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Abstract

Plasma enhanced chemical vapour deposition was investigated for the deposition of bioac-
tive surfaces which can be categorised into two functions.

The first is in biosensor applications, immunoassay biodevices have been researched
considerably but significant problems remain in particular non-specific adsorption. This
work demonstrates a new method of reducing the non specific adsorption on the surface of
cyclo olefin polymers for use as immunoassay biodevices. PECVD deposition of a silicon
oxide bonding layer followed by an acrylic acid functional layer which contains carboxylic
acid functional groups on cylic olefin polymers is achieved. The deposited film exhibits
low non-specific adsorption of non target analytes and increased covalent attachment of
target analytes. A comprehensive characterisation of the deposition is carried out and
conclusions of the mechanisms involved in creating the surface are elucidated; surfaces
are analysed using a combination of quantitative and qualitative approaches. The mech-
anisms behind the plasma deposition of acrylic acid are investigated and methods to
increase carboxylic retention on the surface are considered, in particular the influence of
background gas is investigated.

The function of the second surface is in anti-fouling devices. The production of anti-
fouling films is a key element for the development of biomedical materials such as medical
devices and implants. Anti-fouling coatings favour the biological integration by limiting
the interactions between the implants and physiological fluids. Proteins present in the
blood will be the first components to become adsorbed on the surface of the biomaterial.
Fibrinogen present in the blood is the major initiator of inflammatory reactions and is
involved in blood clotting. By minimising fibrinogen adsorption it is possible to reduce
the contribution of the biomaterial surface characteristics to thrombosis and inflamma-
tory reactions. Here in, a method to reduce fibrinogen adsorption is discussed and a
characterisation of the plasma phase used to deposit the antifouling coating is investi-
gated and a study on the properties of the surface for antifouling is examined. Using
HMDSO and oxygen ‘polymer-like’ and ‘silica-like’ surfaces can be deposited, silica-like
depositions when compared to the polymer-like depositions displayed lower fibrinogen
adsorption, 42% compared to 23%.
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Chapter 1

Introduction

1.1 Background

Plasma polymerisation of films used in bioapplications has been a growing area of research

over the last number of decades. A large number of books and review articles have

been published in the research field which have highlighted the advantages of plasma

polymerisation over other for example wet chemical means due to the variety and quality

of surfaces that can be formed, cheaper production costs and lower environmental impact.

The 1960s saw the first studies of surface modification using plasma assisted pro-

cesses [2] which focused on protective coatings and surface activation. In the 1970s,

organic polymers were treated in plasma with non-polymerisable gases, Yasuda et al.

used nitrogen and argon plasmas to modify the surfaces of organic polymers [3, 4]. With

advances in the micro technology industry [5], plasma techniques progressed from the

electronics industry to non-electronics in the late 1980s and early 1990s. Several reviews

and journal articles related to polymer surface modification and polymerisation have been

published [6–9]. Recent developments in the field explore plasma produced surfaces to

control in-vivo biological interfacial interactions and the use of plasma deposited surfaces
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to retain functional groups as interfacial bonding layers for the immobilisation of specific

biological species for in-vitro devices [10, 11]. It is in this field of research which this

thesis concerns itself.

The plasma polymerisation of acrylic acid to produce films containing carboxylic

groups has become an active area of research due to its use in biodevices [12–16]. Acrylic

acid is an important monomer as it contains carboxylic acid which can be used to im-

mobilise biomolecules (proteins, DNA and RNA) covalently using the appropriate linker

chemistries [11, 17, 18]. An aim of this area of research is to develop a surface that con-

tains a high density of COOH functionality for the covalent immobilisation of biomolecules

which display a high signal to noise ratio. Additionally, for biodevices there is a need to

produce a stable plasma polymerised acrylic acid coating which is resistant to washing

processes which occur in biodevices. A number of groups have researched the subject of

acrylic acid coatings to produce carboxylic acid functional groups; Alexander and Duc

[19] found stable cross-linked polymers obtained by copolymerising a mixture of acrylic

acid and 1,7-octadiene under high plasma power. They obtained a percentage coverage of

COOH of less than 6% after washing. Others using the co-polymerisation method have

had similar success using acrylic acid with 1,7-octadiene [20, 21]. Beck et al. also incor-

portated hexane into the deposition process with the aim of controlling the concentrations

of specific surface functionalities such as carboxylic acid and amines [22]. Detomaso et al.

[23] investigated the increase in discharge power and influence of duty cycle in a pulsed

plasma for the deposition of acrylic acid, they obtained a surface containing 4% of COOH

groups after washing. Sciarratta et al. [24] studied the stability of acrylic acid in a con-

tinuous wave and pulsed discharge, they found a maximum COOH retention of 5% after

washing. Jafari et al. [25] used a low frequency source of 70 kHz and were able to produce

COOH groups with up to 15% retention after washing. Pistillo et al. [26] produced highly

stable COOH surfaces using mixture of ethylene and acrylic acid in rf plasma with a re-

tention of 11-12% of COOH after washing. This is not to say other methods to produce

2



COOH surfaces have not proved successful; plasma treatment employing CO2 [27–29]

and CO [30] have been used to produce carboxylated surfaces but such treatments have

long term stability problems relating to the retention of functionality and lower COOH

coverage.

Non-specific adsorption (NSA) is a common problem associated with biosensor de-

vices. NSA interferes with the sensing species attached to the sensor, which increases

the background signal and reduces a biosensors selectivity and sensitivity. Therefore it

is desirable to develop a biosensor surface that is resistant to non-specific adsorption.

Polyethylene glycol (PEG), has been widely shown to improve the biological compatibil-

ity of materials, the presence of a layer of PEG on a biomaterial surface is accompanied

by reductions in protein adsorption and cell and bacterial adhesion [31–36]. It is difficult

to compare the non specific adsorption properties of TEOS AA as it is a novel surface.

However, PEG is the most employed protein-repellent polymer. It can act as a screen

between the surfaces and the cells. PEG is highly soluble in water and as such exhibits a

high chain mobility.

Surface morphology is one of a number of factors that can lead to non-specific binding

of biomolecules, provided the surface roughness is comparable to or larger than the size

of the biomolecule to be immobilised [37–39]. Poksinski and Advicula reported that films

with roughness ranging from micrometer to nanoscale (> 5 nm) enhance adsorption of

proteins [40, 41]. For the immobilisation of DNA and also for the ultra sensitive detection

of DNA, a surface with a roughness of 5 Å has been used [42, 43].

While film properties and potential applications receive much attention in the liter-

ature, this is not the case for the fundamental processes occurring in the plasma that

lead to the formation and retention of desired film properties which consequently are not

well understood. Studies of acrylic acid plasma deposition are sparse with most studies

involving acrylic acid focusing on the surface properties of the deposited film. An ongo-

ing debate exists in the literature as to the polymerisation mechanisms of acrylic acid.
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Hegemann et al. [44] recently investigated the use of macroscopic kinetics to examine the

plasma polymerisation of acrylic acid but the results have since been disputed by Short et

al. [45]. The debate has resulted in a number of responses being published by Hegemann

and Short [46, 47] but no consensus has been reached and further contributions to the

debate are required which this thesis does.

For in-vivo devices it is widely accepted that in the interaction of an artificial bio-

material surface with a biological system, the first observable event is the adsorption of

proteins to the surfaces [48] and as such the success of in-vivo implantations is dependent

on surface interaction between the bio-material and the biological system. The intro-

duction of a foreign object into the body induces an inflammatory reaction caused by

the accumulation of host proteins onto the surface of the implant [49, 50]. The adsorp-

tion of fibrinogen onto a bio-material surface has been linked to thrombogenic response

to implanted materials for example on heart valves, vascular stents and artificial joints

[51, 52]. Hence fibrinogen adsorption has to be controlled to prevent platelet adhesion

and activation through adequate tailoring of surface properties.

The surface hydrophobicity strongly influences the adsorption properties of fibrinogen

[53, 54]. Surfaces of different wettability result in different biological responses [55, 56]. A

number of studies on fibrinogen adsorption onto biomaterial surfaces suggest that adsorp-

tion is higher on hydrophobic surfaces than hydrophilic surfaces [57–60]. Additionally,

Ortega-Vinuesa et al. [53] showed that fibrinogen adsorption measurements carried out

on hydrophobic methylated silica and hydrophilic silica showed that the hydrophobic

methylated silica adsorbs more than the hydrophilic silica. Thus by tailoring the surface

characteristics of the implant, through manipulation of the plasma deposition process,

the adsorption of fibrinogen can be minimised.

A commonly used technique for surface modification is plasma enhanced chemical

vapour deposition (PECVD). This is a one-step film-growth method which draws on
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the chemistry of free-radical chain-growth polymerisation [1]. The use of PECVD is

well established in the production of thin film polymeric materials [61–63] and allows the

production of thin films with tailorable surface properties which importantly do not affect

the bulk properties of the substrate [64, 65]. Plasma polymerisation is now employed in

the production of biosensors and development of other biodevices, attracting considerable

interest in medical diagnosis [66–68].

Rapid and sensitive detection of a specific biomolecule is critical to the success of any

biosensor [69]. A biosensor consists of a biological recognition element, a transducer and

a signal output system. Biological recognition elements are attached to the surface of the

transducers and are used to preferentially select target analytes, resulting in a physical

or chemical change, this change is then converted by the transducer into a quantifiable

signal.

The signal can be in the form of a change in optical or electrochemical properties,

piezoelectric, magnetic or other measurements. Other signal systems depend on labelling

for the detection of the target species [68, 70, 71]. Many methods rely on the immobil-

isation of single-stranded oligonucleotides, i.e. DNA probes, onto sensor surfaces as the

recognition elements, and the subsequent hybridisation of the surface attached probes

with the complementary DNA target from a solution.

1.2 Radio Frequency Capacitively Coupled Plasma

Plasmas can be produced by a variety of methods [72–74], however for low-temperature

plasma processing, capacitive and inductive radio-frequency (rf) power sources are pre-

dominantly used [61] as they can coat insulating materials, easy to replicate and can

produce at an industrial scale. In both cases, a range of frequencies can be used but

typically a frequency of 13.56 MHz is employed.

Radio frequency capacitively coupled plasmas (rf-CCP)[75, 76] consists of two elec-

trodes within a vacuum chamber. An rf voltage is applied between the two electrodes

5



resulting in excitation and ionisation of the gas with electrons being accelerated by the

rf field causing a current to flow through the plasma. An important characteristic of

low temperature plasma is that the electrons are not in thermodynamic equilibrium with

neutrals and ions [61]. The electron temperature (≈ 1 - 4 eV ), is much greater than

the ion and neutral gas temperatures (≈ 0.05 eV ) which arises from the transfer of en-

ergy from the energised electrons to the heavy particles. This key property of plasmas

has the facility to produce a chemical environment, characterised by a high temperature

chemistry without inducing the associated physical damage to an object immersed in the

plasma. This is critical to the retention of bio-functional groups in plasma depositions.

1.3 Plasma Enhanced Chemical Vapour Deposition

Plasma deposition and treatment processes have been used for the improvement of the

adhesion, spreading and proliferation of cells on the surface of materials of biomedical

interest, as well as for the improvements in membrane properties such as hydrophobic

and hydrophilic character, non fouling properties, transport and capability of immobilis-

ing molecules [11, 77, 78]. The production of a thin film from a gas, through a set of gas

and surface chemical reactions is called chemical vapour deposition (CVD). If a plasma

is used to stimulate and dissociate the feed gas, through a set of gas and surface chem-

ical reactions, the CVD process is called plasma enhanced chemical vapour deposition

(PECVD) [61, 79–83]. The gas pressure in the PECVD discharges is low with operational

pressures of 0.1 to 10 Torr (≈ 10 to 1300 Pa) employed. Typical plasma densities in

PECVD discharges are in the range of 109 - 1011 cm−3 and degrees of ionisation of 10−7

- 10−4.

PECVD can be contrasted to plasma etching with the main difference being in the

etching processes, the reaction results in the formation of volatile species that leave the

surface. In the case of PECVD, this reaction bonds the chemically activated species to

the surface.
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The PECVD technique has a number of advantages over the multi step, wet chemical

methods or chemical vapour deposition (CVD); it can be used to coat a large number of

substrates at the one time, it avoids direct contact with a solvent thus reducing chemical

waste and it operates at essentially room temperature maintaining required functionality.

Significant fragmentation of monomers (precursors) occurs in glow discharges and as a

result a wide range of functional groups appear in the deposited film.

1.4 Plasma Chemistry

The application of a sufficiently high voltage causes ‘breakdown’ of a gas in which a self-

sustaining glow discharge plasma results which consists of electrons, ions and electrically

excited species. The visible glow observed when this breakdown occurs is caused by

electron-ion recombination and by relaxation processes of collisionally excited gas species.

The electrical power is coupled into the gas via the plasma electrons, the high-energy tail

of which ionises the background gas, the degree of which can be calculated using the

Saha equation [84]. The chemical activity of the gas results primarily from dissociation

of the molecules into smaller species called radicals. Radicals are chemically unsaturated

and therefore capable of chemical reactions at high rates; they are the species that, upon

contact with a surface react to form a thin film.

The surface processes in plasmas are influenced by a number of factors; reactive parti-

cles approaching the surface, the ion flux onto the substrate and the ion energy distribu-

tion function (IEDF). Reactive particles approaching the surface are mainly determined

by plasma chemistry. The electron energy distribution function (EEDF) controls the

plasma chemistry and an approach to control the EEDF is via the rf power. The ion flux

onto the substrate is mainly governed by the ion density. The power coupled into the

plasma controls the ion density and thus the flux onto the surface. The IEDF and kinetic

energy of ions striking the substrate is a crucial parameter that is key for understanding

and further developing the techniques used in surface processes. The type of ions and
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their kinetic energy onto the electrode surface is dependent on properties of the boundary

sheath The ability to manipulate ion transport in the sheath and thus tailor the IEDF at

the substrate is highly desirable and is addressed in this thesis.

1.5 Plasma Polymerisation

Plasma polymerisation has been defined as ‘the formation of polymeric materials under

the influence of plasma’ [85]. The term plasma polymerisation is often used to indi-

cate a PECVD process when organic precursors are used to deposit the film [1]. Until

the early 1990s plasma polymerisation methods were considered processes by which or-

ganic molecules could be polymerised in a physical process to produce films with an

uncontrolled chemical structure. Depending on the chemical nature of the monomer the

deposited films could contain a number of groups, for example fluorine, oxygen or nitro-

gen, however more specific molecular structures could not be identified. The last twenty

years have demonstrated that this is no longer the case and careful tuning of the plasma

power, electron temperature and density can lead to tailored film deposition with specific

molecular structures. Employing analytical equipment permits detailed characterisation

of both the deposited surface and the plasma phase, permitting insights into the entire

deposition process.

The ionisation of a molecule by collision with an energetic electron is the essential

process for creating and sustaining a plasma of a monomer and is the first step of plasma

polymerisation. Non-plasma polymerisation is highly dependent on the structure of the

monomer. However, in plasma polymerisation, monomers and any organic compound

without a polymerisable structure such as a double bond can polymerise. Plasma poly-

merisation takes place through several reaction steps. In the initiation stage, free radicals

and atoms are produced by collisions of electrons (and to a lesser extent ions) with

monomer molecules, or by dissociation of monomers adsorbed on the surface of the sam-

ple. Secondly, propagation of the reaction is the actual formation of the polymeric chain.
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This can take place both in the gas phase and on the substrate film. Finally, termination

can also take place in the gas phase or at the polymer surface, by similar processes as in

the propagation step, but ending either with the final product or with a closed polymer

chain.

Plasma polymerisation allows films to be deposited on most substrates using a rel-

atively simple one-step coating procedure. Films can be made as thin as desired, are

mechanically and chemically stable because of their highly branched and cross linked

structure and they can be tailored to accept a large number of biological components

such as proteins, antibodies, viruses, cells, and enzymes, all of which contain amine,

carboxylate, and/or thiol groups. [86]. Additionally, plasma polymerised surfaces have

favourable environmental and economical advantages as compared to other processing

methods [87]. These advantages have resulted in the rapid development of plasma tech-

nology during the past decades, for applications ranging from adhesion to composite

materials and protective coatings [88–90].

1.5.1 Mechanisms of Plasma Polymerisation

The mechanisms that lead to the formation of the plasma polymerised films still remain

poorly understood. Yasuda [1] described plasma polymerisation as a rapid step-growth

polymerisation mechanism. The scheme put forward by Yasuda and shown in Fig. 1.1

is a general one, and is not intended to cover the entire range of conditions under which

plasma polymerised deposits form. However, in the absence of other schemes, it is widely

quoted [91–93]. There are two parallel cycles in the scheme, the reactive species are

denoted here as monofunctional (Mi
•), or difunctional (•Mk

•) free radicals, but other

activated species should also be considered in the reaction mechanism [85]. This radical

can combine with a neutral species, to produce a further larger radical (Mi
• + M →

Mi-M•), which reacts with another radical to produce a neutral species (Mi
• + Mj

• →

Mi+j). The neutral species can be reactivated in the plasma. The second difunctional
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radical can react with a neutral species to yield a larger difunctional species (•Mk
• + M

→ •Mk-M•) or with another difunctional species (•Mk
• + •Mj

• → •Mk+j
•). The cycles

cross-over where a difunctional species reacts with a monofunctional species (•Mk
• + Mi

•

→ Mi+k
•). This scheme implies that plasma-phase reactions are non-specific and that a

wide range of new compounds may form in the plasma.

Figure 1.1: Schematic diagram of the rapid step-growth mechanism of plasma polymeri-
sation [1].

1.6 Biosensors

An ideal immunoassay biosensor surface has a high specific binding and adhesion of target

material, stability and resistance against washing steps and regeneration conditions such

as hydrophobic recovery. Such a surface would possess, with respect to sensitivity in

fluorescence based detection devices, the ability to tune the non-specific binding of the

non-analyte components of the sample, resulting in a decrease in the background (non-

specific) response and an increase of the signal to noise ratio [94, 95]. A better signal to

10



noise ratio offers better sensitivity in such devices and permits detection of diseases at

lower concentrations and earlier stages in its growth.

Creating a biosensor surface that has long-term stability, high reactivity towards a

particular molecule without binding non-specific constituents and which is inexpensive

and easy to manufacture in a high-throughput industrial process are some of the challenges

that need to be addressed.

The substrate used in biosensors is important and considerable effort has been invested

in the production of new class of thermoplastic polymer, cyclo olefin polymer (COP) for

point-of-care diagnostic applications [96, 97]. Such polymers are of great interest because

of their favourable properties, such as low autofluorescence, optical clarity, resistance to

organic solvents, low water uptake and easy machinability [98, 99]. Zeonor 1060R is a type

of COP that includes these desirable properties while providing a cost effective platform

for carrying out bioassays (or biosensors) in disposable biodiagnostic chips. The bioassays

depend on surface-bound specific receptors, which must be efficiently immobilised in their

active form. COPs consist of unreactive hydrocarbons and thus possess no native groups

amenable for specific reactions with the capture elements. Therefore, in order to enable

covalent attachment of biomolecules, such as antibodies and oligonucleotides, the COP

surface needs to be functionalised. A number of methods have been described for this

[1, 100].

COP shows light transparency in near-UV and visible light regions of the electromag-

netic spectrum, it is for this reason that COP is used in fluorescent based bioimmunosas-

says. To investigate whether the film deposition process altered the optical transmission

properties of the polymer, a COP sample was measured before and after film depositions

using a UV-Vis spectrophotometer.
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1.7 In-vivo Implantations

The success of in-vivo implantations is dependent on surface interaction between an im-

plant and the biological system. The introduction of a foreign object into the body induces

an inflammatory reaction caused by the accumulation of host proteins onto the surface of

the implant [49, 50]. The modification of implants surface has been researched extensively

in the literature [101, 102]. Studies have shown that fibrinogen is the major initiator of

inflammatory response and is involved in blood clotting through the activation of platelets

resulting in thrombosis [51]. Hence fibrinogen adsorption has to be controlled to prevent

platelet adhesion and activation through adequate tailoring of surface properties. Studies

have shown that fibrinogen adsorption is higher on hydrophobic surfaces than hydrophilic

surfaces [58, 60]. Thus, by tailoring the surface characteristics of the implant the adsorp-

tion of fibrinogen can be minimised. This thesis addresses this subject by controlling the

plasma environment to illicit specific properties on the substrate surface.

Fibrinogen is a globular protein with a molecular weight of 340 kDa and dimensions

of 450 × 90 × 90 Å [103]. It is present in blood plasma at a concentration of about

3 mg/mL. As the precursor of fibrin it plays a major role in coagulation. Thrombin

cleaves fibrinogen to allow fibrin formation, fibrin forms a network in which blood cells

are trapped to form a clot [104].

1.8 Thesis Structure

The research described in this thesis deals with the surface modification of substrates

by plasma polymerisation. A characterisation of the plasma is performed, which leads

to better understanding of the deposited film surface behaviour and offers a method of

controlling surface properties. One part of this work is directed towards the function-

alisation of materials with carboxylic acid groups through the plasma polymerisation of

acrylic acid. Thin films bearing carboxylic acid groups are of great interest for many ap-
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plications because they are known to influence protein adsorption and cell adhesion and

provide sites for the covalent immobilisation of biomolecules in immunoassay biodevices.

Non specific adsorption is a problem associated with immunoassay biodevices and a novel

method to reduce this effect is demonstrated through the incorporation of TEOS as a

bonding layer to the acrylic acid deposition. For in-vivo devices fibrinogen is recognised

as an initiator of inflammatory responses in a biological system and an investigation using

HMDSO is carried out to mimimise it’s adsorption and understand the plasma phase that

leads to the plasma deposited anti-fouling coating.

In Chapter 2 a description of the experimental arrangements are given. An intro-

duction to the characterisation tools and materials used for the analysis of the plasma

deposited films and plasma phase discussed in this thesis is provided. Surface sensitive

techniques such as total internal reflection fluorescence microscopy and total internal re-

flection ellipsometry are introduced. The principles of a retarding field energy analyser

for plasma phase investigations of ion energy distributions are presented.

The synthesis and characterisation of carboxylic acid functionalised on substrates of

COP are discussed in Chapter 3. A plasma deposited surface that exhibits high signal to

noise ratio made using the sequential deposition of tetraethyloxysilane and acrylic acid is

described.

In Chapter 4 the plasma characterisation and investigation of acrylic acid plasma un-

der various plasma conditions that leads to carboxy retention in depositions is discussed,

growth mechanisms are elucidated and influence of background gas is investigated. A

major part of this section focuses on the functional group tuning of surfaces by variation

of plasma parameters such as the input power and background gas

Chapter 5 describes the development of an anti-fouling surface for in-vivo implanta-

tions using hexamethyldisiloxane. The surface is characterised using a number of tech-

niques such as contact angle goinometry, FT-IR spectroscopy, SIMS and an enzyme im-

munosorbent assay.
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Chapter 6 is the thesis conclusion, ideas of future work and areas of research are

presented.
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Chapter 2

Experimental

2.1 Introduction

No one diagnostic tool can fulfill all of the needs to completey characterise the various

deposited films and process plasma behaviour. Consequently, the work in this thesis

relies on a combination of techniques which offers a broader characterisation of plasma

processes and surface interaction. There are a number of well established plasma and sur-

face analytical techniques that are widely used for the study of plasma-deposited films;

contact angle goiniometry (CA), X-ray photoelectron spectroscopy (XPS or ESCA), at-

tenuated total reflection Fourier transform-infra red spectroscopy (ATR-FTIR), UV/Vis

spectrophotometry, secondary ion mass spectrometry (SIMS), atomic force microscopy

(AFM) [105–109]. Langmuir probe (LP), mass spectrometry (MS) and optical emission

spectroscopy (OES) are used to study the plasma phase [110–112]. These analytical tech-

niques have been employed and reported widely and will not be discussed at length in

this work. Details of specific equipment and experimental parameters are given in each

result chapter where appropriate. Some equipment employed in this work will be briefly

discussed here.
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2.1.1 The Deposition Plasma Chamber

The thin films presented in this thesis were deposited using an industrial PECVD system

(Europlasma CD300, Belgium). The deposition system is shown in Fig. 2.1. The power

source is a 13.56 MHz radio frequency source with automatic power matching. The power

source is capacitively coupled to the upper electrode and the lower electrode is grounded.

A floating substrate holder is midway between the upper and lower electrodes, the film

depositions were performed on the floating substrate holder. The vacuum chamber is

made of aluminium and has dimensions 30 cm × 30 cm × 30 cm. An Edwards EH

mechanical booster pump backed by an Edwards E1M40 rotary pump is used to pump

down the chamber. The chamber has a base pressure of approximately 15 mTorr (2.0

Pa). The chamber pressure is measured using a MKS baratron pirani gauge. The flow

of monomer vapour into the chamber is regulated through a manually operated needle

valve. The monomer flow rate is monitored before and after the deposition to ensure the

flow is constant. Oxygen and argon flow rates were regulated by mass flow controllers

connected to a shower head at the top of the chamber. Side ports on the chamber permit

probe access to the plasma.
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Figure 2.1: Schematic of PECVD chamber. Probe and momomer gas access via side
ports.
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2.1.2 Total Internal Reflection Ellipsometry

TIRE is very convenient for different sensing applications in both gaseous and liquid

media, as well as for thin film characterisation. This work employs the TIRE method

for the study of DNA hybridisation. Total internal reflection ellipsometry (TIRE) is a

combination of the spectroscopic ellipsometry with surface plasmon resonance (SPR) [40].

TIRE is a useful and fast method to test the attachement of particles to a surface. A

sharp minimum in the reflected light intensity occurs when the light is resonantly coupled

to the surface plasmon modes. At this point, the energy and the momentum between the

incoming photons and the surface plasmon waves are matched and the reflectivity goes

to a minimum. TIRE is also used to test the stability of the the attached particles in

long exposure time in a buffer envioronemt. TIRE shows much higher sensitivity to small

changes in optical parameters, thickness and refractive index of thin films, as compared to

both traditional external reflection ellipsometry and SPR. TIRE is convenient for different

sensing applications in both gases and liquids, as well as for thin film characterisation. A

schematic of a TIRE system is shown in Fig. 2.2.
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Figure 2.2: (a) Schematic view of the TIRE system. It shows the index-matching liquid
inserted between the prism and substrate and the metal layer deposited on the other side
of the substrate. (b) Flow cell with three wells. (c) Image of TIRE setup.
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2.1.3 Total Internal Reflection Flourescence Microscopy

Total internal reflection flourescence microscopy (TIRF or TIRFM) [113] uses light that

propagates through a medium which meets an interface with a second medium of lower

refractive index. Total internal relfection occurs at all angles of incidence that are greater

than a critical angle. The incident beam creates an evanescent electromagnetic field that

penetrates into the second medium and decays exponentially with the distance from the

interface.

Figure 2.3: (a) Schematic of TIRF setup (b) Images of TIRF setup

TIRF is a useful and fast method to compare non-specific adsorption of detection

molecules on different surfaces. This method allows rapid screening of surfaces to de-

termine their ability to prevent non-specific binding. Figure 2.3 illustrates how light is

coupled to the substrate to allow for characterisation of surface coatings by counting the

adsorbed particles on the substrate. TIRF allows surface-molecule interactions to be in-

vestigated, as it excites only particles within the evanescent field of the excitation light,

providing surface specificity and improving signal to noise compared with conventional

21



microscopy.

2.1.4 Retarding Field Energy Analyser (RFEA)

Of particular importance to plasma deposition of functional films is the rate at which

ions bombard the substrate surface and the energy they have at impact. Specifically,

the ion current flux and ion energy often determine the characterisitics of the plasma

process. The ion energy analyser used in this study is a planar gridded energy analyser

(Semion, Impedans, Dublin, Ireland) [114], which is mounted on the floating electrode in

the chamber as shown in Fig. 2.4. The RFEA probe is designed to sit on the floating

substrate holder in place of the substrate with the signal cables fed through the reactor

side port. The analyser is 60.0 mm in diameter and 3.0 mm thick, it consists of an array

of 800 µm holes over an area of 1.0 cm2. A series of three grids are used; the first grid

is maintained at the electrode floating potential, the second grid is swept to provide the

ion retarding potential, only ions with energies greater than the voltage on the second

grid will be detected. The third grid is biased negative with respect to the first grid

so as to repel electrons that may enter the analyser and to inhibit secondary electron

emission from the collector. A collector plate is used to attract any ions passing through

the second grid. The ion energy distribution is obtained by taking the derivative of the

collector current versus retarding potential. Gahan et al. have published a full description

of the RFEA [115].
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Figure 2.4: (a)Cross section of retarding field analyser. (b) Image of RFEA probe. Images
taken with approval from Imdeans Ltd.
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2.2 Materials and Substrates

Specific details of materials and substrates are described in the experimental section of

each relevant chapter. The monomers used in this work are acrylic acid (AA), tetraethyl or-

thosilicate (TEOS), hexamethyldisiloxane (HMDSO), which were purchased from Sigma-

Aldrich, Germany. Their chemical structures are shown in Fig. 2.5.

Figure 2.5: Three major monomers used in this work and their chemical structure; (a)
acrylic acid (b) TEOS (c) HMDSO
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2.2.1 EDC and NHS

1-Ethyl-3-[3-dimethylaminopropyl]carbodiimide hydrochloride (EDC) and sulfo-NHS were

purchased from Sigma-Aldrich, Germany. EDC is a crosslinking agent used to couple car-

boxyl groups to amines. The activation and cross linking with EDC and NHS is shown in

Fig. 2.6. EDC reacts with a carboxyl to form an amine-reactive O-acylisourea interme-

diate. If this intermediate does not encounter an amine, it will result in hydrolysis and

return to the carboxyl state. But with the addition of N-hydroxysuccinimide (NHS), EDC

can be used to convert carboxyl groups to amine-reactive NHS esters thus stabilising the

process.

Figure 2.6: Carboxylic attachment with amine group using EDC and NHS

2.2.2 Substrates

Considerable effort has been invested in a production of a new class of thermoplastic

polymer, cyclo olefin polymer (COP), for point-of-care diagnostic applications [96, 97].

Such polymers are of great interest because of their favourable properties for biodevices,

such as low autofluoescence, optical clarity, resistance to organic solvents, low water up-
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take and easy machinability [98, 99]. Zeonor 1060R is a type of COP that includes these

desirable properties while providing a cost effective platform for carrying out bioassays

(or biosensors) in disposable biodiagnostic chips and is the COP substrate used in this

thesis. The bioassays depend on surface-bound specific receptors, which must be effi-

ciently immobilised in their active form. COPs consist almost exclusively of unreactive

hydrocarbons and thus possess no native groups amenable for specific reaction with the

capture elements. Therefore, in order to enable covalent attachment of biomolecules, such

as antibodies and oligonucleotides, the COP surface needs to be functionalised.

QMT epoxy substrates are widely used for covalent immobilisation of oligonucleotides

and DNA. Additionally amino-modifications of the nucleic acids are not required. The

hydrophobic surface allows small spot diameters (100 to 130 µm) to create high density

arrays. The surface chemistry is very stable and remains active even during long spotting

runs.

For in-vivo applications 316L medical grade stainless steel is used as it is recognised as

a safe substrate within the human body. For this thesis 316L steel substrates were used

for fibrinogen adsorption measurements. The steel is widely used for medical applications

including; implants, in-vivo pins and screws and orthopaedic implants like total hip and

knee replacements [116].
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Chapter 3

Carboxylic Acid Functionalised

Surface Demonstrating a High

Signal to Noise Ratio in

Bioassays

3.1 Introduction

In the work presented in this chapter surfaces of cyclo olefin polymer (COP) substrates

were modified using PECVD to produce carboxylic groups for applications in biosensors.

A technique for the modification of substrates using tetraethyl orthosilicate (TEOS) and

acrylic acid (AA) as monomer sources to produce a polymer-like coating is presented. A

comparison of the TEOS and AA film with an AA deposition is given. Polymerisation of

AA to form carboxylic films on various substrates has been studied extensively [14, 117,

118] and while this is of interest in itself and the research area remains active, the novel
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aspect of the work presented in this chapter is the introduction of a silicon oxide bonding

layer onto the COP substrate followed by an AA functional layer deposition. Although the

adhesion of the AA polymer by itself to a COP substrate is sufficient for most biosensor

applications the plasma polymerised AA with TEOS exhibits high non-specific binding

as well as other desirable characteristics sought for immunoassay biosensors.

Other groups have demonstrated that the combination of precursors with two dis-

tinct functions is an effective approach to increase the film stability and reactivity and

consequently to gain better control over non-specific binding [119, 120]. Hence the use

of TEOS as an adhesion and network building layer was attempted with the sequential

deposition of AA. Upon activation with 1-Ethyl-3-[3-dimethylaminopropyl] carbodiimide

hydrochloride (EDC) and N-hydroxysuccinimide (NHS), the -COOH group can be used

to perform an aminolysis reaction with free amines. Such groups are abundant in pro-

teins and can be easily incorporated into the 5′ or 3′ end of oligonucleotides. The low

acid dissociation constant (pKa) values of carboxylic acid (pKa = 4.0 - 4.2) means that

under standard physiological conditions, the equilibrium is shifted towards its deproto-

nated species, hence providing significant negative charge on the surface. Charged films

with low zeta potential can take advantage of electrostatic repulsions between the surface

groups and other negatively charged molecules, such as DNA thus effectively reducing the

non-specific binding.

The surface modification procedure was characterised by contact angle measurement

to monitor changes in wettability and ageing effects, fluorescence microscopy to study

the nonspecific binding, X-ray photoelectron spectroscopy (XPS) and Fourier transform-

infrared spectroscopy (FT-IR) to determine the chemical composition and the nature of

chemical bonding present in the film, atomic force microscopy (AFM) for surface mor-

phology and total internal reflection ellipsometry (TIRE) to investigate the stability of the

coatings upon contact with aqueous buffer and for studying biomolecule immobilisation

and total internal reflection fluorometry (TIRF) to demonstrate low non-specific binding
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of sample target. SIMS was employed to investigate the interfacial characteristics of the

TEOS & AA film. Measurements were taken using a UV/Vis spectrometer to characterise

optical transmission of depositions on COP substrates to confirm the suitability of the

deposited film substrate for labelled biosensor devices.

3.2 Experimental

COP slides (Zeonor c© 1060R) 75 × 25 mm2 were supplied by Åmic AB (Uppsala, Swe-

den). Acrylic Acid (C3H4O2) of 99% purity and tetraethyl orthosilicate (C8H20O4Si) of

99.999% purity, N-(3-dimethylaminopropyl)-N’ -ethylcarbondiimide hydrochloride (EDC)

sulfo, N-hydroxysuccinimide (NHS) and xylene were purchased from Sigma-Aldrich. All

chemicals were used as received without further purification. Amino modified single

stranded DNA (19 bp), one base pair corresponds to around 3.4 Å of length along the

strand, with and without Cy5 label was purchased from Eurofins MWG Operon (Ebers-

berg, Germany).

Depositions were carried out in a plasma chamber described in section 2.1.1. Particular

to this operation, oxygen and argon pretreatment both had flow rates of 100 sccm. During

deposition the oxygen flow was stopped and the argon flow rate was reduced to 50 sccm.

The flow of TEOS & AA into the chamber were regulated through a manually operated

needle valve. The operating pressure during deposition was 80 mTorr (13.3 Pa), TEOS

was flowed in until pressure reached 100 mTorr, after TEOS deposition stopped, AA was

flowed in until pressure reached 100 mTorr, thus partial pressures of TEOS and AA were

20 mTorr. The monomer flow rate through the needle valve was carefully controlled to

maintain the operating pressure at 100 mTorr. The rf power into the system was 250 W

during the pretreatment for 150 s and then reduced to 10 W during the 30 s deposition

time.

Contact angles were measured with a contact angle goniometer (First Ten Angstroms

FTA200) using a high purity HPLC grade water (Sigma Aldrich) as the probe liquid.
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Surface morphology and roughness on plain COP, TEOS-coated COP, AA-coated

COP and TEOS & AA-coated COP surfaces were measured with a Digital Instruments

BioScopeTM II (Veeco Instruments Inc., Plainview, NY, USA) in tapping mode in ambi-

ent conditions. Silicon cantilevers with integrated tips (TESP, Veeco Probes, Camarillo,

CA, USA) and with resonant frequencies between 327 and 349 kHz, and with ≈ 30 N/m

spring constant were used. For each surface, three locations with surface area of 2.0 × 2.0

µm2 each were imaged at a rate of 0.5 Hz. Research NanoScope 7.30 software (Veeco In-

struments Inc., Plainview, NY, USA) was used to analyse the measured data and estimate

the RMS roughness.

The XPS data1 was collected on a Kratos Axis UltraDLD equipped with a hemispher-

ical electron energy analyser. Spectra were excited using monochromatic Al Kα X-rays

(1486.69 eV) with the X-ray source operating at 100 W. This instrument illuminates a

large area on the surface and a hybrid magnetic and electrostatic lenses collects photo-

electrons from a desired location on the surface. In this case, the analysis area was a 220

× 220 µm2 spot. The measurements were carried out in normal emission geometry. A

charge neutralisation system was used to alleviate sample charge build up, resulting in

a shift of approximately 3 eV to lower binding energy. Survey scans were collected with

160 eV pass energy, while core level scans were collected with a pass energy of 20 eV.

The analysis chamber was at pressures 10−9 Torr throughout the data collection. Data

analysis was performed using CasaXPS. Shirley backgrounds were used in the peak fit-

ting. Quantification of survey scans utilised relative sensitivity factors supplied with the

instrument. Core level data were fitted using Gaussian-Lorentzian peaks. The binding

energy scale was corrected for the neutraliser shift by using the C1s signal from saturated

hydrocarbon at 285.0 eV as an internal standard.

Fourier transform infrared spectroscopy spectra were recorded on a Perkin Elmer

- Spectrum GX FTIR used in the attenuated total reflection mode (ATR-FTIR). The
1XPS data was collected by technicians in New Zealand, as access to XPS system that could operate

with charge build up on samples was not available locally.
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system uses a ZnSe crystal which is used in contact with the sample. The detector

and sample chamber were purged with nitrogen gas during measurements. For all data

presented, unmodified COP slides were used as background. Scans were collected between

4000 and 400 cm−1 wavenumber range, with a 32 scan average per image. number range,

with a 32 scan average per image.

Fluorescence spectroscopy was carried out using a Perkin Elmer LS 45 fluorescence

spectrometer. Fluorescence images were analysed using the ScanArray Gx software

(Perkin Elmer). Carboxylic acid coated COP slides were scanned at 635 nm, the ab-

sorbance wavelength of Cy5, using a laser activated confocal scanner (ScanArray Gx;

Perkin Elmer) at a 20 µm resolution.

For TIRE measurements a COP slide was cut into small pieces and dissolved in xylene

at 0.25 wt% w/v to make the COP solution. The COP solution was then spin coated

onto a gold coated glass slide at 1300 rpm for 30.0 s with spin up time in 2.0 s and then at

2000 rpm for 5.0 s with spin down in 2.0 s. The xylene solvent was evaporated at ambient

conditions, leaving a COP layer of approximately 23 nm in thickness, as measured by

a spectroscopic ellipsometer (UVISEL, JobinYvon Horiba, France). The substrate was

subsequently introduced to an oxygen and argon plasma treatment for 60.0 s, during

which its thickness was reduced to approximately 10 nm which was measured using the

same ellipsometer. TEOS and AA were then deposited onto the substrate in the same

PECVD chamber with the same conditions as the other COP substrates.

The substrate was then assembled into a specialised flow-cell with a BK7 prism for

TIRE measurements with the UVISEL spectroscopic ellipsometer. The flowcell contains

three wells, labelled ‘1’, ‘2’, ‘3’, on the same TEOS and acrylic acid functionalised COP

surface for three TIRE measurements at angle of incidence of 70◦ with wavelengths ranging

from 500 to 900 nm. A stability test was performed of the TEOS and AA surface under

continuous immersion in PBS buffer (pH 7.0) in well 1. Ψ and ∆ spectra were measured

after PBS buffer was pumped in and replaced in well 1 after 1.0 hr and 2.0 hr. The
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baseline Ψ and ∆ spectra were also measured for the TEOS and AA surface in well 2

and 3 filled with PBS buffer before DNA attachment. 30 µls of aminated 19 bp single

strand DNA (ssDNA) 10 × 10−6M in MES buffer (pH 8.0) without EDC NHS and with

50 mM EDC NHS were then pumped in well 2 and 3, respectively, and allowed to react

with the TEOS and AA surface for 1.0 hr. Ψ and ∆ spectra were recorded for well 2 and

3 after 1.0 hr of reaction. Ψ and ∆ spectra were recorded for well 2 and 3 before they

were rinsed thoroughly with PBS. PsiDelta 2 software (Jobin Yvon Horiba, France) was

used for fitting the data from the measured Ψ and ∆ spectra from TIRE to obtain the

thickness of the ssDNA layers.

Gold-coated standard glass slides (Ti/Au 2 nm/48 nm, 26 mm×76 mm, 1 mm thick)

were purchased from Phasis Sarl (Geneva, Switzerland). N-(3-Dimethylaminopropyl)-

N’-ethylcarbondiimide hydrochloride (EDC), N-hydroxysuccinimide (NHS) and xylene

were purchased from Sigma-Aldrich (Dublin, Ireland). All chemicals were used as re-

ceived without further purification. Amino-modified single-stranded DNAs (ssDNAs)

(5’-ACG-GCA-GTG-TTT-AGC-3’) (Sa19 ssDNA, 15-mer), complementary ssDNAs (5’-

GCT-AAA-CAC-TGC-CGT-3’) (Sa19 rev comp ssDNA, 15-mer) and non-complementary

ssDNAs (5’-AAG-TTTCTT-CTA-AAC-AGA CT-3’) (Sa20 non-comp ssDNA, 20-mer)

were purchased from Eurofins MWG Operon (Ebersberg, Germany).

The DNA hybridisation assay was conducted in a fresh microwell after the baseline Ψ

and ∆ spectra of the COOH surface in PBS had been recorded. Thirty microlitres of 10−5

M aminated Sa19 ssDNA in 100 mM EDC in 2-(N-morpholino)ethanesulfonic acid (MES;

pH 8.0) buffer was then pumped into the microwell and allowed to react for 60 min. A

second set of Ψ and ∆ spectra, which correspond to the registration of the binding of the

capture Sa19 ssDNA, were measured after the microwell had been rinsed with 50 µl PBS.

Next, 30 µl of 10−5 M complementary Sa19 rev comp ssDNA in hybridisation buffer (150

mM NaCl, 150 mM saline/sodium citrate buffer, pH 7.0) was pumped into the microwell

and also allowed to react for 60 min before rinsing the microwell with 50 µl PBS. A
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third set of Ψ and ∆ spectra were then recorded, corresponding to the registration of the

complementary Sa19 rev comp ssDNA to the capture Sa19 ssDNA. Also conducted were

two negative control experiments in two different microwells. The first negative control

experiment was conducted with mismatched Sa20 non-comp ssDNA at concentration of

10−5 M in the same hybridisation buffer to confirm the specificity of the captured ssDNA

probes. The second negative control experiment was performed to assess the COOH

surface capture efficiency of the aminated Sa19 ssDNA without EDC in the MES buffer.

TIRF analysis used a 473 nm laser with a maximum output of 50 mW (Photop Tech-

nologies Inc, Fujian, China) which was coupled to the COP slide through a BK7 prism

(BRP-5, Newport, Oxfordshire, UK) which was index matched to the slide using immer-

sion oil. Light entered the slide at an angle of 15◦ from horizontal giving an angle of

reflection at the slide/water interface of approximately 65◦ from the vertical. This angle

is below the critical angle of 61◦ causing the light to undergo total internal reflection.

This setup was placed above the objective on an Olympus IX81 (Olympus, Essex, UK)

inverted fluorescence microscope. A drop of fluorescent dye-doped latex particle (Kisker

Biotech, Steinfurt, Germany) solution was placed on top of the slide at a location where

the laser beam was being reflected from the top surface giving an evanescent field at

that point. As particles interact with the surface, they enter the evanescent field and

are excited, emitting fluorescence which is collected through the slide from below. The

objective used was a 20×0.50 NA (UPlanFLN, Olympus, Essex, UK) giving a viewing

area of 0.144 mm2. An Olympus U-MWIBA filter blocked the laser excitation light and

allowed collection of fluorescence emitted by the particles. Images were recorded every

10.0 s for 2000.0 s with a 5.0 s exposure time on an Olympus DP71 camera. Image colour

was adjusted using ImageJ software to remove background noise before particles were

counted using Matlab image processing software.

Secondary ion mass spectroscopic studies were carried out using a quadrupole appara-

tus MiniSIMS developed by Millbrook Instruments Ltd. It incorporates a gallium ion gun
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for the primary beam. Ga+ ions (6.0 keV) were focused perpendicularly to the substrate.

To mitigate charging of the electrically insulating COP substrate an electron gun charge

neutralisation was used for all the measurements. The operating pressure was 3.1 × 10−7

mbar.

Optical transmission measurements were carried out using a Perkin Elmer LAMBDA

850 UV/Vis spectrophotometer. Scans were collected between 1000 and 220 nm range,

with a step rate of 1 nm. Unmodified COP substrates were used as background.

3.3 Results and Discussion

3.3.1 Attenuated Total Reflection Fourier Transform Infrared Spec-

troscopy

Two different coatings have been deposited in the FTIR study; (a) an AA coating using

acrylic acid precursor in an argon plasma for 30.0 s at 14 W RF power and (b) a sequential

deposition of TEOS & AA coating for 30.0 s each in argon plasma at 14 W RF power.

A plasma pre-treatment of 180.0 s using argon and oxygen plasma at 250 W was used

for both cases. The nature of chemical bonding present in the film was determined

by Fourier-transform infrared spectroscopy used in the attenuated total reflection mode

(ATR-FTIR), the spectra of which are shown in Fig. 3.1. This figure shows the absorbance

spectra of four substrates; (a) a plasma treated COP substrate, (b) AA deposited on

COP, (c) TEOS deposited on COP, (d) TEOS & AA deposited on COP. In all spectra,

the absorption at 2850 - 2950 cm−1 region is the C-H stretching vibration modes of CH2

and CH3 from the polymer substrate. Additionally, the peak at 1453 cm−1 represents the

wagging mode of CH3 in the polymer backbone.

The TEOS (Fig. 3.1 c) and the TEOS & AA deposition (Fig. 3.1 d) may show two

absorption peaks at 1196 cm−1 and 1075 cm−1 were both assigned to the asymmetric

SiOSi vibration mode, where oxygen atoms move back and forth along the axis line of
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Figure 3.1: (a) Plasma treated COP with no depositions (b) AA deposition (c) TEOS
deposition (d) TEOS & AA deposition. The red lines are contributions from TEOS, the
green line are contribution from AA and the blue lines are contributions from the COP
substrate.

36



the silicon atoms which have been reported in the literature [121, 122]. By comparison,

these bands do not appear in the spectrum of the plasma treated COP sample or AA

deposition, which suggests a successful deposition of Si-O layer.

At 1700 cm−1 the carbonyl (stretch) mode is visible in the AA (Fig. 3.1 b) and TEOS

& AA depositions (Fig. 3.1 d), by comparison, this band did not appear in the spectrum

of the TEOS deposition. A small peak is present on the plasma treated COP substrate

this can be explained by the formation of the reactive species on the surface by a plasma

treatment. It is possible that this could be used for the attachment of biorecognition

elements. Nonetheless, films with carboxyl groups prepared by PECVD deposition have

significantly higher binding capacity when compared to the plasma treated surface. It

should also be noted that the reactive species on plasma treated COP surfaces are prone

to degradation in air and do not show long term storage properties [123].

3.3.2 XPS

XPS survey scans are shown in Fig. 3.2 showing contributions from C1s, O1s, Si2s and

Si2p. A detailed study of the C1s region revealed differences in the chemical composition

of the different layers. Qualitatively, the C1s spectra for the films, shown in Fig. 3.3, are

similar with one saturated hydrocarbon peak of 285.0 eV and additional peaks at higher

binding energies of 286.2 eV and 289.3 eV. The 286.2 eV peak is assigned to C-O-C as well

as C-OH, while the higher binding energy peak at 289.3 eV is characteristic of O-C=O

[124]. It is observed that the proportion of the total C1s signal due to carboxyl peaks is

higher for the TEOS & AA coating (16.4%) than for the AA coating (6.5%) for the same

acrylic acid exposure time in the plasma (Table 3.1). This demonstrates that the plasma

polymerisation of acrylic acid depends strongly on the nature of the interfacial layer and

the presence of a siloxane intermediate layer enhances the carboxylic functionality in the

coating.

Comparing the work, Mourtas et al. [125] attempted to increase the C1s peak C1s
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signal of a plasma deposited AA coating deposited using a 27.12MHz RF power supply.

Mourtas et al. achieved a carboxy signal of 5.3% of the C1s peak through plasma tuning

they could at reach <8% which can be compared to 16.4% in this work. Furthermore

Mourtas et al. attempted to reduce non specific binding of liposomes and at best were

able to achieve a S/N ration in a bioassay of 4.07 compared to 12 using a TEOS underlayer

in this work which is improved further with tuning of the plasma.

XPS survey spectra shown in Fig. 3.2 confirm the introduction of Si onto the surface

layer by TEOS deposition by the appearance of Si2s and Si2p. The Si2p peak at 103.8

eV is attributed to SiO2 [126, 127]. This supports the result obtained by FTIR analysis

that the chemical bonding states in the film prepared using TEOS are close to those in

silicon dioxide. In Fig. 3.4 black lines represent the raw data and the coloured lines were

obtained by the curve-fitting calculation.

A lower intensity reading of the Si2p (and Si2s) spectra from Fig. 3.4(b) to (c) suggests

that a deposited layer from AA is formed on the silicon oxide surface and thus a reduced

contribution from the bonding layer is recorded.

The Si2s peak can be assigned to SiO2, at 155.3 eV with a small contribution from

elemental Si at 150.5 eV [128, 129]. The XPS analysis of the TEOS & AA sample shows

that the outer layer of the deposition contains small amounts of silicon, mainly as SiO2

but mostly acrylic acid deposition appears on the surface.
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Figure 3.2: XPS survey scans collected with 160 eV pass energy using monochromatic Al
Kα monochromatic X-rays (a) Untreated Zeonor (b) Acrylic acid (c) TEOS (d) TEOS &
AA
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Figure 3.3: High resolution C1s core level photoemission spectra of (a) Untreated COP
substrate (b) Acrylic acid coated COP substrate and (c) TEOS (d) TEOS & AA coated
COP substrate, taken with a pass energy of 20 eV using monochromatic Al Kα monochro-
matic X-rays. The C1s peak is deconvoluted to show the various bonding environments
in carbon. This demonstrates that the plasma polymerisation of AA depends strongly
on the nature of the interfacial layer and the presence of a plasma polymerised siloxane
intermediate layer enhances the carboxylic functionality in the coating.
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Figure 3.4: High resolution Si2p xps spectra of (a) TEOS (b) TEOS & AA. The Si2p
peak is deconvoluted to show the various bonding environment in silicon.

Table 3.1: Analysis of the C1s region of the XPS spectra
Sample C-C C-C Surface Oxide C-OH O-C=O

Binding energy (eV)
(% of total C1s peak area)

Untreated COP 285.0 285.9 287.5 - -
(84%) (13.9%) (2.1%)

Acrylic Acid 285.0 - - 286.5 289.2
(68.1%) (25.3%) (6.5%)

TEOS & AA 285.0 - - 286.3 289.3
(60.5%) (23.1%) (16.4%)
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3.3.3 Surface Morphology and Thickness

AFM investigations on the effect of surface modification have been shown capable of

providing information on surface morphology at the nanometre level. AFM studies were

carried out on the modified surfaces to establish the roughness of the coatings compared

to the plain COP surface. Using AFM, it is possible to determine the mean roughness of

the morphological features within a given area. The value of rms roughness of the pristine

COP surface containing pinholes and scratches was 1.73 ± 0.09 nm. This roughness has

been smoothed significantly by the coatings of TEOS which displayed an RMS roughness

of 0.71 ± 0.02 nm. AA deposition exhibited an RMS roughness value 0.49 ± 0.20 nm.

Upon sequential coatings of TEOS and AA, the roughness of resulting TEOS & AA

film was 1.10 ± 0.21 nm which exhibits a slight increase compared to the coatings of the

individually deposited TEOS and AA, but is still within acceptable levels of roughness for

biosensor applications. The observed post deposition surface roughness for TEOS & AA

film is comparable with that found for films formed from liquid phase silanisation using

organosilanes on silica, mica and glass surfaces [130, 131]. AFM measurement images are

shown in Fig. 3.5. The surface roughness increased with the addition of a SiO layer.

Increased surface roughness thus depends on the presence of both the TEOS and AA

precursors.

Thickness measurements using optical ellipsometry techniques showed that the thick-

ness of TEOS is 4.8 ± 0.2 nm, the thickness of acrylic acid coating is 12.6 ± 0.7 nm and

thickness of TEOS & AA coating is 16.5 ± 0.7 nm.
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Figure 3.5: Atomic force microscopy images of (a) plain untreated COP (b) TEOS coating
(c) Acrylic acid coating and (d) TEOS and acrylic acid coating. AFM measurements show
that the prisitne COP surface contains scratches with RMS roughness of 1.73 nm, this
can be smoothed to 0.71 nm with a layer of TEOS, AA on COP with RMS value of 0.49
nm and TEOS & AA with RMS value 1.10 nm.
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3.3.4 Ageing

It is known that exposing COP to a plasma treatment changes it from its native hy-

drophobic state (water contact angle (WCA) > 85◦) to a hydrophilic state (WCA < 10◦).

These contact angle changes are unstable over short time intervals and return to their

original state with a time scale that depends on the discharge power exposed to substrates

[132, 133]. Under the pretreatment settings used in this work, COP substrates went from

their native hydrophobic state of WCA 86◦ to a WCA of 5◦. After 48 hours the contact

angle had returned to near original hydrophobic state (80◦). Hydrophobic recovery is

a well-known phenomenon of plasma exposed polymers, which can be attributed to the

rearrangement of polymer chains at the surface along with migration of low molecular

weight residues [134]. Figure 3.6 shows that coatings of AA and TEOS & AA retain

their hydrophilic nature for longer periods of time compared to a plasma treated COP

substrate. The AA coating had a lower water contact angle than the AA & TEOS coating.

3.3.5 Bioattachment

The ability of the coating to covalently bind biomolecules was assessed by attaching a

fluorescently labelled (Cy5) single strand DNA (ssDNA). Specific surface binding and

capture efficiency was assessed through immobilisation of DNA with NH2- group via

aminolysis. Non-specific binding was determined via physical adsorption of dye labelled

DNA without the NH2 group. A routine manipulation with substrates in immunoassays

involves extensive washing with aqueous solutions, often containing detergents. Good

adhesion and stability of coatings against washing and hydrolysis are necessary to ensure

reproducibility and precision of a biodevice. The coated substrates were subjected to

washing with PBS Tween and deionised water, dried with nitrogen and the fluorescence

intensity was measured. This process was repeated five times. Both AA and TEOS &

AA films showed comparable adhesion strength and resistance against washing with water

and PBS Tween. The signal to noise ratio, measured as fluorescence signal of specifically
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Figure 3.6: Variation of water contact angle with time (ageing effect) of deposited coatings
on COP substrate. Red circle: TEOS & AA, Black square: AA Blue Triangle: Plasma
treated COP. This image demonstrates that coatings of AA & TEOS and AA retain their
hydrophilic nature over long periods of time compared to plasma treated COP.
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bound DNA to unspecifically adsorbed DNA, was higher for TEOS & AA than that of

AA (Fig. 3.4).

Figure 3.7: The ability of the coating to covalently bind biomelecules was assessed by
attaching a fluorescently labelled ssDNA. Specific surface binding capture efficeincey was
assessed through immbnolisation of DNA with NH2 group. Non specific binding was
determined via adsorption of dye labelled DNA without the NH2 modification. Cy5
labelled IgG was attached to acrylic acid coated COP using EDC NHS. Black: Specific
Binding, White: Non-specific Binding

Figure 3.8 shows the signal to noise ratio of AA and TEOS & AA coatings against

washing steps. The increase in S/N ratio in bioassays can be explained by the washing

off of physisorbed particles with each wash. The conditions the coatings were exposed

to in washing are more extreme than the surface a biodevice would endure in regular

operation. Figure ?? displays the role EDC NHS activation has in promoting attachment

of the ssDNA to the surface; EDC NHS activation doubles the captured species.

Also, considering the fluorescence intensities as shown by Fig. 3.4, a higher density of
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Figure 3.8: Signal to noise ratios of Black: TEOS & AA, Red: AA
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captured DNA molecules was observed on AA & TEOS coatings. This polymer consisting

of COOH-siloxane network also showed very good adhesion to the COP surface even after

the washing steps.
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3.3.6 Total Internal Reflection Ellipsometry

Total internal reflection ellipsometry (TIRE), was used to corroborate the fluorescence

results on the TEOS & AA surface [135]. TIRE was also used to test the stability of

TEOS & AA surface under long exposure to PBS buffer to simulate operating conditions.

As shown in Fig. 3.9 a, the ∆ spectra remained the same over a period of 2.0 hr sug-

gesting that the TEOS & AA is indeed stable against hydrolysis in aqueous environment.

Replacing the PBS buffer with solution of ssDNA resulted in a large shift in ∆ spectra.

(Fig. 3.9 b). However, extensive rinsing with PBS revealed that the DNA is effectively

immobilised only when the activating agent, EDC NHS, was present in the reaction mix-

ture. In the absence of EDC NHS, the shift in ∆ spectrum has been reduced to be close

to the original ∆ spectrum of TEOS & AA surface. It is possible that some small amount

ssDNA have been non-specifically adsorbed to the TEOS & AA surface even without

EDC NHS activation. Fitting of Ψ and ∆ spectra gave corresponding thickness of ssDNA

bound to the surface. It was found that with the EDC NHS activation, the thickness of

ssDNA bound to surface was 17.8 ± 2.2 Å, while that without EDC NHS activation was

as small as 2.6 ± 1.4 Å.

Ψ and ∆ spectra of the complete DNA hybridisation assay are plotted in Fig.3.10

a and b, respectively. The introduction of the capture aminated Sa19 ssDNA (15-mer)

solution and then the complementary Sa19 rev comp ssDNA (15-mer) solution resulted

in large shifts in both Ψ and ∆ spectra from the initial Ψ and ∆ spectra of the COOH

surface when the microwell was filled with PBS. In the first negative control experiment,

a mismatched Sa20 non- comp ssDNA solution (20-mer) was incubated for 60 min after

the capture Sa19 ssDNA had been immobilized to assess the non-specific hybridisation

and non-specific binding effect. As seen in Fig. 3.10 c and d, the introduction of the

non-complementary ssDNA solution did not result in any shifts in the Ψ and ∆ spectra.

Therefore, the effects of non-specific binding and non-specific hybridisation were minimal.

The second negative control experiment, conducted by incubating the aminated Sa19
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Figure 3.9: TIRE was used to test the stability of TEOS and AA surface under long
exposure to PBS buffer and used to check the fluorescence results on the TEOS and AA
surface (a) ∆ spectra measured on TEOS & AA functionalised COP surface, with the cell
first filled with PBS and then replaced with new PBS after 1hr and 2hrs. (b) ∆ spectra
measured on original TEOS & AA functionalised COP surface first filled with PBS buffer
(representative from well 2), then reacted with excess ssDNA 10 × 10−6 M without EDC
NHS (well 2) and with EDC NHS (well 3), and after rinsing with PBS buffer.
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ssDNA solution without the activating agent EDC, showed that only a very small shift

in Ψ and ∆ spectra was observed after 60 min, Fig. 3.10 e, f).
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Figure 3.10: (a) (b) Ψ and ∆ spectral shifts after binding of the capture of aminated Sa19
ssDNA (15-mer) at 10−5 M and hybridized with complementary Sa19 rev comp ssDNA
(15-mer) at 10−5 M. (c)(d) Ψ and ∆ spectral shifts were only observed for binding of
the capture Sa19 ssDNA (15-mer) at 10−5 M but not for the mismatched Sa20 non-comp
ssDNA (20-mer) at 10−5 M. (e)(f) Capture of aminated Sa19 ssDNA (15-mer) at 10−5 M
without EDC activation; Ψ and ∆ spectral shifts were minimal
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3.3.7 Total Internal Reflection Fluorescence

Dye-doped nanoparticles (NP) are often used as labels in bioassays to increase signals and

improve sensitivity. The benefits of sensitised NPs as bright detection molecules can only

be realised if the particles have good colloidal stability and the non-specific interactions

between the particles and the substrate surface is kept at minimum. The latter was of

great interest in the context of the presented work. Although the commercial NPs are

typically negatively charged to avoid aggregation, they often show high levels of particle-

surface binding even in absence of biomolecules [136]. This subsection investigates the

non-specific adsorption of dye-doped NPs on the TEOS & AA surface and compared

it with a standard, commercially available, epoxy-coated glass slide, commonly used in

bioassays, by use of total internal reflection fluorescence (TIRF) microscopy [113]. As

expected, the electrostatic forces between the negatively charged NP surface and the

negatively charged carboxy groups on the substrate dominate in this binding event. Fig.

3.3.7 illustrates low particle count on the TEOS & AA surface compared with that of

the epoxy slide indicating the suitability of this surface for bioassays based on fluorescent

particles.
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Figure 3.11: Particle count versus time for nanoparticles accumulating on TEOS & AA
surface and epoxy surface. Scheme Caption: Carboxylic functionalised surface displaying
low non-specific binding of ssDNA
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3.3.8 Secondary Ion Mass Spectroscopy

In order to study the interfacial characteristics of the TEOS & AA film, the TEOS

coating on its own (without acrylic acid) was deposited on a gold substrate and a surface

secondary ion mass spectroscopy SIMS studies was carried out. The quadrupole apparatus

miniSIMS was used for the chemical identification of the samples. The analysis of the

surface fragments, produced by Ga+ ion bombardment, based on its mass by charge ratio

(m/z) corresponds to the chemical structure of the coating. The miniSIMS measurement

carried out on the top surface of TEOS coating and scanned through the film into the

interface showed the presence of SiOH (m/z= 45 amu), hydrocarbon containing SiOCHx

(m/z=58 amu) and SiO2 species (m/z =60 amu). It is also observed that the carbon

content decreased and the silicon related compounds dominated at the interface, see Fig.

3.12.

During the subsequent AA deposition, the plasma would not only activate both the

reagent and the surface, but also promote mixing and reorganisation within the layer as

it grows, resulting in a graded composition.
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Figure 3.12: SIMS measurements taken of TEOS deposition on gold substrate. The
SIMS measurement carried out on the TEOS coating showed the presence of SiOH (m/z
45 amu), hydrocarbon containing SiOCHx (m/z 58 amu) and SiO2 species (m/z 60 amu).
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3.3.9 Optical Transmission

The optical transmission spectra of COP substrates were taken at normal light incident

under the ambient conditions. As shown in Fig. 3.13, the transmittance of the hybrid

sample was close to 100% from 1000 nm to 400 nm; it gradually decreased to around

80% at 360 nm and quickly fell when the wavelength approached 200 nm. The UV-Vis

spectrum of the AA and TEOS & AA was almost identical to that of the untreated COP

substrate in the full measured range, which indicated that the plasma deposition did

not cause polymer surface damage or material deformation by either ionic bombardment

or surface functionalisation. Furthermore, the high transmission characteristic of the

hybrid material in the near UV range (>350 nm) implied that this coating technique

can be applied to the optical COP devices in different applications, which require surface

coating with hybrid materials for light irradiation without sacrificing the high transmission

characteristics. The experiment was repeated again after a hundred days, no deterioration

was observed in the optical properties of the deposited substrates, this data was not

included in Fig. 3.13.
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Figure 3.13: UV/Visible transmission of (a) Untreated COP (b) AA deposition on COP
(c) TEOS & AA depsotion on COP. The UV-Vis spectrum of the AA and TEOS AA was
almost identical to that of the untreated COP substrate in the full measured range, which
indicated that the plasma deposition did not cause polymer surface damage or material
deformation by either ionic bombardment or surface functionalisation. The experiment
was repeated again after a hundred days, no deterioration was observed in the optical
properties of the deposited substrates, this data was not included in the figure above for
clarity.
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3.4 Discussion

From the results a schematic can be deduced that represents the different stages of depo-

sition on the COP substrate. Figure 3.14 shows the binding scenario and illustrates the

process of deposition; a pretreatment of an argon oxygen plasma creates sites amenable to

covalent attachment of the TEOS monomer, followed by the introduction of acrylic acid

to illicit carboxy functionality for the immobilisation of biospecific markers. Using EDC

NHS, amino terminated species were attached to the carboxy functionality, flourescently

labelled DNA with and without NH2 terminations were used as a means of testing specific

and non-specific adsorption on the surface. The surface exhibited an improved signal to

noise ratio from 9 to 12 by the introduction of the TEOS layer.

Eun-Sik Kima [137] demonstrated the effect of plasma treatment on Aldrich humic

acid fouling. Results of bovine serum albumin (BSA) adsorption demonstrated that the

protein adsorption decreased with increasing plasma treatment time. The plasma treat-

ment resulted in a more hydrophilic and negatively charged surface which could better

prevent Aldrich humic acidattachment on the substrate surface. A similar effect is ob-

served in this work where non specific adsorption of ssDNA is reduced due to the increased

number of negatively charged carboxy groups on the surface. Bioattachment measure-

ments confirmed the immobilisation of amino-terminated species (ssDNA). High signal

to noise ratio is critical to the success of biosensor devices. The non-specific binding

can be explained by the low pKa values of carboxylic acid (pKa = 4.0 - 4.2) means that

under standard physiological conditions, the equilibrium is shifted towards its deproto-

nated species, hence providing significant total negative charge on the surface. Charged

films with low zeta potential can take advantage of electrostatic repulsions between the

surface groups and other intrinsically negatively charged molecules, such as DNA and low

isoelectric point proteins, thus effectively reducing the non-specific binding.

The picture that emerges from the different characterisations is that the role of the

siloxane network, formed by fragmentation and activation of TEOS in the plasma, fol-
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lowed by condensation and polymerisation on the COP surface is three-fold. Firstly, the

TEOS deposition serves as a bonding layer to the COP substrate for enhanced adhesion.

Secondly, it provides a reactive ground for cross-linking with acrylic acid, thus increasing

the content of -COOH functionality. And thirdly, the presence of silanols (Si-OH) can fa-

cilitate large uptake of water molecules and cause significant hydration of the layer which

in combination with high total negative charge crucial parameters for low non-specific

adsorption of molecules.

Different powers, monomer pressures, polymerisation times and reactors location were

also studied and optimal conditions were established for acrylic acid plasma polymerisa-

tion onto COP substrates i.e. Power 15 W, time 30 sec, monomer pressure 100 mTorr.

This yields uniform layers of approximately 16 nm thickness with good adhesion to the

substrate. The more the RF power was increased the more the polymerisation occurred

and layers obtained were not uniform. Layers deposited using a lower RF source power

and a same polymerisation time, were uniform and had a high degree of acidic functional

groups in its surface. The ssDNA was spotted in multiple locations across the substrate,

each spot gave similar fluorescence intensities. This is demonstrated in figure . TEOS

& AA showed smaller error bars compared to AA confirming good surface coverage of

carboxy groups and uniform deposition.

The investigation of the surface characteristics shows: ATR-FTIR confirmed the depo-

sition of a Si-O coating using the TEOS monomer and the successful deposition of COOH

using acrylic acid. These results were supported by XPS data confirming the presence

of both COOH and Si-O. Other functional groups were identified including contributions

from CH. XPS data demonstrated that on analysis of C1s peak, 6.5% was attributed to

COOH from an acrylic acid deposition, 16.4% was attributed to COOH from a TEOS and

acrylic acid deposition. Thus the inclusion of TEOS has beneficial effects in the retention

of COOH with quantitative analysis by XPS revealing that the amount of carboxylic acids

available on the surface was 2.5 times higher in films containing TEOS as an intermedi-
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Figure 3.14: Schematic of binding scenario.

ate layer. The addition of a silicon oxide layer improves carboxy retention by creating a

bonding domain for improved adhesion to the substrate and a network building layer for

high binding capacity.

AFM measurements demonstrated a slight increase in surface roughness when TEOS

& AA (1.1 nm) is used compared to AA (0.5 nm), an increase in surface roughness

is associated with increased non-specific adsorption but not in this case as non-specific

adsorption decreased for TEOS & AA.

Optical transmission measurements demonstrated that the surface is acceptable for

fluorescently labelled biodevices, as the UV/Vis transmission remains close to transpar-

ent and as favourable to that of untreated COP. Ageing measurements of the UV/Vis

transmission displayed no degredation over the time range studied.
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3.5 Conclusion

In the work presented in this chapter, surfaces of COP substrates were successfully mod-

ified using plasma enhanced chemical vapour deposition to produce carboxylic groups for

applications in biosensors. A technique for the modification of substrates using tetraethyl

orthosilicate (TEOS) and acrylic acid (AA) as monomer sources to produce a polymer

coating was presented. A silicon oxide layer has been successfully introduced as a bond-

ing layer to the AA deposition and a comparison of the TEOS and AA film with AA

deposition was given. Using a silicon oxide bonding layer and carboxylic functional layer,

a novel surface has been developed that exhibits useful properties for improved biosensor

device behaviour.
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Chapter 4

Plasma Characterisation and

Diagnostics

4.1 Background

In this chapter an exploration of the relationship between the plasma-phase chemistry

and the deposition of acrylic acid is presented in order to control fundamental plasma

processes like ion energies, to understand the fragmentation process and characterise the

plasma. The plasma-phase chemistry has been investigated by means of mass spectrom-

etry, a Langmuir probe and optical emission spectroscopy. The first measurements of an

acrylic acid plasma using a retarding field energy anlayser are presented. Attention has

been given to the influence of discharge power on the neutral and ionic species of the

plasma. Combining the different diagnostic techniques the major plasma-phase reactions

are elucidated and a knowledge of these help to explain how the molecular structure of

plasma deposits are affected by processing parameters such as rf power and choice of

background gases between argon and oxygen.

The deposited film has been studied by attenuated total reflection Fourier transform
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infrared spectroscopy. The influence of the process parameters on the plasma have been

investigated. The results are discussed within the context of increasing carboxylic acid

functionality in the film.

Additionally, it is demonstrated that the choice of background gas for the deposition

has a role in the final properties of the film; using argon as a background gas reduced

the amount of CO groups in the plasma and deposited film, while oxygen as a back-

ground gas resulted in an increase the concentration of CO and OH species and offered

better retention of the carboxylic acid functionalisation in the film, under the parameters

discussed.

4.2 Introduction

Employing low pressure radio frequency plasma-enhanced chemical vapour deposition it is

possible to obtain thin films with properties which depend strongly on the plasma-phase

chemistry [63]. The plasma chemistry and thus the deposited surface depend on ‘external’

user-controlled processes such as gaseous pressures, discharge power, background gases

and reactor configuration. Choice of these parameters demand fundamental understand-

ing of the ‘internal’ plasma processes, such as monomer breakup and ion and electron

energies. Diagnostic tools such as mass spectrometry, optical emission spectroscopy and

retarding field energy analysers have been developed in order to investigate plasma prop-

erties. The goal of this study was to combine ‘internal’ and ‘external’ plasma parameters

such as species concentrations, and ion energies, over a range of pressures, powers and

background gases in an acrylic acid containing plasma so as to understand the deposition

process of acrylic acid films.

Studies to date have concentrated on the use of plasmas to deposit films that feature

a high degree of retention of the chemical functionality of the monomeric precursor. Re-

tention of monomer functionality offers the possibility of exercising control over processes

that depend on surface chemistry. However, understanding of the relationship between
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the plasma and film deposition remain inadequate. Fragmentation and recombination

events take place within the plasma, but the importance of the various processes, and the

identity of those species that lead to polymer formation remain uncertain.

While the existing literature on the plasma deposition of acrylic acid is sparse, studies

which are available have concentrated on the structure and application of plasma de-

posited thin films as opposed to the mechanisms of plasma deposition. To investigate the

mechanism of plasma polymerisation, a number of techniques were applied at a range of

rf power.

Firstly, mass spectrometry and optical emission spectroscopy were performed in order

to track the breakup of the acrylic acid monomer and species produced in the plasma.

Secondly, Langmuir probe measurements were taken. The electron energy distribution

function (EEDF) in a low pressure processing discharge is an indicator of the state of

the plasma [110, 138]. Knowledge of the EEDF is important for determining plasma

parameters like electron density, ne, and electron temperature, Te, and for optimising the

plasma process [139, 140]. Chemical processes are sensitive to the EEDF which play a

central role in coupling power into the desired surface reactions.

Thirdly, ion energy distributions and ion flux densities over pressure and power ranges

of 60 - 120 mTorr and 0 - 500 W and background gases of argon and oxygen are presented.

Ions are important in the formation of polymerised films as they transport energy to the

surface, thus contributing to the deposition processes and surface functionalisation [61].

Appropriate control of ion bombardment energy is important in the context of deposition

and functionalisation of substrates.

Fourthly, ATR-FTIR measurements are used to characterise the surface of the de-

posited film. The film depositions were carried out on cylic olefin polymer (COP).
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4.3 Experimental

The plasma was investigated using the PECVD system described in section 2.1.1. The

chamber had a base pressure of approximately 15 mTorr (2.0 Pa). In this investigation,

oxygen and argon pretreatment had flow rate values of 100 sccm. During deposition either

the oxygen or argon flow was stopped and the remaining gas flow rate value was reduced

to 50 sccm.

Acrylic Acid (C3H4O2) of 99% purity was purchased from Sigma-Aldrich. Addition

of acrylic acid raised base pressure of chamber to 40 mTorr (5.3 Pa). Further addition

of oxygen or argon (50 sccms) raised the final pressure of chamber to 98 mTorr (13.1

Pa). The flow of acrylic acid monomer vapour into the chamber was regulated through

a manually operated needle valve. Any variations of these parameters will be identified

where required.

The mass spectrometer is a quadrupole 500 model by Hiden Analytical. The spec-

trometer was connected to the chamber by a side port at the centre of a side wall. Species

arriving at the spectrometer were ionised by electron impact with an electron kinetic en-

ergy of 20 eV. This was done to limit additional fragmentations in the mass spectrometer.

The optical emission of the plasma was detected through a sapphire quartz window by

a UV/VIS spectrometer (MicroHr, Horiba Jobin Yvon, Cedex, France) with a wavelength

scan range of 200 to 1100 nm. The spectrometer is a 140 mm f/3.9 Czerny-Turner with

imaging optics of resolution 0.3 nm. The spectrometer was placed at a side port of the

chamber which had a line of sight to the plasma.

The Langmuir probe system (Model ALP System, Impedans, Dublin) [141] consists

of a probe tip which is a tungsten wire of radius 0.2 mm and 5.0 mm in length, rf

compensated electronics and a high speed data acquisition unit was used to record the

probe current-voltage (IV) characteristics. The IV trace was averaged over 200 sweeps

and the resulting traces are analysed in the usual way [142] to calculate the electron

electron temperature and the EEDF.
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The use of Langmuir probes in depositing plasma, particular with insulating deposits,

is generally problematic, as a solution the probe was heated prior to measurement to

evapourate any insulating deposits on the surface. An automated probe tip cleaning fea-

ture is provided as standard on the Langmuir probe system to facilitate the cleaning by

heating of the probe tip after prolonged use. The probe was cleaned between measure-

ments by heating. This is achieved by pulse biasing the probe to a large positive voltage

and drawing an electron current of up to 100 mA during the on period of the pulse. The

power on the probe surface is calculated and maintained by varying the duty cycle so that

the probe is not damaged.

Ion energy measurements were carried out using a retarding field energy analyser

(Semion, Impedans, Dublin, Ireland). The analyser is 60.0 mm in diameter and 3.0 mm

thick, it consists of an array of 800 µm holes over an area of 1.0 cm2. A series of three

grids is used; the first grid is maintained at the electrode floating potential, the second

grid is swept to provide the ion retarding potential, only ions with energies greater than

the voltage on grid two will be detected. The thrid grid is biased negatively with respect

to grid one to repel electrons that may enter the analyser and to inhibit secondary electron

emission from the collector. Finally a collector plate is used to attract any ions passing

through the second grid. The ion energy distribution is obtained by taking the derivative

of the collector current versus retarding potential, a complete description of the analyser

is available elsewhere [115].

Fourier transform infrared (FTIR) spectra were recorded using a Perking Elmer FTIR

system (Model Spectrum GX) used in the attenuated total reflection mode. The detector

and sample chamber were purged with nitrogen to eliminate background signal of CO2.

For all data presented, unmodified COP slides were used as background. Scans were

collected between 4000 and 400 cm−1 (25 - 2.5 µm) range with 32 scan average per

image.
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4.4 Results and Discussion

4.4.1 Mass Spectrometry

Fig. 4.1 and 4.2 show the electron impact (EI) mass spectra of acrylic acid for various

rf powers and background gases. 0 W meaning no plasma ignition. The EI spectra are

interpreted using the rules of conventional mass spectrometry analysis as detailed by

McLafferty [111]. The molecular ion of acrylic acid appears at m/z 72 (CH2=CHCOOH),

while fragments are detected at m/z 17 (OH) m/z 28 (CO+), 44 (COO+), 45 (COOH+)

and 55 (CH2CHCO+). Also detected is water at m/z 18; at least some of the intensity

of this peak is due to residual water in the vacuum system, which is observed in control

spectra recorded in absence of the plasma and monomer. Precautions were taken to

reduce the contribution from residual water in the system by keeping the system under

vacuum for 48 hrs before measurements were carried out. No peaks were found above

m/z 72.

With carboxylic acid functionalisation in mind, particular attention should be assigned

to m/z 17 (OH) and m/z 28 (CO) as they have a strong contribution from the breakup of

the carboxylic functional group (-COOH) within the discharge. Fragmentation increases

with increasing applied power as can be seen in the Fig. 4.1 (i) and 4.2 (i). The plasma

has produced considerable fragmentation of the acrylic acid but the background gas has

an effect on the the quantities of new species. In particular, mass spectrometry results

from Fig. 4.1 (i) show interesting behaviour with the acid fragmentation (CO and OH

products). With an argon background CO shows no change with rf power input, OH

shows a decrease. With oxygen as the background gas different behaviour is observed.

With the rf power applied to the plasma Fig. 4.2 (ii) shows that the acid fragmentation

(CO and OH products) increases with the rf power applied to the plasma. Both the OH

and the CO fragments have an initial fast increase and plateau at 15 W of rf power. This

is investigated further in section 4.4.4.

One would expect that when the COO species becomes fragmented the quantity of
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CO species would increase. This is the case when argon is used as the background gas

but when oxygen is used an increase in power results in an increased concentration of

COO and CO. Thus oxygen as a background gas improves the survival of COOH (as

compared to argon as background gases under identical conditions). Observations lead

to the conclusion that the background oxygen gas is active in the fragmentation process,

this can be seen by the loss of molecular oxygen with increased power, yet little signal

is observed at m/z 16 (monatomic oxygen). The oxygen radicals are highly reactive and

are thus used to maintain carboxylic acid functionality within the plasma.

The EI mass spectrum of the plasma neutrals with increasing power contain all the

signals seen in the 0 W setting. The peaks can be grouped in two types, type A peaks are

defined as those that arise exclusively from ionisation of the ‘intact’ acrylic acid in the mass

spectrometer. Type B peaks are the most intense and arise from fragmentation of acrylic

acid in the plasma, fragments are subsequently ionised by EI in the mass spectrometer,

as laid out in Table 4.1.

Table 4.1: Grouping of acrylic acid fragments.

Type A Type B

72 CH2=CHCOOH 45 COOH
55 CH2=CHCO 44 COO

28 CO
26 CH=CH
18 H2O
17 OH
2 H

Reaction pathways of this fragmentation leading to different chemical structures are

presented in Fig. 4.3 which was developed from Toole [143]. Here, collisions between

acrylic acid species and plasma electrons results in the creation of excited state species,

which then decompose homolytically to give neutral species. Most of the remaining peaks

which are of low intensity are are therefore, associated with the intact acrylic acid. The
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Figure 4.1: Fragmentation of acrylic acid with argon as background gas. (i) Overview of
process fragmentation on a linear scale (ii) Tracking of individual fragmented species on
a log scale. These figures show the mass spectra of acrylic acid for various rf powers and
background gases.The molecular ion of acrylic acid appears at m/z 72 (CH2=CHCOOH),
while various fragments are detected.
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Figure 4.2: Fragmentation of acrylic acid with oxygen as background gas. (i) Overview
of process fragmentation on a linear scale (ii) Tracking of individual fragmented species
on a log scale.
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only peak still unaccounted for is m/z 2, which corresponds to H2
+. The same reaction

pathways apply equally to argon and oxygen background gases but the quantities of the

resultant fragmentation processes vary greatly as certain species creation is preferred.

Figure 4.3: Proposed plasma fragmentation path of acrylic acid.

The plasma deposition of acrylic acid is regularly carried out with an argon back-

ground gas [144–147]. The surface density of COOH groups in the coating depends on

the degree of fragmentation of the acrylic acid monomer in the discharge and from the

mass spectrometry results it can be seen that an oxygen rich environment permits oxida-

tion reactions to take place that allow greater carboxylic acid functionality retention to

reach the substrate surface.
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4.4.2 Langmuir Probe

Fig. 4.4 shows the EEDF distributions for argon at various rf powers. Argon was inves-

tigated at fixed gas pressure (Base chamber pressure 15 mTorr, with argon 98 mTorr)

with variable rf power. The range of discharge power was limited at the low end by the

stability of the discharge while the high end was limited by the desire to avoid excessive

probe overheating and etching of the probe tip. Using an rf compensated probe, the

plasma parameters ne and Te have been determined for a range of discharge powers and

background gases and are tabulated in Table 4.2.

In Fig. 4.4 the electron density is observed to increase with the increase in rf power.

This is because the increase in rf power generates more argon ions and hence electrons in

the discharge. However, the mean electron temperature remains unchanged at ≈ 2.1 eV.

As electrons are responsible for ionisation events in the plasma, lower powers will reduce

the number of these events taking place, which is consistent with the mass spectra results

in section (4.4.1).

Table 4.2: Plasma parameters for argon plasma at various rf powers, pressure 98 mTorr.

Power (W) ne (m−3)
20 9.7 ×1013

40 1.6 ×1014

60 1.9 ×1014

80 2.5 ×1014

A comparison of acrylic acid with the different background gases under similar plasma

conditions was investigated (Fig. 4.5). The electron density in the acrylic acid discharge

is higher for oxygen than for argon. One possible reason for this may be due to the lower

ionisation potential of oxygen (13.6 eV) compared to argon (15.8 eV). At equal rf power,

oxygen and argon exhibits different ionising abilities.

Comparing the 20 W argon EEDF (Fig. 4.4) with the 15 W acrylic acid EEDFs (Fig.

4.5) there is a lower distribution curve for AA, more than if an extrapolation to lower
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Figure 4.4: Argon EEDF for various discharge powers. The electron energy distribution
function (EEDF) in a low pressure processing discharge is a good indicator of the state
of the plasma. Chemical kinetics are especially sensitive to the EEDF and the electron
population plays a central role in coupling power into the surface reactions. Process
development and transfer will be aided by a knowledge of the EEDF and its sensitivity to
various process parameters. The electron density is observed to increase with the increase
in rf power. This is because the increase in rf power generates more argon ions and hence
electrons in the discharge. However, the mean electron temperature remains unchanged
at 2.1 eV.
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Figure 4.5: Electron energy distribution function: (a) Oxygen & AA at 15 W power, 98
mTorr chamber pressure. (b) Argon & AA at 15 W power, 98 mTorr chamber pressure.
A comparison of acrylic acid with the different background gases under similar plasma
conditions was investigated The electron density in the acrylic acid discharge is higher for
oxygen than for argon. One possible reason for this may be due to the lower ionisation
potential of oxygen (13.6 eV) compared to argon (15.8 eV).
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powers were performed. The composition of the gases is different, so it can be seen that

direct comparisons of argon with acrylic acid and argon cannot be achieved. However, it

can be used as an indicator of the behaviour of AA and argon.

Ionisation and excitation is almost entirely dependent on electron impact. In molecular

gases such as acrylic acid, the situation is more complex because of the wide variety of

species (and energy states within each one) but the distribution of electron energies is still

an important indicator of what chemical processes take place. Hopkins et al. [148] showed

that in molecular nitrogen discharges, the EEDF displays significant depletion around 3

eV where there is a large cross-section for vibrational excitations of the gas molecule. The

acrylic acid plasma displays a similar effect with a depletion around 3 eV although cross

sectional data remains unknown.
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4.4.3 Retarding Field Energy Analyser

The retarding field energy analyser (RFEA) was used to determine ion energy distribution

functions (IEDF) at varying pressures and powers in acrylic acid plasma using two source

gases, oxygen and argon. IEDF’s are shown in Fig. 4.6 for both oxygen, argon and acrylic

acid plasmas. The ratio of acrylic acid to background gases are kept constant. Ion flux

densities are calculated from the IEDF and are displayed in Fig. 4.7, control over the

IEDF has been achieved. Increasing the power supplied to plasma increases the ion flux

density, while increasing the pressure reduces the ion flux density. Under these conditions,

the observed ion energy distributions range between a broad single peak structure which

is typical of those found in rf plasmas to a narrowing of the peak structure at increased

power. It is seen in Fig. 4.6 that the IEDF is shifted to higher ion energies by reducing the

pressure as a reduced pressure increases mean free path of the ion species. The choice of

pressure and background gas affects the IEDF as shown in Table 4.3. These measurements

were carried out with an rf power of 15 W as it was found in chapter 3 that at this power

retention of carboxylic functionality was possible. Oxygen and AA IEDFs show a larger

spread compared to argon and AA IEDFs.

Table 4.3: Ion energy distributions, the spread of the peaks are shown and peak energy
is given. Measurements were taken at discharge power of 15 W.

Background Gas Pressure Spread FWHM Energy at peak
(mTorr) (eV) (eV)

Argon 116 7.7 7.3
93 6.8 6.7
78 6.5 5.8
56 5.8 5.1

Oxygen 116 11.1 8.9
92 8.2 8.1
71 7.6 6.3
56 6.0 4.2

In Fig. 4.7 it can be seen that acrylic acid with oxygen has a higher ion energy flux
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Figure 4.6: RFEA(a) Acrylic acid with argon, pressure is kept constant at 100 mTorr,
applied rf power is changed (i) 440 W (ii) 312 W (iii) 125 W (iv) 59 W (v) 25 W. (b)
Acrylic acid and argon, applied rf power is kept constant at 15 W, pressure is changed
(iv) 116 mTorr (iii) 93 mTorr (ii) 78 mTorr (i) 56 mTorr. (c) Acrylic acid and oxygen,
applied rf power is kept constant at 15 W, pressure is changed (iv) 116 mTorr (iii) 92
mTorr (ii) 71 mTorr (i) 56 mTorr. IEDF is shifted to higher ion energies by reducing the
pressure as a reduced pressure increases mean free path of the ion species. The choice of
pressure and background gas affects the IEDF as shown above. Oxygen and AA IEDFs
show a larger spread compared to argon and AA IEDF
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Figure 4.7: RFEA(a) Ion flux density (IFD) of acrylic acid plasma with argon with respect
to increasing rf power. (b) (i) IFD of acrylic acid with oxygen as background gas. (ii)
IFD of acrylic acid with oxygen as background gas.
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at the same pressure and power of acrylic acid and argon.
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4.4.4 Optical Emission Spectroscopy

Optical emission spectroscopy was performed under similar conditions as used for the

mass spectrometry analysis. Emission from excited species such as CH, CHO and CO

were identified in the acrylic acid plasma, as presented in the OES scan (200 - 1100 nm)

in Fig. 4.8. In particular, emission spectra were investigated for A2Σ+ - X2Π, (OH line

at 306.4 nm) and B1Σ - A1Π (CO line at 519.8 nm) as they are indicative of carboxylic

acid fragmentation and behaviour within the plasma. Rossini et al. [145] proposed that

these spectral lines can be used to track the breakup of the COOH functional group. In

addition, OES measurements will permit comparisons to mass spectrometry data (see

section 4.4.1).

Figure 4.8: Optical emission spectrum of acrylic acid and argon, plasma at 25 W

In Fig. 4.9, OES measurements show that the acid fragmentation (CO and OH prod-
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ucts) increase with the rf power to the plasma. OH species have an initial increase and

reach a plateau at around 45 W. CO species exhibited a similar initial increase however

CO species required higher rf power to stabalise.

Mass spectrometry and OES measurements confirm the presence of CO species. How-

ever, CO species displayed a delayed increase in mass spectrometry data and a rapid

increase in OES readings. While increased power resulted in increased CO species in

both instances, the rate of CO species creation is conflicting.
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Figure 4.9: (a) OH line at 307 nm to argon line 751 nm (b) CO line 519 nm to argon line
751 nm emission liners were analysed in order to link these results to those of the MS and
to the monomer functionality retention.
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4.4.5 Surface Behaviour

The effect of plasma power on the film properties was investigated using ATR-FTIR. In

order to study the influence of processing parameters on the deposited film structures.

Films were deposited at powers of 6.0, 10.0, 16.0, 25.0 W and 50 W on COP substrates.

From Fig. 4.10 it can be seen that carboxylic acid functionality increases when depositions

take place with an oxygen background gas. Increasing the power beyond 16 W results

in a decrease in the carboxylic acid peak and an increase in CO and OH species. A

typical FTIR spectrum, which has been labelled with the important functional groups is

shown in Fig. 4.10. The scan region of 400 to 4000 cm−1 shows the bands CO 1280-

1200 cm−1, wagging mode from polymer backbone 1453 cm−1, carbonyl (stretch) at 1700

cm−1 which is characteristic of carboxylic groups, polymer CH (stretch) 2950-2850 cm−1

and OH (stretch) 3000-3500 cm−1. From Fig. 4.12 and 4.13 it is clear that increasing

the applied power to the system has a strong influence on the final deposited surface

functional groups. The presence of the COOH functionality has been confirmed by ATR-

FTIR acrylic acid as shown in Fig. 4.10. A full description of the surface characteristics

of the film is described in Chapter 3.

Fig. 4.11 summarises the behaviour of the functional groups of greatest interest i.e.

COOH, CO and OH retained on the surface of the COP. With the increased destruction

of the carboxylic acid group, CO and OH species are seen to increase in the deposits.

This agrees with previous mass spectrometry and OES plasma phase measurements.
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Figure 4.10: ATR-FTIR spectra on COP substrates carried out at rf power of 15W (a)
Acrylic acid plasma deposition with argon as background gas. (b) Acrylic acid plasma
deposition with oxygen as background gas.
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Figure 4.11: (a) COOH (b) CO (c) OH Black circle Oxygen, Red square Argon. In order
to study the influence of this acid fragmentation on the deposited film structures, different
films have been deposited at different power, 6, 10, 16, 25 and 50 W, respectively87



Figure 4.12: Acrylic acid deposition with respect to RF power. Background gas is argon
at 50 sccm. (P.T. means plasma treated substrate with no deposition)
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Figure 4.13: Acrylic acid deposition with respect to RF power. Background gas is oxygen
at 50 sccm. (P.T. means plasma treated substrate with no deposition)
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4.5 Further Discussion

The peaks detected in the plasma mass spectrometry of the neutrals arise from one of

two processes. In the first process, the acrylic acid drifts into the EI source and is ionised.

The ionised monomer fragments leading to a number of lower mass molecules. These are

seen in the EI of acrylic acid at 0 W. In the second process, within the plasma the acrylic

acid monomer is excited by energy transfer from an electron. The neutral mass spectrum

of argon contains no evidence of significant amounts of radical-neutral or radical-radical

combination, except for reactions involving H. The neutral mass spectrum of oxygen

contains similar neutral species but with higher concentrations of COO, CO and OH.

At low power, COOH functional group retention is high, with an increase in power

there is a loss of functionality. As power increased the concentration of CO and OH

functional groups in the deposits increased. This result reflects the fact that as power

increases there is more extensive fragmentation taking place in the plasma, greater ion

fluxes arriving at surfaces in contact with the plasma and more energy being deposited

per ion at the surface.

The combination of mass spectrometry, Langmuir probe and OES analysis with FTIR

enables a number of important conclusions to be drawn concerning the plasma polymeri-

sation of acrylic acid. It is possible to make a distinction between conditions of low and

high power. This is illustrated most clearly in the mass spectrometry and Langmuir probe

results. It was observed that the plasma electron density attains values up to 7 × 1012

m−3 for oxygen background and to 4 × 1012 m−3 for an argon background under identi-

cal pressure and power regime. The plasma density was found to increase strongly with

increased power, however Te was only weakly dependent on the applied power. Overall

the results give a picture of relatively cool and low density plasma but with sufficient

energy to cause ionisation and maintain the plasma. The data obtained from the probe

provides valuable information with regard to process reproducibility.

A number of critical plasma process parameters in PECVD for carboxylic acid us-
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ing acrylic acid has been investigated. It has been shown the importance of rf power

and pressure in the monomer fragmentation and functional group retention of carboxylic

acid groups. Background gases significantly influence the plasma phase i.e. ion energy

distributions and monomer breakup. The choice of background gas also affects the final

state of the deposited film, although oxygen has a higher ion flux density it is a more

suitable substitute for argon as oxidisation processes offers increased level of carboxylic

acid functionality.

Appropriate control and knowledge of ion bombardment energy is important in the

context of deposition and functionalisation on substrates and offers a method of controlling

surface properties. It has been shown that the IEDF can be controlled by choice of process

pressure and RF power to the system. Optical emission from species such as CO and OH

were observed in acrylic acid and argon discharges. The spectral lines A2Σ-X2, (OH line at

306.4 nm) and B1Σ-A1 (CO line at 519.8 nm) offer a method of tracking fragmentation of

the monomer but disagree with the rate of creation of these species. It can be considered

that the radical species recombine or are further fragmented before reaching the mass

spectrometer. Oxygen in aliphatic molecular structure which is readily liberated in the

plasma enviornment, the liberated oxygen acts as a radical scavenger and combines to

form stable species.

4.6 Conclusion

In the work presented in this chapter, the acrylic acid plasma was successfully char-

acterised. The experimental techniques employed serve to elucidate the mechanism of

plasma polymerisation to the extent that detailed plasma-phase reaction schemes can

be proposed. Knowledge of those reactions, plus an understanding of the influence of

the plasma process parameters, point the way to the fabrication of ‘designer’ materi-

als, featuring finely-tuned surface chemistries, for use in specialised applications such as

biodevices.
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Chapter 5

Deposition of

Hexamethyldisiloxane for

Bioapplications

5.1 Background

This chapter presents work on the study of hexamethyldisiloxane (HMDSO). HMDSO

is an inexpensive and safe organosilicon monomer. It is the most commonly described

monomer in the literature with regard to PECVD, particularly in silicon oxide thin film

deposition [19, 149–151]. HMDSO has been employed in a wide range of applications

using plasma processes [152–156]. Recently HMDSO plasma deposited films have been

recognised as useful in bio-applications [157].

This chapter aims to modify a substrate using HMDSO deposited films to control

the interaction between a biomaterial (316L stainless steel) and a biological component

(fibrinogen). In the case of in-vivo medical implants the importance of the surface prop-
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ertires is crucial [120, 158]. Thus, surface properties of deposited films were investigated

using FTIR, SIMS, fibrinogen binding measurements and water contact angle measure-

ments. An understanding of the factors that influence fibrinogen adsorption in plasma

depositions are elucidated .

5.2 Introduction

It has been found previously that the deposition of HMDSO with and without oxygen

background gas results in different film structures [159–161]. A change in oxygen content

during plasma deposition significantly alters the species in the plasma and results in

higher and lower carbon content in the film. In this work then two different types of

coatings were deposited on 316L stainless steel by PECVD. The first deposition used

pure HMDSO, the second deposition used oxygen and HMDSO gas mixture. Plasma-

phase and surface characterisation was carried out by mass spectroscopy, FTIR, water

contact angle measurements and fibrinogen bioresponse was measured using enzyme linked

immunosorbent assay (ELISA).

In order to understand the surface behaviour it is necessary to understand the mech-

anisms that lead to the surface structures, mass spectrometry was employed in this work.

Mass spectrometry permitted the investigation of the fragmentation process in the plasma

which helped elucidate the reactions at the substrate surface. Electron-impact ionisation

is the dominant process for formation of charge carriers in the plasma and it is also re-

sponsible for creation of reactive species via dissociative ionisation [162, 163]. Basner et

al. [164] showed that dissociative ionisation is the principal process for complex molecules

like HMDSO, where the dominant channel is the removal of the methyl group CH3 from

HMDSO to produce the ion Si2O(CH3)5+.
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5.3 Experimental

The films were deposited in the plasma chamber described in section 2.1.1. Two types of

films have been deposited, one using pure HMDSO plasma at 100 sccm of HMDSO flow

and the other oxygen and HMDSO plasma at 375 sccm oxygen and 12 sccm HMDSO. The

system base pressure was 15 mTorr (2 Pa) and the operating pressures for HMDSO and

oxygen & HMDSO plasma were 85 mTorr (11 Pa) and 260 mTorr (35 Pa), respectively.

The substrates were subjected to 3.0 min plasma pretreatment at an rf power of 250 W

with an argon flow rate of 100 sccm and oxygen flow rate of 100 sccm.

Polished 316L stainless steel substrates were obtained from GoodFellow, Huntingdon,

England. Polished Si (100) wafers were used as the substrate for FTIR and SIMS mea-

surements.

Mass spectroscopic data were acquired using a Prisma 80 quadrupole mass spectrom-

eter (Pfeiffer vacuum, Berlin, Germany). Mass spectra were recorded in the m/z range of

0 - 200 with a resolution 1.0 amu.

The nature of chemical bonding present in the film was investigated by FTIR spec-

troscopic system (Perkin ElmerSpectrum GX FTIR) used in transmission mode. The

detector and the sample chamber were purged with nitrogen gas during measurements.

For all FTIR data presented, silicon wafers were used as substrates and unmodified sil-

icon wafer used as the background. Scans were collected over the 4000 to 400 cm−1

wavenumber range with a 32 scan average per image.

A quadrupole Mini Secondary Ion Mass Spectrometry (MiniSIMS Millbrook Instru-

ments Ltd., Manchester, England) was used for surface analysis of samples. A gallium

ion beam (6.0 keV) used in positive mode was focused perpendicularly on the samples,

resolution of 0.3 amu and a scan area of 100 × 100 mm2 was used. The operating pressure

in the SIMS chamber was 3.1 × 10−5 Pa

2.0 mL of human fibrinogen (SigmaAldrich) was used at a concentration of 100 mg/mL

was added to the stainless steel surface. The uncoated stainless steel was used to make
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a calibration series (100, 75, 50, 25, 12.5 ng/mL). The stainless steel controls and the

samples were incubated for 60.0 min at room temperature with gentle agitation. The test

sample dose was 100 ng/mL. Following incubation, a blocking solution consisting of 1.0%

gelatin in phosphate buffered saline (PBS) was added to the fibrinogen coating solution.

The blocking solution was incubated for a further 60.0 min at room temperature with

gentle agitation. The controls and samples were subjected to three 5.0 min washes in

phosphate buffered saline tween (PBST). Washing reduced nonspecific bound material

by a combination of the detergent action and dilution. Goat anti-fibrinogen antiserum

was diluted with 1% gelatin in PBST. This dilutent reduces non-specific binding. The

antiserum incubation was performed for 60.0 min at room temperature with gentle agi-

tation and the samples were washed three times (5.0 min per wash) with PBST. Rabbit

antigoat IgG horseradish peroxidase (HRP, SigmaAldrich) conjugate was prepared in 1%

gelatin PBST. This was added to the samples and incubated for 30.0 min at room tem-

perature. The samples were then washed three times (5.0 min per wash) with PBST. A

final 5.0 min wash with PBST was performed. The purpose of peroxidase conjugation

in the secondary antibody was to give a coloured reaction after its reaction with tetram-

ethylbenzidine (3,3′, 5,5′ Tetramethylbenzidine, Sigma T0440), which is proportional to

the primary antibody bound to fibrinogen. The reaction could be stopped by adding 1 N

sulphuric acid, the colour reaction was measured using Genesys 2 spectrophotometer at

450 nm.

Water contact angles (CA) were measure with a contact angle goniometer (First Ten

Angstroms FTA200) using a high purity HPLC grade water (Sigma Aldrich) as the probe

liquid. The CA was measured in air at room temperature. Uniform droplets with a

volume of 17.24 mL were dropped on the surface and after the drops had reached a stable

configuration, approximately 15 s, digital images of the drops were recorded. Using FTA32

Video 2.0 software CAs were calculated from the images. Three data points were taken

for each sample and the water CA were measured in different locations on the sample.
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5.4 Results and Discussion

5.4.1 Mass Spectrometry

The mass spectrometry spectra are shown in Figs. 5.1, 5.2, 5.3, showing the fragmentation

of HMDSO for rf powers, 0 W (no plasma ignition), 100 W and 300 W, respectively; the

electron energy of mass spectrometer ioniser was 40 eV for all measurements. In the

pure HMDSO spectrum (Figs. 5.1 a(i), 5.2 b(i), 5.3 c(i)) various fragments appear, the

strongest peak at m/z 147 is attributed to Si2O(CH3)5+ which is produced by dissociative

ionisation of HMDSO under dissociation of a methyl group in agreement with Basner et

al. and Jiao et al. [164? ]. Table 5.1 shows the different species that appear in the mass

spectrometry results. These results are in agreement with those found in previous studies

of HMDSO plasmas [165, 166].

The addition of oxygen to HMDSO in the plasma results in the spectra shown in Fig.

5.1 a(ii), 5.2 b(ii), 5.3 c(ii). A contrast is evident between the pure HMDSO plasma

and the oxygen and HMDSO plasma in which the latter exhibited no species above m/z

44 and a change in ratios of the lower mass species. The new species that appeared

with the addition of oxygen include m/z 44 (SiO+), m/z 32 (O2
+), and m/z 16 (O+),

peaks corresponding to hydrocarbon species bonded to Si disappeared. This change in

the lower mass range can be concluded to be that the produced species are the result

of oxidation reactions. The intensity of of hydrocarbon species is very low compared to

oxygenated species which indicate that oxidation reactions are dominant in oxygen &

HMDSO plasmas.
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Figure 5.1: A (i) Pure HMDSO without plasma ignition, (ii) Oxygen and HMDSO
(365:12) without plasma ignition
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Figure 5.2: B (i) Pure HMDSO at 100 W rf power, (ii) Oxygen and HMDSO (365:12)
100 W rf power
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Figure 5.3: C (i) Pure HMDSO at 300 W rf power, (ii) Oxygen and HMDSO (365:12)
300 W rf power
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Table 5.1: Chemical assignment of HMDSO fragmentation.

Mass (amu) Assignment Mass (amu) Assignment
15 SiCH3

+ 59 SiC2H7
+

16 SiCH4
+ and/or O+ 66 Si2OC4H12

+

18 H2O+ 73 Si2OH+

28 C2H4
+ and/or Si+ 73 (CH3)3Si+

32 O2
+ 131 Si2OC4H11

+

43 SiCH3
+ 133 Si2OC4H13

+

44 COO+ and/or SiO+ 147 Si2OC5H15
+

45 SiOH+ 162 Si2OC6H18
+

52 Si2OC2H8
+
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5.4.2 Surface Analysis

The composition of the coatings determined through FTIR is shown in Fig. ??. The

characteristic peaks of Si-O-Si appear at 450 cm−1, 800 cm−1 and 1070 cm−1. The

peak at 450 cm−1 corresponds to the symmetric stretching vibration of Si-O-Si, 800

cm−1 corresponds to bending vibration of Si-O-Si and 1070 cm−1 peak corresponds to

asymmetric stretching vibration of Si-O-Si. The peak at 1278 cm−1 corresponds to the

symmetric deformation vibration of methyl silyl, the asymmetric stretching vibration of

CH in Si-CH3 occurs at 2960 cm−1, symmetric stretching vibration of CH in Si-CH3

occurs at 2905 cm−1 and the Si-CH3 rocking vibration occurs at 840 cm−1. Peaks at 930

cm−1, 3380 cm−1 and 3650 cm−1 corresponds to hydroxyl groups bonded to Si . SiC

stretching vibration occurs at 668 cm−1 and 800 cm−1. The peak at 801 corresponds to

Si-C and Si-(CH3) vibrations.

For the films deposited with pure HMDSO plasma, the methyl silyl peaks at 845

cm−1, 1278 cm−1 and 2965 cm−1 are large and negligible for the films deposited under the

oxygen & HMDSO plasma. As the oxygen flow is increased, the methyl group present in

HMDSO is oxidised to carbon dioxide and water. Additionally, as the oxygen is increased

the fragmented molecules from (CH3)3-Si-O-Si-(CH3)3 are oxidised to carbon dioxide

and water, stripping off the hydrocarbons from Si, which accounts for decreased methyl

silyl peak with increase in oxygen flow. This result is in agreement with the observed

mass spectroscopic studies. As the samples coated in a pure HMDSO plasma is rich

in hydrocarbon, the resultant film is called, polymer-like and for deposited films coated

using oxygen & HMDSO plasmas which are rich in Si-O-Si network are called, silica-like.
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It is observed from the FTIR spectra Fig. ?? that the polymer-like film is rich in

methylsilyl (1278 and 840 cm−1) components as well as SiO bonds. In Fig. 5.4a the

surface SIMS analysis shows that the polymer-like film has a significantly high amount

of methlsily group at m/z = 43 and SiOCH2 at m/z = 56 scanned in the positive SIMS

mode. However, for silica-like films Fig. 5.4b shows these peaks are reduced and the SiO

peak at m/z = 44 is predominant. Thus, the SIMS analysis is in agreement with the

FTIR results.
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Figure 5.4: SIMS analysis of (a) silica-like coatings (b) polymer-like coatings, taken in
positive SIMS mode. Investigations using SIMS demonstrates the polymer like film con-
tains high amounts of SiCH3
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5.4.3 Fibrinogen Adsorption

Fibrinogen adsorption was evaluated using an enzyme immunosorbent assay (ELISA)

[167]. The ELISA method determines the identity and quantity of biological species such

as antibodies in bodily fluids or tissues. As shown in Fig. 5.5, fibrinogen adsorption was

higher on the polymer-like film with a binding percentage relative to 316L stainless steel

of 42%. Silica-like films demonstrated a binding of 23%. With regards to wettability,

according to literature [58, 60], it is expected that fibrinogen adsorption be minimum at

hydrophilic surfaces and to increase with increasing hydrophobicity. However, untreated

316L stainless steel with a CA of 72◦ has adsorbed a higher amountof fibrinogen than the

hydrophobic polymer-like coating. Additionally, it has been demonstrated elsewhere that

metallic nature of the steel surface leads to fibrinogen binding through charge transfer

mechanisms [168, 169] which explains the fibrinogen binding of the 316L steel.

Several groups have reported the effects of surface hydrophobicity on protein denat-

uration. For example, Wertz et al. [170] studied the spreading of bovine serum albumin

(BSA) and human fibrinogen on hydrophobic and hydrophilic selfassembled monolayers

(SAMs) using total internal reflection fluorescence. For both proteins, fast and extensive

spreading was observed on the hydrophobic surface (greater increase of protein footprint

as a function of time), whereas very little spreading was observed on the hydrophilic

surface.

At low protein concentrations, however, the quantity of adsorbed proteins was greater

on a hydrophobic surface. Although faster spreading of protein occurred on the hy-

drophobic surface, the proteins spread to a far lesser extent at low protein concentration.

These studies contradict several general findings that greater protein surface coverage was

obtained on hydrophobic surfaces, where protein spreading is usually not accounted for

[171]. This work demonstrates fibrinogen adsorption is
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Figure 5.5: Fibrinogen adsorption (grey lined), Contact angle data (solid yel-
low).Fibrinogen adsorption of the coatings deposited on 316L stainless steel measured
using enzyme immunosorbent assay showed adsorption on polymer-like coating was 42%
relative to untreated stainless steel, silica-like coatings showed adsorption of 23%. Mea-
surements of the water drop contact angle were also made on these investigations. Typical
contact angles for the deposited films were 60 for silica-like and 106 for polymer-like coat-
ings.
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5.4.4 Contact Angle

Water contact angles (CA) were investigated and are displayed in Fig. 5.5. The polymer-

like film surface has a water contact angle of 106◦. The hydrophobic nature of the

polymer-like SiOxCyHz films, deposited from pure HMDSO, is due to the presence of

methyl groups and hydrocarbons in the film. It has been shown previously [172] that film

hydrophobicity depends on the oxygen concentration in the plasma. So, by reducing the

hydrocarbons through an increase in the oxygen content it was possible to create polarity

at the surface, hence increased hydrophilicity. The SiOx film has a water contact angle of

60◦, as a consequence of the formation of a polar Si-O-Si network. This network allows

the formation of hydrogen bonds with water molecules, resulting in lower water contact

angles. According to literature [58, 60], fibrinogen adsorption is expected to be at a min-

imum on hydrophilic surfaces and to increase with increasing hydrophobicity. However,

untreated 316L stainless steel with a CA of 72◦ has adsorbed a higher amount of fib-

rinogen than the hydrophobic polymer-like coating. Apart from the wettability, another

factor must have been contributed for the observed higher adsorption in stainless steel. It

has been demonstrated by Huang et al. [169] that the metallic nature of the steel surface

leads to fibrinogen binding through charge transfer mechanisms - hence the adsorption of

fibrinogen on the stainless steel 316L

5.5 Further Discussion

Mass spectrometry results effectively demonstrate how reactive species produced can be

tailored depending on background gas and their quantities altered by rf power input to

the plasma, allowing tailored selection of surface properties.

The mass spectrometry analysis of the plasma showed that in the formation of polymer-

like coatings the plasma predominantly contains silicon bonded to methoxy, ethoxy groups

and silanols. SiO+ and O+
2 species were dominant during the silica-like film formation
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due to oxidation of the precursor molecule with the oxygen acting as a radical scavenger.

As the discharge power was increased, the fragmentation of the monomer increased. As

demonstrated in section 4.4.2 higher rf power enhances electron densities and the con-

centration of reactive fragments grows with the discharge power due to increased particle

collisions.

At high rf power of oxygen and HMDSO, the dissociation process is increased, which

results in higher oxygen content and thus more oxidation reactions can take place. A

relative increase in some reactive species is observed e.g. m/z 44 and 28. Additionally,

the addition of oxygen to the plasma may serve to increase the number of active sites on

the surface for radical adsorption.

Two different types of silicon-based coatings with varying surface characteristics have

been deposited from HMDSO by PECVD. FTIR analysis indicate that the polymer-like

film spectrum included several new bands which were absent in the silica-like spectrum.

Both surfaces exhibited a strong SiO peak at 1070 cm−1 but the polymer-like coating

included SiCH and CH bands. Characterisation of the different surfaces is also achieved

using SIMS, which demonstrated strong emission of SiO and SiOH in the silica-like coating

and SiCH3, SiCH2, SiO and SiOCH2 in the polymer-like coating. SIMS analysis confirmed

results attained from the FTIR analysis i.e Pure HMDSO deposition results in a polymer

like deposition and oxygen & HMDSO results in a silica-like deposition.

Medical applications should have an excellent barrier property that prevents direct

contact of the blood with thrombogenic stainless steel surface and also offer imperturbable

surface characteristics in a harsh biological environment. Fibrinogen adsorption of the

coatings deposited on 316L stainless steel measured using ELISA showed adsorption on

polymer-like coating was 42% relative to untreated stainless steel, silica-like coatings

showed adsorption of 23%. Thus silica-like coatings are promising as coatings for in-vivo

medical applications.

Measurements of the water drop contact angle were also made on these investigations.
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Typical contact angles for the the deposited films were 60◦ for silica-like and 106◦ for

polymer-like coatings. The increasing concentrations of oxygen in the plasma gas results

in a decrease of this contact angle. The surface wettability, being a property that relies

on the surface chemical composition of the film, becomes increasingly enhanced by the

oxygen plasma process that produces a strong modification of the film composition but

concentrated in the surface region.Labarre [173] showed that adsorbed fibrinogen proteins

undergo conformational changes after getting adsorbed on the implant surface. Studies

have demonstrated that fibrinogen conformational change takes place on hydrophobic

surfaces, where the adsorbed fibrinogen takes up an extended conformation to facilitate

exposure of its hydrophobic components, thus enabling more protein adsorption on hy-

drophobic surfaces [174]. Malmsten et al. [175] showed that the adsorption of proteins

on hydrophilic and hydrophobic surfaces depends on the nature of proteins.

5.6 Conclusion

In the work presented in this chapter, surfaces of 316L stainless steel substrates were

successfully modified using plasma enhanced chemical vapour deposition. An antifouling

fibrinogen coating was produced for applications in in-vivo bioimplants using plasma

polymerised HMDSO. The film deposition was attempted with different gas mixtures of

a) pure HMDSO monomer vapour and b) HMDSO monomer vapour with oxygen. Plasma

and surface characteristics were investigated using a combination of techniques; mass

spectrometry, FTIR, SIMS, fibrinogen adsorption techniques and water contact angles.

The wetting potential of the substrates was found to be dependent on the presence of

oxygen in the deposition. The fibrinogen adsoroption was expected to be at a minimum

on hydrophilic surfaces and to increase with increasing hydrophobicity. However, it was

found that untreated 316L stainless steel which is more hydrophilic adsorbed a higher

amount of fibrinogen than the hydrophobic polymer-like coating.
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Chapter 6

Conclusion

6.1 Summary of Thesis

This work gave a contribution to the complex argument of plasma polymerisation pre-

senting; a novel surface that exhibits high signal to noise ratio, long term stability, that is

reproducible, simple to manufacture and doesn’t alter the bulk properties of the substrate.

The work presented in this thesis can be broadly labelled as an investigation of plasma

enhanced chemical vapour depostition for applications in biodevices, including bioassays

and bioimplants. The results can be further classified into two catergories; the first con-

cerned the development of a carboxylated surface that exhibited favourable properties for

biosensors, included in this first catergory is the characterisation of acrylic acid plasma,

which led to better understandings of the processes that lead to carboxy functional group

retention of the surface of COP substrates and the influence power and background gases

oxygen and argon.

The second class of experiment saw the investigation of non-fouling coatings, with

particlular interest in reducing fibrinogen adsorption on medical grade stainless steel. A

thourough characterisation of both the surface and the plasma elucidated important pa-
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rameters that help in the reduction of thrombosis effects of in-vivo implants. This includes

the development of polymer-like and silica-like coatings from hexamethyldisiloxane.

PECVD provides an effective means for precisely tailoring surface properties such as

hydrophobicity, type and density of functional groups, and for the incorporation of a

diverse array of biomolecules by independently coupling different molecules selectively

based on compatible surface chemistries, as demonstrated by the covalent attachement

of amino terminated ssDNA on carboxy surfaces and the development of non-fouling

coatings.

The thesis has described the creation of a plasma deposited surface that exhibited

low NSA through a combination of a tetraehtyloxysilane bonding layer and acrylic acid

functional layer. An extensive investigation was undertaken to characterise the surface

properties of the deposited film. The covalent attachment of biomarkers has been demon-

strated, with a 16.4% coverage of COOH. The stability and resistance to washing was

examined and the influence of surface morphology discussed. The plasma characterisa-

tion and investigation of acrylic acid plasma under various plasma conditions that leads

to carboxy retention, growth mechanisms were discussed.

The development of an anti-fouling surface for in-vivo implantations using hexamethyl-

disiloxane. The surface was characterised and an investigation into the plasma phase was

undertaken. It has been demonstrated that a reduction in the adsorption of fibrinogen

can be achieved by tailoring surface properties with 23% binding on a silica-like coating

compared to 42% on a polymer-like coating. Fibrinogen adsorption was expected to be

at a minimum on hydrophilic surfaces and to increase with hydrophobicity. However, it

was found that untreated 316L stainless steel which is more hydrophilic adsorbed a higher

amount of fibrinogen that the hydrophobic polymer-like coating.
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6.2 Future Work

The TEOS and acrylic acid deposited film developed in this thesis is now being employed

by the Biomedical Dignositics Institute, Dublin City University, Ireland. Both the de-

posited film and the plasma phase have been finely tuned and characterised, this has

permitted the deposition process to be moved relatively easily to a new plasma process

chamber. Experiments have begun in a new plasma chamber (Oxford Instruments Plasma

Etch and Deposition, Plasma Pro), this chamber allows for finer control over monomer

flow rates, faster pump down times and greater throughput of substrates. It is hoped

that with the extra sensitivity offered by this chamber that the process can be improved

further.

The TEOS and acrylic acid deposited film discussed in this thesis has been discussed

for use in ‘labelled’ biosensors. But the deposited film can be used on gold surfaces with

appropriate linker chemistry this would allow the coatings to be used for both label free

surface plasmon resonance based detection as well as on fluorescence based detection.

The hydration of the surface layer, orientation of the surface bound biomolecules

(proteins and DNA) and their activity are crucial factors determining the bioassay per-

formance and further investigation is required into these areas. Neutron reflection will

allow the determination of the swelling of the coatings in-situ, the distribution of water

through the layer and changes consequent upon biomolecular interaction and to deduce

conformation of surface-bound biomolecules through the thickness increment upon their

binding. Neutron reflectivity studies will help understand the surface-biomolecule inter-

action.

Superior control and manipuatlion of plasma chemistry is important, one method is

the implementation of a dual frequency plasma source which can offer better control and

improved surface properties. Dual frequency sources permit independent control of ion

energy and ion flux, they have not as of yet been employed in the study of acrylic acid

deposition for biodevices but have been applied in other work [176].
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Future investigations of process control could include a more comprehensive process

model as the current model may be an over simplification of the actual chemistry in

the discharge. In order to analyse these, a reliable mass detection system would be

required. Techniques such as laser induced fluorescence could be employed to get an

absolute density of species and this in turn could be used to calibrate other sensors such

as the mass spectrometer.

It is expected that the use of plasma processes will continue to expand, because they

have unique capabilities, are economically attractive and are ‘friendly’ towards the envi-

ronment.
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