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Abstract

This thesis is focused on the generation, characterisation and application of PEG-like, low
fouling surfaces deposited by plasma polymerisation of diethylene glycol dimethyl ether.
The first part of the thesis focused on uniform films, where the ideal deposition parameters
were identified for the fabrication of robust low fouling plasma polymer films, particularly
with regards to the W/FM parameter by varying the plasma load power. A number of
complimentary surface sensitive analytical tools were employed in film characterisation
including, including XPS, NEXAFS and neutron reflectometry. A combination of these
analytical techniques enabled us to determine that films deposited at lower load power
retained a higher degree of monomer “PEG-like” functionality, particularly with regards to
the ether content and these films displayed the most efficient low-fouling characteristics
against BSA and lysozyme protein adsorption. Further to this, HeLa cell attachment was
largely resisted by the lower-fouling higher ether containing plasma polymer surfaces. The
use of neutron reflectometry in the analysis of the uniform plasma polymer films enabled us
to further identify the densities and H content of the film, not otherwise determinable with
XPS and ToF-SIMS. Using the scattering length densities we were also able to identify the
full empirical formula of the plasma polymer films, where the lower load power that was
shown to be most protein resistant (QCM-d) showed to have a chemical composition most
similar to that of a typical PEG-grafted surface.

The second part of the results component of the thesis was focused on the generation and
characterisation of gradient PEG-like plasma polymer surfaces. These surfaces are ideal for
the high throughput analysis of material-biological interactions, and were shown to be

successful in the formation of chemical gradients of BSA, Lysozyme, IgG, human serum
albumin (HAS) and fetal bovine serum (FBS). The gradient surfaces were analysed using
complimentary techniques such as NEXAFS, XPS, synchrotron source gi FTIR
microspectroscopy and ToF-SIMs and it was shown that more proteins adsorbed in regions of
the gradients that displayed a lower ether and higher hydrocarbon and carbonyl content. Cell
attachment was also investigated across the gradients, which appeared to be dictated by the
adsorption of FBS which was present during the cell culture experiments. Time was shown
to be a critical factor for the relative adsorption of FBS with the central region of the lower
powered gradients showing to be FBS resistant (within XPS detection limits), while after a 24
hour adsorption period, proteins were measured across the entire length of the gradients.

The generation and application of chemically micropatterned surfaces is discussed in the final
results chapter of this thesis. By controlling the electrode geometry, we were able to deposit
functional, chemically micro-patterned surfaces in one step using plasma polymerisation of
diethylene glycol dimethyl ether. By etching patterned holes in the top, active electrode, and
placing it to sit 1 mm above the substrate in the plasma reactor, variation to the plasma flow
and resulting sheath leads to a low-fouling surrounding coating, while the patterned features
(deposited under te holes of the electrode are more fragmented with a higher proportion of
carbonyl and hydrocarbon species. The controlled spatial variation to surface chemistry was
analysed and imaged using ToF-SIMS imaging and gi-FTIR microspectroscopy and the size
and shape of the patterned features can be controlled with the design of the electrode. The
biological applications of these chemically patterned surfaces was displayed by spatial
control of protein (BSA) adsorption and cell (HeLa) attachment, as well as the spatial
confinement of enzyme mediated self-assembled peptides.
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Figure 8. XPS elemental survey scans across 0 to 10 mm of the 5 W (top overlayed spectra)
and 30 W (bottom overlayed spectra) gradient films. Only carbon and oxygen was detected.
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1. General Introduction, Major Aims and Scope of the Thesis
1.1 An Introduction to Plasma Polymerization in Biomaterials
The research presented in this thesis has relied on a deposition process termed “plasma
polymerisation” to produce a series of PEG-like surface bound films. These films firstly
allowed us to study the critical film properties that impart a low-fouling nature into the
PEG-like films. Secondly, they enabled the production of advanced biomaterials capable
of studying, optimising and controlling material-biological interactions, in the form of
both lateral surface gradients as well as micropatterned surfaces which rely on a defined
distinction between fouling and non-fouling regions.

The ability to generate materials that are low fouling, that is resist the adsorption of nonspecific proteins, is critical to the functioning of many biomaterials, biomedical devices,
implants and in vitro diagnostics. In the case of blood contacting devices/materials, the
adsorption of plasma proteins can result in platelet adhesion and possible thrombosis,
while for tissue contacting devices, non-specific protein adsorption can result in a
proliferation of macrophages and other inflammatory response cells, causing
inflammation and possible rejection of the foreign device/material.1

Plasma polymerisation is the formation of surface bound polymeric material. When an
organic precursor or monomer is introduced into a reactor vessel and exposed to an
electrical stimulus (such as radio-frequency or microwave), the monomer forms a plasma
within the reactor; an electrically neutral, ionised gas species which have a characteristic
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glow discharge, consisting of high energy, charged electrons, ions, radicals and neutrals.2,
3

A series of complex molecular events occur leading to the grafted, pinhole free, highly

crosslinked polymer like deposition. Firstly, ionisation of the monomer molecules occurs
from collisions with the high energy electrons within the glow discharge, creating a series
of energetic radicals, free electrons, ions and excited molecular fragments, which can
form new molecular fragments uncommon to the monomer that was introduced into the
plasma reactor. Condensation and polymerisation of these species occurs, initiated from
reactions of the radicals with the substrate and other molecular fragments within the
plasma, forming a highly crosslinked grafted polymer film, composed of a complex
chemical structure. The plasma polymer differs from a conventional polymer, in that it
does not consist of a series of repeated monomer units due to the complex ionisation,
fragmentation and recombination processes occurring within the plasma, but rather a
more disordered cross-linked system.

Plasma polymerisation, both for film deposition and surface modification has been
studied extensively since around the 1960’s.3, 4 Since the emergence of nanotechnology in
the 1990’s the use of plasma polymerisation has become an increasingly popular applied
technique within the biomaterials sector to create surfaces with specific chemical
functionality and physical properties.

The potential benefits of using plasma

polymerisation in the field of biomaterials and biomedicine was noticed as early as the
late 1960’s by Hollahan et al.,5 who utilised plasma polymerisation to create reactive
amine functionalities. The amines were exploited to immobilise heparin with the vision
of creating blood compatible materials.
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Some of the main advantages of using plasma polymerisation include the ability to
dictate surface functionality by choice of monomer, the production of thin, pin-hole free,
conformant film to almost any substrate, the deposition process is quick and easy,
involving low costs, as well as providing a sterile environment within the reactor.
Furthermore, the degree of ionisation to the monomer can be controlled to a degree, by
careful manipulation of some of the processing parameters, primarily the Yasuda factor6
(refer to section 2.2.5.1) which considers the flow rate, input power and molecular weight
of the gas.

1.2 Major Aims and Scope of this PhD Research Thesis
The overall aim of this research project is to obtain a more thorough understanding of the
mechanisms responsible for the low protein adsorption characteristics of PEG-like
plasma polymer films. In more specific terms, this research project will identify the
critical processing and morphological characteristics for enhanced low-fouling plasma
polymer films for biomedical applications. These are summarised below:
•

Identify the critical process parameters of radio frequency glow discharge (rfgd)
plasma polymerisation to yield low-fouling PEG-like surfaces

•

Identify the important chemical and physical characteristics of the plasma
polymer films that infer protein resistance

•

Investigate the adsorption/resistance of the plasma polymer films and various
proteins
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Identify and exploit potential applications for the protein resistant plasma polymer
surfaces such as the generation of micropatterned and gradient surfaces

Chapter 1 of the thesis provides a general introduction and outline of the thesis, while
chapter 2 reports the background and literature review of the thesis topics. Most of the
results chapters represent individual research papers (either published or in preparation)
and is comprised of 3 parts, where part I (chapters 3 and 4) relates to the synthesis and
characterisation of uniform PEG-like plasma polymer films. Initial research into the
production of low fouling uniform PEG-like plasma polymer films, including a
characterisation of the deposition processes such as flow rate, and inflow and outflow of
the diglyme monomer is reported in chapter 3. A thorough chemical characterisation of
the films was performed using a number of complimentary techniques including X-ray
photoelectron spectroscopy (XPS), near-edge X-ray absorption fine structure (NEXAFS)
and grazing incidence (gi) Fourier transform infra red (FTIR) spectroscopy, in order to
understand the effect of plasma processing parameters, such as input power and
deposition time. The effects of film thickness and wettability were also analysed and
reported. The resulting film properties were correlated with the films ability to resist
protein adsorption and cell attachment, in order to gain a better understanding of the
requirements to produce robust, low fouling surfaces. Chapter 4 also reports on the
production and analysis of uniform PEG-like plasma polymer films, however this chapter
is comprised of a publication submitted to The Journal of the Royal Society Interface,
titled “An X-ray and Neutron reflectometry study of ‘PEG-like’ plasma polymer films”.
The paper reports on the full chemical composition (empirical formula) of the films
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including hydrogen content (not determinable by XPS or NEXAFS), mass densities, and
wettability and swelling behaviour of the films. The surface morphology of the films is
also reported as is the adsorption of a model protein, BSA, which was measured via
changes in frequency responses using quartz crystal microbalance-dissipation. While the
uniform PEG-like pp films reported in chapter 3 were deposited at a uniform 60 seconds
with the load power being the only variable, in this chapter, due to the film thickness
requirement of ~ 20 nm when using neutron reflectometry, optimisation of deposition
time for each load power used was required to achieve the desired film thickness, where
the effects of the resulting surface morphologies could be justified by data reported in
Chapter 3, which measured changes in pressure over time as a function of plasma load
power.

Part II, including chapters 5 and 6 discusses the generation and characterisation of
surface bound chemical gradients via a one step plasma polymerisation method.
Chapter 5 comprises of a paper published in Langmuir titled “One-step method for
generating PEG-like plasma polymer gradients: chemical characterization and analysis of
protein interactions”. This paper introduces the method of gradient generation, as well as
reporting a thorough chemical characterisation, and discussion of protein adsorption
using three proteins of varied size and charge.

Furthermore, the versatility of the

gradients was highlighted by using surface derivatization of a graft copolymer of poly (Llysine) and poly(ethylene glycol) (PLL-g-PEG copolymer) to display the reactivity of the
gradient films toward primary amine groups, which was correlated to residual aldehyde,
ketone and carboxylic acid functionalities within the films. Chapter 6 reports on the use
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of the surface gradients as a tool for the investigation and control of biological
interactions.

Here, the attachment of FBS across the gradients was monitored and

correlated with the residual ether content, and also showed to dictate HeLa cell
attachment. Furthermore, the importance of serum incubation time is highlighted in
dictating possible cell-material response.

Part III, consisting of chapter 7 discusses the generation of a one-step plasma
polymerisation micro-patterning technique, referred to as “plasma induced patterning via
electrode templates”. To the best of our knowledge, this is the first ever described onestep micro-patterning technique. This chapter is comprised of a paper submitted to
Advanced Materials titled “One step multifunctional micropatterning of surfaces using
asymmetric glow discharge plasma polymerisation”. The paper shows the techniques
ability to pattern a variety of different shapes and micro-environments, which were
imaged using optical profilometry, as well showing surface chemical mapping across the
patterns using time of flight secondary ion mass spectroscopy (ToF-SIMS) and
synchrotron source g-FTIR. Cell attachment is shown to remain spatially confined to the
patterned features with the surrounding high ether film remaining cell resistant.
Furthermore, the applicability and versatility of the patterned films is highlighted by
achieving spatially confined, enzyme mediated peptide self-assembly. Finally, Chapter 8
summarises the outcomes and conclusions achieved from this body of research and
highlights the particular areas of research related to the project that warrant further
investigation.
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2. Scientific Background and Literature Review
2.1 Poly(ethylene glycol)
Poly(ethylene glycol) (PEG) is a material that is widely used in biomedical technologies
due to its low fouling nature1 and the fact that it is non-toxic and has been approved for
use in humans by the FDA.

It is composed of quite a simple chemical structure,

containing carbon, oxygen and hydrogen (Figure 2.1) however the polymer has many
complex and unique properties.

O
R

OH
n

Figure 2.1 Chemical structure of poly(ethylene glycol), where R can either be an H or CH3 and n is the
number of ethylene oxide units in the polymer.

It has an inherent ability to resist the adsorption of non-specific proteins. This
characteristic of PEG macromolecules provides many potential applications; it is of
particular interest in the biomedical field since the design of many biomaterials is aimed
at preventing the adsorption of blood proteins. The adsorption of these proteins in-vivo,
followed by platelet adhesion can result in localised thrombosis.2 It is reported that over
half of hospital acquired bacterial infections are associated with implants or internal
medical devices,3 so it is vital to design biomaterials with chemical and physical
properties that can limit non-specific protein adsorption while remaining compatible with
living cells.3-5 The low fouling nature of PEG-like molecules also lends itself to use in
such applications in the biomedical and biotechnology fields including the design of
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biosensor devices based on the specific immobilisation of biomolecules,6,

7

as cellular

guides for tissue engineering7-10 and for drug delivery based devices11-14 as well as being
highly utilised in industrial applications such as surfactant production, food packaging
and cosmetic production. Furthermore, the inertness of PEG-like coatings is also
attractive from a fundamental research perspective, for example in the enhancement and
development of high throughput screening utilising biomolecules,15,

16

micro-array

technology 17, 18 and micro-fluidic systems.19-22
2.1.1 Theories of protein resistance
Many experimental studies2, 23-28 have been employed to investigate the mechanisms of
protein resistance that PEG-based coatings display, however it remains an area of
ongoing contention. Some of these theories include hydrophobic interactions and
electrostatic double layer forces 29, but two of the most accepted theories proposed in the
literature include the ‘steric repulsion’ theory and the effect of the ‘water barrier’. The
steric repulsion theory was first proposed by DeGennes et al.

30

using free energy

calculations. This theory proposes that an approaching protein causes compression of the
PEG chains, which results in a conformational entropy loss making protein adsorption
onto a PEG surface thermodynamically unfavourable. The steric repulsion theory has
been applied to explain the inertness of longer chain (n≥6) PEG-based films, but does not
provide a molecular level explanation for their protein resistant properties.

The effect of the ‘water barrier’ has been supported by many researchers.15,

31-33

The

theory proposes that the tight, directional hydrogen bonding between the water molecules
and the PEG chains provide a physical barrier against protein adsorption at the PEG-
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water interface. The effect of the water barrier theory has been primarily applied to
oligo(ethylene glycol) (OEG) self assembled monolayer’s (SAMs) with shorter chains
(n=2-8). The densely packed shorter OEG-SAMs have less freedom for conformational
change upon protein exposure 34 allowing for a distinction between the importance of the
steric component and the effect of the water barrier on protein resistance. Molecular
simulations of the water structure at PEG interfaces indicate that bound water layers
adjacent to the OEG-SAMs are largely responsible for the reported repulsive hydration
forces along with a small steric contribution. 31, 32, 35 Kim et al.36 suggested that the effect
of the water barrier was not sufficient to impart the protein resistance of OEG-SAMs and
that some form of steric component must also be present. Grunze et al.32 suggested that
the chain confirmation of OEG-SAMs is an important determinant for protein resistance,
but also highlighted the importance of both the steric and water barrier theories. They
reported that OEG-SAMs existing in a helical conformation were more inert since the
helical structure provides a template for water nucleation as opposed to OEG-SAMs of a
trans configuration.

In work by Kim et al.36 using a surface force apparatus (SFA) an interfacial water layer
with a viscosity 6 orders of magnitude higher than bulk water on an OEG-SAM was
reported. They postulated that the increased viscosity may be due to the formation of icelike water up to 5nm from the 3 mer OEG-SAM. Schwendel et al.37 observed a reduced
density of water up to 4nm from the surface in which they suggest it may be caused by
the formation of ‘nanobubbles’. It was not seen however in an additional study of some
OEG-SAMs by Fick et al.38 A density depression in the structure of water was observed
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in a SFA study by Heuberger et al.39 In addition recent work suggests that protein
resistance on OEG-SAMs could also be due in part to fixed dipoles and charging effects
from hydroxide ion adsorption. 40

More recently, Latour has proposed a thermodynamic perspective on the inertness of
PEG tethered surfaces

26

. He suggested both entropic and enthalpic effects should be

considered. Entropic penalties result from bond formation between a surface-tethered
chain and a protein since this reduces the chains configurational space and freedom of
gyration. The bond formation that occurs between water molecules and the tethered
chains don’t result in this entropic decrease since the small, mobile water molecules don’t
hinder the configurational space of the chains (Figure 2.2).

Figure 2.2 Restriction in the configurational space of the PEG chains once a protein has bound to the
surface where: Af is the area available for translational motion of the end group of the free chain Ab is the
area available for translational motion when the chains end-group is bound by a protein r is the radius of
translation available to maintain the bond between functional groups on the protein and the chain. Figure
reproduced with permission from John Wiley& Sons.26

The enthalpic contributions increase upon protein adsorption due to the intra-molecular
strain energy of the tethered chains increasing upon exposure to a protein. The increased
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strain energy is due to the alignment of the hydrogen bondable functional groups between
a protein residue and the surface tethered chains. Latour therefore proposed that for a
surface to be protein resistant, it should possess:

•

well hydrated, long, flexible, surface tethered chains that are mobile but
dense enough for sufficient surface coverage

•

surface tethered chains that contain H-bondable groups that are readily
accessible to water molecules but not the H-bonding groups of the protein

Film properties such as PEG chain length, molecular weight, density, functionality and
ether retention are reported to affect the above mentioned interaction forces and hence the
low-fouling nature of a PEG-like grafted films

2, 30, 41, 42

. Jeon et al.

30

, who performed

pioneering work in this area investigated the relationship between steric repulsion and
van der Waals attractions as a function of surface density and chain length of PEG
grafted onto a hydrophobic surface. The protein resistant properties of PEG result firstly
from the minimal van der Waals attraction between the polymer and protein. Secondly,
an approaching protein will cause compression of the PEG chains enhancing the steric
repulsion, which is of greater magnitude than the van der Waals attractions. The surface
density was shown to have a greater effect on the protein resistant properties of PEG
films, than the molecular weight of the PEG-like monomer.30 Hydrophobic interactions
between the substrate and protein were most repulsive when the PEG surface density was
highest.
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To summarise, the possible protein repulsive forces present on PEG grafted surfaces may
include steric forces, enthalpic penalties for disruption of hydrogen bonds with water,
electrostatic double layer forces, ice like water, hydroxide ion adsorption and
hydrodynamic lubrication forces.43 However, many of the assumptions from these
theories are not particularly relevant to the highly cross-linked PEG-like surfaces
produced from plasma polymerization described in this study, assuming the presence of
PEG surfaces with long flexible surface-tethered chains having both a low packing
density (to allow a high mobility) yet providing full coverage on the surface. Johnston et
al.,3 plasma polymerised a series of short chain oligoglymes including mono, di, tri and
tetraglymes, as well as dioxane and crown ethers to investigate the protein resistant
nature of PEG-like films. They found that protein resistance increased with the length of
the linear glymes and were most efficient at resisting radio-labelled fibrinogen, compared
to the dioxane and crown ethers. They concluded that wettability was a poor determinant
in predicting the protein resistant behaviour of the films, with the ether carbon content
(detected from XPS) being a better indicator in correlating the protein resistant behaviour
of the films. While this is generally true, it is important to note, however, that surfaces of
a similar ether content adsorbed very different amounts of fibrinogen. They further
postulated that since the increasing length of the linear brush like surfaces were more
efficient at resiting protein adsorption than the dioxane or crown ethers, short chain
mobility was a critical factor governing protein resistance in surface tethered films.

Ostuni et al. proposed that for surfaces to be protein resistant, they should be hydrophilic,
include hydrogen bond acceptors but not hydrogen donors and have an overall neutral
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charge which was concluded after analysing the protein resistant abilities of 48 surface
groups covalently attached to carboxyl terminated SAMs. When comparing the findings
of the TOF-SIMS data reported by Johnston et al.3 to the above set of criteria, there was
some general agreement with the criteria in that the more protein resistant linear glyme
films were primarily methyl terminated and generally free of hydroxyl groups, however
the cyclic crowns which adsorbed more fibrinogen films also consisted primarily of intact
methyl terminated groups, however these were attached to intact cyclic structures rather
than more mobile chains. Further in line with Ostuni’s criteria was that the dioxanes,
which adsorbed the most fibrinogen (while having a lower ether and higher hydrocarbon
content) appeared to contain pendant hydroxyl groups, which are hydrogen donors.
Conflictions to Ostuni’s criteria have been noted particularly when considering the
findings of Kane et al. 44 who hypothesised that kosmotropes (i.e. those that are excluded
from the protein-water interface) such as PEGs may behave similarly to osmolytes (i.e.
those that remain more thermodynamically stable when bound to water rather than the
surface of a protein). However, since many osmolytes are polyols

45, 46

containing

hydrogen donatable groups (-OH) and others possessing a negative charge, two of the
four criteria proposed by Ostini are challenged.

Kane further postulated that the

behaviour of osmolytes may be compromised when surface bound rather than free in
solution, and that the mechanisms of osmolytes activity may in fact be quite different
from the functioning of protein resistant films. As such the confliction between these
findings and the number of varying proposed criteria to impart protein resistance into
surface tethered films highlights the importance of the nanostructuring in protein resistant
films, especially those deposited via plasma polymerision. Furthermore, they indicate the
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need for further investigation into the physical and chemical characteristics critical to
impart protein adsorption resistant into surface bound films.
2.1.2 Methods of fabrication PEG films
There are numerous methods employed to fabricate PEG based films and coatings,
including chemical immobilisation methods such as self-assembly
51

, chemisorption immobilisation

radical polymerisation

54

52

47-49

, Langmuir-Blodgett techniques

and plasma polymerisation

3, 5, 55

, chain grafting
53

50,

, atom transfer

as well as physisorbtion

56, 57

.

Regardless of the method used for the PEG surface generation or modification, the main
focus over the last number of decades has been to optimise the resulting films in terms of
its inherently inert nature, biocompatibility and stability by variations to such factors as
PEG chain grafting density, molecular weight and conformation.

58

Furthermore, the

variety of generation methods enables the fabrication of PEG surfaces with varying
characteristics and conformational structures providing multiple parameters for one to
investigate the mechanisms of PEGs protein repulsive effects.
2.1.3 Applications of PEG based materials
PEG based materials have been utilised in many different areas including cosmetics
production, in industrial applications such as plastic generation for packaging, cleaning
surfactants, and even as additives in food technology. I will focus this discussion to a
few major applications of PEGs in the biomedical and biotechnology areas due to the
topic of this thesis.

The non toxic nature of PEGs and the fact that it has been approved by the FDA for many
uses in humans has made PEGs an ideal material to incorporate into injectable drug
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carriers. Some of the crucial factors required from drug delivery systems, whether
delivery is via oral ingestion, intra-venous or trans-dermal delivery routes, are
sustainability of drug release and activity, the ability to deliver the drug to the specific
site required and a non-immunogenic response to the delivery vesicle and
drug/protein/peptide of interest. PEGs have shown to prolong the activity and presence
of the drug in the blood, presumably due to its low fouling nature preventing the
adsorption of plasma proteins11, 59 and by increasing the circulation time of the drug, the
probability that the drug will reach the desired target site before being metabolised or
excreted from the body as foreign material is increased.60 It was recently reported that all
polymer based stealth drug delivery systems available on the market in Europe and the
US contain PEG-based material60 highlighting the importance of PEG materials in drug
delivery.

Further benefits of PEGylation in drug delivery include a reduced

immunogenicity of the carrier and or drug, as well as increased solubility.61

PEG based materials also play an integral role in biomaterials research and regenerative
medicine. The trend in the research and generation of biomaterials has gone from the
traditionally used metallic implants for such purposes as orthopaedic implants and
coronary stents for example, towards biodegradable materials.

PEGs previously

discussed low fouling and biocompatible nature are integral to the introduction of
synthetic materials into the body, and many studies aimed at generating various
biomaterials have reported the incorporation of PEGs into the synthetic polymer
structures. For example the acceptance of implanted stents, particularly coronary stents
relies heavily on the prevention of thrombosis in the immediate area and as such a
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number of researchers have incorporated PEG as a drug eluting stent coating62 to
minimise the likeliness of thrombosis and implant rejection. In orthopaedic implant
research, PEG has been used as a coating on both polyurethane based materials63 and
metal alloys64 in an effort to maintain the mechanical properties, but enhance
biocompatibility.

In a more recent example, PEG-based hydrogels have shown promise in their
applications in reconstructive surgeries where researchers have shown their potential as
stem cell culture vesicles, that can be grafted/transplanted to the required area in or on the
body that are also capable of promoting mesenchymal stem cell growth and direct lineage
differentiation. Park et al. encapsulated mesenchymals stem cells (MSCs) in a PEG
based hydrogel with transforming growth factor-β1 (TGF-β1) loaded gelatin
microparticles (MPs) to investigate the possibility of engineering functional cartilage
tissue. The encapsulated MSCs remained viable over the culture period of 14 days and
differentiated into chondrogenic-like cells confirmed by chondrogenic specific gene
expression quantification. 65 Similarly, Alhadlaq et al.66 photoencapsulated bone marrow
derived human MSCs in a PEG diacrylate hydrogel after one week pre-conditioning of
the cells in adipogenic inducing supplement. The shape and dimensions of the hydrogels
were pre-defined and relevant to what would be required for reconstructive surgery. The
PPAR-γ2 adipogenic gene marker was expressed in the resulting tissue engineered
adipose constructs but not in the control hydrogel that encapsulated undifferentiated
human MSCs. While these results were positive the authors commented on the need to
coincide gel degradation rates with differentiation for optimal adipose reconstruction. Its
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also worth noting that on a fundamental research level, the ability to create micropatterned surfaces relies heavily on the use of a low-fouling surrounding coating and
PEG has been a widely exploited material for this purpose, however this application will
be expanded on in section 2.5.

The susceptibility of PEGs to oxidative degradation should also be mentioned, where the
resulting change in chain structuring and density can affect their non-adhesive properties.
This is a characteristic that should be investigated on the application of PEG based
materials in the biomaterials and regenerative medicine fields. Furthermore, it has been
suggested that while PEG materials may reduce the adsorption of proteins in their
localised materials (compared to other synthetic materials) it is potentially the
conformation that a protein is bound with that may effect cellular attachment. For
example, Shen et al67 compared the adhesion of leukocytes in vitro on tetraglyme coated
fluorinated ethylene propylene copolymer (FEP), compared to the bare FEP control.
Previous studies in vivo had shown that the tetraglyme coated FEP significantly reduced
the adsorption of fibrinogen (compared to the bare FEP control) and monocyte
adhesion,68 however results of the in vivo studies showed that after subcutaneous
implantation in the backs of mice for four weeks, the tetraglyme surface resulted in a
higher number of leukocytes attached, compared to the FEP control.

The authors

hypothesised that the differences could be due to a variation in protein conformation on
the surfaces, where loosely bound proteins fail to spread on the “lower fouling”
tetraglyme surface, resulting in the presentation of more cell binding active sites than on
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the FEP control. Also, possible degradation of the tetraglyme surface was considered as
a contributing factor to the loss of the “low-fouling” nature of the PEG-like material.

2.2 Plasma polymerisation
2.2.1 Plasma Fundamentals
Plasma is an overall neutrally charged collection of highly active, electrically charged,
ionised gas molecules that move in random directions.69 It consists of positive and
negative ions, electrons, neutrons and radicals. A schematic of the chemical species
existing in a plasma (ignited in a laboratory scenario), and their interaction with a
substrate is presented in Figure 2.3. Ionisation of gas molecules occurs when the gas is
exposed to energetic electric fields or radiation.70

Plasmas are not unique to the

laboratory, but are a phenomenon of nature, with visible matter such as lightening, the
sun and stars being some examples. The state of plasma has been re-created by man and
exploited in modern science and technologies. Plasma was initially identified in 1879 by
Sir William Crookes which he described as ‘radiant matter’ and as ‘a world where matter
may exist in a fourth state’. Then in 1928, Irving Langmuir was able to name this fourth
state of matter, when he introduced the term ‘plasma’ in his studies of electrified gases in
vacuum tubes.71
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Figure 2.3 Schematic of the components generated in plasma and their interactions with the substrate.
Figure reproduced with permission from Elsevier.70

Plasmas may be classified as either high temperature or low temperature plasmas. High
temperature plasmas result in a higher degree of ionisation (> 100 %) where the electron
and molecule temperatures range from 4000 to 20000 K.70 In this type of plasma the
temperature of the electrons is closely equivalent to that of the ionised molecules; as such
they are often referred to as near-equilibrium plasmas. Lightening is an example of high
temperature plasma. Low temperature or non-equilibrium plasmas are categorised by
lower temperatures, however, the temperature of the electrons within the plasma is far
higher compared to that of the ionised molecules and as such these are often referred to as
non-equilibrium plasmas. The degree of ionisation of these plasma is far lower than that
of high temperature plasmas ranging from around 10-4 to 10 %.70 Examples of lowtemperature plasmas include those resulting from low pressure direct current (DC), radiofrequency (RF) and corona discharges.70 The type of plasma discussed throughout this
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thesis will relate to radio-frequency induced low temperature, non-equilibrium plasmas.
It is this low temperature, non-equilibrium form of plasma that results in a glow
discharge and enables thin film deposition since the comparatively energetic electrons
collide with gas molecules during acceleration resulting from a potential difference
between two electrodes. The collision causes the ejection of electrons from the gas
molecules resulting in the ionised molecules and radicals necessary for thin film
deposition. This collision process is often referred to as collision induced energy
transfer.72
2.2.2 The Plasma Sheath
The sheath region of a plasma is an electrical boundary existing at the plasma-surface
interface consisting primarily of positive ions.73 It results from electron loss to the
neighbouring surface of that plasma region. The positively charged sheath region repels
electrons and negative ions,74 while positive ions are accelerated from the plasma to the
surface potential.75 A concentrated electrical field is created in this region when an
applied voltage travels across the sheath, and while the mobility of species in the main
plasma body is controlled by diffusion, movement of ions in the sheath is directional and
controlled primarily by the electric field. A recent publication by Zelzer et al.75 has
highlighted the importance of consideration of the plasma sheath on the deposition of
plasma polymer films through masks. The pore size of a mask affected the length of the
sheath, electron depletion, ion density and consequently the deposition rate.
2.2.3 Glow discharge plasmas and excitation sources
A glow discharge is a type of plasma formed, which occurs when a potential difference is
applied between two conductive electrodes in the system. Electrodes can either be
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inductively or capacatively coupled, with the main difference being that capacatively
coupled electrodes are generally parallel and positioned inside the reactor while
inductively coupled electrodes are generally external coils.76

The potential difference

applied between the electrodes results in an emission of electrons from the cathode region
that then collides with the excited gaseous molecules. This excitation decays by means
of emitting light, which results in the characteristic glow discharge. The various species
then condense and polymerise on the surface substrate, resulting in highly cross-linked
and adherent, pin hole free thin films.6 The power and excitation source to ignite and
sustain a glow discharge plasma can be supplied by either an alternating (AC) or direct
current (DC). DC plasmas are characterised by a constant current, generated from a
continuous potential difference applied between the cathode and the anode. This type of
plasma can result in decomposition of the glow discharge where one of the electrodes is
non-conducting due to charging and are less commonly used for plasma polymer
deposition.76 AC plasma overcomes this issue by alternating the voltage between two
electrodes, enabling any charge accumulation to be neutralised.

Commonly used

frequencies applied for AC power sources include radio frequency (RF) at 13.56 MHz
and microwave at 2.45 GHz77. Advantages of RF discharges over DC, particularly for
the deposition of biomaterial intended surfaces include the ability to operate at lower
pressures and to sustain themselves during depositing discharges. They are also reported
to have a more efficient ionisation mechanism and to exist in a more spatially uniform
manner.70 The work carried out for the content of this thesis was performed using
capacatively coupled RF plasma polymerisation in continuous wave mode which will be
expanded on in the following paragraphs.
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2.2.4 Pulsed and continuous wave glow discharges
Radio-frequency depositions can be separated into two types of supplied voltage. Firstly,
as the name suggests, radio-frequency is supplied in a ‘continuous wave’ manner. The
second approach is the ‘pulsed’ plasma, where the radio-frequency is applied in pulsed on
time, generally in the millisecond time frame followed by a lag period. It is often
characterised by the duty cycle which is the ratio of pulsed on time to total pulse time.
The advantage of pulsed deposition is reported to be the ability to control film chemistry
by being able to operate at higher peak voltages while maintaining a lower power input
compared to that using continuous wave deposition. During pulsed discharges, reactive
species are consumed during plasma off cycles resulting in films more chemically similar
to that of the starting monomer.76 While this is a generally supported concept, there are a
number of other factors that can largely influence the resulting discharge and plasma
polymer such as the reactor shape and size, electrode separation distance and geometry,
W/FM Yasuda factor (expanded on in section 2.2.5.1), time of deposition, working
pressure and substrate size and placement. 5, 78-80

A comparison of the ether retention of PEG-like plasma polymer films deposited from
diethylene glycol dimethyl ether in a pulsed polymerisation process reported by
Bretagnol et al.25 to those reported in chapter 3 of this thesis has shown that at a load
power of 5W, the pulsed films retained an ether content of 55 % (as measured by XPS)
while those deposited at 5W under continuous wave processes in this research retained
70% (as measured by XPS) highlighting the ability to achieve chemically controlled films
via continuous wave radio frequency plasma polymerisation.
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2.2.5 Plasma Polymerisation, Parameters and use in Biomaterials
Plasma polymerisation is the deposition of ionised gas phase molecules, which results in
nanoscale, highly crosslinked, adherent and pinhole free films that can be deposited onto
a wide variety of substrates of various dimensions. It is a one step process that does not
require solvents.55, 81 The process itself provides a clean environment within the reaction
chamber,82 is fast, reproducible and most importantly the chemistry, thickness and many
physical properties of plasma deposited films can be tailored by careful manipulation of
the processing parameters such as flow rate, system geometry, plasma load power78, 81
and of course monomer choice. It is a process that has been widely studied since the
1950’s78 and has been applied in areas including microelectronics, paints, adhesives and
protective layers,82 and more recently in providing surfaces for the biomedical and
biotechnology areas. This technique is particularly beneficial to these fields due to its
ability to deposit reactive functional groups on an otherwise non-reactive surface,
enhancing specific biointeractions of a surface83 and enabling the covalent
immobilization of biomolecules,84 as well as rendering a surface bio-inert by careful
control of the chemistry and processing parameters.
2.2.5.1 The W/FM Yasuda factor
As previously mentioned plasma polymerisation has a number of variable parameters that
can affect the resulting chemistry and physical properties of the film such as flow rate,
plasma load power, electrode geometry, temperature, pressure and deposition times. One
in particular is the ‘Yasuda factor’, or W/FM parameter (where W is the radiofrequency
power input, F is the flow rate and M is the molecular weight of the monomer), and can
be defined as the plasma power input per monomer mass unit 85-87. A low W/FM value is
reported to result in pp films with a high retention of the original monomer structure,
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while films deposited under conditions of a high W/FM value result in films with a more
complex chemistry and less like the original monomer structure 85.
2.2.5.2 Plasma Polymerisation in Biomaterials
The main benefits of plasma polymerisation and plasma treatment in the field of
biomaterials are due to the ability to create specific chemical functionalities, and to vary
the surface wettability, charge and morphology.88 These chemical functionalities are
either intended to enable specific biological interactions by the creation of such
functionalities as amines, aldehydes and carboxylic acid, or to create low fouling surfaces
by polymerising ether containing monomers such as those of the glyme family 25, 27 and it
is well reported that surface functionality can in turn alter the physical characteristics of a
surface.
The creation of amine functionalised surfaces have been reported from the use of such
monomers as allylamine and heptylamine and used for the immobilisation and study of
such bioactive molecules as DNA89-91, proteins92, 93, polysaccharides,94-96 and enzymes97,
98

with the popular source of immobilisation methods being that of carbodiimide

coupling. More specifically, a recent study published by Rebl99 et al. has highlighted the
importance of implant surface charge by creating amine functionalised surfaces via the
plasma polymerisation of allylamine. Using GFP–vinculin transfected osteoblastic cells,
the attachment and mobility of the cytoskeletally associated protein vinculin on the
functionalized surfaces was shown to be significantly increased compared to collagen I
coated surfaces during the initial adhesion phase. It was concluded that positive charges
control the cell physiology which appeared to dominate over the integrin receptor binding
to collagen I. As such, it was proposed that since the deciding factor for the ingrowth of
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medical implants into human bones is their rapid acceptance by the cells that the ultimate
function of implants could be optimized by these positively charge amino surfaces.
Further in vivo studies showed no signs of localised inflammation in the back
musculature of rats.

Aldehyde functionalised surfaces have also been applied in the field of biomaterials
research100 with the popular monomer choices including acetaldehyde and benzaldehyde.
While the immobilisation of a number of bioactive molecules have been reported on
these surfaces, for example DNA,101 NHS-PEG-Biotin for the consequential
immobilisation of Neutravidin102 and PEG-albumin. A more recent publication utilising
aldehyde functionalities was aimed at biological patterning.

Hadjizadeh

100

functionalized fibers of polyethylene terephthalate with acetaldehyde plasma polymer,
followed by carboxymethyl dextran (CMD) grafting onto the aldehyde-coated surfaces
via a polyethyleneimine interlayer. It was shown that the CMD functionalised fibers
resisted the attachment of human umbilical vein endothelial cells (HUVECs), while those
terminated with polyethyleneimine facilitated HUVEC attachment, spreading and focal
adhesion formation. It was hypothesised that being able to pattern fibres with endothelial
cells would have implications in the development of 3D scaffolds for vascular prosthesis
devices. Similarly, but related to amine functionalities via plasma polymerisation of
allylamine, Hook et al.103 created surface bound micropatterned surfaces utilising a low
fouling PEG background and exposing amine functionalities in spatially patterned
regions via laser ablation. The functionality of the exposed amines were utilised via the
successful array of DNA, proteins and cells.
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Carboxyl functionalised surfaces have also been generated via plasma polymerisation and
are favoured for their ability to immobilise amine containing biological molecules via
carbodiimide coupling.84

Some recent examples of these include the generation of

carboxyl density surface gradients for the culture and differentiation study of mouse
embryonic stem cells,104 and the generation of oligonucleotide patterns onto an acrylic
acid plasma polymerised surface.

The oligonulcleotides were spatially immobilised

using a microspotter and conjugated via carbodiimide coupling chemistry.105 Examples
of other biological molecules immobilised onto carboxyl functionalised plasma polymer
surfaces include the cell adhesive RGDS peptide106, collagen,107 and an anticoagulant
heparin-albumin conjugate.108
While the studies are vast for the development of biomolecules immobilised onto plasma
polymerised and plasma treated surfaces, there are a number of principle factors that
should be considered; some of these include the covalent attachment (rather than
physisorbtion) of biomolecules moieties to prevent their displacement when exposed to
biological media, the directionality of their active site (i.e. the active site should not be
involved in the covalent attachment), and their retained functionality after immobilisation
(i.e. they should not denature or change their functional configutration.84

The use of low fouling surfaces deposited by plasma polymerisation is also a critical
factor in the development of biomaterials. As discussed in section 2.1, low fouling
surfaces can dictate the success of a material or device for the prevention of thrombosis
in the case blood contacting devices and inflammation and infection in the case of tissue
contacting materials109 as well as providing the contrasting low fouling background in
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micropatterned surfaces used to study a number of complex biological phenomenon.
Much of the work on low fouling materials to date has involved plasma polymerisation
from ether containing monomers such as diglyme6, 17, 25, 27, 110-112 triglyme, tetraglyme,25,
113-118

as well as diethylene glycol monovinyl ether119, triethylene glycol monallyl ether120

and allyl glycidal ether121. However a recent publication has reported on the generation
of low fouling coatings plasma polymerised from 1H,1H,2H,2H-perfluorodecyl
acrylate122, possibly opening up a new era of low fouling plasma polymer coatings. The
protein resistant nature of these films were displayed against three model proteins
including ovalbumin, human serum albumin and fibrinogen, where adsorption was
significantly reduced compared to a gold control as measured by QCM.

As previously mentioned the use of plasma polymerisation in the fields of biomaterials
and biomedicine has been extended into the generation of gradient and micropatterned
surfaces for the study of biological behaviour and biological-material interactions and
these topics will be expanded on in sections 2.4 and 2.5 respectively.

2.3 Methods of thin film analysis
Due to the complex chemistry of the resulting plasma polymer film, a number of
complimentary techniques are commonly used to analyse their chemical structure and
physical properties. Some of these techniques include X-ray photoelectron spectroscopy
(XPS) and Fourier transform infra red spectroscopy (FTIR)1, 3, 6, 7, 85, 87, 123, time of flight
secondary ion mass spectroscopy (TOF-SIMS)
fine structure (NEXAFS)87,

128-131

1, 6, 83, 124-127

, near edge X-ray absorption

neutron reflectometry to analyse film chemistry and
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structure. Atomic force microscopy (AFM)23, surface plasmon resonance (SPR)34, 132 and
quartz crystal microbalance (QCM)133 have been used to investigate the interaction
behaviour between a plasma polymer surface and various proteins, as well as
investigating film morphology in the case of AFM

5, 134-137

. Water contact angles have

also been commonly used to investigate the wettability of thin films. In terms of chemical
analysis, consideration must be given to the depth of analysis for each given technique,
where for the analysis of plasma polymer films, FTIR will consider the bulk chemistry,
while XPS, NEXAFS and TOF-SIMS are more surface sensitive.

Following is an

overview of the primary techniques of thin film analysis utilised throughout this thesis.
2.3.1 Fourier transform infra red spectroscopy (FTIR)
Fourier transform infra red spectroscopy is a non-vacuum chemical analysis technique
used to identify the chemical functionality of a material. The technique relies on the
vibrational modes of specifically chemically bonded species that are distinguished by
their distinct vibrational energy level, often termed its fingerprint. Infra-red radiation is
passed through a sample, with absorbed IR light exciting the various chemical
functionalities into the vibrational energies of their specific fingerprints.138 The FTIR
uses an interfereometer enabling the simultaneous detection of a range of wavelengths
producing faster and more sensitive spectra. An interferogram is obtained which must
then be converted to an infra red spectra, generally in the form of transmittance or
absorbtion vs wavelength, via fourier transforms to obtain a single beam infra red
spectrum.
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Grazing incidence (gi), or ‘specular reflectance’ FTIR was used in the analysis of the
plasma polymer films throughout this thesis due to their thin nature and secondly the low
concentration of certain chemical functional groups, as the technique is known to
enhance the signal to noise ratio. The requirements of this technique is that the films are
deposited onto a reflective surface, such as indium tin oxide coated glass, and that the
films are extremely flat so as to avoid scattering of the reflected infra red radiation.
Synchrotron source gi-FTIR microspectroscopy was used throughout this thesis in the
analysis of both gradient and micropatterned films. Benefits of this technique include the
increased signal to noise ratio due to the intensity of the light source, decreased spot size,
enabling greater resolution in the attained chemical maps and decreased collection time
with automated analysis collection attainable.
2.3.2 X-ray Photoelectron Spectroscopy (XPS)
XPS is a surface sensitive, quantitative elemental detection technique which not only
identifies the specific elements present, but also their oxidation states. When a sample is
irradiated with a monochromated X-ray source, the core shell electrons of the surface
atoms are excited and eject photoelectrons. For a photoelectron to be ejected, the binding
energy must be lower than the X-ray energy. Elemental detection is achieved as the
binding energy at which photoelectrons are emitted and is specific to each element.
Typically, an elemental survey scan is acquired by scanning a binding energy range,
where the ‘counts’ or intensity of the peaks can be fitted to acquire quantitative data.
Furthermore, the peaks can be scanned in a narrower energy range (specific to each
element) to obtain high resolution curves, which provide the information related to the
elements oxidation state and bonding environment. The angle of incidence of the X-ray
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beam relative to the surface normal can be varied to attain depth dependant data of
surface chemistry. For thin film analysis, the combination of XPS with FTIR is
advantageous, as information regarding both the surface and bulk chemistry can be
acquired, respectively. XPS was a vital characterization instrument utilized throughout
the course of this thesis.

XPS analysis was applied to the uniform, gradient and

micropatterned surfaces; however the spot size (resolution) was a limiting factor in
analysing the small patterned features.
2.3.3 Near Edge X-ray Absorption Fine Structure (NEXAFS)
The use of NEXAFS for the characterisation remains in its early years and thus warrants
a brief explanation of how the technique can be applied for the characterisation of thin
films. NEXAFS is a surface sensitive, element specific technique that analyses in the soft
X-ray region therefore detecting the low Z molecules including S, C, N, O and F

131, 139

.

It relies on the ejection of excited electrons from a core orbital (at the K-edge) into
unoccupied orbitals via dipole transitions. The probing depth can be varied depending on
the detection method used, for example it is estimated that a typical total electron yield
experiment would probe the top 2-4 nm while analysing in the partial electron yield mode
(PEY), this depth analysis would be further reduced.131

NEXAFS also has the ability to detect the orientation of surface tethered molecules by
using the polarized synchrotron light source. The first reported finding of orientation of
plasma polymer films was reported by Castner et al. who analysed tetrafluoroethylene
based plasma polymer films.140 The intensity associated with a specific molecular orbital
final state is at its maximum when X-ray incidence points in its direction, and the
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intensity vanishes when the X-ray incidence points perpendicular to the orbital.139
Therefore, by using a polarised light source and obtaining spectra at various incidence
angles it is possible to observe any structural orientation of the sample in question. The
intensity of the π* and σ* resonances will change where there is an angular dependence.

The use of NEXAFS as a spectroscopic tool for the structural determination of complex
molecules and polymers remains in its infancy. While the spectral NEXAFS library of
condensed molecules is developing, the use of complimentary techniques, such as XPS
and FTIR is extremely beneficial to aid in the assignment of relevant spectral features.
NEXAFS was employed as a characterisation tool for both the uniform and gradient
surfaces and is reported in chapters 3 and 5 of this thesis, respectively.
2.3.4 Time of Flight Secondary Ion Mass Spectrometry (ToF-SIMS)
Tof-SIMS is a surface sensitive chemical analysis technique that uses a pulsed beam to
remove molecules at the surface of a material, in a high vacuum environment. Once the
sample is bombarded with the ion beam (primary ions), charged ions and molecules
(secondary ions) are emitted and accelerated into a flight tube, where the time taken for
the ion to travel is distinct for each ions mass to charge ratio (m/z).141 The technique
requires the sample of interest to be very smooth and flat (as with most surface sensitive
techniques) since distance of travel of the emitted the secondary ions must be the same to
avoid confusion in identifying the fragments based on their mass to charge ratio. ToFSIMS is often used as a complimentary technique in conjunction with XPS since the
resulting spectra are often extremely complex.

Furthermore, principle components

analysis (PCA) has more recently been applied in ToF-SIMS data interpretation142,

143

Chapter 2.

34

PCA is a statistical transformation of data, which when applied to the complex TOFSIMS spectra, reduces the dimensionality and random variables of the raw data, enabling
a more accurate comparison of ion peak trends not necessarily otherwise apparent
between datasets. The high spatial resolution of this technique (50 nm – 5 µm)144 makes
it ideal for chemical imaging and as such has been a popular tool in imaging the
chemistry of micropatterned surfaces.17,

143,

145

ToF-SIMS was utilised in the

characterisation of both the gradient and micropatterned surfaces reported in this thesis,
discussed in chapter 6 and 7 respectively. Across the gradient surfaces spectral data was
acquired while TOF-SIMS imaging was utilised for the patterns.
2.3.5 Neutron Reflectometry
While techniques such as XPS and FTIR can provide certain information on the complex
structure of plasma polymer films, defining the empirical formula using these techniques
is not possible.

FTIR provides information on the presence of certain chemical

functionalities throughout the film and XPS does not provide information on the
hydrogen content. Therefore, in chapter 4 of this thesis the uniform PEG-like films were
characterised using complimentary techniques XPS, X-ray and neutron reflectometry,
enabling the full chemical composition of the films to be defined. The film thickness,
density and roughness can also be determined. Film requirements for neutron analysis
are that they should be around 200 Å thick and must be extremely smooth to retain the
specular reflectance, where the angle of incidence equals the angle of reflectance.
.
During a neutron reflectometry experiment, a highly collimated neutron beam bombards
and reflects off a surface and the intensity of the specularly reflected beam can be
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measured as a function of the angle.146 The reflectivity is related to both the angle of
incidence and the wavelength of the neutrons, which is often described in terms of a
momentum transfer, Q.146 This term relates to the change in momentum of the surface
approaching neutrons once they are reflected from a material. The resulting neutron
reflectometry plot shows the reflected intensity as a function of Q. The basic principles
of X-ray and neutron reflectometry are similar, however neutrons interact with the
nucleus of an atom, while X-rays with the electron.147

Furthermore, neutron

reflectometry has the distinct advantage of being able to analyse lower Z elements such
as hydrogen, and the utilisation of deuterated isotopes can provide contrasts between the
film, substrate and solution.135
2.3.6 Contact Angle Goniometry
Measuring the contact angle of a material provides information of its wettability and can
be defined as the angle at which a liquid interface meets the solid surface.148 When
designing biomaterials this information is particularly important since the wettability of a
film is reported to effect the interactions between the surface and proteins,136 where a
higher level of oxygen functionality is reported to increase the wettability of a film. 78, 149
A water droplet on a completely hydrophilic surface will result in a contact angle of 0 º
where there is a strong attraction between the liquid and surface. A more moderately
wettable or hydrophilic surface will yield contact angles of up to 90 º and a hydrophobic
material will have contact angles above 90 º.148

Contact angle goniometry data is

reported in chapters 3 and 4 of this thesis related to the uniform plasma polymerised
films.
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2.3.7 Atomic Force Microscopy (AFM)
AFM is an excellent characterisation tool for attaining 3 dimensional topographical
images and information related to a sample such as surface roughness, homogeneity and
film thickness. In contact mode, a tip or ‘cantilever’ is scanned across the sample surface
and the force between the tip and surface is measured.

The sample is positioned on a

piezo-electric ceramic which controls the scanning movement in the x, y or z directions
and a laser light is focussed onto the end of the cantilever and is reflected into a
photodiode. The height of the peizo electric ceramic is adjusted by a feedback signal
from the photodiode and height adjustments occurring while the sample is scanning
provides information on the topographical features of the sample.150 AFM can be used
for both acquiring surface images as well as measuring forces between the sample surface
and a cantilever. Furthermore, the cantilever can be loaded with materials, proteins or
biomolecules of interest to attain information on the forces occurring between the objects
of interest. AFM was used as a characterisation technique to analyse film thickness and
roughness for both the uniform and gradient films analysed in this thesis, presented in
chapters 4 and 5 respectively.

2.4 Surface bound chemical gradients in biomaterials research
Gradient surfaces are those that display a spatial variation in one or more
physicochemical property such as chemistry, topography, nanostructuring, wettability
and surface charge. Gradient surfaces provide a high throughput and/or combinatorial
approach for optimising the interactions of various proteins, biomolecules and cells with
a material of interest,151 vastly reducing the need for multiple surface preparations. The
chemistry of a surface can largely dictate biological interaction leading to variations in
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film/surface properties such as wettability, cross-link density, swelling, solvation and
roughness. Gradient surfaces provide a more physiologically relevant environment for
biomolecules, since cell migration, differentiation and chemotaxis are driven by gradients
of specific biomolecules that provide directional cues. 152

Zelzer et al. 153 formed chemical gradients from the plasma polymerisation of hexane and
allylamine (via diffusion of the gaseous monomers under a fixed mask) and used them to
investigate the attachment and proliferation of fibroblast cells. They further indicated
that the initial attached cell density differed as a function of the specific chemistry across
the gradient environment which contrasts with their attachment upon a chemically
equivalent, uniform surface. They suggest this could be due to differences in cell-cell
signalling or a greater number of proteins produced from the surrounding cells between
the different substrate types. This is an interesting finding and is something that should
be considered when using surface gradients as a high throughput method for optimising
surface-biological interactions. Robinson et al

154

also reported on the generation of

chemical gradients formed via plasma polymerisation, however they used a mixture of
allylamine and octadiene monomers.

They were able to form functional heparin

gradients, where the adsorption and function varied as a product of the allylamine
gradient. However the adsorption of higher amounts of heparin did not correspond to a
continued increase in functionality.

The use of PEG based gradients has been relatively limited, however more recently
Vasilev et al.

155

has demonstrated the use of these to create gradients of two proteins of
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differing size (lysozyme and fibrinogen). Jeong et al. 156 formed gradients in the density
of comb-like PEO chains prepared on low density polyethylene (PE) sheets by corona
discharge treatment that were subsequently grafted with poly(ethylene glycol) monomethacrylate (PEG-MA) with PEO chain lengths of 1, 5, and 10 monomer units. The
authors envisioned that these gradient surfaces could be used to provide useful
information on the interaction behaviours of blood components such as plasma proteins.
Wang et al.

157

utilised PEG molecules in the formation of a two component chemical

gradient used to control protein adsorption. A PEG thiol and 11-amino-l-undecanethiol
was used to form covalently linked gradients of epidermal growth factor (EGF) a
signalling molecule, via carbodiimide coupling chemistry.

Lower EGF adsorption

occurred at higher PEG concentrations.

PEG gradient surfaces are also becoming an increasingly popular tool for the study and
optimisation of cell attachment, proliferation and viability. Furthermore, they are a
rapidly developing area within the biomaterials industry since the gradients can be
generated to mimic a number of physiological gradients that drive specific biological
events.

Delong et al.

10

used PEG-based hydrogels with a gradient of covalently

immobilized RGDS to study the effect of fibroblast growth migration and alignment. It
was found that the fibroblasts changed their morphology to align in the direction of
increasing RGDS concentration and that the slope of the gradient further affected this
response. Bhat et al.158 used gradients of molecular weight (Mw) and/or grafting density
of surface bound poly(2-hydroxyethyl methacrylate) (PHEMA) with physisorbed
gradients of fibronectin to investigate changes in the behaviour and morphology of
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osteoblastic cells as a function of their chemical environment. Furthermore, the use of
gradients to probe the growth and differentiation of stem cells has also been reported.
Wells et al.104 used chemical gradients of plasma polymerised octadiene and acrylic acid
in order to probe the response of E14 and R1 mouse embryonic stem cells to a range of
carboxylic acid concentrations on a single sample. They were able to show that the selfrenewal capacity was maintained if the cells were restricted in their spreading to
<120 μm2, indicating that the degree of spreading was the critical parameter rather than
the exact surface acid density.
2.4.1 Types of Gradient surfaces
The directionality and dimensionality are two distinct ways to classify a gradient. In
terms of dimension, gradients can be 1, 2 or 3D, meaning that the physicochemical
variation occurs in the X, XY or XY and Z dimensions.
2.4.2 Methods of gradient fabrication
There are a number of methods used to produce surface chemical gradients with a vast
number of these relying on the modification of self assembled monolayer’s (SAMs).
Other reported techniques include various diffusion process techniques26, 151,152, 159 such
as UV-initiated free-radical polymerisation160 and grafting161, corona discharge 162-164, 156,
165,

, corona-induced graft copolymerisation156, adsorption167 and plasma co-

166

polymerisation.168 The use of radio frequency plasma polymerisation (RFpp) has also
been reported for gradient generation 104, 153, 154, 169, but to date have required the use of a
moving sample stage or shutter. In chapter 5 and 6 of this thesis a one-step method of
gradient generation uses radio frequency plasma polymerisation without the need for any
moving components is presented and discussed. The use of corona discharge and radio-
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frequency plasma treatment have the distinct advantage over other deposition methods
since it is not restricted to a specific substrate or attachment functionality,

75

are solvent

free processes that are easily reproducible. Furthermore, the chemistry of the films
generated can be systematically varied by manipulation of the deposition parameters
including load power and monomer flow rate and the films produced are generally
extremely smooth, making them ideal model surfaces to investigate the effects of surface
chemistry on protein and cellular interactions.

Genzer and Bhat151 have recently published a review on surface bound soft matter
gradients that provides an excellent overview of the methods used for gradient
generation, and Figure 2.4 is extracted from the article to display the many reported
techniques used for gradient generation.
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Figure 2.4 An overview of the various techniques used to create surface bound gradients. (A)
deposition using a palladium wire on an acetate film;170 (B) liquid diffusion of organosilanes;171 (C)
vapor diffusion of organosilanes;172 (D) depositing self-assembled monolayer on top of a mechanically
predeformed substrate;173 (E) diffusion of alkanethiols in a polysaccharide matrix;174 (F) replacement
lithography of alkanetiols;175 (G) immersion technique applied to self-assembled monolayers;167 (H)
printing alkanethiols from stamps of variable thickness;176 (I) gradients of proteins by means of
heterobifunctional photolinkers; 177(J) solution and surface gradient using microfluidics;178 (K)
deposition of organosilanes by means of silicone elastomer stamps with different curvatures;179 (L)
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forming a concentration gradient of two charged molecules in a solution and imprinting them onto a
stamp, which could then transfer the gradient pattern onto a substrate;180 (M) hydrolysis of
poly(vinylene carbonate);181 (N) radio frequency plasma discharge;182 (O) corona discharge;183 (P)
immersion of substrates into polymerization media;184 (Q) knife-edge coating technology;185 (R)
preparing random copolymer brushes by steadily adding a new monomer (M2) to the polymerization
mixture containing another monomer (M1);186 (S) preparing statistical copolymers by the
microfluidic mixing of two monomers followed by chamber filling method;187 (T) solution draining
method for preparing polymer brushes;188 (U) forming a molecular gradient of an initiator on a
substrate followed by grafting-from polymerization;189 190 (V) opposite grafting density counter
gradients of two polymers formed by sequential grafting from two different set of initiators;191 (W)
grafting-onto method in conjunction with temperature gradient heating of the substrate;192 and (X)
immobilization of PEG by diffusion and grafting.193 Reproduced with permission from the American
Chemical Society.151

2.5 Micropatterned Surfaces
Engineering chemically micropatterned surfaces generally relies on achieving a spatial
distinction between fouling and non-fouling regions on a surface.

While the term

micropatterning can have a broader definition, in terms of what is being patterned, for
example, enzymes, DNA, proteins and cells, this discussion of micropatterning will refer
to the chemical patterning of substrates.

Traditionally, polymer and solid state

micropatterning techniques generally require a number of steps to produce the desired
substrate surface chemistries and geometries.9, 17, 194-197 Innovation is driven by the aim
of increasing pattern fidelity, resolution, miniaturisation and cost effectiveness while
maintaining suitable mechanical properties and scalability. The micropatterning research
presented in chapter 6 of this thesis introduces a novel technique by which the deposition
of chemically micropatterned surfaces can be achieved in one simple step via plasma
polymerisation.

The generation of regular arrays of two or more polymer surface chemistries, features or
structures on a surface is routinely used in a number of research fields. This includes the
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production of light-emitting displays (LEDs), semiconductor & optoelectronic devices198, biomedical and ‘life science’ related research including the study of cells,201-203 tissue

200

engineered devices,204 fundamental surface science research and high-throughput
screening research.205

Of particular importance in the fields of biomaterials and tissue engineering is the use of
micropatterned surfaces to control and understand the effects of the microenvironment on
cell behaviour such as chemistry, topography, varying ligand, growth factor and protein
density, and the effects of spatial distribution on cell-cell interactions. For example, a
recent study reported by Cheng et al.

9

who produced patterned surfaces by combining

plasma polymerisation and deposition with plasma etching through the window arrays of
a shadow mask fabricated by photolithography was able to form single cell patterns and
study the effects of the pattern shape and size on the morphology of the attached human
mesenchymal stem cells (hMSCs).

Cell spreading was shown to be controlled by the

shape of the patterns. Actin and nuclei staining showed a strong dependence of the
hMSC morphology on the size and shape of the cell spreading area, with circular features
producing rounded nuclei and actin alignment along the radial direction, while thin,
elongated features yielded nucleus elongation and actin alignment along the major axis of
their elliptical shape. With the increasing investigation into the use of stem cell research
and related therapies, this finding highlights the importance of further investigation into
the optimised microenvironment for stem cell culture and research. In regards to the
effects of growth factor and protein density, Ito et al.

206

were able to highlight the

importance of the combination of heparin density and the presence of basic fibroblast
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growth factor (bFGF) for the growth of NIH3T3 cells on gradient-micropatterned
immobilised heparin surfaces. Results indicated that while the high density of heparin
failed to enhance cell growth in the absence of bFGF, it did enhance cell growth in the
presence of bFGF.

The authors were able to conclude that the concentration of

immobilised heparin was critical to the activation of bFGF, and consequently the
enhancement of NIH3T3 cell growth.
2.5.1 Methods for Generating Micropatterned Surfaces
There are a large number of methods used to obtain micropatterned surfaces including
photolithography207 and other photochemical techniques208, soft lithography209, laser
ablation/lithography210, ion-beam lithography211, ion implantation212 and pattern
deposition with atomic force microscopy.213, 214 With the exception of a small number of
emerging patterning techniques,215 these methods result in surfaces that contain both
modified and unmodified regions which then require further chemical derivatisation to
block or modify the untreated region on the substrate surface to optimise its
performance.17, 202, 215

The use of plasma polymerisation has also been reported for the generation of chemically
patterned surfaces, however to date have also required the combination of two or more
steps, or in a single step by the use of a physical mask placed over the substrate during
deposition.216,

217

In terms of the masking process, problems can be associated with

achieving a close enough contact between the mask and substrate to produce defined
chemical patterns.6 In terms of the multiple step processes, while good patterning can be
achieved the multiple step process for each patterned substrate can be laborious and time
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consuming. Chapter 7 of this thesis introduces a novel one-step patterning technique that
produces well defined and functional micropatterned surfaces.

Much of the work

reported on the generation of micropatterned surfaces via plasma polymerisation, relies
on a the deposition of a low fouling coating followed by spatially specific removal of
regions of the film to expose an underlying reactive surface, via photolithographic
methods.6, 218, 219
2.5.2 Surface Analysis of Micropatterned Surfaces
Due to the focus on pattern miniaturisation, the capabilities of spatially resolved chemical
surface imaging techniques are required.144 ToF-SIMS imaging has proven to be an
excellent technique in imaging patterns due to its excellent spatial resolution as discussed
in section 2.3.4, with many micropatterning focused researchers relying on the
technique6,

143, 196, 217

. While XPS has the capability of imaging, generally the lateral

resolution is limited to a few microns, limiting the quality and ability to resolve patterns
in the nano-range. AFM220 and SEM217 (scanning electron microscopy) are also well
resolved topographical and structural imaging techniques for patterned surfaces, however
are limited to topographical information rather than chemical. There are a vast number of
imaging techniques available, and with the enhancement of synchrotron technology,
highly resolved giFTIR microspectroscopic imaging is also available to provide chemical
information as presented and discussed in chapter 7 of this thesis.
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3. A study into of the effects of plasma processing parameters
on the production of uniform, low fouling PEG-like plasma
polymer films
3.1 Introduction
Chapter 3 investigates the effects of plasma processing conditions on the continuous
wave, radio-frequency glow discharge plasma polymerisation of diethylene glycol
dimethyl ether in terms of producing uniform, robust, low fouling PEG-like surfaces.
The flow rate of the DG monomer was investigated and defined in the capacitively
coupled plasma reactor, used for the deposition of the DGpp films discussed and
presented in this thesis. Furthermore, the effect of the W/FM factor (Yasuda factor) on
the resulting DGpp films was also investigated by producing a series of films deposited at
systematically increasing load power, including 5, 10, 20, 30, 40 and 50 W over a
standard 60 second deposition period. The chemistry of the resulting uniform DGpp
films were fully characterised, including analysis of film thickness and wettability, and a
thorough chemical analysis of the films using a number of complimentary chemical
analysis techniques, including grazing incidence-FTIR for analysis of the bulk chemistry
of the films, and XPS combined with NEXAFS to characterise the surface chemistry.
Furthermore, any structuring of the plasma polymer film chains was investigated by
performing NEXAFS experiments with both horizontally and vertically polarised light. It
was envisaged that this may have helped, in part, to explain higher degrees of protein
resistance displayed by the DGpp films, in terms of steric repulsion of the PEG chains
against approaching proteins. Furthermore, analysis of the degree of protein resistance of
the films was observed by exposing the films to solutions of BSA and lysozyme, two
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proteins of differing physical characteristics such as size and charge, as previously
discussed in Chapter 1. A higher degree of protein resistance of the films was found to
correlate primarily with the films residual ether content. Cell attachment studies using
the anchorage dependent HeLa cells were also performed highlighting the low-fouling
nature of DGpp films produced at a 5W load power, and their potential use in both the
field of biomaterials and applied research.

3.2 Materials and Methods
3.2.1 Substrate Materials and Cleaning
Ultra-flat single crystal silicon wafers (<100>, 1 cm2 x 0.5 mm thick, M.M.R.C P/L), thin
copper shim (100μm thick) and indium tin oxide (ITO) coated (single sided)
aluminosilicate glass, (thickness of 1.1 mm, Delta Technologies, Corning 1737, CB50IN) were all used as substrates for the deposition of the diethylene glycol dimethyl
ether (DG) pp films. All substrates were cleaned by immersion in a 2 % RBS-35
surfactant (Pierce) in a 2 % ethanol solution and ultrasonicated for 1 hour. Substrates
were rinsed multiple times in Milli-Q water and dried in a high-pressure stream of high
purity nitrogen.
3.2.2 Masking
Masked areas (for AFM step height film thickness analysis and cell growth contrasts)
were prepared on cleaned silicon wafers by solvent casting a 10% (w/v) solution of
poly(D,L-lactide) (Boehringer Ingelheim) in acetone onto part of the substrate prior to pp
deposition, and dried in air. Following pp, the mask was gently lifted using tweezers
without damaging the surrounding film producing well defined step heights for film
thickness analysis.
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3.2.3 Plasma Polymerisation
A custom-built plasma reactor was used to deposit films, using a radiofrequency glow
discharge of diethylene glycol dimethyl ether (DG) (BDH, 99% purity), without further
purification, to deposit the DGpp thin films. The plasma reactor is composed of a
cylindrical glass chamber (height of 35 cm and diameter of 17 cm), with two capacatively
coupled circular electrodes, spaced 10 cm apart. The top electrode (d = 9.5 cm) was
connected to a RF power supply (125 kHz), while the bottom electrode (diameter = 14
cm) was grounded. Substrates were placed on the lower electrode, and a rotary pump
was used to evacuate the chamber. The DG monomer was degassed three times prior to
deposition, when the DG vapours were fed into the chamber at a starting pressure of 20
Pa, and a continuous RF field was generated between the electrodes for a deposition time
of 60 seconds. The plasma load power was varied for these experiments including
depositions at 5, 10, 20, 30, 40 and 50W.
3.2.4 Monomer flow rate determination
Prior to pp deposition, the flow rate of DG vapours was calculated as a function of
monomer starting pressure. To monitor the pressure change during outflow experiments,
the plasma reactor was prepared as for a pp deposition. The coarse outlet valve was
closed and the fine outlet valve opened. The monomer inlet valve was opened until the
starting monomer pressure had reached 20, 30 and 32.3 Pa, respectively (the latter
pressure being the highest possible using this system and monomer). The monomer inlet
valve was then closed and the pressure recorded over a 90 second time period. The
inflow of the DG vapours was monitored, by closing the fine and coarse outflow valves,
opening the monomer valve to the pre-determined position and measuring the pressure
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increase over 90 seconds. From the inflow data, the flow rate of DG vapour was
calculated, from the following equation1, which is derived from the ideal gas equation:

F = (dp/dt) x 16172(V/T)
Where F = flow rate (cm3 min-1)
p = pressure (mbar)

[1]
V = volume of reactor = 7.4 L
T = temperature = 293 K

t = time (seconds)
3.2.5 Protein Adsorption
Solutions of bovine serum albumin (BSA) and lysozyme (Lys) (1 mg/ml) were prepared
in phosphate buffer saline (PBS) at pH 7.4 and the DGpp films were incubated in the
solutions for 1 hour at room temperature, followed by multiple rinses in Milli-Q water.
As a control, each sample was compared to its equivalent, which had been treated in the
same manner by incubating in PBS without the protein solutions, followed by the same
rinsing routine. An XPS survey analysis was used to detect any nitrogen present (which is
absent on the DGpp), indicating adsorbed proteins on the DGpp. Due to sensitivity errors
that occur in XPS measurements near the instrument detection limit of 0.1-0.5 atomic %,
the detection limit of protein adsorption on a surface is 10 - 25 ng/cm2.
3.2.6 Atomic Force Microscopy
An Asylum Research MFP-3D atomic force microscope (Santa Barbara, CA, USA) was
used to measure film thickness, via step height analysis from tapping mode images
collected with ultrasharp silicon nitride tips (NSC15 noncontact silicon cantilevers,
MikroMasch, Spain). The tips used in this study had a typical force constant of 40 N/m
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and a resonant frequency of 320 kHz. Typical scan settings involved the use of an applied
piezo deflection voltage of 0.8 V at a scan rate of 0.3 Hz.
3.2.7 Grazing Incidence Fourier Transform Infra Red Spectroscopy
Grazing incidence FT-IR spectra were performed on the DGpp films, using a Perkin
Elmer FTIR Spectrophotometer Spectrum 2000, equipped with a SpectraTech FT80
specular reflectance attachment, with a fixed grazing angle of 80°. All spectra were
acquired with 128 scans and an instrument resolution of 8.0 cm-1. To quantify the
relevant functional group ratio, spectra were manually baseline corrected and normalised
to the peak representing CH stretching (at ~ 2928 cm-1)2. The resulting absorbance of the
relevant functional peaks compared.
3.2.8 Contact Angle Goniometry
Static contact angles of Milli-Q water on the DGpp films were measured using the
contact angle measurement system of the KSV CAM 200 (KSV Instrument LTD). The
reported static contact angle is the average taken from triplicate measurements performed
on each sample.
3.2.9 X-ray Photoelectron Spectroscopy
To investigate the chemical composition of the DGpp films, XPS analysis was performed
using an AXIS HSi spectrometer (Kratos Analytical Ltd, Manchester, UK) equipped with
a monochromated Al Kα X-ray source at a power of 144 W (12 mA, 12 kV) and a
hemispherical analyser operating in the fixed analyser transmission mode and a standard
aperture (1 mm x 0.5 mm). Charging of the samples during irradiation was compensated
for by the internal flood gun, coupled with a magnetic immersion lens. The pressure in
the main vacuum chamber during analysis was typically 5 x 10-6 Pa.
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Each sample was analysed at an emission angle of 0º and 75º wrt the surface normal,
providing a depth analysis of approximately the top 10 and 2–3 nm respectively. Survey
spectra were acquired at a pass energy of 320 eV, to identify the elements present in the
DGpp films. The atomic concentrations were calculated using integral peak intensities
and the sensitivity factors supplied by the manufacturer. In addition, high-resolution C 1s
spectra were obtained and quantified using a minimisation algorithm in order to calculate
optimised curvefits and to determine the relative contributions from specified functional
groups.

Five peak components (mixed Guassian/Lorentzian model functions) were used.
Component C1 at the lowest binding energy (BE) was assigned to aliphatic hydrocarbons
(neutral carbon) and the corresponding BE set accordingly to 285 eV.

A second

component, C2 was included at a slightly higher BE to account for all C 1s
photoelectrons that underwent a secondary BE shift. Component C3 (286.3-286.6 eV)
represents C-O based groups (eg ethers and alcohols), C4 (287.9 – 288.2 eV) accounts for
all C=O based functional groups (eg aldehydes and ketones) and C5 (288.9 – 289.3 eV)
accounts for O-C=O based groups (eg acids or esters)
3.2.10 Near Edge X-ray Absorption Fine Structure
Near Edge X-ray Adsorption Fine Structure (NEXAFS) spectroscopy was performed at
the Australian Synchrotron on the soft X-ray beam line (SXR, 14-ID). Samples were
loaded into a UHV chamber, where a vacuum of 2 x 10-8 kPa was maintained. The beam
line is equipped with an Apple II undulator, which was set to produce horizontally
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polarised light that is then passed through a monochromator (Peterson plane grating,
1200 lines mm-1). The photon flux on the beam line was 2.7 x 1011 photons/sec/200 mA,
and the beam spot size on the sample was approximately 0.6 x 0.6 mm. Spectra were
acquired (with the beam at 90° wrt the sample surface) for both the C (270-320 eV) and
O (520 -560 eV) K-edge in partial electron yield (PEY) mode. A retarding potential of 100 eV and -400 eV for the C and O scans respectively was applied to the entrance of the
detector to eliminate any contributions from lower energy electrons. To investigate any
preferred orientation of the surface bound plasma polymer, spectra were also acquired at
45° wrt to the surface for the 5 W uniform films)

Multiple spectra on the same spot retained the same spectral features, indicating that the
films are not subject to radiation damage. To account for contributions to the O 1s and C
1s spectra from internal contamination from the beamline itself, a clean sputtered Au foil
was measured as a reference. Spectra were then normalised according to the method
discussed by Watts et al.3 WinXAS version 2.34 was used to process the NEXAFS
spectra where a background subtraction was performed at the pre-edge and a first order
polynomial normalisation performed at the post-edge.
3.2.11 Cell Attachment Study
Individual sample replicates (three per treatment) were transferred to wells in a 24-well
tissue culture tray and sterilised in a sterile solution of PBS (pH 7.4) containing penicillin
and streptomycin (120 µg/mL and 200 µg/mL, respectively) overnight at 4o C. A single
masked example of each treatment condition and four TCPS control wells were also set
up under the identical conditions.
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To analyse the attachment behaviour of the HeLa cells on the DGpp surfaces, cells were
seeded onto individual samples and TCPS control surfaces at a concentration of 2x105
cells/well in a culture medium composed of DMEM/Hams F12 supplemented with 10%
(v/v) foetal bovine serum (FBS). The relative number of cells attached to the test
surfaces was measured by incubating the cells on two of the three replicates per sample
with the tetrazolium dye MTT for the final four hours of incubation. Viable cells convert
the dye into an insoluble coloured formazan product that was solubilised with DMSO and
the absorbance read on a plate reader at 595 nm. Cell attachment was then calculated by
expressing the respective absorbance as a percentage of that read for cells on the TCPS
control surface after taking into account the respective area differences between the
TCPS control surfaces and the individual sample areas.

Visualisation of cell presence and morphology on the silicon wafers was achieved by
exposing cells from the remaining sample replicate not used for the MTT assay to
CellTracker Green™ (CTG, Molecular Probes, Invitrogen) for the final hour of
incubation. The single masked sample per treatment was also exposed to the CTG
solution. Digital images were taken from UV fluorescence microscopy of the CTG
stained samples (Nikon Eclipse 90i).
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3.3 Results and Discussion
3.3.1 Plasma Polymerisation
Plasma polymerisation has a number of variable parameters that can affect the resulting
chemistry and physical properties of the pp film such as flow rate, plasma load power,
electrode geometry, and temperature, pressure and deposition times.4-7 One in particular
is the ‘Yasuda factor’, or W/FM parameter (where W is the radiofrequency power input,
F is the flow rate and M is the molecular weight of the monomer), and can be defined as
the plasma power input per monomer mass unit.1, 8, 9 A low W/FM value is reported to
result in plasma polymer (pp) films with a high retention of the original monomer
structure, while films deposited under conditions of a high W/FM value result in films
with a more complex chemistry and less like the original monomer structure.1 Before
preparing the DGpp films for experimental analysis, the inflow and outflow pressures of
DG vapours were monitored and flow rate calculated as a function of starting monomer
pressure (where the corresponding position of the monomer control valve had been predetermined to match the three monomer starting pressures) over a 90 second time period.
Figures 3.3.1 and 3.3.2 present the pressure against time plots for the outflow and inflow
of DG vapours respectively measured at three different monomer valve settings
corresponding to starting monomer pressures of 20, 30 and 32.3 Pa. The outflow of the
DG vapours (figure 3.3.1) decreases most significantly over the first 20 seconds, before
steadily declining over the remaining 70 seconds. After the initial 20 to 30 second period
the outflow pressure values were relatively similar irrespective of the initial monomer
starting pressure.
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Figure 3.1 Outflow rates of DEGDME at initial monomer pressures of 20, 30 and 32.3 Pa
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Figure 3.2 Inflow rates of DEGDME at initial monomer pressures of 20, 30 and 32.3 Pa
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The inflow data shows a significant difference in the pressure increase over time when
the monomer flow valve was set to the equivalent of an initial monomer pressure of 20
Pa, compared with 30 and 32.3 Pa, which resulted in similar pressure values over time.
This indicates that at an initial monomer pressure of 20 Pa, the number of species flowing
into and out of the reactor is less than at a starting pressure of 30 Pa or higher. Using the
data obtained from the inflow pressure measurements (figure 3.3.2), flow rates (F=cm3
min-1) of the DG vapours (Figure 3.3.3) were calculated from equation [1], (derived from
the ideal gas equation)1, 8 as a function of starting monomer pressure. The average flow
rate (calculated over a 90 second period) of the DG vapours was shown to be greater
when the monomer starting pressure was 30 and 32.3 Pa (F= 9.74 and 9.07 cm3 sec-1
respectively), compared with 20 Pa (F=7.03 cm3 sec-1). While a higher flow rate is
associated with less time spent between the electrodes and hence a lesser degree of
fragmentation, the DGpp films deposited for this work were done at an initial monomer
pressure of 20 Pa, as previous work performed by our group has identified this parameter
to produce good adherent DGpp films (data unpublished).

To investigate the effect of varying the W/FM parameter on the resulting DGpp film
chemistry the plasma load power was systematically varied during pp deposition from 5
to 50 W, at an initial monomer pressure of 20 Pa. The pressure increase during deposition
was monitored, enabling an observation of the state of equilibrium within the system at
each power.

flow rate (cm3 min-1)

Chapter 3.

74

20
30
32.3

18
16
14
12
10
8
6
4
2
0
0

10

20

30

40

50

60

70

80

90

time (seconds)

Figure 3.3 Flow rates of DEGDME vapour (cm3 sec–1) at initial monomer pressures of 20, 30 and 32.3 Pa

Figure 3.3.4 shows that higher load powers used for deposition of DG vapours results in
an increased pressure range in the system with higher load powers, a maximum of 26.1
Pa for the films deposited at 5W compared to a maximum of 65.6 Pa when DG was
deposited at the highest power used for this study, 50 W. An estimation of the average
number of scissions per monomer unit can be related to pressure range in the reactor
during pp deposition, by the following equation 1:

(Pmax/Pinitial) – 1 = average number of scissions per monomer unit

[2]

Pressure (Pa)
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Figure 3.4 Reactor pressure as a function of RF power (W) and time.

Using equation [2], it was calculated that the average number of scissions during a 5W
DGpp deposition (0.3 scissions) was approximately 7 times less than during a 50 W
DGpp deposition (2.3 scissions). The implications of these results are consistent with
Bretagnol et al.

10

, who reported that increasing the load power during deposition of

PEO-like coatings resulted in more fragmentation of the monomer, and therefore,
resulted in films with less PEO-like character.

Observation of the pressure vs. time plot (Figure 3.3.4), indicated that conditions in the
plasma reactor reached equilibrium around the 25-30 second time point across all powers,
and the rate of monomer inflow and outflow was equivalent to the rate of deposition.
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3.3.2 Film Thickness and Wettability
To analyse the resulting chemical and physical properties of the DGpp films deposited at
varied load power, a number of complimentary techniques were used, including AFM to
analyse film thickness, contact angle goniometry to analyse film wettability and XPS,
FTIR and NEXAFS to analyse the resulting film chemistries. The thickness of the DGpp
films increased with higher deposition powers (Table 3.3.1) ranging from 21.2 nm
thickness of DGpp film deposited under a load power of 5 W, to 92.8nm from the 50W
DGpp film. The film wettability of the DGpp films (Table 3.3.1), measured from the
static contact angles using MilliQ water, decreased only slightly in films deposited under
higher load powers, ranging from 59° to 64°, similar to those reported by Cheng et al. on
diglyme plasma polymerised surfaces.11

The slight increase in contact angle seen in

higher powered films is associated with a loss of PEG-like character and the film
becoming more carbon like. The wettability of a film is reported to affect the interactions
between the surface and proteins,12 where a higher level of oxygen functionality is
reported to increase the wettability of a film.5, 13

Table 3.1 Film thickness and static contact angles of DG films deposited for 60 seconds

DGpp Load Power
(W)
5
10
20
30
40
50

Film thickness
(nm)
21.2
49.6
65.4
81.9
85.0
92.8

Static contact
angle (°) ± SD
59.0 ± 1.8
61.5 ± 0.2
60.0 ±1.4
63.0 ±0.3
63.5 ±0.3
64.0 ± 0.6
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3.3.3 Film Chemistry
3.3.3.1 Grazing incidence FTIR
Analysis of the bulk chemistry of the DGpp films deposited at the varied load power was
performed using grazing incidence FTIR.

The overlayed spectra for each film is

presented in Figure 3.3.5A showing the presence of three main functional groups
including the stretching vibrations of COC (ethers) from ca. 1050-1200 cm-1, carbonyls
(C=O) at 1690-1780 cm-1 and hydrocarbon (CH2CH2, CH3) from ~2850-3000 cm-1.
There is also an absorption in the spectra in the higher IR absorption region around 32003600 cm-1, most likely attributed to the presence of –OH groups representing the presence
of hydroxyl, carboxylic acid and water groups. However, due to the noisy nature of the
spectra in this region, acquired on the bench top FTIR on these very thin films, the
hydroxyl peaks have not been quantified for this discussion. It is worth noting, however,
that hydroxyl contributions of DGpp film chemistry are very low compared to the
presence of the other functionalities. Another point of interest to note from the FTIR
spectra is the absence of an alkene stretch (~1621 cm-1), indicating that no detectable
concentration of C=C bonds was observed using the gi-FTIR technique. The absence of
the alkene stretch absorption from FTIR analysis has also recently been reported by
Cheng et al.11 in an FTIR study of pulsed plasma deposited bulk chemical DGpp thin
films. A comparison of the integrated areas of the COC and C=O functionalities plotted
as a ratio to that of the hydrocarbon content for the DGpp films deposited at different
load powers is presented in Figure 3.3.5B. In accordance with results reported by other
researchers analysing DGpp films10, 11, results from the FTIR data show that when the
DGpp deposition occurs under lower load power, the chemistry of the resulting films
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remains more like the original monomer structure. The ether content was shown to be
highest in films deposited at 5 W, systematically decreasing (in relation to the
hydrocarbon content) as the load power was increased. In contrast, the carbonyl content
was lowest in the lower powered DGpp films, systematically increasing in content in
films deposited at higher load powers.
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Figure 3.5 A: Overlay of FTIR spectra of DGpp films, with normalised absorbance units
B: Plot of the ratio of the integrated ether and carbonyl areas, to hydrocarbon
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3.3.3.2 XPS
While FTIR analysis considers the bulk chemistry of the films, XPS enables analysis of
the surface chemistry, which is the interface region that most dictates material-biological
interactions. In general, it is agreed that XPS in normal emission mode (ie 90° wrt the
surface considers the top 10 nm of the film, while changing the angle of incidence of the
X-ray to 45° wrt the surface enables analysis of the top ca. 3-4 nm of the film. Therefore,
to gain a greater understanding of the films chemistries and their resulting effect on
protein and cell interactions, a depth profiling XPS analysis of the DGpp films for this
study has been performed at both normal and grazing angle emission.

Analysis of the elemental content of the DGpp films was conducted via XPS survey
scans, which detected the presence of both carbon and oxygen. It is well reported in the
analysis of PEG-like films that a higher O:C ratio is indicative of a film retaining more
PEG-like qualities.10, 14 As such, the ratio of oxygen to carbon (O/C) in the DGpp films
are plotted in Figures 3.3.6 A and B at both normal and grazing angle emission,
respectively (for both air and pre- PBS exposed films), and decreases in films deposited
at higher load powers. This indicates that the DGpp films have a higher oxygen content
when they are deposited under lower load powers which is consistent with previous
literature reports on DG-based plasma polymerised films.15, 16 Comparison of the O/C
ratio from films analysed both dry and after incubation in PBS showed oxygen levels
decreased following water exposure. This could be attributed to such events as a loss of
material, chemical reactions17, or again even surface contamination.

Furthermore,

comparison of the normal and grazing angle emission O:C data (Figures 3.3.6 A and B,
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respectively) suggests that the bulk of these films are more highly oxygenated than the
surface, with higher O/C ratios detected at normal emission XPS.
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Figure 3.6 A: O/C ratio from normal emission XPS elemental analysis of DGpp
B: O/C ratio from grazing angle XPS elemental analysis of DGpp
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While the oxygen content measured from the survey spectra considers all oxygenated
species present, within the depth of the analysis, it does not however provide information
on the type of oxygenated functionality present. It is well reported in the literature that a
high retention of ether groups within PEG-like films is associated with its ability to resist
non-specific protein adsorption.4,

16

Therefore, to identify the types of oxygenated

species present in the DGpp films and measure their relative amounts, high resolution C
1s XPS analysis was performed on each of the DGpp films deposited at varied load
power, both dry and after incubation in PBS.

The C 1s curves were fitted into 4

components including CC;CH, COR, C=O and O-C=O species, and their relative
contributions to the DGpp films quantified (C 1s curves presented in Figures 3.3.7 A and
B, with the bottom 5 W spectra both show the fitted C 1s components). While it is
important to note that the COR component of the C 1s XPS could be attributed from both
ether and alcohol species, FT-IR analysis showed very low contributions of OH groups
(Fig. 3.3.5A). In addition large contributions from aliphatic ether groups at 1122 cm-1 are
observed and therefore it may be assumed that a large proportion of the COR component
from the C 1s XPS is due to the ether functionality. The C=O component may be
attributed to aldehydes and ketone functionalities.

The most obvious information to be extracted from observation of the XPS C 1s curves
of the DGpp films deposited from 5 to 50 W, is the decrease in the COR component and
subsequent increase in hydrocarbon species, as depicted in Figures 3.3.8.

When

comparing the spectra of the DGpp films deposited at each power attained from their dry
state to those that had been previously incubated in PBS, once again the trend of loss of
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monomer like ether content and subsequent increase in hydrocarbon content is apparent,
between samples deposited at the same load power.

A

B

Figure 3.7 XPS C 1s curve fit for 5 (bottom spectra) to 50 W (top spectra) DGpp’s (dry; left spectra) and
after immersion in PBS (wet; right spectra)

Comparison of the COR/CH ratios (Figure 3.3.8) from the C 1s XPS spectra of the DGpp
films shows a significant decrease in the COR content when the rate of monomer
fragmentation within the plasma reactor was greater during deposition (at higher load
powers). There was also a slight decrease in C=O and O-C=O species within the DGpp
films deposited under higher load powers, relative to the CH component (Figure 3.3.8).
This decrease in functionality was apparent both at normal and grazing angle emission
(data not shown), indicating that it is the hydrocarbon content of the films increasing in
the films when higher deposition powers are used. Furthermore, when comparing the
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COR:CH ratio of the DGpp films attained at normal compared to grazing emission XPS
(Figure 3.3.8 A and B respectively), it can be seen that the top surface (ie 3-4 nm) of the
5 and 10 W DGpp contains less ether functionality, than the top ca. 10 nm of the films,
most apparent in the 5 W films, however this effect is not apparent in films deposited at
20W and higher. This finding could potentially relate to the higher stability of films, and
lower amounts of lower molecular weight oligomers deposited at the surface of films
when higher load powers are employed.

The differences in the percentage of the CC;CH and COR C1s components from the C 1s
curves once after the film had been incubated in PBS (compared to those only exposed to
air) has been plotted and is presented in Figure 3.3.9. This change in film chemistry
following PBS incubation may be attributed to a loss of material such as short chain
oligomers at the surface, however chemical reactions (such as reactions with trapped
radicals or oxidation), and surface contamination cannot be ruled out. More importantly
this data provides an insight into the relative stability of DGpp films deposited at the
varying load power and indicates that DGpp films deposited at 20 W remain the most
stable, while the film deposited at 10 W showed the greatest change in chemistry.

Bretagnol et al.

10

analysed the stability of PEG-like pp films by immersing them in

water, then re-analysing their chemical composition using XPS, as well as re-measuring
their refractive index. They reported no significant atomic loss or addition, with the
elemental composition remaining the same (within 5%), however a change in the
refractive index of the films was observed, indicating a change in film chemistry.
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Figure 3. 8 C1s component/CH ratios of DGpp films from C 1s normal (A) grazing angle (B) emission
XPS analysis
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Figure 3.9 The change in COR and CC;CH species from DGpp films exposed to air, compared to those
previously incubated in PBS prior to XPS analysis

3.3.3.3 NEXAFS
To further analyse the chemistry across the DGpp films, and detect any the orientation of
terminal chains across the DGpp gradients, a C and O K-edge PEY NEXAFS
spectroscopy study was performed on DGpp films deposited at 5 and 50 W load power.
Analysis of the C 1s spectra revealed four main resonance feature (Figure 3.3.10A)
including C 1s → π* (C=O) excitation at ~285.7 eV (a), C 1s → σ* (C-H) at ~ 287.3 eV (b),
C 1s → σ* (C-O) at ~ 289.9 eV (c) and a broader C 1s → σ* (C-C;C-O) feature at ~ 294.4 eV
(d) . Due to the multiphoton resonance absorptions and the broader nature of the higher
energy σ-bonded species, only the two lower energy features (C=O π* and C-H σ*) will
be compared and discussed.

A comparison of the two C 1s spectra indicate, in

accordance with the FTIR and XPS data, that films deposited at higher load power have a
higher amount of hydrocarbon and unsaturated (C=O) species. This finding is also
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consistent with information reported by Swaraj et al.

18

, who analysed pulsed-plasma

deposited ethylene samples using NEXAFS and reported that films deposited under
higher load powers contained higher levels of unsaturation.

Figure 3.10 C and O K-edge (A and B respectively) NEXAFS spectra of DGpp films deposited at 5 and 50
W load powers. The peaks for the carbon 1s spectra are a: C=O π*, b: C-H σ *, c: C-O σ* and d: C-C;C-O
σ*. For the Oxygen 1s spectra peaks are represented by a and a’: C=O π* and b: C-O σ*.

The O 1s K-edge spectra (Figure 3.3.10B) for the 5 and 50 W DGpp films showed two
main resonance features; firstly, the O 1s → π*

(C=O),

an unresolved doublet peak with

two components at ~ 533.4 and 534.1 eV (a and a’, believed to be attributed to carbonyl
and terminal aldehyde species, respectively) and secondly the O 1s → σ* (C-O) transition
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at ~540.8 eV (b). Analysis of the O 1s spectra support the findings from the C 1s spectra,
again showing a higher level of unsaturation in films deposited at higher deposition load
powers, with the a higher PEY signal for the C=O π* resonance in the 50 W compared to
the 5 W DGpp. As with the C 1s, the higher energy σ* (C-O) resonances were not suitable
for quantification of the relative concentrations of C-O bonded species due to the broad
nature of the peaks and contributions from multiphoton resonance absorptions.

The use of NEXAFS as a tool for the analysis of plasma polymers19-22 and PEG-like films
is in its infancy. Zwahlen et al.

23

reported a C and O K-edge NEXAFS analysis of

oligo(ethylene glycol) (OEG) terminated alkanethiol SAMs on gold and their reported
peak assignments are consistent with those reported in Figures 3.3.10. They investigated
the degree of order in OEG-SAMs films made from different length oligomers and found
that only shorter length oligomers showed a weak angular dependence. Due to the
fragmentation, polymerisation and cross-linking processes that occur during plasma
polymerisation, both the C 1s and O 1s NEXAFS spectra obtained for the DGpp
gradients have the additional C=O π* resonance features when compared to OEG SAMs.
A number of researchers have used NEXAFS spectroscopy as part of a combinatorial
approach to the analysis of surface gradients by mapping the surface chemistry as well as
varying the polarisation of the light source, in order to detect any preferred orientation of
surface bound materials.24, 25 We performed similar experiments to test for any possible
orientation of polymer chains in the DGpp film gradients analysing C and O K-edge
NEXAFS spectra using both horizontally and vertically polarised light. No difference
was seen in spectra obtained from horizontally or vertically polarised light, indicating no
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preferred orientation of the pp film chains, presumably due to the amorphous and crosslinked nature of the plasma polymer (dry) films in vacuum when analysed.
3.3.3 Protein Adsorption Studies
To analyse the ability of the DGpp films to resist non-specific protein adsorption, films
were incubated in solutions of bovine serum albumin (BSA) and Lysozyme (Lys) (1
mg/mL in PBS, pH 7.4).

The absence of elemental nitrogen in the DGpp films

(confirmed by use of a control), allows the use of XPS elemental survey analysis to
investigate protein adsorption on these films. Results presented in Figure 3.3.11 indicate
that DGpp films deposited under lower load powers adsorbed less protein than those
deposited under higher load powers, which correlate with film chemistry, most obviously
the retention of a higher residual ether content. The 5 W DGpp film adsorbed very low
levels of both Lys and BSA (less than 1 %), with a systematic increase in protein
adsorption in correlation with the films deposition load power, increasing up to ~9 % for
the Lys on the 50 W DGpp. Higher nitrogen contributions were detected on all DGpp
films exposed to Lys compared with BSA, suggesting that Lys had a greater propensity to
adsorb onto the DGpp films than BSA. From previous streaming potential measurements
performed on similar DGpp films by our group,26 it was found that the surface of the
DGpp films possessed a slight negative charged, which would result in greater
electrostatic interactions between the positively charged Lys (pI = 11) at pH 7.4. While
BSA residues also contain positively charged domains, it has an overall neutral charge
which may explain why lysozyme adsorbed more onto the DGpp films than the BSA
proteins.
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Figure 3.11 Protein adsorption of DGpp films as measured by N content from XPS elemental analysis,
indicating lower powered DGpp films adsorb less BSA and lysozyme

The correlation between higher levels of protein resistance exhibited by PEG-like pp and
the residual ether content has been previously reported and well discussed within the
literature.

10, 27

For example, Bretagnol et al.

28

used pulsed plasma polymerisation of a

mixture of DEGDME vapours (15%) and argon to deposit PEG-like thin films at a load
power of 1, 5 and 15 W.

Quartz crystal microbalance with dissipation (QCM-d)

monitoring was used to quantify the adsorption of BSA (50 μg/mL) on the DGpp films,
which ranged from 0.02 to 0.14 μg/cm-2 respectively. They concluded that the load
power used during pp deposition affected the films ability to resist protein adsorption due
to its effect on monomer fragmentation and the residual PEO-character. Coatings that
retained 40% of their PEO character (deposited at 15W) resulted in a 75% reduction of
BSA adsorption compared with the control (AT-cut 5 MHz quartz covered with SiO2).
They further noted that there was little difference in protein adsorption between the
DGpp films deposited at 1 and 5W, which retained 70% and 55% PEO character

Chapter 3.
respectively.

90
DGpp films (used in this study) deposited at a load power of 5W using

continuous wave pp retained 70% of their PEO character.

3.2.4 Cell adhesion studies
Anti-fouling surfaces are critical for the ongoing development of biocompatible
biomedical devices and implants as well in the production of micro-patterned surfaces for
the enhancement of fundamental cell based research29 discussed is greater detail in
chapter 6 of this thesis.

The interaction between a surface and a cell, cellular

proliferation and the body’s inflammatory response are highly dictated by initial protein
adsorption.30 As such, the ability to create surfaces with specific cell attachment or cell
repulsive areas is particularly attractive from a research perspective. Consequently, the
attachment response of the anchorage dependent HeLa cell line on the DGpp films
deposited at varied load powers was analysed. Results of the cell attachment study are
presented in Table 3.3.3 and Figure 3.3.12. Very few cells attached to the 5 W DGpp,
with 28% growth detected compared to that on the polystyrene tissue culture control
surface (100%). Those cells that did attach displayed a rounded morphology and were
often clumped together. It was also noted that the cell growth measured/observed on the
5W DGpp film (Figure 3.3.12) might have attached to an area of exposed Si, due to the
fact that a very small number of cells can be seen growing on the 5W surface when
compared to the entity of the 500 x 500 um image presented in Figure 3.2.12A. This may
have resulted from a blemish or scratch in the film, rather than cell attachment on the
DGpp film itself. The attachment and growth of HeLa cells on the DGpp films deposited
at a power of 20W and 50W showed no significant difference in the level of cell
attachment (80% and 65%, respectively) (t-test, p = 0.0816), however showed an obvious
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increase in the density of cell attachment. HeLa cells attached well to these surfaces and
also showed signs of spreading Table 3.3.3 and Figure 3.3.13 (labelled 20 and 50 W).

Table 3.3.3 Percent HeLa cell attachment on DGpp films compared to TCPS (100%)

Sample
Control (TCPS)

Attachment (%)
100

SD
5.7

5W DGpp

28

7.6

20W DGpp

80

6.3

50W DGpp

65

6.6

The attachment of HeLa cells correlates with the residual ether content and wettability of
the films, as seen with the protein adsorption on the DGpp films. Furthermore, as the cell
attachment studies were performed in the presence of serum proteins, it is possible that
cell attachment on these surfaces is mediated or influenced by the serum proteins. PEGlike materials have been reported for their use in biomaterials to control cell attachment
and have been prepared by a number of methods including physical adsorption, graft
polymerisation,31,32 chemical and photo-induced coupling as well as plasma
polymerisation.10,

16

Very little has been reported, however on the fabrication of cell

repulsive surfaces via the use of continuous wave RFGD plasma polymerisation.
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A

B

Figure 3.12 A; HeLa cell attachment on DGpp films, B; HeLa cell attachment on 5W DGpp film (nonmasked area) compared to a pre-masked area (Si surface)

3.3 Conclusions
PEG-like thin films of systematically varied chemistry were prepared using continuous
wave rfgd pp of DEGDME vapours. By analysing the films using XPS, FTIR and
NEXAFS, it was shown that films deposited under higher load powers retained less of
their PEG-like character, with the ether content ranging from 70% in the 5 W DGpp film
to 34% in the 50 W DGpp. Films were also shown to be more unsaturated and contain
more hydrocarbons when the rate of fragmentation was greater during pp deposition. An
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AFM step height analysis showed the film thickness to increase with higher deposition
powers and static contact angles increased slightly in films deposited at higher load
power indicating a small decrease in wettability of the films.

The ability of the films to resist the adsorption of lysozyme and BSA was analysed and
correlated with the ether content of the films. The higher nitrogen content measured on
the DGpp films after exposure to lysozyme (compared to BSA) was attributed to higher
electrostatic interactions between the positively charged lysozyme and the negative
charges on the DGpp surfaces (as seen from previous streaming potential measurements
on similar DGpp films). The ether content was also attributed to the attachment response
of HeLa cells on the DGpp films. The 5W DGpp film surface appears inhibitory to HeLa
cell attachment after 24 hours incubation in the presence of serum, while DGpp films
prepared at load powers of 20 and 50 W were very supportive of HeLa cell attachment
where cells showed signs of attachment and spreading, rather than the clumped rounded
cells observed on the 5 W DGpp.33
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4.1 Abstract
Plasma enhanced chemical vapor deposited films of di(ethyleneglycol) dimethyl ether
were analysed by a combination of XPS, AFM, QCM-D, X-ray and neutron
reflectometry. The combination of these techniques enabled a systematic study of the
impact of plasma deposition conditions upon resulting film chemistry (Empirical
formula), mass densities, structure and water solvation which has been correlated with the
films’ efficacy against protein fouling. All films were shown to contain substantially less
hydrogen than the original monomer and absorb a vast amount of water, which correlated
with their mass density profiles. A proportion of the plasma polymer hydrogen atoms
were shown to be exchangeable, while QCM-D measurements were inaccurate in
detecting associated water in lower power films that contained loosely bound material.
The higher protein resistance of the films deposited at a low load power was attributed to
its greater chemical and structural similarity to that of PEG graft surfaces. These studies
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demonstrate the utility of using X–ray and neutron reflectometry analysis techniques in
furthering the understanding of the chemistry of these films and their interaction with
water and proteins.
Keywords: reflectometry, plasma polymer, composition, mass density

4.2 Introduction
The study of plasma polymer coatings that could potentially be used in biomedical
devices is an area of increasing research interest.1-5 One of the most common classes of
thin film treatments employed in biomaterial devices is that of ‘low fouling’ or ‘stealth’
coatings.6 These coatings need to be able to resist or inhibit protein adsorption within the
body. In the biomedical materials field the most common surface coating used to render a
material resistant against protein fouling is through the use of poly(ethylene oxide)
(PEO), also known as poly(ethylene glycol) (PEG).7 PEG polymers have a number of
properties which have been implicated in their low-fouling nature. ‘Steric repulsion’ and
the effect of the ‘water barrier’ resulting from the structuring of water in the near
environment of the PEG chains are two of the most commonly described theories in the
literature.8-10 To date the largest effort in the plasma polymer field to produce PEG-like
films has been through the use of monomers containing ethylene oxide units, typically
glycol diethers, which are also commonly known as the ‘glyme’ family of monomers.11
Within this class of molecules, the preferred thin film deposition technique utilized has
involved the use of pulsed plasmas with the monomer tetraethylene glycol dimethyl ether
or ‘tetraglyme’.11-13 Lopez and Ratner et al.11 first described the use of ‘glyme’
monomers to deposit low protein fouling plasma polymer surfaces. It is believed that the
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molecular structure of PEG-like plasma polymer films consists of randomly cross-linked
methyl-terminated ethylene oxide chains. By controlling the plasma power during
deposition, the ether content of PEG plasma polymer films can be controlled to an extent.
Previous studies have shown that plasma polymer PEG-like films produced with
monomers consisting of two or more ethylene oxide units can exhibit low fouling
properties while monomers with one ethylene oxide unit do not.14 Recent studies by
Johnston et al.15 have found that films produced from higher molecular weight precursors
retain longer fragments of intact monomer. Protein adsorption results suggested that in
general, protein resistance improves as the number of ethylene oxide units in the
monomer precursor increases.
During the plasma deposition process an activated monomer introduced in the gas phase
under vacuum undergoes fragmentation, excitation and ionisation. These fragments
rearrange and react to form a cross-linked polymer matrix. The physico-chemical
properties of a plasma polymer deposited from a specific monomer may be quite different
to those of a conventional polymer. For example, the hydrogen content of plasma
polymer films is low in comparison to the polymer of the corresponding monomer due to
considerable cross-linking.16 It is therefore highly unlikely that low fouling plasma
polymer films produced via the plasma polymerization of ‘glyme’ monomers will exactly
reproduce the polymer surface chemistry generated from the more commonly used PEG
polymer graft surfaces.9,

17-19

Plasma polymer chemistries generated from a particular

monomer may vary substantially depending on the operational conditions used (reactor
geometry, monomer flow rate, pressure, mode and strength of power delivery and
frequency).20
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A number of surface characterization techniques have been used to investigate the
physical and chemical properties of PEG-like plasma polymer films to aid in elucidating
their surface properties. Techniques such as X-ray Photoelectron Spectroscopy (XPS),
Fourier Transform Infra Red Spectroscopy (FTIR), Raman spectroscopy and mass
spectrometry methods (e.g. TOF-SIMS), are typically used to deduce the amount of
residual ether groups in these plasma polymerized surfaces. However, no report on the
full chemical composition (including hydrogen) of these ‘glyme’ plasma polymer films
and their solvation in water has been reported to the best of our knowledge. Conventional
surface characterisation techniques that are commonly employed in the field do not
quantify the amount of hydrogen remaining in plasma polymer films after plasma
polymer deposition. Reflectometry techniques are now becoming increasingly important
in the characterization of these nano-scale interfaces.21-24 X-ray reflectometry (XRR) is
ideally suited to the study of the internal properties of layered film structures on surfaces,
yielding data on sub-surface structure and material properties. The use of Neutron
Reflectometry (NR) in combination with XPS and XRR allows the full chemical
composition of plasma deposited films to be determined.
In this work, we have performed a systematic study of the impact of plasma deposition
conditions upon resulting film chemistry, structure and water solvation which has been
correlated with the films’ efficacy against protein fouling. The combination of analysis
techniques has provided a powerful toolbox for further examination of the specific
chemical composition of these plasma polymer films, including hydrogen. Such detailed
structure-property correlations may enable a more sophisticated approach to the design of
protein resistant plasma polymer films. Specifically, the surface chemistry of the plasma
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polymer coatings was characterised by XPS with surface morphology being characterised
by AFM. A combination of XPS data with XRR and NR measurements on the plasma
polymer film versus air enabled the stoichiometric composition and mass densities of the
films to be obtained. Examination of the same films in an aqueous environment using NR
and quartz crystal microbalance with dissipation monitoring (QCM-D) highlighted the
degree to which the films absorb water. These measurements also showed a substantial
exchange of hydrogen atoms between the film and solution, indicating that a large
number of hydrogen atoms within the film are labile. Protein adsorption and water uptake
studies were performed using (QCM-D) measurements and a correlation between the
stoichiometric composition of the films (as calculated from reflectivity measurements)
and the level of protein adsorption and water uptake were made. These studies
demonstrate the utility of using XRR and NR analysis techniques in furthering the
understanding of the chemistry of these films and their interaction

4.3 Materials and Methods
4.3.1 Substrates
Ultra–flat single crystal, silicon wafers (<111>, 10 cm diameter, 1 cm thick, Silrec
Corporation, San Jose and <100>, 1 cm2 x 0.5 mm thick, from M.M.R.C Pty Ltd,
Melbourne, Australia) were used as substrates for the deposition of plasma polymer thin
films. Smaller wafers (1 cm2 x 0.05 cm thick) were used as substrates for AFM and XPS
characterisation.

Plasma deposition on the large and small wafers was performed

simultaneously. Prior to plasma deposition, the wafers were rinsed with ethanol and
cleaned in aqua regia (3:1 HCl:HNO3) for an hour to remove any inorganic contaminants.
The wafers were further treated with piranha solution (20 % H2SO4 in concentrated
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H2O2) for three hours to remove residual organic contaminants. The wafers were
thoroughly rinsed with Milli-Q water and blown dry with nitrogen gas after each step.
This procedure did not introduce any measurable roughening of the surface as assessed
by AFM (data not shown). The cleaning protocol produces a hydrophilic surface.
4.3.2 Plasma Polymer Deposition
Plasma polymerisation of di(ethyleneglycol) dimethyl ether (DG, 99 %, BDH) was
carried out in a custom-built reactor described elsewhere.25 Briefly, a cylindrical reactor
chamber is used, with a height of 35 cm and a diameter of 17 cm. Within this chamber sit
two circular electrodes (10.3 cm diameter), spaced 15 cm apart. Samples were placed on
the lower grounded electrode and a continuous radiofrequency pulse was generated at the
upper electrode. The monomer vapours were supplied to the reactor chamber from the
liquid monomer contained in a round-bottom flask via a stainless steel line and a manual
valve for fine control of the flow. The DG monomer flasks were kept on ice and in
ambient air, respectively, during the experiments. The monomer liquid was degassed
before plasma deposition.

The plasma deposition of DG was performed using a frequency of 200 kHz, load powers
of 10, 20 and 50 W and an initial monomer pressure of 20 Pa for a treatment time of 35,
20 and 10 seconds respectively in order to produce films of appropriate thicknesses for
reflectivity measurements. The final monomer pressures for the 10, 20 and 50 W plasma
depositions were 33, 42 and 60 Pa respectively. After deposition, the reactor was
immediately pumped down to base pressure before venting. The samples were stored in
clean tissue culture grade petri dishes under ambient conditions until further analysis.
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4.3.3 Atomic Force Microscopy
An Asylum Research MFP-3D atomic force microscope (Santa Barbara, CA, USA) was
used to measure surface topography and roughness in tapping mode with ultrasharp
silicon nitride tips (NSC15 noncontact silicon cantilevers, MikroMasch, Spain). The tips
used in this study had a typical force constant of 40 N/m and a resonant frequency of 320
kHz. Typical scan settings involved the use of an applied piezo deflection voltage of 0.8
V at a scan rate of 0.3 Hz.
4.3.4 X-ray Photoelectron Spectroscopy
To investigate the chemical composition of the plasma polymer coatings X-ray
photoelectron spectroscopy (XPS) was employed. XPS analysis was performed using an
AXIS HSi spectrometer (Kratos Analytical Ltd.), equipped with a monochromated Al-Kα
source at a power of 144 W (12 mA, 12 kV). Charging of the samples during irradiation
was compensated by the internal flood gun. The pressure in the main vacuum chamber
during analysis was typically 5 x 10-6 Pa. Spectra were recorded with the photoelectron
detection normal to the sample surface. All elements present were identified from survey
spectra (acquired at a pass energy of 320 eV). High resolution spectra were recorded
from individual peaks (C 1s, O 1s) at 40 eV pass energy (yielding a typical peak width
for polymers of 1.0 – 1.1 eV). The atomic concentrations of the detected elements were
calculated using integral peak intensities and the sensitivity factors supplied by the
manufacturer. High resolution C 1s spectra were quantified using a minimisation
algorithm in order to calculate optimised curvefits and thus determine the contributions
from specific functional groups. Five peak components (mixed Gaussian/Lorentzian
model functions) were used. Component C1 at the lowest binding energy (BE) was
assumed to represent aliphatic hydrocarbons (“neutral” carbon) and the corresponding BE
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set accordingly to 285.0 eV. A second component at a slightly higher BE was included to
account for all C 1s photoelectrons that underwent a secondary BE shift. Component C3
at 286.3 – 286.6 eV represents C-O based groups (ethers and alcohols), C4 at 287.9 –
288.2 eV accounts for all C=O and O-C-O based groups (e.g. carbonyls, amides) and C5
at 288.9 – 289.3 eV represents O-C=O based groups (e.g. acids or esters). It is important
to note that XPS does not detect light elements such as hydrogen and helium.
4.3.5 Contact angle measurements
Water contact angles were determined using a Dataphysics OCA20 goniometer, a photo
of the drop was digitised and the profile fitted to the equation of Young and Laplace.26
Once the drop profile had been determined, the contact angle was calculated from the
intersection of the theoretical profile with the baseline. The contact angles presented are
the mean of three separate measurements on different regions of the same plasma
polymer sample.
4.3.6 Quartz crystal microbalance measurements
Real time monitoring of protein adsorption was performed at 25° C using a quartz crystal
microbalance equipped with dissipation monitoring (QCM-D, Q-Sense, Gothenburg,
Sweden). Shifts of the oscillating frequency (Df) were detected and plotted in real time
using the resonance frequency at 5 MHz and the third, and fifth harmonic. DGpp films
were deposited on gold 5 MHz quartz crystal chips. The chips were cleaned prior to
DGpp film deposition by immersion in a piranha solution (sulphuric acid, hydrogen
peroxide and MilliQ water (1:1:5 volume ratio)) and heated to 70° C for 5 minutes. The
crystals were then thoroughly rinsed with MilliQ water before being dried with a high
pressure stream of purified nitrogen. The DGpp coated chips were first hydrated in the
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QCM-D over a 19 hour period in phosphate-buffered saline (PBS) (flow rate of 10
uL/min) in order to obtain a stable baseline prior to introduction of the protein. Bovine
serum albumin (BSA, Sigma Aldrich) solution in PBS (1 mg/mL, pH = 7.45) was then
flowed through the measuring chamber in contact with the DGpp coated crystal for 60
minutes, before re-flowing PBS over the DGpp coated crystals to wash away any loosely
adsorbed protein. The frequency shift (Df) of the quartz crystal was converted into mass
change (Dm) on the electrode surface, calculated using the Sauerbrey equation (Equation
1, mass sensitivity: 5 ng/cm2) were

C = 17.7 ng Hz-1 cm-2 for a 5 MHz quartz crystal

and the overtone number, n, is equal to 1, 3, 5, 7. This equation enables an approximate
calculation of the amount of protein adsorbed after rinsing.
Δm = −

C Δf

η

[Equation 1]

4.3.7 Reflectometry Measurements
XRR data were collected using a Panalytical X’Pert Pro instrument (λ = 1.5406 ˚A). The
specular X-ray reflectivity, R, (the ratio between the reflected and the incident intensity)
was measured over the Q-range 0.01 A−1 < Q < 0.4 A−1, where Q = 4πsinθ/λ is the
momentum transfer and θ is the angle of incidence/reflection. NR data was collected on
the NIST NG7 vertical scattering plane reflectometer over the Q range 0.007 Å-1 < Q <
0.15Å-1. The data was analysed using least squares (differential evolution) in the Motofit
program, weighting data on a logarithmic scale and using the instrumental resolution
functions. An initial attempt to model the film with a single layer of uniform scattering
length density (SLD) indicated that the films were not of a homogenous
composition/density perpendicular to the interface (SLD being dependent on mass
density and chemical composition). Therefore each film was modeled as a composite of

Chapter 4.

109

up to 12 layers, with each layer having the same thickness but differing in SLD. For NR
datasets an additional native oxide layer was utilized (although this is sometimes hard to
resolve). Normally the use of so many layers creates a jagged SLD profile due to over
parameterisation of the system. However, in circumstances where the SLD gradient is
roughly known it is possible to smooth such a profile by taking the arithmetic mean of the
parameters obtained by fitting the data repeatedly. By using the SLD values from the
XRR and NR measurements in tandem it is possible to determine both the mass density
and hydrogen content of each of the sublayers, if one assumes that the atomic
compositions from the XPS measurements are constant through the film.24

The 20W and 50W films were also measured against aqueous solution using NR, with the
neutron beam reflecting from the film/water surface. Three different solvents (‘contrasts’)
were used for the 20 and 50W films, H2O, D2O and a mix of H2O/D2O (with an SLD of
3.3×10-6 Å-2) Changing the deuteration level of the solution changes the refractive index
of the water and therefore the scattering contrast of the system. An analysis identical to
that carried out on the dry films was performed. By using the average SLD of the dry
film, and the SLD of the films in water, the amount of absorbed water can be quantified,
as well as the exchange of H atoms from within the film with those of the solvent. For
such an analysis two water contrasts are required.

4.4 Results and Discussion
4.4.1 Characterisation of the films using Atomic Force Microscopy (AFM)
The surface topography and roughness of the deposited plasma polymer films were
determined by AFM in air. Figure 4.1 shows tapping mode height and phase contrast
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images of the films in air. The images illustrate the flat, smooth and defect-free nature of
these films which makes them ideal for studies using reflectivity measurements. Analysis
of the images reveals that all of the films were very smooth (RMS values between 0.45
and 0.57 nm). The size of the topographical height variations in the X and Y dimensions
are in the order 20-50 nm. The film deposited at 10 W displayed minimal phase contrast
with the 20 W being intermediate between the high and low power films.

Figure 4.1 AFM tapping mode height images (left) and phase contrast images (right) of the DGpp films
produced at load powers of 10, 20 and 50 W, scan size 5 um, z height range 5 nm, phase scale 7º.

The static water contact angles of the three films produced at 10, 20 and 50 W were
measured immediately after deposition of each film, and were found to be very similar at
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65º ± 2º, 60º ± 4º and 66º ± 4º respectively. The contact angles observed for these films
compares similarly to the values reported in a recent study of di(ethyleneglycol) dimethyl
ether plasma polymer films deposited on silicon at plasma load powers of 10 and 20 W
by Cheng et al.27
4.4.2 Film stability, water uptake and protein resistant properties of the DGpp films
characterised by QCM-D
The protein resistant nature of the three films was evaluated against bovine serum
albumin (BSA) using QCM-D. Initially the films were pre-equilibrated in a flow of PBS
for 1000 minutes to allow them to fully hydrate and remove any loosely bound, low
molecular weight material before incubation with protein (1mg/ml at pH 7.4). Figure
4.2A shows the QCM-D frequency responses of the films over the 1000 minute hydration
period. A substantial loss of low molecular weight material is seen in the 10 W film as
evident by the increase in frequency response over time. It is not uncommon for films
produced at lower powers or under pulsed conditions to result in the formation of such
low molecular weight material.14 The 10 W film rapidly loses material over the first few
hours of PBS flow and then appears to stabilize. Conversely, a decrease in frequency
response over time is observed for the 50 W film indicating a substantial amount of
mechanically coupled mass (water and buffer salts). Interestingly from QCM-D analysis
the 20 W film appears to be very stable during the flow of PBS solution and no
significant increase or decrease is observed in its frequency response over time. This
finding will be discussed further when NR data in water of the 20 W plasma polymer film
is reported. Analysis of the dissipation response (Figure 4.2B) of the 10, 20 and 50 W
films over the 1000 minute hydration period, confirms the higher uptake of water seen in
the 50 W film, with increasing dissipation (ΔD=8 E-6) compared to no dissipation change

Chapter 4.

112

seen for the 20 W film. Furthermore, a decrease in the dissipation (ΔD=-30 E-6) of the 10
W film is not only representative of a more rigid film than the 20 and 50 W films, but
also reflects a lower amount of absorbed and coupled water compared to the 20 and 50 W
films.

The frequency response, indicative of the mass change of the three plasma polymer films
after flowing a solution of BSA is shown in Figure 4.2C. It can be seen that the level of
protein adsorption clearly increases with plasma deposition power. If one makes an
approximation on the amount of protein adsorbing in the films using the Sauerbrey
equation (Equation 1), we calculate the levels of protein fouling to be 15, 60 and 80
ng/cm2 on the 10, 20 and 50 W plasma polymer films respectively. We acknowledge the
limitations of using this equation in accurately quantifying protein adsorption within
these plasma polymer films. Bretagnol et al. has reported a similar study of protein
adsorption on diglyme plasma polymerized surfaces. The level of BSA adsorption on the
DGpp films deposited at 1, 5 and 15 W was measured using QCM-D, and using the
Sauerbrey equation they reported BSA adsorption of ~ 20, 25 and 110 ng/cm2
respectively, compared to ~ 600 ng/cm2 measured on the control SiO2 coated quartz
crystal.28

In addition to QCM-D analysis, protein adsorption experiments were performed on the
plasma polymer surfaces at the same concentration of BSA (1 mg/mL) for one hour
followed by repeated rinsing in PBS and then milli-Q water. An emerging nitrogen (N)
signal was used to monitor protein adsorption on the surfaces. The atomic % nitrogen in
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the films after BSA incubation were 0.6 % ± 0.2, 2.7 % ± 0.2 and 4.3 % ± 0.4 for the 10,
20 and 50 W films respectively (data not shown). It is clear that significantly less protein
absorption was observed on the 10 W film compared to the higher power films. In
another study reported by Bretagnol et al, BSA adsorption on a diglyme plasma
polymerized surface deposited under pulsed plasma discharge conditions yielded a
similar value (0.5 %) to that reported to the 10 W film in this study (0.6 %). This was
compared to BSA adsorption measured on a silicon wafer control, which yielded 12 % N
content after incubation in BSA (100 µg/mL for 1 hour). A comparison of the C-O (ether
related) component as measure by XPS for the diglyme surface in Bretagnol’s study was
higher at 73 % compared to the 10 W film reported in this study which was 62 %.29
Salim et al. however, have reported substantially lower protein adsorption on tetraglyme
plasma coated microfluidic channels, using pulsed plasma discharge conditions with N 1s
levels of 0 – 0.1 % after incubation in 50 µg/mL solution of Human fibrinogen. The low
protein adsorption in this study compared with those reported in the current study could
be attributed to a higher C-O component (84 %), lower protein concentrations and
differences in plasma processing parameters such as the pulsed plasma conditions and the
use of a tetraglyme monomer.30 Previous studies have shown that tri and tetraglyme
plasma polymer films are extremely effective in reducing surface protein adsorption.15, 20
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Figure 4.2 A and B: QCM-D frequency and dissipation response respectively, on the 10, 20 and 50 W
plasma polymer films after incubation in PBS for 1000 minutes. Significant loss of material is seen in the
10 W film and water uptake is observed in the 50 W film. C: QCM-D frequency response of the third
overtone on the 10, 20 and 50 W films after incubation with BSA for one hour (1 mg/mL, PBS, pH=7.4).
The arrows indicate when the BSA and PBS solutions were flowed over the coated crystals.
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4.4.3 Surface Chemistry
The results of XPS elemental analysis of freshly deposited films of di(ethyleneglycol)
dimethyl ether plasma polymers at load powers of 10, 20 and 50 W are summarized in
Table 1. The corresponding quantitative results and atomic ratios relative to total carbon
are also compiled in Table 4.1. Elemental analysis by XPS reveals films comprising both
carbon and oxygen with atomic concentrations varying from 69 - 76 % and 31 - 24 %
respectively across the load power range consistent with previous studies of these
di(ethyleneglycol) dimethyl ether plasma polymers.31 The chemical composition of the
20 and 50 W films differs substantially from the monomer (C2H4.7O1), for which the
oxygen content is higher (33 % O, 67 % C). It is clear that higher power glow discharges
result in the deposition of plasma polymer films that contain less oxygen and a greater
degree of hydrocarbon containing species. The absence of silicon in the recorded spectra
suggests a plasma polymer film thickness in excess of the XPS analysis depth of 10 nm.
Fitting of the high resolution carbon (C1s) spectra (Figure 4.3) reveals films that are rich
in carbon-oxygen moieties such as ether, alcohol, aldehyde, ketone, ester and acid
species. The presence of a higher C-O component suggests the incorporation of a high
level of ether functionality in the low power films consistent with recent work
investigating the gas phase discharge of di(ethylene glycol) vinyl ether and
di(ethyleneglycol) dimethyl ether plasmas.27, 31-33 The ionisation/dissociation rate of the
monomers ether units increases dramatically with plasma power resulting in films that
contain significantly less ether units The 10 W film retained the highest C-O component
compared to the 20 and 50 W films. This indicates that depositions performed at 10 W
load power are more effective in retaining the ether functionality of the starting
monomer, when compared to the other deposition conditions investigated in this work.
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Films deposited at 20 and 50 W load powers had a higher introduction of neutral
hydrocarbon (C-C/C-H) species and a decreased retention of C-O ether and alcohol
functionalities.

Table 4.1 Elemental compositions (atomic %) of DG plasma polymer films derived from high resolution
XPS survey spectra. The theoretical monomer composition is shown for comparison. Also presented are
results from quantification of the high resolution XPS C 1s surface composition (atomic ratios relative to
total carbon, X/C) of the 10, 20 and 50 W films.

% Composition

Atomic ratio relative to total carbon,
X/C

C 1s

C-C;C-H

O 1s

OC=O C=O

C-O

-

-

-

-

31.0

28.4

62.2

7.3

2.1

72.0

28.0

35.9

51.3

8.9

3.9

76.0

24.0

52.9

35.6

7.5

4.0

Diethylene glycol dimethyl
ether (DG) monomer

66.6

33.3

DGpp (10 W)

69.0

DGpp (20 W)
DGpp (50 W)
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Figure 4.3 XPS C 1s high resolution spectra of the DG plasma polymer (DGpp) films produced at 10, 20
and 50 W load powers. Curve fits for the 10 W DGpp film are shown. Labeled components correlate to C1,
C2 hydrocarbons; C3, C-O based groups (ethers and alcohols); C4, C=O and O-C-O based groups (e.g.
aldehyde, ketone); C5, O-C=O based groups (e.g. acid, ester)

4.4.4 Characterisation of the films using X-ray and neutron reflectometry in air
The air-solid reflectivity measurements from the plasma polymer films are shown in
Figure 4.4, while the structural parameters of each film are given in Table 4.2. The large
number of Kiessig fringes in the X-ray reflectivity data for 10 W and 20 W which persist
to high Qz (= 0.4 Å-1), indicates that the films are smooth and provides confidence for the
precise determination of film thickness. However, these fringes fade quickly for the 50
W film, indicating that there is a steep gradient in scattering length density (SLD)
through the film. This is consistent with the observation of a rapid increase in pressure of
40 Pa during the plasma deposition of di(ethyleneglycol) dimethyl ether at a load power
of 50 W over ten seconds. As the pressure is rapidly increasing during plasma polymer
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deposition of the 50 W film (4 Pa per second), it would be expected that a significant
gradient in film composition with thickness would occur in this plasma polymer thin film
which was deposited at a rate of approximately 2 nm per second. For comparison, the 10
W load power film only resulted in a 13 Pa increase in pressure over 35 seconds
correlating to a pressure change of 0.4 Pa per second and a deposition rate of
approximately 1 nm per second.

The coherent neutron scattering length (b) of H (-3.739 fm) is significantly different (both
in sign and magnitude) to the other atoms (C: 6.646 fm; O: 5.803 fm) found in these
plasma polymers. As the hydrogen content of these plasma polymer films is increased
the neutron SLD decreases much more quickly than the X-ray SLD increases (at constant
molecular volume).

However, both SLD’s are proportional to mass density.

By

simultaneously fitting the composition and mass density to the average X-ray and neutron
SLD values determined for these plasma polymer films along with the XPS results (Table
1, XPS is not sensitive to H content) it is possible to calculate the average density of the
film and the full atomic composition for the films (Table 4.2). There is an assumption
involved in these calculations, namely the surface composition (atomic ratios) determined
by XPS are similar to those in the bulk. The first layer (closest to the air) was ignored in
the calculation of the average film properties. This is because the film roughness can be
coupled to the mass density/atomic composition. Thus, if the fit underestimates the
roughness of the film, then the fitting process can compensate by having a low mass
density, or high H content, for the surface layer. It is clear that for all plasma polymers
produced, there is a loss of oxygen and most significantly hydrogen during the radio
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frequency glow discharge plasma polymerization of the di(ethyleneglycol) dimethyl ether
monomer. This loss of hydrogen during the deposition of plasma polymers has been
observed by us previously for other reactive functional monomer species.23,

24

The

differences between the resulting plasma polymer film chemistry and the starting
monomer composition are most significant for the higher power films, for which there is
the most hydrogen depletion.

Interestingly, the density of poly(ethylene glycol) polymers varies from around 1.1 to 1.2
gcm-3 and increases with molecular weight. The density of the plasma polymer film
produced at 10 W which was found to be the lowest protein fouling film is within the
reported density range of this class of polymer at 1.19 gcm-3. The atomic composition of
the 10 W film (C2H3.3O0.9) was closest to that of the starting monomer (C2H4.7O1) and
similar to that of PEG polymers (C2H4O1). This highlights the possible similarities in
both chemistry and structure of the lowest power plasma polymer thin film with that of
PEG graft polymers. The outermost layer of the 10 W film also has the greatest H/C ratio
near the air interface of all three plasma polymer films analyzed in this study which
decreased systematically with power at the air interface. We therefore infer that the 10 W
film is the most PEG-like in terms of film chemistry of the three films studied in this
work, in particular at the surface (air interface) where interactions with proteins (when
the films are placed in solution) are most relevant from both XPS and reflectivity
measurements in air.
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Figure 4.4 X-ray (top traces) and neutron reflectivity spectra (bottom traces) from the air-DGpp-silicon
system for the a) 10, b) 20 and c) 50 W load power films. The lines represent fits to the data. XRR data is
offset by a factor of 102 from the neutron spectra.

It can be seen from Figure 4.5 that the 50 W film has the lowest H/C ratio of all the films
which is to be expected considering that a greater degree of monomer fragmentation
occurs during the glow discharge polymerization of di(ethyleneglycol) dimethyl ether at
50 W. This is evident by the increase in pressure and deposition rate during plasma
polymerisation at this load power compared to the lower power films. Interestingly, the
50 W film has the lowest average mass density of all the films produced. Strikingly, the
mass density of the 50 W film at the air interface (the first 5 nm) is dramatically lower
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than that of its bulk and compared to the bulk of both the 10 W and 20 W films (Figure
4.5). This may in part, be due to the rougher surface of the 50 W film. It is also possible
that there may be a substantial amount of polymerization occurring in the higher powered
plasma glow, within the plasma reactor system. If this was to occur, it is likely that the
longer chain species could deposit on the silicon substrate during plasma polymerization
and this may result in a less dense film being produced. In light of this finding, and taking
into account the film chemistry of the 50 W film, it is not surprising that the 50 W film
adsorbs a greater amount of protein than the lower power films.

Table 4.2. Average film thickness, roughness, scattering length density and composition of DG plasma
polymer films as determined by AFM, X-ray and neutron reflectometry. a) excluding layer closest to air

DGpp (10 W)
Film Thickness
(Å)
X-ray
Reflectometry
Neutron
Reflectometry
Scattering
Length Densitya
(ρ) (×106 Å-2)
X-ray
Reflectometry
Neutron
Reflectometry
Monomer Atomic
Composition
Plasma polymer
Atomic
Composition a
Mass Density
(gcm-3) a

DGpp (20 W)

DGpp (50 W)

358

248.5

198

369

245.5

202.6

10.94

11.30

8.91

1.09

1.00

1.56

C2H3.3O0.9

C2 H3.3O0.78

C2 H2.0O0.6

1.19

1.23

0.99

C2H4.7O1
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Figure 4.5 Plasma polymer: a) H/C ratio, b) film density as a function of distance from the substrate for 10,
20 and 50 W load power DGpp films (as determined from XRR and NR measurements)

The reflectivity data for the 20 W and 50 W films against various H2O/D2O mixes are
shown in Figure 4.6. From inspection of the 20 W film in each of the D2O/H2O mixtures
it is obvious that the films absorb a significant amount of water, as the SLD of the film
changes substantially. By using the average SLD of the film in H2O and the average
SLD scattering length of the film against air, one can calculate the amount of absorbed
water in the film. For the 20 W film this corresponds to 22 % v/v water ingress. For the
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50 W film the amount of absorbed water is much higher, at 40 % v/v. When placed in
water both films swelled by a significant amount, a 9 % increase in film thickness for the
20 W film was observed and a 10 % increase in film thickness for the 50 W film was
measured. It is important to note here that QCM-D measurements (Figure 4.2A)
confirmed that the 50 W film absorbed a substantial amount of water but this was not
indicated from QCM-D measurements in the 20 W film. This has important implications
in the use of QCM-D measurements in probing the hydration of plasma polymer films.
We propose that in the 20 W film, as no increases in mass was detected after incubation
in PBS, that the amount of low molecular weight material being removed in this film over
time was balanced by water ingress into the film. The NR measurements in water in
combination with QCM-D measurements provide strong evidence of this mechanism. It
is not uncommon for films produced at lower powers or under pulsed conditions to result
in the formation of such low molecular weight material. The implications of this low
molecular weight material, in terms of the lower power films protein resistant nature,
may be significant. The fact that the 50 W film adsorbs substantially more water than the
film deposited at 20 W is interesting. Both films have very similar water contact angles
and therefore surface hydrophilicity. We propose the discrepancy in water absorption is
due to the lower average mass density of the 50 W film. This film therefore allows for
greater water adsorption and diffusion throughout its bulk when compared to the 20 W
film with the greater mass density. The level of water absorption in these films is far
higher than we have observed in previous NR and XRR studies of amine containing
plasma polymerized allylamine films.23 In comparing our previous study of an allylamine
plasma polymer film which had a water contact angle of 55º and a fitted mass density of
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1.46 gcm-3, it only absorbed 3 % v/v water compared to 40 % v/v for the 50 W
di(ethyleneglycol) dimethyl ether plasma polymer film, which has a similar water contact
angle of 66º and a significantly lower mass density of 0.99 gcm-3. This previous work
would seem to support our hypothesis that the mass density of these di(ethyleneglycol)
dimethyl ether plasma polymers films plays a significant role in their water uptake. It
appears that water contact angle measurements are not a good determinant of the
solvation properties of these thin films. One cannot rule out the important influence of the
film chemistry in addition to their mass densities in the extent of hydration of these
plasma polymer films. It is well known that the ether units in PEG based polymers are
extremely good at hydrogen bonding and are extremely well hydrated under most
conditions. By this rationale however, one would expect the plasma polymer deposited at
20 W to absorb more water than the 50 W film as it contains a higher concentration of
ether groups which is not the case.

Since we measured the 20 W film against two other D2O/H2O mixtures it is also possible
to calculate the proportion of protons that exchange with solution. For the 20 W film,
approximately 15 % of the protons exchange with solution. In general, labile hydrogen
atoms are more commonly found on carboxyl and hydroxyl species that we have
previously shown to be present in these plasma polymer films contain to an extent.34
Hydrogen atoms bonded to carbon are generally much less labile. From analysis of the
XPS C 1s high resolution spectra curve fits (Table 4.1) it can be seen that a minimum of
13 % of the oxygen groups in the 20 W film are not related to ether species. It is
reasonable to assume that a small component of the C-O curve fitted species are hydroxyl
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species as shown in our previous work. Therefore the fact that we are seeing 15 % of the
protons in the 20 W film, can be rationalized by taking into consideration its significant
degree of solvent penetration and the observation of residual ‘non-ether’ chemical species
within the film. Unfortunately this analysis cannot be repeated for the 50 W film, as the
D2O and D2O/H2O solvents possessed similar SLD’s to the swollen film.

The proposed mechanisms of non-specific protein adsorption include electrostatic, van
der Waals, hydrophobic and hydrogen bonding interactions.8 The 10, 20 and 50 W films
had very similar static water contact angles of approximately 60º. It appears that with
regards to the di(ethyleneglycol) dimethyl ether plasma polymer films, surface tension
effects are not a significant discriminating factor in their relative water solvation and
protein fouling characteristics as has been previously reported.15, 31 In a study on plasma
polymer films deposited from ethylene glycol containing monomers, Johnston et al.15
have shown that molecular surface structure primarily affects the ability of PEG-like
plasma polymer films to resist protein adsorption. Little correlation was observed
between the contact angles measured and protein adsorption suggesting that surface
tension and interfacial tension effects are not the primary factors that influence protein
adsorption and water solvation in these types of plasma polymer thin films.
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Figure 4.6 Neutron reflectivity spectra from the water-DGpp system for the a) 20 W and b) 50 W load
power films measured against various H2O/D2O mixtures. The lines represent fits to the data.
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Based on the XPS data presented in Table 4.1, there are some clear differences in the
composition of the di(ethyleneglycol) dimethyl ether plasma polymer coatings prepared
under different deposition conditions. The composition of the 10 and 20 W films are high
in ether (C-O) carbon species. However, the composition of the 50 W film was very
different to that of these lower power films and likely relates to the degree of monomer
fragmentation. This is supported by the observations of pressure rise and deposition rates
during the plasma polymerisation of di(ethyleneglycol) dimethyl ether at different
powers. Prior to incubation in the protein solutions we have one plasma polymer coating
which contain a high C-C/C-H content of over 50 % (50 W) and two coatings which
contain a high C-O content (10 and 20 W) of over 50 %. The relative amount of BSA
adsorption was significantly reduced on the 10 W film (Figure 4.2) which was the most
PEG-like. A similar result was found by Bretagnol et al.32

in a study of

di(ethyleneglycol) dimethyl ether plasma polymer thin films produced at load powers of
1 and 5 W.

It is becoming clear that chain density and, thus, conformation are a critical factor in the
successful low protein fouling properties of PEG and PEG-like films.19, 35-37 In a study by
Fick et al.17 PEG-SAMs were reported be highly protein resistant when they contain a
solvated densely grafted brush of only 40 Ǻ in thickness which correlates to a chain
length of only 11 ethylene glycol units. Our fitted reflectivity measurements point to the
presence of such thin PEG-like plasma polymer films when they are produced at lower
powers and QCM-D measurements in correlation with NRR measurements in water have
shown that the films lose mass in water due to the presence of low molecular weight

Chapter 4.

128

material. It is reasonable to assume that the 10 W and 20 W films are crosslinked to some
extent, with a high degree of residual ether containing chains at the surface and some low
molecular weight material. Although we could not unambiguously confirm it
experimentally, we expect the 10 W film to contain a greater amount of low molecular
weight material than the 20 W film. We hypothesise that the reasons why these particular
films are lower fouling than the 50 W film are the higher density of residual ether
containing functional groups in these films, along with the film structure appearing
similar to that of PEG graft surfaces and perhaps some low molecular weight material. It
is clear from XPS analysis that the 50 W film has the lowest concentration of surface
ether groups and the highest hydrocarbon component which was also observed in the
neutron and X-ray reflectometry compositional fits. Therefore, the reason for its greater
propensity to adsorb proteins must be at least in part due to this greater hydrocarbon
component and oxygenated species when compared to the lower power films.

4.5 Conclusions
Thin films of di(ethyleneglycol) dimethyl ether have been generated by plasma
polymerisation and studied using X-ray Photoelectron Spectroscopy (XPS), Quartz
Crystal Microbalance with dissipation monitoring (QCM-D), X-ray and neutron
reflectometry (NR). Using combinations of these techniques we were able to accurately
determine the film thickness, RMS roughness, and decouple the films composition from
their mass densities. All films result in a substantial loss of hydrogen when compared to
the starting monomer, with H/C values at the air interface being higher in films deposited
at lower load power. Similarly, XPS and reflectivity measurements showed that the
chemical composition of the 10 W was most similar to that of PEG-grafted surfaces and
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to the starting monomer, particularly at the surface (air interface) where the interactions
with proteins is dictated (when the films are placed in solution).

The films were found to absorb a significant amount of water (~22 – 40 % v/v) and their
degree of solvation appears to be dependent on both film chemistry and mass density
profile. Films deposited at higher load powers resulted in lower mass densities and hence
higher amounts of absorbed water. At the air interface, the mass densities of the 10 and
20 W films were most similar to PEG polymers while the 50W film had a very low mass
density. A combination of the lower mass density and less PEG-like surface chemistry of
the 50 W plasma polymer film was correlated with the higher amount of protein
adsorbed, compared to the 10 and 20 W films. Surface hydrophilicity was shown to be a
poor determinant of solvation and protein resistance in these thin films. A substantial
proportion of the hydrogen atoms within the di(ethyleneglycol) dimethyl ether plasma
polymer film deposited at 20 W were ‘reactive’ and exchangeable with solution,
explaining their high degree of absorbed water. QCM-D measurements were found to be
inaccurate in detecting associated water in the lower power films that contained loosely
bound, low molecular weight material.

The lower powered plasma polymer film that contained a high ether content displayed
significantly reduced adsorption of bovine serum albumin from concentrated protein
solution. Plasma polymer films with low residual ether content that contained low
molecular weight material adsorbed much greater levels of protein from solution.
Reflectivity measurements show that the film with the greatest chemical similarity to that
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of poly(ethylene glycol) grafted surfaces was the least fouling to proteins. In addition,
the low fouling 10 W film was also found to have the highest H/C content at the air
interface. Therefore, the higher protein resistance of the di(ethyleneglycol) dimethyl
ether plasma polymer film deposited at a plasma load power of 10 W was attributed to its
greater chemical and structural similarity to that of poly(ethylene glycol) graft surfaces.
Interestingly, the degree of protein adsorption did not positively correlate with films that
absorbed higher amounts of water, as is often suggested by the water barrier theory. This
work shows the utility of combining NRR and XRR measurements of plasma polymer
thin films in parallel with techniques such as XPS and QCM-D.
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5.1 Abstract
In this work we report a one-step method for the fabrication of poly(ethylene glycol) PEGlike chemical gradients, which were deposited via continuous wave radio-frequency glow
discharge plasma polymerisation of diethylene glycol dimethyl ether (DG). A knife edge top
electrode was used to produce the gradient coatings at plasma load powers of 5 and 30W. The
chemistry across the gradients was analysed using a number of complementary techniques
including spatially resolved synchrotron source grazing incidence FTIR microspectroscopy,
X-ray photoelectron spectroscopy (XPS) and synchrotron source near edge X-ray absorption
fine structure (NEXAFS) spectroscopy. Gradients deposited at lower load power retained a
higher degree of monomer like functionality as did the central region directly underneath the
knife edge electrode of each gradient film. Surface derivatisation experiments were employed
to investigate the concentration of residual ether units in the films. In addition, surface
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derivatisation was used to investigate the reactivity of the gradient films towards primary
amine groups in a graft co-polymer of poly (L-Lysine) and poly(ethylene glycol) (PLL-gPEG copolymer) which was correlated to residual aldehyde, ketone and carboxylic acid
functionalities within the films. The protein adsorption characteristics of the gradients were
analyzed using three proteins of varying size and charge. Protein adsorption varied and was
dependent on the chemistry and the physical properties (such as size and charge) of the
proteins. A correlation between the concentration of ether functionality and the protein
fouling characteristics along the gradient films was observed. The gradient coating technique
developed in this work allows for the efficient and high-throughput study of biomaterial
gradient coating interactions.
Keywords: PEG gradient, plasma polymer, protein adsorption, NEXAFS

5.2 Introduction
The use of surface chemistry gradients to interrogate and optimize material-biological
interactions in a high-throughput manner has become an increasingly popular tool in the field
of biomaterials research.

The generation of surface chemistry gradients can provide

information on multiple compositions in a single experiment. Factors such as chemical
functionality 1-3, wettability

4-6

, topography

the resulting physical properties

11, 12

5, 7

, surface charge 8, molecular structure 9, 10 and

that may influence the interaction of biomolecules and

cells, can be tested while minimizing experimental error. Furthermore, there are a number of
physiological and biological processes which are driven by chemical gradient stimuli, such as
the maintenance of homeostatic equilibrium, chemotaxis

13

and embryonic development via

gradient induced cell proliferation and differentiation. Tissue formation and neuronal
development

14, 15

are also controlled by a gradient distribution of specific biological cues 15,
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in vivo. Therefore surfaces that are able to mimic this physiological organization in vitro

are of considerable interest to the life sciences.

Gradient surfaces are those which have a gradual, spatiotemporal variation of one or more
chemical, physical or topographical property. A variety of methods have been reported for
the fabrication of surface gradients17-19 including UV-initiated free-radical polymerisation
and grafting
techniques

20

, corona discharge

13, 25

, adsorption

26

21-23

, corona-induced graft copolymerisation

24

8

, diffusion

and plasma co-polymerisation.27 The use of radio frequency

plasma polymerisation (RFpp) has also been reported for gradient generation

1, 28-30

, but to

date have required the use of a moving sample stage or shutter. Our one-step method of
gradient generation uses RFpp without the need for any moving components.

Gradient surfaces have been used to study the interaction and function of both cells and
biomolecules, such as proteins. Wettability gradients formed by treating various polymeric
substrates such as polyethylene31 and polylactide-glycolide32 films in air with corona
discharge from a knife-type electrode, have been used to investigate the effect of wettability
on protein adsorption 33, 34, platelet adhesion 6 and cell adhesion, spreading and growth.32, 34, 35
Chemical gradients presenting various chemical functionalities have also been used to study
many biological interactions in vitro. Robinson et al.

30

used plasma polymerisation of

octadiene and allylamine monomers to form compositional gradients that enable the
formation of immobilized, functional heparin gradients. Similarly, Zelzer et al.1 formed
chemical gradients using plasma polymerisation of hexane and allylamine to investigate the
optimal surface chemistry and wettability for the attachment and differentiation of fibroblasts.
A number of researchers have also used surface chemical gradients as a high throughput

Chapter 5

142

approach to screening and identifying the critical parameters involved in the interaction of, or
resistance to, various proteins and platelets. 36, 37

The use of poly(ethylene glycol) based materials to impart protein resistance is well
described and the use of PEG-based gradients provides an ideal surface to interrogate the
important chemical and physical characteristics that impart PEG’s protein resistant nature.
The mechanisms of PEG’s protein resistance have been extensively investigated 38, 39 and two
of the most well regarded explanations include ‘steric stabilization’
barrier’ theories.

40, 41

and the ‘water

Latour42 recently encompassed these theories into a thermodynamic

approach, where he suggests that the enthalpic (favoured H-bonding of the tethered chains to
water molecules rather than to the functional groups on the proteins) and entropic effects
resulting from protein adsorption cause a net increase in the free energy of the system upon
protein adsorption. However, this theory assumes the presence of PEG surfaces with long
flexible surface-tethered chains having both a low packing density (to allow a high mobility)
yet providing full coverage on the surface. These assumptions are not particularly relevant
however, to the highly cross-linked PEG-like surfaces produced from plasma polymerisation
described in this study.

We have produced 2D surface bound PEG-like chemical gradients in one step, using
continuous wave radio frequency glow discharge (rfgd) plasma polymerisation of diethylene
glycol dimethyl ether (DG). The 2D effect of the gradient was displayed by combinatorial
chemical analysis techniques and thickness measurements.

Using a knife edge upper

electrode, a non uniform plasma glow discharge was generated around the upper electrode
resulting in the deposition of a chemical gradient on substrates placed directly underneath the
plasma glow.

The chemistry across the DGpp gradients was analysed using grazing-

Chapter 5

143

incidence FTIR (gi-FTIR) microspectroscopy to provide a chemical map of the bulk
chemistry across the gradients. X-ray Photoelectron Spectroscopy (XPS) and Near Edge Xray Absorption Fine Structure (NEXAFS) provided complementary surface sensitive
chemical analysis of these gradients.

NEXAFS has been shown to be an excellent

combinatorial tool for studying surface bound gradients due to its ability to analyse both
surface chemistry and molecular orientation

9, 10

. The adsorption of three model proteins

(bovine serum albumin (BSA), lysozyme and γ-globulin) was measured across the gradients,
and these demonstrated marked variability in their ability to resist protein adsorption that
correlated with changes in surface chemistry.

5.3 Materials and Methods
5.3.1 Substrates Preparation
DGpp gradients were deposited onto ultra-flat single crystal silicon wafers (<100>, 1 cm2 x
0.5 mm thick, MMRC P/L), cleaned by ultrasonication in a 1% RBS-35 surfactant (Pierce) in
(2% ethanol in MilliQ) for 1 hour. Substrates were then rinsed multiple times in Milli-Q
water before being dried in a high-pressure stream of high purity nitrogen. Indium tin oxide
coated aluminosilicate glass (Delta Technologies, Corning 1737, CB-50IN) were used for the
giFTIR analysis to provide a reflective surface, and were cleaned as described above.
5.3.2 Plasma Polymerisation
Radio frequency glow discharge plasma polymerisation was used to deposit PEG-like
gradient films in a custom-built plasma reactor. The reactor consists of a cylindrical glass
chamber (height of 35 cm and diameter of 17 cm) and is fitted with two capacatively coupled
electrodes. The top electrode (a razor) was connected to a RF power supply (125 kHz) and
lowered to sit ~ 1mm above the substrate, while the bottom electrode (diameter = 14 cm) was
grounded (see Appendix 1, Figure 1). The monomer, diethylene glycol dimethyl ether, often
referred to as ‘diglyme’ (DG) (BDH, 99% purity) was fed into the reactor from a round
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bottom flask attached to a stainless steel line and a manual valve to control the flow.
Substrates were placed on the lower electrode, and a rotary pump was used to evacuate the
chamber. The DG vapours were fed into the chamber at a starting pressure of 20 Pa, and a
continuous RF field was generated between the electrodes for a deposition time of 180
seconds. Gradients were deposited at two different load powers, 5 and 30W.
5.3.3 Profilometry
Film thickness across the gradient was measured using a Veeco Dektak 6M stylus
profilometer. Briefly, the stylus (diameter 12.5 µm) force was set to 10 mg across a distance
of 1000 μm over 10 seconds. A thin line of the DGpp gradient was removed in the direction
of the gradient by scratching the surface with a sharp needle to expose the silicon substrate.
Measurements were then taken over the scratch across the gradient at 1 mm interval to assess
film thickness
5.3.4 Grazing incidence FTIR microspectroscopy
Chemical maps across the DGpp gradients were measured using a FTIR microscope at the
infrared beamline at the Australian Synchrotron. A Bruker Vertex 80v FTIR spectrometer
with a KBr beam splitter and vacuum windows is coupled to a Bruker Hyperion 2000 IR
microscope (Bruker Optik GmbH, Ettlingen, Germany) which is equipped with a liquid
nitrogen cooled single point MCT detector and motorised sample stage which allows for
point by point raster scanning of the sample. Spectra were collected in grazing incidence
mode using a Bruker Grazing Angle Objective (GAO) at 15x magnification. An IR polarizer
was used to ensure the perpendicular polarisation vector of the incident radiation to the
sample surface. All data were collected using the Bruker Opus software version 6.5 with the
video mapping package used for generation of two dimensional grazing angle absorbance
maps. FTIR spectra were acquired at a spectral resolution of 6.0 cm-1 with 256 scans coadded and normalized to the alkane stretch (~2850 to 3000 cm-1) to compensate for any
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thickness effects across the gradient. A 20 x 20 μm aperture was used and spectra acquired at
step intervals of 250 μm across the gradients.
5.3.5 X-ray Photoelectron Spectroscopy (XPS)
To investigate the chemical composition of the DGpp films, XPS analysis was performed
using an AXIS HSi spectrometer (Kratos Analytical Ltd, Manchester, UK) equipped with a
monochromated Al Kα X-ray source at a power of 144 W (12 mA, 12 kV). A hemispherical
analyser was used, operating in the fixed analyser transmission mode with a standard aperture
(1.0 mm x 0.5 mm). Charging of the samples during irradiation was compensated for by the
internal flood gun, coupled with a magnetic immersion lens. The pressure in the main
vacuum chamber during analysis was typically 5 x 10-6 Pa. Survey spectra were acquired at a
pass energy of 320 eV to identify the elements present in the DGpp films. The atomic
concentrations were calculated using integral peak intensities and the sensitivity factors
supplied by the manufacturer.

High-resolution C 1s spectra were also obtained and

quantified using a minimisation algorithm in order to calculate optimised curvefits and
determine the relative contributions from specified functional groups.

Five peak components (mixed guassian/Lorentzian model functions) were used. Component
C1 at the lowest binding energy (BE) was assigned to aliphatic hydrocarbons (neutral carbon)
and the corresponding BE set accordingly to 285 eV.224 A second component at a slightly
higher BE was included to account for all C 1s photoelectrons that underwent a secondary BE
shift. Component C3 (286.3-286.6 eV) represents C-O based groups (eg ethers and alcohols),
C4 (287.9 – 288.2 eV) accounts for all C=O based functional groups (eg aldehydes and
ketones) and C5 (288.9 – 289.3 eV) accounts for O-C=O based groups (eg acids or esters).
These components were applied to the analysis of the DGpp gradients prior to protein
adsorption.
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5.3.6 Near Edge X-ray Adsorption Fine Structure (NEXAFS) spectroscopy
Near Edge X-ray Adsorption Fine Structure (NEXAFS) spectroscopy was performed at the
Australian Synchrotron on the soft X-ray beam line (SXR, 14-ID).

Samples were loaded

into a UHV chamber, where a vacuum of 2 x 10-8 kPa was maintained.

The beam line is

equipped with an Apple II undulator, which was set to produce horizontally polarised light
that is then passed through a monochromator (Peterson plane grating, 1200 lines mm-1). The
photon flux on the beam line was 2.7 x 1011 photons/sec/200 mA, and the beam spot size on
the sample was approximately 0.6 x 0.6 mm. Spectra were acquired (with the beam at 90°
wrt the sample surface) for both the C (270-320 eV) and O (520 -560 eV) K-edge in partial
electron yield (PEY) mode. A retarding potential of -100 eV and -400 eV for the C and O
scans respectively was applied to the entrance of the detector to eliminate any contributions
from lower energy electrons.

Multiple spectra on the same spot retained the same spectral features, indicating that the films
are not subject to radiation damage. To account for contributions to the O 1s and C 1s
spectra from internal contamination from the beamline itself, a clean sputtered Au foil was
measured as a reference. Spectra were then normalised according to the method discussed by
Watts et al. 44. A MatLab based curve fitting program, Whooshka was used to curve-fit the
NEXAFS spectra, where a series of Gaussian peaks were assigned to fit the resonance
features along with a step edge.

5.3.7 Surface Derivatisation
Using the method described by Shard et al.

45

surface derivatisation of the hydroxyl groups

across the DGpp gradient films was performed using gas phase reaction with trifluoroacetic
anhydride (TFAA). Briefly, a small volume TFAA was placed in a vial and the gradient film
attached to the lid of the vial. The sample was gently agitated for approximately 30 seconds
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and left for approximately 1 hour for the reaction to take place. Samples were then analyzed
for their atomic composition and using the equation below, the concentration of hydroxyl
groups was calculated.
XC-OH = 1/(3(IcSf/IfSc)-2)

[1]

Where: I = intensity (of C and F)
S = sensitivity factor (of C and F)

To determine the degree and manner the proteins were bound to the gradient surfaces, the
grafting capability of the co-polymer poly(L-lysine)-poly(ethylene glycol) (PLL-g-PEG) with
the primary amine (1˚) functionalities of the protein was assessed. Two mechanisms of
reaction are possible, namely covalent or electrostatic. Covalent bonding involves attachment
of the 1˚ amines via either aldehyde or ketone groups; whereas electrostatic interactions react
via residual acid functionalities within the gradient surfaces. Samples were incubated
overnight at room temperature with 1 mg/ml PLL-g-PEG solutions in water (pH 5) and were
rinsed with MilliQ water prior to analysis of the N content using XPS.
5.3.8 Protein adsorption
To assess the relative adsorption of various proteins across the DGpp gradients, fresh samples
were incubated in solutions of bovine serum albumin, lysozyme and γ-globulins proteins (1
mg/ml in PBS, pH 7.4 for 1 hour). Samples were then thoroughly rinsed with MilliQ water
before being blown dry with a high-velocity, ultra pure nitrogen stream. Samples were then
analysed using XPS where protein adsorption was indicated by the presence of elemental N
on the DGpp gradient surface.
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5.4 Results and Discussion
5.4.1 Plasma Deposition
In this work, PEG like gradient plasma polymer (pp) thin films were deposited via radio
frequency glow discharge plasma polymerisation of diethylene glycol dimethyl ether (DG) at
two different load powers, 5 and 30W. Using a knife edge upper electrode within the plasma
reactor, a non-uniform plasma glow discharge was created around the upper electrode (razor),
resulting in DGpp gradient films with a systematic variation in both their surface chemistry
and thickness. Photographic images of the DGpp gradients deposited on a Si substrate are
presented in Figure 5.1A, where the colour changes occurring across the DGpp coated
substrate are indicative of the variation in film thickness.

Profilometry measurements were performed across the DGpp gradients to measure film
thickness (Figure 5.1B). The central region of the DGpp gradients, deposited directly under
the knife edge electrode will be referred to ‘0 mm’ throughout this paper. The 5W DGpp
gradient showed an increasing film thickness from 0 mm to a distance of 5 mm and then a
systematic decrease when measured out to 10 mm. Similarly, the film thickness across the
30W gradient increased between 0 to 4 mm and then decreased out to 10 mm but produced
thicker gradients in comparison to the 5W coatings, indicating a faster film deposition rate at
higher load power. XPS elemental analysis of the DGpp films showed the presence of both
oxygen and carbon, with the oxygen content remaining highest at the centre of the gradients
(data not shown). A similar trend was observed for both the 5 and 30 W gradient films;
however films deposited at 30W retained lower levels of oxygen. Analysis of the O/C atomic
ratio (Figure 5.1B) across the gradients ranged from 0.46 (at 0mm) to 0.42 (10mm) in the
case of the 5W films and from 0.33 (0mm) to 0.27 (10mm) in the case of the 30W film. The
O/C ratio of the starting diglyme monomer is 0.5.
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Figure 5.1 A. Photographic images of DGpp gradients deposited on Si at 5 and 30 W load powers. The colour
change across the gradient films is indicative of changing film thickness with distance. The broken vertical line
indicates the projected position of the knife-edge electrode during deposition. Quantify scale bar B.
Film
thickness (dark symbols, lines are a guide for the eye) and O/C elemental ratio (hollow symbols) plotted across
) and 30W (
the 5 (
relates to.

) DGpp gradients as a function of distance. Arrows indicate to which axis the data

5.4.2 giFTIR microspectroscopy
The variation of the bulk plasma polymer thin film gradient chemistries produced during the
rfgd of DG at load powers of 5 and 30 W was investigated using gi-FTIR microspectroscopy
with a synchrotron radiation source. FTIR spectra from 20x20 µm sample regions were
acquired to 15 mm either side of the gradient centre (0 mm), at a spatial distance of 250 µm
intervals across the gradients. Figure 5.2 presents 3-dimensional FTIR spectral plots taken
across the 5 and 30W gradient films. The dominant peak observed in the spectra was the
ether stretch at ~1052 cm-1. It is possible that some contribution to this stretch may also be
from residual ester groups in the gradient films. It was shown that the gradients retain the
greatest monomer-like functionality (high ether content) in the central region (0 mm) of the
gradient that is deposited directly underneath the knife edge electrode. The formation of new
chemical species after plasma polymer deposition is well documented and generally occurs as
a result of post oxidation reactions and scission of the starting monomer or oligomer species
in the plasma glow discharge. A systematic decrease in the absorbance of the ether stretch
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(OCO) extending out from the central region of the gradient was observed, which was even
more pronounced in the 30 W DGpp gradient. The carbonyl stretch at ~ 1735 cm-1 showed
the opposite trend to the ether stretch with lower carbonyl intensity observed at the centre of
the gradients where fragmentation of the monomer species appears to be occurring to a lesser
extent. The spectra, normalized to the alkane stretch (~2850 to 3000 cm-1, which incorporates
the stretch vibrations from both CH2CH2 and CH3 groups) indicate that very low levels of
carbonyl containing species are present in the centre of the 5 W gradient, although compared
to the 30 W film it has a much greater concentration of residual ether present. This region of
the 5W gradient film has a much greater concentration of residual ether functionality present
when compared to the 30 W film. It is difficult to assign the exact origin of the carbonyl
species in this work due to the closeness of acid, ester, aldehyde and ketone stretches in this
region and the inherently broader nature of the DGpp films spectral peaks in comparison to
small molecule FTIR spectra. In the gradient deposited at the 30W plasma load power, higher
levels of carbonyl functionality were observed but again remained lowest in the centre of the
gradient at 0 mm. Analysis of the hydroxyl stretch (~3450 cm-1) showed a variation in
intensity across the 5W gradient with lower levels seen at the central region, however no
systematic trend was observed across the 5W gradient. Another point of interest to note from
the FTIR spectra is the absence of an alkene stretch (~1621 cm-1), indicating that no
detectable concentration of C=C bonds was observed using the gi-FTIR technique. The
absence of the alkene stretch absorption from FTIR analysis has also recently been reported
by Cheng et al.
films.

46

in an FTIR study of pulsed plasma deposited bulk chemical DGpp thin
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Figure5.2 3D grazing incidence synchrotron source FTIR spectroscopy surface plots measured along the 5 and
30W DGpp gradients. The spectra show the major functional groups observed are ether, carbonyl and hydroxyl
groups (approx 1052, 1735 and 3450 cm-1 respectively). To avoid thickness effects contributing to the relative
absorption of various functionalities, all peaks measured were relative to the normalized alkane stretch (~2850
to 3000 cm-1).
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5.4.3 X-Ray Photoelectron Spectroscopy
High resolution C 1s XPS analyses were performed across the two DGpp gradients to
characterise their surface chemistry, and was compared to the bulk functional group analysis
generated from the gi-FTIR microspectroscopy data. Figure 5.3 presents 3D plots of data
generated from high-resolution C 1s analyses of the 5 and 30W gradient films. Analysis of
the C 1s spectra revealed four main contributing chemical components including C-C and CH (hydrocarbon), C-OR (ether and alcohol), C=O (ketone and aldehyde) and COOR
(carboxylic acid and ester). The central region of both the 5W and 30W gradients, retained
the highest concentration of COR groups (~ 286.6 eV) indicating a higher retention of the
monomer ether functionality. A systematic decrease in the ether (C-OR) functionality from
the centre and across the gradient was observed, consistent with the gi-FTIR analysis of the
bulk DGpp gradient film chemistries. The FTIR and XPS data show that the ether content of
the 5 W gradient changes more dramatically at the surface than the bulk of the film. The
opposite is true for the 30 W film with the gradient showing a stronger chemical spatial
variation compared to the interfacial chemistry. C 1s analysis also revealed that the C-C/C-H
(~285 eV), C=O (288 eV) and COOR (289.1 eV) functionalities were lowest in the centre (0
mm) and increased across the gradients. Gradients deposited at a 5 W load power retained
more monomer-like functionality compared with the 30 W gradient, with higher
concentrations of C-OR groups and lower concentrations of the C-C/C-H, C=O and COOR
functionalities. The 5W gradient film yielded C-OR concentrations ranging from 79 % at the
centre (0 mm) to 57 % at 10 mm, compared with 46% (0mm) to 25 % (10mm) for the 30W
films. The loss of COR functional groups corresponded with an increase in hydrocarbon
species and in the 30W gradient film, the concentration of COR units in the central region is
equivalent to the concentration of hydrocarbon (CC/CH) units. There was a small variation
in the concentration of C=O and COOR functionalities between gradients; however aldehyde
and ketone C=O groups were present at a higher concentration in both gradients compared to
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the acidic and ester (COOR) groups. The central region of each gradient also had lower levels
of C=O and COOR species.

Bretagnol et al.

47

reported on DGpp films deposited via pulsed rfgd plasma polymerisation

yielding surfaces composed of 70-74% COR functionalities at a load power of 1W. While
using continuous wave rfgd plasma polymerisation at a load power of 15 W, they report a
final film COR content of just 40 %. This finding is interesting as it demonstrates that the
geometry of the electrodes used in plasma polymer film deposition can have a significant
influence over the final film chemistry and that using a continuous rfgd plasma
polymerisation process we are able to obtain comparable results to that of a pulsed plasma
technique. Similarly, Cheng et al.

46

recently reported the deposition of DG vapours using

pulsed rfgd plasma polymeristaion where the highest COR content was reported to be 72 % at
a load power of 1 W. The 5 W gradients deposited for this study yielded COR contents of >
70 % within 2 mm either side of the gradient centre, decreasing to 57 % at a distance of 10
mm. Our generic approach therefore provides a one step deposition method for generating a
gradient composition of COR functionalities and a high throughput platform for studying the
chemical nature of these films. Previous studies of these types of plasma polymer films have
necessitated the deposition of multiple samples to investigate their protein resistance and
surface chemistries.
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Figure 5.3 3D plot of high-resolution C 1s XPS spectra (Distance from centre of the gradient vs binding energy)
taken across the DGpp gradients deposited at 5 and 30W. The spectra indicate that the central region of all the
gradients retains the highest C-O component (C 1s binding energy of 286.6 eV). The C-O component
concentration systematically decreases along the gradients and correlates to a parallel gain in C-C and C-H
species.

3.4.4 NEXAFS spectroscopy
To further analyse the chemistry across the DGpp gradients, and detect any the orientation of
terminal chains across the DGpp gradients, a C and O K-edge PEY NEXAFS spectroscopy
study was performed.

Analysis of the C 1s spectra revealed four main resonance features

(Figure 5.4) including C 1s → π* (C=O) excitation at ~285.7 eV (A), C 1s → σ* (C-H) at ~ 287.3
eV (B), C 1s → σ* (C-O) at ~ 289.9 eV (C) and a broader C 1s → σ* (C-C;C-O) feature at ~ 294.4
eV (D) . Due to the multiphoton resonance absorptions and the broader nature of the higher
energy σ-bonded species, only the two lower energy features (C=O π* and C-H σ*) will be
compared and discussed. To quantify and compare the relative concentration of these various
bonded species, spectral features were integrated using a curve fitting procedure (discussed in
the methods section) and the area compared across the gradients and between the gradients
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deposited at the two load powers (see Appendix 1 for example curve fits and O K-edge
NEXAFS results and analysis)

Figure 5.4 C 1s K-edge NEXAFS spectra plotted across the 5W and 30W DGpp gradient films between 0 and 3
mm. (A= C 1s → π* (C=O), B= C 1s → σ* (C-H), C= C 1s → σ* (C-O), D= C 1s → σ* (C-C;C-O)). The central region
of each gradient and films deposited at lower load power retained lower C=O and CH species, which
systematically increase outwards.

Results presenting the integrated area plots of the C=O π* and C-H σ* resonance features
from the C 1s K-edge spectra, plotted across the two DGpp gradients (5 and 30 W) 3mm
either side of the centre (0 mm) show that the centre of each gradient had lower
concentrations of carbonyl (C=O) and hydrocarbon species (Appendix 1), systematically
increasing outwards. This is consistent with the data obtained from XPS and gi-FTIR
analysis.

Higher levels of carbonyl and hydrocarbon species were introduced into the

gradients as the load power was increased during plasma deposition. This is also consistent
with information reported by Swaraj et al. 48, who analysed pulsed-plasma deposited ethylene
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samples using NEXAFS and reported that films deposited under higher load powers
contained higher levels of carbonyls.

The use of NEXAFS as a tool for the analysis of plasma polymers 45, 49-51 and PEG-like films
is in its infancy.

Zwahlen et al.

52

reported a C and O K-edge NEXAFS analysis of

oligo(ethylene glycol) (OEG) terminated alkanethiol SAMs on gold and their reported peak
assignments are consistent with those reported in Figures 5.4. They investigated the degree of
order in OEG-SAMs films made from different length oligomers and found that only shorter
length oligomers showed a weak angular dependence. Due to the fragmentation,
polymerisation and cross-linking process that occur during plasma polymerisation, both the C
1s and O 1s NEXAFS spectra obtained for the DGpp gradients have the additional C=O π*
resonance features when compared to OEG SAMs.

A number of researchers have used

NEXAFS spectroscopy as part of a combinatorial approach to the analysis of surface
gradients by mapping the surface chemistry as well as varying the polarisation of the light
source, in order to detect any preferred orientation of the surface bound materials.

9, 10

We

performed similar experiments to test for any possible orientation of polymer chains in the
DGpp film gradients analysing C and O K-edge NEXAFS spectra using both horizontally and
vertically polarised light. No difference was seen in spectra obtained from horizontally or
vertically polarised light, indicating no preferred orientation, presumably due to the
amorphous and cross-linked nature of the plasma polymer (dry) films in vacuum when
analysed.
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5.4.5 Surface Derivatisation
Spectroscopic analysis of the DGpp gradient films revealed contributions from a number of
chemical functionalities. To further deduce specific chemical functionalities that may have
been present in the films such as residual hydroxyl, aldehyde/ketone and acid groups, a
chemical derivatisation study was performed on the 5 and 30 W DGpp gradient films.
Derivatisation of surface functionalities with reactive fluorinated compounds has been well
reported and discussed

53, 54

in the literature for use as XPS markers, since XPS cannot, for

example, differentiate between certain chemical functionalities such as hydroxyls and ethers
in the COR C1s component. By using a gas phase reaction between any potential surface
hydroxyl species along the DGpp gradients with trifluoroacetic anhydride (TFAA),55 it is
possible to deduce the concentration (Equation 1) of residual hydroxyl groups on the surface
and therefore the actual concentration of surface ether groups. It is important to note,
however that surface derivatisation might only access the reactive groups at the top surface
whereas the C-O-R XPS signal originates from a 5 – 10 nm thick surface layer. Figure 5.5A
presents the F/C plots from quantified XPS survey spectra across the 5 and 30W DGpp
gradient films after derivatisation with TFAA. Interestingly the two films show opposite
trends in terms of their hydroxyl content with distance from the centre of the film. Results
indicate a higher total surface concentration of hydroxyl functionalities across the 5W DGpp
gradient with a slightly lower level in the centre (0 mm) of the gradient. The 30W DGpp
gradient displayed a high concentration of hydroxyl species in the centre of the gradient
which systematically decreased moving outwards across the gradient. Using this data the
normalised surface ether concentration was calculated across the 5 and 30 W gradients and
Figure 5.5B shows the ether concentration plotted both before and after subtracting the
hydroxyl contributions (to the COR C 1s component). The actual ether concentration across
the 5 W gradients was then calculated ranging from 74 % (0 mm) to 51 % (10 mm) while the
30 W ranged from 41 % (0 mm) to 23 % (10 mm). Although the 5 W DGpp gradient films
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may contain more surface hydroxyl species, overall it has a far greater concentration of
‘monomer like’ ether functionalities retained in the film when compared to the 30 W gradient
films. This result highlights the fact that as the plasma power is increased a greater number of
oxygen containing chemical functionalities are being generated during and possibly after thin
film deposition, within the surface and bulk of the DGpp gradient coatings.

Spectroscopic analysis of the films alluded to possible reactive chemical functionalities such
as aldehyde, ketone and acidic groups. Their presence may have significant consequences for
biomedical coatings produced using DGpp and their possible reactivity towards biological
species such as proteins. Surface bound aldehydes and ketones may readily react with amine
groups located on many proteins. Residual acid groups on the DGpp surface which we have
investigated previously on bulk DGpp surface coatings

56

may also aid in enhancing

electrostatic interactions with biomolecules and possibly hinder the performance of these
types of coatings in vivo and in vitro. To investigate further any possible reactivity of these
residual chemistries the 5 and 30 W gradients (Fig 5C) were incubated with the amine
functional graft co-polymer of poly(L-lysine) and poly(ethylene glycol) (PLL-g-PEG).57 It
was envisioned that any covalent coupling through covalent reactions of the PLL-g-PEG
primary amine groups with either aldehydes or ketones and electrostatic interactions with
residual acid functionalities may be observed via XPS through the appearance of a nitrogen
signal. XPS and NEXAFS surface analysis confirmed that the central region of each gradient
was shown to have the lowest aldehyde/ketone and acid/ester components with the 30W
generated gradient having the greatest concentration of these species. The assembly on the 5
and 30 W gradients of the polycationic PLL-g-PEG (e.g. oppositely charged to the
carboxylate presenting DGpp) follows a similar trend to that found for these functionalities
indicating there is indeed an interaction of the polymer with these species.
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Figure 5.5 XPS elemental and chemical species analysis from C 1s curve fits and survey spectra of the 5 and
) and 30W (
) gradient
30 W gradient DGpp thin films; A. The resulting F/C values plotted across the 5 (
films after gas phase derivatisation of surface hydroxyl groups using TFAA. B. The ‘actual’ surface ether
content was calculated across the gradients before and after chemical derivatisation of surface hydroxyl groups
from the COR component of the C 1s curve-fit (hollow symbols represent the normalised ether content after
surface derivatisation). C. The resultant N/C values plotted across the 5 and 30 W gradient films after
incubation with PLL-g-PEG.

It is difficult to categorically deduce whether the polymer is interacting electrostatically,
through hydrophobic forces or by formation of covalent bonds with the gradient surfaces.
The formation of covalent bonds without specific activation of the carboxylic acid surface
functionalities with amine functionalities in the PLL-g-PEG is rather unlikely. However, it is
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possible that there are hydrophobic-hydrophobic interactions occurring between the side
chains of the lysine residues with local hydrophobic domains in the DGpp surfaces. The use
of PLL-g-PEG as a low fouling coating is well documented in the literature and has been
reported useful for reducing protein adsorption onto metal oxide surfaces57,

58

, as well as

inhibiting bacteria adhesion. Using the surface functionalities introduced across the DGpp
gradients during polymerisation, we have effectively formed gradients of PLL-g-PEG that
could be useful in studying the interactions of various proteins, bacteria and cells and shows
the versatility of these PEG-like chemical gradients.

5.4.6 Protein Adsorption
To test the protein adsorption properties of the DGpp gradients, the adsorption of three
proteins of varied size and charge (bovine serum albumin, (BSA) lysozyme, (Lys) and γglobulin, (IgG)) was analysed via the appearance of nitrogen with XPS (protein detection
limit ~ 10 ng/cm2). The N/C ratio measured across the 5 and 30 W DGpp gradients was
plotted as a function of the actual ether content (COC) of the gradient films (after subtraction
of the C-OH contributions via TFAA derivitisation) (Figure 5.6). By using proteins of
varying charge and size at a concentration of 1 mg/ml in PBS, it was hypothesized that we
could more thoroughly interrogate the critical parameters related to the production of low
fouling PEG-like plasma polymer films. BSA has a net negative charge at physiological pH
(pI = 4.7) and a Mw of ~69 kDa, lysozyme has a net positive charge at physiological pH (pI
=11.1) and is a smaller molecule with a molecular weight of ~14.6 kDa, while the IgGs are
larger proteins with a molecular weight of ~150 kDa, an overall neutral charge at
physiological pH and (pI of 7.3). The adsorption of each protein systematically increased
across the gradients correlating with regions of lower ether content and higher carbonyl,
carboxylic acid and hydrocarbon species, forming adsorbed protein gradients.

Chapter 5

161

The 5W gradient adsorbed no BSA as measured by XPS across its entirety. Lysozyme
adsorption was not detected in the central region of the 5 W gradients, however, the N/C ratio
increased across the surface gradient at an ether content of less than 70%. The IgGs adsorbed
across both the 5 and 30 W gradients with significantly higher amounts detected on the 30 W
gradient film. We believe this is in part due to the inherently ‘sticky’ nature of these
molecules, their larger size and the lack of any small contribution from electrostatic repulsion
effects under the conditions used in this work. In the centre of the 5 W gradient only a small
amount of IgG was detected.

A comparison of the adsorption behaviour of BSA and lysozyme on the 30W gradient
showed an opposite situation to that of the 5 W film with more BSA adsorbing than lysozyme
for the former surface. BSA was detected in slightly greater amounts across the 30W
gradient with N/C values ranging from 0.012 to 0.056 over a 10mm distance when compared
to the 5 W DGpp gradient. Lysozyme adsorption as measured via the N/C varied from ~ 0.04
to 0.07. The difference in adsorption behaviour of lysozyme and BSA between the 5 and 30
W gradients may be attributed to such phenomena as increased hydrophobic and electrostatic
interactions between the surfaces and proteins. Previous work performed by our group 56 has
shown that uniform DGpp films possess an overall negative charge at physiological pH,
which in part helps explain one of the mechanisms involved in the low fouling nature of these
DGpp coatings along with a high residual ether and low hydrocarbon content. Furthermore,
we also highlighted the minimal electrostatic interactions of lower powered DGpp films,
where the thickness of the films was shown to be less than the Debye length in low ionic
strength solution.56 Pasche et al.

57

has shown that lysozyme proteins behave in a similar

manner to hard, positively charged particles, being attracted by negatively charged surfaces
and repelled by positively charged surfaces (on PEGylated Nb2O5 surfaces). Analysis of the

Chapter 5

162

surface charge across the DGpp gradients should be considered in the future and may confirm
stronger negatively charged surfaces in gradients deposited at higher load power, which
would help to confirm if it is the electrostatic interactions that are primarily driving the higher
lysozyme adsorption across the 30 W DGpp gradient.

Figure 5.6 XPS N/C ratios measured after adsorption of BSA (
), lysozyme ( ) and γ-globulins ( ) as a
function of normalized residual ether content in the 5 W (solid symbols) and 30 W (hollow symbols) gradients.

It is clear from the spectroscopic characterization of the films that the 30 W gradient has
significantly less ether and more hydrocarbon species along its length. It may be that higher
adsorption of BSA across the 30 W gradient coating is driven by hydrophobic-hydrophobic
interactions, which may overpower the electrostatic repulsions that occur between BSA
proteins and the residual carboxylic acid species across the DGpp gradients. Also, the larger
size of BSA compared to lysozyme, may contribute to a larger number of reactive terminal
amine groups that could possibly interact covalently with the residual aldehyde and ketone
groups shown to be present across the DGpp gradients from our spectroscopic studies.
Further, when lysozyme does interact with surface defects and chemical entities that are not
protein resistant and adsorb on the gradient surfaces, the smaller protein may be more
effective at ‘blocking’ these sites and resisting further immobilization and interaction with
additional lysozyme from solution than BSA.

Chapter 5

163

5.5 Conclusions
A series of PEG-like chemical gradients were prepared using continuous wave radiofrequency glow discharge plasma polymerisation of diethylene glycol dimethyl ether (DG) at
load powers of 5 and 30 W. A knife edge upper electrode was employed to produce the
defined chemical gradients studied. Complementary surface analysis techniques were used to
characterise the gradients, including grazing incidence-FTIR microspectroscopy, X-ray
photoelectron spectroscopy and near edge X-ray absorption fine structure spectroscopy. We
have found that the ether functionality systematically varies across the gradients with the
highest ‘PEG like’ characteristics in the central region of the films deposited directly
underneath the razor electrode. It was found that the hydrocarbon, ketone, aldehyde, acid and
ester content varied across the gradients, being lowest in the central region increasing radially
outwards. Films deposited at 5W retained higher ether contents and had lower levels of
hydrocarbon and carbonyl functionalities than the 30W gradient films. Adsorbed protein
gradients were formed and correlated well with the residual ether content from XPS analysis,
with the central region of the gradients being the most protein resistant. Interestingly the
observed adsorption trends of the negatively charged BSA and positively charged lysozyme
was reversed across the 5 W and 30 W DGpp films. This simple, time-efficient and
reproducible method of gradient generation not only produces surfaces that are ideal for the
study and characterisation of low-fouling films and potentially their subsequent interaction
with biomolecules and cells, but could potentially be useful in the generation of gradients
presenting other surface functionalities by careful selection of the monomer species used.
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6.1 Abstract
In this work we report a detailed X-ray photoelectron spectroscopy (XPS) and time-offlight secondary ion mass spectroscopy (TOF-SIMS) study of poly(ethylene glycol) PEGlike chemical gradients deposited via plasma enhanced chemical vapour deposition
(PECVD) using diethyleneglycol dimethyl ether (DG) as a monomer.

Principal

component analysis (PCA) was applied to the TOF-SIMS data both before and after
protein adsorption on the plasma polymer thin films. Results of the PCA loadings
indicated a higher content of positive related hydrocarbon fragments across the 30 W
gradient, which adsorbed higher amounts of proteins. Gradients deposited at lower load
power retained a higher degree of monomer like functionality as did the central region
directly underneath the knife edge electrode. Analysis of the adsorption of serum proteins
(human serum albumin and fetal bovine serum) was monitored across the gradient films
and increased with decreasing ether (PEG-like) film chemistries. The effect of protein

Chapter 6

173

incubation time on the levels adsorbed in the plasma polymer films was critical with
significantly more protein adsorbing after 24 hour incubation times. The attachment of
HeLa cells on the gradients was observed and appeared to be dictated not only by the
surface chemistry, but also by the adsorption of serum proteins.
Keywords: plasma polymer, PEG, gradient, TOF-SIMS, protein adsorption,
diglyme, cell attachment

6.2 Introduction
In the field of biomaterials the host bodies’ acceptance and ultimate performance of
various implants and biomedical devices can be critically dependant on resisting or
controlling the non-specific adsorption of proteins and cells. The irreversible adsorption
of proteins onto these surfaces can severely affect their desired function and result in an
inflammatory response or infection, in the case of tissue contacting via the promotion of
macrophage adhesion1 and surface induced thrombosis in the case of blood contacting
devices. Furthermore, it has been suggested that cell attachment is governed by the
adsorption of serum proteins containing cell signaling sequences and their resulting,
adsorbed conformation.2 Biosensor and diagnostic devices are among other numerous in
vitro materials that rely heavily on reducing non specific protein adsorption for their
success.3

The chemistry of a surface largely dictates biological interactions and can also result in
variations of other physical properties of the film/surface such as wettability, cross-link
density, swelling, solvation and roughness. As such it is critical that a thorough analysis
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of a biomaterials surface chemistry and an understanding of the complex physicochemical properties that govern surface interface interactions with biological molecules is
achieved. To this end, gradient surfaces provide an excellent platform in which to study
many competing surface properties in an efficient manner. These gradient surfaces
provide a high throughput and/or combinatorial approach for optimising the interactions
of various proteins, biomolecules and cells with a material of interest4 while vastly
reducing the need for multiple surface preparations. Furthermore, gradient surfaces
provide a physiologically relevant environment for predicting the behaviors of specific
biomolecules of interest in vitro and in vivo, since many physiological events such as cell
migration, differentiation and chemotaxis are driven by gradients of specific proteins and
peptides that provide directional cues.5 Since it is largely the surface interface that
dictates the resulting biological interactions, it is important that the chemical analysis
techniques employed are highly surface sensitive6 including techniques such as time of
flight secondary ion mass spectroscopy (TOF-SIMS)7-10, X-ray photoelectron
spectroscopy (XPS)11, 12 and near edge X-ray adsorption fine structure (NEXAFS).12, 13

To date, a number of methods of generating surface gradients14-17 with various properties
have been reported, including variations in chemistry, wettability, topography, molecular
orientation, and surface charge. There are a number of methods used to produce surface
chemical gradients and a vast number of these have relied on the modification of self
assembled monolayer’s (SAMs) via various diffusion process techniques.4, 18 The use of
corona discharge19-21 and radio-frequency plasma treatment22-25 have also been reported,
and these methods have the distinct advantage over other deposition methods since it is
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not restricted to a specific substrate or attachment functionality.26 In this work we have
used a plasma polymer gradient using DG as a model monomer to study the effects of
film chemistry on protein adsorption and cell attachment. The chemistry of the films
generated (in particular the ether content) can be systematically varied by manipulation of
the deposition parameters including load power and monomer flow rate and the films
produced are generally extremely smooth, making them ideal model surfaces to
investigate the effects of surface chemistry on protein and cellular interactions. This
study was conducted as the performance of biomaterials vastly relies on their ability to
resist non-specific protein adsorption, and many researchers have employed the “lowfouling” nature of PEG like materials to impart this property into the synthetic
biomaterial27-33. PEG’s low protein fouling nature can be attributed to a combination of
enthalpic and entropic effects.18 However the exact chemistries required to achieve these
properties can be difficult to optimize in plasma polymer vacuum deposition equipment.
We were interested to determine what DG plasma polymer surface chemistries if any,
were resistant to protein and cell adhesion as well as determining what plasma polymer
surface chemistries could be supportive of protein and cell adhesion.

Previous studies have shown the benefits of using plasma polymer gradients to study cellsurface interactions. Zelzer et al.25 formed chemical gradients from the plasma
polymerization of hexane and allylamine (via diffusion of the gaseous monomers under a
fixed mask) and used them to investigate the attachment and proliferation of fibroblast
cells. The study indicated that initial cell attachment density differed as a function of the
specific chemistry across the gradient which contrasted with their attachment upon a
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chemically equivalent, uniform surface. They suggest this could be due to differences in
cell-cell signalling or greater number of proteins produced from the surrounding cells
between the different substrate types. This is an interesting finding and is something that
should be considered when using surface gradients as a high throughput method for
optimizing surface-biological interactions. Robinson et al.23 also reported on the
generation of chemical gradients formed via plasma polymerization using a mixture of
allylamine and octadiene monomers. They were able to form functional heparin
gradients, where the adsorption and function (protein binding activity) varied as a product
of the allylamine gradient. It was found that the adsorption of higher amounts of heparin
did not correspond to a continued increase in functionality.

The use of PEG based gradients is becoming an increasingly popular tool for the study
and optimization of cell attachment, proliferation and viability. Jeong et al.21 formed
gradients in the density of comb-like PEO chains prepared on low density polyethylene
(PE) sheets by corona discharge treatment that were subsequently grafted with
poly(ethylene glycol) mono-methacrylate (PEG-MA).

Wang et al.34 utilized PEG

molecules in the formation of a two component chemical gradient to control protein
adsorption. A PEG thiol and 11-amino-l-undecanethiol was used to form covalently
linked gradients of epidermal growth factor (EGF) a signaling molecule, via carbodiimide
coupling chemistry. Lower EGF adsorption occurred at higher PEG concentrations.
More recently Vasilev at al.22 has demonstrated the use of PEG density gradients to
create gradients of two proteins of differing size (lysozyme and fibrinogen). Delong et
al.35 used PEG-based hydrogels with a gradient of covalently immobilized RGDS to
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study the effect of fibroblast growth migration and alignment. It was found that the
fibroblasts changed their morphology to align in the direction of increasing RGDS
concentration and that the slope of the gradient further affected this response. Bhat et al.36
used gradients of polymer molecular weight (Mw) and/or grafting density of surface
bound Poly(2-hydroxyethyl methacrylate) (PHEMA) with physisorbed fibronectin to
investigate changes in the behavior and morphology of osteoblastic cells as a function of
their chemical environment. It is clear from an overview of the literature that while a
number of methods have been described to generate surface gradients, there is room for
optimising and expanding the range of materials and surface chemistries/properties that
can be deposited to accelerate biomaterial and tissue engineering research.37

In previous work we have introduced the technique of plasma polymer gradient
deposition using a knife edge upper electrode to generate gradient surfaces.38 Use of this
electrode configuration within the plasma deposition process results in the generation of a
chemical gradient on substrates placed directly underneath the plasma glow. In this work
we have conducted a detailed study of the gradient plasma polymer film chemistry via Xray Photoelectron Spectroscopy (XPS) and time-of-flight secondary ion mass
spectroscopy (TOF-SIMS) with principle component analysis (PCA). The adsorption of
serum proteins (human serum albumin (HSA) and fetal bovine serum (FBS) was
monitored across the gradients and was shown to be effected by the surface chemistry as
well as protein incubation time, which demonstrated marked variability in the films
ability to resist protein adsorption. Furthermore, the attachment of HeLa cells (in the
presence of serum proteins) was monitored across the gradient and was shown to
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correlate with the surface chemistry, but more importantly, cell attachment appeared to
correlate strongly with the adsorption of serum proteins.

6.3 Materials and Methods
6.3.1 Substrate Preparation
DGpp gradients were deposited onto ultra-flat single crystal silicon wafers (<100>, 1 cm2
x 0.5 mm thick, MMRC P/L), cleaned by ultrasonication in a 2% RBS-35 surfactant
solution (Pierce, 2% ethanol in MilliQ) for 1 hour. Substrates were then rinsed multiple
times in Milli-Q water before being dried in a high-pressure stream of high purity
nitrogen. For the cell culture experiments, the glass slides were pre-coated with a
heptylamine (Aldrich, 99% purity) HA-pp layer to enhance the adhesion of DGpp
gradient to the glass substrate.39 The parameters used for RFGD deposition of HA films
were a frequency of 200 kHz, a load power of 30 W, an initial monomer pressure of 40
Pa (final pressure of 70 Pa), and a treatment time of 30 s.
6.3.2 Plasma Polymerisation
Radio frequency glow discharge plasma polymerisation was used to deposit PEG-like
gradient films in a custom-built plasma reactor described previously12. The reactor
consists of a cylindrical glass chamber (height of 35 cm and diameter of 17 cm) and is
fitted with two capacatively coupled electrodes.

The top electrode (a razor) was

connected to a RF power supply (125 kHz) and lowered to sit ~ 1mm above the substrate,
while the bottom electrode (diameter = 14 cm) was grounded. The monomer diethylene
glycol dimethyl ether, or ‘diglyme’ (DG) (BDH, 99% purity) was fed into the reactor
from a round bottom flask attached to a stainless steel line and a manual valve to control
the flow. Substrates were placed on the lower electrode, and a rotary pump was used to
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evacuate the chamber. The DG vapors were fed into the chamber at a starting pressure of
20 Pa, and a continuous RF field was generated between the electrodes for a deposition
time of 180 seconds. Gradients were deposited at two different load powers, 5 and 30W,
with pressure ranging from 20-27.5 Pa for the 5 W gradient and 20-51.4 Pa for the 30 W
gradient deposition.
6.3.3 X-Ray Photoelectron Spectroscopy (XPS)
To investigate the chemical composition of the DGpp films, XPS analysis was performed
using an AXIS HSi spectrometer (Kratos Analytical Ltd, Manchester, UK) equipped with
a monochromated Al Kα X-ray source at a power of 144 W (12 mA, 12 kV). A
hemispherical analyser was used, operating in the fixed analyser transmission mode with
a standard aperture (1.0 mm x 0.5 mm). Charging of the samples during irradiation was
compensated for by the internal flood gun, coupled with a magnetic immersion lens. The
pressure in the main vacuum chamber during analysis was typically 5 x 10-6 Pa. Survey
spectra were acquired at a pass energy of 320 eV to identify the elements present in the
DGpp films. The atomic concentrations were calculated using integral peak intensities
and the sensitivity factors supplied by the manufacturer. High-resolution C 1s spectra
were also obtained and quantified using a minimisation algorithm in order to calculate
optimised curvefits and determine the relative contributions from specified functional
groups. Five peak components (mixed guassian/Lorentzian model functions) were used
to fit the C 1s curves. Component C1 at the lowest binding energy (BE) was assigned to
aliphatic hydrocarbons (neutral carbon) and the corresponding BE set accordingly to 285
eV

40

and normalised to 1 for presentation of the 3d C 1s XPS plots.

A second

component at a slightly higher BE was included to account for all C 1s photoelectrons
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that underwent a secondary BE shift. Component C3 (286.3-286.6 eV) represents C-O
based groups (eg ethers and alcohols), C4 (287.9 – 288.2 eV) accounts for all C=O based
functional groups (eg aldehydes and ketones) and C5 (288.9 – 289.3 eV) accounts for OC=O based groups (eg acids or esters). These components were applied to the analysis of
the DGpp gradients prior to protein adsorption.
To investigate protein adsorption, survey scans were acquired across the DGpp gradients
after protein incubation. Survey spectra were collected with a Kratos AXIS Ultra DLD
spectrometer, using monochromatic AlKα radiation (hν = 1486.7 eV). The scans were
recorded with a pass energy of 160 eV and a 110 µm aperture. The scan centres were
separated by 200 µm. Each gradient sample was characterised by 32 spectra
corresponding to a total scan-length of ~ 6.5 mm.
6.3.4 Time-of-Flight Secondary Ion mass Spectroscopy (ToF-SIMS)
TOF-SIMS analyses were performed with a PHI TRIFT II model 2100 spectrometer (PHI
Electronics Ltd.) equipped with a 69Ga liquid metal ion gun. A pulsed primary ion beam
was used to desorb and ionize species from sample surfaces. Pulsed low-energy electrons
were used for charge compensation. Mass axis calibration was done with CH3+, C2H5+,
and C3H7+ in positive mode of operation, the one employed in this study. A mass
resolution m/Δm of 4500 at nominal m/z = 27 amu (C2H3+) was typically achieved. The
ToF-SIMS technique is “destructive” by its nature; however, by applying an ion beam of
low current, it is possible to derive data from a virtually intact surface. The primary ion
fluxes used in this study were between 3x1011 and 6x 1011 ions cm-2, meeting the static
conditions regime that for spectroscopy should be less than 1x 1012 ions cm-2. The
gradient samples were characterized by multiple scans collected along a line
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perpendicular to that defined by the razor electrode. The area of each scan was 100x100
µm and the scan centres were separated by 200 µm. Each gradient sample was
characterised by 40 spectra resulting in a total scan-length of ~8.0 mm. The complex
mass spectra were analysed by detecting differences in the fragmentation patterns. This
was achieved with the aid of Principal Component Analysis (PCA).
6.3.5 Serum protein adsorption
To assess the relative adsorption of various proteins across the DGpp gradients, fresh
samples were incubated in solutions of human serum albumin (0.1 mg/ml in PBS, pH 7.4
for 1 hour) and fetal bovine serum (FBS). DGpp gradients were incubated in 10% FBS
(CSL) solutions in PBS (pH=7.4, 37 degrees) for both 1 and 24 hr incubation times at 37
°C.Samples were then thoroughly rinsed with MilliQ water before to remove excess salt
being blown dry with a high-velocity, ultra pure nitrogen stream. Samples were then
analysed using XPS and ToF-SIMS (for HSA attachment) where protein adsorption was
indicated by the presence of elemental N or N containing fragments on the DGpp
gradient surface.
6.3.6 Cell attachment
Sample preparation: DGpp gradient coated glass slides were transferred to separate
chambers of a 4-chamber culture tray (Nunc, these culture trays are designed to hold one
whole glass slide in each chamber) and then soaked in 7 ml of a sterile solution of 1xPBS
containing penicillin (120 µg/ml) and streptomycin (200 µg/ml) overnight at 4oC.
Cell attachment: The sterilizing solution from the step above was removed and HeLa
cells were seeded at a density of 5x105 cells/chamber in 7 ml of fresh DMEM/Hams F12
supplemented as usual (10% FBS, pen/strep, glut). This density was designed to give an
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effective loading close to confluence after 24 hours attachment. Cells were incubated for
24 hours at 37oC in humidified air containing 5% CO2. Visualisation of cell presence and
morphology on the silicon wafers was achieved by exposing cells CellTracker Green™
(CTG, Molecular Probes, Invitrogen) for the final hour of incubation.
Microarray Scanner: An applied precision array WoRx microarray scanner was used to
image stained and fixed cells across the plasma polymer gradient coated glass slides. No
auto-fluorescence of the plasma polymer films was observed when using an Alexa 488
filter. The intensity vs distance profiles across the stained cells on the gradient were
taken using ‘Image J’ software.

6.4 Results and Discussion
In this work, PEG like gradient plasma polymer (pp) thin films were deposited via radio
frequency glow discharge plasma polymerisation of diethylene glycol dimethyl ether
(DG) at two different load powers, 5 and 30 W. A knife edge upper electrode within the
plasma reactor was used to generate the DGpp gradient films with a systematic variation
in their surface chemistry.12 In particular the concentration of surface ether groups
(known to be critical to protein adsorption in PEG-like polymer films) can be
systematically varied across the DG plasma polymer (DGpp) gradients. It was expected
that differences in protein and cell adhesion may be evident along the ether surface
chemistry created using this technique. The region of the gradient deposited directly
underneath the knife edge electrode is defined throughout this paper as ‘0 mm' and the
gradients are analysed either side of this central region, at increments across the gradient
surfaces. Being able to precisely identify this central (0 mm) region of the gradient in
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enclosed vacuum environments, such as those in the case of XPS and TOF-SIMs, can be
difficult and care must be taken to carefully identify this region prior to analysis.
6.4.1 XPS analysis of gradient films
XPS survey scans performed across the gradients reveal the presence of elemental carbon
and oxygen only. The oxygen to carbon ratio plotted as a function of distance is shown
in Figure 6.1A. It can be seen that the central region of each gradient retains the highest
oxygen content, which systematically decreases across the gradient, which we have
reported previously.12 Gradients deposited at 5 W retained O/C ratios most similar to that
of the starting monomer (0.5)41, which was measured to be 0.46 in the central region, and
decreased to 0.41 at a distance of 4 mm from the gradients centre. The 30 W gradient
yielded O/C ratios ranging from 0.34 to 0.3 between 0 and 4 mm across the gradient
respectively. These values are similar to other reported in the literature for diglyme
plasma polymers.

Bretagnol et al.41 reported O/C ratios for uniform DGpp films

deposited using rfgd plasma polymerisation of DG at 1 to 15 W to be 0.44 to 0.31,
respectively.
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Figure 6.1 A. O/C elemental ratio across the 5 and 30 W gradients B. and C. Percentage of the relevant C
1s components plotted across the gradients from the high resolution C 1s XPS curves of the 5 W (B) and 30
W (C) DGpp gradient films. The components are C-C, C-H (●), C-O (■), C=O (▲) and O-C=O ( ) and
percentages are relative to total carbon.

High resolution C 1s XPS analysis (data not shown) revealed four main chemical
components contributing to the spectra including C-C and C-H (hydrocarbon), COR
(ether and alcohol), C=O (ketone and aldehyde) and COOR (carboxylic acid and ester).
Figure 6.1B and C presents the contribution of these components from high-resolution C
1s analyses across the 5 and 30W gradient films respectively. The central region of both
the 5W and 30W gradients, retained the highest concentration of COR groups (~ 286.6
eV) indicating greater retention of the DG monomers native ether groups. Gradients
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deposited at a 5 W load power retained more monomer-like functionality when compared
with the 30 W gradient, with higher concentrations of COR (ether and alcohol related)
groups. A systematic decrease in the COR functionality from the centre and across the
gradients was observed, but the change in this component was most noticeable across the
5 W film, yielding a more concentrated chemical slope across the gradient surface,
ranging from 79 % at the centre (0 mm) to 61 % at 4 mm, compared with 46% (0mm) to
31 % (4 mm) for the 30W films. Quantification of the C 1s analysis also revealed that the
C-C/C-H, C=O and COOR functionalities were lowest in the centre (0 mm) and increased
across both gradients. The loss of COR functional groups corresponded with an increase
in hydrocarbon species.12 Previous chemical mapping experiments performed across the
5 and 30 W DGpp gradients using synchrotron source grazing incidence FTIR
microspectroscopy confirmed the presence of surface ether groups and that the chemical
gradient occurs throughout the bulk of the films (rather than just the surface) and is
strongest in the region of the film deposited on either side of the razor.12 The ether
content was found to remain highest at the centre of both of the gradients, however the 5
W gradient retained more monomer like functionality with a greater contribution to the
giFTIR spectra from the ether stretch when compared to the 30 W gradient.
6.4.2 ToF-SIMS Chemistry

Positive ion TOF-SIMS spectra were acquired across the 5 and 30 W gradients and
analysed using PCA to aid in the interpretation of the data. PCA is a statistical
transformation of data, which when applied to the complex TOF-SIMS spectra, reduces
the dimensionality and random variables of the raw data, enabling a more accurate
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comparison of ion peak trends not necessarily apparent between datasets. Analysis of the
TOF-SIMS positive ion spectra (Figure 6.2A-D) shows that in all cases the spectra
contain the same major fragments but they differ in their relative intensities. The
commonly reported ether fragments42-44 at m/z = 31 (CH3O+), m/z = 45 (C2H5O+), m/z =
59 (C3H7O+) and m/z = 73 (C3H5O2+) are shown to be more intense at the centre (0 mm)
of the gradients, when compared to the intensity of well known hydrocarbon fragments,
specifically m/z = 15 (CH3+), m/z = 41 (C3H5+), m/z = 43 (C3H7+) and m/z = 55 (C4H7+).
This effect is most noticeable at a distance of 3.5 mm across the 30 W gradient, as shown
in Figure 6.2D, where the height of the hydrocarbon peaks are almost equivalent to the
major PEG related peaks. The results of the PCA analysis across the 5 W and 30 W
gradients are shown in figure 3, where both the PC1 scores (89.7 %) (6.3A and B) and the
loadings plots of PC1 (6.3C and D) are presented respectively. Analysis of the scores
plot of the 5 W gradient (Figure 6.3A) alludes to an oscillating variation in surface
chemistry that was not apparent from analysis of the XPS data with negatively loaded
peaks around either side of the centre of the gradient and a very narrow central region of
positively loadings and negative loading out to around 2mm which then become positive
again. The scores plot for the 30 W gradient (Figure 6.3B) shows a wider region of
positive scores out to 2 mm either side of the central region which then become positive
of the gradient more in keeping with the trends in gradient chemistry observed via XPS.
Therefore there is an essentially opposite trend in the scores plot of the 5 and 30 W
gradients after PCA however the peaks which are either positively or negatively loaded
are the same in both powers indicating differences in surface chemistries in the top 2-3
nm.
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Figure 6.2 TOF-SIMS positive spectra of the 5 and 30 W gradients taken from the central region “0 mm”
(A and B) and 3.5 mm across the gradient (C and D) for the 5 and 30 W gradients respectively.
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The positive hydrocarbon related fragments were negatively loaded for both the 5 and 30
W gradients, while the ether related fragments loaded positively (Figures 6.3C and D).
The positive ether related fragments include CH3O+, C2H5O+ and C3H7O+ and as
discussed previously, these are common to PEG-like surfaces.42-44 Furthermore, the
intensity of the positively loaded ether related fragments are lower in the centre of the 5
W gradient compared to the 30 W gradient, indicating that the ether components are less
prevalent in the centre of the 5W gradient which is in disagreement with XPS and
previously reported FTIR data in the 5 W film. The finding that more ‘PEG-like’ surface
chemistries are prevalent in the centre of the 30 W film is in keeping with XPS analysis
of the films. The discrepancy in the XPS and FTIR data with PCA of the loadings in the 5
W film could be due to a number of reasons. It is possible that due to the lower depth
penetration of the TOF-SIMS compared to XPS, that the TOF-SIMS analysis is
identifying some possible oxidation or chemical re-arrangement occurring at the surface
of the 5 W gradient. We know from previous studies that lower power DGpp films can
result in the generation of low molecular weight material (as discussed in Chapter 4). In
the ‘low power’ region of the plasma discharge directly underneath the knife edge
electrode this material may contain more hydrocarbons and therefore make the surface
look less ether like within the first 2-3 nm as analysed by TOF-SIMS when compared to
the 10 nm sampling depth of XPS. Analysis of the scores plot for both the 5 and 30 W
gradients does show a distinct change in films chemistry, however at approximately 2
mm either side of the gradients centre.
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Figure 6.3 PCA analysis of positive TOF-SIMS mass spectra recorded on 5W (A) and 30 W (B) DGpp
gradients showing PC1 scores as a function of distance across the sample surface, with 0 denoting the
approximate position of the knife-edge electrode. Loadings of hydrocarbon and oxygen-containing
fragment ions on PC1 for the 5 (B) and 30 W indicate that gradients were deposited.

6.4.3 XPS and ToF-SIMS analysis of Protein Adsorption on gradient films (HSA)
Analysis of the PCA scores (Figures 6.4 A and B for the 5 and 30 W gradients
respectively) and loadings plots (Figures 6.4 C and D for the 5 and 30 W gradients
respectively) after the gradients were exposed to solutions of human serum albumin
clearly indicate a higher relative amount of adsorbed proteins across the 30 W gradient
than the 5 W gradient. The amount of N containing positive ions are negligible across
the 5 W gradient, however it is interesting that the same oscillatory nature of the surface
chemistry was revealed. One might initially interpret this as proteins adsorption varying
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with the surface composition across the 5 W gradient, however it is the CHO and
hydrocarbon ions that primarily load onto PC1, whereas the loadings of CHN ions are
negligible (Figure 6.4C). Therefore, Figure 6.4C reproduces quite closely the surface
chemistry observed in Figure 3C before adsorption and does not reveal whether or not the
small amounts of adsorbed proteins follow the same banding as the positively loaded
fragments seen could also possibly be due in part to fragmentation of adsorbed proteins.
This data highlights the potential for reaching incorrect conclusions when analysing PCA
data and thus the need for care in interpreting such results. For the 30 W gradient, the
positive N containing fragments loaded negatively onto the PC 1 loading plot (Figure
6.4D), and the scores plot (Figure 6.4B) indicates that HSA adsorption is occurring
either side of the gradient centre, consistent with the chemistry variation seen on the
TOF-SIMS PC 1 scores plot in Figure 6.3B.
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Figure 6.4 PCA analysis of positive TOF-SIMS mass spectra recorded on the gradients after exposure to
HSA: (A) PC1 scores as a function of distance across the 5 (A) and 30 W (B) gradients, and (C) and D)
loadings of hydrocarbon, oxygen-containing and nitrogen-containing fragment ions on PC1 (note that
loadings of immonium ions are negligible across the 5 W gradient; e.g., C2H6N+). The score plots reveal
the oscillating adsorption across the gradients (most pronounced across 5 W gradient), consistent with the
spatial chemistry variations measured by TOF-SIMS prior to protein incubation (0 denotes the
‘approximate’ position of the knife edge electrode).

The total normalised intensity of positive CHN containing fragments (immonium ions
from amino acids) was plotted from the TOF-SIMS data and is shown in Fig 6.5A. It
shows that across the 5W pp gradient there is a very low level of protein related
fragments detected. For the 30W sample there is substantially more nitrogen containing
fragments on areas away from the centre of the gradient and less fragments near the
gradient centre, in agreement with XPS data. From XPS analysis of the 5 W gradient
(Figure 6.5 B) no N signal was detected across the entire sample area (-3 mm to 3mm)
however it clear from the nitrogen containing fragments that some protein has indeed
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adsorbed in the centre of the gradient that was not evident from XPS analysis. From XPS
analysis of HAS adsorption in the 30W pp (Figure 6.5 B), there is substantial protein
adsorption in the regions further away from the electrode whereas underneath and near
the electrode, the pp resisted protein adsorption to below the detection limit of ~10
ng/cm2 via XPS analysis. The lower protein fouling region spanned across a distance of
approximately 2 mm either side of the gradient centre, consistent with the chemistry
variation seen on the TOF-SIMS PC 1 scores plot in Figure 6.3B.

Figure 6.5 (A) Summated relative intensity of immonium ions across DGpp-5W and DGpp-30W surfaces
after exposure to HSA measured by TOF-SIMS analysis (0 denotes the ‘approximate’ position of the knife
edge electrode). (B) N/C elemental ratio from XPS analysis plotted across the DGpp gradients following
incubation in HSA. The central region of the gradient remained resistant to HSA incubation, with
adsorption increasing across the gradient. No N was detected across the 5 W gradient within the XPS
detection limits
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6.4.4 Fetal Bovine Serum Adsorption and HeLa cell attachment
In order to probe the relationship between the chemistry of the gradient surface, protein
resistance/adsorption, and cell attachment, fetal bovine serum (FBS) was also used for
protein adsorption studies across the 5 and 30 W gradient films. FBS was used in addition
to the human serum albumin data already presented in figures 6.4 and 6.5, as this is
commonly present during cell attachment/cell culture experiments. Analysis of FBS
adsorption across the DGpp gradients was performed after 1 and 24 hour incubation
times at 37° C (Figure 6.6 A and B), to detect any influence of protein exposure time on
adsorption, and to compare with the cell attachment data which was performed over a 24
hour period. The adsorption of protein across the gradients was tracked by monitoring the
emerging nitrogen component in the XPS survey spectra. The relative amount of FBS
adsorbing across the gradients was found to correlate with the COR component in the
films as measured from C1s XPS spectra curve fit data (Figure 6.1B and C) with regions
of higher ether content adsorbing less FBS. Across the 5 W gradient, no adsorbed FBS
proteins were detected at the centre of the gradients (0 to 2 mm) after 1 hour incubation.
At 2 mm across the 5 W gradient, correlating to an XPS COR content of ~ 70 %, FBS
proteins were detected and the N/C ratio increased to a maximum 0.035 (correlating to
2.4 atomic % N) at a distance of 4 mm from the central gradient region. After 1 hour,
low levels of protein were observed in the 30 W film measured in their central region,
increasing to maximum N/C contents of 0.08 (correlating to 5.9 atomic % N) at 4 mm
across the gradient.
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After 24 hours incubation of the gradients in the serum proteins, an increase in protein
adsorption across both gradients was observed (Figure 6.6B) with FBS proteins adsorbing
in the central region of both gradients. When comparing the adsorption of FBS across the
gradients as a function of time (1 hour vs. 24 hours) the 5 W film results in a gradation of
physisorbed FBS proteins, ranging from 0.49 to a maximum of 0.9 (correlating to 5.9
atomic % N) at 4 mm across the gradient. The 30 W gradient however, had a relatively
uniform coverage of FBS across the entire surface with no gradient in protein adsorption
visible after 24 hours. The adsorption of FBS proteins was also monitored across a bare
silicon substrate as a control after both 1 and 24 hours incubation periods, where no
difference was observed in the final N/C values, which were 0.24 (correlating to 9.8
atomic % N, data not shown).

In a time dependant study of

125

I plasminogen adsorption on lysine modified N-

succinimidyl carbonate PEG grafted polyurethane (PU) surface (PU-PEG-NHS), Chen et
al. 45 found that the adsorption of plasminogen from blood plasma continued to increase
on the PEG-lysine modified surface until 7 hours. They suggested that the rate of
plasminogen adsorption onto the PEG-lysine modified surface was slowed (compared to
ungrafted controls) due to the inhibitory influence of the PEG. This further demonstrates
the importance of time dependency in protein adsorption studies, where the effect of time
is often a neglected.
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Figure 6.6 Adsorption of FBS proteins across DGpp gradients as a function of distance across the gradient
after 1 hr and 24 hr (A and B, respectively) as measured by XPS elemental N detection.

Cell attachment across the DGpp gradients was observed using fluorescently labeled
HeLa cells in the presence of FBS over a 24 hour incubation period. An overview of the
attachment of the fluorescently labeled HeLa cells is shown in Figures 6.7A and B for the
5 and 30 W gradients respectively, while high resolution images of the attached cells are
shown in Figures 6.7D and E. Furthermore, the normalised fluorescence intensity profile
of the cells attached across the 5 and 30 W gradients is displayed in Figure 6.7E. The
central region (~ 2mm either side of the gradient) of the 5 W gradient remained relatively
resistant to HeLa cell attachment, while cells attached across the entire 30 W DGpp
gradient.

This correlates not only with surface chemistry but primarily with the

adsorption of FBS proteins as presented in figure 6.2B. HeLa cells began adsorbing onto
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the 5 W surface when the chemistry XPS COR content dropped to ~ 70 %, while the
central region of the 30 W gradient showed a maximum COR content across the gradient
of just 46 % in part explaining the cell attachment across its entirety. Analysis of the
high resolution images shows that HeLa cells attached across the 5 W gradient (Figure
6.7C) are rounded, clumped and not well attached, while those attached across the 30 W
gradient (Figure 6.7D) are more dense, spread and confluent.

Figure 6.7 (A and B) Overview of the fluorescently labelled HeLa cells attached across the 5 and 30 W
DGpp gradient films respectively, at low magnification (x2 objective) (scale bar represents 1 mm). (C and
D) Higher resolution images (x10 objective) of the attached cells across the 5 and 30 W gradients
respectively. Images were taken from regions across the gradients in the shaded highlighted boxes shown
in Figures A and B (scale bars represent 100 µm). (E) Fluorescence intensity profile of stained HeLa cells
across the 5 and 30 W gradients.
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Results of cell adhesion studies of PEG like DGpp films, reported by Bretagnol et al.

41

also concluded that there was strong correlation between cell resistance/adhesion and the
ether content of the films.

Samples were deposited at 1, 5 and 15 W yielding

systematically decreasing surface ether contents and analysed for their resistance to the
adsorption of BSA using QCM-D. Both the 1 and 5 W samples adsorbed extremely low
levels of BSA (i.e. ~ 0.2 and 0.3 μg/cm2), while the 15 W sample and reference adsorbed
higher levels. They suggested however, that the use of just one protein is not sufficient to
predict cell response. The attachment of L929 fibroblast cells on the 1 W samples (72 %
COR content) was reduced by ≥ 95%, while both the 5 and the 15 W (~54 and 40 % COR
content) samples showed excellent cell adhesive properties, in contrast to the BSA
adsorption studies. Other researchers using chemical gradients have also correlated the
growth or activity of cells with the presence of media proteins. Lee et al.

46

prepared

wettability gradient on polyethylene (PE) surfaces using a corona discharge treatment and
detected the maximum adsorption of calf serum proteins across the gradients at a position
which correlated with the attachment of PC-12 cells. Similarly, Bhat et al.

47

used

orthogonal surface chemical gradients of grafted PHEMA (Mw and grafting density) to
control and systematically vary the amount of adsorbed Fibronectin (FN), an ECM
protein known to promote the attachment of MC-3T3 E1 cells. Cell coverage was found
to correlate with both the coverage of PHEMA on the substrate and consequently, the
adsorption of fibrinogen.

46

Our results indicate that by controlling and varying the

adsorption of serum across a gradient (dictated largely by surface chemistry), the
attachment cells across a surface may be controlled.
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6.5 Conclusions
Plasma polymer (pp) PEG-like chemical gradients were generated using a one step
continuous wave radio-frequency glow discharge plasma polymerisation of diethylene
glycol dimethyl ether (DG), at load powers of 5 and 30 W. XPS showed that the ether
functionality systematically varied across the length of the gradient, with the highest
‘PEG like’ characteristics retained in the central region of the films and in gradients
deposited at lower load power. The presence of hydrocarbon, carbonyl and acid and
hydroxyl functionalities also varied systematically across the gradients, being lower in
the central region and increasing laterally outwards. TOF-SIMS data highlighted an
oscillatory nature of the surface chemistry across the gradients that were not detected by
XPS, indicating a depth variation to surface chemistry. The adsorption of both HSA and
FBS was monitored across the gradients. XPS detected no HSA proteins across the 5 W
gradient, while TOF-SIMS detected very low levels. HSA adsorption was shown to be
higher on the 30 W gradient and correlated with a distinct chemical change (specifically
higher amounts of positive hydrocarbon fragments) seen at approximately 2 mm either
side of the gradient centre. The importance of protein incubation time in protein
adsorption studies was highlighted, where no FBS proteins were detected in the central
region of the 5 W gradient after a 1 hour incubation period, while after 24 hours proteins
were detected across the entire gradient. Furthermore, the attachment of HeLa cells (in
the presence of serum containing media) were used to investigate cell-surface interactions
across the gradients which were found to correlate with the results of the adsorption of
the FBS proteins in terms of cell density as a function of distance on the gradient.
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7.1 Abstract
Micropatterning of surfaces with varying chemical, physical and topographical properties
usually requires a number of fabrication steps and specific substrate materials, increasing
complexity and production costs. Herein, we describe a technique based on plasma
enhanced chemical vapour deposition which allows the substrate independent
micropatterning of multifunctional, selective surface chemistries in one step without
solvents. In this ‘top down’ method, which we have termed ‘Plasma induced patterning
via Electrode Templates’ (PIPET), a patterned upper electrode is used to generate a nonuniform plasma in which film deposition is controlled to produce chemical micropatterns.
We illustrate the versatility of this technique via the controlled adhesion of proteins,
geometric confinement of cells and the spatial confinement of peptide self-assembly. This
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multifunctional micropatterning technique has broad applicability in the fields of cell
biology, tissue engineering and biomedical science. It could potentially form the basis of
new applications in fields such as optics and electronics.
Keywords: Surface Modification, Thin Films, Self-Assembly, Polymeric Materials

7.2 Introduction
Micropatterning of surfaces with varying chemical, physical and topographical properties
usually requires a number of fabrication steps and specific substrate materials. Herein, we
describe a technique based on plasma enhanced chemical vapour deposition (PECVD)
which allows the substrate independent micropatterning of multifunctional, selective
surface chemistries in one step without solvents. In this method, which we have termed
‘Plasma Induced Patterning via Electrode Templates’ (PIPET), a patterned upper
electrode is used to generate a non-uniform plasma in which film deposition is controlled
to produce chemical micropatterns.

The generation of regular arrays of multiple polymer surface chemistries or features on a
surface is routinely used in a number of research fields.1-4 Polymer micropatterning
techniques generally require a number of steps to produce the desired features. These
methods include photochemical 9 and lithographic10 techniques.11 With the exception of a
small number of emerging patterning techniques12, these methods require further
chemical derivatisation for optimal functionality.8, 12 The novel technique reported here is
based on PECVD and is the first example of a substrate independent, solvent free, onestep process that allows the generation of stable multifunctional micropatterns. PECVD13
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generates plasma polymer (pp) films that comprise cross-linked and fragmented
combinations of the gaseous monomer. PECVD enables the modification of various
substrate materials

14,15

and is scalable for use in sterile environments.16 However,

existing plasma based patterning methods such as etching13, plasma lithography,15 and
microplasmas15, 17 require numerous production steps for use in biological applications
where surface passivation and activation is necessary.

7.3 Materials and Methods
7.3.1 Plasma polymer deposition
Plasma polymerisations were performed in a custom-built reactor (see Appendix 2) on
pre-cleaned ultra–flat single crystal, silicon wafers (<100>, 1 cm2 x 0.5 mm thick,) and
pre-cleaned glass slides (Biolab).19 Diethylene glycol dimethyl ether (BDH, 99% purity)
was deposited at 125 KHz, a load power of 5 W, monomer pressure of 20 Pa for 120
seconds. Cell attachment and self-assembling peptide studies on the DGpp patterned
surfaces were performed on glass substrates that were pre-coated with a heptylamine pp
film (Aldrich,) (200 kHz, power of 30 W, monomer pressure of 40 Pa for 30 seconds.
7.3.2 Preparation of patterned plasma reactor electrodes
Patterned electrodes were produced via lithographic etching on thin copper. The
electrodes comprised arrays of circles (0.9-1.6 mm diameter) or squares, and triangles
with maximum cross dimension of 1.25-1.5 mm and an interspacing of approximately 2
mm.
7.3.3 Optical images of patterns
Optical images of the DGpp patterned features were collected using an “Infinity X”
camera (Luminera) attached to a binocular Microscope (Kyowa) at 0.7x magnification.
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7.3.4 Optical profilometry
Images of the patterned films were obtained using a Wyko NT1100 Optical Profilometer
(Veeco) at 5x magnification using a field of view of 1.
7.3.5 giFTIR microspectroscopy
Chemical maps across the DGpp patterned spot were acquired using a synchrotron source
FTIR microscope (Australian Synchrotron).

Using a Bruker Vertex 80v FTIR

spectrometer coupled to a Bruker Hyperion 2000 IR microscope, spectra were collected
in grazing incidence mode using a Grazing Angle Objective at 15x magnification.
Spectra (256 scans) were acquired using a 20 x 20 μm aperture and step size of 50 x 50
μm (spectral resolution of 6.0 cm-1). Bruker Opus software version 6.5 equipped with
video mapping was used to generate 2D absorbance maps. Data was converted to 3D
chemical maps using the OPUS 6.5 software, corrected with an eight point baseline
correction and normalized to the alkane stretch (~2850 to 3000 cm-1).
7.3.6 ToF-SIMS measurements
Tof SIMS measurements were performed using an ION-TOF IV, with a reflectron timeof-flight analyser. Positive ion spectra were collected using a 25 keV Bi+ primary-ion
beam in high-current-bunched mode over a region of interest of 500 µm2 at a resolution
of 256 pixels2.
7.3.7 Protein adsorption
Patterned films were incubated in BSA (Sigma) (in PBS (1 mg/mL at pH 7.4) for one
hour at room temperature and thoroughly rinsed.
7.3.8 Cell culture
The micropatterned slides were sterilised overnight in 2 ml of 1xPBS containing 200
units/ml penicillin and 200 μg/ml streptomycin (GIBCO). HeLa cells were seeded onto
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the glass slides at a density of 1x106 cells/chamber in 7 ml of fresh Dulbecco’s
Modification of Eagle’s Medium/Ham’s F12 (MP Biomedicals) supplemented with 10%
(v/v) FBS (ICP Biologicals™), 100 units/ml penicillin and 100 μg/ml streptomycin. The
cells were incubated for up to 7 days at 37o C in humidified air containing 5% CO2. For
the final hour of incubation (either day 1 or day 7) the medium was removed from each
slide chamber and replaced with 7ml/slide of fresh complete medium containing
CellTracker™ Green (Molecular Probes,) at a dilution of 1:1,000. The culture medium
was then removed and each slide rinsed with sterile 1x PBS pH 7.4. Cells were fixed for
30 minutes with 4 % formol saline at room temperature, then washed with PBS and
deionised water. Fluorescent images of representative cells were obtained using a Nikon
Eclipse 90i microscope equipped with epifluorescence illumination. The CellTracker™
green stained cells were imaged at λ = 488 nm at 2x and 10x magnification.
7.3.9 Site specific growth of self assembling peptides
The patterned slides were incubated for 4 hours in Thermolysin from Proteoloyticus
rokko (Sigma Aldrich, 2 mg/ml) before unbound enzyme was removed by rinsing.
Reactants were prepared to a final concentration of 20 mM Fmoc-L and 40 mM Leu-Leu
(Sigma Aldrich) by the addition of pH 8.5, 10 mM Tris buffer. The pH was then adjusted
to 7.2 and Congo red stock solution was added to a final concentration of 10 mM. The
reactant solution was then added to the surface of the slide, and left to incubate for 4
hours. Hydrogel spots were dried under nitrogen, and imaged using cross polarised
microscopy.
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7.4 Results and Discussion
The key innovation of PIPET is a patterned upper electrode (Figure 7.1a and Appendix
2), where an asymmetric glow discharge occurs, resulting in a spatial variation of the
bulk plasma and sheath, which affects the chemical structure of the resulting plasma
polymer. The versatility of this technique is illustrated via the controlled adhesion of
proteins, geometric confinement of cells and the spatial confinement of peptide selfassembly. The performance of biomaterial devices is dependent on their ability to resist
or control protein and cell adhesion.18, 19 The monomer diethylene glycol dimethyl ether
(DG) was utilised in this work as it contains ether units which form the backbone of
poly(ethylene glycol) (PEG) molecules.20 The ether functionality of PEG polymers is
critical to their low-fouling nature.21 The use of PIPET with DG, provides patterned
surfaces with regions of both high ether (PEG-like) and low ether (non PEG-like)
chemistries (Figure 7.1b). ‘Non-PEG-like’ chemistries occur directly under the holes of
the patterned electrode which is attributable to greater monomer fragmentation in this
region. The ‘PEG-like’ character of the surface increases radially from the centre of the
patterned features.

Chapter 7

214

Figure 7.1. a, Schematic of the PIPET technique. b, Variation in film chemistry and crosslink density
across a spot. Within a spot the chemistry is less ‘PEG-like’ compared to the surrounding film. c, Optical
microscopy images of patterned surfaces on silicon wafers (scale bars are 200 µm). The colours inside the
elevated features arise from interference of reflected light between the upper and lower film boundaries.
Lighter areas in the optical images correlate with thinner ‘PEG-like’ film chemistries. d, Optical
profilometry image across a spot (scale bar is 200 µm) .

The size (microns to millimetres), thickness (nanometres) and shape of the patterned
features can be easily varied by manipulation of the geometry of the upper electrode and
PECVD conditions (Figure 7.1c). The features produced are the same size as the open
holes in the upper electrode, displaying good fidelity. The increased thickness of the
films within the centre of the patterned shapes was confirmed via analysis with optical
profilometry (Figure 7.1d). The elevated features are approximately 200 nm above the
surrounding PEG-like regions which are 60 nm in thickness, when using electrode
patterned features 1 mm in size.
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For PIPET to be useful in biological applications, it is necessary to have spatial control
over surface chemistry in well-defined regions. Grazing incidence Fourier Transform
Infra-Red (giFTIR) microspectroscopy and time-of-flight secondary ion mass
spectroscopy (ToF-SIMS) was used to analyse patterned circles. Chemical maps (Figure
7.2 a-c) show a higher carbonyl and lower ether content within the circle compared with
the surrounding PEG-like film. This suggests that the plasma discharge and hence,
monomer fragmentation is more energetic in this region. The presence of these carbonyl
functional groups originates from bond scission of the monomer and post oxidation
reactions. Modelling of the plasma sheath physics using argon cross sections further
validates these findings (see Appendix 2). The model estimated the main plasma
parameters for comparison with the inter-electrode distance and the patterned hole size
(Appendix 2, Table 1). The Debye length was calculated to be of the order of 100 μm
which is comparable to the hole size in the upper electrode, and suggests that the limit to
the pattern fidelity using PIPET is around 100 μm. Plasma sheaths are regions where
charge separation can occur and strong electron and ion density gradients are present. The
sum of the live (0.8 mm) and earth sheath (0.2 mm) thicknesses is comparable to the
inter-electrode distance suggesting that the plasma bulk can be neglected and the process
is dominated by the sheath at the patterned electrode. As the hole size is of the order of
the Debye length, it is possible to have gradients in both the electron and ion density
across the holes which spatially affects monomer fragmentation and ionisation. The nonuniformity of the plasma discharge conforms qualitatively with the hole patterns within
the upper electrode.
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Figure 7.2 a-b, Synchrotron giFTIR plots of the intensity of ether & carbonyl stretches across a spot (high
intensity is shown in red and low intensity in blue), c, Optical microscopy image of the spot, d-e, ToFSIMS intensity plots of characteristic ether fragments (C3H7O+ C3H6O+, C3H5O2+, C4H9O+, C4H6O2+,
C5H10O+, C5H11O2+) & hydrocarbon fragments (C4H9+, C5H5+, C6H5+, C7H7+) from a PIPET spot, f, ToFSIMS intensity plots of characteristic nitrogen containing fragments (C5H5N+, C3H8N+, C5H10N+, C5H12N+)
after incubation of a PIPET spot with protein (BSA). For ToF-SIMS images high intensity is shown in
yellow and low intensity in black. Scale bar in all images is 100 µm.

To demonstrate the utility of PIPET in biomedical research it was proposed that it should
be possible to produce site-specific ‘islands’ for the containment of protein
immobilisation, cell proliferation and enzyme assisted self-assembly in a microarray
format. Imaging ToF-SIMS was used to map the surface chemistries before and after
incubation with bovine serum albumin (BSA) (Figure 72d-f). Collective, images of
positive ether related ion fragments commonly reported in PEG-like materials22 are
shown in Figure 7.2d and hydrocarbon ion fragments in Figure 7.2e for a surface prior to
incubation with BSA. Strong image contrast and good pattern fidelity is observed for all
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of the ions, with higher concentrations of hydrocarbon fragments being localized in the
centre of the circle. More ether or PEG-like ion fragments are observed in the
surrounding film. BSA adsorption was strongly retained within the centre of the circle, as
indicated by significantly more nitrogen containing ions (Figure 7.2f) in these regions. Xray Photoelectron Spectroscopy (XPS) confirmed the spatial variation of surface
chemistries (see Appendix 2).

In the second example we demonstrate the preferential confinement and growth of an
adherent HeLa cell line. Optical images of the patterns used to confine cell growth are
shown in Figure 7.3a and 3b for a planar array of HeLa cells, in which individual cells
attach and spread in the centre of the patterns. The ‘PEG-like’ regions support minimal
cell attachment. The long term stability and robustness under physiological conditions of
such patterns is a key performance characteristic. To exemplify the robustness of the
PIPET films, cells were incubated on circular patterns for 1 and 7 days (Figure 7.3c-d).
After 7 days culture the cells have proliferated but remain constrained within the
patterned boundary. The surrounding PEG-like regions of the film retained its biological
inertness; although a small number of cells were observed initially, these were not viable
after several days. This observation is consistent with the concept that the patterns have
retained their ability to support both initial cell attachment and spreading, as well as
subsequent proliferation.
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Figure 7.3 PCA analysis of positive ToF-SIMS mass spectra recorded on the gradients after exposure to
HSA: (A) PC1 scores as a function of distance across the 5 (A) and 30 W (B) gradients, and (C) and D)
loadings of hydrocarbon, oxygen-containing and nitrogen-containing fragment ions on PC1 (note that
loadings of immonium ions are negligible across the 5 W gradient; e.g., C2H6N+). The score plots reveal
the oscillating adsorption across the gradients (most pronounced across 5 W gradient), consistent with the
spatial chemistry variations measured by ToF-SIMS prior to protein incubation
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For microarray applications, an arrayed protein must remain functional. In order to
explore the potential of PIPET for microfabrication, we utilised a system in which a
localised enzyme was used to direct the self-assembly of a peptide hydrogel.23 The
formation of the self-assembling peptide was catalysed by a proteolytic enzyme and the
self-assembly process occurred at the site of enzyme activity (Appendix 2). When the
solution of peptide reactants is added, the self-assembly occurs in the vicinity of the
enzyme adsorbed in the centre of the patterned circles (Figure 7.3e). Spots of hydrogel
were observed around 500 μm in diameter, suggesting the enzymes are localised which
yield nucleation sites, and the hydrogel ‘grows’ to cover an area greater than the spot of
enzyme during the self-assembly. The presence of the self-assembled, peptide ß- sheets
were validated as birefringence (Figure 7.3e). We envisage that this technique could be
used to form complex patterns of self-assembled peptide hydrogels or enzyme arrays for
fabrication, tissue culture and sensing with potential applications in cell culture,24
nanoelectronics, and signalling.

7.5 Conclusions
We have described a new approach for the generation of substrate independent,
multifunctional surface chemistries that are cell and protein resistant/adherent in a single
step. The patterning technique is extremely versatile, tunable, solvent free and scalable.
We have demonstrated the broad utility of this strategy through the controlled adhesion
of proteins, confinement of HeLa cells and enzyme-assisted peptide self-assembly. The
method enables the production of various geometrical shapes and micropattern properties
to be deposited with good spatial and chemical fidelity. This multifunctional
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micropatterning technique has broad applicability in the fields of cell biology, tissue
engineering and biomedical science. The technique has the potential for use with a range
of

different

monomers

depending

on

the

application.

This

multifunctional

micropatterning technique could potentially form the basis of new applications in
additional fields such as optics, electronics, surface science and High-Throughput
research which require the micropatterning of thin films.
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8. Conclusions and Future Works
8.1 Conclusions
In this work, the generation and characterization of low-fouling uniform and gradient
coatings and chemically patterned surfaces capable of manipulating biomolecules and cell
interactions has been reported. Radio frequency glow discharge plasma polymerization of
diethylene glycol dimethyl ether (diglyme, DG) was employed for surface fabrication, with
manipulation of the upper active electrode in terms of shape and dimensions performed to
achieve the gradient and patterned surfaces, compared to the conventional uniform plasma
polymer surface. The results component of this thesis was categorised into three main
sections, including uniform, gradient and micropatterned surfaces, and as such I will discuss
the findings and conclusions for each of these topics separately.
8.1.1 Uniform PEG like plasma polymers
Chapters 3 and 4 presented uniform DG plasma polymer surfaces that were extensively
characterized for their chemical properties, as a function of the deposition load power and the
resulting protein and cell repulsive capabilities. Chapter 3 investigated the effects of plasma
processing conditions on the continuous wave, radio-frequency glow discharge plasma
polymerisation of diethylene glycol dimethyl ether in terms of producing uniform, robust,
low fouling PEG-like surfaces. The flow rate of the DG monomer was investigated and
defined in the capacatively coupled plasma reactor, used for the deposition of the DGpp films
discussed and presented in this thesis. The effect of the W/FM factor (Yasuda factor) on the
resulting DGpp films was also investigated by producing a series of films deposited at
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systematically increasing load power, including 5, 10, 20, 30, 40 and 50 W over a standard
60 second deposition period.

A thorough chemical analysis of the films was performed by a combination of
complimentary techniques, including grazing incidence FTIR, XPS and NEXAFS. Results
concluded that films deposited under lower load powers retained more of the original
monomer PEG-like character both at the surface and throughout the bulk of the film. The
XPS (COR) ether content ranged from 70% in the 5 W DGpp film, decreasing to 34% in the
50 W DGpp. Lower power films were also shown to contain lower amounts of unsaturated
and hydrocarbon functionalities due to a lower rate of fragmentation during plasma polymer
deposition. Polarised NEXAFS experiments were performed to investigate the role of any
chemical surface structuring of the lower fouling plasma polymerised films, however no
preferred orientation was observed (in the ultra high vacuum environment).

AFM step height analysis showed the film thickness to increase with higher deposition
powers and static contact angles also increased slightly in films deposited at higher load
power indicating a small decrease in wettability of the films. The adsorption of lysozyme
and BSA increased on films deposited at higher load power and was correlated primarily
with the ether content of the films. Only very low levels of proteins were detected on the
high ether containing 5 W surface, (less than 1 % N detected from XPS). HeLa cell
attachment response also appeared to be dictated by the films ether content with the 5 W
DGpp film surface inhibiting cell attachment after 24 hours incubation in the presence of
serum, while DGpp films prepared at load powers of 20 and 50 W were very supportive of
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HeLa cell attachment. Of those cells that did attach on the 5 W film, cells showed a clumped
and rounded morphology as opposed to the well attached and spread cells on the 50 W film.

In Chapter 4, which was based around the neutron reflectometry (NR) studies, surfaces were
required to be approximately 200 Å in thickness (requirement for NR analysis). To achieve
this, while surfaces were deposited at different load powers (10, 20 and 50 W), the time of
deposition also had to be optimized/adjusted (45, 20 and 10 seconds respectively). The
combination of XPS, neutron and X-ray reflectometry enabled the determination of film
mass density, full chemical composition including analysis of hydrogen content (not
attainable from XPS or NEXAFS) and degree of solvation. The atomic composition of the
10 W film (C2H3.3O0.9) was closest to that of diglyme (C2H4.7O1) and most similar to that of
PEG polymers (C2H4O1), while for the 20 and 50 W films the atomic composition was
determined to be C2H3.3O0.78 and C2 H2.0O0.6 respectively. All films result in a substantial loss
of hydrogen when compared to the starting monomer, with H/C values at the air interface
being higher in films deposited at lower load power. Mass density variation of the films was
less systematic, however the 10 and 20 films densities were most similar to a typical PEG
polymer (1.19 and 1.23 gcm-3 respectively), while the 50 W films was lower at 0.99 gcm-3.

NR showed that the films absorbed a substantial amount of water (~22 – 40 % v/v for the 20
and 50 W films), and their degree of solvation appeared to be dependent on both film
chemistry and mass density profile. QCM-D hydration studies confirmed the higher uptake
of water however QCM-D was unable to detect this change in the 20 W film. It was proposed
that the surface was losing lower molecular weight surface species while hydration was
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occurring and as such, no change in frequency or dissipation was detected. QCM-D was also
used to measure protein (BSA) adsorption on the three surfaces, which showed the 10 W film
containing a higher ether content to be the most efficient in reducing BSA adsorption. A
combination of the lower mass density and less PEG-like surface chemistry of the 50 W
plasma polymer film was correlated with the higher amount of protein adsorbed, compared to
the 10 and 20 W films. In addition, the low fouling 10 W film was also found to have the
highest H/C content at the air interface. Interestingly, the degree of protein adsorption did
not positively correlate with films that absorbed higher amounts of water, as is often
suggested by the water barrier theory.
8.1.2 PEG-like gradient plasma polymers
In Chapter 5, the generation and characterisation of 2-D PEG-like, surface bound chemical
gradients deposited at 5 and 30 W is reported. A knife edge upper electrode was employed
within the plasma reactor to produce the defined chemical gradients. The chemistry across
the gradients was analysed by grazing incidence-FTIR microspectroscopy, XPS and
NEXAFS. The ether functionality systematically varied across the gradients (both at the
surface and the bulk of the film) with the highest ‘PEG like’ characteristics in the central
region of the films deposited directly underneath the razor electrode. Hydrocarbon, ketone,
aldehyde, acid and ester functionality varied across the gradients, being lowest in the central
region and increasing radially outwards. Gradients deposited at 5W retained higher ether
contents and had lower levels of hydrocarbon and carbonyl functionalities than the 30W
gradient films.
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Analysis of protein adsorption and interactions was performed using three proteins of varied
size and charge, including BSA, lysozyme and IgG. Adsorbed protein gradients were formed
and correlated well with the residual ether content from XPS analysis, with the central region
of the gradients being the most protein resistant.

Chapter 6 furthered the work reported in chapter 5, by including a ToF-SIMS analysis of
both gradient chemistry as well as protein adsorption. ToF-SIMS showed to be more
sensitive in detecting lower amounts of adsorbed proteins (human serum albumin). Principal
component analysis (PCA) was applied to the ToF-SIMS data both before and after protein
adsorption, and highlighted a more oscillating variation to the surface chemistry across the
gradients compared to XPS results. The ether related positive fragments were shown to load
positively, while the positive hydrocarbon fragments loaded negatively. Very low amounts of
N containing fragments (indicative of protein adsorption) was seen across the 5 W gradient,
while the adsorption of HSA across the 30 W gradient correlated with a distinct chemical
change (specifically higher amounts of positive hydrocarbon fragments) seen at
approximately 2 mm either side of the gradient centre.

The adsorption of fetal bovine serum (FBS) across the gradients after 1 and 24 hour
incubation was also monitored, as this is often present in cell attachment/culture protocols.
Serum adsorption appeared to be influenced by the time of protein incubation and film
chemistry. While the central region of the 5 W gradient resisted FBS adsorption after 1 hour,
after a 24 hour incubation period, FBS proteins were detected across the entire gradient and
this correlated with the attachment of HeLa cells. The central region of the gradients which
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retained the highest ether content remained the most protein resistant, as did gradients
deposited at lower load power.
8.1.3 Chemically patterned plasma polymer surfaces
The development, generation, characterisation and application of multifunctional
micropatterned surfaces was described in Chapter 7. To the best of my knowledge, this is
the first one-step method described in the literature to generate chemically patterned surfaces.
To generate the patterns, a patterned upper electrode was designed with holes of varying
shape and size, producing an asymmetric glow discharge during plasma deposition. This
results in a spatial variation of the bulk diglyme plasma and sheath (as determined from
mathematical modeling of the plasma processes), producing surfaces of distinct high and low
ether content. The basis and functioning of micropatterned surfaces relies on a low-fouling
background film. The chemistry across the patterned surfaces was analysed and/or imaged
using, ToF-SIMS, gi-FTIR microspectroscopy and XPS, where the patterned features showed
to contain a lower ether content and higher hydrocarbon and carbonyl functionality, while the
surrounding coating was shown to be more PEG-like. Optical profilometry confirmed that
the patterned features were thicker than the surrounding PEG-like surface. The diverse
functioning of the patterned surfaces was displayed through the controlled adhesion of
proteins (BSA), as well as the spatial confinement of HeLa cell attachment and enzymeassisted peptide self-assembly.

8.2 Future Directions
While there has been a lot of work reported on the production and characterisation of lowfouling plasma polymerised uniform coatings, there is not a lot reported on the generation of
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gradient and micropatterned surfaces.
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That is, with the exception of those requiring a

moving internal component, for gradient generation, or multiple steps and the use of a
physical mask for the case of micropatterned surfaces, as discussed in Chapter 2. The future
direction of both the gradient and micro-patterned surfaces generally lends itself to their
applications in the field of biomedical, biomaterial and regenerative medicine research.

As was displayed in chapter 5 by the systematically increased adsorption of a graft copolymer of poly(L-Lysine) and poly(ethylene glycol) (PLL-g-PEG copolymer) across the
DGpp gradients, these gradients can be utilised to form gradients of other
materials/biomolecules of interest, either by physic-sorption or alternatively, covalent
coupling. Furthermore, plasma polymerisation of other monomers, such as heptylamine or
acetylaldehyde should be investigated. It is envisaged that these would create gradients of
chemical functionalities ideal for the chemical coupling of biomolecules of interest.
Another possibility for the advancement of the gradient surfaces includes their use in the
generation of orthogonal gradients, where the chemical and or topographical features vary in
3 dimensions. This may enhance the applicability of these surfaces as a high throughput
screening tool. Furthermore, the utility of these surfaces has not been extensively analysed.
These surfaces should be capable of generating high throughput material-biological analysis
with other biological matter such as stems cells and DNA.

In terms of micro-patterning, the future focus should be on pattern miniaturisation and
distinction, by investigation into plasma processing parameters and electrode geometry. The
technique has the potential for use with a range of different monomers depending on the
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application and as with the gradients, the future of the patterned surfaces lies in their
applications. This multifunctional micropatterning technique could potentially form the basis
of new applications in additional fields such as optics, electronics, surface science and HighThroughput research which require the micropatterning of thin films. However in the fields
of biomaterials and regenerative medicine, some important aspects which should be probed
further, include the use of stem cell behavior, where the effect of inter-pattern distance and
pattern size and shape should be used to investigate stem cell fate, function and
differentiation.
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Supporting Information for Chapter 5

Figure 1. Schematic diagram of the radio-frequency plasma discharge reactor used for the fabrication of
gradient PEG-like plasma polymer films. A knife-edge top electrode is attached to the RF source and lowered
to 1 mm above the sample substrate.

Explanatory Note:
Using a knife edge razor within the plasma reactor lowered to sit ~ 1mm above the substrate
(Figure 1) chemical gradients were deposited from diglyme monomer. Using the electrode
configuration shown in the above figure, results in a variation to the plasma sheath
surrounding the live electrode, generating PEG-like chemical plasma polymer gradients. The
monomer was fed into the jar bell plasma reactor and the RF source ignited at a starting
pressure of 20 Pa. Deposition continued for 180 seconds at a load power of 5 and 30 W.
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Figure 2. giFTIR surface plots for the 5 and 30 W gradient films were acquired at 500 x 250 um in the X and Y
directions respectively, and converted to 2D plots representing the relative concentration (calculated from area
under each component stretch) of ether (COR), carbonyl (C=O) and hydroxyl (OH) stretches as a ratio to the
hydrocarbon (CH) stretch (scale bar represents 1 mm)

Explanatory Note:
2D chemical mapping experiments performed across the 5 and 30 W DGpp gradients using
synchrotron source giFTIR microspectroscopy indicates that the chemical gradient is
strongest directly below the knife edge electrode. In this work we refer to this point as the
centre of the gradient films. FTIR spectra were recorded across the DGpp gradients and were
subsequently converted to area intensity plots. These plots represented the integrated area of
the COC, C=O and –OH functionalities respectively as a ratio to that of the normalised CH
stretch. The CH stretch was normalised to minimise any thickness effects contributing to a
change in the absorption of the chemical functionalities across the gradients. Figure 2
compares the intensity plots related to the relative concentration of ether, carbonyl and
hydroxyl functionality across the 5 and 30 W gradients. The ether content was found to be
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highest at the centre of both of the gradients. The 5 W gradients retained more monomer like
functionality with a greater contribution to the giFTIR spectra from the ether stretch when
compared to the 30 W gradients. An opposing trend was observed when comparing the
relative contribution to the giFTIR spectra from the carbonyl and hydroxyl stretches. In this
case the central region of each gradient had lower amounts of carbonyl and hydroxyl groups
compared to the outer regions of the gradient and the 5 W had lower levels of components
when compared to the 30 W gradient films.

Figure 3. XPS C1s curve fitted component data presented as percentage C1s component vs. distance from the
centre of the 5 W and 30 W gradient films. Fitted components are C-C, C-H (■), C-O (●), C=O (▲) and O-C=O
( ) and percentages are relative to total carbon.

Explanatory Notes:
To analyse the surface chemistries present across the DGpp gradients, high resolution C 1s
XPS curves were acquired and four main chemical components including C-C;C-H
(hydrocarbons), C-OR (ethers and alcohols), C=O (ketones and ketones) and COOR
(carboxylic acids and esters) were fitted. These are presented as a function of distance vs
percent C 1s component (relative to total C species) across the 5 and 30 W gradients. Within
both gradient, the most noticeable variation was seen in the COR and C-C; CH components.
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The presence of C-OR functionalities is highest at the centre under the knife edge electrode
and systematically decreases extending outwards across the gradients.

A higher C-OR

content is indicative of a greater retention of ether units. FTIR analysis across these films
revealed only a very small amount of hydroxyl groups in the bulk of the gradients (Figure 2).
An opposing trend of increasing hydrocarbon content correlates with a subsequent loss of
COR units. A slight variation of the C=O and COOR components was observed across the
gradients and both species were found to be lowest at the centre of the gradients. The
retention of C-OR units was also affected by the plasma load power applied during gradient
film deposition. Films deposited at a load power of 5 W contained 78 % C-OR groups
(relative to total carbon) at the centre of the gradient compared to only 46 % C-OR in 30W
DGpp gradient films, showing that the COR to CC: CH also decreases in gradients deposited
at higher load powers.
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Figure 4. Example C 1s and O 1s curvefits shown for the centre of the 5 W gradient. A series of Gaussian
peaks were fitted enabling a comparison of the integrated area of the relevant spectral features

Explanatory notes:
A MatLab based curve fitting program, Whooshka was used to curve-fit the NEXAFS
spectra, where a series of Gaussian peaks were assigned to fit the area of the resonance
features, along with a step edge. Example curve fits for both the C 1s and O 1s K-edge
spectra are shown (Figure 4).
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Figure 5. Area plots of the C=O π* (A) and C-H σ* (B) spectral features from the C 1s NEXAFS spectra.
Results indicate that the presence of carbonyl and hydrocarbon species is lowest at the centre of the gradient and
increases in films deposited at higher load power. The data is plotted across the 5 W (
DGpp gradients

) and 30W (

)

Explanatory notes:
Results of the curve fitting procedure for the C=O π* and C-H σ* resonance of the C 1s Kedge spectra taken across the DGpp gradients are presented in Figure 5. Results for the two
DGpp gradients (5 and 30 W) are plotted 3mm either side of the centre (0 mm) show that the
central region of each gradient have lower concentrations of unsaturation (C=O) and
hydrocarbon species, systematically increasing outwards. This is consistent with the data
obtained from XPS and gi-FTIR analysis. Higher levels of unsaturation and hydrocarbon
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species were introduced into the gradients as the load power was increased during plasma
deposition.

Figure 6. O 1s K-edge NEXAFS spectral Overlays taken between 0 and 3 mm across the 5 and 30 W DGpp
gradients. The contribution of the C=O π* transition unsaturated peak (A and A’) increases with distance from
the centre of the gradient and in gradients deposited at higher load power.

Explanatory notes:
Figure 6 presents the O K-edge NEXAFS spectra for the 5 and 30 W gradients between 0 and
3 mm across each film. The spectra for the DGpp gradients showed two main resonance
features; firstly, the O 1s → π*

(C=O),

exhibited as an unresolved doublet peak with two

components at ~ 533.4 and 534.1 eV (A and A’, believed to be attributed to carbonyl and
aldehyde species, respectively) and secondly the O 1s → σ* (C-O) transition at ~ 540.8 eV (B).
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Figure 7. Area plots of the C=O π* spectral feature from the O 1s NEXAFS spectra. Results indicate that the
carbonyl functionality is lowest at the centre of the gradient and increases in films deposited at higher load
powers. The data is plotted across the DGpp gradients for the 5 (

) and 30W (

) films

Explanatory notes:
Analysis of the spectra acquired across the 5W gradient indicate an increasing PEY signal for
the C=O π* resonance, (the same trend observed for the 30 W film) which is confirmed when
the integrated area of both components (A and A’) is plotted as a function of distance across
the gradient (Figure 7). It can be seen that there is a trend of increasing unsaturation
extending out from the centre across the gradients and as a function of deposition power,
which correlates with the results obtained from the C K-edge spectral analysis. Once again,
the higher energy σ*

(C-O)

resonances were not suitable for quantification of the relative

concentrations of C-O bonded species due to the broad nature of the peaks and contributions
from multiphoton resonance absorptions.
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Supporting Information for Chapter 7

Figure 1. Reactor configuration for the deposition of micropatterned DGpp surfaces. A. Photograph of the
reactor as used for the procedure. B. Schematic of the major components. C. Detailed schematic of the electrode
region. The live, patterned electrode is red, whereas the earthed electrode is green. The patterned electrode is
brought to 1mm of the substrate (black) upon which the patterns are to be deposited. D. A photographic image
of the patterned electrode showing the specific electrode configurations (scale bar 5mm) The patterned holes
allow for a variation in density of the plasma sheath and result in chemically patterned surfaces with a one step
deposition.

Appendix 2

240

Figure 2. High resolution XPS C 1s scans were acquired across the DGpp patterned surfaces. A and B. The C
1s curves taken both on and off the spot respectively show the spots to contain lower ether related and higher
hydrocarbon groups. C. The resulting C 1s components were plotted as a percentage of total C species, showing
) surface groups, and higher CC;CH (
) and C=O ( )
the patterned features to contain lower COR (
groups, with relatively uniform level of COOR ( ) detected across the surface as determined within the
analysis depth of XPS.

Explanatory Note: High resolution C 1s XPS spectra were acquired across the DGpp
patterned surfaces and representative spectra taken both on and off the spot are presented in
Figure 2 A and B. Four main chemical components were evident and fitted to the acquired C
1s curves, including C-C;C-H (hydrocarbons), C-OR (ethers and alcohols), C=O (aldehydes
and ketones) and COOR (carboxylic acids and esters). Comparison of the two C 1s curves
shows variation of the COR to CC;CH intensity ratio, indicating a higher retention of
monomer-like chemistry on the surrounding film compared to a lower COR concentration
within the spot. Furthermore, the percentage of each C 1s component relative to total carbon
is plotted as a function of distance across the patterned surface (Figure 2 C) showing that the
COR content drops by approximately 10 % on the patterned features compared to the
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surrounding, low fouling, base film. A slightly higher level of CC;CH, C=O and COOR
bonded species were evident within the patterned spot compared to the surrounding film.

Figure 3. Schematic of enzyme immobilisation for peptide self-assembly. Patterned substrates were prepared as
previously on glass microscope slides. A. the slide was incubated in a solution of thermolysin (from
Proteolyticus rokko) at a concentration of 82 units/ml for a period of 24 hours. B. The slides were then washed
multiple times to remove all unattached enzyme, leaving the functional enzyme only within the confines of the
pattern. C. The patterns were then incubated in a solution of precursor (20mM fmoc-leucine and 40mM dileucine) for 24 hours. During this incubation period, the enzyme performs a reversed hydrolysis reaction to form
fmoc-tripeptide, which undergoes self-assembly.[1] D. Upon removal of the precursor solution, a self
assembled hydrogel remains which is confined to the site of enzyme activity.

Explanatory Note: Modelling of the plasma discharge
The asymmetric discharge can be electrically modelled by two sheaths at the live (upper) and
earth (lower) electrodes and via the plasma bulk. The geometric electrode area ratio is
Aearth/Alive~2.8 (Aearth=78 cm2 and Alive=28 cm2) and most of the applied voltage will be
dropped in the live electrode sheath since its capacitance will be smaller than that of the earth
sheath. For the present operating pressure of 26 Pa, we assume an electron temperature kTe of
~3 eV [2] (k is the Boltzmann constant) which yields a plasma potential of about Vp~ (kTe/e)
ln(Mi/2Pm)1/2 ~ 5 (kTe/e) ~15 V (e is the electronic charge, Mi is the argon ion mass and m is
the electron mass). The presence of a ‘Pi’ resonant matching network with a blocking
capacitor allows for the development of a self-bias potential Vsb-live at the live electrode.[3]
The applied voltage at the live electrode can be written as:

Vlive = Q(1.4U rms ) = 1.4Q(PrmsZ)
(1)

1

2
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where Q is the quality factor of the resonant circuit (Q~3), Urms is the voltage at the entrance
of the matching network, Z is the output impedance of the generator (Z=50 Ohm), and Prms is
the input power (Prms=5 W). Vlive is about 65 V which gives a self-bias of Vsb-live ~(VpVlive)~ -50 V. A simple power loss estimate Ploss can be carried out assuming that the plasma
escapes out through the two sheaths at the Bohm speed [4]:

Prms = Ploss =
⎡
⎤
kT
kT
en sheathv B ⎢ Alive (E i + E exc + V p + Vsb −live + 2( e e )) + Aearth (E i + E exc + V p + 2( e e )) ⎥
⎣
⎦

(2)

where nsheath is the plasma density next to the electrodes (sheath edge density), vB =(kTe/Mi)1/2
~2.7x103 ms-1 is the Bohm speed, Eion~15 V is the ionisation energy, Eexc ~13 V is the
excitation energy, and it is assumed that each escaping electron carries 2 (kTe/e) of kinetic
energy to the electrodes. For a 5 W input power, the calculated sheath density is 1.7x1010 cm3

.

The Debye length near the sheaths edge is:

λDe =

εo kTe
2

e n sheath

~ 10−4 m ~ 100μm

(3)
where εo is the permittivity of free space ( εo =8.85x10-12 Fm-1).
To determine the live (Slive) and earth (Searth) electrode sheath thickness we use the Child law
for a collisionless DC sheath in an argon plasma capacitively coupled between two planar
electrodes[2, 4]:
⎛K ε
S =⎜ i o
⎝ ev B

1/ 2
2e ⎞
V 3/4
⎟
M i ⎠ n sheath1/ 2

(4)
where Ki=4/9=0.44 and V is the sheath potential (Vlive and Vp, for the live and earth
electrode, respectively). The calculated values for Slive and Searth with an input power of 5 W
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are 1 mm and 0.28 mm, respectively. At 26 Pa, the ion-neutral collision mean free path li is
about 0.15 mm and the average number of collisions in the live and earth electrode sheaths is
about 5 and 1.5, respectively. The sample is placed on the near collision-less earth electrode
and the power deposited to the surface is about 0.04 Wcm-2.
Table 1. Plasma parameters estimated from the argon plasma model for an input power of 5 W and an operating
pressure of 26 Pa.

Electron temperature, Te (eV)

3

Bohm velocity, vB (m.s-1)

2700

Live Sheath potential, Vlive (V)

65

Earth sheath potential, Vp (V)

15

Sheath edge density, nsheath (m-3)

1.7x1016

Debye length, lDe (m)

10-4

Live sheath thickness, Slive (m)

7.8x10-4

Earth sheath thickness, Searth (m)

2.5x10-4

Ion-neutral mean free path, li (m)

1.5x10-4
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