5.1, Graphpad) or Excel (Microsoft 365 MSO, Version 2309 Build
16.0.16827.20278). Flow cytometry data was processed using Flowjo (TreeStar, Ashland, OR,
USA), with statistical analysis conducted via Prism (version 9.5.1, Graphpad). Data shown is the
mean + standard error of the mean (n=6 from 2 independent experiments) and data points were
compared using a one-way ANOVA. Mean fluorescence intensity (MFI) at specific channels was
compared using an ordinary one-way ANOVA with a Tukey post hoc test. Significance levels in
figures are indicated as ns if P > 0.05, *P < 0.05, **P <0.01, ***P <0.001, and highly significant if
*xA*p < 0.0001.

4.3. Results and discussion

4.3.1. Plasma polymerization of nanoparticles

PPNs were generated using a mixture of argon, nitrogen, and acetylene gases as the precursor (Figure
23a). The generated particles were collected in a 24-well cell culture plate positioned on the lower
electrically floating electrode (Figure 23b). To provide insights into the molecular species present
during the plasma polymerization, optical emission spectroscopy was employed for real-time
diagnostics. The observation of transitions in the spectral range of 385-395 nm unveiled molecular
species like excited N2 neutral molecules, N2™ molecular ions, and CN radical molecules (Figure
24a). These observations within the nitrogen-based spectrum highlight the role of the gas mixture in
shaping the spectral signature and influencing the biocompatibility and formation of nanoparticles
[123, 124].

XPS was employed to examine the elemental composition of PPNs post-synthesis, showing strong
signals from carbon (Cls) and nitrogen (N1s) (Figure 24b), with atomic concentrations of 64.9%,
and 29.9% respectively (Figure 24c). Despite no oxygen in the initial gas mix, around 5.2 atm% was
detected, likely due to oxidation after production when exposed to air, a process commonly known
as autoxidation. This phenomenon occurs as reactive radicals interact with atmospheric oxygen, and
it has been previously observed in plasma polymers deposited from similar gases in the form of
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coatings [114, 340, 440, 441] and others generated from other precursor monomers [111, 130, 132,
442].

Functional group analysis through ATR-FTIR was employed to further understand the molecular
composition and surface functionalities of the synthesized nanoparticles. The FTIR spectra obtained
for PPNs (Figure 24d) revealed distinctive peaks associated with bending and stretching vibrations
of C=C, C-0O, C-N, and C-H from alkene, primary alcohol, amine, and methyl groups at 980-1630
cm!, along with C=N stretching from nitrile functional groups at 2000-2500 cm™'. Additionally,
peaks corresponding to stretching vibrations of C-H, N-H, and O-H were observed in the 2800-3600
cm ! spectral region. The presence of these functional groups correlate well with the bonding species
determined by peak fitting the C1s XPS high resolution peak (Figure 24e), indicative of the formation
oxygen and/or nitrogen-containing species within the samples. Three primary carbon environments
were identified with respective binding energies of 284.6 eV for C—C /C-H, 286.5 eV for C-N/C—
0, and 288.0 eV for C=0/N-C=0 [443], with approximately 68%, 26%, and 6% of the total carbon
content, respectively (Figure 24f). The identification of these bonds and functional groups reaffirms
our earlier conclusions regarding the role of molecular nitrogen in the synthesis process, influencing
both the chemical composition and surface characteristics of PPNs [434, 442]. These results are in
good agreement with the FTIR data (Figure 24d), which indicate the presence of alkenes, alcohols,
amines, methyl, and nitrile groups.

EPR spectroscopy examines materials with unpaired electrons like free radicals, unveiling details
about their structure, bonding, and electronic properties through analysis of electron spin. The EPR
spectrum of the PPNs affirms the presence of radicals within the PPNs (Figure 24g). It exhibits a
singular symmetric resonance peak positioned at 3510 G, featuring a calculated g-factor of 2.004,
indicating unpaired electrons linked with radical compounds. During the plasma polymerization
process, the fragmentation of the organic precursor leads to the initial formation of small nanometer-
sized clusters through gas-phase chemical reactions [366, 444]. These clusters grow into larger
entities by coagulating and adhering together. Within this dynamic environment, radicals generated
from the precursor fragmentation that are unable to form bonds with neighbouring species due to
steric constraints become entrapped within the growing nanoparticles. This encapsulation of radicals
is a key feature of the plasma polymerization process, contributing to the unique properties of the
PPNs.

To assess the hydrophobicity of nanoparticles in solution, a tensiometer was employed to measure
the water contact angle formed between water droplets and layers of nanoparticles deposited on
silicon wafers. The minimal contact angle was measured at (23.8 £ 0.6) ° which indicates low
hydrophobicity and reflects the affinity of the nanoparticle surfaces to water. This observation aligns
with the FTIR and XPS data, showing the presence of polar groups such as C-O and C-N, rendering
the surfaces hydrophilic.

The size and charge of nanoparticles critically impact their function and stability. Smaller particles
enhance cellular entry but face instability challenges, prone to aggregation. PPN size distribution
shown in Figure 24h indicates a uniform nanoparticle size (~230 nm) with a polydispersity index of
0.094. SEM micrographs, shown in Figure 25, confirmed their spherical shape, revealing smaller
particles forming chains. Particle interaction with the environment was explored by varying pH,
impacting size and charge. Size increased with pH (~4.5-9.0), showing a slight drop from pH 3.7 to
4.5 (Figure 25b), while the zeta potential gradually decreased from ~47mV to ~35mV (Figure 25¢).
Due to the dissolution of COz2 from the surrounding air, the MilliQ® water remains generally acidic.
Consequently, the size and zeta potential of nanoparticles in MilliQ® water deviated slightly from
the trend observed for nanoparticles in an NaCl solution, exhibiting a size of approximately 220 nm
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and a zeta potential of around 50 mV. Agglomeration can be explained by the classical Derjaguin-
Landau-Verwey-Overbeak (DLVO) theory, which considers the interplay of van der Waals (vdW)
attractive forces and electrostatic double layer (EDL) forces [445]. Agglomeration occurs when EDL
forces are diminished relative to vdW forces. The surfaces of most nanoparticles contain titratable
surface chemical groups (e.g., N2, CH, COOH), which can be protonated by H" (resulting in a
positively charged surface at low pH) or deprotonated by OH™ (yielding a negatively charged surface
at high pH). The Isoelectric Point (IEP), where particles become electrically neutral, is expected
above pH 7, driving agglomeration at higher pH due to reduced repulsion.

Argon, Nitrogen, | —> Ceramic insulators

Acetylene gas
. - BSSSSSSS—1——> Primary electrode

w” PPN collection

™= Floating electrode

Matching network l
+ RF generator

To vacuum systemg-'?

b

Figure 23. (a) Sketch of the plasma polymerization system depicting the nanoparticle collection process. In
the sketch, the primary and floating electrodes can be seen as well as the top gas dispenser tube through
which argon, nitrogen, and acetylene gases are let in at 3, 10, and 6 sccm respectively. (b) PPNs collected in
a 24-well plate following the plasma polymerization process.
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Figure 24. PPN physical and surface chemical characterization panel showing (a) Optical emission spectrum
(OES) of the plasma, (b) XPS survey scan, (c) Atomic concentrations of carbon, nitrogen and oxygen, (d)
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FTIR, (e) XPS Cls high resolution spectra, (f) XPS area percentage of carbon bonding components, (g) EPR
spectrum and (h) particle size distribution of the synthesised nanoparticles.
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Figure 25. (a) SEM images of PPNs captured at different magnifications showing the various populations of
PPNs including singular unit spheres, coagulates of PPNs and long chain-like aggregates. The scale indicated
is 200 nm, (b) PPN size variation with pH and (k) PPN zeta potential changes with pH.

4.3.2. Covalent attachment of fluorescent molecules to plasma polymerized particles

In evaluating the capacity of PPNs to covalently bind fluorescent molecules, we used Fluorescein
Isothiocyanate (FITC) and Nile Blue (NB), well-established and widely recognized fluorescent
compounds. FITC is reporter fluorescent molecule with reactive group (-N=C=S) known for its
hydrophilic nature, its bright fluorescence intensity, and its prevalence over the past several decades
for labelling proteins, drugs, cells, molecules, and polymers. NB is a targeting fluorescent molecule
with high affinity to unsaturated free fatty acids with chain lengths of more than 16-carbon atoms
[446], especially in tumour therapy [439]. Their attachment to nanoparticles is of paramount
significance as it enhances particle functionality by enabling precise tracking, labelling, and real-
time monitoring in various biomedical applications. Here, the radical-containing nanoparticles serve
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as a conducive nanocarrier for the direct binding of FITC and NB molecules, enabling their
immobilization through a straightforward, one-step incubation process at room temperature.

To verify that FITC was covalently bonded to nanoparticles’ surfaces, nanoparticles incubated in
FITC solution were rigorously washed with SDS or Tween20 and characterised using XPS and ToF-
SIMS before and after the detergent wash. SDS and Tween20 are detergents that have a well-
documented ability to remove physisorbed molecules, while retaining those robustly attached to a
surface [65, 66, 107]. SDS, in particular, is an ionic detergent that disrupts physical interactions to
unfold proteins [447] while leaving covalent bonds unaffected, rendering it suitable for assessing the
attachment of macromolecules onto surfaces [448]. SDS disrupts the physical forces that underpin
the physisorption of proteins and hence it is used to identify biological molecules that are covalently
attached to surfaces [449-451].

XPS aimed to identify and quantify FITC bound to the surface by analyzing its sulfur component
(Figure 26a). The absence of sulfur signals in the XPS data (Figure 26b) of plasma polymer
nanoparticles before exposure to FITC (Figure 26b(i), <0.15 at. %, the XPS signal sensitivity) served
as a robust baseline for comparison. Following incubation in FITC solution and subsequent water
washing thrice, a sulfur atomic concentration of 0.56 + 0.13 at.% was measured (Figure 26b(ii)).
After Tween20 washing, a detection of 0.48 + 0.12 at.% sulfur was observed (Figure 26b(iii)),
suggesting covalent attachment of FITC molecules to the surface. SDS washing was excluded from
XPS measurements due to its sulfur content, rendering sulfur ineffective for detecting residual FITC.

ToF-SIMS was used to detect molecular signatures unique to FITC, providing strong evidence on
their covalent attachment to the nanoparticle surfaces. ToF-SIMS spectra of the PPNs before and
after incubation in FITC solution are shown in Figure 26¢. The observed peak at m/z 333 corresponds
to FITC molecules, while the other peaks originate from the plasma polymer structure. The
nanoparticle surfaces retained a dominant m/z 333 peak after the Tween20 wash. Tween-specific
cations at m/z 227, 255, and 283 were undetectable, which also supports the removal of any
remaining detergent [452]. The presence of fragments associated with FITC molecules on the surface
after the Tween wash further validates the XPS results and presents additional evidence of robust
immobilization.
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Figure 26. a) Chemical structure of FITC used in these experiments. b) XPS sulphur S2p high resolution
spectra obtained from (i) plasma poylmerized nanoparticles and FITC-incubated nanoparticles after washing
with (ii) water and (iii) Tween20. c) ToF-SIMS spectra obtained from (a) plasma poylmerized nanoparticles
(top) and FITC-incubated nanoparticles after washing with water (middle) and Tween20 (bottom). (d)
Fluorescence intensities obtained from FITC-incubated nanoparticles and their corresponding supernatant
solutions. (i) Samples were washed with MilliQ water and SDS. The SDS washing was carried out following
the third water wash. (ii) Samples were washed for up to 6 times with MilliQ® water. (iii) Samples were
washed 6 times with water and stored in MilliQ® water for 2 and 3 weeks before the fluorescence
measurements. The measurement of samples stored for 2 and 3 weeks was conducted after they were washed
three times with water. (e) Flow cytometric analysis of FITC-conjugated nanoparticles. Nanoparticles were
incubated in the presence of distilled water, DMSO or FITC and washed with distilled water, SDS or Tween-
20 and analysed using a Gallios flow cytometer. (i) shows representative flow cytometric profiles of FITC
fluorescence of nanoparticles from each treatment group. (ii) shows the mean fluorescence intensity (arbitrary
units) of nanoparticles from each treatment group. NS: not significant.

To further validate the covalent conjugation of FITC fluorophores to PPNs, a comprehensive suite
of fluorescence spectroscopy analyses was conducted. The fluorescence emission from both the
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supernatant and the resuspended FITC-conjugated PPNs was quantified in solution
(Excitation/Emission: 405 nm/504 nm). PPNs conjugated with FITC (FITC-PPNs) were then subject
to a systematic series of water washes followed by SDS detergent treatment (Figure 26d). Following
the SDS treatment, there was a decrease in fluorescence intensity observed in the resuspended FITC-
conjugated PPNs. However, a signal, significantly higher than the control group remained, affirming
the covalent binding of FITC molecules. The decrease in fluorescence intensity post-SDS washing
is attributed to the removal of physically attached FITC molecules from the PPN surface, while the
discernible signal that remains is attributed to a persistently attached covalent monolayer.
Furthermore, Figure 26d(ii) shows the fluorescence intensities of nanoparticles following a
succession of water washes. The appearance of fluorescence in the supernatant after each wash
indicates the stepwise removal of consecutive layers of physically-adsorbed FITC. Despite this
removal, the fluorescence signals from the nanoparticles remained unwavering, substantiating the
robustness of the covalently bound FITC molecules to the PPN surfaces. Moreover, Figure 26d(iii)
illustrates the stability of FITC-labeled nanoparticle fluorescence during extended storage in water
for up to 3 weeks following 6 water washes. This extended stability corroborated the enduring
covalent attachment of FITC to the nanoparticle surfaces, underscoring its potential for sustained
performance in various applications requiring steadfast and persistent fluorescence properties.

The fluorescence intensity of FITC-conjugated nanoparticles was also assessed by flow cytometry.
Adjusted to a detection threshold suitable for PPNs, flow cytometry allows for large-scale analysis
of single nanoparticles, referred to as nanometry [ 124]. FITC is typically dissolved in aqueous buffer
solutions or organic solvents, such as dimethyl sulfoxide (DMSO). PPNs were incubated in FITC,
distilled water or DMSO to provide a variety of carrier solutions for evaluation. The conjugated
particles were then washed in distilled water, SDS or Tween-20 and analysed for fluorescence with
488 nm excitation using a Gallios flow cytometer. Figure 26¢e(i) shows representative flow cytometry
data from this study. Nanoparticles incubated in distilled water or DMSO showed no fluorescent
signal above background. Only FITC-conjugated nanoparticles demonstrated significant increase in
fluorescence in the FITC detection range. Figure 26e(ii) illustrates that while the FITC-conjugated
nanoparticles showed a statistically significantly higher FITC fluorescence than distilled water or
DMSO-treated nanoparticles, there was no significant difference in mean fluorescence intensity
between FITC-conjugated nanoparticles washed with distilled water, Tween-20 or SDS, which
demonstrates the covalent attachment of FITC molecules that are not removed with a simple water
wash. The ease of removal of physically adsorbed FITC can be attributed to its small molecular size
which limits the combined strength of the physical interactions relative to large physiosorbed
molecules such as proteins. These results align with the conclusion of FITC covalent bonding
obtained from XPS, ToF-SIMS and fluorescence spectroscopy by demonstrating consistent
fluorescence intensity emitted from FITC-conjugated nanoparticles after different detergent washing
procedures.

To ensure that the results observed for FITC are not specific to this particular molecule, we also
attached Nile Blue, a cationic benzophenoxazine fluorescent molecule with affinity to unsaturated
free fatty acids, onto the PPNs. Nile Blue comprises carbon, hydrogen, nitrogen, and oxygen
elements intricately arranged within its phenoxazine ring (Figure 27a). The molecule incorporates
diverse substituents and functional groups strategically positioned to impart its characteristic blue
hue. These structural features, including side chains, contribute to the solubility, reactivity, and
suitability of the fluorescent molecule for applications such as fluorescence and biological staining.
This sequential approach allowed us to comprehensively understand the covalent binding process,
shedding light on the distinct characteristics and applications of each functionalized nanoparticle
variant.
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The attachment of Nile Blue onto the PPN surface was investigated through XPS and ATR-FTIR.
Changes in the elemental composition of PPN-NB were evident following the conjugation and
detergent treatment process as observed in Figure 27b. Specifically, the oxygen content increased
from 5.4% to 13.4%, whereas nitrogen content decreased from 26.3% to 22.9%. Post-conjugation,
XPS analysis shows a decrease in nitrogen levels, likely due to Nile blue's lower nitrogen-to-carbon
ratio compared to the as-synthesized nanoparticles. These changes in surface composition can be
primarily attributed to the immobilisation of NB and the autoxidation of the PPN surface as discussed
in Section 3.1.

The high-resolution C1s peaks of the PPNs before and after conjugation were investigated to provide
further evidence of NB attachment. In terms of peak shape, the PPN-NB exhibits broadening at the
high binding energy (BE) tailing end compared to the unconjugated PPN (Figure 27c). Three distinct
carbon peaks corresponding to C1: C-C/C-H (BE = 285.0 eV), C2: C-O/C-N (BE = 286.5 e¢V), and
C3: C=0/N-C=0 (BE = 288.2 ¢V) were fitted to the Cls spectra with the best fit area percentages
shown in Figure 27d. The C2 peak, corresponding to C-O and C-N bonding species, showed an
increase in area percentage from 29.2% to 41.0% after NB conjugation (Figure 27d). This increase
that accounts for the observed Cls peak broadening is attributed to the presence of primary,
secondary, and aromatic amine groups in the NB structure. The rise in C-O species originates from
the oxygen atom present in the aromatic structure of NB, as well as the reaction of atmospheric
oxygen with carbon-based radical species on the nanoparticle surfaces. Conversely, the predominant
C1 peak (C-C/C-H) decreased in
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Figure 27. Surface characterization of the PPN and PPN-NB showing successful conjugation of Nile Blue
into the PPN. (a) NB chemical structure. (b) Spectral analysis of the XPS survey spectra indicating changes
in carbon, nitrogen, and oxygen atomic percentages, (c) peak fitted high-resolution Cls peak of PPN and
PPN-NB attributing three bonding components (C-C/C-H, C-O/C-N, and C=0/N-C=0), (d) percentage of
each Cls components based on peak area, and (e) Fourier transform infrared (FTIR) spectra highlighting
changes in the functional groups present in the PPN surface after conjugation.

abundance from 64.5% to 52.3% which is a direct result of the C2 increase. Lastly, the C3 peak
(C=0/N-C=0) exhibited a slight increase from 6.4% to 6.8%. This change may be attributed to the
formation of more stable oxidation products such as carbonyl (C=0O) and carboxylate (COOH)
functionalities due to a chain of auto-oxidation reactions initiated at the carbon-centered radicals at
the PPN surface. This is consistent with the oxidative degradation mechanisms previously observed
in plasma polymers in the form of coatings of similar composition, where oxygen and water
molecules diffusing into the polymer matrix react with metastable species, leading to an increase in
oxygen-containing functional groups[443]. The decrease in nitrogen content observed could be
explained by the volatilization and leaching of nitrogen-containing compounds from the polymer
matrix as well as by the lower nitrogen to carbon ratio of the NB molecules compared to that in the
PPNs. The autooxidation is likely accelerated by hydrolysis reactions targeting nitrogen-containing
groups within the polymer, further exacerbated by the oxidative environment. The decrease in
nitrogen content upon exposure and conjugation with Nile Blue, a benzophenoxazine fluorescent
molecule, could also be contributed to by the oxidative degradation of the nitrogen-containing
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heterocyclic structures within the fluorescent molecule itself or the plasma polymer matrix. In the
presence of oxidative stress, such as exposure to atmospheric oxygen or reactive oxygen species in
aqueous environments, the nitrogenous heterocyclic rings can undergo oxidative cleavage, leading
to the breakdown of these structures and the consequent release of nitrogen in forms that are more
volatile or soluble, thereby reducing the overall nitrogen content measurable on the surface of the
plasma polymerized nanoparticles. This degradation process is consistent with the observed increase
in oxygen content, suggesting that oxidative reactions are a significant pathway for the alteration of
nitrogen-containing components in the polymer-molecule conjugate system.

Functional group analysis of NB conjugation was conducted using ATR-FTIR on both pre- and post-
conjugated PPN samples. Distinct amine peaks emerged in the FTIR spectra of PPN-NB (Figure
27¢). A secondary shoulder peak at 1587 cm™ is identified and attributed to N-H bending from the
primary amine group within the NB. Minor peaks at 1331 and 1271 cm™ are ascribed to C-N
stretching originating from the aromatic amine present in the heterocyclic ring of NB. Additionally,
multiple C-N stretching peaks at 1211, 1175, 1142, 1118, and 1076 cm™ are also observed,
correlating with various amine groups (primary, tertiary, and aromatic) distributed across the NB
structure. The other peaks found in the FTIR spectra of PPN-NB overlap with the spectra of the PPN,
and all peak assignments are summarized in Table 5. Functional group assignment for the ATR-
FTIR spectra of the unconjugated PPN and PPN-NB.. Overall, these changes in the FTIR spectra of
the PPN post-conjugation indicates the successful covalent attachment of NB onto the PPN surface.
The successful covalent binding of NB to PPNs, supported by XPS and ATR-FTIR, aligns with the
conclusions drawn from FITC conjugation. Both fluorescent molecules exhibited changes in
elemental composition on the PPN surface and robust bonding post-conjugation and detergent
washing. The results presented in this section highlight the robustness and versatility of the PPN
surface for the covalent attachment of various fluorescent molecules.

Table 5. Functional group assignment for the ATR-FTIR spectra of the unconjugated PPN and PPN-NB.

Frequency range Type of Functional group  Presence in FTIR
(cm™) vibration spectra (Y/N)
Unconjugated PPN-

PPN NB

3490 O-H stretching alcohol Yes Yes

3357 N-H stretching primary/secondary Yes Yes

amine

2958 C-H stretching alkane Yes Yes

2934 C-H stretching alkane Yes Yes

2858 C-H stretching alkane Yes Yes

2195 C=N nitrile Yes Yes
stretching

1624 C=C alkene Yes Yes
stretching

1587 N-H bending amine No Yes

1448 C-H bending methyl Yes Yes

1376 C-H bending methyl Yes Yes

1330 C-N stretching ~ aromatic amine No Yes

1271 C-N stretching ~ aromatic amine No Yes
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1211 C-N stretching amine Yes Yes

1175 C-N stretching amine No Yes
1146 C-N stretching amine No Yes
1118 C-N stretching amine No Yes
1077 C-N stretching amine No Yes
1059 C-O stretching  primary alcohol Yes Yes
980 C=C bending alkene Yes Yes

Our XPS results (Figure 24Figure 24) have shown that PPNs are approximately 60% Carbon, 30%
Nitrogen, and 10% Oxygen, suggesting a general molecular structure of CenHmOnN3n where n and m
are integer numbers. XPS results have also identified bonds: Ci (C-C/C-H), C2 (C-O/C-N), and C3
(C=0), while FTIR (Figure 27 and Table 5) revealed functional groups such as CHs, NH., C=CH, -
COOH, and -C=N. This leads to a general reaction of formation for the PPNs as: C:Hz + N> + Ar —
R-CHs + R-NH: + R-C=CH + R-COOH + R-C=N, where R represents carbon chains. Each particle
consists of a crosslinked carbon-nitrogen network with surface oxygen groups. The network is
amorphous, as shown by the TEM results in Figure 18, and lacks a distinct crystalline structure.

4.3.3. Intracellular cytoplasmic uptake of Nile Blue conjugated nanoparticles

To exemplify one among numerous potential applications of PPNs covalently functionalized with
fluorescent molecules, we investigate Nile blue-conjugated nanoparticles for drug delivery. A
significant challenge in targeted drug delivery lies in enhancing the cellular uptake of targeting
molecules. Current strategies predominantly focus on extracellular delivery through cell surface
receptors, where the drug is subsequently released. However, this approach is suboptimal for drugs
which exert their effects on intracellular targets. To overcome this limitation, engineering
nanoparticles specific to the cell and incorporating elements that promote cytoplasmic uptake
becomes crucial. Here, Nile Blue was used as a potent inducer for cellular uptake, with the aim of
achieving the direct delivery of therapeutic payloads into the cell's interior.

We investigated the cellular uptake of Nile Blue-conjugated polymeric nanoparticles (NB-PPNs) in
MCF7 breast cancer cells. In our control group, untreated cells and those treated with unconjugated
PPNs were examined at both low and high magnifications. No observable gross morphological
differences were observed, as depicted in Figure 28a and Figure 28b. Unconjugated PPNs displayed
no detectable fluorescence signal in the far-red channel. Conversely, NB-PPN treated cells exhibited
a robust Nile Blue signal, indicating successful cellular uptake (Figure 28c). We also conducted a
detailed qualitative analysis at higher magnification, revealing the observed expression of Nile Blue
within the cells. Upon closer examination, Nile Blue stains were visibly present in the cytoplasm of
the cells. Notably, the fluorescence signals emanated from both small aggregates and diffusely
distributed stain throughout the cells (Figure 28d).

To quantify the cellular uptake of NB-PPNs and evaluate the distribution of Nile Blue within MCF7
cells, we employed a quantitative approach by calculating the Mean Fluorescent Intensity (MFI).
The resulting plot in Figure 28e shows individual data points representing MFI in the cells, both with
and without NB-PPN treatment. A significant Nile Blue signal was detected following NB-PPNs
treatment, contrasting the negligible signal observed in the negative control (Figure 28e).

The confocal images revealed that the PPNs covalently conjugated with NB were successfully
internalized by cells into the cytoplasm while maintaining their integrity, avoiding degradation and
cellular deformation. They effectively stained the fatty acids, which served as the intracellular target
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and achieved intracellular localization of NB-PPNs. This observation can be well explained, given
Nile Blue's peak fluorescence in the presence of unsaturated free fatty acids commonly found in the
cytosol. The diffuse cellular staining highlights the uptake of nanoparticles into the cytoplasm,
distinguishing it from lysosomal entrapment which is typically characterized by compact
compartments within the cytoplasm [135]. Moreover, the discrete NB-bright fluorescent aggregates
suggest the proximity of NB-conjugated nanoparticles to accumulations of free fatty acids. By
covalently conjugating a lipophilic fluorescent dye, we efficiently transported the particles into the
cellular cytoplasm, avoiding lysosomal entrapment or peripheral adhesion. This result aligns with
our previous findings, where NB-conjugated magnetic microparticles demonstrated comparable
effects on cellular uptake and staining [453]. While NB-conjugated microparticles can be utilized for
cell filtering or isolating cancer cells in peripheral lymphatic cancers, their potential for therapeutic
delivery is hindered by their metallic nature. In contrast, PPNs can not only achieve lipophilic
staining though the covalent attachment of NB, but also offer a biocompatible carrier with no
cytotoxic effects, as was demonstrated in our previous cytotoxicity studies [124, 454]. Future
directions may involve optimizing theranostic capabilities by co-immobilizing a drug and a cellular
targeting agent with the lipophilic probe. This strategic approach creates a system where one element
guides the particles, while the other enhances their cytoplasmic uptake for efficient drug distribution.
The findings presented in this study advance plasma-polymerized nanoparticles as versatile
platforms in nanomedicine, enabling direct covalent attachment of fluorescent molecules without the
need for additional reagents or steps, thereby broadening their utility across medical and non-medical
applications.
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a) Untreated cells

Mean Fluorescence Intensity

Figure 28. Following incubation, fixation, staining, and imaging with confocal microscopy, MCF-7 cells
internalize PPNs conjugated with the lipophilic Nile Blue probe and washed with detergent. Pseudocoloring
of the images is performed using ImageJ, with Actin appearing yellow, representing cytoskeletal F-actin,
nuclei stained by NucBlue in grayscale; and Nile Blue in blue. Three conditions are compared: (a) untreated
cells without PPNs, (b) cells treated with non-conjugated PPNs, and (c) cells treated with Nile Blue-
conjugated PPNs. Merged images of all channels under 40> magnification with 2* image zoom and 100 x
magnification are presented in the large panels on the right. Smaller panels on the left display individual
channels for Actin red, NucBlue, and Nile Blue, along with a Transmitted channel. Additionally, (d) exhibits
two representative images from PPN-NB treated cells at 100x magnification, focusing on the 660 nm
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fluorescent signal for the Nile Blue channel. The images reveal small aggregates (circles) and diffusely
distributed stain (arrows) throughout the cells. (e) provides quantification of Mean Fluorescence Intensity
(MFI), indicating a significant Nile Blue fluorescence signal in cells treated with PPN-NB. The images were
captured using a Nikon C2 Confocal microscope with a 40x dry and a 100% oil immersion objective and
analyzed using ImageJ.

4.4. Conclusions

This study investigated plasma polymerized nanoparticles (PPNs) synthesized through radical-
induced plasma polymerization, exhibiting well-defined physical and chemical characteristics. The
covalent attachment of biofunctional molecules, including Fluorescein Isothiocyanate (FITC) and
Nile Blue (NB), was confirmed through its resistance to rigorous washing, validated by XPS, ToF-
SIMS, and fluorescence spectroscopy. The successful intracellular uptake of Nile Blue-conjugated
PPNs (NB-PPNs) was demonstrated in MCF7 breast cancer cells, showing the potential for PPNs
for cell entry, targeted drug delivery and their biocompatibility. The versatility and robust synthesis
of plasma polymerized nanoparticles (PPNs) shows that this process not only facilitates surface
functionalization but also allows robust covalent conjugations with biofunctional molecules in a
single incubation step, minimizing preparation steps and eliminating the need for particle surface
modification. This study sets the stage for advancements in employing PPNs as effective carriers in
biomedical applications.
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Chapter 5. Physicochemical Stability of Plasma Polymerized
Nanoparticles

This chapter aimed to address critical gaps in the understanding of long-term stability and surface

functionality of plasma polymerized nanoparticles (PPNs) under varied storage conditions. It
investigates the effects of polymerization duration, pH levels, and storage temperatures on PPN
aggregation, size, and chemical composition, and sheds light on how to preserve PPN integrity and
functionality over time. The exploration of ultrasonication as a method to counteract particle
aggregation and the examination of molecular conjugation, using Nile Blue as a case study, further
bridge the gap in enhancing PPNs for drug delivery and diagnostic purposes. This study contributes
to optimizing storage and functionalization strategies, moving one step closer to PPNs' practical
utility in healthcare technologies.
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5.1. Introduction

Nanoparticles serve as fundamental components across multifaceted industries, leveraging their
distinct size-dependent properties and surface functionalities to revolutionize scientific and
industrial realms [455-458]. In materials science and electronics, their manipulation at the nanoscale
imparts enhanced mechanical properties, conductivity improvements, and novel material
engineering capabilities [459, 460]. Polymeric nanoparticles (PPNs), in particular, have transformed
drug delivery systems within pharmaceuticals by enabling precise targeting and controlled release
of therapeutic agents to specific cellular or tissue targets [286, 346, 461]. Imaging technologies have
also been advanced, allowing for highly sensitive diagnostics and intricate cellular studies [462-
464]. Owing to their nanoscale precision, nanoparticle offer unparalleled advantages compared to
their larger counterparts. Their heightened reactivity [465], customizable surface modifications
[466], and superior biocompatibility [467] render them ideal candidates for long-term therapeutic
applications.

The physicochemical stability of PPNs is central to nearly every biomedical application and crucial
for facilitating their clinical translation. For instance, in drug delivery, where nanoparticles act as
carriers for therapeutic agents, the stability of polymeric nanoparticle is critical [468]. Any
degradation or instability of the nanoparticle structure compromises the efficacy of the drug,
impacting its release profile or its ability to reach specific cellular targets [469]. Moreover,
understanding the mechanisms that govern the stability of PPNs is a prerequisite to optimise their
durability [470], ensure quality [471], and understand storage impacts for potential large-scale
commercialization [472]. This knowledge is key to ensuring the reliability of particle properties,
their consistent compliance with requisite standards and performance criteria, and the influence of
storage conditions on their characteristics. Changes in stability could affect their interaction with
biological systems, by significantly altering particle characteristics, inducing undesirable changes
in aggregation, degradation rates, or shifts in size distribution [473].

Particle aggregation is a prevalent phenomenon in particle suspensions which occurs as a
consequence of the inherent tendency of suspended nanoparticles to cluster due to mutual attractive
forces. As materials shrink from bulk to the nanoscale, their surface area to volume ratio and surface
energy increase, placing them in a metastable energetic state compared to bulk materials at standard
room-temperature and pressure conditions [474]. These nanomaterial phases exhibit altered
electronic, crystal, chemical, and physical properties influenced by their composition, size, and
shape [424, 475]. Aggregation in nanoparticle suspensions occurs due to attractive forces between
nanoparticles, leading to their adherence and formation of larger agglomerates of varied shapes and
sizes [476]. The agglomerate characteristics depend on particle composition and environmental
conditions, impacting the stability and sedimentation rate. Techniques like mechanical agitation and
electrostatic stabilization aim to reduce the agglomeration rate and enhance stability in nanoparticle
suspensions [477, 478]. The propensity for aggregation is closely related to the nanoparticles'
degradation rates, as structural changes can further accelerate or instigate the degradation process,

Degradation rates of nanoparticles are another critical factor that can induce undesirable changes,
affecting their long-term stability and functionality. The degradation process, influenced by
environmental conditions such as pH, temperature, and the presence of reactive species, can lead to
the breakdown of nanoparticles, resulting in the loss of structural integrity and functionality [479].
For polymeric nanoparticles, degradation can compromise their ability to encapsulate and release
drugs at designed rates, directly impacting therapeutic efficacy [480-482]. Understanding and
controlling the degradation kinetics are essential for ensuring the longevity and performance of
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nanoparticles, especially in biomedical applications where long-term stability is required [483, 484].
The degradation of nanoparticles not only affects their structural integrity but can also lead to
variations in size, which is a significant concern in permeability, nanotoxicity or triggering
immunological biological responses [485, 486].

Variations in size due to degradation or swelling can also present significant challenges.
Degradation can lead to a reduction in particle size, potentially altering the surface-to-volume ratio
and affecting the particles' physical and chemical properties [487]. On the other hand, swelling,
influenced by the absorption of surrounding fluids or changes in environmental conditions, can
increase particle size and change their mechanical properties and permeability. These size variations
can affect the nanoparticles' ability to penetrate biological barriers, target specific sites within the
body, and interact with cells and tissues [488-490]. Managing these size changes is crucial for the
successful application of nanoparticles in drug delivery and imaging without instigating
inflammatory immune responses [491-493]. The interplay between aggregation, degradation, and
size variations underscores the complexity of maintaining nanoparticle stability and functionality
across diverse storage and application conditions.

Particle stability is significantly influenced by the conditions controlling the particle interaction
with their surrounding environments. As suspensions, the pH level profoundly influences particle
agglomeration by affecting ionic strength and the potential barrier between suspended particles
[494]. This pH-related phenomenon forms a double layer around particles with charged ions,
contributing to electrostatic stabilization crucial for preventing particle collisions. Temperature is
another key factor that significantly impacts particle agglomeration by altering the kinetic energy
of nanoparticles within a suspension [495]. Variations in temperature can influence the Brownian
motion of particles, affecting their collision rates and subsequent agglomeration tendencies.
However, the synthesis method can also impact the surface energy, morphology, and chemical
composition of particles [496, 497]. Subsequently, these properties influence their propensity to
agglomerate based on attractive or repulsive forces between particles depending on their formation
and growth process [498].

Plasma polymerization has recently emerged as an attracting source of polymeric nanomaterials that
have massive potential in the field of biomedical engineering. The intricate process of plasma
polymerization involves the controlled fragmentation of organic precursor gases such as acetylene
[125] or monomer vapours such as acrylic acid [112, 122] and thiophene [132] in an electric field
to initiate a plasma environment [ 132, 395]. These reactive species like ions, radicals, and electrons
interact with the precursor molecules, causing their fragmentation and subsequent recombination
into polymerized nanoparticles with reactive surfaces and tailored physicochemical properties
[123]. These plasma-synthesized nanoparticles possess a unique surface composition, making them
highly adaptable for specific applications across biomedicine [124] and therapeutics [135]. Their
significance lies in their potential role as versatile carriers in drug delivery, imaging agents, or
components in biosensing systems due to their customizable surface functionalities [100, 106, 337].
Understanding the stability dynamics of these plasma-engineered nanoparticles under diverse
storage conditions is critical for unlocking their full potential in biomedical and industrial settings.

This study delves into comprehensively investigating the stability and functionality of plasma
polymerized nanoparticles (PPNs) after storage under varied conditions. By examining the
influence of polymerization duration, temperature variations, and pH levels on PPN stability in dry
and aqueous states, this work aims to explore the impact of storage conditions on particle
aggregation, physical composition and surface activity. Additionally, the efficacy of ultrasonication
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in mitigating particle aggregation is evaluated and the ability of PPN to retain functionality post-
storage through conjugation experiments is examined with Nile Blue (NB) as a model ligand. The
comprehensive analysis seeks to unveil crucial insights into PPN stability and functionality under
diverse storage conditions, contributing to the understanding of long-term nanoparticle storage and
applications.

5.2. Materials and Methods

5.2.1. Plasma polymerization of nanoparticles

Nanoparticles were produced via a plasma polymerization process in a stainless-steel chamber
according to the protocol in [124], explained in Section 2.2 and depicted in Figure 11. PPNs were
synthesized in the evacuated chamber, filled with argon, nitrogen, and acetylene using the delayed
inflow strategy for acetylene to maximize yield. A 24-well plate placed 79 mm below the RF
electrode collected nanoparticles under a 1.5 x 10~! Torr pressure. The system, powered at 100 W
by a 13.56 MHz RF generator, operated for 6.5 minutes before collection for analysis.

5.2.2. pH buffer solution preparation

Different types of nanoparticle suspensions were prepared by dispersing the particles in ultra-pure
Milli-Q (Sigma Aldrich, EQ 7000) water (MQ), or buffer solutions at different pH values. The
acidic solution involved dissolving 0.3 g of acetic acid in 900 ml water, adding 0.538 g NaCl, and
titrating to the target pH 4 at 25°C. The NaH2POs4 solution was created by dissolving 0.6 g NaH2PO4
in 900 ml water, supplemented with 0.021 g NaCl, and adjusting the pH to 7.4 through titration.
Meanwhile, the basic Methylamine Buffer was formed by dissolving 0.311 g Methylamine in 900
ml water, adding 0.4 g NaCl, and titrating to the desired pH 11. In each case, the ionic strength was
0.01 M, and the final volume was adjusted to 1000 ml with water.

5.2.3. Hydrodynamic Size and zeta ({) Potential measurements

PPNs were suspended in 2 mL of each pH-adjusted solution, achieving a concentration of 3x10'°
particles/mL. Absorbance was measured using an ELx800 Biotek plate reader, yielding a value of
0.5. The particle suspensions were vortex mixed for 30 seconds and sonicated using a stainless steel
Hwashin PowerSonic405 ultrasonic bath at 350 W 40 kHz for 2 minutes. The nanoparticles were
then transferred to disposable folded capillary cells under sterile conditions using 1 mL syringes
and sonicated prior to measurements for 2, 5, 10 or 15 minutes, as specified. Zeta ({) potential
measurements were conducted, and the average (- potential values for specific pH levels were
reported, along with standard deviations. Hydrodynamic size measurements, the average (effective)
size and particle size distribution were also determined based on three measurements obtained from
at least three independent runs.

5.2.4. Dry and aqueous storage at different temperatures

For dry storage, collector wells with PPNs were sealed and placed away from the light in an
incubator at room temperature (25°C) or in the fridge at 4°C, as specified. On the day of the
measurement, the PPNs were dissolved in the specified base solvents prior to size and zeta potential
measurements.

For aqueous storage, PPNs from the collector wells were suspended in 10 mL of solvent and
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aliquoted to centrifuge tubes for storage. The stock suspensions were stored in an incubator at room
temperature (25°C) or in the fridge at 4°C, as specified. On the day of the measurement, PPNs were
aliquoted from the stock solutions and diluted to the same concentration as above.

5.2.5. X-ray photoelectron spectroscopy (XPS)

The chemical state and composition of the PPN sample surfaces were investigated using XPS with
a Thermo Fisher K-Alpha+ XPS/UPS system (Thermo Fisher Scientific, USA). The XPS system
utilized a monochromated, microfocused Al K-Alpha X-ray source and a 180° double focusing
hemispherical analyzer equipped with a 128-channel detector. Freeze-dried PPNs were arranged on
an indium foil affixed into a double-sided conductive carbon tape within the XPS sample holder.
The survey spectra were collected at a pass energy of 200 eV and a resolution of 1 eV, while the
high-resolution C 1s spectra were recorded at a pass energy of 50 eV and a resolution of 0.1 eV.
The base pressure was below 5x10-8 mbar for all the measurements. A total of 10 scans were
conducted for each sample. Elemental composition calculations and peak fitting for high-resolution
peaks were performed using the Avantage software (Thermo Fisher Scientific, USA).

5.2.6. Transmitted Electron Microscopy (TEM)

The sample morphology and dimension were investigated by transmission electron microscopy
(TEM). Nanoparticles were either collected in a dry state from collector wells or suspended in the
base solvent, and then subjected to a 2-day freeze-drying process. For imaging, the nanoparticles
were deposited inside the cylindrical containers were scratched off by sharp tweezer and uniformly
dispersed on the copper grids with lacy support films. All the samples were observed by
transmission electron microscope JEOL-2100 at high tension of 200 kV. The original data was
processed by Digital Micrograph Software (Gatan Inc.).

5.2.7. Conjugation of Nile Blue to plasma polymerized nanoparticles

Nile Blue (N0766, Sigma-Aldrich) was dissolved in Milli-Q water to a stock concentration of 0.25
mM. The PPNs were produced at a higher yield following the protocol described in [124]. Fresh
nanoparticles were suspended in 10 mL Milli-Q water at an initial concentration of 3.76x10!!
PPN/mL. For NB conjugation, 3.8 mL of the diluted 0.25 mM NB solution were added to 3 mL of
nanoparticles stock, achieving approximately 200 pg of NB per 10° nanoparticles. The reaction
mixture was covered in foil and incubated under constant shaking at room temperature for 30
minutes. The samples were then centrifuged at 8000 rpm for 10 minutes and washed with 10 mL
Milli-Q water three times. The washed samples were centrifuged, and pellets were freeze dried for
XPS or ATIR-FTIR using the Freeze Dryer (Alpha 2-4 LSCbasic) for 1 day. For fluorescence
measurements, the washed samples were moved to a black plate UV Greiner box with clear-bottom
96 well plates. Fluorescence intensities were measured using a ClarioStar microplate reader (BMG
Labtech, Ortenberg, Germany) at excitation and emission wavelengths of 624 nm and 678 nm,
respectively.

5.2.8. Statistical analysis
The data in this study is presented as mean + standard deviation (SD), unless otherwise stated.

Analysis was performed using OriginPro (version 9.9.0.220) or Excel (Microsoft 365 MSO, Version
2309 Build 16.0.16827.20278).
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5.3. Results and discussions
5.3.1. Plasma polymerization and growth of PPNs

Plasma polymerization involves the generation of precursors in a plasma state, which then fragment
and recombine to facilitate the formation of primary nanoparticles. This plasma-based approach is
commercially appealing for its rapid processing and scalability, enabling the production of large
quantities in a single, environmentally friendly step. However, this process is susceptible to
undesired coagulation and coalescence effects where particles join due to collisions and fuse
together, respectively [474]. In plasma polymerization, processing parameters such as power input,
precursor flow rate and pressure and the polymerization time, play important roles in determining
the characteristics of the synthesized nanoparticles. The plasma polymerization time, in particular,
directly influences the size, distribution, and aggregation behaviour of the nanoparticles. To shed
light on the role of plasma polymerization time in nanoparticles size aggregation, we compared the
average (effective) sizes of PPNs synthesized by varied polymerization durations (Figure 29a). The
PPNs were collected in cell culture 24-well plate then suspended in Milli-Q water for size
measurement via dynamic light scattering.

Figure 29b shows the average hydrodynamic size and polydispersity index (PdI) of the PPNs after
5, 10 and 30 minutes of polymerization. The results signify a positive relationship between the
duration of polymerization and the resultant nanoparticle size, showing an increase in size from 190
nm to 440 nm and further to 850 nm as the polymerization time extends. Simultaneously, the PdI
showed an upward trend, reflecting the increased variation in particle sizes within the sample as the
polymerization duration extends from 5 to 30 minutes. These results indicate that prolonged
polymerization periods not only yield larger nanoparticles but also contribute to a broader range of
sizes within the nanoparticle population.

The increase in nanoparticle size, observed with prolonged polymerization periods, aligns with the
mechanism of PPN formation (Figure 30). Initially, precursors undergo gas-phase generation and
decomposition, leading to the creation of supersaturated states contributing to nucleation [366, 474].
This phase triggers the formation of nanometer-sized clusters dominated by negative ions. As
coagulation progresses, these clusters collide, resulting in the development of particles
approximately 10 nm in diameter. Subsequent growth is primarily governed by the accumulation of
positive ions and neutral radicals, ultimately leading to larger particle sizes. Once particles reach a
critical size, they either exit the plasma bulk or descend toward a lower electrode due to gravitational
forces while a subsequent growth cycle begins [124, 499]. This plasma polymerization of
nanoparticles is thus prone to coagulation with polymerization time, where particles collide and
agglomerate for longer, as well as coalescence, causing particle fusion, both contributing to the
observed increase in particle size. As such, a polymerization time of 5 mins was used in the
production of PPNs for the subsequent shelf-life studies.
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Figure 29. (a) (Left to right) PPNs deposited on collector plates following polymerization durations of 5, 10,
and 30 minutes. (b) Average hydrodynamic size and polydispersity index of PPNs collected from different
polymerization durations.
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Figure 30. Collection schematic showing the plasma reactor and PPN growth mechanism.

5.3.2. Physical stability

The physical properties of nanoparticles, including their size and morphology are profoundly
influenced by their surrounding environment. The pH of a solution significantly impacts the stability
of nanoparticles, influencing their agglomeration tendencies and altering degradation rates [494].
To examine pH effects on PPN agglomeration, various water-based PPN suspensions were created
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at pH 4, 7.4, and 11. This involved dispersing nanoparticles in ultra-pure Milli-Q water and buffer
solutions, enabling analysis under acidic, neutral, and basic conditions.

Figure 31a shows the PPN suspensions in the collector wells imaged upon adding the four base
solvents. The particles appeared to be easily dispersible and a homogeneous interface could be
observed with signs of sedimentation only in the centre of the well with the pH 4 buffer. When left
to sediment overnight, a layer of particles can be seen depositing at the base of the wells with buffer
solutions, while the PPN solution in Milli-Q water appears to be less heterogeneous and sedimenting
at a slower rate (Figure 31b). Agitating the particles through mechanical stirring and vortex mixing
was sufficient to redisperse the particles.

To quantify these observations, the PPN suspensions were characterized by obtaining the average
(effective) hydrodynamic particle size upon dispersion immediately after production. In Figure 31c,
the effective size of PPNs dispersed in Milli-Q water, pH 7.4 and pH 11 immediately after
suspension were around 200, 180 and 270 nm respectively. However, a substantive increase in size
to microns was noted at pH 4. The particle size distribution curves of the PPNs in Figure 31d show
distinctive characteristics influenced by pH variations. The size distribution curves for pH 7.4 and
Milli-Q suspensions demonstrated closely aligned peaks around 200nm, indicating greater stability
and homogeneity relative to the other solvents. The similarity in peak values implies minimal
aggregation, with the Milli-Q suspension showing slightly superior stability, denoted by its
marginally narrower distribution. At pH 4, a narrow peak is observed in the distribution curve, yet
with a larger peak value at 2600nm, suggesting considerable aggregation tendencies in this acidic
medium. In contrast, at pH 11, a broader size distribution curve is evident, accompanied by a smaller
peak value at 300nm, indicating a more dispersed state of the nanoparticles.
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Figure 31. (a) PPN suspensions immediately after dispersion with the different base solvents of Milli-Q
(MQ) and buffer solutions at pH 4, 7.4 and 11 and (b) after sedimentation. (c) Effective hydrodynamic size
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and (d) the particle size distribution of PPNs in Milli-Q (MQ) and buffer solutions at pH 4, 7.4 and 11 after
fresh production of PPNs.

Studying the impact of different storage temperatures determines the stability profile of PPN,
identifying optimal storage conditions that maintain their physical properties. To assess changes in
the physical properties of PPNs with temperature, we measured the effective hydrodynamic particle
size after 3 months of storage at room temperature and 4°C. This involved evaluating the effective
particle sizes post-storage in both dry and aqueous states across the various base solvents. The
results in Figure 32 show that particles stored in a dry state had a consistently smaller effective size
compared to those stored in an aqueous state, regardless of temperature. Moreover, the largest
particle sizes was found at pH 4 and smallest sizes in Milli-Q water across all conditions. Regarding
temperature influence, particles stored dry had smaller sizes at room temperature with the largest
size near 2 microns occurring in pH 4 (Figure 32a). On the other hand, PPNs stored in aqueous state
displayed smaller sizes at 4°C and significant increases in size at room temperature ranging from 2
— 6 um (Figure 32b). These results indicate that storing particles in dry or aqueous states yields
distinct effects on their stability and behaviour. Dry storage tends to preserve particle stability by
minimizing inter-particle interactions, reducing the risk of aggregation or agglomeration [S00]. Dry
particles are less prone to agglomeration as the absence of a solvent medium limits particle
movement and collision. This method also extends particle shelf life by preventing potential
degradation from reactions with solvents. The presence of a solvent introduced challenges in
maintaining stability, potentially leading to aggregation, coalescence, or sedimentation over time.
In aqueous environments, particle aggregation is intensified by Brownian motion, with higher
temperatures increasing kinetic energy and collision rates, thus fostering aggregation [501, 502].
Conversely, lower temperatures stabilize suspensions by reducing movement and collisions. In dry
states, lower thermal energy enhances van der Waals forces among particles, promoting aggregation
through closer particle interactions and moisture-mediated bridges, especially in fine powders
where surface interactions are significant [503, 504]. This effect is compounded by moisture
condensation at lower temperatures, contributing to particle size increase and altered morphology
[505].
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Figure 32. Effective size measurements of PPNs in Milli-Q (MQ) and buffer solutions at pH 4, 7.4 and 11
after (a) dry and (b) aqueous storage for 3 months at room temperature and 4°C after 3 months.
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Figure 33 presents TEM images of PPNs that were stored at room temperature or 4°C. The particles
were either kept in various base solvents, or in a dry state then resuspended directly before imaging
on the same day. The TEM analysis revealed that PPNs exhibit a morphology resembling that of
cauliflower in their overall shape and composition. These representative images confirm the
anticipated spherical structure and demonstrate smaller particles aligning to form chains.
Estimations suggest the individual particles within these chains measure up to 200 nm in diameter,
while the chains themselves vary in size, spanning from 300 to 900 nm. The large aggregates at pH
4 can also be seen, consistent with the previous findings on the effective size of freshly suspended
PPNs. The smaller (<200 nm) particles visible in these images emphasize the range of particle sizes
present and their interactions within the plasma system.

The TEM images indicate a similar morphology across all storage conditions, implying consistency
in shape and structure. Displaying a spheroid shape is commonly associated with homogeneous
growth in plasma environments. During the sample collection phase, the dominance of grain-
molecule collisions likely propelled the particle growth process, as evidenced by the presence of
similar grains observed in various dusty plasmas [506, 507]. The uniformity in particle size within
the plasma environment is attributed to the charging mechanism at play. Larger particles, owing to
electron mobility dominance, typically maintain negative charges, whereas smaller particles (<5
nm) undergo stochastic charging, intermittently acquiring positive charges. This stochastic charging
phenomenon significantly influences rapid particle coagulation, ultimately contributing to the
consistent and uniform growth of particles. As particles grow larger within the plasma, their
negative charge fosters the attraction and absorption of smaller particles—a phenomenon illustrated
in TEM images displaying particles as small as 50 nm. This observation highlights how larger
particles act as collectors for smaller ones, influencing the dynamics of their growth within the
plasma environment [366].

Nevertheless, discernible differences in the particle interactions within the distinct storage
conditions emerge when exposed to the two varying temperatures. The images show that PPNs
stored dry at 4°C form larger chains compared to those at room temperature, while PPNs stored in
solution are slightly larger at room temperature than at 4°C. This trend aligns with the observed
details in the effective size measurements above. Particles stored in dry conditions at room
temperature exhibit certain characteristics, such as individual particle segregation or minimal
agglomeration due to the absence of moisture. Conversely, those stored in aqueous conditions at
room temperature displayed signs of clustering or aggregation owing to the presence of a solvent,
altering their morphology. For longer durations of storage, PPNs stored in dry state were kept at
room temperature while those stored in aqueous states were kept at 4°C.
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Figure 33. TEM images of PPNs sto
state across the different solvents (Milli-Q (MQ) and buffer solutions at pH 4, 7.4 and 11).

To assess the impact of storage media on the physical stability of nanoparticle suspensions over
time, the PPN effective size was monitored over a duration of 6 months. Figure 34a shows the
changes in particle size after they were resuspended in the four different solvents from a dry state.
Over the course of the experiment, the particles consistently grew in size and the increase in particle
size after resuspension varied with the solution used. The smallest growth was seen in Milli-Q water,
with particles reaching 350 nm. As the pH of the solution decreased from 11 to 4, the particle size
progressively enlarged to 600 nm, 2600 nm, and finally 4000 nm at pH 4, indicating that lower pH
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levels led to greater increases in particle size. This significant size increase at acidic conditions
indicates that lower pH levels exacerbate the aggregation process, possibly due to the destabilization
of surface charges on the nanoparticles, leading to reduced electrostatic repulsion and enhanced
aggregation. This trend was consistent with the fresh measurements obtained from dispersion
immediately after production; however, particles resuspended in pH 7.4 and pH 11 gradually
surpassed the 500 nm threshold within a month. The smallest size increase in Milli-Q water
indicates a relatively stable environment for PPNs due to the absence of ionic strength alterations
that can affect the stability of colloidal systems. Notably, while pH 11 suspensions remained within
the nanometer range, those in a neutral buffer escalated to the micron size by the three-week mark.

Figure 34b illustrates the size variations of PPN suspensions stored in an aqueous state in the base
solvents over the course of 6 months. The aqueous storage of the PPNs in Milli-Q and pH 4 resulted
in similar changes in size to dry storage. The effective PPN size in the pH 7.4 buffer increased over
500 nm within 3 weeks, eventually reaching the same micron size as in dry storage. Interestingly,
PPNs in pH 11 aggregated to micron size within a week and maintained as such over the 6-month
period. Prolonged suspension and redispersion of the plasma polymerized nanoparticles in Milli-Q
water seemed to have maintained the most stable effective size, while pH 11 seemed to present a
potential candidate for resuspension but not for storage. The rapid increase in size within the first
week for PPNs in pH 11 and the subsequent stabilization suggest a swift initial aggregation followed
by a plateau, indicating a possible equilibrium state where further aggregation is limited by the
formed structure's physical constraints. The results also suggest that pH 7 may be suitable for
resuspension of particles stored dry or the resuspension in solution for less than 1 month, while pH
4 caused immediate aggregation and remained as such for the duration of the study.

The observed aggregation patterns of PPNs in acidic conditions (pH 4) over an extended period can
be attributed to the intricate interplay between nanoparticle surface chemistry and the surrounding
pH environment. In acidic media, the protonation of surface functional groups on PPN likely leads
to a decrease in surface charge density, diminishing electrostatic repulsion between particles and
thus facilitating closer particle interactions and aggregation. This effect is compounded in aqueous
conditions where the solvent medium enhances particle mobility, allowing for more frequent
collisions and potential van der Waals interactions, further driving the aggregation process. On the
contrary, in neutral to basic conditions, the deprotonation of surface groups may increase the surface
charge, enhancing electrostatic repulsion and stabilizing the colloidal system against aggregation.
The minimal aggregation observed in Milli-Q water suggests an optimal balance between
electrostatic stabilization and the absence of additional ionic species that could shield surface
charges and promote aggregation. The differential aggregation behavior underlines the crucial role
of surface charge interactions and solvent-mediated dynamics in governing nanoparticle stability,
highlighting the nuanced relationship between nanoparticle surface chemistry, pH, and the
mediating role of the solvent in aggregation processes. These insights into the physical behavior of
PPNs under various conditions pave the way for a deeper examination of their chemical stability to
combine the role of intrinsic material properties and external factors in influencing nanoparticle
longevity and functionality.
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Figure 34. The changes in particle size and zeta potential throughout 6 months (a) after dry storage followed
by resuspension in the different base solvents and (b) of PPNs stored aqueously in the base solvents (Milli-
O (MQ) and buffer solutions at pH 4, 7.4 and 11. Particles stored dry were kept at room temperature while
those stored in solution were at 4°C.

5.3.3. Chemical stability

To compare the surface chemical characteristics of PPNs stored in dry and aqueous state under two
temperature conditions, we explored their surface composition using XPS. The XPS survey spectra
analysis indicated the presence of carbon (Cls), nitrogen (N1s), and oxygen (Ols) elements in all
the samples, regardless of storage conditions, as has been represented in Figure 35a. The presence
of Cls, Nls, and Ols across all samples suggests that the basic elemental composition of the
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nanoparticles remains unchanged despite different storage conditions. When comparing the atomic
concentrations of the elements between the storage solutions in Figure 35b-f, consistent levels of
carbon can be seen across the different storage durations and temperatures, which is expected as
carbon is a fundamental element in polymer structures and is less susceptible to significant
alterations under typical storage conditions. On the other hand, an increasing trend in oxygen
concentration can be observed. The higher concentration of oxygen (Ols) might indicate an
autooxidation process occurring with time likely due to exposure to the oxygen in the surrounding
environments leading to more oxygen-containing functional groups on the nanoparticle surface [65,
508]. Autooxidation occurs when reactive radicals interact with atmospheric oxygen, a process
observed in similar plasma coatings [110, 113, 340] and other polymers derived from different
precursor molecules [130, 132]. The increase in Ols could also indicate surface modifications or
adsorption of oxygen-containing species from the surrounding environment or buffer solution. This
increase is prominent especially at 4°C compared to room temperature, which indicates either a
stabilization of oxygen-containing functional groups or a slower rate of degradation at the lower
temperature. At 4°C, the surface might interact differently with any residual gases or trace moisture
in the environment, leading to increased oxygen incorporation onto the nanoparticle surface.

At pH extremes (pH 4 and pH 11), the Ols atomic concentration exhibits distinct changes whereby
its value is the greatest at pH 4 and the lowest at pH 11. One likely explanation is that the protonation
of surface functional groups might occur under acidic conditions [509]. This protonation could lead
to an increase in oxygen-containing species on the nanoparticle surface, resulting in an elevated Ols
signal. Conversely, deprotonation or hydrolysis of various functional groups could occur under
basic conditions. This process might result in the breakdown, removal or transformation of oxygen-
containing functional groups, potentially reducing their presence on the nanoparticle surface
including the Ols signal. Despite these changes, aqueous suspensions find favour in applications
such as biomedical uses or drug delivery, where interactions with biological systems or the need for
a liquid medium for administration or storage are advantageous.
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Figure 35. XPS survey and atomic concentrations of C, N and O of PPNs stored dry and aqueous in Milli-
0O (MQ) and buffer solutions at pH 4, 7.4 and 11.

Assessing the stability of colloidal systems can be achieved through zeta potential measurements,
which serve as a vital indicator of the electrostatic repulsion between particles, thereby aiding in the
prevention of agglomeration. As such, the surface charge of the PPN suspensions prepared in the
various buffer solutions was estimated by measuring their zeta potential. In Figure 36, the zeta
potentials of PPNs dispersed in Milli-Q water, pH 7.4 and pH 11 immediately after suspension were
overall decreasing with pH and at magnitudes between 30 and 40 mV, except at pH 4 with zeta
potential around 11 mV. Colloidal stability is generally achieved when the zeta potential exceeds
+20 mV, indicating sufficient electrostatic repulsion to prevent particle aggregation [510]. A zeta
potential close to zero means there is minimal electrostatic repulsion between particles, making
them more prone to agglomerate. This indicates a lower stability of the PPNs at pH 4 compared to
other pH conditions, as evidenced by the significantly lower zeta potential value. Higher zeta
potentials at pH 7.4 and pH 11 suggest stronger electrostatic repulsion between particles, leading to

more stable suspensions that are less prone to agglomeration.

Figure 37a illustrates the changes in zeta potential after dry storage followed by resuspension in the
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four different solvents at different time points. The zeta potential gradually declined throughout the
six-month storage in all instances except for the pH 11 resuspensions. Specifically, Milli-Q and pH
7.4 resuspensions registered zeta potentials dropping to 27 mV and 0 mV, respectively, while pH 4
resuspensions decreased to 6 mV. In contrast, pH 11 resuspensions fluctuated between -40 and -23
mV. In Figure 37b, the zeta potential of PPN aqueous suspensions in the base solvents were
measured throughout the 6 months. The aqueous storage of the PPNs in Milli-Q and pH 4 resulted
in similar changes to dry storage, notably with a further decrease in zeta potential in solutions
reaching 21 mV and 3mV respectively. This is consistent with the previous effective PPN size
measurements.

The comparative analysis of physical and chemical characteristics across these four base solvents
and different temperatures underscores the substantive impact of pH on particle agglomeration
tendencies. Agglomeration can be explained by the classical Derjaguin-Landau-Verwey-Overbeak
(DLVO) theory, which considers the interplay of van der Waals (vdW) attractive forces and
electrostatic double layer (EDL) forces [445]. In this framework, agglomeration occurs when EDL
forces are diminished relative to vdW forces. The surfaces of most nanoparticles contain titratable
surface chemical groups (e.g., N2, CH, COOH), which can be protonated by H" (resulting in a
positively charged surface at low pH) or deprotonated by OH™ (yielding a negatively charged
surface at high pH). According to the fundamental principles governing particulate systems,
colloidal suspensions tend to lose stability when the zeta potential approaches zero with values
lower than 20 mV more prone to cause aggregation [511]. This absence of electrical charges within
the system diminishes the repulsive forces among suspended particles, leading to increased
aggregation. These trends emphasize the intricate interplay between electrostatic repulsion and
attractive forces in nanoparticle interactions. At pH 4, the buffer solution introduces a more acidic
environment, leading to a rise in proton concentration. In negatively charged particles, this increased
proton concentration can neutralize surface charges, reducing the electrostatic repulsion forces
between particles. Consequently, with diminished repulsive forces, attractive forces like van der
Waals interactions or hydrophobic effects become more dominant, allowing particles to come closer
and aggregate. This aggregation tendency at pH 4 is primarily due to the decreased repulsive forces
among negatively charged nanoparticles, consistent with the low zeta potential value. This is
consistent with the XPS analysis which revealed an increase in oxygen content on the polymer
particles' surfaces, indicating the presence of additional oxygen-containing functional groups such
as hydroxyl and carboxyl groups. These groups are capable of ionizing in aqueous environments,
which can significantly influence the surface charge of the particles. Conversely, in a pH 11 buffer,
the environment tends to be more alkaline. This high pH level typically results in an abundance of
hydroxide ions (OH-) in the solution. For negatively charged particles, such as many nanoparticles,
the alkaline conditions create a scenario where the excess OH- ions can stabilize the negative charge
on the particle surfaces. This stabilization prevents repulsion between similarly charged particles,
thereby reducing aggregation or clumping over time and promoting stability. In a pH 7.4 buffer,
negatively charged particles tend to remain stable over time due to electrostatic repulsion. At this
pH, the surface charge of the particles aligns with the surrounding medium's pH, leading to a
negative charge on the particle surface. Since particles repel each other due to like charges, this
electrostatic repulsion prevents them from aggregating or clumping together, thereby maintaining
their stability in the suspension. Overall, these results underscore the critical influence of the pH of
the environment on PPN stability and aggregation. pH control significantly impacts nanoparticle
size, charge, and stability in different suspensions.
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Figure 36. Zeta potential of PPNs in Milli-Q (MQ) and buffer solutions at pH 4, 7.4 and 11 after fresh

production.
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Figure 37. The changes in zeta potential throughout 6 months (a) after dry storage followed by resuspension
in the different base solvents and (b) of PPNs stored aqueously in the base solvents Milli-Q (MQ) and buffer
solutions at pH 4, 7.4 and 11. Particles stored dry were kept at room temperature while those stored in
solution were at 4°C.

5.3.4. Size reduction of PPNs through ultrasonication

Addressing polymer particle aggregation is vital to maintaining the desired properties and
performance of materials in various applications, ranging from pharmaceuticals and cosmetics to
coatings and industrial processes [512]. Ongoing research aims to develop more effective strategies
to prevent or reverse polymer particle aggregation. This includes the exploration of novel additives,
surface modifications, and better understanding the fundamental mechanisms underlying
aggregation processes [513]. The most common strategy for particle breakdown is mechanical
disruption using techniques like ultrasonication which physically break down agglomerates into
smaller particles using ultrasound waves [514, 515].

To investigate particle breakdown after long-term storage in different solutions, we sonicated the
PPNs and monitored their physical changes. After 3 months of aqueous storage, we measured the
PPN effective size in Milli-Q water, pH 4, pH 7.4, and pH 11 solutions over varied sonication
durations (0, 2, 5, 10, and 15 minutes), as depicted in Figure 38a. Initially, all curves exhibited a
reduction in particle size at 2 minutes, indicating successful breakdown of larger aggregates.
However, a subsequent trend emerged across all solvents: a gradual increase in particle size after
the initial decrease, resulting in significantly larger sizes by the 15-minute mark compared to the
start of sonication. The sonication series suggest a temporary disruption followed by re-
agglomeration or further breakdown, possibly due to limited stability, re-agglomeration of smaller
particles, insufficient energy input, or solvent-induced influences on particle stability. During the
initial 2 minutes of ultrasonication, the energy input from the ultrasound waves effectively disrupts
larger aggregates or agglomerates, leading to the release of smaller particles. This stage represents
a point where the disruptive forces overcome the intermolecular forces holding the larger particles
together, resulting in a reduction in overall particle size. However, prolonged sonication beyond
this point may lead to agglomeration due to reduced energy dissipation, allowing smaller particles
to re-agglomerate through various attractive forces or lacking stability to resist re-agglomeration
[516]. Temperature fluctuations during ultrasonication can also significantly influence particle
dynamics within dispersed systems. As ultrasound generates cavitation bubbles and mechanical
agitation, it concurrently generates heat due to energy transfer, impacting particle behaviour in
multifaceted ways. Elevated temperatures can augment energy input, aiding in initial aggregate
breakdown by disrupting intermolecular forces but can exacerbate re-agglomeration tendencies due
to changes in particle properties [517].

These size changes after sonication were further confirmed by measuring the effective size and
particle distribution of PPNs pre- and post-sonication after 6 months of aqueous storage. In Figure
38b, sonication lead to significant decreases in sizes of the particles from several microns to 1500,
740, and 280 nm in buffers at pH 4, 7.4 and 11. It is worth noting that the particles stored in Milli-
Q water had not shown signs of aggregation beyond 300 nm and that sonication at the 3- and 6-
month mark for 2 mins was able to reduce the size to around 250 nm. Figure 38c illustrates the
particle size distribution in Milli-Q, showing a distinct peak between 200 and 300 nm, alongside a
minor peak around 5000 nm. Post-sonication, the disappearance of the smaller peak was observed,
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while the major peak remained within the same range, indicating limited breakdown efficacy. At
pH 4, a narrow peak in the micron range exhibited a leftward shift, with a small peak emerging near
5000 nm post-sonication. In contrast, pH 7.4 displayed a shift as two smaller peaks, one cantered
around 1000 nm and the other at 220 nm. However, sonication in pH 11 intensified the smaller 220
nm peak and reduced the peak cantered around 1500 nm. These results suggest that the particles
were destabilized in the acidic, neutral and basic conditions and smaller sized particles were formed
due to the particle disintegration with the potential to achieve sizes as small as 220 nm particularly
in basic solutions. Sonication shows promise in the reduction of particle size and redispersion.

To visualize the impact of sonication on stored particle morphology in diverse solvents,
Transmission Electron Microscopy (TEM) was employed to capture images of the particles before
and after the sonication process. In Figure 39, the TEM images are presented in pairs, showing the
impact of storage conditions and temperature variations on particle morphology. The images are
divided into two main categories: dry storage versus aqueous storage for 6 months (including Milli-
Q water, pH 4, pH 7, and pH 11 solutions), and room temperature versus 4 degrees Celsius. Each
pair within these categories contrasts original (pre-sonication) images with those obtained after
sonication, offering a visual representation of the changes in particle morphology induced by
storage conditions and temperature fluctuations. Dry-stored particles exhibit smaller sizes compared
to their aqueous counterparts, with those stored in dry conditions at room temperature demonstrating
the smallest dimensions, consistent with prior temperature-related findings. Notably, among
aqueous storage conditions, evidence of aggregation is prominent, with particles stored at 4 °C
exhibiting slightly less aggregation than those at room temperature. Specifically, Milli-Q solution-
stored particles display the smallest size aggregates, and as expected, sonication appears to yield
minimal alterations in their morphology. In contrast, particles stored in pH 11 solution show
elongated chains of smaller particles, albeit exhibiting less clustering compared to pH 7.4 and pH 4
solutions. Sonication interventions in pH 4, 7.4 and 11 solution reveal indications of smaller free
particles appearing and reduced clumping, instead favouring a more pronounced length-wise
aggregation pattern. Although the morphology of the smaller unit particles seems to remain
unchanged, the images indicate a less uniform size distribution with particles of different sizes
forming these chains. These observations collectively highlight the influence of storage medium,
temperature, and the variable impact of sonication on particle morphology, underscoring the
complex interplay of these factors in governing particle aggregation and dispersion dynamics.
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Figure 38. (a) The PPN effective size after 3 months of aqueous storage in Milli-Q water, pH 4, pH 7.4, and
pH 11 solutions over varied sonication durations (0, 2, 5, 10, and 15 minutes). (b) The effective size and (c)

particle distribution of PPNs pre- and post-sonication after 6 months of aqueous storage. Particles stored
in solution were kept at 4°C.
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Figure 39. The impact of sonication on particle morphology after 6-month storage in the different base
solvents. Transmission Electron Microscopy (TEM) images of the particles before and after the sonication
process showing the impact of storage conditions and temperature variations on particle morphology.

5.3.5. Surface activity and functionality post storage

Active particle surfaces enable their customization for targeted drug delivery, biosensing, or
imaging purposes. Ensuring that particle surfaces remain active after extended storage periods is
essential for maintaining their ability to interact with and bind to specific molecules or cellular
targets.

Following the analyses of PPNs physicochemical stability in various solvents, as presented and
discussed above, we assessed the capability of these particles to undergo functionalization with
fluorescent molecules after long-term storage using Nile Blue as a model ligand. Nile Blue, a
popular fluorescent dye extensively used for its distinctive optical properties was chosen to facilitate
precise detection. We selected Milli-Q water and pH 11 buffer solutions as media for conjugation
experiments after observing the PPN stability and successful size reduction through sonication.
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Subsequently, we proceeded with the conjugation of NB with PPNs stored in both Milli-Q and pH
11 buffer solutions, comparing their performance against particles stored under dry conditions for
an entire year.

We conducted fluorescence spectroscopy analysis of PPN-Nile Blue conjugates aimed to probe the
functionality of the plasma polymerized nanoparticles by evaluating the fluorescence intensity.
Figure 40a demonstrates the fluorescence emitted by the NB-conjugated PPN, indicating distinct
observations based on different storage conditions. The fluorescence signals emitted by NB-
conjugated PPNs after storage in a pH 11 solution exceeded the background signal of PPNs alone.
This finding suggests that the PPN surfaces retained their functionality even after storage in a basic
environment, possibly indicating the preservation of binding sites or favourable surface
characteristics for NB conjugation at this pH level [518]. Additionally, PPNs stored in Milli-Q water
showed notably enhanced signals, indicating a high degree of functionality, while the strongest
fluorescence signal originated from PPNs stored under dry conditions. The exceptionally strong
signal from dry-stored PPNs implies optimal surface conditions for NB conjugation or maximum
accessibility to reactive sites.

Using ATR-FTIR we explored the functional groups involved in the conjugation process of NB
onto PPNs sourced from varying storage conditions, including both dry and aqueous environments.
The ATR-FTIR spectra presented in Figure 40b showed distinct peaks attributed to amine
functionalities within the PPN-NB conjugates from all conditions. Specifically, the discernible peak
at 1587 cm™! is associated with the characteristic N-H bending vibrations arising from the primary
amine group within NB. Meanwhile, the spectral region between 1200 and 1340 cm™! highlighted
the pronounced C-N stretching modes originating from the aromatic amine situated in NB's
heterocyclic ring. Additionally, visible peaks spanning the spectral range of 1076 to 1211 cm™ were
indicative of C-N stretching from the primary and tertiary amine groups at the opposite ends of the
NB's molecular structure. These changes in the FTIR spectra of the PPN post-conjugation indicate
the successful attachment of NB onto the various PPN surfaces stored dry and from Milli-Q and pH
11 buffer. The successful binding of NB to PPNs emphasizes the maintenance of surface activity
and functionality of the PPN surface for the attachment of various molecules even after one year
storage in dry state and in aqueous state. These ATR-FTIR results further corroborated successful
NB attachment across all storage conditions, highlighting the robustness of PPN surfaces for
molecular attachment, even after extended storage periods in varied environments. The results
collectively highlight PPNs' long-term surface activity, critical for biological applications, paving
the way for their commercialization.
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Figure 40. (a) The fluorescence intensity of Nile Bue-conjugated PPNs and (b) ATR FTIR measurements
showing the functional groups involved in the conjugation process of Nile Blue onto PPNs sourced from

varying storage conditions, including both dry and aqueous environments: Milli-Q (MQ) and buffer solution
atpH 11.

5.4. Conclusions

This study investigated the stability and functionality of PPNs when subjected to diverse storage
conditions. We systematically adjusted the plasma polymerization time, along with the temperature
and pH levels of the aqueous media in which the particles were incubated, to elucidate their role on
regulating the physicochemical stability and surface activity of PPNs. Prolonged polymerization
durations up to 30 minutes yielded larger nanoparticles and a wider size distribution, indicating a
tendency for coagulation and coalescence during gas-phase synthesis in the plasma. Storage
temperature variations significantly affected PPN properties, with dry storage consistently resulting
in smaller particle sizes compared to aqueous storage. Notably, particles stored in dry conditions at
room temperature had the smallest dimensions, whereas PPN stored in solution had a slightly smaller
size at 4°C relative to storage at room temperature. The study also highlighted consistency in chemical
elemental composition over time, with a slightly increasing trend in oxygen concentration, likely
indicating ongoing autooxidation processes. The influence of pH on particle agglomeration
demonstrated diverse size alterations showing the interplay between electrostatic forces and surface
charge. Extended storage durations up to 6 months significantly impacted particle size and stability,
with sonication demonstrating the ability to disrupt aggregates and reduce particle sizes. After size
reduction due to sonication, pH 4 conditions maintained the largest particle sizes and smallest sizes
in Milli-Q and pH 11 across all conditions. Extreme pH levels affected particle stability differently,
with acidic environments promoting aggregation due to reduced repulsive forces and alkaline
conditions relatively stabilizing particles by preventing aggregation through excess ions. Assessment
of functionality using Nile Blue as a model ligand indicated that PPN surfaces retained their
functionality even after storage in different conditions. Fluorescence spectroscopy and ATR-FTIR
analyses confirmed successful attachment of Nile Blue onto PPN surfaces from diverse storage
conditions, emphasizing sustained surface activity and functionality for molecular attachment, even
after extended storage periods. These insights advance our understanding of how storage conditions
impact PPN behaviour, offering valuable guidance for optimizing their stability and functionality for
diverse applications, from drug delivery systems to biomedical sensors and beyond.
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Chapter 6. Characterization and Model Validation of a CCRF
Plasma Discharge with Varying Power and Pressure

This chapter aimed to characterize and model the behavior of our 13.56 MHz capacitively coupled
radiofrequency (CCRF) low-pressure plasma reactor for enhanced plasma processing and
nanoparticle synthesis, using argon plasma as the preliminary medium. Through a combination of
plasma modeling and rigorous experimental validation, it aimed to refine the control over plasma
parameters such as plasma potential, electron and ion densities, and electron temperature. The
validated model, corroborated by experimental data, advances the understanding of plasma-
assisted nanoparticle generation, offering insights into tailoring plasma conditions for precise
material properties.

The modeling results and discussions in Chapter 6 are adapted from a manuscript published in
Plasma Processes and Polymers as: ‘Continuum modelling of an asymmetric CCRF argon plasma
reactor: Influence of higher excited states and sensitivity to model parameters.” DOI:
https.//doi.org/10.1002/ppap.202000243.
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6.1. Introduction to the chapter

In the burgeoning field of nanotechnology, the synthesis of nanoparticles with precise control over
size and distribution is a cornerstone for advancements in various applications ranging from
catalysts to drug delivery systems. Plasma-based particle generation offers a unique and versatile
pathway to achieve this control due to the inherent properties of plasmas, which can be finely tuned
to affect particle nucleation and growth processes. The control over particle size and distribution is
not only pivotal for the optimization of the material properties but also for ensuring consistency and
reliability in industrial applications.

Capacitively coupled radiofrequency (CCRF) plasmas, in particular, are extensively used in the
generation of nanoparticles due to their ability to provide a uniform and controlled environment for
particle synthesis. The critical plasma parameters that influence particle characteristics include
electron density (n,), electron temperature (7T,), ion density (n;), sheath dynamics, and self-bias
voltage (V). Precise control over these parameters is essential for manipulating the nucleation and
growth kinetics of nanoparticles, ultimately governing their size and distribution.

A combination of plasma modeling and rigorous experimental validation represents a powerful
approach towards achieving a detailed understanding and control of these plasma parameters.
Plasma models, built upon fundamental principles and validated against experimental data, serve as
predictive tools that allow for the optimization of plasma conditions to tailor nanoparticle
characteristics to specific needs. The Electron Energy Distribution Function (EEDF) is particularly
significant as it dictates the rates of ionization and excitation within the plasma, which are central
to the nucleation and growth of particles. Therefore, it becomes imperative to determine the
appropriate EEDF—Maxwellian or Druyvesteyn—that accurately represents the plasma under
various operational conditions.

While our experimental setup involves a complex plasma composed of argon, nitrogen, and
acetylene, the initial phase of our research is anchored in modeling the simpler argon plasma system.
The rationale behind this approach lies in the foundational role that argon plays in the plasma
dynamics. Argon, being an inert gas, provides a controlled environment to study fundamental
plasma processes without the added complexity of reactive species interactions present in nitrogen
and acetylene plasmas. By first establishing a robust model for argon plasma, characterized by
parameters such as electron density and temperature, we lay the groundwork for understanding more
complex plasma systems.

This chapter presents the assessment and validation of a continuum model for a CCRF argon plasma
through comprehensive Langmuir probe diagnostics, DC self-bias voltage measurements, and
electrical characterization. The model aims to simulate the plasma conditions by assessing the
impact of pressure, power and position on plasma parameters and by comparing different EEDFs.
Through validation against experimental observations, we seek to refine the model's predictive
accuracy and enhance our understanding of plasma-assisted nanoparticle synthesis. The validated
model not only stands to propel forward the capabilities of plasma particle generation but also lays
the groundwork for future explorations into the synthesis of novel nanomaterials with customized
properties.
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6.2. Introduction/Literature review

Carbon-based nanostructures like graphene, carbon nanotubes and organic nanospheres are highly
versatile materials with exceptional electrical [519], thermal [520], and mechanical properties [S521].
They continue to be explored for their potential in a myriad of high-performance applications
including advanced electronics [522, 523], energy storage [524], catalysis [525], sensors [526] and
nanomedicine [37, 527]. Plasma-based particle generation offers a high purity production pathway
that can tailor functional properties through the modification of plasma conditions [370, 528]. For
example, capacitively coupled (CC) radio-frequency (RF) plasma techniques have been employed
as an economical and efficient approach for the polymerization of nanoparticles, aimed at
engineering advanced systems for the precise and safe delivery of therapeutic agents directly to
cancerous and cardiac cells [123, 135, 454, 529]. The complexity and effectiveness of these plasma
processes hinge on the rich mixture of energetic ions, chemically active species, radicals, and
energetic neutral species within the CCRF discharge. The need to precisely engineer interactions
between plasma and materials at atomic scales necessitates enhanced accuracy in the control of
processing plasma conditions.

For the optimization of plasma processes, a fundamental understanding of plasma physics and
chemistry is essential to comprehend how external control parameters impact the process. This
includes understanding the interplay of ion and electron fluxes and the resultant electromagnetic
and flux pressure forces, which are key to achieving desired material properties [400, 530]. Plasma
electron density and energy plays a pivotal role in this context by driving the ionization, excitation,
and fragmentation of precursor gases [506, 531, 532]. The electron temperature within the plasma
critically influences the dynamics of positive ion flux and the densities of ions in plasma deposition
processes [375, 444, 533]. This temperature, or more broadly, the energy distribution of electrons
in the plasma, is a key determinant of the plasma chemistry that underpins the stability properties
of plasma discharges [534-537]. Another impactful factor in this process is the self-bias voltage that
develops on surfaces in contact with the plasma, such as the substrate or reactor walls [538, 539].
The self-bias voltage, a byproduct of differential ion and electron fluxes to these surfaces, plays a
pivotal role in modulating the energy with which ions strike substrates, thereby affecting the
structure and composition of the modified or synthesized surface [540]. Understanding key plasma
parameters such as electron density, electron temperature, and the electron energy distribution
function (EEDF) became crucial for optimizing processing conditions and achieving desired
material properties. Given the significance of these plasma parameters, a substantial body of
research has been dedicated to examining the impact of external factors on each parameter within
capacitive RF discharge environments [541-545].

However, to reveal such fundamentals of plasma operation, a synergistic combination of
experiments and simulations is typically required, since simulations offer insights into plasma
parameters with a level of spatial and temporal resolution that might be unattainable through direct
experimentation [546]. When corroborated by experimental data, these simulations become
invaluable for plasma source design and optimizing processing methods, offering substantial
savings in time and resources by reducing the need for prototype construction and extensive testing.
These models then act as predictive tools, enabling the fine-tuning of plasma environments to
precisely engineer nanoparticle features for desired applications. Computer based modeling such as
particle-in-cell (PIC) and Monte Carlo collision (MCC) simulations have been performed to capture
kinetic effects and investigate ion energy distributions at the electrodes, charged particle dynamics,
reaction rates, etc. Fatima Jenina Arellano et al compared PIC/MMC-computed characteristics in
an argon discharge with their experimental counterparts by incorporating phase-resolved optical
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emission spectroscopy PROES [547]. Measurements of spectral line intensities showed that the
simulation could model the electron density and EEDF well between 2 and 20 Pa. Limitations at
higher pressures were attributed to the exclusion of the Ar metastables in the model as identified
using tunable diode laser absorption spectroscopy (TDLAS). David A Schulenberg et al conducted
a comprehensive experimental validation of a PIC/MCC simulation for an argon discharge by
evaluating several parameters, including gas temperature, electron density, the spatial and temporal
dynamics of electron impact excitation, and the distribution of ion flux-energy at the grounded
electrode using five diagnostic methods [548]. The findings indicated that PIC/MCC simulations
could accurately replicate experimental outcomes when correct values for gas temperature and
surface coefficients were employed; otherwise, significant inaccuracies could arise. With accurately
chosen surface coefficients and electron-surface interaction model, Chan-Won Park et al were able
to demonstrate that their PIC/MCC simulations for a neon CCRF plasma aligned well with their
experimental measurements of electron density and electron impact excitation rates under various
discharge conditions. Although good agreement was reported across the chosen ranges of the
electrode gap, neutral gas pressure and driving voltage, limitations in the 1D simulations were found
to reduce the quality of the agreement of the simulation with the experimental results. However,
increasing fully kinetic PIC simulations of CCRF plasma discharges to two [549] and three [550]
spatial dimensions tend to be extremely computationally expensive. As an alternative,
Computational Fluid Dynamics (CFD) simulations offer a fluid model approach, solving fluid-
based equations across a structured grid through numerical techniques [551]. A CFD simulation of
the Pocket Rocket argon plasma micro-thruster by Amelia Greig et al showed good agreement with
experiments measuring ion densities, electron densities and temperatures, highlighting the peak
plasma density at the tube's center. However, the simulated plasma density resulting in higher values
than experimental estimates was believed to be due to an overestimated secondary electron emission
coefficient and the neglect of plasma heating effects in the simulation. Integrating electrical
measurements and Langmuir probe diagnostics into modeling has proven to further elevate the
validation of CCRF discharges across applied RF power levels and pressure ranges [552-556].

In the present study, we present the characterization and modelling of a 13.56 MHz CCRF low-
pressure plasma reactor to explore optimum conditions for plasma processing and nanoparticle
synthesis. We assess and validate the predictions of a previously published continuum fluid model
through comprehensive rf-compensated Langmuir probe diagnostics and electrical discharge
measurements. Plasma parameters such as plasma potential, floating potential, the electron and ion
densities, electron temperature as well as the DC self-bias voltage and driving voltage amplitudes
were experimentally measured. The effect of varying the applied RF power (25 — 100 W) and filling
gas pressure (100 — 300 mTorr) on the plasma parameters was explored and compared to the
model’s predictions. Since Ar is the major constituent in the gas mix used to generate particles, the
current work focuses on characterizing and modeling pure Ar plasma as a first step to understanding
and controlling the synthesis process. Through validation against experimental observations at a
wide range of operational conditions, we seek to refine the model's predictive accuracy and enhance
our understanding of the dynamics of the CCP discharge. The validated model not only stands to
propel forward the capabilities of plasma modelling but also lays the groundwork for future research
of plasma-assisted nanoparticle synthesis.
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6.3. Methods

6.3.1. Langmuir probe theory

A single RF compensated Langmuir probe from Impedans Ltd was used to measure the plasma
parameters, featuring a tungsten wire with dimensions of 10 mm in length and 0.2 mm in radius.
This probe was inserted into the reactor through a top feedthrough to assess the bulk plasma between
the top powered electrode and the lower grounded electrode (Figure 41). Plasma parameters were
determined by recording the current flowing from the plasma to the probe as a function of the probe's
voltage against a reference surface, also known as the IV characteristic curve, and applying
Langmuir probe theory. The reference for Langmuir Probe (LP) measurements was established by
grounding the lower electrode and the chamber wall. Probe currents were obtained by setting bias
voltages ranging from -30 to 50 V, with increments of 0.5 V and an integration period of 100
microseconds, adjusting these settings as necessary to enhance the signal quality. The I-V
characteristic curves obtained were analyzed using the Automated Langmuir Probe Software
provided by Impedans Ltd, which calculated key plasma parameters such as plasma potential (V},),
floating potential Vf, electron temperature (T,), electron density (n,), ion density (n;) and the
Electron Energy Probability Function (EEPF). As can be seen in Figure 42, the IV characteristic is
recorded through the probe tip, allowing the software to perform a first and second derivative which
can be displayed on the screen. The plasma parameters are also calculated in the right panel with
settings for the analysis method to be determined by the user in the bottom right tabs.

Oscilloscope

Langmuiprobe

1S

Digital multimeter

-
. -
Primary modelling
domain Vacuum
pump

Figure 41. A schematic of the capacitively coupled RF plasma system connected to diagnostic devices and
highlighting the primary modelling domain (in red dashes). Figure drawn not to scale.

The space or plasma potential V, is paramount, representing the electric potential within the plasma
bulk relative to a reference point, usually taken at the plasma boundary or far away from it. It is
instrumental in determining the energy landscape that electrons and ions navigate, influencing their
motion and the overall electric field configuration within the plasma. The plasma potential is defined
as the specific voltage point on the I-V characteristic curve where the transition from the electron
retarding region to the electron saturation region occurs. This point is characterized by a departure
from exponential electron current collection behavior, marking the onset of electron saturation and
is determined in the software by the potential at which the maximum in the first derivative occurs
or at the zero crossing of the second derivative (Figure 43).
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Figure 42. Graphic display of the software showing a representative IV characteristic of an argon plasma
(3 sccm) at 100 W applied rf power and 100 mTorr working pressure taken using the Impedans Langmuir
probe with the right-angled extension at the central axis of the reactor at 32 mm below the rf electrode (see
Section6.4.16.4.1.3below). The IV characteristic is recorded (top), then the user can choose to display the
first (middle) and second (bottom) derivatives under Graph Controls. The calculated parameters can be seen
on the top right panel and the settings on the bottom right panel.
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Figure 43. Representative curves showing the representative IV characteristic curve (straight black line)
plotted with its first and second derivative (ved lines with markers). The plasma potential V), (dotted vertical
line) is calculated in this study using the second derivative method whereby it is the voltage at which the first
derivative is at its maximum or the second derivative crosses the zero-line (horizontal axis).

The floating potential V¢, on the other hand, is the potential acquired by an electrically isolated
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object immersed in plasma when the net current to its surface is nullified, establishing an
equilibrium between the electron and ion currents. It is a critical parameter for understanding how
objects interact electrically with the plasma environment such that:

Lo = Li o (1)

where I, and I; are the electron and ion current densities to the surface, respectively.
Mathematically, V; can be approximated from probe measurements, often using the plasma

potential as a reference from the Boehm current by [376]:

Tl R

Where mi is the ion mass, T, is the electron temperature, e is the electron charge, k is Boltzmann's
constant and me is the electron mass. The plasma floating potential here is found from the IV
characteristic obtained by the probe at the potential where the probe collects zero net current (Figure
44).
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Figure 44. The representative IV characteristic obtained by the probe zoomed in to show the floating
potential, the voltage at which the probe current is zero.

The electron temperature kT,, often expressed in electron volts (eV), reflects the average kinetic
energy of the electrons assuming a Maxwellian distribution where k is the Boltzmann constant. It
is a key determinant of the plasma's energy distribution and its capability to initiate various physical
processes, such as ionization and chemical reactions. It is calculated from the ratio of the current
from the IV characteristic at the plasma potential I(Vp) to the integral of the characteristic curve
between Vr and V, as [557]:

1 1(Vp)
KT, f:}fle(v)dv """"""""""""""""""""""""""""""""""" ( 3 )

The electron density n, and ion density n;, representing the number of electrons and ions per unit
volume, respectively, are fundamental for quantifying the plasma's composition and ionization
state. These densities are often inferred from probe measurements or optical diagnostics, with the
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quasi-neutrality condition in plasmas giving n, = Zg,4n; in the bulk, where Zay is the average
charge state, i.e., the average number of charges per ion in the plasma. The electron and ion densities
are calculated from the probe currents as such, respectively [557]:

_ I(Vp) 2Tme ( 4 )
e O K.
And
Iy 2mm;
nig = Ap esze ------------------------------------------------------------ ( 5 )

where Ap is the probe area, and Io is the ion current at the sheath edge.

The electron saturation current I, is observed when a Langmuir probe is biased sufficiently
positively to collect all electrons reaching it and repel all the positive ions, providing a direct
measure of the electron flux and, by extension, the electron density. The current collected by the
probe in the electron saturation region can be expressed as [558]:

The EEDF is determined from the second derivative of the IV characteristic, with the ion current
subtracted [559], through the Druyvesteyn equation [557]:

1

n(e) = n.f(e) = %’;(@)E _________________________________________________ (7)

e e

where I”” is the second derivative of the IV curve, and ¢ is the energy given by (V},-V) at probe
voltage V.

These parameters, including the potentials, electron temperature, electron density, ion density and
saturation current were extracted from the software’s calculations displayed at the graphical user
interface in the top right panel as was shown in Figure 42 .

6.3.2. Discharge current and voltage waveforms

The RF discharge waveforms at the powered electrode were monitored by a high-voltage and
current probe and the signals were recorded in a Rigol DS1074 oscilloscope for further analysis.
The discharge parameters, such as discharge voltage and current, were measured and the root mean
squared values I, and V., swere calculated from the waveforms. The magnitude of the voltage
and the harmonics affecting it were determined using the Fast Fourier Transform FFT function in
Excel. The voltage probe has very high impedance (50 MQ) and therefore should not affect the
voltage or current waveforms.

6.3.3. DC self-bias

Sheath dynamics in a plasma are connected to the key plasma parameters and play a crucial role in
controlling the interactions between the plasma and the material surfaces. The sheath is a
fundamental plasma structure that forms at the interface between a plasma and a material surface,
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such as the wall of the plasma container or a probe inserted into the plasma. When a material surface
is introduced, the more mobile electrons tend to reach the surface at a faster rate than the heavier
and slower ions. This creates a charge imbalance such that the surface acquires a lower potential
relative to the plasma, which repels electrons and accelerates ions towards the surface. The potential
continues to decrease until it causes an increase in ion current and decrease in electron current such
that the ion and electron currents to the surface become equal. The lower potential at the surface is
screened by a positive space charge region that builds up adjacent to the surface. This space charge
region forms the sheath.

Similarly, a DC self-bias voltage V. develops across a plasma sheath near the electrode in an
asymmetric capacitive RF discharge [533]. This bias is also a result of the differential in electron
and ion mobilities and the asymmetric geometric or electrical configurations of the electrodes. The
fundamental physics underlying this phenomenon can be traced back to the disparity in mass and
mobility between electrons and ions in the plasma. Electrons, being significantly lighter than ions,
respond more rapidly to the oscillating electric field of the RF power supply. This rapid response
leads to a higher electron flux to the electrode during the negative cycle of the RF waveform,
compared to the ion flux during the positive half cycle. This inequality of half-cycle current
magnitudes results in a downwaed drift in the electrode potential which ceases when the equilibrium
condition that equal ion and electron currents are drawn over each RF cycle (i.e. zero net charge is
extracted over each cycle). The self-bias voltage is typically formed on the smaller electrode due to
the unequal sheath voltages that develop during the RF cycle and can be qualitatively described by
the difference in the time-averaged sheath voltages at each electrode, derived from the Child-
Langmuir law in a simplified form, as [560]:

where 1 is the sheath voltage, e is the elementary charge, m; is the ion mass, J; is the ion current
density to the electrode, d is the sheath thickness, and € is the vacuum permittivity.

The self-bias of the RF electrode was measured through a custom-made filter circuit connected to
the output of the matching network. The matching network is directly connected to the RF electrode
inside the reactor and the DC voltage on the RF at the output of the matching network is captured
through this circuit and scaled down using a Tektronix Fluke Digital Multimeter and a 100:1 voltage
divider.

6.3.4. The simulation model

A comprehensive numerical study was previously performed on capacitively coupled
radiofrequency (CCRF) argon plasma, widely used in surface processing and material synthesis
[136]. The goal was to develop a robust continuum model that accurately represents the complex
dynamics of large-scale plasma reactors, often simplified in other models. Although the model is
consistent with current literature, it requires experimental validation, which is the focus of this
study. Key components of the model are briefly described below.

Geometric Considerations and Simulation Domain

A detailed two-dimensional (2D) axisymmetric continuum model of the capacitively coupled RF
argon plasma system was constructed using COMSOL Multiphysics 5.5. A schematic of the CCRF
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plasma system connected to diagnostic devices and highlighting the primary modelling domain (in
red dashes) can be seen in Figure 41. The primary modeling domain extends from upper surface of
the lower electrode (the substrate holder), up to the top boundary of the reactor chamber. Detailed
descriptions of the model's 2D geometry and boundary conditions were further elaborated in our
published work [136].

Continuum Framework and Approximations

The continuum model is centered on solving the fluid dynamics equations derived from the
moments of the Boltzmann equation. This approach is particularly suited to low-temperature
plasmas where the mean free path of electrons is small compared to the system dimensions,
justifying the continuum assumption. The drift-diffusion approximation is employed, simplifying
the transport of charged species by considering the combined effects of the electric field, particle
diffusion, and the influence of collisions. The selection of this modeling approach is justified by the
system's parameters: neutral gas pressure (p) was adjusted between 0.1-0.3 Torr over a range of
applied RF power (Prr). The momentum transfer collision frequency (v;;,) in an argon discharge at
13.56 MHz with a gas pressure of at least 0.1 Torr is typically significantly below the operational
frequency [381, 561]. Moreover, the system's Knudsen number (Kn) at the minimum operational
pressure was found to be well within the continuum regime (Kn<0.01) [371], confirming the
suitability of employing a drift-diffusion continuum model for this configuration [382, 562]. A time-
averaged steady-state approach was used to bypass the computational demand of a full temporal
resolution.

Key Equations and Plasma Chemistry

The model is founded by a set of core equations:
1- Electron Continuity Equations: These account for the conservation of electron density n,,
incorporating the effects of electric fields, diffusion, and the rate of energy exchange due to
electron collisions [382]:

where I, is the electron flux representing the net flow of electrons out of a volume and R,
(m~3-s7!) is the electron source term, accounting for the net rate of electron production or
loss due to various processes like ionization or recombination.

2- Heavy Species Transport: A mixture-averaged diffusion model governs the transport of
neutrals and ions, with their motion dictated by electric fields and concentration gradients
[563] in Equations (10) and (11):

ong

4V T, +E T, =Sy

where the electron energy density is n(e) = € n,, £ is the mean electron energy (eV), I, is
the electron energy flux, E is the electric field and S,,, is the electron energy source term
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p(?)=V'jk+Rk ____________________________________________________________________ (11)

where p is the gas density (kg-m™>), wy, is the mass fraction of kth species, j is the diffusive
mass flux and R, is the species source term for generation or consumption.

3- Poisson’s Equation: This self-consistent equation links the electrostatic potential within the
plasma to the distribution of charge density, thus defining the electric field [381, 563, 564]:

~V eV = q ¥{_q Zny — e

Where € is the electric permittivity (F-m™!), g is the unit charge (C), Z, is the charge
number for species k.

Boundary Conditions

Figure 45. Depiction of the model layout showing defined boundary conditions and the computational zone
(highlighted in grey), with the symmetry axis marked by a dashed red line [136].

Figure 45 illustrates the model's geometry, focusing on the domain's boundaries. Boundaries 1, 2,
and 4 outline the reactor walls and the substrate holder, all of which are grounded. The RF electrode
is defined by boundaries 6 to 8. Boundaries 5 and 9 delineate the axis of symmetry. The gas outlet,
situated between the substrate holder and the reactor wall, is represented by boundary 3. Boundary
3 is set with zero electron and electron energy flux, while boundaries 1, 2 and 4 are electrically
grounded, maintaining a potential of 0 V. Boundary conditions at boundaries 1, 2, 4, and 6-7 in
Figure 45 are governed by the electron flux and electron energy flux (Equations 13 and 14) at the
walls:

1
n-Il, :Evethne_zl'yi(ri'n) .................................. (13)
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Where y; is the ion-induced secondary electron emission coefficient, [ is the ion flux at the wall
for the ith cation species, &; is the mean energy of the secondary electrons and the electron thermal
Velocity is defined as (Equation 15) [564, 565]:

vih = [2Ele (15)

The RF Electrode between Boundaries 6-8 was characterized by Equations 20-22, with the RF
power input (Prf), the DC self-bias (Vpc on the RF electrode)[384] and the driving frequency (f,)
set at 13.56 MHz in:

Pre = fp fat faQ(Vs - Vdc,b)(n Ji+n-Jo+n-Jydsde (16)
=V, cos(2n}§,t) + Ve (17)
fpfatfan(n']i+n']e+n']d)d5dt:0 ______________________________________________ (18)

Where J; is the ion current (A), ], is the electron current (A), J; is the displacement current (A), V;
is the multicomponent diffusion velocity for species i (m-s™!), I is the voltage at RF electrode when
constant power (Prr) imposed, and 1 is the amplitude of rf voltage.

Reactions And Cross Sections

The selection of cross sections for argon plasma modeling was based on the Plasma Data Exchange
Project (LXCat) and literature, aiming to simplify electronic excitation. Cross sections for argon's
metastable states, 1s5 and 1s3 (Arm), are often merged [566, 567], while higher excited states (2p)
are usually omitted or grouped [567, 568], leading to variations in literature on how these processes
are aggregated. The choices made for electron impact process classifications and cross-section data
are outlined with the aim of constructing a well-defined argon plasma model that can be easily
duplicated by other researchers. The model simplifies by excluding ionization from 2p to Ar", and
categorizes electronic states into Arm, resonant Arr, and 2p states (Arp), focusing on Arm for
superelastic collisions. Following Bogaerts, the model emphasizes essential reactions at low
pressures and assumes all species revert to ground state at chamber walls, excluding total electronic
excitation and excited molecular argon species. Key data sources include the IST-Lisbon database
for elastic collisions and excitations [569], SIGLO for ionization [570], and Hyman for metastable
and 2p state ionizations [571]. Table 6 enumerates all electron impact processes (reactions)
incorporated in the present model.

Table 6. Argon reaction set used in the model. DB: detailed balancing, o (¢) m °: cross-section data. k: rate
expression [136].

1 e+Ar - e+ Ar Elastic collision a(e) m? 1.36x107
2 e+ Ar - 2e + Art Ionisation o(e) m? 15.76
e+ Ar - e+ Ar, Excitation to metastable states o(e) m? 11.55
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e+ Ar, > e+ Ar Deexcitation of metastables o(e) m? -11.55

e+ Ar - e + Ar; Excitation to resonance states o(g) m? 11.62
6 e+ An, > e+ Ar, Excitation from metastable to higher o (g) m? 32
2p states
7 e+ Ar > e+ Ar, Direct excitation to higher 2p states o(g) m? 13
8 e+ Ar, o> e+ Art Ionisation of metastable states o(e) m? 421
9 Aryp, +e—> An+e Electron quenching k=2x107 cm® s™!
10 Aty + Aryy > Ar + Art + e Metastable collision k=6.4x10"" cm® 5!
11 Aty + Ar > 2Ar Two-body collision £=2.3x10"% cm® 57!
12 Ar. - Ar Radiative emission k=3x107 s
13 Ar, - Ar Radiative emission k=3.2x10" 5!

6.4. Results

6.4.1. Langmuir probe measurements
6.4.1.1. Plasma parameters

In the realm of plasma physics, an understanding of plasma dynamics is facilitated by a set of
fundamental parameters, each encapsulating distinct aspects of plasma behavior and properties.
Understanding plasma parameters and their interdependencies is crucial for the diagnostic and
theoretical exploration of plasma systems. In our investigation of plasma characteristics, we
explored the behavior of these parameters across different power settings (25W, 50W, 100W) and
pressures (100 mTorr, 200 mTorr, 300 mTorr). Figure 46 shows the trends for each parameter
(plasma potential, floating potential, electron temperature, electron density, ion density, electron
saturation current) as measured by the Langmuir probe under the various power and pressure
conditions.

Monitoring the plasma and floating potentials is crucial for understanding and controlling plasma
behaviour. We measured the variation in plasma potential ¥, and floating potential (V) across the
range of power settings and pressures as is illustrated in Figure 46a and Figure 46b, respectively.
V, ranged between 29 and 37 V and an increasing trend was observed as the power input increased
from 25W to 100W at all tested pressures. The most pronounced rise occurred at the highest pressure
as is expected with higher power as the plasma becomes more energetic. On the other hand, V¢
showed an overall minor decrease in magnitude with rising power. A noticeable increase in 1, and
V¢ with pressure can be observed; however, both parameters tended to converge with pressure at
higher powers.

The electron temperature in a plasma is a crucial parameter as it provides insights into the energy
obtained by the electrons. In Figure 46c, the electron temperature (T,) measurements ranged
between 1.6 and 3.6 eV and demonstrated a clear trend of increasing electron temperature with
increasing powers across all pressures, suggesting that the supplied power significantly bolstered
the energy of the electrons. The increase in electron temperature from 25 W to 50 W is noticeable
across all pressures. From 50 W to 100 W, the electron temperature increased less drastically at
lower pressures and remained relatively stable at 200 mTorr. However, the relationship between
pressure and temperature is not linear, as indicated by the decrease in T, from 200 mTorr to 300
mTorr at all power levels. For example, at 50W, the electron temperature values exhibited an
upward trend as pressure increased from 100 mTorr to 200 mTorr, from 2.79 £0.01 to 3.43 +0.08
eV. However, at 300 mTorr, a decrease in electron temperature to 2.02 +£0.03 eV was noted.
Increasing the power to 100W, the reduction in T, values between 200 mTorr and 300 mTorr,
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although evident, was less pronounced with a decrease from 3.59 £0.11 to 2.9 +£0.03 eV.
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Figure 46. Trends in (a) plasma potential, (b) floating potential, (c) electron temperature, (d) electron
density, (e) ion density and (f) electron saturation current as measured by the Langmuir probe across
different power settings (25W, 50W, 100W) and pressures (100 mTorr, 200 mTorr, 300 mTorr).

The increase in T, with power mirrors the rise in V,, affirming the principle that a higher power
input at constant pressure results in increased electron temperature leading to increased electron
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losses to the walls and therefore a higher plasma potential is needed to equalize electron and ion
losses as required [533]. The observed increase in V, with power suggests that the potential drop
across the sheath increases as the power increases, due to the rising electron temperature. This
results in a stronger electric field in the sheath, which accelerates ions more effectively towards the
surface to equalize the increased electron losses. The decrease in the magnitude of the floating
potential with an increase in power, accompanied by higher electron temperatures, could be
attributed to the enhanced electron energy. Higher power input boosts the electron temperature,
increasing the kinetic energy of electrons. This change in the electron energy distribution can lead
to a situation where more electrons possess sufficient energy to overcome the potential barrier at
the sheath edge, resulting in a reduced need for the floating potential to become highly negative to
repel excess electrons and maintain current balance. Consequently, the magnitude of V; decreases
as the plasma adapts to the new energy equilibrium [572]. The difference between the plasma
potential and the floating potential increasing indicates that the potential drop across the plasma
sheath continued to increase. With a larger potential drop across the sheath, ions gain more energy
before reaching surfaces or probes. This can lead to more energetic ion bombardment effects, which
can be an initiator for plasma etching, sputtering and changes in plasma—sheath boundaries in our
system [573]. The impact of pressure on T, reduced with increased power, particularly at I00W and
became less significant when the power was sufficiently high. This suggests that within the 200 -
300 mTorr pressure range, the input power is sufficient to raise the electron energy despite the
increased collision rate associated with higher pressures. Beyond this range, the rate of collisional
energy loss possibly surpasses the energy input from the power supply, leading to a net cooling
effect on the electrons [532].

We also monitored the electron and ion densities in the plasma to better understand its conductivity
and electrical properties. The electron density, shown in Figure 46d, exhibited a clear positive
correlation with power, rising from 4.15x10' to 1.18x10'*m™ at 100W and the lowest pressure of
100 mTorr. The ion density followed a similar trend as the electron density, increasing with power
from 5.9x10' to 1.33x10'® m™, as can be seen in Figure 46e. At the intermediate pressure of 200
mTorr, both electron and ion densities again increased with power, reaching notable peaks of
1.3x10'® and 1.67x10'* m™ at 100 W, respectively. The standard deviations were generally larger
at higher powers, indicating more variability in these measurements. Increasing the pressure to 300
mTorr, the densities became comparatively lower across all power settings. In Figure 46f, the
electron saturation current increased with power at all pressures, which is consistent with the
increase in electron density and temperature. The saturation current was its highest at 100 mTorr,
which corresponds with the highest electron densities. At higher pressures, the saturation current
was lower, likely due to the combined effect of lower temperatures -compared to 100 mTorr- and
the lower electron densities at 300 mTorr.

The rise in electron and ion densities with power input correlates with observed increases in plasma
potential and electron temperature. This is attributable to enhanced ionization rates under increased
power conditions, leading to a greater concentration of charged particles. Consequently, this results
in a heightened plasma potential due to augmented ion-electron collisions and an elevated electron
temperature resulting from the additional energy input [573]. The increase in Isat with power
implies that the sheath potential barrier is lower, or there are more high-energy electrons available
to overcome the barrier due to increased kTe. Isat is related to the number of electrons that have
enough energy to overcome the sheath potential barrier and reach the surface. As the plasma
becomes more energetic (higher T, ), the electron current increases, and Vy must decrease to maintain
the balance of currents since the ion current does not increase as much due to the ions' lower
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mobility. As n, and n; densities rise with power, the sheath becomes thinner. This could lead to a
more responsive sheath that rapidly adjusts to changes in the plasma environment, influencing ion
bombardment and plasma-surface interactions [554].

At higher pressures, the electron density decreases gradually as the gas pressure increases from 100
mTorr to 300 mTorr, and has been attributed to electrons not having the sufficient energy for
effective ionizations [574]. The electron temperature firstly shows an increase up to 200 mTor and
then it increases gradually in the higher-pressure range. The typical expected increase in density
due to more frequent collisions is not observed, potentially due to the increased importance of non-
ionizing loss mechanisms at higher pressures. Mechanisms such as electron-ion recombination
[575], diffusion losses[557], or reduction in plasma confinement [548] can become more influential
with increasing pressure. These results could also imply that ions were subject to more
recombination or were less effectively produced at higher pressures. Less effective production of
ions occurs due to the reduction in mean-free paths between electron creating ionisation collisions
or deenergising scattering collisions and the next encouter with a neutral that occurs with the
background gas pressure increase. Once the mean free path becomes so small that the energy an
electron gains between collisions is no longer enough to ionise the background gas molecules
deenergising scattering collisions will dominate over ionisation events, reducing the ion and
electron densities in the plasma accordingly. This turning point occurs at lower pressures when the
power is lower because the electric fields accelerating electrons between collisions are lower at
lower powers.

6.4.1.2. Electron Energy Distribution Function

The Electron Energy Distribution Function (EEDF) is a pivotal property of the plasma, offering
profound insights into the energy states of the electron population. It's a fundamental characteristic
of plasmas, affecting reaction rates and overall plasma chemistry. On the other hand, the Electron
Energy Probability Function (EEPF) offers a probability distribution, showing the probabilities of
electrons having different energies across the energy spectrum. It is typically determined from the
EEDF and emphasizes features like resonance peaks. The shape and characteristics of the EEDF
and EEPF curves are indicative of the underlying electron dynamics and electron energies. For
instance, higher magnitudes at higher energies within the EEDF suggest an increased likelihood of
encountering electrons with those high energies, hinting at dominant electron energies or significant
populations within those ranges. The breadth and definition of any peaks observed in the EEDF can
vary; a narrow, pronounced peak typically signifies a dominant electron energy, whereas a broader
distribution implies a diversity of electron energies.

The generalised forms of the EEDF and EEPF are given by, respectively:
F(e) = gg——3/2F(5/2g)3/2F(3/2g)—5/2e—(sr(s/Zg)r(a/Zg)‘l/é)‘g

f(e) = F(e)e™/?
where ¢ is the electron energy, g is the shape parameter, and I' is the incomplete gamma function.
To discern the nature of the EEPF—whether it resembles a Maxwellian, bi-Maxwellian, or

Druyvesteyn distribution—requires an understanding of each type's distinct features. A Maxwellian
distribution, representative of a thermal equilibrium state, is characterized by a smooth, bell-shaped
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curve that tapers gradually at higher energies. A bi-Maxwellian distribution suggests the
coexistence of dual electron populations, distinguished by either dual peaks or a noticeable
"shoulder" within the EEPF, indicative of a secondary, high-energy electron group. The
Druyvesteyn distribution, often arising in plasmas dominated by inelastic collisions, is marked by
a sharper decline at elevated energies compared to its Maxwellian counterpart.

The EEPF's detailed analysis extends beyond identifying the electron energy distribution's form; it
involves examining the curve's low-energy region, which typically slopes downward due to elastic
and inelastic collisions, and the high-energy tail, which is associated with electron-impact ionization
processes. The slope in the low-energy domain can reveal the effective temperature of the bulk
electrons, while the tail's presence underscores the role of energetic electrons in ionization and
excitation phenomena.

Alterations in experimental conditions or external influences, such as variations in power, pressure,
or magnetic fields, can significantly modify the EEPF's shape, thereby affecting the electron energy
distribution. Figure 47 shows the EEPFs obtained by differentiating the IV curves from the plasma
in the various ranges of pressures and power settings.
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Figure 47. EEPF’s obtained by differentiating the 1V curves from the plasma under different pressure (100,
200 and 300 mTorr) and power (25, 50 and 100 W) settings.

The variation of the EEPFs at the range of pressures is shown in Figure 47. At 25W, a systematic
shift in average energies with increasing pressure is observed: at 100 mTorr, the most probable
energy is observed at 1.5 eV, increasing to 2.0 eV at 200 mTorr, and further to 4.0 eV at 300 mTorr.
The average electron energies were calculated from the above EEPFs to be 6.5 + 0.5, 7.1 £ 0.9 and
9.0 £ 0.7 eV at 100, 200 and 300 mTorr respectively. This progression indicates the correlation
between increased pressure and the elevation of average electron energies within the plasma. The
EEPF at 100 mTorr is particularly noteworthy for its pronounced tail extending beyond 10 eV,
suggesting a substantial deviation from a Maxwellian distribution towards a more non-Maxwellian
one, characterized by a significant population of high-energy electrons. This feature diminishes
progressively with increased pressure, pointing towards a decrease in the relative number of high-
energy electrons, likely due to augmented collisionality at higher pressures [557], which acts to
thermalize the electron energy distribution more effectively. Upon increasing the power to SOW and
100W, the trend persists with minor variations. At 50W, the EEPF broadens at 100 mTorr,
indicating a sizeable high-energy electron population. This broadening is less pronounced at higher
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pressures (200 mTorr and 300 mTorr), suggesting a decrease in high-energy electron populations,
likely due to enhanced collisional cooling. The trend at 100W mirrors this behavior, albeit less
distinctly, with a less distinct shift in average energies at the lower pressures. A gradual narrowing
of the EEPF as pressure increases from 100 mTorr to 300 mTorr can still be seen, consistent with
the observations at lower power settings.

By observing the effect of power, the EEPF curves at all power settings show a broad distribution
of electron energies at 100 mTorr, indicating a substantial population of high-energy electrons. As
the power increases, the density of electrons at higher energies also increases, suggesting that more
electrons are being accelerated to higher energies, and more atoms are being ionized to create more
free electrons as was evident from the increasing electron density measurements. The EEPFs begin
to display a shift towards lower electron energies at 200 mTorr. While there is still a significant
high-energy electron population at 25W and 50W, it is less pronounced than at 100 mTorr. At
100W, the tail of the EEPF extends less into high energies, indicating that the plasma at this pressure
and power setting contains fewer high-energy electrons. At 300 mTorr, the EEPFs across all power
settings are considerably steeper after the highest average energy, with a more pronounced decline
in electron population at high energies. This steepness is indicative of a lower presence of high-
energy electrons. The EEPFs for 25W and 50W show a shift towards even lower energy ranges,
while the EEPF for 100W, despite having higher energies, also quickly declines, highlighting a
significant cooling effect at this high pressure. A flatter EEPF at higher powers implies a higher
electron temperature as it indicates more high-energy electrons, which is consistent with the
measurements showing increasing electron temperature with power.

Overall, the EEPF curves rise to a maximum, which is followed by a shoulder and then fall off. The
shapes indicate a non-Maxwellian distribution as they shifted to higher energies when subject to
higher powers. The lower energy decline seems relatively smooth, which might suggest a
Maxwellian-like distribution, but the steepness of the fall-off is consistent with the Druyvesteyn
assumption. When the Electron Energy Distribution Function (EEDF) deviates from a Maxwellian
distribution, it encompasses both ultrafast and slow electrons. This characteristic arises due to
stochastic electron heating at the oscillating boundary between the plasma and sheath [576, 577].
In CCRF discharges, electrons primarily interact with an electric field aligned perpendicular to the
electrodes, leading to energy fluctuations. This process, along with collision-induced isotropization,
defines electron heating. Historically, two electron heating mechanisms have been identified:
"Ohmic heating," a collisional approach, and "stochastic heating," identified for low-pressure
conditions where collisions are infrequent. Stochastic heating arises from the electric field's
temporal and spatial variations, particularly around the oscillating plasma sheaths in CCRF
discharges [532, 574]. The EEDF changes imply that a transition from collisionless stochastic
heating to collisional Ohmic heating into the bulk plasma appears at the gas pressure of 300 mTorr.
By varying of the gas pressure, a transition appears to take place between different electron heating
modes [574].

6.4.1.3. Spatial variations

Langmuir probe diagnostics offer a direct method to gauge critical plasma parameters, including
electron temperature and plasma density. The fundamental limitation of single-point Langmuir
probe measurements lies in their inability to capture the complex spatial variations characteristic of
plasmas. To overcome this, Langmuir probes have been deployed at various positions within the
plasma reactor, often closer to the plasma bulk. This approach enables the acquisition of a detailed
spatial distribution of plasma parameters, providing a multidimensional perspective of the plasma's
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behavior. Such spatially resolved data is indispensable for the rigorous validation of theoretical
models, such as the COMSOL Multiphysics simulation model developed in Section 6.7. A right-
angled connector was used to extend the Langmuir probe’s measurement point further below the
powered RF electrode as can be seen in Figure 48. The measurements were taken at the central axis
of the reactor at 22, 32 and 42 mm below the RF electrode.

Langmuir probe
with z-translator

Powered rf
electrode

Measurement
positions
<

Figure 48. Sketch showing the Langmuir probe setup using the right-angled comnnection resulting in
measurements directly below the RF electrode and further into the plasma bulk. Figure not to scale.

Figure 49a represents a series of plasma potential measurements conducted at varying applied RF
powers of 25W, 50W, and 100W under three different pressures (100 mTorr, 200 mTorr, and 300
mTorr), at three distinct probe heights below the RF electrode (42 mm, 32 mm, and 22 mm). A
general trend where the plasma potential decreased with distance from the RF electrode and
increased with higher pressures across all powers was observed. The lowest potentials were
recorded at 42 mm below the electrode, with a gradual increase as the measurement point moves
closer, reaching the highest potentials at 22 mm. The plasma potential at 100 mTorr was the lowest
at 31 V and at 300 mTorr was the highest at 39 V at 25W. The same trend was noted at 50 W;
however, the differences between the potentials with increasing pressures was reduced, especially
between 200 and 300 mTorr. The influence of power on the plasma potential was further reduced
with pressure, which suggests that higher power input may have led to a more homogeneous plasma.
This could indicate a saturation effect where further increases in power had a reduced impact on
potential at closer distances.

The electron temperatures recorded at the three positions at various pressures and power settings
can be seen in Figure 49b. The overall trend across the heights suggests that as the Langmuir probe
moves closer to the RF electrode (from 42mm to 22mm) and with increasing powers, there is a
general increase in the electron temperature. Higher electron temperature peaks near the discharge
electrode in an unmagnetized CCP discharge are observed and explained through the concept of
stochastic electron heating, which occurs due to the dynamic nature of RF sheaths [381, 578]. The
temperatures fluctuate slightly with pressure on the other hand. At 25W, electron temperature
increases with pressure from 100 mTorr to 200 mTorr but declines at 300 mTorr across all probe
positions. This non-linear pattern suggests pressure increases electron temperature up to a point,
after which higher pressures reduce it through increased collisional losses. Increasing power to
50W, a similar non-linear trend is observed. Temperatures peak at 200 mTorr at all positions, with
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a slight decrease at 300 mTorr, implying optimal conditions for ionization and electron energy
absorption at this intermediate pressure. At 100W, a general trend of decreasing electron
temperature with increasing pressure is noted. The temperature at 200 mTorr varies, showing an
increase at 42mm and a decrease at 22mm compared to 100mTorr. The highest and lowest
temperatures of 4.24 eV and 2.63 eV are observed at 22mm and 42mm from the RF electrode at
100mTorr and 300mTorr, respectively, indicating proximity to the electrode and lower pressures
favour higher temperatures.

Figure 49¢ and Figure 49d illustrate the electron and ion densities measured at the three power
settings under different pressures and at varying distances from the RF electrode. The increase in
both densities with power remained clear. The electron and ion densities increased progressively as
the probe moved closer to the RF electrode at all power and pressure combinations. At low powers,
the highest density of both electrons and ions was observed at 100 mTorr and decreased with
increasing pressure. This decrease became less prominent at intermediate power and a change in
trend can be seen at |00W whereby the highest densities were at 200 mTorr. This suggests that only
the highest power of 100W produced electric fields strong enough to retain a high level of ionizing
collisions at the reduced mean-free-path at 200 mTorr with the drop in ionizing collision frequency
occurring at the further reduced mean-free-path at 300 mTorr.

It is apparent that the plasma potential and electron temperature are influenced both by the proximity
to the RF electrode and the operating pressure. The trend across the heights suggests that as the
Langmuir probe moves closer to the RF electrode (from 42mm to 22mm), there is a general increase
in these parameters at any fixed pressure and power combination. This is consistent with expected
plasma behavior where higher pressures and closer proximities to the energy source generally result
in higher potentials. It could indicate that the electric field strength is greater closer to the RF
electrode, as can be seen with the increase in electron and ion densities. At higher powers the
increase in densities with position becomes more prominent while the electron temperatures begin
to show signs of saturation followed by decline with pressure increase to 300 mTorr. This suggests
that pressure plays a dominant role in determining the plasma potential, potentially due to its effect
on the density of ionizable species and the frequency of collisions in the plasma.
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Figure 49. A series of measurements conducted at varying applied RF powers of 25W, 50W, and 100W under
three different pressures (100 mTorr, 200 mTorr, and 300 mTorr), at three distinct probe heights below the

RF electrode (42 mm, 32 mm, and 22 mm) showing the (a) plasma potential, (b) electron temperature, (c)
electron density, and (d) ion density.

6.5. Electrical discharge dynamics

The plasma behaviour with increasing pressure, particularly between 200 and 300 mTorr, may be
understood through the lens of the Paschen law. The Paschen law describes the breakdown voltage,
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the minimum voltage required to initiate a discharge, as a function of the product of gas pressure
and electrode separation distance [579]. This relationship exhibits a minimum value, known as the
Paschen minimum, where the breakdown voltage is at its lowest. This relationship has been studied
extensively in the literature and can be seen plotted for a variety of gases in Figure 50a. Paschen's
Law is given by the formula [580]:

Bpd
Vp = -
In(Apd) — In (ln (1 + )—/))

Where Vg is the breakdown voltage, p is the pressure of the gas, d is the distance between the
electrodes, A and B are constants that depend on the gas type and y is the secondary ionization
coefficient, which is often considered a constant under certain conditions.

The Paschen minimum occurs at a specific value of the product p d (pressure-distance product),
which can be found by differentiating the Paschen's Law equation with respect to p d and setting
the derivative equal to zero to find the critical point. However, in practice, A, B, and y are
experimentally determined constants for each gas, and the exact calculation might require empirical
data. In the absence of empirical values for this discussion, the breakdown voltages and the Paschen
minimum were inferred from available literature for argon plasmas in CCRF discharges [581-583].
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Figure 50. (a) Paschen curves for air, nitrogen, hydrogen, helium and argon [579]. (b) Measured voltage
waveforms at 25, 50 and 100W for each pressure of 100 (top), 200 (middle) and 300 (bottom) mTorr. (c) The
Vims at each combination of power and pressure, obtained from the waveforms in (b), plotted alongside the
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Paschen minimum Vy and the estimated breakdown voltages Vg for our argon plasma at our fixed electrode
gap.

Incorporating input voltage and current waveforms from an RF power generator into plasma
research can significantly improve the understanding of plasma characteristics by allowing for
precise power dissipation analysis and impedance matching, which are critical for assessing electron
density, temperature, and maximizing power transfer. Additionally, these waveforms facilitate the
examination of energy distribution, plasma stability, and non-linear behaviors, providing insights
into electron heating mechanisms, plasma process fluctuations, and non-linear dynamics such as
sheath rectification and mode transitions. The voltage waveforms captured at the powered electrode
under various pressure and power inputs are shown in Figure 50b. The voltage amplitude escalated
with increasing power across all pressure levels, with a notable surge observed at 100 mTorr.
Although this upward trend continued at higher pressures, the rate of increase became less
pronounced at 200 and 300 mTorr. This diminishing sensitivity of the voltage amplitude to power
increments at elevated pressures suggests that while the plasma's response to power input is initially
robust, it becomes more subdued as pressure rises, confirming the likelihood of enhanced collisional
damping or a reduced power input into the plasma.

The Root Mean Square Voltage (V.s), or effective voltage (Veyss), is often used to express the
magnitude of fluctuating voltage in terms of its capacity to deliver power, similar to a constant DC
voltage. The significance of V.., 1s attributed to its direct association with the power dissipation in
a resistive element, wherein a sinusoidal AC voltage characterized by a V}.,, magnitude yields an
equivalent average power dissipation in a resistor as would a DC voltage of identical magnitude
[552]. Vs is often used when discussing the power delivered to the plasma because it relates
directly to the heating and ionization processes that sustain the plasma. In Figure 50c, we plotted
the measured V., alongside the Paschen minimum Vo and the estimated breakdown voltages for
our argon plasma at the various pressure and power combinations and fixed electrode gap. With the
Paschen minimum around 200 V, it becomes clear that the observed pressure region of 100 mTorr
is notably close to the Paschen minimum for our electrode setup geometry. Around the Paschen
minimum, ionization processes tend to be more efficient, leading to increased electron densities
[580, 584]. However, when the pressure surpasses this minimum threshold, the ionization process
becomes less effective due to a relative increase in non-ionising collisions. At pressures higher than
the Paschen minimum, inelastic non-ionising collisions become predominant, causing a reduction
in the plasma electron temperatures. This decrease in electron temperatures results in diminished
ionization efficiency, as the electrons possess lower energy for gas ionization, consequently causing
a reduction in electron density. The effective voltage delivered to the reactor at higher pressures lies
below the Paschen minimum and is also a possible indicator that the proper breakdown of the argon
gas is not being attained at these conditions.

To investigate non-linear effects in our plasma, we examined the current and voltage waveforms
for deviations from a sinusoidal shape at different pressures and powers. Harmonics in CCRF
discharges are integer multiples of the fundamental frequency (13.56 MHz) that arise due to
nonlinear processes within the plasma or the electrical systems driving the plasma. In Figure 51, the
voltage waveforms seem to be a fairly smooth sinusoidal waveform, indicating a primary frequency
with potentially some harmonic content. The current waveform, on the other hand, shows more
significant distortions, suggesting a higher level of harmonic content. The degree of deviation from
a pure sinusoidal waveform can be quantified by measuring the amplitude of each harmonic
frequency by a mathematical analysis such as a Fast Fourier Transform (FFT). This analysis can
break down the waveform into its constituent frequencies, showing the magnitude of the
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fundamental frequency and its harmonics. In Figure 52, considerable distortions in the current
waveform are observed and are typically generated due to non-linear elements of the plasma such
as its impedance[585]. Several harmonics of the applied frequency are observed in all the current
waveforms. The intensities of all the harmonics are seen to increase proportionally with increasing
rf power with a relatively significant signal from the second harmonic (27.12 MHz). With increasing
pressure, all the harmonics appear to decrease in magnitude while the ones at higher (third and
above) frequencies disappear at 300 mTorr. The differences may be due to the change in the bulk
plasma resistance with variations of the supplied electric field with pressure and the existence of
the plasma series resonance (PSR) effect [586]. This effect occurs when the natural oscillation
frequency of electrons in the plasma matches the frequency of an external driving electromagnetic
field. At resonance, the plasma exhibits a significant increase in the absorption of electromagnetic
energy, leading to enhanced oscillations or waves within the plasma.
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settings.
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Figure 52. Fast Fourier Transform (FFT) of the current waveform collected at the powered electrode across
various pressures and powers showing the harmonics at the signals.

6.6. DC self-bias voltage

The self-bias voltage is particularly important in determining the energy with which ions strike the
electrodes or any substrate placed in the plasma. Higher bias voltages typically mean higher ion
energies. This energy can significantly affect the quality of thin films, etching profiles, and other
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surface modifications in material processing applications. The ability to control and manipulate Vp-
allows for the optimization of process parameters to achieve desired material properties and device
performance.

The DC-self bias in plasma systems arises due to the asymmetric response of electrons and ions to
an applied radio frequency electric field. Electrons, being much lighter and more mobile than ions,
can respond more quickly to changes in the electric field. As a result, over one RF cycle, electrons
tend to accumulate on surfaces (such as electrodes) more readily than ions. This accumulation leads
to the development of a self-bias voltage, a negative potential that forms to balance the electron
current with the ion current over the RF cycle. The magnitude of this self-bias voltage is directly
influenced by the mobility and energy of the electrons; as these increase, the excess electron current
becomes more pronounced, necessitating a higher negative bias to suppress this excess and achieve
current balance. This bias affects the ion bombardment energy on surfaces and can influence the
overall plasma characteristics.
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Figure 53. Self-bias voltage recorded at the RF electrode of the plasma reactor. Measurements were taken
at pressures of 100, 200 and 300 mTorr and powers of 25, 50 and 100 W.

Figure 53 shows the average and standard deviation of the DC bias voltage measured at the
combinations of pressure and power settings. The DC self-bias is always negative due to the higher
mobility of electrons compared to ions in RF-driven plasma systems. As the power increases, there
is a noticeable increase in the magnitude of the average DC bias voltage across all pressures. This
trend is consistent with the increased plasma density and potential that come with higher power
inputs. The negative bias becomes more pronounced, which could be indicative of a stronger electric
field in the plasma. The magnitude of the average DC bias at 100 W is significantly greater than at
25 W and 50 W, suggesting that the effect of power on the electron density and energy is substantial.
This could be a result of a higher electron temperature and density contributing to an increased
plasma potential, thus a larger potential drop across the sheath and more negative bias on the probe.
Higher power typically leads to a more pronounced DC bias norm due to increased ionization and
more energetic plasmas.

The increase in the magnitude of the average DC bias voltage with increasing power aligns with the

broader EEPFs observed at higher power settings, indicating a higher population of energetic
electrons. A more negative DC bias suggests that the plasma potential is increasing, which is
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consistent with the presence of more high-energy electrons that can overcome the potential drop
across the sheath. At higher powers, there are more electrons and they have more energy,
contributing to the extension of the EEPF tail, as seen in the graphical data. This is consistent with
the more negative average DC bias values recorded, which suggest that these energetic electrons
contribute to an increase in the electron current to the powered electrode, and hence a greater
negative self-bias is required to reduce the excess electron current so as to match the ion current
drawn over an rf cycle.

The less negative DC bias at higher pressures also relate to the observed trends in n, and T,. The
reduced electron temperature and density at higher pressures due to increased collision-related
losses, resulting in lower electron currents to the powered electrode and therefore a less negative
DC self-bias. The observed decrease in electron density with increasing pressure, despite the
increase in plasma potential and power, could be linked to the V. data. At lower pressures, the
higher magnitude V- might enhance ionization efficiency, contributing to a higher electron density.
At higher pressures, the lower Vj, combined with increased collisionality as indicated by lower
electron temperatures, might lead to less efficient ionization and increased electron loss
mechanisms, resulting in lower electron densities. The variability in the DC bias, indicated by the
standard deviation, might also be associated with the variability in floating potential (V). The more
negative bias and larger standard deviations at higher powers can be a sign of a more dynamic and
potentially unstable plasma.

6.7. Simulation model validation and assessment

A 2D axisymmetric continuum model designed for the CCRF reactor using a pure argon 13.56 MHz
discharge was developed using COMSOL 5.5. This comprehensive model incorporated critical
parameters to consider how plasma behavior responds to operational conditions. Two distinct
discharge regions situated above and below the RF powered electrode were identified as a result of
the reactor geometry and electrode spacing. The plasma dynamics were systematically analyzed
over the various pressures and power input ranges and the model's responses was reflected in the
plasma potential, DC self-bias, electron density distribution and electron temperature under
different EEDF assumptions.

Figure 54 and Figure 55 illustrate the upper and lower discharge regions and show where relative
to the electrode the plasma generation is likely most intense. Figure 54 shows the period-averaged
plasma potential at 25 W and different pressures. The plasma potential in the model ranges between
20 and 40V under all pressures and increases with increasing pressure and is more negative closer
to the powered electrode and become less negative away from it. The spatial distribution of ¥,
suggests stronger electric fields near the powered electrode, consistent with the experimental results
(Figure 46a). In Figure 55 three contour plots representing model results for period-averaged
electron density at a fixed power of 25 W across the various pressures. Increasing the gas pressure
led to higher electron density and thinner sheath regions with the higher electron density areas
adjacent to the RF electrode.
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Figure 54. Model results for the period-averaged plasma potential at 25 W for pressures of 100, 200 and
300 mTorr (left to right).
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Figure 55. Model results for the period-averaged electron density at 25 W for pressures of 100, 200 and 300
mTorr (left to right).

Figure 56 presents a comparison of simulation outcomes for Electron Energy Distribution Functions
(EEDFs) and Electron Energy Probability Functions (EEPFs), obtained by modifying the shape
parameter in their equations for the Maxwellian (g=1) and Druyvesteyn (g=2) models. The models
emphasize the increased number of electrons at both low (<2 eV) and high (>11 eV) energy
extremes in the Maxwellian distribution, in contrast to the significant reduction of high-energy
electrons seen in the Druyvesteyn distribution's tail. The Maxwellian EEDF, characterized by a
singular temperature parameter, simplified the EEPF to a monotonic decay, indicative of elevated
electron temperatures and densities due to its extended high-energy tail. The Druyvesteyn EEDF,
distinguished by its relative deficit of high-energy electrons, predicted a more pronounced decline
in the EEPF at higher energies, yielding higher electron temperatures but lower densities compared
to the Maxwellian model.

EEDF measurements typically deviate from idealized theoretical distributions, influenced by a
variety of heating and collisional processes. The experimental increase in electron temperatures
(Figure 46c) with power, implied a trend towards a Maxwellian-like EEDF under such conditions,
potentially due to diminished collisionality at higher energies. Maxwellian distributions suggest a
denser population of high-energy electrons, typically representative of low-pressure plasmas with
significant electron-electron collisionality. However, the experimental EEPFs (Figure 47) deviated
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from a singular decay curve, indicating a more complex electron energy distribution than a single-
temperature Maxwellian model can describe. The anomalies such as the bumps and slope changes
in the experimental EEPFs suggest the presence of non-equilibrium effects and that the actual EEDF
could be a hybrid of the two models, reflecting the dynamic nature of plasma conditions.
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Figure 56. The electron energy distribution function (EEDF) and the electron energy probability function
((EEPF) under a Maxwellian and Druyvesteyn assumption.

The analysis of the model’s plasma potential and DC self-bias in relation to applied RF power and
varying pressures are depicted in Figure 57a and Figure 57b. In Figure 57a, we observed that the
plasma potential for both Maxwellian and Druyvesteyn EEDFs increased with applied RF power,
with the Druyvesteyn plasma potential exhibiting a steadier increase compared to the Maxwellian,
at a factor of nearly 1.5. Conversely, the DC self-bias for both EEDFs became more negative as the
Applied RF power increased, with minimal difference between the two EEDFs assumptions. Figure
570 further elucidated these trends, showing that the DC self-bias voltage consistently became more
negative with increased power levels and rising pressure for both EEDFs. The model also showed
that DC bias voltage and the electric field magnitude within the sheath region appeared to be
minimally impacted by the form of the electron energy distribution function (EEDF). The model's
prediction of the increase in plasma potential and DC self-bias becoming more negative with
increasing power aligns well with the experimental results. However, the experimental data suggests
a more pronounced effect of pressure on DC self-bias than the model predicts, with the experimental
self-bias significantly more negative at lower pressures. This implies a more pronounced effect of
electron heating than the model captures possibly due to variations in the experimental setup or
conditions like electrode surface conditions and secondary electron emission (SEE) effects.
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Figure 57. Comparison of EEDF at Langmuir probe point with gas pressure 100 mTorr on (a)period-
averaged plasma potential and DC self-bias on RF electrode and (b) Period-averaged DC self-bias on RF
electrode for various pressures and applied RF power.
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Figure 58. (a) Model predictions for electron density and electron temperatures with a Maxwellian and
Druyvesteyn EEDF and various applied RF powers at 100 mTorr. (b) Period-averaged electron density at
Langmuir probe position under different EEDFs for various pressures and applied RF power.

In Figure 58a, the electron density and electron temperature are plotted as functions of the input
power under the Maxwellian and Druyvesteyn assumptions at 100mTorr. For both EEDF shapes,
T, exhibited minimal variation with respect to applied power, stabilizing at 1.9 eV for Maxwellian
and 3.3 eV for Druyvesteyn. The model also showed that electron temperatures for both EEDFs
decreased as pressure was raised from 100 to 300 mTorr, with the Druyvesteyn EEDF showing a
reduction from 3.3 eV to 2.8 eV, and the Maxwellian EEDF from 1.9 ¢V to 1.4 eV. The Maxwellian
EEDF showed a greater electron density that increased more significantly with applied power from
nearly 3.8x10'° to 8x10' m3compared to the Druyvesteyn EEDF increase from 1.6x10" to
3.4x10" m. In Figure 58b, the model suggests a consistent increase in electron density with power
and pressure, under both EEDFs, which matches the experimental trends. With a Maxwellian EEDF
shape, n, was not only higher but also exhibited a more pronounced increase with pressure
compared to Druyvesteyn EEDF models, leading to larger differentials at elevated powers and
pressures. The experimental data shown in Figure 46d confirmed the increasing electron density
with power ranging between 1.9x10' and 1.3x10'® m. At 100mTorr, the experimental densities
match the Druyvesteyn model predictions well at the lower powers and exceed them at 100 W. The
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experimental densities increase with power significantly at 100 and 200 mTorr, but the increase is
less pronounced at 300mTorr, treading close to the model’s predicted values with the Maxwellian
assumption and hinting at a possible intermediate or mixed EEDF in the actual plasma. The
experimental electron temperature (Figure 46¢) increased with power at all pressures, reaching
around double their lowest values ranging from 1.6 eV to 3.6 eV. The trend indicates that for all
power levels, the electron temperature initially increases with pressure from 100 to 200 mTorr and
then decreases at 300 mTorr. While the model captures an accurate range of electron temperatures,
the actual temperatures measured experimentally are affected by the power and do not decrease as
uniformly with pressure. These discrepancies could suggest that the experimental conditions may
have additional complexities not captured by the model. The lower electron temperatures at 300
mTorr, coupled with a lower electron density and potentials further consolidates that beyond
200mTorr, the plasma reactor could be in a different regime of operation, possibly due to factors
such as spatial variation in electron temperature, geometric effects, or differences in actual and
assumed electron collision cross-sections.
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Figure 59. (a) Modelled period-averaged plasma potential and ionization rate along the axis spanning the
gap at the lower electrode, measured at a pressure of 0.1 Torr and various powers. (b) Profile of the period-
averaged electron density along the central axis of the lower discharge area at different pressures for 25 W
of applied RF power are depicted. The powered RF electrode is situated on the right-hand side.

In Figure 59a, the period-averaged plasma potential is modelled along the symmetry axis across the
lower electrode gap. An increase in the potential difference is evident across the RF sheath with
increasing applied RF power, attributable to rises in both the bulk plasma potential and the DC bias
voltage. The plasma potential along the axis of symmetry within the modelled gap area exhibits
minimal variation, demonstrating a slight and gradual increase as the measurement point approaches
the RF sheath. This figure also shows the rate expression for argon ions (Ar"), indicating that most
ionization occurs at the plasma-sheath interface. This is indicative of a low-power o mode at applied
power values up to 100 W [381]. As Prr increases, the ionization contribution from the sheath
region intensifies, suggesting a transition to the y mode. In this mode, the discharge becomes
increasingly sustained by secondary electron emission [587]. The spatially-resolved electron
density profiles for the central axis in the lower discharge region are shown in Figure 59b. The
figure highlights the significantly higher density associated with a Maxwellian EEDF and a stronger
sensitivity of n, to gas pressure. The electrostatic potential was consistently higher in the
Druyvesteyn case by around 10-12 V in the bulk plasma region, whilst there was no significant
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difference in the sheath regions. The choice of EEDF should ultimately be informed by experimental
measurements in the discharge, ideally of the EEDF itself, or by comparison with the plasma
parameters.

In comparison with experimental data for spatial variations (Figure 49), the period-averaged plasma
potential (V},) and electron density (n,) exhibit a slight increment as the proximity to the electrode
increases, aligning with the trends observed in Figure 57. This increase is consistent and becomes
more pronounced at greater applied RF powers, reinforcing the model's prediction of an intensified
potential difference across the RF sheath with elevated power levels. Moreover, experimental
results suggest that the plasma density is more closely aligned with the Druyvesteyn EEDF at a
power setting of 25W, as opposed to the Maxwellian EEDF which tends to overestimate the density.
This discrepancy indicates that the Druyvesteyn EEDF may provide a more accurate representation
of the plasma characteristics at lower power regimes.

The model described provides a valuable framework for understanding plasma behavior under
various operational conditions, capturing several key aspects of plasma dynamics: The model
accurately predicted the increase in plasma potential and DC self-bias with power, aligning with
experimental observations. This suggests the model effectively captures the influence of power on
these plasma parameters. The predicted increase in electron (n,) and ion (n;) densities with power
was also consistent with experimental findings, indicating the model's capability in simulating the
dependency of ionization rates on power input. Moreover, the electron temperature (T,) decreased
with increased pressure aligned with the general trend observed in experiments at higher pressures,
reflecting the model's ability to capture some of the pressure-related dynamics affecting electron
energy. By using both Maxwellian and Druyvesteyn EEDFs, the model provided insights into the
behavior of high-energy electrons and their impact on plasma characteristics, showing a level of
flexibility in representing electron energy distributions. In regard to spatial dynamics, the model
was successful in reflecting the increase in plasma potential and density closer to the electrode,
consistent with the spatial variations observed in experimental data.

However, there are areas where the model could be improved to provide a more comprehensive
and accurate representation of plasma behavior: The primary difference between the experimental
observations and the model predictions lies in how they account for the impact of increased
pressure on electron densities, particularly at lower powers. Experimentally, an increase in
pressure leads to heightened collisional losses, which in turn diminish electron densities. However,
the model forecasts a continuous rise in densities with pressure, suggesting that there is sufficient
power to sustain ionization of additional gas molecules despite the pressure rise. This divergence
could stem from potential inaccuracies in the modeled collision cross sections or the omission of
certain collisional loss processes. Additionally, the model might overestimate the energy input into
the plasma, possibly through an exaggerated effect of secondary electron emission compared to
actual laboratory conditions. Given the challenges in accurately measuring both collisional cross-
sections and secondary electron emission coefficients, it's probable that the discrepancies are due
to the model's reliance on values that do not precisely match those derived from experiments.
Experimental data also suggest a more complex electron energy distribution than what a single-
temperature Maxwellian or a Druyvesteyn model can capture, possibly indicating a hybrid or non-
equilibrium state. Improving the model to address these aspects would not only enhance its
alignment with experimental observations but also expand its utility in predicting plasma behavior
under a wider range of conditions, thereby providing a more robust tool for plasma research and
applications. The parameters in the model, such as cross sections and rate coefficient, were
calculated by using results of experiments or simulations in other literature and may require
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improvements to fit our plasma system. The model also assumes uniform electric fields which
presents a simplification that may not entirely capture the complex physics of the plasma.
Experimental limitations may also present sources of discrepancies such as: The accuracy of the
experimental data depends on the calibration and the precision of the measurement tools, such as
the Langmuir probe, input IV probe and self-bias voltage meter, all of which can be affected by
plasma conditions [552]. Moreover, the Langmuir probe is an intrusive technique and despite its
popularity, its error limits can be up to 20% [588, 589]. The frequency and quality level of the
cleaning procedure for the probe tip to reduce contaminations between repeated measurements
may be another avenue for exploration and error reduction. The input power being dissipated in
the reactor at the powered electrode is also a key source of discrepancies as the applied power to
the system is often hindered by the losses in the electrical circuit and matching network [542].
Considerations for the combinations of pressure, power and gas flow set for our reactor would be
necessary to ensure efficient gas breakdown near the Paschen minimum would occur. Moreover,
harmonics arising from nonlinear plasma processes can lead to signal distortion in plasma
diagnostic tools, potentially obscuring true plasma parameters and leading to inaccurate
measurements. These distortions affect the efficiency and reliability of diagnostics, necessitating
careful analysis and filtering to isolate genuine plasma characteristics. Obtaining measurements at
more positions and investigating the planar distibution can inform the resolution that the model
needs to attain. By comparing our empirical measurements with simulation results, the model's
accuracy can be fine-tuned, ensuring it faithfully represents the plasma's spatial dynamics. An
iterative process of measurement and validation is pivotal in advancing our understanding of
plasma phenomena and enhancing the predictive capability of computational models.

6.8. Conclusions

In this study, we have explored the intricate dynamics of plasma behavior under varying power and
pressure conditions through a combination of experimental investigations and computational
modeling. Our systematic exploration across different power settings (25 W, 50 W, 100 W) and
pressures (100 mTorr, 200 mTorr, 300 mTorr) has provided valuable insights into the fundamental
parameters governing plasma systems, including plasma and floating potentials, electron
temperature, electron and ion densities, and electron saturation current under varying external
conditions. Key findings from our study include the observed increase in plasma potential (V},) with

both power and pressure, indicating more energetic plasma states at higher inputs. The floating
potential (Vr), however, displayed a minor decrease with increasing power, suggesting a dynamic

balance in the plasma sheath's charge distribution. Notably, the electron temperature (T, ) exhibited
a pronounced increase with power across all pressures, highlighting the significant impact of power
input on the thermal energy of electrons, which in turn influences the overall plasma energetics.
Our investigation into the electron and ion densities revealed a positive correlation with power,
underscoring the role of ionization processes in enhancing plasma density under increased power
conditions. The electron saturation current (/) also increased with power, mirroring the trends in
electron density and temperature, and suggesting heightened plasma activity and ionization rates.
Spatial variations in plasma parameters, as probed by Langmuir probe diagnostics, further enriched
our understanding of plasma behavior. Measurements indicated that plasma potential and electron
temperature are influenced by proximity to the RF electrode and operating pressure, with higher
values closer to the energy source and at elevated pressures. The Electron Energy Distribution
Function (EEDF) and Electron Energy Probability Function (EEPF) analyses offered profound
insights into the energy states of the electron population, revealing the presence of high-energy
electron populations and the effects of pressure and power on electron energy distributions
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transitioning the plasma to a hybrid between Maxwellian and Druyvesteyn distributions. These
findings have significant implications for plasma diagnostics, emphasizing the need for detailed
EEDF and EEPF analyses to accurately characterize plasma states. Our study also delved into the
electrical discharge dynamics, exploring the implications of the Paschen law and the impact of
pressure on breakdown voltages. The observed trends in voltage waveforms and the root mean
square voltages under different conditions provided valuable information on plasma stability and
efficiency, particularly in relation to the Paschen minimum and the operational regime of the
plasma. The development and application of a 2D axisymmetric continuum model offered a
theoretical perspective on the experimental findings, laying the foundation of a predictive tool to
illustrate plasma behavior under various conditions. The model predictions on plasma potential, DC
self-bias, electron density, and temperature were generally in good agreement with experimental
results, validating the model's utility in understanding plasma dynamics. However, discrepancies
between the model and experimental data highlight the complexity of plasma behavior and the need
for further refinement of theoretical approaches. In conclusion, our study has significantly advanced
the understanding of plasma dynamics under varying power and pressure conditions, providing
valuable insights into the behavior of plasma parameters and their interdependencies. The findings
not only contribute to the theoretical knowledge of plasma physics but also have practical
implications for the optimization of plasma-based processes in various applications. Further
research, particularly in refining the model and exploring the complex interplay of plasma
parameters, will continue to enhance our understanding and control of plasma systems to develop
optimized conditions for plasma treatment and deposition processes. Future work will undoubtedly
build upon these findings, exploring further the complex dynamics of plasma systems and their
potential for nanoparticle synthesis and plasma process control for industrial scaling.
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Chapter 7. Conclusions and Future Directions

7.1. Concluding Remarks

This thesis introduced the critical role of surface-functionalized polymeric nanoparticles (PNPs) in
advancing nanotechnology for biomedical purposes. Their capacity to tackle significant health and
sustainability challenges by improving diagnostics, drug delivery, and therapeutic measures was
extensively evaluated. By exploring both covalent and noncovalent functionalization strategies,
insight into the sophisticated interactions between PNPs and biological systems was framed, setting
the groundwork for understanding their potential and limitations within biomedicine.

The introduction and literature review in Chapter 1 highlighted the significant challenges hindering
the full potential of polymeric nanoparticles in areas of clinical translation, scalability, regulatory
concerns, advanced functionalization techniques, and demonstrated the necessity for
interdisciplinary collaboration in understanding the immerging field of plasma polymerization for
nanomedicine. The transition from laboratory framework to clinical applications remaining in its
early stages was attributed largely to biological complexities and the need for a deeper
understanding of nano-bio interactions. Moreover, shortcomings in scaling up production while
ensuring consistency and functionality of nanoparticles, alongside navigating the regulatory
landscape for safety, were identified. The advancement of innovative functionalization strategies
was thus established to be crucial for enhancing targeting precision, biocompatibility, and controlled
release, which introduced the requirement for novel bioconjugation and surface modification
methods. Addressing these challenges called for an integrated approach, bridging gaps between
nanotechnology, materials science, biology, and medicine, to develop solutions that can effectively
meet clinical needs and navigate the intricacies of nanomedicine.

Following the description of methods used in this study in Chapter 2, Chapter 3 introduced an
innovative approach to the fabrication of plasma polymerized nanoparticles (PPNs). This approach,
which presents an environmentally friendly and cost-efficient synthesis method relative to
conventional techniques, enhanced the particle collection yield through the delayed inflow of the
organic gas, acetylene. The delayed inflow resulted in a higher working pressure during nanoparticle
synthesis and modified the electrostatic and drag forces such that the net force on the growing
plasma polymerized nanoparticles, or PPNs, directed them more effectively towards the collection
wells. This technique has implications for the scalability and industrial application of PPN
production, underscoring the method’s potential to fast-track their synthesis and bulk-production
for biomedical application.

Chapter 4 examined the conjugation capability of PPNs as required for biomedical applications
through their surface functionalization with imaging and lipid-targeting molecules. The attachment
of these molecules on the PPN surfaces was shown to be covalent and robust. The efficacy of plasma
polymerization as a simple, dry, low-waste method for the synthesis of PPNs and their surface
treatment with functional groups was demonstrated. Their organic cores and radical-infused
surfaces facilitated the immobilization of fluorescent molecules while eliminating typical post-
synthesis functionalization processes such as purifications and surface coatings for hydrophilicity.
The presented cellular biocompatibility and functional versatility of PPNs as platforms for targeting
and diagnostics certified their potential for advancing one step closer to in vivo intracellular delivery
applications.
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Chapter 5 examined the impact of polymerization duration and long-term storage conditions on the
stability and functionality of PPNs. Polymerization time was optimized at 5 minutes to avoid larger
nanoparticles with a tendency towards aggregation. pH levels also influenced nanoparticle
agglomeration, with acidic environments promoting aggregation due to decreased electrostatic
repulsion, while alkaline conditions stabilized particles by preventing aggregation. Dry storage of
PPNs at room temperature was shown to have yielded the smallest nanoparticle sizes over time,
which holds significant advantages for industrial and commercial applications. This storage method
enhances product consistency, crucial for regulatory approvals and consumer trust, and reduces
manufacturing, storage and maintenance costs. Smaller, stable nanoparticles are known to improve
the efficacy, safety, and reliability of nanotechnology products, from drug delivery systems to
diagnostic tools, making them more competitive in the market. Despite storage-induced variations
in aqueous conditions, PPNs were prone to size-reduction under sonication and retained their
functionality for biomolecular attachment, evidenced by successful Nile Blue binding across
different storage conditions. The adaptability and functional integrity of the PPNs discovered after
long-term storage also adds to their commercial appeal. This flexibility allows for tailored
nanotechnology solutions, enhancing product consistency and performance across various
applications.

Chapter 6 investigated the underlying plasma dynamics and provided a detailed examination of
argon plasma behaviour under different operational parameters. Plasma diagnostics and modeling
alongside experimental validation were used for understanding key plasma parameters. Electron
and ion densities were found to correlate positively with power, highlighting the importance of
ionization processes at higher power settings. The electron saturation current also increased with
power, reflecting the trends in density and temperature, and indicating increased plasma activity
under those conditions. Spatial analysis revealed variations in plasma parameters near the RF
electrode and under different pressures, with higher values observed closer to the energy source and
at elevated pressures. Electrical discharge dynamics shed light on the effects of pressure on
breakdown voltages and plasma stability. The use of a 2D axisymmetric continuum model provided
a theoretical framework that largely aligned with experimental findings, offering valuable insights
for optimizing plasma-based processes in various applications and setting the stage for future
explorations into plasma systems for industrial scaling and nanoparticle synthesis.

This thesis has provided an in-depth analysis of the synthesis of plasma polymerized nanoparticles
and their properties making them suitable for the advancement of biomedical nanotechnology.
Through detailed studies of plasma polymerization and the functionalization of PPNs, the work has
highlighted the potential of these nanoparticles in improving health care through better disease
diagnosis, drug delivery systems, and therapeutic approaches. The development of an
environmentally friendly and cost-effective method for PPN production at high yields, the
successful attachment of molecules to PPN surfaces without the need for post-synthesis
modifications, and insights into the stability and functionality of PPNs under various storage
conditions have been achieved. Furthermore, the exploration of plasma dynamics through plasma
diagnostic experiments and finite element simulations has contributed to a better understanding of
the conditions necessary for optimizing the synthesis and functionalization processes. The
combined findings from each chapter not only contribute to the scientific community's
understanding of PPNs but also suggest a pathway towards their scalable production and practical
application in medicine. By focusing on the scientific challenges and potential solutions, this thesis
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emphasizes the importance of interdisciplinary research in overcoming the barriers to the clinical
adoption of nanotechnology-based solutions.
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7.2. Future Directions

Despite the significant progress made in the development of surface biofunctionalized PPNs for
diagnostics and therapeutic applications, their clinical translation remains narrow. Future research
will focus on overcoming the challenges associated with the in vivo physiological environment,
including the precise interactions between nanoparticles and biological media, and immune
responses. The biodegradation of PPNs has not been extensively studied, nor has the full potential
of our synthesis method for diverse applications. Understanding biodegradation pathways is crucial
for clinical translation and in vivo studies, guiding polymerization modifications to explore. Key
parameters to adjust include power, pressure, gas ratios, and additional gas mixtures. Our group is
actively addressing this gap through various projects, including size variations for transport control
and elucidating biodegradation pathways led by Elmer Austria, and investigations into PPN
degradation routes like endocytosis, led by Lucy Fraser and colleagues.

Innovations in scaling-up technologies for the fabrication of functionalized PPNs are critical.
Emphasis on reproducible manufacturing, progression towards industrial partnerships, and
commercialization will be pivotal in bringing these advancements from the laboratory to the clinic.

The potential for creating multi-functional nanostructures that combine diagnostic, therapeutic, and
imaging capabilities represents an exciting area for future research. The development of novel
biofunctionalization techniques, including covalent attachment of molecules and fluorescent
markers, opens new avenues for the creation of targeted therapeutics and advanced imaging
systems.

The findings on the stability and functionality of PPNs under varied storage conditions underscore
the importance of understanding and controlling the physicochemical properties of nanoparticles.
Future studies should aim to extend the investigation to include more diverse environmental
conditions and nanoparticle formulations. Exploring innovative methods to mitigate particle
aggregation and degradation such as surfactant incorporation and high-sheer mixing, while retaining
or enhancing functionality, will be crucial for the successful application of PPNs in drug delivery
and biomedical sensors.

The characterization and modeling of argon plasma conditions have laid the groundwork for
understanding and achieving control over the physicochemical properties of nanostructures during
their synthesis. Future research should aim to refine these models further, incorporating more
complex interactions from nitrogen and acetylene gases as well as studies of the effect of variables,
including secondary electron emission coefficient and collisional processes to improve predictive
accuracy. To support the experimental advancements in plasma polymerization and nanostructure
synthesis, there is a need for more sophisticated theoretical and computational models. These
models should aim to capture the complex dynamics of plasma-nanostructure interactions, offering
insights into the mechanisms at play. Enhancing the accuracy and applicability of these models will
be essential for the design and optimization of next-generation nanostructures.

The recent advancements in stem cell research, microfluidics, and organ-on-a-chip technologies
offer promising alternatives to traditional animal models. Future work would benefit from delving
deeper into these technologies, focusing on their integration with plasma polymerized nanoparticles
for enhanced drug delivery systems and diagnostics. The potential for these technologies to
accelerate the clinical translation of nanoparticle-based therapeutics presents an exciting frontier for
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exploration. Given the exceptional properties of carbon-based nanostructures synthesized through
plasma processes, one overlooked direction is to explore their application in emerging fields. The
integration of these nanostructures in flexible electronics, wearable sensors, and smart materials
holds significant promise. Additionally, the development of environmentally friendly synthesis
methods and the study of the lifecycle impact of these materials are crucial for sustainable
advancement.

In summary, the evolution of plasma polymerization and nanoparticle synthesis technologies, along
with the broadening of their applications, heralds a transformative shift in the biomedical landscape.
As these capabilities develop and new functionalities emerge, the importance of surface
functionalization of polymeric nanoparticles (PPNs) and the refinement of plasma processing for
carbon-based nanostructures is poised to escalate. This progression is anticipated to transition these
technologies from research labs to a central role in clinical settings and industrial applications,
revolutionizing drug delivery, diagnostics, and therapeutic modalities. Such advancements promise
to usher in a new paradigm in healthcare, where treatments are not only more personalized and
regenerative but also more accessible across the global healthcare system. The integration of these
nano-engineering strategies signifies a move towards a future where healthcare solutions are
tailored to individual needs, offering a leap forward in patient care and medical outcomes.
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