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Abstract

We have developed a plasma polymerization equipment and process that uses a low
power radio frequency glow discharge to coat surfaces with plasma polymerized
Poly(ethyl acrylate) (PEA). Our set-up has demonstrated a fine control of the chemical
integrity and the thickness of the coating, even at sub-micron scales.

We have optimised the operation parameters of this equipment and have characterised
the materials produced, in particular how fibronectin behaves when coated onto them.
We have systematically evaluated process conditions and their impact on the plasma
polymerised PEA coatings, characterising the effect of plasma power and deposition
time on thickness, wettability and chemical composition of the coatings. We also have
demonstrated that substrate functional roughness can be maintained after deposition
of the polymer coatings. Importantly, we show that coatings deposited at different
conditions all maintain a similar or better bioactivity than spin coated PEA references.
We show that fibronectin assembles into compact nanonetworks on the PEA plasma
polymerised coatings, with high availability of integrin and growth factor binding
regions that sequester bone morphogenetic protein-2 (BMP-2). Overall, we show that
this is a potent and versatile technology that can help facilitate the use of GFs in
clinical applications.

Additionally, we worked on a complementary coating technology to coat scaffolds
and other structures with PEA. We built in our lab two custom-made installations to
spray PEA from solutions in toluene on surfaces and scaffolds. Our first pilot
installation was for a simple high-volume airgun. A second installation that allowed
more precise control of the coating was for a low volume airbrush. We optimised
protocols and requirements to coat surfaces and scaffolds for the two spraying
installations, we developed and characterised the sprayed coatings (thickness,
partial/full coating distribution, degradation in water), checked the conformation of
fibronectin on sprayed surfaces with AFM, and verified the efficiency in coating 3D
structures with pores and the effect on degradation rate of a biodegradable substrate
(PCL).






1 Introduction and state of the art

Life, at least the kind we are aware of on Earth, is characterised by interactions at
different levels. For instance, distinctive and numerous chemical and physical
associations between molecules occur at the cellular level, where diverse structures
and signals are able to associate between them and with their environment. We have
progressed greatly in understanding cellular microenvironments, the extracellular
matrix (ECM) of cells, and its complex functional roles [1]. We are starting to figure
out how to engineer its composition, physical properties, topology or the controlled
delivery of biochemical cues. Natural and synthetic materials with biological interest
can be consequently designed to behave as a synthetic ECM to influence particular
aspects of the behaviour of cells [2] [3]. In many tissues, especially those involved in
regenerative processes, fibronectin (FN) is a significant ECM component that binds
other matrix proteins, functional molecules such as growth factors, and cell surface
receptors such as integrins [4]. FN molecules self-assemble in fibres in a natural ECM,
by a cell mediated process that is of critical importance for cell-ECM interactions that
subsequently occur thanks to specific FN domains being exposed in its fibrillar
network state (Figure 1). A few synthetic materials have been found to induce FN
fibril formation [5], and enhance exposure of integrin binding and growth factor
binding domains [6] although the molecular pathways by which these materials
control the biological activity of FN is not fully understood yet. Poly(ethyl acrylate)
(PEA) and other polymers of the acrylate family are one of those few materials where
upon adsorption of FN, physiological-like nanonetworks form that provide better
availability of cell and growth factor binding regions, while adsorption on other
materials leads to the formation of globular FN aggregates without full biological
functionality.

Research with these materials pioneered at Prof Salmerén-Sanchez laboratory in
Glasgow has shown that the fibrillar conformation of FN allows the synergistic
presentation of its integrin-binding sites and bound growth factors (GF) such as bone
morphogenetic protein 2 (BMP-2). These materials that drive FN fibrillogenesis are a
new and formidable tool to study and control tissue regeneration, where cell
mechanotransduction mechanisms and chemical signalling of growth factors are
critical. Advances in this line of research have very important translational
implications. The therapeutic use of growth factors is crippled by their potential
adverse side effects such as tumour growth, invasion and metastasis at the unsafe
supraphysiological doses they are currently used. A clinical application of BMP-2 at
low concentrations that enhances mesenchymal stem cell osteogenesis and drives full
regeneration of a nonhealing bone defect in vivo is possible using these materials [7],
a much safer and cost-effective alternative technology.

Acrylate polymers can be processed in different ways to be used in biomedical
applications. Cell and tissue support materials are developed in tissue engineering



applications into three-dimensional scaffolds and other structures that cause desirable
cellular interactions and promote the formation of new functional tissues. These
structures are impossible to coat successfully with PEA with the more commonly used
technologies, such as spin coating or dip coating. The coating is heterogeneous, and
the solvents affect the underlaying support materials.

1.1 Engineering the cell microenvironment

Cells interact with their environment through cell membrane receptors like cadherins,
that allow cells to attach to each other, or integrins, that attach to proteins in the ECM
and connect them with the cell cytoskeleton. Molecular complexes arising from the
initial interactions between integrins and ECM proteins allow cells to receive physical
signals, like stiffness and force, and start complex signalling cascades as part of a
variety of cellular processes, including enhance signalling from GF [8]. Integrins bind
to a number of specific ligand peptides in the ECM, for instance integrin avp3 that
binds the tripeptide Arg-Gly-Asp (RGD) sequence found in fibronectin, laminin or
vitronectin, or integrin 021 that binds to specific sites in collagen I and III.

Functional molecules like GF in the ECM also interact with cells through specific
receptors on the cell membrane. Moreover, the signalling cascades that these receptors
can trigger depend on the way the GF are available and presented in the ECM, in order
for cells to properly interpret GF stimuli in different cellular settings [9]. For example,
BMP-2 can be released from the ECM fibrils as a soluble ligand, but also presented
to cells as a ‘solid phase’ ligand, bound to the ECM. BMP-2 has been widely used in
the clinic soaked in a collagen sponge (Infuse and Amplify bone graft products by
Medtronic Sofamor Danek, Memphis, TN) in approved anterior lumbar interbody
fusion procedures but also in other off-label applications [10]. Serious side effects
have been reported due to the rapid GF breakdown and clearance from target sites
when delivered in this form and used at supraphysiological levels [11].

There is therefore a wider research goal to develop strategies to present GFs bound to
the ECM, as an alternative to the use in the clinic of BMP-2 and other GFs at high
doses with harmful consequences. In this work we are in particular interested in the
use of PEA as a synthetic material that influence the interaction between integrins and
GF receptors in the cell membrane, through direct physical co-localisation from a
synthetic ECM. Our goal is to engineer a microenvironment based on PEA coated
surfaces that can favour this synergistic mechanism.

Several works in the literature have shown matrix bound GFs elicit prolonged
activation of cell GF receptors and reciprocal responses on adhesion integrins,
resulting in enhanced biological function with lower doses used, and therefore more
efficient compared to soluble administration [8] [12]. These works have also shown
that presentation of GF from the natural ECM happens through specific binding sites,
like the heparin II binding region of fibronectin (FNIII12—14) [13] that is able to bind
to many different GFs. FN domain FNIII9-10 contains the well-known RGD site that
promotes cell adhesion, and both domains are jointly available when FN naturally



unfolds by cell-ECM interactions and rearrangement. Moreover, the arrangement of
FN by cell-ECM interactions can be mimicked by synthetic surfaces that can drive
fibronectin into a fibrillar conformation that exposes its functional domains [6]. When
GFs are presented bound to the ECM, by the GF binding domain in FN, interaction
between integrins and GF receptors can result in a ‘crosstalk’ that stimulates in
synergy cell adhesion and activation of cell GF receptors. A schematic diagram of
these mechanism is presented in Figure 1. A full page version of Figure 1 is displayed
in Appendix 8.5.
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PEA coated surface FNIII12-14 growth factor binding domains

Figure 1. Schematic diagram of cell - ECM interactions and material-driven
FN fibrillogenesis. (A) Microscopy slide of the fibronectin (red) matrix secreted
by cells (nuclei blue). Credit of this image is Dr Cristina Gonzalez-Garcia and Dr
Marco Cantini. (B) When FN is deposited on a PEA coated surface its conformation
changes from globular (schematic diagram shows domains) to a fibrillar
conformation in the shape of a network (seen here by a AFM phase scan), similar
to that in a natural ECM, with extended fibrils that maximise exposure and
availability of binding domains. (C) Schematic diagram of an extended FN fibril
with named domains.

1.2 Coating with polymers of biomedical interest

A perfect synthetic implant would be one to provide support with optimal mechanical
and structural properties, merge with the damaged tissue and deliver biological cues
to foster the natural healing processes. With these goals, coatings on orthopaedic
implant surfaces for instance can be used to improve the implant performance,
following a variety of different strategies that look to recreate particular aspects of the
bone regenerative microenvironment. These surface modifications to improve cell
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interactions are sometimes already seen in available commercial products, but many
are yet being explored in research or clinical phases

A variety of materials from synthetic or natural origin are used directly for their own
osteogenic effect, as bioactive coatings that artificially mimic the ECM and can
control cell behaviour, or they are used as carriers of functional molecules [14]. The
first strategy usually involves surface modifications to present ligands of interest and
adjusting their biochemical and biophysical properties to better sustain cell biology.
The second strategy involves tuning of chemical (swelling, cross-linking) properties
to carry and deliver specific molecules.

1.2.1 Polymers as active coatings

The strategy of engineering materials and their surfaces for enhanced osseointegration
and bone repair is used in one way or another in most implant biomaterials, metal,
polymer or ceramics-based, in similar conceptual fashion. Several comprehensive
reviews exist in the literature [15] [16]. A variety of well-known classic techniques
are commonly used to prepare polymer-coated surfaces, in general either chemical or
physical deposition processes such as dip coating, spin coating, plasma
polymerization, electrospinning, spray coating, and others. Most of these techniques
can achieve useful films for particular biological applications, although drawbacks
relating to lack of film stability, materials available to the technique, reproducibility
and control over thickness are usually reported.

The biochemical and biophysical properties of polymers are able to influence cell
biology, including cell adhesion, orientation, migration and differentiation [14].
Polymers as bioactive coatings have been developed and tested in orthopaedic
applications as antimicrobials, to improve the mechanical fixation of implants and
with an intrinsic osteogenic functionality. On top of their chemical properties,
researchers have explored the control of the surface topography of materials with
biomedical interest to provide biophysical cues to guide cellular functions at the cell-
material interface [17] [18].

Presentation from surfaces of bioligands, surface functional groups and charge of
polymer can play an even more significant role in cell — material interactions. RGD
sequences and ECM proteins or fragments of them are often used to make biomaterials
conducive for cell attachment. A coating with functional motifs can improve cell
adhesion and effectivity of delivered or endogenous molecules like growth factors,
both critical in many applications.

Hoyos-Nogués et al [19] for instance combined integrin (RGD) and heparin (KRSR)-
binding peptides, mimicking synergistic cell-membrane receptor binding, to improve
osteoblastic functions in vitro. The peptides were grafted covalently to titanium
surfaces to demonstrate that this strategy can enhance bioactivity of medical implants.

Gandavarapu et al. [20] used phosphate functional groups incorporated into PEG and
the gels pre-incubated with serum were able to support hMSCs even in serum free



medium, promoting osteogenic differentiation. Blocking assays with antibodies
attributed this effect to collagen and fibronectin adsorbed matrix components on the
surfaces and B1 and B3 integrins on cells.

Coatings of ECM proteins are also specifically examined to improve the delivery and
presentation of growth factors, or their effect from endogenous sources. Gigliobianco
et al [21] for instance prepared scaffolds with polymer materials in layers combined
with heparin and studied their ability to bind vascular endothelial growth factor
(VEGF) and induce angiogenesis.

However, interactions between growth factors and the biomaterial carriers are usually
not specific, and high supra-physiological doses of GF have to be used to trigger a
regenerative response. Works on the mechanisms that regulate GF and ECM protein
interaction have shown how integrin and GF receptors cooperate to produce enhanced
GF signalling, and how this knowledge about synergistic GF/integrin signalling can
be used to engineer microenvironments that target simultaneous integrin and GF
receptor engagement. With an adequate microenvironment design, this strategy
maximises GF effects in vitro (e.g. in terms of stem cell differentiation) but also tissue
repair in vivo (e.g. bone regeneration and wound healing) [8].

Ultimately researchers are looking to understand how particular chemical groups or
surface features in a material influence processes in cell - material interfaces, in
particular differentiation and regenerative mechanisms. Advances in synthesis and
characterization of new coating techniques have been explored with increased interest
to develop well-defined architectures and specific functional coatings, such as
polymer brushes and self-assembled monolayers [22] [23]. Prof Salmeron-Sanchez’s
lab in Glasgow for instance have developed PEA polymer brushes on PLLA substrates
by an atomic transfer radical polymerization technique [24]. The PEA brushes trigger
FN organization into nanofibrils, enhancing adhesion and differentiation of C2C12
cells. Several labs are working with similar strategies to fine-tune functional polymer
surfaces, testing them on stem cells in vitro, to ascertain how cell behaviour, in
particular osteogenic differentiation, is affected by different terminal groups or
varying wettability.

1.2.2 Polymer coatings as carriers for controlled delivery

Polymer coatings as carriers of functional molecules are a powerful biomedical
engineering tool, to allow and control release of therapeutic agents including
osteogenic factors. Implant coatings have been developed to release therapeutics such
as statins, antibiotics, growth factors, cytokines, and others [25]. Release of antibiotics
from the implant surface for instance is an active field of research to mitigate or
prevent the consequences of orthopaedic infections [26]. Osteogenic factors have been
found to be critical in the regulation of the bone regeneration process and the
engineering of their interaction with matrices and surfaces is a key field of research
for the next generation of tissue engineering applications [27], [28]. There is a variety
of developed technologies and ongoing research to devise coatings for implants for
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growth factor delivery, where the polymer works as a carrier of the bioactive
molecules or as a functional surface from where they are absorbed and presented. The
efficiency of growth factors depends a lot on the selection of suitable carriers. Bone
morphogenetic proteins for instance are currently only approved by regulatory
agencies to be used with collagen carriers in spinal fusion, oral and maxillofacial
surgery and also in the repair of long bone defects. Many research works have
explored the use of different types of carrier materials for BMPs: natural and synthetic
polymers, calcium phosphate and ceramic-polymer composite materials. In the case
of polymers, for instance multi-layered coatings (chitosan, hydroxyl apatite,
polyacrylic acid) have been used to release BMP-2 from titanium scaffolds [29]. In a
different work, films consisting of 100 successively deposited tetralayers of
polyelectrolyte (Poly (b-aminoester) 2,) capable of delayed release of BMP-2 were
fabricated on commercially available polycaprolactone/b-tricalcium phosphate co-
polymer blend 3D-printed scaffolds [30]. Other examples related to delivery of
osteogenic growth factors are works by Almodovar et al. [31] that used layer-by-layer
(LbL) deposition techniques to manufacture films with spatial control of gradient
concentration of BMP-2 and BMP-7 and test their effect on C2C12 myoblasts, and by
Caridade et al. [32], that prepared polysaccharides chitosan / alginate free-standing
membranes with a similar dipping LbL technique that could be tuned (cross-linked)
to an optimal release profile of BMP-2 with myoconductive and osteoinductive effects
in in vitro and in vivo scenarios.

1.2.3 Coating with plasma polymerised materials

Plasma polymerisation of a monomer by radio frequency glow discharge, allows the
deposition of highly tuneable polymer films onto a variety of substrates such as
metals, ceramics and polymers. Academic institutions across the world use a variety
of plasma chambers in their labs. Commercial equipment is available from specialised
manufacturers. Built in house equipment is however still often used, following design
constraints and prototypes originally set out in the literature around forty years ago
[33] [34], for its flexibility and cost advantages with the drawback of differences in
performance between equipment, even when based in the same design. Deposition
rate, plasma pressure, film uniformity, amongst others are generally specific to every
individual chamber.

Many works in the literature describe in detail the parameters that control the nature
of plasma polymerization and deposition of organic thin films, as this technology has
been used in research and industry labs for several decades now [35]. The general goal
has been to improve the surface properties of a substrate material or to use the physical
properties of the coating itself, originally in the mechanical, electrical and optical
industries, and more recently in biomedical applications too.

Plasma polymerization produces coatings with properties fairly independent of the
substrate after a sufficient time of treatment. At the early stages of plasma, polymer
growth is however not completely independent of the properties of the substrate.



Vasilev et al. [36] produced plasma polymerized coatings on gold and organic surfaces
from two nitrogen (amine)- and two carboxyl-containing monomers to ascertain the
role of the substrate in the early stages of plasma. Deposition rates and XPS spectra
form this work showed that the thickness and chemistry of the coatings are different
for different substrates during the first seconds of treatment, but after a few
nanometres of coating has been deposited, the coating growth and its chemical nature
becomes substrate independent, dependent only on the monomer used and parameters
of the plasma.

Applications of plasma polymerization in biomedical applications have been
increasingly explored as targeted research works have shown that plasma polymerized
coatings can, by themselves, critically improve the biological functionality of a
material substrate. Here we note the immense amount and quality of work done in
recent years in applications related to enhancing bone integration and tissue
regeneration for dental and orthopaedic surgery, where many strategies to engineer
surfaces of implant by tuning their chemistry, mechanical properties, or/and
topography rely on the use of plasma polymerized coatings.

For instance, Gabler et al [37] used plasma-polymerized allylamine (AAm) and
plasma-polymerized ethylenediamine (EDA) to coat titanium alloy implant surfaces,
showing enhanced adhesion of human bone cells in vitro and bone ongrowth in vivo
in a rat model. Liu et al [38] also studied surfaces coated with plasma polymerized
AAm, acrylic acid, 1,7-octadiene, and ethanol precursors and showed that AAm
coatings in particular promote osteogenic differentiation of human adipose-derived
stem cells. Zheng et al. [39] used plasma polymerization of acrylic acid to carboxylate
a poly(etheretherketone) (PEEK) surface, with control of density of functional groups
on the PEEK surface. The coated surfaces showed improved osteoblasts adhesion,
spreading and proliferation. PEEK is usually bioinert and although its mechanical
properties make it suitable for orthopaedic implants it has poor osteoblast adhesion
without any surface modification. Cools et al. [40] deposited methyl methacrylate
based coatings on Titanium surfaces, to improve the Ti-PMMA bone cement
interfacial adhesion, up to a 50% in adhesive force and maintaining stable adhesive
properties over time. The same lab recently published a focused review [41] on the
use of acrylic acid plasma polymerization in biomedical applications, concluding that
a successful deposition of COOH-rich stable coatings is able to improve cell growth,
proliferation and differentiation, but that the mechanisms behind the cell-material
interactions still needs to be explored in more detail.
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2 Overall aim and specific objectives

Our aim in this work has been to develop and characterize coating techniques based
on the surface deposition of polymer PEA that improve the functional interaction
between living tissue and biomaterials. Bulk PEA was known previous to this work
to drive FN fibrillogenesis, and thus enhance cell — matrix interactions that involve
growth factors, allowing the development of clinical applications with their use in low
physiological doses.

With the plasma polymerization and spray techniques developed in this work we have
aimed to enable the use of PEA as a coating on surfaces of structures such as scaffolds
and implants, that can’t be coated or made with bulk PEA.

In particular, in this thesis we have pursued the following specific objectives:

i Develop and characterize a custom-made low power radio frequency glow
discharge equipment and a plasma polymerization protocol to coat surfaces with
plasma polymerized ethyl acrylate monomer. We have aimed to confirm that our
chosen design for a plasma polymerization reactor (low pressure, low power)
allows a fine control of the chemical integrity and the thickness of the coating,
even at sub-micron scales. We speculate that if feasible with our plasma reactor,
thin coatings can be successfully broken into pieces and cleared off by cells and
their biological activity. This would allow therefore the use of the coating in
applications where the substrates are biodegradable and the whole biomaterial
system is required to be biodegradable.

1.LA  Our first goal here has been to test and set-up the right equipment that best
satisfies requirements for running a glow discharge at a low power range,
uniformity of coating over large samples and ease of use with a high number of
samples. We have also looked to optimise the practical operation of this
equipment in the lab, with a variety of samples.

1.B Then our goal for the plasma polymerized coatings has been to systematically
evaluate process conditions and their impact on the coatings:

1.B.1 to characterize the thickness of the coatings, and how it is controlled with the
polymerization parameters,

1.B.2 confirm that we are able to produce uniform very thin coatings of only a few
tens of nanometres, and

1.B.3 characterise how fibronectin behaves when coated onto them.

i.C  Additionally, we have aimed to confirm that the technology is useful to cover
3D structures, in particular

1.C.1 rough surfaces with functional roughness or topographies and
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i.D  porous structures such as scaffolds, with a uniform coating with functional
properties, characterise the effect of the coating on the degradation rate of a
biodegradable substrate (PCL).

it Develop and characterize a custom-made compressed air spray equipment to coat
surfaces with PEA in a volatile solvent. This a very simple and low-cost
technology that allows to use PEA from radical polymerization in the lab or
commercial sources.

ii.LA  We aimed to set-up and optimise protocols for the two spraying installations,
one with a high-volume airgun and a second with a more precise airbrush.

ii.B  Characterise sprayed coatings with spraying parameters, i.e. thickness,
partial/full coating distribution, and degradation in water.

ii.C  Confirm the conformation of fibronectin on sprayed surfaces with AFM

ii.D Confirm the utiliy and limits of the spraying technique to coat 3D structures
with pores.

ii.LE Characterise the effect of the sprayed coating on the degradation rate of a
biodegradable substrate (PCL).



3 Materials and methods

3.1 Equipment set-up and materials

3.1.1 Plasma equipment set-up

A custom-built capacitively inducted plasma reactor was used to polymerise EA
monomer onto microscopy coverslip glasses via plasma polymerisation. Our system
is a low-pressure plasma T-shaped reactor made of borosilicate (De Dietrich) and
stainless-steel end plates (custom made in lab workshop) sealed with Viton O-rings
with a volume of around 15 L. Vacuum was produced by a rotary pump or by a scroll
pump (both BOC Edwards), with operating experiment pressures from 5.0x107 to
6.0x10"! mbar. The plasma was initiated via two capacitively coupled copper band
ring electrodes situated outside of the reactor chamber and connected to a radio
frequency power supply (Coaxial Power System Ltd.) that works at 13.56 MHz up to
300Watt. The monomer pressure was controlled via speedivalves (BOC Edwards) and
monitored with a pirani gauge (Kurt J. Lesker).

Set-up considerations about working with EA monomer in plasma
polymerization experiments. EA is not very volatile compared to other monomers
and stabilization of EA flow and pressure in the reactor requires good control of
vacuum and of operation of vial and inlet valves into the reactor chamber. In our
system EA monomer was poured into a custom-made glass vial usually in an amount
needed for several experiments and kept in a dedicated fridge while not in use. Before
an experiment the vial was attached to the inlet of the reactor and left to warm to room
temperature for around ten minutes before staring a deposition experiment. After
finalising an experiment, the vial with remaining monomer was sealed and stored for
upcoming experiments. The monomer gas phase pressure inside the reactor was
predetermined and adjusted in a systematic manner for all experiments. The optimal
working pressure for our experiments was chosen as the highest that was able to spark
and maintain a plasma while reflected power was minimum or zero. This pressure
depends on several parameters, i.e. the applied RF power, the physical and electrical
characteristics of the specific reactor, and also on the nature of the plasma phase in
the reactor (air, oxygen, monomer, etc).

Our full experimental operating protocol is included in appendix 4.2. A detailed
discussion of reactor design and assembly issues, and of considerations to facilitate
the polymerisation of EA are discussed in section 3.1.

3.1.2 Spray equipment set-up

We built two custom made air spraying installations in our lab: (i) A simple cage for
a high-volume airgun and (ii) a clamp holder with a tilted target for a dual action low
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volume airbrush, to deposit PEA from solutions in toluene. Both systems were used
inside a laminar flow hood.

The air gun spraying set-up was assembled around a cheap and simple to use airgun
that was positioned inside a custom-built closed cage with pre-fixed positions at 40
cm, 50 cm & 70 cm from nozzle to target surface. Pressurized air was supplied by a
compressor and all experiments were performed at 0.8 to 1.1 bar of air pressure.

The airbrush spraying set-up consisted of a commercial airbrush held in place with a
clamp at the right height towards a tilted target for samples.

3.1.3 Substrates and materials

Circular 12 mm diameter microscopy cover glasses (borosilicate glass D263™ M,
Marienfeld GmbH & Co.KG, Germany) were used as reference substrates for the
polymer coating, both in plasma polymerisation and spraying experiments.

We used ethyl acrylate monomer from Sigma Aldrich (St. Louis, MO) for our
polymerisation experiments.

We used commercial and in-house polymerised PEA for spray coating experiments
and for our spin coated control samples respectively. In house bulk PEA was obtained
via polymerization of EA using 1 % benzoin (Sigma Aldrich) as a photoinitiator and
dissolved in toluene (Sigma Aldrich) for spin coating applications. Commercial PEA
(Sigma Aldrich) is available dissolved in toluene already, at a concentration of around
19 to 21% depending on the batch, that we reduced for our spray coating experiments
to 8% or lower.

Preparation of glass substrates for plasma experiments. Glasses were cleaned by
sonication in ethanol for 30 mins and dried in a lab oven prior to use. As a first stage
of every plasma experiment, samples were exposed to air plasma for 5 minutes at
100W of RF incident power to ensure removal of any residual organic matter.

Spin coated control samples. Spin coated PEA samples were prepared on the same
12 mm cover glasses from a 4% solution in toluene of bulk PEA polymerised in our
lab. Spin coating was operated at a speed of 3000 rpm with an acceleration of 3000
rpm s°! for 30s and vacuum dried at 60 °C for 2 h to extract excess toluene.

Samples for roughness conservation experiments after plasma polymerisation
coatings. Amorphous and crystalline polylactic acid (PLA) (Purasorb PL 18, Corbion,
Amsterdam) surfaces were prepared for roughness conservation experiments. Spin
coated PLA samples were prepared on 12 mm cover glasses from 2% solution in
chloroform (Sigma, St. Louis, MO) of bulk PLA (amorphous PLA). To obtain
crystalline PLA surfaces, spin coated samples underwent thermal treatments. To yield
a crystalline PLA surface with small spherulites, samples were put in an oven at 200
°C for 5 minutes (melting stage), then at 75 °C for 6 hours (nucleation stage), and
finally at 110 °C for 2 hours (crystallization stage). This produces a crystalline PLA
with high roughness. To yield a crystalline PLA surface with big spherulites, samples



were put in an oven at 200 °C for 5 minutes, and then at 110 °C for 2 hours. This
produces a crystalline PLA with lower roughness.

Scaffolds. Microporous PLA (Purasorb PL 18) scaffolds of different sizes were
produced with a combination of freeze extraction and porogen leaching techniques.
We used poly(ethyl methacrylate) (PEMA) spheres of Elvacite-2043 acrylic resin
(Lucite International Speciality Polymers and Resins Ltd) as porogen. First, 10%
weight PLA was mixed with 1,4-Dioxane anhydrous (Sigma Aldrich) and stirred until
complete dissolution. PLA and dioxane solutions were then poured into Teflon
moulds and mixed with the PEMA porogen spheres in 1/1 solution porogen weight
ratio and immediately frozen in liquid nitrogen. Cold ethanol at -20 C was poured on
the frozen samples in order to dissolve the crystallized dioxane. Dioxane extraction
was conducted in a cold ethanol bath at -20 C, changed ethanol twice a day for three
days, until dioxane had disappeared from the sample. The extraction of the PEMA
porogen spheres was carried out with ethanol at 40 C under slow stirring; ethanol was
changed until the PEMA was removed from the structure. After extraction, the
scaffolds were dried in air atmosphere for 24 h and then in vacuum to constant weight,
first at room temperature and then at 40 C. The scaffolds were cut into cylinders of 6
mm diameter and about 4 mm high.

Polycaprolactone (PCL) scaffolds were fabricated with an extrusion-based 3D printer
(3D Discovery, regenHU, Villaz-St-Pierre, Switzerland) with a printing nozzle
diameter of 330 um. The scaffold architecture was designed using computer-aided
design software (BioCAD, regenHU, Villaz-St-Pierre, Switzerland). The scaffold was
designed with a fibre spacing of 660 um, a slice thickness of 280 um, a 0°/90° lay-
down pattern, and dimensions of 30 mm x 30 x mm x 3.36 mm. The printing
parameters used are deposition velocity of 20 mm s—1, a material chamber
temperature of 90 °C, an extrusion pressure of 6 bar, and a screw rotation velocity of
15 rpm.

3.2 Characterization techniques

3.2.1 Atomic force microscopy (AFM)

Atomic force microscopy was used for imaging and characterising the surface
topography of plasma deposition surfaces before and after FN coating on dried
samples in air. For fibronectin (FN) (R&D Systems) coated samples: After FN
adsorption, samples were washed with water and dried with nitrogen flow before
imaging.

A JPK Nanowizard 4 (JPK Instruments) apparatus was used for imaging in tapping
mode using antimony-doped Si cantilevers with a nominal resonant frequency of 75
kHz (MPP-21220, Bruker). The phase signal was set to 0 at a frequency 5—10% lower

than the resonant frequency. Height and phase images were acquired from each scan.
The JPK Data Processing software versions 5 and 6 were used for image analysis.
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For an estimation of the thickness of the coatings, a thin scratch was performed
manually and gently with a sharp blade onto the surface of coated glass substrates, to
expose the underlying substrate. The surface was then viewed under optical
microscopy to identify an optimal and clean area in the scratch, and the area across
the cut scanned. The thickness of the polymer coating was estimated measuring the
difference in height profile between the scratched and unscratched area, as an average
of at least five measurements.

3.2.2 Water contact angle (WCA)

Water contact angle measurements were taken on all coated surfaces before and after
FN coating. Static contact Angles (SCAs) were measured by dropping 3 pL drop of
deionized water on to the surfaces using Theta optical tensiometer (Biolin Scientific,
Stockholm, Sweden). The stability of the coatings was also checked up to 14 days
after undertaking the plasma/spin coating treatment.

3.2.3 X-Ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy was used to identify the surface chemical
composition of coated samples. All X-ray photoelectron spectra were obtained at the
National EPSRC Users’ Service (NEXUS) at Newcastle University (found at:
http://www.ncl.ac.uk/nexus/). Each sample was analysed at three points with a
maximum beam size (400 pm x 800 pm) with a K-alpha XPS apparatus (Thermo
Scientific) equipped with a monochromatic Al K-alpha source for carbon, oxygen and
overview spectra. X-ray energy was 1486.68 eV at a voltage of 12 kV, current of 3
mA and power of 36 W. Spectra analysis and curve fitting were performed using
CasaXPS software version 2.3.16.

3.2.4 Protein adsorption and domain exposure assays

Adsorption of FN on surfaces. FN was coated on surfaces of interest at a
concentration of 20 pg/mL in DPBS unless otherwise stated. A 200 pl droplet of
solution was deposited to cover the surface of a 12 mm glass coverslip, and let to
adsorb for 10 minutes on each sample. After washing once with DPBS and once with
miliQ water, samples were dried for a few seconds with nitrogen flow prior to be
scanned with AFM to characterise the behaviour of FN.

Micro Bicinchoninic acid protein quantification assay (BCA). The density of
adsorbed protein was determined by measuring the amount of non-adsorbed FN. A
standard curve was created via serial dilutions of an FN stock of known concentration.
Samples were coated for 1 h and the remaining FN solution was transferred to 96-well
plates, where the bicinchoninic acid working reagent was added (Thermo Fisher
Scientific, Waltham, MA). The plate was then agitated and incubated at 37 °C for 2
h. The absorbance was read at 562 nm with a Tecan NanoQuant Infinite M200 Pro
plate reader (Ménnedorf, Switzerland).



Exposure of specific fibronectin domains. ELISA was performed to assess the
exposure of specific domains on the FN molecule. After surfaces had been coated with
20 pg mL—1 FN in DPBS for 1 h, they were blocked for 30 min with 1% bovine serum
albumin (Sigma-Aldrich) in DPBS. Subsequently, primary antibodies for the FN(I119—
10) domain (HFN7.1, mouse monoclonal, 1:330, Developmental Studies Hybridoma)
and FN(III12-14) domain (P5F3, mouse monoclonal, 1:2000, Santa Cruz
Biotechnology) were added onto the surfaces and incubated for 1 h. The surfaces were
thereafter washed 3 % 5 min with 0.5% Tween 20 in DPBS. A horseradish peroxidase
(HRP)-conjugated anti-mouse antibody (1:10000, Thermo Fisher) was then added
onto the surface and incubated for 1 h in the dark, followed by washing for 3 x 5 min
with 0.5% Tween 20 in DPBS. Afterwards, a substrate solution (R&D Systems) was
then added onto the surfaces and the samples were incubated in the dark for 20 min,
followed by the addition of a stop solution (R&D Systems). The absorbance of the
coloured solution was read at 450 and 540 nm and the data were used to determine the
relative exposure of the FN domains. All procedures were performed at room
temperature.

Quantification of BMP-2 adsorption. The density of adsorbed BMP-2 was
determined by measuring the amount of non-adsorbed BMP-2 that remained in the
supernatant via sandwich ELISA (R&D System) following the manufacturer’s
instructions.

Briefly, in this process, ELISA plates were coated with the capture antibody before
they were blocked with the bovine serum albumin for 1 hour. After appropriately
diluted supernatants were added, bound BMP-2 was detected with biotinylated anti-
human BMP-2 antibody. Streptavidin conjugated horseradish peroxidase was then
added to the plates. Enzyme substrate was treated for 20 minutes before the reaction
was stopped by adding an acidic solution. Absorbance was measured at 450 nm with
wavelength correction at 570 nm. The standard curve was calculated using a four-
parameter logistic (4-PL) curve fit. The amount of adsorbed BMP-2 was calculated
from a standard curve based on known concentrations of BMP-2.

3.2.5 Differential scanning calorimetry (DSC)

DSC heating scans (PYRIS-DSC 8000, Perkin Elmer) were conducted to detect and
measure glass transition temperature in plasma polymerised materials and compare
with bulk references.

The scans were run with a N2 flow of 20ml/min and the following heating and cooling
program: (1) 30 °C to 70 °C at a heating rate of 20 °C/min, (2) hold for 2 min at 70
°C, (3) from 70 °C to -80 °C at a cooling rate of 20 °C/min, (4) Hold for 5 min at -80
°C, and finally from -80 °C to 70°C at a heating rate of 20 °C/min.
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3.2.6 Degradation of PCL scaffolds

The degradation of PCL scaffolds was characterised following standard ASTM
F1635, “Standard Test Method for in Vitro Degradation Testing of Hydrolytically
Degradable Polymer Resins and Fabricated Forms for Surgical Implants".

Specimens of each scaffold group were accurately weighed, sterilized for 20 minutes
with UV light (10 minutes each side), then placed in 24 well plates and immersed in
DMEM cell culture medium containing an added 1% of P/S antibiotic and 0.1% of
fungizone. DMEM contains phenol red, a pH indicator to visually control the pH of
the media. Samples were incubated (37°C, pH 7,4).

Media loss by evaporation was checked weekly and fresh media added to the well
plates as needed. All weighing measurements were performed in triplicate and the
results shown are the average of 3 replica. After the periods of evaluation, the samples
were removed from the buffer, gently dried with a filter paper, washed three times
with deionized water, dried in an oven for 60 minutes at 60 °C and stored in a vacuum
desiccator for 4 days at room temperature, and then weighed.



4 Results and discussion. Plasma coatings.

4.1 Assembly of a plasma polymerization reactor

We designed and built several low-pressure capacitively coupled plasma reactors
looking to test and chose the design best suited for the production of coated 3D
samples (scaffolds, porous granules, tubes). Critical requirements considered to select
the reactor considered in particular its planned use beyond this work to produce
samples for in vitro and in vivo experiments in our lab’s line of research on functional
materials to deliver growth factors. The reactor needed to accommodate and
homogeneously coat batches of samples where each sample is of at least several
centimetres in their main dimension. Testing and sample production needed to be as
easy as possible to scale up production to a higher number of samples for planned
research work and preclinical stages.

For our main plasma polymerization installation, we built a plasma reactor with outer
ring electrodes and with a side access port. We chose it as our main reactor for its ease
of use, control of plasma spark, ease of access to samples, easier cleaning, and better
safety to open and close the reactor.

Previously we built and tested two other prototypes, different sized variations of a
design with a cylindrical reactor, a top lid and inner parallel plate electrodes (Figure
2). Both these prototypes proved to be cumbersome and unpractical, in particular
when getting samples in and out of the reactor, a critical requirement to comply with
the number of experiments and size of samples planned for this work and elsewhere.

We tested all three prototypes for vacuum and for plasma spark but only worked with
monomer with the main one. For it, we assessed range of monomer plasma pressure,
rate and homogeneity within the sample area of material deposition, and control of
thickness and chemical integrity of the functional coatings.

For the design and construction of these plasma reactors we have followed previous
working designs of lab plasma chambers used in the literature to polymerise
monomers as discussed in the introductory section.
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Figure 2. Views of the three plasma polymerization reactor designs assembled
in this work. (A) Prototype of a cylinder shaped reactor with parallel plate
electrodes and a volume of 20L. (B) Similar design with a reactor volume of 1L.
(C) Prototypes of T-shaped reactor with outer ring electrodes, showed left is our
first prototype used for all the experimental data presented in this work, and showed
right is our second prototype, assembled to be used in related research. (D) A
monomer polymerization test with white plasma glow discharge, with view from
the side port of the chamber (D, left), and view of scaffold samples placed on the
sample holder position (D, right).




4.1.1 Main reactor

The reactor design fully characterised in this work for the plasma polymerisation of
EA coatings is a custom-built T-shaped reactor with outer ring electrodes and a
volume of nearly 15 L.

4.1.1.1 Reactor design

The design chosen is a capacitively coupled plasma reactor, with a T-shaped vacuum
chamber custom built with glass parts and flanges from vacuum specialist supplier De
Dietrich Gmbh and stainless-steel end plates custom made in our workshop. This is a
low pressure and low power plasma reactor design with outer ring-shaped electrodes.

We tested two types of pumps to produce vacuum in our installation: a more powerful
scroll pump and a cheaper and readily available rotary pump (both pumps BOC
Edwards). Operating experiment pressures have been from 6.0x10! to 5.0x10 mbar.
The scroll pump allowed for better control and stability of pressure during the
monomer plasma and was used for most of the results reported in this work. The rotary
oil pump was used in the first calibration and testing of all the tested reactors. Both
pumps showed significantly different working pressures to achieve plasma spark and
during the monomer polymerisation stage. Also, deposition rate of polymer was
significantly higher with the lower plasma pressure scroll pump, which highlights the
sensitivity of the performance of this installation to seemingly minor modifications.

In this design the plasma was initiated via two capacitively coupled copper band ring
electrodes situated outside of the reactor chamber and connected to a radio frequency
power supply (Coaxial Power System Ltd.) that works at 13.56 MHz up to a power of
300W. The monomer pressure was controlled via speedivalves (BOC Edwards) and
monitored with a pirani gauge (Kurt J. Lesker).

Schematics of this system and pictures of the installation are presented in Figure 3.

Detailed schematics, references for the components used and our operating
instructions are included in appendices at the end of this document.
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Figure 3. Schematic diagram and pictures of T-shape reactor plasma
polymerisation installation. (A) Schematic diagram of our main plasma
polymerisation installation, and (B) side view of the reactor inside the Faraday cage,
with air (B, left) and monomer plasma (B, right).

4.1.1.2 Considerations for the operation with EA monomer

Important design and operation considerations are highlighted here, as our experience
tells us that they are critical to facilitate the polymerisation of monomers and of ethyl
acrylate in particular.

Summary of the operation protocol. After testing and calibration of our equipment,
and an understanding of its sensitivity to variation in its working parameters, we
developed a robust plasma polymerization protocol to produce repeatable samples for
this work, and in general in a standardised manner for other projects in our lab.



A coating experiment always started with a 5 minutes stage of air plasma at around
0.1 mbar and 100W (50W for PCL substrates) of continuous power to clean and
activate surfaces. Then a second stage of plasma polymerization is run at the planned
power with the monomer vial valves used as a throttle to control the chamber pressure
while the plasma is started and maintained. The detailed full protocol is included in
appendices.

Chemical safety. The EA monomer can quickly swell and damage most rubber seals
of common valves, connections and the pump if it’s not properly protected. Custom
made glass vials with Teflon stopper and Viton rings were commissioned in our school
workshop. Only speedy valves with a fluoroelastomer diaphragm were used in the
inlet part of the chamber. A cold trap, filled with liquid nitrogen during experiments,
and a foreline trap, filled with ceramic absorbent pellets, were installed in the vacuum
line to avoid monomer reaching the pump.

Control of EA pressure. We discuss here matters of practical control of the flow of
EA monomer into the reactor that we found to be critical for its successful operation.
EA is not very volatile compared to other monomers. EA’s vapour pressure is rather
low at room temperature, 28.8 mmHg at 20°C [42] compared to 135 mmHg for hexane
[43] or 198 mmHg for allylamine [44], both referenced at 20°C. These and other
monomers are frequently used in the literature in plasma polymerised coatings for
biomedical applications 4. Our experiment trials followed a design of the monomer
inlet valves and protocol of operation previously used successfully to operate with
these other commonly used monomers. When building and testing our installations
we found that using EA instead of hexane for instance makes it much more difficult
to maintain a stable flow of monomer vapour and a stable pressure inside the reactor,
at the required vacuum levels to spark an EA monomer plasma, around 0.2 mbar or
lower. Initially we started using needle valves for the monomer inlet, as they are
normally used in installations with the same overall design that operate with other
monomers. We found that the needle valves clog and are damaged quickly with EA
condensate when they are not fully open and even if fully open. This is a serious
practical issue for the operation of the vacuum system, as unexpected pressure drops
and the constant manual adjustment of the valves makes it very difficult to maintain a
stable EA monomer plasma. It is also an important risk for the pump even with a cold
trap set up before the pump inlet, as with these valves there can be bursts of monomer
intake when a valve unclogs or it’s opened too quickly. The EA monomer reaching
the pump could easily damage its plastic components and contaminate the oil,
changing its properties. In our system we installed a speedy valve for the monomer
intake and a pump with better performance to have a better control of the pressure
inside the reactor. We also developed an operation protocol to minimize condensation
in valves working with the partial opening of two valves in the section of the monomer
inlet to the plasma chamber: in the design of the installation used for the experiments
in this study, we worked with a partial opening of the Teflon stopper in the monomer
vial and of a speedy valve before the reactor to adjust and control the flow of monomer
to the required level of vacuum needed to spark and stabilize a plasma reaction.
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4.1.1.3 Working range of plasma reactor

The working pressure for both plasma stages (air and monomer) was adjusted in a
systematic manner for all experiments. The optimal working pressure was pre-
stablished for our experiments as the highest pressure possible to maintain a stable
plasma while reflected power was minimum or near minimum. This pressure depends
on the applied RF power, on the physical and electrical characteristics of the specific
reactor, and also on the nature of the plasma phase in the chamber (air, oxygen,
monomer, etc.) [45]. After assembling our custom-made plasma reactor, we
determined the range of working pressures and powers. For every commercial or
custom-made plasma reactor, there is a range of pressures and powers where plasma
glow discharge is possible, depending on the gas or monomer present inside the
reactor. When the pressure is too high the plasma doesn’t spark, or if the plasma is
running and the pressure rises the reflected power will go progressively up until, above
a critical limit, the plasma shuts off (Figure 4).
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Figure 4. Range of operating pressures for plasma at 100W. Installation with
Scroll Pump. Glow discharge is possible at lower pressures if started at higher
pressures and then pressure is lowered. With our installation we could maintain a
glow discharge, even if very faint, at the strongest vacuum possible with our pump.
From there, rising the pressure, we could maintain a glow discharge until the it shut
off as marked in the graph. The graph also shows optimal working pressures for
monomer plasma just before incident power starts to drop.




The optimal working pressure was chosen for our experiments as high as possible to
maintain a glow discharge plasma while reflected power was minimum or near
minimum. This maximises the density in the plasma volume and the deposition
efficiency. This optimal range of pressures for polymerisation depends on the applied
RF power, on the physical and electrical characteristics of the specific reactor, and
also on the nature of the plasma phase in the chamber (air, oxygen, monomer, etc).

With our custom-made installation, we worked in the pressure ranges in Table 1 for
the plasma polymerisation stage.

Power (W) (A)Pressure (mbar) (B) Pressure (mbar)

100 2.6-3.1x10! 5.5-62x10"!

75 1.9-2.7x10"! 45-49x 10!

50 1.6-23x10"! 3.5-3.8x10"!

25 1.2-1.5x10"! 2.5-2.6x10"!

15 1.0-1.3x10"! 1.8-2.2x10"!
Table 1. Range of optimal working monomer pressures during the plasma
polymerisation stage. Column (A) shows optimal pressures for the installation
with a scroll pump, at five Rf powers. Column (B) for installation with a less
powerful oil rotary pump.

4.1.2 Other built and tested reactor designs

Before settling on the design described in section 1.1 for our main plasma reactor, we
built and tested several prototypes. This was a very useful first stage of our work-plan,
to check how the different designs and available equipment components responded to
our experimental requirements in real lab operation, and in the process to learn how
to modify and adapt the standard plasma chamber designs to better perform to our
requirements: (i) we needed to produce coated flat and 3D samples (scaffolds, porous
granules, tubes) efficiently, with quick and easy access to samples and general ease of
use, to produce samples in sufficient numbers to supply not only our characterisation
efforts but also other parallel projects planning to use a successful functional
performance of plasma EA coated surfaces in vitro and in vivo; (ii) the reactor needed
to accommodate and homogeneously coat batches of samples where each sample is of
at least several centimetres in their main dimension; (iii) particular safety concerns
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had to be prioritised to minimise the risk of accidents or simply disturbing other works
in a shared lab when handling the EA monomer. For the design and construction of
the plasma reactors we followed known working designs of lab plasma chambers used
to polymerise other monomers as discussed in the introductory sections.

4.1.2.1 Cylindrical chamber with inner plate electrodes

Our first two fully built prototypes were based in a capacitively coupled plasma design
with a parallel plate configuration of the electrodes inside the vacuum chamber. We
used a glass cylindrical chamber with a volume of around 20L for a first prototype
(Figure 4) and a similarly shaped chamber, but lighter, with a much smaller volume
of around 1L, for a second one (Figure 6), with overall better behaviour on handling
and vacuum setup.

Electrical grounding of the installation. During the assembly and tests of our first
prototypes we struggled to spark a plasma with the available electrical connections
that failed to properly connect the Rf cable to the electrodes in the system, in particular
the grounding to electrode cable. Having a good grounding and a clean split of the
shell of the Rf cable into two grounding connections, has proved to be a very important
practical matter for the setup of custom-made plasma reactors and we have detailed
our experience in this matter here in this section.

Our very first reactor setup was used a radio frequency power supply (Nordiko
Limited) that works at 13.56 MHz up to 2,000 W. This Rf source and matching unit
were commissioned from an old but working plasma etching chamber. When setting
up this installation with them we struggled to spark a stable plasma in our chamber,
with the Rf source breaking on connection no matter the level of vacuum.

We speculated and checked potential causes for this: (i) We thought the upper
electrode might be too small and/or its shape reflected all the energy to the matching
unit, and we tried a different design of the upper electrode with more mass and several
different shapes (Figure 7); (ii) as these were old pieces of equipment we thought there
might be a shortcut in the installation, with our first suspect being a shortcut in the
source or matching unit, through a broken capacitor.

We changed the Rf source to a newer one (Coaxial Power System Ltd.) that works at
13.56 MHz up to 150Watt. When disconnecting the old Rf source and setting up the
new one we realised the grounding cable, connecting the shell of the Rf cable to
ground was poorly connected to one of the electrodes in our installation.



>

Figure 5. Pictures of first cylindrical chamber plasma reactor prototype. All
pictures show the cylindrical chamber (20L) with inner plate electrodes. (A) Whole
installation with pump, rf source, matchin unit, monomer inlet and cold trap visible.
(B) and (C) show a glow discharge with air plasma with bad electrical grounding,
and (D) with a better grounding.

Ease of use of the installation. The first reactor built, a 20L glass cylindrical
chamber, shown in Figure 5, had several practical shortcomings. The top and bottom
steel plates were heavy and difficult to move to get samples in and out of the chamber
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for experiments. We set up a platform with a screw wheel to move the bottom plate
down more safely and quicker but opening and closing down the chamber still took
over ten minutes each time and made the whole operation very cumbersome.

With components from the school workshop we built a second prototype based in the
same design, with a much lighter chamber, and a volume of around 1L (Figure 6).
with overall better behaviour on handling and vacuum setup. It was easier to perform
experiments with this prototype, quicker to handle the samples in and out of the reactor
and to make vacuum.
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Figure 6. Plasma reactor prototype with a low volume cylindrical chamber. (A)
Picture of the prototype working with an air plasma glow discharge. The cylindrical
chamber has a volume of 1L, with inner plate electrodes. (B) Schematic diagram of
the whole plasma polymerisation installation, showing the Rf source and other parts
of the system.
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Figure 7. Schematic diagram of plasma reactor prototype with cylindrical
chamber. (A) Schematic diagram of our first prototype, a custom made cylinder
shape plasma reactor, showing parts and configuration. And electrode with an O-
shape is depicted here. (B) Pictures of the Nordiko Limited Rf source, matching
unit, and of our cylindrical chamber with adaptable/screw-on electrodes. (C)
Schematic diagrams of several shapes of electrodes tested.

4.2 Plasma polymerised materials

Using the equipment setup described in section 4.1.1 we produced plasma
polymerised coatings on a variety of substrates, including glass flat surfaces, spin
coated polymers, porous scaffolds, and surfaces with functional microtopographies of
two different kinds. We have characterised the materials produced under different
experimental conditions, assessing the effect of applied radiofrequency (Rf) power,
duration of plasma deposition, and underlying substrate roughness, on the
polymerised coating properties.

Once protocols and standard coating properties were stablished, we used this
equipment to coat several other substrates that are not described in detail here, and
that are being used in ongoing separate studies by other researchers in the team, i.e.
osteogenic PEEK surfaces, hollow tubes for a radial bone graft in a small animal
model, synthetic scaffolds, beads and microparticles, and allogenic canine bone graft
chips for an in vivo veterinary trial [7]. The latter, with a successful intervention on a
dog, as a first veterinary patient treated with this bone regeneration technology,
received a lot of general media attention [46]. The trial is still currently running at the
Small Animal Hospital at the University of Glasgow.

4.2.1 Deposition rate, thickness of coatings

The plasma polymerization conditions used in this work were controlled by three
parameters: power applied to the plasma chamber, plasma treatment time, and
pressure during the plasma polymerisation stage.
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The deposition rate of the plasma polymerised materials on the sample surfaces has
been characterized by measuring the thickness of coatings deposited at various
experimental conditions. We used AFM to measure the depth of a clean scratch
performed on the surface of a sample after a deposition experiment (Figure 8). The
scratch was made carefully by running a razor along the surface of a coated sample as
to scratch the polymerised material on the surface down to the underlying glass.

By changing the parameters of the plasma deposition experiments, these scratch tests
have showed that the deposition rate remains fairly constant during the monomer
plasma polymerisation stage for a given experimental condition (table 2). After the
first seconds of experiment the rate of coating in our installation was from around 6.5
nm per minute to over 10 nm per minute. We were able to produce nano scale coatings
onto glass ranging from 34 + 7nm to 309 £ 28 nm for depositions at 4.5 kJ and 180 kJ
respectively (Table 2). Thickness of the coatings slightly increased with increasing
power. The relationship between the applied energy and the obtained PEA coating
seems to follow a hyperbolic curve model (Figure 9A inset). As a reference, spin
coated PEA(SC-PEA) produced coatings of a thickness well over one micron.

For a given power, pressure during the plasma polymerisation stage has a more critical
effect on the rate of coating (Figure 9B). We changed the working pressure for the
plasma polymerisation stage by changing the vacuum pump (scroll or oil pump). We
maintained the same operating protocol with both pumps so that the monomer plasma
polymerisation stage was run at maximum incident power and close to minimum
reflected power, at different levels of vacuum depending on the pump used.

Figure 8. Measurement of coating thickness by a scratch test. (A) Optical
microscopy slide showing the AFM cantilever and area of scratch on a plasma
polymerised EA coated surface and (B) partial AFM scan of scratched area,
showing profile and depth of the scratch.
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Figure 9. Plasma polymerized coatings. Thickness measurements. (A) Coating
thickness of the plasma polymerised layer as measured by AFM scratch test. Data are
presented as mean = SD. Minimum five measurements per condition. Coatings deposited
with scroll pump installation (B) Graph comparing coating rate for different working
pressures for the plasma polymerisation stage (same installation using two different
vacuum pumps, scroll or oil pump). Coatings deposited at I00W, from 90 seconds to 30
minutes depending on condition. Adjusted linear trends shown on graph.
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Sample Energy | Thickness Coating

condition (kJ) (nm) rate
15 W 5 mins 4.5 3417 6.8+ 1.4
50 W 5 mins 15 43 +7 86+t14

25 W 15 mins 22.5 118+ 14 79%+09

50 W 15 mins 45 138 +22 9.2t1.5

50 W 30 mins 90 236 £ 10 7.9+0.3

100 W 30 mins 180 309 + 28 10.3+0.9

Spin coating - 1272 £ 117 -

Table 2: Thickness measurements. AFM scratch test results for coating conditions
tested listing coating rates. All coatings deposited with scroll pump installation.
Results listed as Average = SD.

First seconds and minutes of deposition. In our thickness measurement experiments,
performing an AFM scratch test on coated samples, we usually produced and
measured reproducibly samples after five minutes of monomer plasma deposition.
However, we also ran a series of deposition experiments for very short deposition
times, with the first plasma reactor prototype, using an oil pump. The AFM scratch
test technique is at the limit of its practical use to measure coating at conditions under
90 seconds. The installation with the oil pump produces a higher working pressure for
the plasma glow discharge and a lower coating rate.

In these series of experiments, we were able to show that, for the first seconds and
minutes of deposition, the rate of coating maintains a linear trend consistent with the
rates for longer deposition times, around 9 nm per minute for the fully tested condition.

Results are showed in Figure 10.
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Figure 10. Plasma polymerized coatings. Thickness measurements. Short
deposition times. (A) Graph showing coating rate for short deposition times
(installation using oil pump). Coatings deposited at 100W, from 90 seconds to 10
minutes. Adjusted linear trend shown on graph. (B) Example of AFM profiles of
scratches at very short deposition times, i.e. 3 minutes (left) and 90 seconds (right),
at the limit of the practical use of this technique to measure coating thickness.

4.2.1.1 Deposition rate in different areas of the chamber

The consistency of deposition rate at different points within the chamber was assessed
in a similar manner by placing coverslips on twenty-two different positions throughout
the chamber including ten onto the sample holding shelf in the middle of the chamber.
We found moderate variations on deposition rate (Figure 11) along the chamber, with

average values from around 5 to over 10 nm per minute, with plasma depositions at
90 kJ, with the exception of the area under the front (outlet) electrode that produced

much faster deposition rates.
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Figure 11. Plasma deposition thickness in different areas of the reactor.
Average thickness as measured with AFM scratch tests after 180 kJ deposition on
chosen positions over the chamber surface (A) and over the sample holder (B).
Plasma chamber (C) and sample holder (D) schematic diagram with positions used
for this experiment marked as black circles. The orange circle represents the Petri
Dish usually used to hold samples during other plasma deposition experiments.
Thickness in all marked positions was averaged from 12 AFM measurements at
different spots within each coated sample.

4.2.2 Surface of polymerised coatings

We used Atomic Force Microscopy (AFM) to look at the morphology of the
polymerised surfaces at the sub-micrometric scale and to verify any variation of
surface morphology with plasma Rf power and duration of experiment.

Samples were coated with plasma polymerised EA on experiments at different powers
and duration times. We have shown that these parameters control the coating thickness
with a small but noteworthy effect on the coating rate. The coating rate with our
preferred installation set-up and working plasma pressure was usually from 8 to 10
nm/min as detailed in section 1.1.4. Samples were produced from up to 100W to 15W,
with durations of 30 minutes to 5 minutes for the plasma polymerisation stage. Control
surfaces are shown on Figure 10 and a selection of AFM scans a full study of surfaces
at different plasma polymerisation conditions for the S0W and 100W experiments are
presented in Figure 13 and Figure 14 respectively.

Figure 15 summarises this part of our work, showing side by side AFM scans of flat
(12mm microscopy glass coverslips or microscopy slides) surfaces just after the initial
air plasma stage, after 5 minutes and after 30 minutes of plasma EA monomer
deposition.

4.2.2.1 Roughness of coating on flat substrates

With these experiments, in the case of a flat underlying substrate, we also confirmed
that the polymerised material coats the surface homogeneously, and that the roughness
of the coating remains very low, just slightly above the ‘flatness’ of the underlying



glass or spin coated polymer surfaces (Figure 16), and within the same Average
Roughness Rq of around 0.6 nm no matter the duration of the deposition or the
thickness of the coating.
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Figure 12. AFM scans of plasma polymerised surfaces. Control surfaces. AFM
scans, height on left column and phase on the right, of (first row) glass surface after
five minutes of air plasma at 100W of incident Rf power. No scratch found in
scratch test. On second row is shown a spin coated PEA (Sigma 19,4% in Toluene)
surface on a glass coverslip. Thickness average for the spin-coated control samples
is 1.59 um (o of 0,26). One selected measurement shown in third row.

41



(A) 5 minutes at S0W (15 kJ)
(B) 10 minutes at 50W (30 kJ)

o)




(C) 15 minutes at 50W (45 kJ)
(D) 20 minutes at SOW (60 kJ)
(E) 30 minutes at S0W (75 kJ)
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Figure 13. AFM scans of plasma polymerised surfaces, effect of duration of
plasma. AFM scans of glass surfaces coated with plasma polymerised EA at S0W
of incident Rf power, with a deposition duration/energy of A) 5 minutes/15 kJ, B)
10 minutes/30 kJ, C) 15 minutes/45 kJ, D) 20 minutes/60 kJ and E) 30 minutes/75
kJ. Scans are showed with height in the top row and phase in the bottom row for
each experimental condition. Scans width are 500nm (left column), lum (middle
column) and Sum (right column).
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(E) 30 minutes at 100W (180 kJ)

Figure 14. AFM scans of plasma polymerised surfaces, effect of duration of
plasma. Scans of glass surfaces coated with plasma polymerised PEA at 100W of
incident Rf power, with a deposition duration/energy of A) 5 minutes/30 kJ, B) 10
minutes/60 kJ, C) 15 minutes/90 kJ, D) 20 minutes/120 kJ and E) 30 minutes/180
kJ. Scans are showed with height in the top row and phase in the bottom row for
each experimental condition. Scan width are 500nm (left column), lum (middle
column) and Sum (right column).
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Figure 15. AFM scans summary. A summary of this part of our work, showing
side by side AFM scans (phase) of flat surfaces just after the initial air plasma stage
(left column), after 5 minutes (middle column) and after 30 minutes (right column)
of monomer deposition at S0W. Scan width are 10um for the air plasma stage
sample (left column) and Sum for the other two samples.
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Figure 16. AFM scans plasma 100W, 30 minutes. AFM scans (height on first
column and phase on second column) of spin coated PEA (4% in toluene) on glass
coverslips. Control surface (spin coated PEA) on first row; surface coated with
plasma polymerised PEA at 100W for 30minutes on second row.

4.2.2.2 Flaky softer areas on polymerised material

After deposition in our custom-made reactor, all surfaces with plasma polymerised
coatings showed similar features on AFM scans: a homogeneously flat surface
covered with polymerised material and randomly distributed flakes or specs of slightly
softer polymerised material, more apparent at larger area scans. These flakes are
usually a few nanometres high over the surrounding surface and up to a few hundred
nanometres wide, although more usually just a few tens of nanometres wide.
Experiments (Figure 17) were performed after thorough deep cleaning of all the
reactor inner walls, to avoid ablation residues being deposited on the sample surfaces.
These experiments confirmed that the deposited materials include a heterogeneous
distribution and amount of these softer flakes that varies in different areas of the same
samples and in different deposition conditions.

Experiments with a commercial plasma reactor (Figure 18) produced similar surface
but with even more variation on the flakes distribution and size with the deposition
conditions.
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Figure 17. AFM scans plasma 50W, 30 minutes. Height and phase scans of glass
coverslip surfaces coated with plasma polymerised PEA at 50W for 30 minutes (A

and B) and at 100W for 30 minutes (C).

(1) 16.24 nm (2) :
3) @
(5) e
. 1 min O2 Plasma
Pumping . e Plasma
Sample Pressure Activation Power (max Time
Stage / Power 300 Watt)
#1 0.15 mbar 10% 10% 1 min
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#2 0.15 mbar 20% 20% 1 min

#3 0.15 mbar 20% 20% 5 min
#4 0.15 mbar - 10% 5 min
#5 0.05 mbar - 10% 5 min
#6 0.05 mbar - 5% 5 min

Figure 18. Flaky surfaces after plasma deposition. AFM height scans of glass
coverslip surfaces coated with plasma polymerised EA in a Diener Electronics Tetra
series reactor (right column), with experiment parameters: generator frequencies at
13.56 MHz, monomer flow of 100 pul/min, and the settings detailed in the table for
each sample, numbered from 1 to 6.

4.2.3 Conservation of functional roughness on substrates

Many biomedical applications, implants and other orthopaedic products in particular,
rely on creating and maintaining an interface between the implant and surrounding
tissue. This tissue integration can be influenced and enhanced by a number of factors
and surface characteristics of the implant materials. Surface roughness and topography
(patterned microstructures and nanostructures) have been studied and developed with
this goal. This would be the case for instance of nanostructured surfaces used to
manipulate stem cell differentiation, designed with pillars around 2 um high and 200
nm in diameter [17] [47] or functional roughness used on titanium implant surfaces to
enhance on bone integration [48].

We prepared different surfaces with controlled roughness or with micro scale
functional features and then coated them in our reactor with plasma polymerised EA.
We then used AFM to measure the variation in average roughness and the effect on
the functional topographical features, to verify conditions where the coating can be
applied while maintaining a functional roughness in the supporting material within
performance requirements.

4.2.3.1 Maintaining functional roughness at the sub-micron scale

We prepared spin coated amorphous poly(lactic acid) (scPLLA) surfaces on clean
glass coverslips and then modified their crystallinity and surface roughness with a
thermal treatment. We prepared samples coated with either amorphous PLLA,
crystalline PLLA with small spherulites, or crystalline PLLA with big spherulites, as
described in the Materials and Methods chapter.



Spin coated PLLA is amorphous and very flat. After the thermal treatment PLLA
becomes crystalline with spherulites that can be controlled in size and height of their
ridges. With two different thermal treatments we prepared samples with big
spherulites and samples with small spherulites. Both have similar features, crystal
edges or ridges that rise a few tens of nanometers, up to around 60 nanometers for the
small spherulites and up to around 35 nanometers for the big spherulites (Figure 19).

AFM scans and roughness measurements (Figure 19 to 21) show that our highest
energy plasma polymerised EA coating applied, at 100W for 30 minutes which has an
average thickness of around 300 nm, covers the big spherulite features almost
completely. However, the rougher small spherulite surface still maintains a significant
fraction of its roughness. This preliminary study demonstrates that our plasma
polymerised EA coatings can be applied confidently without altering significantly the
substrate surface roughness when features have a main vertical dimension of around
one hundred nanometers or more. This opens future developments to fine-tune these
coatings on functional surfaces with designed roughness or topographical features.

Further control of substrate roughness, with smaller features preserved, could be
achieved using shorter and lower power plasma depositions, as the full set of
experiments reported here have been performed with our highest deposition energy.
We have shown that much thinner coatings can be produced with lower energies.
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F) Plasma Polymerised EA coating on spin coated PLLA (small spherulites). Two
samples are shown.

Figure 19. AFM scans of spin coated PLLA surfaces with controlled roughness.
All scans with height on left column, phase on right column) A), B) and C) are
controls, without plasma polymerized coating, for amorphous PLLA, crystalline
PLLA with big spherulites, and crystalline PLLA with small spherulites
respectively. D), E) and F) are coated samples at 100W and for 30 minutes of
duration of the plasma polymerization stage, for amorphous PLLA, crystalline
PLLA with big spherulites, and crystalline PLLA with small spherulites
respectively.
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Figure 20. AFM phase scans of spin coated PLLA surfaces with controlled
roughness. First row are controls, without plasma polymerized coating, second row
are coated samples at 100W and for 30 minutes of duration of the plasma
polymerization stage. First column is amorphous PLLA, second column crystalline
PLLA with big spherulites, and third column is crystalline PLLA with small
spherulites.
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Figure 21. Roughness on coated rough samples. Measured average roughness Rq
(nm) on 10x10um AFM scans before and after coating with plasma polymerised
EA (180 kJ). Surfaces are glass, amorphous PLA (A-PLA), crystalline low
roughness PLA (CLR-PLA), and crystalline high roughness PLA (CHR-PLA).
CHR-PLA surfaces with higher roughness showed a decrease in roughness after
coating but much smaller than on CLR-PLA, compared to substrate uncoated
surfaces, demonstrating that a functional roughness can be maintained for CHR-
PLA samples at these coating conditions. (A) Table with measured values, and (B)
graph visually comparing results.

4.2.3.2 Control of coating deposition over hyper-rough surfaces

We tested the effect on roughness by the plasma polymerised coatings on surfaces
with features with functional dimensions well under one hundred nanometres, such as
nanopits, spikes, or nanowires. We looked to identify coating conditions that can be
used to successfully coat these surfaces while controlling the function of their
underlaying features. High aspect ratio surfaces like these are investigated in the
literature for their effect on cell adhesion mechanisms and ultimately cell behaviour,
for instance to influence stem cell fate [17] or to prevent bacterial biofilm formation
but allow human cells growth [49] [50].

In a first test, we used a polycarbonate surface with a nanopattern of etched pits kindly
provided by Dr Paul Reynolds and Prof Nikolaj Gadegaard at the University of
Glasgow. These nanopatterned surfaces have been used in a separate wider study to
show that tuned disorder in nanotopography stimulates osteogenesis [51]. We applied
a plasma polymerised EA very thin coating, at low power (30W) and short duration
of treatment (60s) using a commercial Diener plasma reactor and confirmed with
AFM scans that the coating doesn’t plug or covers over the nanopits at all (Figure 19).
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Figure 22. Coating of hyper-rough surfaces, pits. AFM height scans and height
profile of polycarbonate surfaces with etched nanotopographies. Control uncoated
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surfaces (first row) and surfaces coated with plasma polymerised EA using a Diener
Electronics Tetra series plasma reactor with experiment parameters as in sample #1
of Figure 14 (30W, 60s plasma stage)

In a second test, Titanium substrates with TiO2 nanowires grown on the surface were
coated with plasma polymerised EA. These ultra-rough surfaces were prepared by
colleagues at the University of Glasgow as part of a different study to identify optimal
nanopatterns for both bone remodelling and for reducing risk of bacterial infection.
We coated the metallic samples with thin plasma polymerised EA coatings, at low
power and short duration of treatments. In this test the goal was to test if our coating
system could be controlled to provide these surfaces with the additional functionality
of our coating while maintaining the functional sharpness of the nanofeatures.
Scanning electronic microscopy (SEM) images showed no perceptible effect on the
nanowire coated surfaces (Figure 23). A more extensive characterization of the
physical characteristics and biological performance of these spiky coated surfaces is
being done by colleagues at the University of Glasgow.

2
Mag Date Sample
- 10 kV20000 x 28/11/16, 10:58 2h 50w 3min,

5.6 um 4.5 ym 1 pm——

Figure 23. Coating of hyper-rough surfaces, nanowires. SEM images of titanium
surfaces with sharp TiO2 nanowires grown on the surface. On top row, flat Ti
surface (left) and Ti surface with TiO2 nanowires grown for 2 hours (right). On
bottom row, same surface (TiO2 nanowires grown for 2h) coated with plasma
polymerised EA at 50W for 90s (left) and for 180s (right)
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4.2.4 Water contact angle of plasma coated surfaces

Measurement of the water contact angle (WCA) of surfaces coated with plasma
polymerised ethyl acrylate, on control glass or polymer surfaces, allowed for a further
understanding of the characteristics of the plasma coatings, i.e. surface energy,
hydrophilicity and free radicals, with varying plasma polymerisation conditions.

We produced several substrate surfaces to coat with plasma polymerised ethyl
acrylate, including glass, and spin coated poly L-lactic acid (PLLA) prepared with two
degrees of crystallinity (small spherulites and big spherulites). Control surfaces also
tested included spin coated PEA on glass and spray coated PEA on spin coated PLLA.

We measured the static contact angle (SCA) at different time points after plasma
coating (Figure 24), from immediately after plasma coating up to 14 days of storage
under dry cupboard conditions. We verified that wettability of the surfaces showed by
SCA remains fairly unchanged during this time frame. This means that surfaces coated
with our system retain functionality and future applications of this technology can use
materials that have been stored, before in vivo or in vitro use, without changing
functionality. We additionally checked the effect of water immersion on the SCA of
the plasma polymerised EA coated surfaces (Figure 25), showing an increase in
hydrophobicity of the tested samples.
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Figure 24. Water contact angle measurements. Compared to controls and by
energy applied. (A) Static contact angle measured on control surfaces. All surfaces
dried under vacuum and measurements performed within 24h after surface
preparation. (PEA) is spin coated PEA on glass. (SPEA1) and (SPEA2) are spray
PEA on crystalline PLLA, with big spherulites and with small spherulites
respectively. (PLLA1), (PLLA2) and (PLLA3) are amorphous PLLA, crystalline
with small spherulites PLLA, and crystalline with big spherulites PLLA,
respectively, prepared by spin coating and heat for the crystalline samples.

(B) SCA at three time points after coating glass with plasma polymerised EA.
Plasma deposition conditions by energy applied, from 180kJ (100W and 30 min of
plasma) to 4.5 kJ (15W and 5 min).

(A)

90

85 ODay0 ODayl EDay2 MDay7
80 r—i—
75 e

o [ T i

65 1 —

effect on SCA of time of storage & substrate surface

60
55

Series "Day 1" Point "P
50 Value: 75.5

40 I L - I I

glass PLLA1 PLLA2 PLLA3

59



(B)
SCA of plasma coated surfaces after immersion in water
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Figure 25. Water contact angle measurements on plasma polymerised
coatings. Effect of storage and immersion in water. (A) SCA measured on
surfaces coated with plasma polymerised PEA (100W and 30 min of plasma stage).
Day 0 measurements were performed immediately (10 to 20 minutes) after
deposition. Time points are 24 hours, (Day 1), 48 hours (Day 2) and seven days
(Day 7) after deposition. Substrate surfaces prepared are glass, amorphous PLLA
(PLLA1), crystalline with small spherulites PLLA (PLLA2), and crystalline with
big spherulites PLLA (PLLA3), prepared as in previous experiments. (B) SCA
measured on surfaces coated as in previous experiments with plasma polymerised
EA (100W and 30 min of plasma stage), before and after immersion in water.
Samples were immersed in distilled water fifteen minutes after plasma deposition
and kept for immersed for ten minutes. Then dried in oven at 60C under vacuum
and SCA measurements taken. Substrate surfaces used were prepared beforehand
as in previous experiments, (PLLA2) crystalline with small spherulites PLLA and
(PLLA3) crystalline with big spherulites PLLA.

Overall, we have seen that plasma polymerized PEA surfaces are quite hydrophobic,
with WCAs around 70° to 80° which are comparable to even if slightly higher than
SC-PEA coatings. Literature shows that cells effectively adhere onto surfaces
presenting moderate wettability, with water contact angles in the range of 40° to 70°
[52][53]. The plasma polymerized coatings however, as many other synthetic
surfaces, present WCA above this optimal range. Adsorption of a protein coating on
the plasma polymerized surface can improve wettability for the intended biomedical
applications.



4.2.5 Chemical analysis of plasma polymerised materials - XPS

X- ray photoelectron spectroscopy (XPS) measurements were performed to study the
chemical composition on the PEA deposited surfaces. SC-PEA was analysed via peak
fitting of the carbon (Cls) and oxygen (Ols) spectra (Figure 26), showing peak
positioning and binding ratios similar to those found in literature.

Cls spectra were peak fitted with respect to the primary hydrocarbon backbone signal
at 285 eV the other three carbon moieties respectively: C-COOR (+0.4 eV); C-O (+1.6
eV); O-C=0 (+3.9 eV), corresponding to chemical structure inset in figure 23 A.

In Ols spectra two oxygen moieties, C=0 (~532.1 eV) and C-O-C (~533.5 eV) were
found. The Cls and Ols core level spectra obtained for plasma PEA coatings varied
dramatically from SC-PEA, possessing lower concentrations of ester and carboxyl
carbon binding environments, signified by loss of peaks in the spectra and definition
of both corresponding oxygen peaks.

From the carbon spectra, it can be noted that while the peak found at +1.6 eV from
the backbone has almost entirely diminished the +3.9 eV peak is proportionally
retained when plasma polymerised at lower energies. This relationship can be further
observed in the oxygen spectra, which shows decreasing oxygen peaks correlating to
the loss of these chemical sidechains. This translates to increased proportions of
primary carbon binding relating to the PEA backbone, further enhancing and defining
the 285 eV peak. However, the Cls spectra for all pPEA samples showed peaks at 285
eV (carbon-carbon backbone bond) and also consistently showed retention of small
shoulder peaks at 288.9 eV which corresponds to the C1s binding energy in carbonyl
groups (C=0, Cls binding energy 288.0) and acid groups (O=C—O, Cls binding
energy 289.0), suggesting the pPEA coatings maintains some of the moieties
characteristic of PEA (SC-PEA).

This retention of functional groups is observed to relate to the polymerisation
conditions, suggesting that increased energy directly influences the mechanism by
which these peaks are lost, increasing the percentage of carbon backbone and
decreasing the functional group composition on the top 10 nm of sample.

This chemical modification is characteristic of plasma discharge, resulting in
monomer fragmentation, chain branching, cross linking and partial loss of functional
groups during polymerisation [54] [55]. More specifically, fragmentation, resulting
from higher experimental powers producing a higher frequency and energy of electron
impacts onto the polymerising EA monomer, would provide an apt explanation for the
resulting chemical variations of plasma PEA. Therefore, we are able to conclude that
plasma polymerisation produces oxygen deficient PEA coatings, with the level of
remaining oxygen based functional groups directly depending on applied energy.

Three samples and three different areas per sample were scanned per deposition
condition, with examples in Figure 27. We deposited the plasma polymerized coatings
on glass and also on spin coated PLLA, both amorphous and crystalline (rougher)
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PLLA surfaces. With the XPS spectra of these samples (Figures 28 and 29) we
confirmed the that the thickness of the deposited coatings (=300 nm) guarantees that

the XPS spectra are due to pPEA and not to the underlying substrate, as the sensitivity
of XPS is =10 nm.
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Figure 26. Chemical composition of PEA surfaces taken by XPS analysis, by
plasma deposition energy. (A, B) Cls and Ols core-level spectra of control SC-
PEA with fitted peaks which represent binding conformations of carbon and oxygen
atoms on the top 10 nm of the sample surfaces. The inset shows chemical structure
of PEA, with labelled carbon and oxygen atoms corresponding to components as
indicated on Cls and Ols scans. (C, D) Overlaid Cls and Ols core-level spectra of
pPEA samples produced at varying energies, showing generally that increasing
energy (power x time of deposition) results in decreasing ester and carboxyl side
chains on the produced PEA. The inset in C shows the peak at 289 eV.
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Figure 27. XPS analysis of PEA surfaces, variation between samples. XPS
spectra from three samples treated under the same experimental conditions, one
selected area for each sample. Samples were prepared coating glass coverslips with
plasma polymerised EA, at 100 W of power and a duration of 30 minutes (180kJ)
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of the monomer plasma stage. (A) XPS spectra around the binding energy for Cls,
and (B) XPS spectra around the binding energy for Ols.
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Figure 28. XPS analysis of PEA surfaces on PLA substrate. XPS spectra, around
the bind energy for Cls (left column) and for Ols (right column) for spin coated
amorphous PLA (A and B), and for the same spin coated amorphous PLA coated
with plasma polymerised EA at 180kJ (C and D) and at 90kJ (E and F).
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Figure 29. XPS analysis of PEA surfaces on PLA substrate. XPS spectra, around
the bind energy for Cls (left column) and for Ols (right column) for spin coated
crystalline PLA (A and B), and for same spin coated crystalline PLLA coated with
plasma polymerised EA at 180kJ (C and D) and at 90kJ (E and F).

In summary, with the XPS analysis of the polymerized coatings we conclude that these
coatings maintain some of the characteristic carbon and oxygen spectra of PEA. We
can also conclude that lower plasma energies during the polymerization translate to
increased retention of carbonyl and acid groups (small shoulder peaks at 289 eV) and
of primary oxygen. Plasma polymerisation produces oxygen deficient PEA coatings,
with the level of remaining oxygen-based functional groups directly depending on
applied energy. Finally, we confirmed with an amourphous and crystalline (rougher)
PLA substrate that the thickness of the deposited coatings guarantees that the XPS
spectra is from the coating and not from the underlying substrate, as expected because
the sensitivity of XPS is around 10 nm.



4.3 Proteins on plasma coated surfaces

4.3.1 Conformation of adsorbed fibronectin

In figures 30 to 37 below, we show plasma polymerised materials coated with FN. In
this section we worked with a standard concentration of 20 pg/ml commonly used in
the in vitro and in vivo experiments in our lab, and in the following section we studied
FN conformation at lower concentrations (of 1pg/ml and 500 ng/ml).

Previous work in our group has shown that PEA triggers spontaneous organization of
FN into nanonetworks which involves the simultaneous availability of the integrin
binding region (FNIIlo.10) and growth factor binding region (FNIIIi2-14). In this work
we set out to verify the morphology and conformation of the protein on the plasma
polymerised materials, to find out the capability of pPEA to maintain or promote FN
fibrillogenesis as seen with bulk PEA (spin coated PEA). As reviewed in section 1.1
this is a critically important functional aspect of these materials for their potential use
in tissue engineering applications. To characterise FN absorption we have used AFM
scans, water contact angle, fluorescence labelling for optical microscopy, and micro
BCA, while FN domain availability and BMP-2 adsorption was characterised by
ELISA. These experiments for protein adsorption have used four selected plasma
conditions (4.5, 15, 45 and 180 kJ). Figure 34D shows the WCA measured on the PEA
surfaces, with and without FN coatings. All pPEA and SC-PEA coatings are highly
hydrophobic surfaces with water contact angle of around 73° - 88°. However, all PEA
surfaces show significantly different values to glass and became more hydrophilic
once coated with FN. With FN coating the contact angle was observed within the
range 40°-55° (Figure 37D). On uncoated control glass surfaces, there is not much
difference in wettability with or without FN coating. With respect to surface
wettability of biologically active materials, cells effectively adhere onto surfaces
presenting moderate wettability with water contact angles of 40°-70.

However, the conformation and distribution of FN adsorption onto pPEA is different
to SC-PEA surfaces (Figure 30). These control surfaces scanned with AFM show FN
networks as previously reported in the literature by our lab on acrylate polymers. In
contrast, AFM scans of surfaces coated with plasma polymerised materials (Figures
32 and 31) show a distinct and characteristic conformation of the protein, throughout
all the different plasma deposition conditions, that doesn’t resemble the control
networks seen on figure 27 but that appears nevertheless to have a tight organization
of the proteins. With a similar organization for all plasma polymerization conditions,
on AFM scans threads of protein groupings or aligned protein strands, with small gaps
within the structure, can be seen at the sub-micron scale. We see this conformation on
plasma polymerized acrylate as a ‘compact network’ of FN. This compact network
conformation has little or no apparent variation with the plasma polymerisation
conditions, i.e. duration of monomer plasma stage and (10 to 30 minutes) or applied
incident power (100 to 25 W). This different organisation of FN is likely due to the
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differences in surface chemistry as well as the compositions of the polymers as shown
by XPS analysis in particular.

Using fluorescence labelling for optical microscopy we have seen at the super micron
scale that the protein coatings show heterogeneous features on both control spin
coated EA surfaces and plasma polymerized EA surfaces (Figure 36). The protein on
these surfaces seems to have a characteristic organization with random holes in size
and distribution that could arise from a process of surface wettability, but that don’t
show the same on different samples or even in different areas of the same samples.

159dag

Figure 30. AFM scans of FN coated surfaces. Controls. AFM height and phase
scans of control surfaces coated with FN at 20 pg/mL. Spin coated PEA from Sigma
Aldrich (A and B) and PEA synthesized in our lab (C and D), both materials
prepared on 12mm glass coverslips cleaned with ethanol sonication.
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Figure 31. AFM scans of FN coated surfaces. AFM phase scans of surfaces coated
with plasma polymerised ethyl acrylate and then coated with FN at 20 pg/mL.
Plasma Rf incident power at SOW, with a duration of the monomer plasma stage
of 5 minutes (first row), 10 minutes (second row), 15 minutes (third row), 20
minutes (fourth row), and 30 minutes (last row). Substrates are 12mm glass

coverslips cleaned with ethanol sonication.
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Figure 32. AFM scans of FN coated surfaces. Selected AFM scans at higher
magnification with samples prepared with same conditions as in previous Figure
31. Plasma Rf incident power at S0W and 15 minutes of monomer plasma stage on
first row, 20 minutes in second row. Height scans shown on left column and phase

scans on right column.
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Figure 33. AFM scans of FN coated surfaces. Height and phase AFM phase scans
of surfaces coated with plasma polymerised ethyl acrylate and then coated with FN
at 20 pg/mL. Plasma Rf incident power at 100W, with a duration of the monomer




plasma stage of 30 minutes. Substrates are 12mm glass coverslips cleaned with

ethanol sonication.
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Figure 34. AFM scans of FN coated surfaces. Height and phase AFM phase scans
of surfaces (12mm glass coverslips cleaned with ethanol sonication) coated with
plasma polymerised ethyl acrylate and then coated with FN at 20 pg/mL. Plasma
Rf incident power at 100W, with a duration of the monomer plasma stage of 15

minutes.
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Figure 35. AFM scans of FN coated surfaces. Height and phase AFM phase scans
of surfaces (12mm glass coverslips cleaned with ethanol sonication) coated with
plasma polymerised ethyl acrylate and then coated with FN at 20 pg/mL. Plasma
Rf incident power at 25W, with a duration of the monomer plasma stage of 15

minutes.
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Figure 36. Fluorescence microscopy images of protein coated surfaces. All
pictures at 63x magnification except (D) at 40x magnification. All coatings with FN
at 20 pg/mL. First row: (A) cleaned glass 12mm coverslips, (B) spin coated PEA
on glass, (C) plasma polymerized EA, Rf power at S0W, monomer plasma stage 15
minutes, (D) FN on glass. Second row: (E) and (F) FN on spin coated PEA. Third
row: (G) and (H) FN on plasma EA 100W 30min. Fourth row: (I) and (J) FN on
plasma EA 100W 15min. Last row: (K) and (L) FN on plasma EA 25W 15min.
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The interaction of plasma polymerized PEA coatings with FN was further
characterized quantifying surface densities of adsorbed FN on the different materials
using bicinchoninic acid assay (BCA) and checking for FN domain availability with
an enzyme-linked immunosorbent assay (ELISA). These experiments used four
selected plasma conditions (4.5, 15, 45 and 180 kJ). Adsorbed FN was quantified by
measuring the amount of FN remaining in the supernatant after adsorption. Although
the surface density of FN on all plasma polymerized PEA was slightly higher than that
on SC-PEA and on glass surfaces, the difference was not significant (Fig. 37A). To
evaluate the availability of integrin binding and growth factor binding domains on
PEA surfaces after FN adsorption, we used an ELISA using two monoclonal
antibodies. HFN7.1 is directed against the flexible link between Illg and Il in

FNIIIg_1( repeat of FN, which is involved in integrin binding and cell adhesion (Fig.
37B). PSF3 is directed against the FNIII{p_14 repeat which contributes to growth
factor binding (Fig. 37C).
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Figure 37. Characterisation of PEA coatings before and after FN adsorption.
(A) Surface density of adsorbed FN on plasma polymerized PEA (plasma
conditions for 4.5, 15, 45 and 180 kJ), spin coated PEA (SC-PEA) and glass surface
controls. All plasma polymerized PEA coatings showed higher FN adsorption
compared to SC-PEA and glass surfaces. However, there is no significant difference
between the samples. (B and C) Relative availability of integrin binding (FNIII9—
10) (B) and growth factor binding (FNIII12—-14) (C) domains on FN adsorbed on




different surfaces, measured using ELISA. (D) Static water contact angle
measurements of pPEA coatings, SC-PEA and glass surface with and without FN
coating. Surfaces became more hydrophilic after absorption of FN.

Despite the surface density of FN on PEA and glass surfaces not being significantly
different, we observed significantly higher availability of integrin and GF binding
domains on pPEA in comparison to SC-PEA and glass surfaces. When these results
were normalised to FN surface density, significant differences remained, indicating
that pPEA coatings induces an increased level of FN fibrillogenesis.

These results suggest that FN assemble on pPEA surfaces into a dense network of
nanofibrils that is functionally active to present simultaneously integrin binding and
GF binding regions. We show that this property of pPEA is maintained regardless the
condition used (energy in the plasma reactor) during plasma polymerisation.

4.3.2 Conformation of adsorbed fibronectin at low
concentrations

In order to figure out if the FN molecules organize in networks or in any other manner
that implies some kind of fibrillogenesis, on the plasma polymerized EA surfaces, we
used concentrations of 1ug/ml and 500 ng/ml. Following the line of work of the
previous section we produced plasma polymerised materials coated in our
experiments with FN at these concentrations much lower than the usual 20 pg/ml. We
speculated that on the surfaces coated with the plasma polymerized EA the FN is
adsorbed in a more compact manner than on the surfaces coated with acrylates
produced by radical polymerization, and that a lower FN concentration would allow
us to have more information about the morphology and conformation of FN on these
surfaces.

In figures 38 and 39 below we show AFM scans of plasma polymerised materials
coated with FN, in this section at the aforementioned low concentrations of 1ug/ml
and 500 ng/ml. In these samples the FN coating was prepared in the same manner as
in the previous section. Even at these low concentrations we see the protein fully
covering the surface and organized in ‘clumps’ that appear to be elongated and aligned
in the same direction. At the highest magnifications we see that these clumps of
protein seem to be made of several smaller clumps.
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Figure 38. Conformation of FN at low concentration on plasma polymerised
surfaces. Height (left column) and phase (right column) AFM scans of glass
surfaces coated with plasma polymerised PEA and low concentration FN. All
samples prepared with plasma Rf incident power at 100W, with a duration of the
monomer plasma stage of 15 minutes, and then coated with FN at 1pg/ml. First

row shows 10um by 10pum scans with markings/scratching on the protein surface
made with a pipette tip.
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Figure 39. Conformation of FN at low concentration on plasma polymerised
surfaces. Height (left column) and phase (right column) AFM scans of glass
surfaces coated with plasma polymerised ethyl acrylate and low concentration FN.
All samples prepared with plasma Rf incident power at 100W, with a duration of
the monomer plasma stage of 15 minutes, and then coated with FN at 500ng/ml.

4.3.3 BMP-2 adsorption

We also performed ELISA assays to assess whether the differential conformation of
FN affects the surface density of BMP-2 bound on FN coated surfaces. We used a
solution at a concentration of 50 ng/ml BMP-2 to coat six different surfaces. Glass
and spin coated PEA (SC-PEA) as negative and positive controls respectively, and
four plasma polymerised coatings at plasma conditions for 4.5, 15, 45 and 180 kJ.
After coating with FN, and BMP-2, we have seen BMP-2 adsorption to be
significantly higher on plasma polymerized surfaces than on SC-PEA and glass
surfaces (figure 40).
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This result supports the data on GF binding domain availability discussed in section
4.3.1. More BMP-2 adsorbed on FN coated on plasma polymerized PEA than on SC-
PEA and glass surfaces.

Together with the previous results on FN adsorption and FN integrin binding domain
availability, these results suggest that FN assemble on plasma polymerized PEA
surfaces into a dense network of nanofibrils that is functionally active to present
simultaneously integrin binding and GF binding regions. We show that this property
of plasma polymerized PEA is maintained regardless the condition used (energy in
the plasma reactor) during plasma polymerisation.
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4.4 Coating of scaffolds

Scaffolds based on synthetic and natural materials are used and studied as clinical
strategies to heal large bone defects and non-unions [56]. Coating the scaffolds with
biotherapeutics is a known strategy to develop therapies that improve bioactivity and
osteoinductivity of the substrate materials. As part of our work developing and
characterizing the PEA plasma polymerized coatings, we studied its application to 3D
structures, in particular scaffolds that could be used in the orthopaedic treatment of
large bone defects and non-union fractures.

We developed protocols to coat three types of scaffolds as part of other related
research work in the lab. We coated microporous PLA scaffolds manufactured by
ourselves with a combination of freeze extraction and porogen leaching techniques,
as detailed in the M&M section. We also coated PCL scaffolds fabricated with an
extrusion-based 3D printer. Both the PLA and PCL scaffolds were manufactured with
medical grade polymers, to develop the manufacturing and coating protocols as ready
as possible for clinical use (figure 41). In appendix 7.3 we add more information about
the developed coating protocols.

Finally, we also coated commercial dog allogeneic bone chips. These bone chips were
used for a in a world-first intervention on a dog, a first veterinary patient treated with
this bone regeneration technology [7] [46] (figure 42).

A B

Figure 41. Coating of scaffolds. Handling of samples. (A) Close up view of PCL
and PLA scaffolds. PCL scaffolds are marked with an orange arrow (B) PCL
scaffolds in Petri Dish after coating in plasma reactor and in 48-well plate ready for
UV sterilization before protein coatings.

4.4.1 Coating scaffolds with proteins

For the veterinary trial we coated commercial dog allogeneic bone chips with plasma
polymerized PEA and also helped develop the coating protocol for fibronectin and
growth factor to be adsorbed onto the polymer coating. For preliminary tests we used



PLA scaffolds and food colouring to confirm that the protein would reach all the
surface areas inside the scaffold. We cut scaffolds from Imm to 4mm of thickness and
immersed them in cell culture media with added food colouring, to verify visually if
the media reached the inner surfaces of the scaffold. With these scaffolds we
confirmed that soaking the scaffolds under vacuum is an efficient and quick method
to coat all the inner pores of its structure with protein (figure 42), while just leaving
the scaffolds immersed in media results in the protein not reaching all areas of the
scaffold. The method of immersing the scaffolds in the protein solution for a few
minutes under vacuum was the method used for the allogeneic bone chips for the
veterinary trial.

A B

Figure 42. Coating of scaffolds. Tests with PLS scaffolds and coating of bone
chips for dog surgery. (A, B, C and D) Scaffolds coated in a DPBS solution with
3% paprika food colouring as a proof of concept for the protein coatings. Three
different thickness of scaffold tested: 1mm, 2mm, 4mm, all same diameter. (A and
B) Coating by 1hr adsorption in well-plate with DPBS (semi-floating), no other
manipulation. (A) Scaffolds after immersion. (B) Scaffolds (2mm and 4mm only)
cut with a surgical blade, exposing inner area. (C and D) Coating by 6 minutes under
vacuum or until boiling starts, placing samples with DPBS solution in flacon tubes
inside a lab desiccator. Then an additional 45 minutes in well-plate with the
solution. (C) Scaffolds after immersion. (D) Scaffolds (2mm and 4mm only) cut
with a surgical blade, exposing inner area. (E) Commercial dog allogeneic chips out
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of last step of coating, after coating in plasma reactor and coating with FN and
BMP-2, shown as delivered in surgery theatre. (F) Coated chips and cancellous
graft, before mixing, as prepared by surgeon.




S5 Results and discussion. Spray coatings.

5.1 Setting up a custom-made spray installation

Spraying a mixture of soluble material and volatile solvent with pressurized air is a
well-developed technique [57] to coat a huge variety of different substrates with
functional layers, with low cost and large area production.

We built in our lab two custom-made installations to deposit PEA from solutions in
toluene on surfaces and scaffolds. A first pilot installation was for a simple high-
volume airgun. A second installation that allowed more precise control of the coating
was for a low volume airbrush.

We tested and characterised the performance of both systems, i.e. effect on substrate
of solvent reaching the target surface, morphology of sprayed surface, and thickness
of coatings, with experimental parameters, i.e. concentration of PEA in toluene
including tests of dilution with ethanol, duration of spraying, spraying pressure, and
distance from nozzle to substrate surface. Air pressure, within the available practical
range in our lab (from about 0.7 bar to 1.5 bar), was found to have a limited effect on
coating rate and no noticeable effect on the size of droplets on partially coated
surfaces.

We have used our spray coating systems to coat flat surfaces of interest, including
glass, spin coated polymers, polymer blocks with rough surfaces, and also porous
scaffolds. Results with samples of some of these surfaces are described here, while
others have been prepared in parallel for other research projects, that have tested these
and similar coatings in related biomedical applications. We optimised protocols and
requirements to coat surfaces and scaffolds for the two spraying installations
developed.

Our first spraying set-up was assembled around a cheap and very simple to use air gun
(Figure 43) that was positioned inside a custom-built cage with pre-fixed positions at
400 mm, 500 mm & 700 mm from nozzle to target surface. The cage was fully closed
except for a side port to reach to the gun trigger. Pressurized air was supplied by a lab
compressor and all experiments were performed at 0.7 to 1.1 bar of air pressure. The
cage, with the air gun and the sample target inside, was positioned in a laminar flow
hood in the lab.
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Figure 43. Schematics of the spraying set-ups. (Top) Air gun spraying set-up,
inside a custom-built cage with pre-fixed positions at 400 mm, 500 mm & 700 mm
from nozzle to target surface. (Bottom) Air brush spraying set-up, with a dual action
low volume air brush. Positioned with a lab clamp with a tilt to the horizontal and
at the desired distance to sample target, with a maximum of 400 mm.

Our second spraying set-up relied on a dual action low volume air brush that held in
place with a retort steel base and was positioned with clamps to spray with a tilt to the
horizontal and at the desired distance to sample target, with a maximum of 40 cm
(Figure 43). We found that, for distances over 30 cm, barely any material is deposited
at our range of spraying conditions. The air brush that we acquired allowed certain
control of the dispersion and shape of the spraying cone. The liquid container of the
air brush is small, but one loading permitted all coating experiments even at the
longest durations planned. The air brush was fully cleaned with pure toluene and



ethanol after every experiment to avoid clogging of the delicate nozzle system.
Experiments were also carried out inside a laminar flow hood in the lab.

5.2 Air gun sprayed coatings

With our air gun installation, we coated glass surfaces at different spraying times,
distances from gun nozzle to sample, and at two polymer concentration in toluene (1%
and 8%). Air pressure was maintained at 0.7 to 0.8 bar for this batch of experiments.
Higher pressure was found to result in coatings with too much solvent on target
samples even for very short spraying times, and poor control over coating thickness.
Even at the optimal pressure chosen for the more detailed studies, the air gun was
difficult to use without quickly spraying a considerable amount of solvent and
polymer on the target surfaces. PEA in toluene solutions were always prepared
diluting a commercial solution that is sold by Sigma Aldrich at a concentration of
around 19,6%.

Experimental conditions tested are shown in table 3. Results for thickness, as
measured with AFM and a qualitative description of surface morphology seen on
optical microscopy, are summarised in table 4.

8% PEA | 400 mm 500 mm 700 mm 1% PEA | 500 mm 700 mm
5s v 5s

8s v v v 8s v v

30s v v 30s v v

Table 3. Spray conditions tested in air gun installation. Polymer in solvent
concentrations at 8% or 1%. Distances in mm are from air gun nozzle to target
surfaces. Time in seconds is duration of spraying time. Air pressure at the
compressed air feed was maintained at 0.7 to 0.8 bar for all experiments.

1% PEA 500 mm 700 mm
5s No measurement No measurements
8s Near full coating with textured | Partial coating 10-20%.

areas, ridges. Outer edge of
droplets 100 to 300 nm high and
textured droplet areas 40 to 100
nm with holes.

Heterogeneous surface with droplets
with ridges (outer edge of droplets
200 to 300 nm high and textured
droplet areas 40 to 60 nm high)
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30s Full coating, flat surface. | Partial coating 20-30%,
Thickness from 980 nm to 1.1 | heterogeneous surface, with ridges
pm. (outer edge of droplets 200 to 400
nm high and textured droplet areas
80 to 120 nm high)
8% PEA 400 mm 500 mm 700 mm
5s Partial coating 20-30%,
with disperse droplets.
Thickness 150-500nm.
8s Near full coating | Partial coating 60-70%. | Partial coating 30-40%,
70-90%. Thickness varies | heterogeneous surface,
Thickness from | greatly, 350nm to | disperse droplets of
l.lpmto 2.1pm. | 1.5pm. many shapes and sizes.
Thickness 320-450nm
30s Full coating but very | Partial coating 70-80%
heterogenous with | with some solvent drag
solvent drag marks. | marks. Thickness 350
Thickness around 2 um | nm to under 1 pm.
with high variance.
Table 4. Description of surface morphology and summary of thickness
measurements. With spray conditions described in table xx, a summary of results
for thickness as measured with AFM and a qualitative as measured with AFM and
a qualitative under optical microscopy are summarised in table 3.

From these experiments we concluded that we could obtain better coatings (more
homogeneous, fully covering the target surface and thin around one micron) with the
solution at 1% PEA and distances from nozzle to sample of 500 mm. Optimal duration
of spraying time is around 30 seconds, but times over 10 seconds probably produce
similar thinner surfaces. Surfaces coated with the solution at 8% PEA are more
difficult to produce with a flat homogeneous coating. We have seen that he size of the
sprayed droplets reaching the target surface and the speed with which solvent
evaporates is noticeable different for the two used polymer in solvent concentrations,
but we didn’t perform measurements of these properties to fully confirm if they may
explain and control the quality of the surfaces produced.

In Figures 44 to 47 we show examples of the variation of surface morphology and
thickness of coatings with spraying parameters. To summarise, properties of the
sprayed surfaces can be controlled so that surfaces can be fully or partially coated. As
expected, coating efficiency was found to be dependent on spraying time, but also
very critically on distance from nozzle to target surface and very dependent on



polymer concentration on solvent. For instance, spraying experiments with the more
diluted 1% PEA solution, may result in a surface partially covered with rather small
droplets of polymer. At this concentration we see individual droplets that are usually
5 to 10 microns across with a thickness of a few hundred nanometres.

We found the size and shape of droplets to be mainly controlled with the concentration
of polymer in solvent (Figures 46 and 47). Also, for both concentrations and even for
shorter duration spraying experiments, droplets on the surface quickly start to coalesce
onto bigger droplets that eventually coat the whole surface given sufficient spraying
time. This effect seems to start at short spraying times, and, as the target surface is
held vertical and perpendicular to the air gun nozzle, the bigger droplets spill over the
surface before the solvent can evaporate and produce big variations in thickness and
generally a heterogeneous surface for many of the conditions tested.

Figure 44. Airgun coatings. Optical microscopy pictures of sprayed coatings
on glass surface. PEA in toluene solution (Sigma Aldrich) diluted at 1%. Distance
from nozzle to target of 500 mm. Duration of spraying in this set was 5 s at 1 bar.
Upper row is a composite image of 5 slides, scale bar is 150 pm. Bottom row shows
three slides of same section at different magnifications, scale bars are 100, 40 and
20 um from left to right.
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Figure 45. Airgun coatings. Sprayed PEA surfaces. Roughness. AFM height and
phase scans of sprayed PEA surface. Spraying conditions 1% PEA in toluene, from
700 mm for (A) inside of sprayed droplet. (B) edge of sprayed droplet, with optical
microscopy image of surface in inset.




Figure 46. Airgun coatings. Sprayed PEA surfaces. Coating distribution and
thickness. Scratch tests performed on samples to measure thickness of coatings.
PEA at 1%. Optical and AFM height scans (in inserts) of sprayed PEA coatings on
glass coverslips. PEA is 1% in toluene sprayed at an air pressure of 0.7 to 0.8 bar.
With nozzle at 700 mm (Top row), spraying for 8 seconds, coating is only on around
20% of the surface, in the form of splashed droplets with an, heterogeneous surface.
As shown in inserts, ridges (outer edge of droplets) are about 200 to 300 nm high,
while textured areas inside of droplets are 40 to 60nm with holes. With nozzle at
500 mm (Bottom row), spraying for 30 seconds, coating is full and homogeneous
in the form of a flat surface with a measured thickness of around 1pm in most of
the surface.

&9



Figure 47. Airgun coatings. Sprayed PEA surfaces. Coating distribution and
thickness. Scratch tests performed on samples to measure thickness of coatings.
PEA at 8%. Optical and AFM height scans (in inserts) of sprayed PEA coatings on
glass coverslips. PEA is 8% in toluene sprayed at an air pressure of 0.7 to 0.8 bar.
With gun nozzle at 500 mm from target surface and spray duration of 8§ s results in
a partial coating (~60-70%) with a thickness that varies from 350nm to 1.5pum (Top
row). With nozzle at 400 mm, spray again for 8 seconds, coating is nearly full (~70-
90%) and thickness from around 1.1um to 2.1pm. Some areas of the surface seem
to have two distinguishable layers of material, possibly because of droplets

coalescing and solvent spilling during the spraying time (Bottom row).

5.2.1 Airgun coatings on scaffolds

We prepared PLLA scaffolds by a freeze extraction method and PCL scaffolds with a
3D printer both as described in section 2. The goal of the experiments carried out with
scaffolds in this section has been to check if our spraying installation is suitable to
coat the inner surfaces of these scaffolds, and how much their structure is
compromised by the toluene used to dissolve PEA.

The PLLA scaffolds are highly porous but at the same time have small pores and an
irregular topology, that prevents the sprayed material to reach inner layers of the
scaffold. To check how deep in the scaffold we can coat with our spraying set up we
devised three simple experiments:

First, we cut a PLLA scaffold into thin slices and checked how much direct light we
could see through it, with varying thickness of the slices (Figure 48). With this
experiment we observe that our PLA scaffolds at a depth of 1mm barely have 15% of
area visible from the surface.

For a second experiment, we added sudan blue colouring to the PEA in toluene
solution. and verified the coating on the scaffold samples under optical microscopy.
Adjusting the focus depth of the microscope we were able to confirm the coating on
the top layer of the scaffold but also see indication that the immediate inner layer of
the scaffold seems to be uncoated or only partially coated (Figure 49). We also used



this experiment to coat 3D printed PCL scaffolds (Figure 50) and confirm that the
coating reaches most of their inner surfaces. The regular geometry of these scaffolds
and the much larger size of the pores seems to allow a much efficient spray coating.

For our third experiment we added fluorescein to the PEA in toluene solution and
verified the coating on the scaffold samples under fluorescent microscopy (Figure 48).
With this experiment we confirmed that the coating reaches almost all surfaces up to
around 500 to 600 pm from the surface, but then almost no surface below that. We
performed this experiment at a distance of 700 mm from nozzle to target sample, to
minimise the amount of toluene reaching the scaffold surfaces, as toluene is a solvent
of PLLA. We have seen that for shorter distances, at 500 mm for example, the
scaffolds soak a visible amount of solvent and the porous structure is deformed to the
point where it can collapse closing pores in the outer layers of the sprayed scaffold.

Figure 48. Airgun coatings. PLLA scaffolds coated with sprayed PEA. Left
column, from top to bottom, optical microscopy pictures of slices of 1 mm, 2 mm
and 4 mm of thickness, and SEM of uncoated scaffold. Even for the thinnest 1 mm
scaffolds there’s very little see-through light. Right column, composite optical
microscopy picture of PLLA scaffold sprayed with PEA and fluorescein in solution.
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Nozzle at 700 mm, 1 bar, two 30 sec sprayed layers. PEA is seen to coat the first
500-600 um of depth from the surface of the scaffolds. All scale bars are 150 pm.

Figure 49. Airgun coatings. PLLA scaffolds coated with sprayed PEA, sudan
blue. Optical microscopy picture of PLLA scaffolds manufactured with a freeze
extraction technique, sprayed with nozzle at 500 mm, 1 bar. Sudan blue in solution
(0,75% to PEA). First row pictures for scaffolds sprayed for 30 seconds with 1%
PEA in solution. Image focus in top (left column) an inner (right column) surface.
Second row for scaffolds sprayed for 8 seconds with 8% PEA in solution. Image
focus in top an inner surface. All scale bars are 150 um.

Figure 50. Airgun coatings. PCL scaffolds coated with sprayed PEA, with
sudan blue colouring. Optical microscopy images of 3D printed PCL scaffold
sprayed with nozzle at 500 mm, 1 bar, with sudan blue colouring in solution (0,75%




to PEA). (Left) Image focused on the top surface of a scaffold sprayed for 30
seconds with 1% PEA in solution. (Right) Inner surfaces are also colouring. Image
focused on second row of struts of a scaffold sprayed for 8 seconds with 8% PEA
in solution. All scale bars are 150 um.

With these experiments we confirmed that with our simple low-cost spraying
installation we are able to coat the inner surfaces of 3D printed PCL scaffolds, and
how much their structure is compromised by the toluene used to dissolve PEA.

The PLLA scaffolds are highly porous but at the same time have small pores and an
irregular topology, that prevents the sprayed material to reach inner layers of the
scaffold. To check how deep in the scaffold we can coat with our spraying set up we
devised three simple experiments:

5.2.2 Fibronectin conformation on air gun coatings

We adsorbed FN on sprayed surfaces to verify the protein conformation. As seen on
Figures 51 and 52 below, FN adopts a compact network-like morphology on sprayed
PEA surfaces. We have seen variations in the conformation of FN in these surfaces.
Most locations we scanned seemed to show dense FN networks covering most of the
surface, compared to more open FN networks seen in reference spin coated PEA
surfaces (Figure 27). Sometimes in a few locations we saw more open FN networks
on sprayed PEA surfaces, similar to references.

AFM scans of the surfaces with partial coatings, with disperse droplets, showed micro
and nano-roughness of the surface inside of the droplets, and were sometimes difficult
to produce. We didn’t see a clear relation between roughness or presence of micro
defects in the sprayed PEA surface and the characteristics of the FN conformation.

We saw a similar compact conformation of FN adsorbed on sprayed surfaces with
different underlaying substrates, glass and PLA as shown in Figures 51 (glass) and 52
(PLA). We spin coated PLA on glass coverslips and used a thermal treatment to make
it crystalline with small spherulites, with surfaces as shown in section 3.2.3.1, so that
the uncoated surface was readily distinguishable with AFM. At the conditions tested
sprayed PEA coating are disperse and PEA droplets cover only partly the surface.
Where there was sprayed PEA the underlaying roughness of PLA was not noticeable.
A denser FN conformation on sprayed PEA surfaces compared to spin coated PEA
may be caused by the different topography and roughness of the surface, at a scale
that affects the assembling of the FN fibrils into a network like structure. The sprayed
PEA surfaces have micro and nanoscale features, in particular near the edge of the
sprayed droplets as shown in Figure 45.
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Figure 51. Airgun coatings. AFM scans of FN adsorbed on PEA sprayed on

glass coverslips. AFM height (left column) and phase (right column) scans of

surfaces with adsorbed FN (20pug/ml in DBPS) inside a droplet of sprayed PEA
(first, second and third row, three locations) and of surface outside of a sprayed
droplet (bottom row). PEA is 8% in toluene, sprayed with air gun for 8 s at 0.7 to

0.8 bar, nozzle at 500 mm.
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Figure 52. Airgun coatings. AFM scans of FN adsorbed on PEA sprayed on
spin coated PLLA. PLLA is made crystalline with thermal treatment before
spraying of PEA. AFM height (left column) and phase (right column) scans of
surfaces with adsorbed FN (20pug/ml in DBPS) inside a droplet of sprayed PEA
(first and second row, two locations) and of surface outside of a sprayed droplet
(third and bottom row). PEA is 8% in toluene, sprayed for 8 seconds at 0.7 to 0.8
bar, nozzle at 500mm.

5.3 Air brush sprayed coatings

As with the air gun, we coated glass surfaces with our air brush installation at different
spraying times, and distances from gun nozzle to sample. After a few preliminary tests
we chose to spray with an 8% PEA in toluene solution, and also with a diluted solution
at 3,85% PEA solution in a mixture of ethanol and toluene. We prepared this diluted
solution with a 50/50 volume mixture of ethanol and PEA in toluene at a concentration
of 8%. This diluted solution helped with the performance of the air brush.

With the PEA solution only in toluene we found that the air brush required exhaustive
cleaning after each experiment, even after a few seconds of spraying, to avoid
clogging of the air brush delicate nozzle mechanism. We found that the dilution in
ethanol also helped with the evaporation of the solvent during spraying and the
homogeneity of the sprayed surfaces. Air pressure was maintained at around 1 bar for
this batch of experiments. Higher pressure was found to result in coatings with too
much solvent on target samples and poor control over coating thickness.

Overall, the air brush was easier to use than the air gun. With this installation we found
a wider practical range of pressure, distance, and spraying times were surfaces could
be sprayed with repeatable and acceptable results. Only at higher pressures and shorter
distances we report problems with solvent running off on the sample surfaces and
heterogeneity of coatings. PEA in toluene solutions were always prepared diluting a
commercial solution that is sold by Sigma Aldrich at a concentration of around 19,6%.

Experimental conditions tested are shown with optical pictures in figures 53 and 54.
Coatings sprayed with an 8% PEA solution (figure 53) are fairly homogeneous for a



range of tested conditions where distance from nozzle to sample is more critical than
duration of experiment. At 150 mm of distance we find full coatings at 15 s or longer,
and the 10 s experiments yield already almost full coatings. At 200 mm we see almost
full coatings at 30 s, but with holes and heterogeneous areas. The same kind of surface
and features but enhanced are found at 300 mm and 30 s. In figure 53 and 54 the
conditions where a full coating is achieved are marked with a blue line.

Coatings sprayed with a PEA solution diluted in ethanol (figure 54) showed similar
morphologies but with longer times to achieve a full coating. A full homogeneous
coating was only produced at one tested condition, with the longest spraying time of
30 s and the shortest distance from nozzle to sample of 150 mm. Much less coating
reached the target surface at longer distances compared with the undiluted spraying
solution. For instance, at 300 mm and 30 s there is only a very disperse number of
droplets on the surfaces coated with the diluted PEA solution.

5s 10s 15s 20s 30s
300 mm
200 mm )
; Partial
150 mm SR | - | \,

Figure 53. Airbrush coatings. Optical microscopy pictures of sprayed coatings
on glass surfaces. Glass coverslips sprayed with PEA in toluene solution at a
concentration of 8%. Distance from nozzle of the air brush to the target surface
shown in millimetres. Duration of spraying shown in seconds. All pictures at 10X
magnification.
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Figure 54. Airbrush coatings. Optical microscopy pictures of sprayed coatings
on glass surfaces. Dilution of spraying solution in ethanol. Glass coverslips
sprayed with a 50/50 volume mixture of ethanol and PEA in toluene at a
concentration of 8%. Distance from nozzle of the air brush to the target surface
shown in millimetres. Duration of spraying shown in seconds. All pictures at 10X
magnification.

We found easier the use of the diluted PEA solution, without clogging and sputtering
problems on the air brush, and also very consistent and repeatable to achieve full
coatings even if slightly longer times of spraying are required. For selected conditions
with diluted PEA solution we measured thickness with an AFM scratch test and results
are shown in Figure 55.



nm Coating thickness with distance and spraying time

m200 mm +# 150 mm

5s 10s 30s

Figure 55. Airbrush coatings. Thickness measured with AFM scratch test.
Glass coverslips sprayed with a 50/50 volume mixture of ethanol and PEA in
toluene at a concentration of 8%. Experiments for two distances from nozzle of the
air brush to the target surface, i.e. 150 mm and 200 mm. At least 4 measurements
per condition. Measurements are made in areas where sprayed material is found,
i.e. the disperse coatings are measured where droplets of sprayed PEA cover the
surface. Only the 150 mm and 30 s coatings in this series is fully coated.

5.3.1 Degradation of the spray coatings on flat surfaces

We coated glass surfaces (microscopy coverslips) with our spray brush installation
and characterised the stability of the surfaces after immersing in cell culture media
(DPBS). We prepared samples to test four spraying conditions that yield a range of
different coatings and checked the surfaces with optical microscope at several time
points up to 23 days after immersion (Figure 56).

With the samples tested and images taken we are able to characterise qualitatively the
degradation and its rate. Degradation is evident on all surfaces after the first week of
immersion, as a loss of coating materials and exposure of underlaying surface.
Degradation seems to have ‘points of nucleation’ in most samples but not in all of
them, and holes of different sizes have appeared already at day 7 of immersion. The
remaining material stays in areas of irregular shape and size. In three of the spraying
conditions, A, B and C, that initially have a thicker and full coating of the surface, the
degradation starts and happens quickly but by day 23 there seems to be still around
40-60% of the surface coated, with very irregular distribution of material. In the case
of condition D, which initially has a partial and thinner coating, degradation seems to
happen even faster and the areas that remain with coating material are smaller, and by
day 23 only 10-20% of coated surface remains.
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Figure 56. Optical images of hydrolytic degradation of surfaces sprayed with
PEA. Surfaces sprayed with four spraying conditions - distance from spray nozzle
to sample and duration of spraying - A (150mm 10s), B (150mm 30s), C (200mm
30s) and D (300mm 30s). Optical microscope images presented in rows for each




condition at four time points from preparation up to 23 days after immersion.
Coatings were produced with PEA at 8% concentration in toluene. After spraying,
all test samples were prepared in a sterile hood, i.e. irradiated for 15 minutes with
UV light and then immersed in a 24 well plate in DPBS with added 1% of Penicillin-
Streptomycin antibiotic solution.

5.3.2 Effect of coatings on the degradation of scaffolds

This section is also relevant to the previous chapter on plasma polymerized coatings,
as the experiments and results presented here relate both to spray coatings and plasma
polymerized coatings on scaffolds. We measured in vitro degradation by weight loss
over time in PCL scaffolds coated in several different conditions. Experiments were
designed as detailed in the Materials and Methods chapter, following standard ASTM
F1635.

Briefly, we measured weight loss at several time points of immersion in cell culture
media of the following test groups: Uncoated (P1); plasma polymerised EA coatings,
three conditions with different power and plasma time settings: Plasma 25W3m (P2),
Plasma 25W15m (P3), Plasma 50W15m (P4); and PCL scaffolds with a spray coating.
Spraying conditions chosen were 8% PEA in toluene, sprayed from 150 mm during
15 s each of the two sides of the scaffolds. These conditions are known to produce a
full coating of around 800 nm to one micron in thickness. These same spray conditions
have been used in an in vivo trial with a sheep model. For the degradation experiment
we positioned scaffolds on a glass coverslip, to avoid touching the scaffold and
minimise error when weighing samples, as the sprayed coatings are very sticky and
handling of the samples can be difficult without disturbing the coatings.

Three samples of each group were periodically removed and monitored for weight
loss. Initially we designed the experiment to last 6 months, with seven time points for
weight loss control. We managed to run the experiment and obtain valid
measurements after 7, 28 and 56 days after coating, but then most of our samples
became non usable with major organic contamination. This strongly changed the pH
of the media and probably affected the degradation rates of the samples. We couldn’t
tell for how long this had been going on when it was discovered around 80 days from
start of the experiment, and we decided to stop the experiment and discard the
remaining samples.
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Figure 57. Degradation of coated PCL scaffolds. Scaffolds immersed in cell
culture media, measured as rate of weight loss. Results are presented as an average
of three measurements for each of the three samples (nine weightings) used for
every time point, with brackets for standard deviation. Experimental groups are
uncoated scaffolds (P1); plasma polymerised EA coated scaffolds, three conditions
with different power and plasma time settings: Plasma 25W3m (P2), Plasma
25W15m (P3), Plasma S0W15m (P4); and PCL scaffolds with a spray coating (P5).

As expected, PCL degrades very slowly (Figure 57), and our scaffolds would require
a longer experiment to reach complete degradation. With this test however we believe
we can assess overall trends in the degradation rates (weight loss rate) and changes in
material or structural properties for the tested groups (P5). Plasma deposition coatings
seem to affect very little the degradation rate of the bulk material and coated scaffolds
degrade at the same rate or just slightly slower than control uncoated PCL scaffolds.
However, sprayed coatings have a clear differentiated effect on the scaffolds, that
barely seem to degrade at all after two months. All samples in all control and
experimental groups maintained full structural continuity after the experiments and
we didn’t see any changes in colour or shape.



6 Thesis Conclusion

6.1 Thesis conclusion in English

In this work we have developed a plasma polymerization equipment and process that
uses a low power radio frequency glow discharge to coat surfaces with plasma
polymerized Poly(ethyl acrylate) (PEA). This also allows to cover porous structures
such as scaffolds with a uniform coating with functional properties. Additionally, our
chosen design for a plasma polymerization reactor (low pressure, low power) has
demonstrated a fine control of the chemical integrity and the thickness of the coating,
even at sub-micron scales. As acrylates are notably not biodegradable in bulk form or
as a thick coating of more than a few hundred nanometres, their use could inhibit the
functionality of biodegradable support materials such as polycaprolactone or
poly(lactic-co-glycolic acid). We speculate that a very thin coating of only a few tens
of nanometres, that we have shown to be feasible with our plasma reactor, can be
successfully broken into pieces and cleared off by cells and their biological activity.
This would allow therefore the use of the coating in applications where the substrates
are biodegradable and the whole biomaterial system is required to be biodegradable.

After setting-up the equipment and testing different prototypes, we settled on the
design (T-shaped reactor with outer ring electrodes) that best satisfied requirements
for running a glow discharge at a low power range, uniformity of coating over large
samples and ease of use with a high number of samples. Then our focus has been to
characterise its operation and the materials produced, and how fibronectin behaves
when coated onto them.

We have systematically evaluated process conditions and their impact on the plasma
polymerised PEA coatings, characterising the effect of plasma power and deposition
time on thickness, wettability and chemical composition of the coatings. We also have
demonstrated that substrate functional roughness can be maintained after deposition
of the polymer coatings. Importantly, we show that coatings deposited at different
conditions all maintain a similar or better bioactivity than spin coated PEA references.
We show that fibronectin assembles into compact nanonetworks on the PEA plasma
polymerised coatings, with high availability of integrin and growth factor binding
regions that sequester bone morphogenetic protein-2 (BMP-2). Overall, we show that
this is a potent and versatile technology that can help facilitate the use of GFs in
clinical applications.

In this work we built in our lab as well two custom-made installations to spray PEA
from solutions in toluene on surfaces and scaffolds, as a complementary coating
technology. Our first pilot installation was for a simple high-volume airgun. A second
installation that allowed more precise control of the coating was for a low volume
airbrush. We optimised protocols and requirements to coat surfaces and scaffolds for
the two spraying installations, we developed and characterised the sprayed coatings
(thickness, partial/full coating distribution, degradation in water), checked the
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conformation of fibronectin on sprayed surfaces with AFM, and verified the efficiency
in coating 3D structures with pores and the effect on degradation rate of a
biodegradable substrate (PCL).

6.2 Conclusiones de la tesis en Espaiol

En este trabajo hemos desarrollado un equipo y proceso de polimerizacion por plasma
que utiliza una descarga luminiscente de radiofrecuencia de baja potencia para
recubrir superficies con poli(etil acrilato) (PEA) polimerizado por plasma. Esto
también permite cubrir estructuras porosas como scaffolds con un recubrimiento
uniforme con propiedades funcionales. Ademas, nuestro disefio elegido de reactor de
polimerizacion por plasma (baja presion, baja potencia) ha demostrado un control fino
de la integridad quimica y el grosor del recubrimiento, incluso a escalas
submicrométricas. Como los acrilatos no son especialmente biodegradables como
material de base o como un recubrimiento grueso de mas de unos pocos cientos de
nandémetros, su uso podria inhibir la funcionalidad de otros materiales de soporte
biodegradables como la policaprolactona o el poli (acido lactico-co-glicélico). Una
capa muy delgada de solo unas pocas decenas de nandmetros, que hemos demostrado
que es factible con nuestro reactor de plasma, especulamos que puede romperse con
éxito en pedazos y eliminarse por las células y su actividad biologica. Esto permitiria
el uso del recubrimiento en aplicaciones donde los sustratos son biodegradables y se
requiere que todo el sistema de biomateriales sea biodegradable.

Después de configurar el equipo y probar diferentes prototipos, nos decidimos por el
disefio (reactor en forma de T con electrodos de anillo externos) que mejor satisficiera
los requisitos de ejecutar una descarga luminiscente en un rango de baja potencia,
uniformidad de recubrimiento sobre muestras grandes, y facilidad de utilizar con una
gran cantidad de muestras. Tras esto nuestro objetivo ha sido caracterizar el
funcionamiento del equipo y de los materiales producidos, incluyendo el
comportamiento de la fibronectina cuando se recubre sobre ellos.

Hemos evaluado sistematicamente las condiciones del proceso y su impacto en los
recubrimientos de PEA polimerizados por plasma, caracterizando el efecto de la
potencia del plasma y el tiempo de deposicion, en el espesor, la hidrofilicidad y la
composicion quimica de los recubrimientos. También hemos demostrado que la
rugosidad funcional del sustrato se puede mantener después de la deposicion de los
recubrimientos poliméricos. Es importante destacar que mostramos que los
recubrimientos depositados en diferentes condiciones mantienen una bioactividad
similar o mejor que las referencias de PEA recubiertas por spin coating. Mostramos
que la fibronectina, sobre los recubrimientos polimerizados con plasma de PEA, se
ensambla en estructuras de aspecto de redes compactas de tamaiio nanométrico, con
alta disponibilidad de dominios de union a integrinas y factores de crecimiento que
secuestran la proteina morfogenética 6sea 2 (BMP-2). En general, mostramos que esta
es una tecnologia potente y versatil que puede ayudar a facilitar el uso de GF en
aplicaciones clinicas.



En este trabajo, también hemos construido en nuestro laboratorio dos instalaciones
personalizadas para pulverizar (spray) PEA a partir de soluciones en tolueno en
superficies y scaffolds, como tecnologia de recubrimiento complementaria. Nuestra
primera instalacion piloto fue una pistola de aire sencilla de alto volumen. Una
segunda instalacion, que permitio un control mas preciso del recubrimiento, fue para
un aerografo de bajo volumen. Optimizamos los protocolos y requisitos para recubrir
superficies y scaffolds para las dos instalaciones de pulverizacion, desarrollamos y
caracterizamos los recubrimientos pulverizados (espesor, distribucion parcial / total
del recubrimiento, degradacion en agua), verificamos la conformacion de fibronectina
en superficies pulverizadas con AFM vy verificamos la eficiencia en el recubrimiento
de estructuras 3D con poros y el efecto sobre la tasa de degradacion de un sustrato
biodegradable (policaprolactona).

6.3 Conclusions de la tesis en Valencia

En aquest treball hem desenvolupat un equip i procés de polimeritzacio per plasma
que utilitza una descarrega luminiscent de radiofreqiiéncia de baixa poténcia per
recobrir superficies amb poli (etil acrilat) (PEA) polimeritzat per plasma. Aixo també
permet cobrir estructures poroses com scaffolds amb un recobriment uniforme amb
propietats funcionals. A més, el nostre disseny escollit de reactor de polimeritzacid
per plasma (baixa pressio, baixa poténcia) ha demostrat un control fi de la integritat
quimica i el gruix de 1'recobriment, fins i tot a escales submicromeétriques. Com els
acrilats no son especialment biodegradables com a material de base o com un
recobriment gruix de més d'uns pocs centenars de nanometres, el seu s podria inhibir
la funcionalitat d'altres materials de suport biodegradables com la policaprolactona o
el poli (acid lactic-co-glicolic ). Una capa molt delgada de només unes poques desenes
de nanometres, que hem demostrat que €s factible amb el nostre reactor de plasma,
especulem que pot trencar-se amb éxit en trossos i eliminar-se per les cél-lules i la
seva activitat biologica. Aix0 permetria 1is del recobriment en aplicacions on els
substrats son biodegradables i es requereix que tot el sistema de biomaterials sigui
biodegradable.

Després de configurar I'equip i provar diferents prototips, ens vam decidir pel disseny
(reactor en forma de T amb eléctrodes d'anell externs) que millor satisfés els requisits
d'executar una descarrega luminescent en un rang de baixa poténcia, uniformitat de
recobriment sobre mostres grans, i facilitat d'utilitzar amb una gran quantitat de
mostres. Després d'aixo el nostre objectiu ha estat caracteritzar el funcionament de
l'equip i dels materials produits, incloent el comportament de la fibronectina quan es
recobreix sobre ells.

Hem avaluat sistematicament les condicions del procés i el seu impacte en els
recobriments de PEA polimeritzats per plasma, caracteritzant l'efecte de la poteéncia
del plasma i el temps de deposicio, al gruix, la hidrofilicitat i la composicié quimica
dels recobriments. També hem demostrat que la rugositat funcional del substrat es pot
mantenir després de la deposici6 dels recobriments polimérics. Es important destacar

105



que vam mostrar que els recobriments dipositats en diferents condicions mantenen
una bioactivitat similar o millor que les referéncies de PEA recobertes per spin
coating. Mostrem que la fibronectina, sobre els recobriments polimeritzats amb
plasma d'PEA, s'acobla en estructures d'aspecte de xarxes compactes de mida
nanometrica, amb alta disponibilitat de dominis d'unié a integrines i factors de
creixement que segresten la proteina morfogenética ossia 2 (BMP- 2). En general,
vam mostrar que aquesta és una tecnologia potent i versatil que pot ajudar a facilitar
1"as de GF en aplicacions cliniques.

En aquest treball, també hem construit el nostre laboratori dues instal-lacions
personalitzades per polvoritzar (esprai) PEA a partir de solucions en tolu¢ en
superficies 1 scaffolds, com a tecnologia de recobriment complementaria. La nostra
primera instal-lacio pilot va ser una pistola d'aire senzilla d'alt volum. Una segona
instal-laci6, que va permetre un control més precis del recobriment, va ser per a un
aerograf de baix volum. Optimitzem els protocols i requisits per recobrir superficies i
scaffolds per a les dues instal-lacions de polvoritzacid, desenvolupem i caracteritzem
els recobriments polvoritzats (gruix, distribucid parcial / total del recobriment,
degradacid en aigua), verifiquem la conformacié de fibronectina en superficies
polvoritzades amb AFM i verifiquem l'eficiéncia en el recobriment d'estructures 3D
amb porus i l'efecte sobre la taxa de degradacié d'un substrat biodegradable
(policaprolactona).
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8 Appendices

8.1 Scientific publications by the candidate

I have co-authored two scientific papers that present part of the results based on the
technology for plasma polymerisation of PEA developed in this thesis. I am co-first
author in both publications. These are referenced and briefly summarised here:

Nanoscale Coatings for Ultralow Dose BMP-2-Driven Regeneration of Critical-
Sized Bone Defects. Zhe A Cheng, Andres Alba-Perez, Cristina Gonzalez-Garcia,
Hannah Donnelly, Virginia Llopis-Hernandez, Vineetha Jayawarna, Peter Childs,
David W Shields, Marco Cantini, Laura Ruiz-Cantu, Andrew Reid, James FC
Windmill, Elena S Addison, Sandra Corr, William G Marshall, Matthew J Dalby,
Manuel Salmeron-Sanchez. Advanced Science, 2019, Volume 6, Issue 2, 1800361.
https://doi.org/10.1002/advs.201800361

This paper reports first results from our plasma-polymerized PEA technology,
showing high bioactivity from ultralow-dose growth factor delivery. We used our
plasma reactor to deposit coatings on substrates to enhance the effect of BMP-2 in
bone regeneration, with good results in vitro and in vivo, that remarkably included a
veterinary patient.

In this first paper we did a basic physicochemical characterisation of the plasma-
polymerized coatings. Only one of the deposition conditions was characterised, i.e.
plasma incident power of 5S0W and 30 minutes of depositions, as this was the one
identified as optimal for most substrates and the one used for the biological
experiments in the paper. A first AFM phase image of FN adsorbed on plasma-
polymerized PEA was showed here, showing the compact and dense networks of the
protein characteristic on this surface. We also characterised surface density of FN
adsorbed at different concentrations, exposure of integrin-binding and GF-binding
domains on adsorbed FN, adsorption of BMP-2 on FN-coated surfaces, and
cumulative BMP-2 release from surfaces coated with plasma-polymerized PEA.

In vitro, we investigated whether BMP-2 presentation from plasma-polymerized PEA
surfaces drives cell adhesion, enhances synergistic integrin/GF signalling, and is
osteoinductive at low GF concentration. We cultured human mesenchymal stem cells
(hMSCs) and characterised initial cell attachment, colocalization of vinculin (which
stains focal adhesions) with BMP receptor 1A, phosphorylation of small mothers
against decapentaplegics (SMAD) and phosphorylation of focal adhesion kinase
(FAK). From our findings, we propose that enhanced synergistic adhesion and BMP-
2 signalling on pPEA + FN + BMP-2 occurs as a consequence of the simultaneous
occupancy of integrins and BMP-2 receptors. We next investigated the potential of
this synergistic signalling cascade, driven by PEA-induced assembly of FN, for
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osteogenesis. Alkaline phosphatase, osteopontin and osteocalcin expression and Von
Kossa staining was measured in hMSCs cultures.

In vivo, we showed healing of a critical-sized bone injury in a mice model and efficacy
demonstrated in a veterinary patient - first in a veterinary trial still underway - a
Miinsterlénder dog with a nonhealing humerus fracture, establishing a pathway to the
clinical translation of this technology for ultralow-dose growth factor delivery.

Plasma polymerised nanoscale coatings of controlled thickness for efficient solid-
phase presentation of growth factors. Andres Alba, Vineetha Jayawarna, Peter G.
Childs, Matthew J. Dalby, Manuel Salmeron-Sanchez. Materials Science and
Engineering: C In Press, Journal Pre-proof. Available online 13 April 2020,
110966. https://doi.org/10.1016/j.msec.2020.110966

This second paper on the plasma polymerisation technology reports systematically
process conditions and their impact on the plasma polymerised PEA coatings. We
characterise the effect of plasma power and deposition time on thickness, wettability
and chemical composition of the coatings. We demonstrate that functional substrate
roughness can be maintained after deposition of the polymer coatings. Importantly,
we show that coatings deposited at different conditions all maintain a similar or better
bioactivity than spin coated PEA references.

We show in detail that in PEA plasma polymerised coatings fibronectin assembles
into nanonetworks with high availability of integrin and GF binding regions that
sequester bone morphogenetic protein-2 (BMP-2). We also report similar
mesenchymal stem cell adhesion behaviour, as characterised by focal adhesions, and
differentiation potential on BMP-2 coated surfaces, regardless of plasma deposition
conditions.

8.2 Plasma reactor operation protocol

Our standard plasma polymerization protocol starts with a 5 minutes stage of air
plasma at around 0.1 mbar and 100W (50W for PCL substrates) of continuous power
to clean and activate surfaces. The air inlet valve is opened and adjusted to the required
pressure to spark a plasma. A second stage of plasma polymerization is run with the
monomer vial valve used as a throttle to control the chamber pressure while the plasma
is started and maintained. The protocol is structured in seven distinctive steps:

Step 0. Review of experiment checklist. Preparation of samples for coating in reactor.
Preparation and loading of monomer vial. Loading of cold trap with liquid N2.

Step 1. Lab air extraction on. Pump down with intake valves closed for about 3 to 5
minutes. Pressure reading at this point is around 0.01 mbar or lower if all rings and
valves are working properly. This step is used to check for any leaks or problems with
the vacuum before the continuation of the experiment.



Step 2. Air intake valves are opened slowly and adjusted to a chamber pressure of
around 0.1 mbar.

Step 3. The RF source is powered on at 100W (50W for PCL) and the plasma glow
discharge is visible. Air plasma is run for 5 minutes, at a controlled pressure of around
0.1 to 0.15 mbar with air intake valves used to maintain the chamber pressure within
the established range.

Step 4. The RF source is shut off after 5 minutes of plasma. Air intake valves are
closed and the system is pumped down for 1 to 2 minutes until pressure is again close
to or below 0.01 mbar. This step is used to clean the system of any residues from the
air plasma stage.

Step 5. The monomer inlet valve and monomer vial stopper are opened. The monomer
vial stopper is used to control and adjust the evaporation and flow of monomer vapour
into the chamber, to a chamber pressure of around 0.1 mbar. Usually 30 to 60 seconds
of homogenization are allowed at this point to ensure a uniform distribution of the
reactive vapour within the vacuum chamber.

Step 6. The RF source is powered on at the power defined for the experiment and the
plasma glow discharge is visible, white colour for monomer. The monomer plasma is
then left to run for the desired process time at a controlled pressure range that depends
on the applied power, with intake valve and vial stopper used to maintain the chamber
pressure within the established range.

Step 7. The RF power is turned off, the monomer vial valve closed and at least one
pump/vent cycle is performed to extract monomer residues. The cold-trap is
disassembled and cleaned. The monomer vial is stored in a designated fridge.

8.3 Overview of coating protocols for scaffolds

Together with several other researchers in the team we set preparation and coating
protocols for scaffolds. Scaffolds of different types including commercial bone chips
have been used by other researchers in the lab in their lines of work. Commercial
allogeneic bone chips have been selected for a procedure of implant for recovery of
long bone non-union fractures in a veterinary trial.

To standardize methods in the handling and preparation of these materials for in vivo
experiments we prepared written protocols that detail from scaffold preparation to
protein coating before use in surgery.

In Figure 58 below we summarize visually the steps followed for the preparation of
scaffolds to be coated with plasma polymerized PEA and with protein for in vitro or
in vivo testing.
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Protocol for plasma polymerisation of thin PLA scaffolds - shaping the scaffolds ‘

Freeze extraction &
particle leaching
protocol for PLA scaffs.
Preparation of
mixtures +~10 days of

ethanol washing. :
= 5 mm thick wafer from

teflon moulds

scaffs in well plate or petri
dish for next steps

5 mm high cylinder scaffs
with 6mm puncher

1 mm thin scaffs manually
cut with razor

20-30 scaffs (3D PCL)in a S /- set samples and lid inside
glass petri dish —3 chamber

Put lid on dish and take
out scaffs

seal with parafilm and tag

run plasma @ 6.0 x10-1 mbar
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8.4 List of figures

Figure 1. Schematic diagram of cell — ECM interactions and material-driven FN
fibrillogenesis.

Figure 2. Views of the three plasma polymerization reactor designs assembled in this
work.

Figure 3. Schematic diagram and pictures of T-shape reactor plasma polymerisation
installation.

Figure 4. Range of operating pressures for plasma at 100W.

Figure 5. Pictures of first cylindrical chamber plasma reactor prototype.

Figure 6. Plasma reactor prototype with a low volume cylindrical chamber.

Figure 7. Schematic diagram of plasma reactor prototype with cylindrical chamber.
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8.5 Schematic diagram of cell — ECM interactions and

material-driven FN fibrillogenesis
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