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Abstract 

Biomaterials, such as hip prostheses or dental implants, must be well tolerated by 

the recipient, i.e., they must not cause inflammation, allergy, or a rejection reaction. 

The long-term success of a biomaterial largely depends on its integration into the 

body tissues due to adhesion of tissue-forming cells on the biomaterial’s surface, 

their proliferation, and differentiation to form tissue-specific extracellular matrix. 

Biomaterial surfaces govern their interaction with surrounding tissues, which can 

be tailored by modifying the surfaces. Microbial infection must also be prevented 

due to the growing threat of antibiotic-resistant bacteria. In this project, coatings 

rich in primary amine groups (-NH2) were developed via two different strategies. 

The first method involved plasma polymerisation. Allylamine plasma polymer 

coatings (AApp) were deposited with the usual collisionless ɑ regime vs. the 

collisional γ regime. The atomic composition of the coatings was characterised by 

XPS. -NH2 groups were quantified by a chemical derivatisation technique. Results 

showed that AApp coatings produced with the γ regime led to a higher degree of -

NH2 retention. Therefore, the γ regime may be suitable to use during plasma 

polymerisation to obtain coatings rich in -NH2. 

The second method involved deposition of whey protein isolate (WPI) fibrillar 

coatings. Fibrils withstood autoclave sterilisation and were used as a matrix to 

incorporate biomolecules such as phloroglucinol (PG) and tannic acids (TAs). The 

presence of the coatings was attested by SEM images and XPS analyses. WPI/PG 

coatings improved bone forming-cell behaviour by increasing gene expression 

relative to matrix formation and mineralisation as well as by reducing the 

inflammatory response. WPI/TAs coatings did not have a negative impact on cell 

viability and might improve osteogenic differentiation. 

These amine-rich coatings may be applied on biomaterials such as bone implants 

to improve cell behaviour, but further work needs to be done to endow them with 

antimicrobial properties.
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Chapter 1. Introduction and 

thesis objectives 

Biomaterials are materials that can be used for medical purposes to replace a part 

or function of an organ or tissue (for example hip prostheses, dental implants, etc). 

They must be well tolerated by the recipient, i.e., they must not cause infection, 

inflammation, allergy, or even a rejection reaction, and be well integrated into the 

body tissues. For example, a metallic implant for bone contact must be stable for 

the long term, hence the success of the implantation is dependent on the formation 

of new tissues at the implant surface. The surface of biomaterials governs their 

compatibility within the body. Biomaterial surface modification represents an 

important approach to change the surface properties in order to obtain a better 

integration of the material in surrounding tissues by improving cell adhesion, 

proliferation, and differentiation, as well as by keeping the bulk properties. 

Different techniques are focused on improving cell support as well as avoiding 

efficiently the development of infections, such as by modifying the biomaterial 

surface with primary amine groups (–NH2). Previous studies showed that –NH2 

groups could promote cell adhesion and proliferation. Moreover, these chemical 

functionalities may be used to facilitate the attachment of biomolecules to endow 

new properties such as antimicrobial activity. 

In this context, my project involved development of new coatings rich in primary 

amines for biomedical applications. Two different strategies were used with 

plasma technology and protein fibrils. The objectives of this thesis are: 

- To identify the most appropriate plasma regime to use to produce coatings 

rich in primary amines: the usual collisionless ɑ regime with low pressure 

and high power vs. the collisional γ regime with high pressure and low 

power. 
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- To study the atomic composition of the different coatings as well as 

quantify and compare the density of primary amine groups. 

- To produce and characterise whey protein fibrillar coatings including 

stability and physicochemical composition. 

- To enhance whey protein isolate fibrillar coatings with other biomolecules 

such as phloroglucinol and tannic acids. 

- To study the effect of whey protein isolate fibrillar coatings containing 

additional biomolecules on cells. 

- To assess antimicrobial activity of whey protein fibrillar coatings 

containing additional biomolecules. 

To answer these objectives, my thesis was divided into different chapters: 

Chapter 2 presents the background and literature review. This gives an overview 

of biomaterials and the importance of surface modification. Moreover, different 

techniques to obtain amine-rich coatings such as plasma methods and adsorption 

of biomolecules were described. Different plasma treatment methods are 

commonly used with ammonia gas or by polymerisation of precursors such as 

allylamine, as well as coatings of proteins (for example, collagen) or polymers 

containing –NH2 groups (for example, polyethyleneimine). Finally, this literature 

review presents the methods used to characterise such coatings and, in particular, 

quantify the –NH2 groups present on the surface by using dyes or chemical 

derivatisation methods. 

Chapter 3 deals with the results on the production and characterisation of 

allylamine plasma polymer coatings. These coatings were produced by using 

different plasma regimes with high pressure/low power and low pressure/high 

power to compare their chemical composition. The chemical characterisation of 

the coatings was analysed by using X-ray photoelectron spectroscopy. Moreover, 

the quantification of primary amines by chemical derivatisation was studied.  

Chapter 4 shows the study of whey protein fibrillar coatings and their 

physicochemical characterisation. The stability of the fibrils was studied, and 

different biomolecules were added such as phloroglucinol and tannic acids. 
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Finally, biological tests were performed to assess the effect of the coatings on 

bone-forming cells and bacteria. 
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Chapter 2. Background and 

literature review 

2.1. Introduction 

The use of implants or medical devices in the human body may cause problems of 

integration with surrounding tissues as well as infections due to microbial 

colonisation. The World Health Organisation estimates that out of every 100 

hospitalised patients, 7 in developed and 10 in developing countries will acquire 

at least one healthcare-associated infection (HCAI) [1]. HCAIs are infections 

acquired during hospitalisation and represent one of the leading causes of death. 

The increase in HCAIs is mainly due to the problem of antimicrobial resistance. In 

fact, microorganisms develop several mutations that render antibiotics inefficient. 

It is estimated that by 2050, 10 million people will die every year because of 

antimicrobial resistance [2]. The most common resistant pathogens are certain 

Gram-negative bacteria such as Klebsiella pneumonia and Escherichia coli, and 

Gram-positive bacteria such as Clostridium difficile and Staphylococcus aureus [3]. 

Most of these pathogens are resistant to antibiotics that make it difficult to reduce 

their number. In addition to the impact on the physical and mental health of the 

patient, the financial loss related to these infections is estimated at €7 billion per 

year in the European Union due to prolonged medical care of the patients and 

additional treatments [4]. Another study about the consequences of surgical site 

infections in five European countries (France, Germany, UK, Spain, and Italy) also 

investigated the cost associated with these infections and the increase in 

morbidity, mortality, and prolonged hospitalisation [5]. The direct cost 

comparison was difficult to make due to the lack of common procedures between 

each country, but the infections lead to longer hospitalisation with additional 

expenditure related to staff and medications. These infections also increased 

patient morbidity, mortality, and health-related quality of life. 



Chapter 2. Background and literature review 

 5 

To achieve a better integration of biomaterials into the surrounding tissues, one 

strategy is the modification of the biomaterial surface. In fact, the biological 

response to biomaterials depends mainly on surface properties. By keeping the 

bulk properties of the materials, the surface properties may be modified to acquire 

or change different characteristics (wettability, topography, chemistry, etc) in 

order to improve the ability of the material to perform with an appropriate host 

response in its specific application, or biocompatibility (see Section 2.2.2) and 

resist microbial colonisation. 

Primary amine (–NH2) groups are known to promote cell adhesion because of their 

positive charges that can attract negatively charged biomolecules such as proteins 

or DNA in aqueous media at physiological pH [6]. The presence of a protein layer 

may improve cell adhesion afterwards as it is the first step in biomaterial/cell 

interaction. Some studies showed that amine coatings could promote cell 

attachment, proliferation, and osteogenic differentiation [7]. For implants, this 

advantage is important as it will determine if the implant succeeds due to the 

attachment and proliferation of cells which allow long term implant stability. The 

adhesion and spreading of cells are an essential prerequisite for the further steps 

which are proliferation and differentiation of cells. Another advantage of using 

these chemical groups is the possibility of exploiting them for the immobilisation 

of molecules such as enzymes [8,9], antibiotics [10], or silver nanoparticles 

[11,12]. In this way, it is possible to endow antibacterial properties to the coating. 

In this chapter, the initial section will be dedicated to biomaterials and their 

interaction with body tissues. Then, the methods related to the generation of 

primary amine groups at the surface of materials will be discussed. As shown in 

Figure 2.1, different general strategies have been identified: 

- Application of plasma technology: 

• Plasma surface activation with nitrogen (N2) or ammonia (NH3) gas; 

• Plasma polymerisation with a precursor containing –NH2 groups, such 

as allylamine. 

- Chemical modification of the surface by adsorption of molecules: 

• Proteins such as collagen or whey protein isolate (WPI); 
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• Synthetic polymers that contain –NH2 groups, such as 

polyethyleneimine (PEI) or polydopamine (PDA). 

Finally, the techniques used to characterise the material and especially to quantify 

the primary amine groups will be presented: 

- Physicochemical characterisation of the coatings: contact angle (CA) 

measurements, X-ray photoelectron spectroscopy (XPS), scanning electron 

microscopy (SEM), atomic force microscopy (AFM), Fourier-transform 

infrared spectroscopy (FTIR); 

- Amine groups quantification: dyes methods (Coomassie Brilliant Blue, 

Orange II) or chemical derivatisation (with glutaraldehyde, or compounds 

in vapor phase). 

 

Figure 2.1: Methods used to obtain amine-rich coatings on biomaterials. WPI: whey protein 

isolate. 

2.2. Biomaterials 

2.2.1. General definition of biomaterials 

A biomaterial is generally defined by the experts in the field as “[…] a nonviable 

material used in a medical device intended to interact with biological systems” [13].  

Biomaterials are specific materials that have been used in the past 70 years to 

improve human health. Different types of biomaterials and medical devices exist 
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and are commonly used in several fields of application such as cardiovascular 

(blood vessel prostheses, heart valves, etc), orthopaedic (joint replacements, bone 

plates, etc), dental (implants), or ophthalmologic (contact lenses), as shown in 

Figure 2.2. The use of biomaterials may have saved millions of lives, as well as 

improving the quality of life for millions more [14]. Moreover, with the aging 

population, this field is growing steadily. 

The main challenge in biomaterials field is the biocompatibility which is defined 

as “[…] the ability of a material to perform with an appropriate host response in a 

specific application” [13]. Ideally, biomaterials should not be toxic, immunogenic, 

thrombogenic, carcinogenic, or irritant, and side effects should be avoided.  

 

Figure 2.2: Example of biomaterials, their applications, and their number per year [14]. 

2.2.2. Biomaterial interaction with biological tissues 

When a biomaterial is implanted in a host body, several physical and chemical 

interactions occur between the biomaterial surface and the surrounding tissues. 
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After implantation, the first interaction is the water molecule adsorption to the 

biomaterial surface which occurs in the first nanoseconds. This interaction is 

dependent on the surface wettability. Within seconds following the implantation, 

protein adsorption occurs on the biomaterial followed by a cascade of biological 

responses, including foreign body reactions [15,16]. The Vroman effect describes 

the time-dependent process of protein adsorption: the first proteins to adsorb 

would be the smaller ones due to their rapid transport to the surface, and later, 

bigger proteins which may have greater affinity with the surface will replace the 

smaller ones. The types, concentrations, and conformations of these proteins 

depend on the biomaterial surface and this may be determinant for the next steps 

which are the adhesion, proliferation, and differentiation of cells in contact with 

the surface [15,17]. 

Cell adhesion is essential so that proliferation and differentiation can occur, 

continuing the tissue healing and regeneration process. Cells can adhere on a 

biomaterial surface via cell surface ligands, such as integrins which bind on the 

protein layer [17]. Cell adhesion is influenced by the protein layer as the cells only 

see the adsorbed proteins rather than the biomaterial surface itself. Cell 

attachment may also by controlled by the surface topography. Cell differentiation 

is the last process where a stem cell acquires a specific function as they mature. 

The different steps are represented in Figure 2.3. 

 

Figure 2.3: Different stages in cell/surface interaction. 

Biomaterial

1. Protein adsorption

Biomaterial

2. Cell adhesion

Biomaterial

3. Cell proliferation

Biomaterial

4. Cell differentiation
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To ensure the long-term stability of bone implants such as hip or dental implants, 

osseointegration is a prerequisite factor [18]. Osseointegration is defined as the 

direct structural and functional connection between living bone and the surface of 

a load-bearing artificial implant without the presence of soft tissue in between. 

The formation of fibrous tissue at the bone-implant interface may lead to the 

loosening of the implant. Moreover, with the gravity and pressure, the gaps 

between the bone and the implant increased and produce wear particles which 

accumulate and lead to a local inflammation and cascade of reactions activated by 

immune cells [18,19]. The presence of loosened gaps between the bone and the 

implant can also cause bacteria colonisation and the development of biofilm which 

is an important challenge due to antimicrobial resistance. Therefore, problems of 

loosening and infection are two challenges to overcome in the development of 

biomaterials [18,19]. 

The interaction of cells with the surface of implants can be modulated by the 

presence of a coating on top of the biomaterial surface such as a self-assembled 

monolayer [20] which will affect protein adsorption and in turn cell adhesion. 

Finally, antibacterial properties may be added to the coating to avoid bacteria 

development. Different strategies to modify biomaterial surfaces have been 

identified and will be described in Sections 2.3, 2.4, and 2.5. 

2.2.3. Biofilm formation on biomaterials 

Microorganisms can be found in planktonic form or more often as biofilms. Indeed, 

about 99% of bacteria are found in the form of biofilms at various stages of growth 

[21]. Biofilms are complex and dynamic ecosystems consisting of a community of 

microorganisms adhered to each other and to a receiving surface. In their natural 

environment, microorganisms are attached to a surface, organised in structured 

communities, and embedded in a matrix of extracellular polymeric substances. 

Bacterial adhesion to a surface is a survival strategy that allows them to settle and 

colonise an environment [22]. The planktonic state, where bacteria are free and 

isolated in the environment, could be considered as a transient state. In recent 

years, the National Institutes of Health (NIH) revealed that 65% of microbial 

infections and 80% of chronic infections were associated with biofilm formation 
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[23]. Biofilms can form on catheters or implants (heart valves, hip prostheses, 

etc...), and attack body tissues such as the teeth, eyes, lungs, ears or urogenital tract 

[24,25]. The process of biofilm formation takes place in several successive steps as 

shown in Figure 2.4 [25,26]. 

 

 

Figure 2.4: The different steps of biofilm formation on a surface. 

- Formation of a conditioning film: protein and polysaccharide molecules 

from the surrounding environment are adsorbed on the surface. 

- Transport and reversible adhesion: planktonic microorganisms, moving 

with their flagella or transported close to the surface by Brownian motion 

or sedimentation, adhere reversibly to this surface mainly through non-

covalent chemical bonds (such as electrostatic, hydrophobic, van der 

Waals, and Lewis acid/base bonds). 

- Irreversible attachment: when these bonds are maintained for a sufficient 

time, new chemical and physical mechanisms occur that make them 

permanent and irreversible. Indeed, the attachment of cells to the surface 

induces a cascade of physiological changes, leading to the production of 

extracellular polymeric substances (EPS, mainly composed of proteins and 

polysaccharides), which constitute the protective extracellular matrix and 

increase the anchoring of microorganisms to the surface. The adhesion then 

becomes irreversible, resulting in an increase in the mechanical energy 

required to break the bonds involved. 
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- Colonisation: the biofilm develops and acquires a complex three-

dimensional structure. Microorganisms multiply by cell division, 

communicate via molecular signals (“quorum sensing”) and adapt their 

metabolism to their sessile state. This stage is strongly influenced by 

environmental conditions (temperature, humidity, pH, nature of the 

surface). The mature biofilm develops until it reaches a thickness of a few 

millimetres. 

- Dispersal: after certain influences, such as nutritional deficiencies or 

physicochemical changes in the environment, individual or groups of 

microorganisms can return to the planktonic state and colonise other 

surfaces. A cycle of growth and cellular dispersion is thus established, 

favouring the dissemination of microorganisms and the proliferation of 

pathogens. 

Different strategies can be adopted to prevent biofilm formation such as 

antifouling coatings which repel bacteria attachment due to a modification of 

the surface morphology (for example micro or nanopatterned surfaces) or due 

to chemical modification (wettability and surface energy) [27]. Coatings may 

also be produced with bactericidal properties to kill bacteria that attach to the 

surfaces [27]. Therefore, surface modification is not only important to improve 

cell behaviour but also to provide antibacterial properties to a material.  

2.2.4. Importance of biomaterial surface modification 

Biomaterials must be well tolerated by the recipient and be well integrated into 

the body tissues. The biological response to biomaterials is mainly controlled by 

the surface of the material which can be modified to tailor this biointeraction. 

Surface modification is a way to improve cell adhesion, proliferation, and 

differentiation, which are desirable steps to achieve, for example when a hip or 

knee prosthesis is implanted. Therefore, it is possible to modify and improve the 

interaction of the cells onto the surface with the same material by retaining its bulk 

properties and only by changing its surface. If the surface modification is well 

achieved, the mechanical properties and functionality of the material will not be 

altered, but the interaction between the cells and the surface will be improved. 
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Moreover, surface modification can impact biofilm formation and bacterial 

survival. Different methods can be used to modify the biomaterial surface such as 

by chemical grafting, biomolecule immobilisation, or plasma processes. Surface 

modifications can be classified into three different categories: chemical or physical 

alteration of the biomaterial surface, addition of a thin film or coating on top of the 

biomaterial surface, and creation of a texture/pattern on the biomaterial surface 

[14]. 

In this thesis, the surface modification was achieved by adding coatings rich in 

primary amines on top of the surface. Different methods will be used and 

elaborated in the following parts such as plasma polymerisation which is a quick 

method to change homogeneously the surface properties of various material 

geometries by incorporating functional groups that can improve cell behaviour. 

Protein coatings will be another technique used as it can highly influence cell 

adhesion, proliferation, and differentiation as described previously. 

2.3. Plasma polymer coatings 

2.3.1. General information on plasma 

Plasma thin film deposition is of considerable importance for many industries in 

the world, such as the microelectronics and automobile industries. Moreover, it is 

of considerable interest for biomaterial applications. Plasma, also called the 

“fourth state of matter”, is a macroscopically neutral and conductive ionised gas. It 

constitutes more than 99% of the visible matter of the universe (stars), but on 

Earth, it occurs only as a result of lightning or the northern or southern lights. 

However, there is a multitude of laboratory plasmas.  

Plasma is made up of a mixture of electrons, positive or negative ions, neutral 

molecules, and atoms that move freely in random directions. Two types of plasma 

exist, namely thermal and non-thermal plasma, depending on the temperature of 

the electrons, ions, and neutral molecules. In thermal plasma, the temperature of 

the atoms and heavy particles are equal. In non-thermal plasma, the electrons have 

higher average energy than heavy particles such as ions, hence 𝑇𝑒 ≫  𝑇𝑖. The two 
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main properties of the plasma are electrical neutrality as well as the collective 

behaviour of the particles (Figure 2.5). To create a plasma discharge, a voltage 

source is needed to conduct the current through a gas between two electrodes 

(Figure 2.5). Since electrons are much lighter and faster than ions, the surface of 

the electrodes will become negatively charged by the electrons, and a negative 

potential will build up. This negative potential will accelerate ions towards the 

surfaces and repel electrons. The region around the surface depleted of electrons 

is called the plasma sheath and does not glow. 

To obtain a plasma, several methods can be used with different types of power 

(continuous DC or alternative AC), at low/high or microwave frequency, 

radiofrequency (RF), different types of gas and pressures [28,29].  The initiation 

of a plasma discharge between two electrodes requires an electric field greater 

than the dielectric strength of the medium. Thus, a voltage higher than the 

breakdown voltage of the gas Vb is applied, which depends on the pressure p of the 

medium and the inter-electrode distance d according to Paschen′s law [30]: 

𝑉𝑏 = 𝑓(𝑝 × 𝑑)    Equation 1 

Depending on the gas used and the parameters of the discharge, it is possible to 

deposit a variety of thin films at the surface of materials by tuning the pressure 

and the power. Plasma surface modification is generally a quick method to change 

homogeneously the surface properties in a one-step process, such as wettability, 

chemistry, or topography [8]. A disadvantage of this process is the need of a 

vacuum chamber with a pumping system which may be expensive. 

Different plasma techniques exist to prepare amine-rich coatings such as by 

plasma activation by the injection of inert gases such as ammonia (NH3) or 

nitrogen (N2), or by plasma polymerisation of a monomer containing –NH2 groups 

such as allylamine. Plasma activation leads to the grafting of functional groups to 

the surface while plasma polymerisation leads to the deposition of a thin 

polymeric film onto the surface as described in Section 2.3.2. 
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Figure 2.5: Schematic view of a plasma discharge between two electrodes connected to a 

voltage source. Plasma is a macroscopically neutral and conductive ionised gas constituted 

of a mixture of particles moving in all directions. 

2.3.2.  Deposition of polymers by plasma 

Plasma polymerisation (PP) is a method to synthesise and deposit polymer-like 

thin films onto the surface of a material by using non-thermal plasma technology. 

One interest of PP is to produce thin polymer-like coatings with a high presence of 

functional groups selected from a monomer [31,32]. Such functional groups may 

improve cell adhesion, proliferation, and differentiation [7,8], or serve as grafting 

points for molecule immobilisation to endow new properties to the coatings such 

as antibacterial activity [10,11,33]. 

PP is a one-step solvent-free method, and irrespective of material type and 

geometries, unlike traditional methods using synthetic polymers [34]. However, a 

regular structure is difficult to achieve with PP due to multiple reactions occurring 

in the plasma. Indeed, high fragmentation of the precursor molecule and ion 

bombardment or ablation of the thin film are usually observed which limit the 

selection of functional groups [34–36]. In a glow discharge, free electrons are 

produced and gain energy from the electric field. After collisions with neutral 

molecules, free electrons lose their energy by transferring it towards gas 

molecules to create chemically reactive species which then lead to PP [37]. 

Three different steps occur in PP including the initiation stage where atoms and 

free radicals are produced through the collision of electrons and ions with the gas 
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monomers, the propagation stage which is the formation of polymeric chains, and 

the termination stage where the polymer chains are closed [38]. The plasma 

polymer films are highly branched and crosslinked [37,38]. 

In PP, the choice of the precursor is an important factor that modulates the coating 

chemistry. The surface can be modified with different chemical functionalities 

including primary amines, hydroxyl, or carboxyl [28,39,40]. In this thesis, thin 

polymeric films made of primary amines will be discussed in Section 2.3.5. 

PP is yet not completely understood, and many studies focused on understanding 

the impact of different factors on PP and the presence of functional groups. These 

parameters can vary between laboratories depending on plasma reactor design, 

pressures, flow rates, applied power or frequencies [41]. 

Numerous studies have been conducted to improve the retention of functionalities 

such as by reducing or pulsing the RF power which reduces the degree of monomer 

fragmentation [42–47]. The power is directly coupled to the electrons which gain 

energy from the electric fields and some of the energy can be distributed to the 

other species in the reactor. The use of low power decreases the energy delivered 

per precursor molecule, which is defined by the Yasuda parameter, W/FM, where 

W is the power input, F is the precursor flow rate, and M is the precursor molecular 

weight. This parameter has been used since the 1980s to optimise plasma 

processes [48]. The structure of plasma polymers may be largely affected by the 

W/FM ratio, with a regular and better-defined structure with a low W/FM ratio 

[31]. However, low plasma power also led to reduction of the deposition rate and 

increasing solubility of the coating [49–52]. Moreover, another study showed no 

correlation between W/FM and the retention of functional groups by varying the 

pressure from less than 0.01 mbar to 0.2 mbar [53]. 

More recently, several studies showed the importance of pressure with a key role 

of polyatomic ions in thin polymeric films deposited by plasma [54]. Indeed, two 

different pressure regimes have been identified in plasma polymerisation, namely 

ɑ and γ regimes. The flux and energy of ions in the deposition process are likely to 

vary significantly in either regime, therefore the distinction between these two 
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regimes is an important boundary to consider [41,54]. The flux of energy coming 

to the surface is an important parameter to control. With the impact, the ions can 

directly deposit or form surface radical sites allowing radical species in the plasma 

to deposit. The ɑ regime occurs with low pressure, hence the density of particles 

is lower, and the mean free path is higher. Therefore, the sheaths are largely 

collision-less and the plasma is homogeneously distributed throughout the reactor 

[51]. Positive ions can travel through the sheath from the plasma to the substrate 

without collision and arrive with a kinetic energy equal to the potential difference 

between the plasma and the substrate. By increasing the pressure to the γ regime, 

the sheaths become collisional, which decreases the electron temperature. 

Therefore, the fragmentation of the precursor via electron impact is reduced. 

Operating the plasma in the ɑ or γ regimes may lead to different polymerisation at 

the surface of the material. Recently, the ϒ regime has been shown to favour 

deposition from polyatomic hyperthermal ions, and in a range of monomers, it 

furbishes coatings with higher degrees of functional group retention [51]. Indeed, 

a higher pressure coupled with a low power was beneficial for a high retention of 

functionalities for nitroxide radicals [55,56], epoxy [57], α-bromoisobutyryl [58], 

or ester functionalities [54]. It is worth mentioning that plasma polymer 

deposition not only occurs from the ions but also from radical species produced in 

the plasma which are essential to assemble the film. The ions mainly contribute to 

the desired chemical functionalities [54]. 

To date, deposition in the γ regime has not been tested for amine-containing 

compounds such as allylamine. In this project, the two regimes will be compared 

in the deposition of primary amine-rich thin film by using allylamine as a 

precursor. 

2.3.3. Plasma amine-rich coatings 

Plasma technology has been widely used to produce amine-rich coatings by 

injecting precursors containing amine groups such as allylamine [7,59–62], 

heptylamine [63,64], ethylenediamine [65,66], or a mixture of compounds such as 

ammonia and ethylene [67–70]. These amine-rich coatings have been studied to 

control cell behaviour demonstrating a positive effect on cell adhesion, 
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proliferation, and differentiation for different cell types such as osteoblast-like 

cells [59,64,65] and fibroblasts [60]. Moreover, these coatings could be used to 

incorporate molecules such as enzymes, or drugs [10,33], as well as particles such 

as silver nanoparticles [11] to endow the material with new desirable biological 

properties. The application of such coatings on cell behaviour, molecules′ 

immobilisation, and antimicrobial applications are elaborated in the following 

sections and summarised in Table 2.1. 
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Table 2.1: Overview of different applications of amine-rich coatings obtained by plasma and the findings associated. 

Application Precursor Substrate Findings Ref. 

Effect on cell 
behaviour 

Mixture of 
NH3/C2H4 

PTFE 
PET 

Human umbilical vein endothelial cells′ adhesion and growth increased 
More resistant to shear flow 

[67] 

Mixture of N2/H2 Ti6Al4V Human osteoblast cells′ adhesion and spreading enhanced [65] 

Heptylamine Ti 
Osteoblast-like cells′ attachment increased after 24 h 

Coating with high retention of –NH2 groups enhanced actin cytoskeleton 
formation 

[64] 

Ethylenediamine Ti6Al4V Human osteoblast cells′ adhesion and spreading enhanced 
[65,
66] 

Allylamine 

Ti6Al4V Human osteoblast cells′ adhesion and spreading enhanced [65] 

Glass coverslips 
Human adipose-derived stem cells′ attachment, spreading, and 

proliferation enhanced 
Osteogenic differentiation improved 

[7] 

Silicone elastomer Human skin fibroblasts′ adhesion and spreading increased [60] 

Cyclopropylamine 
Tissue culture polystyrene 

dishes 
PCL nanofibers 

Initial adhesion of vascular smooth muscle cells (VSMCs) improved for 
all plasma power settings tested 

Proliferation and metabolic activity of VSMCs after 7 days higher for 
coating made at 33 W 

No increase in inflammatory markers 

[71] 

Molecules′ 
immobilisation 

Mixture of 
NH3/C2H4 

PET 
Grafting of chondroitin sulphate and epidermal growth factor to –NH2 

Decrease in cell apoptosis 
VSMCs growth increased 

[72] 

Allylamine Si Grafting of trypsin [73] 
NH3 

n-butyl amine 
Allylamine 

Polysulfone films 
Immobilisation of glucose isomerase 

Activity highest for allylamine/Ar plasma coatings close to plasma edge 
[74] 

NH3 Poly (D,L-lactide) 
Better anchoring of collagen on plasma-treated substrates and 

resistance to phosphate-buffered saline (PBS) rinsing 
Cell affinity of modified substrates improved 

[75] 
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Antimicrobial 
applications 

Allylamine 

Silver nanoparticles 
(AgNPs) coated with 

polyvinyl sulphonate (PVS) 

PVS coated-AgNPs were bound to allylamine coatings 
Prevent attachment of S. epidermidis and biofilm formation 

[12] 

Anodic alumina oxide (AAO) 
Substrate pores were loaded with vancomycin drug and were reduced 

by plasma polymer deposition to allow a controlled drug release 
[76] 

Low-density polyethylene 
Bonding of antibacterial agents by immersion of the coatings in 

antibacterial solutions 
[10] 

1-vinylimidazole 
Thin-film composite 

membranes 
Enhanced AgNPs binding onto the plasma-treated substrates which 

cause a decrease in E.coli growth 
[11] 

Heptylamine 
Si/Glass/Thermanox 

plastic/Cell culture plate 
Release of antifungal drug [33] 
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2.3.3.1. Effect on cell behaviour 

By using a gas containing amine groups, the material surface may be covered by 

an amine-rich coating. Different gases have been used to modify the material 

surfaces by adding chemical functionalities present in the plasma. Previous studies 

used a mixture of ammonia (NH3) and ethylene (C2H4) in a radiofrequency plasma 

reactor to treat polytetrafluoroethylene (PTFE) and polyethylene terephthalate 

(PET) [67]. They demonstrated that human umbilical vein endothelial cells′ 

adhesion was increased as well as their growth on these plasma-treated surfaces 

compared with uncoated surfaces (Figure 2.6). In addition, the cells were more 

resistant to induced shear flow [67]. 

 

Figure 2.6: Human umbilical vein endothelial cell adhesion after 4h on PTFE films, bare 

and coated with gelatin or with plasma polymerised coatings using low- (LPPE:N) and 

atmospheric-pressure (HPPE:N) plasma discharges. * p < 0.05 compared to uncoated 

surfaces. Copyright (2011) Wiley. Used with permission from [67]. 

The other way to change surfaces of material by plasma technology is by 

polymerisation of a monomer containing the chemical groups needed to 

functionalise the surface. Plasma polymerisation allows the formation of thin 

polymeric coatings by using monomers. Different monomers have been used such 

as heptylamine [63,64], or ethylenediamine [65,66]. 
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Such coatings improved not only the initial adhesion [64] but also the spreading 

of osteoblasts on titanium (Ti) [64,65]. Ti surfaces obtained with the higher 

retention of –NH2 groups showed higher osteoblast-like cell attachment after 24h 

of cell culture which was further confirmed by SEM. In fact, cells were flatter, with 

longer cellular extensions. This was also demonstrated by actin labelling which 

showed that modified Ti with the high retention of –NH2 groups enhances actin 

cytoskeleton formation [64]. Similar results were obtained on Ti alloy, where cell 

adhesion and spreading were improved on coatings obtained with different 

precursors (allylamine, ethylenediamine, and a gas mixture of N2/H2) [65]. 

 

Figure 2.7: Molecular structure of allylamine, the most common precursor for primary 

amine-rich coatings. 

One of the main precursors rich in –NH2 groups used is allylamine. Liu et al. 

obtained an allylamine coating in a plasma RF reactor [7]. The allylamine coating 

obtained displayed hydrophilicity which can promote protein adsorption and cell 

adhesion. The authors showed that such coatings improve the attachment, 

spreading, and proliferation of human adipose-derived stem cells [7]. Moreover, 

their osteogenic differentiation was significantly improved compared with other 

coatings, without –NH2 groups, due to a higher mineralisation level, as shown in 

Figure 2.7 [7]. This may be due to the changes in surface chemistry which affect 

protein conformation, such as fibronectin, and then the type of binding integrins. 

Integrins are important to mediate cell adhesion. The influence of –NH2 groups on 

cells may be also due to their positive charge in an aqueous medium at 

physiological pH (7.4), which attracts negatively charged biomolecules such as 

proteins or cells [6]. This can also explain the enhancement of osteogenic 

differentiation. Liu et al. described the possibility of a microenvironment with a 

higher pH value which can promote osteogenic differentiation. Moreover, another 

study of plasma functionalisation with allylamine showed that these coatings 

enhanced the focal adhesion of osteoblastic cells [59]. A work from Ren et al., using 
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allylamine to modify silicone elastomer by microwave plasma, showed that the 

biocompatibility of the material was improved. In fact, human skin fibroblasts 

adhered and spread well on the modified surface [60]. 

Recently, Nemcakova et al. studied the behaviour of vascular smooth muscle cells 

(VSMCs) on amine-rich coatings with different plasma parameters and substrates 

[71]. The initial adhesion of VSMCs on all amine coated-polystyrene (PS) and 

polycaprolactone nanofibers was improved for the different plasma powers 

tested. However, the proliferation and metabolic activity of VSMCs, after 7 days in 

culture, were higher with the coating made at a power of 33 W due to better 

properties such as stability, –NH2 content, and wettability. The immunogenicity of 

such coatings was also investigated with the evaluation of inflammatory markers 

(TNF-α and IL-1β) and showed no increase in their expression [71]. 

The mechanism of cell adhesion to nitrogen-rich coatings has been investigated by 

Girard-Lauriault et al. [77,78]. They demonstrated that a critical value of nitrogen 

concentration was necessary to induce cell adhesion for atmospheric-pressure 

plasma coating, which depends on the cell type [78]. Moreover, the role of amine 

groups to positively influence cell behaviour has been confirmed [77]. Results 

showed the existence of a critical value of concentration of amine groups [77]. 

When the concentration of –NH2 groups was higher than the critical value, the 

adhesion of monocytes induced a transient expression of TNF-α and IL-1β which 

decreased within 24h to control values. However, PPARγ, a marker of monocytes’ 

adhesion and retention, had a more sustained expression for the same incubation 

period. The authors suggested that the transient expression of inflammatory 

markers (TNF-α and IL-1β) may induce monocyte cell adhesion via the activation 

of PPARγ since previous studies showed that PPARγ can be induced by TNF-α and 

IL-1β [77]. 
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Figure 2.8: (a) Alizarin Red S staining for mineral deposition formed by hASCs cultured on 

different samples in medium with osteogenic supplement at day 14. (b) The quantitative 

result of retention of Alizarin Red. Data were expressed as means ± SD (n = 4 for each 

sample). Single asterisk * and double asterisks ** denote a statistical significance of p < 

0.05 and p < 0.01, respectively, compared with data obtained on the ppAAm sample. 

Reprinted with permission from [7]. Copyright (2014) American Chemical Society. 

Finally, cell behaviour can be also controlled by grafting molecules to amine 

groups. A previous study investigated the use of these functionalities to graft 

chondroitin sulphate (CS) and epidermal growth factor (EGF) to promote healing 

around stents [72]. The –NH2 coatings were obtained by plasma with a mixture of 

NH3 and C2H4. Cell experiment results showed a decrease in cell apoptosis after 6 

and 24h on plasma coated with CS + EGF-grafted PET compared with untreated 

PET. Moreover, the coatings significantly increased vascular smooth muscle cells 

(VSMC) growth [72]. The use of –NH2 groups to immobilise molecules will be 

further discussed in the following Section 2.3.3.2. 

2.3.3.2. Molecules’ immobilisation 

As mentioned earlier, amine-rich coatings can also be used to immobilise 

molecules such as bioactive molecules such as CS and EGF [72]. These coatings can 

also be used to immobilise other molecules such as enzymes or drugs. A previous 

study involved the preparation of amine-rich coatings by allylamine plasma and 

covalent attachment of an enzyme, trypsin, via –NH2 groups [73]. Similar work was 

performed with ammonia; n-butylamine and allylamine plasma and glucose 

isomerase were successfully immobilised on the modified samples [74]. Ammonia 
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plasma has been also used to modify poly (D, L-lactide) and coat collagen on it to 

improve cell affinity and the resistance of the coatings [75]. Collagen coated on 

plasma-treated samples seems to be more resistant to phosphate-buffered saline 

(PBS) rinsing due to interactions between collagen and plasma-treated surfaces. 

Finally, different molecules, such as silver nanoparticles [11] or drugs [10,33,76], 

have been incorporated in these coatings to make them antibacterial, which will 

be discussed in the next Section 2.3.3.3. 

2.3.3.3. Antimicrobial applications 

Microorganisms′ growth has also been inhibited by using amine coatings on the 

surface of the material. In fact, some studies used amine groups to functionalise 

material surfaces with silver nanoparticles (AgNPs) due to a strong affinity 

[11,12]. These AgNPs, which are known for their antimicrobial properties, were 

found to be responsible for the decrease in E. coli growth [11]. Allylamine thin 

films deposited by plasma have also been used to control the release of drugs such 

as vancomycin from porous material by reducing the pore diameters at the surface 

of the material [76]. A previous study demonstrated the ability of allylamine 

coatings to graft antibacterial agents onto low-density polyethylene samples [10]. 

The surfaces were first pre-treated by air plasma, then treated by allylamine 

coatings. Finally, these coatings were immersed into antibacterial solutions 

(benzalkonium chloride, bronopol, chlorhexidine, and triclosan) for 24h, leading 

to the bonding of the antibacterial agents to the surface, which was confirmed by 

XPS and FTIR. The antibacterial tests demonstrated higher antibacterial activity 

for samples treated with allylamine due to a higher quantity of antibacterial agent 

grafted. 

A following work by the same authors showed the effect of the monomer used on 

antibacterial agent grafting [79]. Three monomers (allylamine, N-

allylmethylamine, and N,N-dimethylallylamine) were tested and they 

demonstrated that less antibacterial agent was grafted onto the allylamine coating 

compared with the two others. Recently, heptylamine coating has been used as a 

matrix for the release of fluconazole, an antifungal drug. Results showed a 
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significant reduction in C. albicans colonies after 48h due to a controlled release of 

the drug [33]. 

2.4. Protein coatings 

Proteins are widely available and certain proteins such as fibronectin (FN) or 

collagen are present in the human body. Collagen and FN are well known to have 

binding sites for cells and have been extremely widely employed as biomaterial 

[80,81]. However, they are expensive proteins, and therefore, whey protein could 

constitute an alternative approach due to its low cost. WPI preparations, such as 

BiPro from Davisco Inc. used in previous studies [82], typically cost tens of US 

dollars per kg, while collagen preparations used to coat biomaterial surfaces, such 

as those from Sigma Aldrich and BD Biosciences [83,84], would cost hundreds of 

US dollars per g. Due to a high surface/volume ratio, fibrillar structures are 

interesting candidates to coat materials since this increases the adherence at the 

surface. Moreover, compared with globular proteins which may change their 

conformation after adsorption on the material′s surface, fibrillar proteins are 

unlikely to do so [85,86]. Fibrillar proteins are generally larger than globular 

proteins which means that they are likely to have more adhesion points to 

substrates. In addition to their high stability, properties can be added to the 

coating such as antibacterial properties, by binding other molecules to the fibrillar 

structures [87,88]. Fibrillar structures could even form aligned superstructure 

scaffolds for cells [89]. Functional lysozyme fibrillar coatings improved 

attachment of immortalised fibroblasts and epithelial cell lines and can act as 

biomimetic cell culture platforms [90–92]. Fibrils are obtained from fibrous 

proteins such as collagen or whey protein isolate (WPI). 

The application of protein coatings such as FN, collagen, and amyloid fibrillar 

coatings are discussed in the following Sections 2.4.1 and 2.4.2 and summarised in 

Table 2.2. 
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Table 2.2: Overview of different applications of amine-rich coatings obtained with proteins and the findings associated. 

Protein Substrate Findings Ref. 

Fibronectin 
(FN) 

Poly (lactic acid) 
Silicon oxide 

Osteoblast-like cells′ adhesion and spreading enhanced after 3 days 
Cell proliferation and mitochondrial activity improved after 7 days 

[93] 

Si 
Human osteoprogenitor cells′ attachment enhanced and formation of actin filaments 

Formation of dense stress fibres attached to FN coatings 
[94] 

PTFE 
FN combined with phosphorylcholine  

Endothelial cells′ adhesion and spreading enhanced 
Higher cell viability after 24 h 

[95] 

Collagen 

Ti6Al4V 

Osteoblast cells′ initial adhesion enhanced [96]  
Osteoblast cells′ spreading, proliferation and differentiation improved [97] 

Collagen coupled with phloroglucinol (PG) 
Fibroblast- and osteoblast-like cells adhere and spread well 

Reduction in inflammatory response 
Osteogenic differentiation promoted with a high PG concentration 

Osteoclast activation reduced with a low PG concentration 

[98] 

Ti Early osseointegration enhanced in vivo  [99] 

Porous Ti oxide 
Collagen coating coupled with AgNPs 
Osteoblast cells′ adhesion improved 

Adhesion and proliferation of E.coli were reduced 
[100] 

Amyloid fibrils 
from whey 

protein isolate 
(WPI) 

Hydrogel (no substrate) 

Osteoblast and fibroblast cells′ growth enhanced 
Calcium deposition of osteoblasts increased 

Osteogenic differentiation of human adipose-derived stem cells increased 
[101] 

WPI coupled with aragonite 
Osteoblast cells′ proliferation supported for 3 weeks 

[102] 

Turkey Frankfurter 
(food application) 

Nisin, grape seed extract, malic aid, and ethylenediamine tetraacetic acid incorporated in WPI coatings 
Effective antimicrobial activity against different pathogens 

[103] 

Films (no substrate) 
Oregano, rosemary, and garlic essential oils incorporated in WPI films 

Film containing oregano and garlic essential oil most effective against S. aureus, S. enteritidis, L. 
monocytogenes, E. coli, and L. plantarum 

[104] 
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Glass 
Resistance of WPI fibrillar coatings to autoclave sterilisation 

Human bone marrow stromal cells′ spreading, and differentiation enhanced 
[82] 

Ti6Al4V 

Resistance of WPI fibrillar coatings to autoclave sterilisation 
Incorporation of heparin and tinzaparin into WPI fibrillar coatings successful 

Support human bone marrow stromal cell differentiation (increase in TNAP activity) 
Hydrophilicity increased 

[105] 

Amyloid fibrils 
from lysozyme 

Mica 
Fibroblast and epithelial cells′ spreading increased  

Increased of focal adhesion and associated stress fibres 
[91] 

Silk fibroin (SF) 

Ti 
Gentamycin and silver nanoparticles incorporated to SF coatings 

Antibacterial activity against S.aureus 
Osteoblast cells′ adhesion, growth, and osteogenic activities enhanced 

[106] 

PEEK 

SF combined with bone-forming peptide 
Initial attachment and proliferation supported 

Osteoblast cell proliferation, spreading, and osteogenic differentiation enhanced for SF with bone-
forming peptide coating 

[107] 

Electrospun nanofibers 
SF modified with graphene oxide which resulted in a  

Decrease in E. coli and S. aureus survival rates 
Osteoblast cells′ growth enhanced 

[108] 

Electrospun nanofibers 
SF combined with heparin 

Cell growth and proliferation improved 
[109] 
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2.4.1. Globular protein coatings 

Fibronectin (FN) is a well-known globular protein present in two different forms 

in the human body: an insoluble form in the extracellular matrix and a soluble form 

in the body fluids such as plasma. This protein can interact with different 

macromolecules such as collagen or heparin, and promote cell attachment 

[81,110–112]. It is also involved in cell migration during embryonic development 

as well as in wound healing [113]. FN has been widely studied, especially with a 

view to modifying biomaterials′ surfaces to improve their biocompatibility [114]. 

Depending on its conformation, FN interacts with cells via integrins and promotes 

cell attachment and proliferation [115]. A study investigated FN adsorption on 

poly (lactic acid) and silicon oxide substrates [93]. It was found that osteoblast-

like cell adhesion was enhanced by the presence of FN on both surfaces as well as 

cell spreading after 3h of culture. Moreover, cell proliferation and mitochondrial 

activity after 7 days of culture were improved in the presence of FN [93]. The effect 

of FN adsorption on cell attachment has also been investigated on other substrates 

such as silicon [94]. The attachment of human osteoprogenitor cells with the 

formation of actin filaments was enhanced due to the presence of FN. Moreover, 

the formation of dense stress fibres attached to the FN coatings was noticed, as 

indicated in Figure 2.8. A FN coating has also been combined with other 

biomolecules such as phosphorylcholine, to enhance endothelialisation as well as 

to avoid thrombus formation [95]. The authors found that the adhesion of 

endothelial cells on FN coatings was enhanced compared with uncoated 

polytetrafluoroethylene (PTFE). Moreover, cell spreading was improved on FN 

coatings. Finally, the study of the cell metabolic activity after 24h showed higher 

cell viability on FN coatings compared with uncoated PTFE. 
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Figure 2.9: Human osteoprogenitor cell actin filament staining on (A) standard cover slips, 

(B) silicon and (C) FN-covered silicon after 3 h in cell culture. Red colour stains actin and 

blue stains cell nuclei. On Figure 2.8C, white arrows indicate the green staining of the dense 

stress fibres attached to the FN coating. Scale bars are of 200 (I), 100 (II) and 50 (III) µm, 

respectively. Reprinted with permission from [94]. Copyright (2011), with permission from 

Elsevier. 

2.4.2. Fibrillar protein coatings 

2.4.2.1. Collagen fibrillar coatings 

Many studies focus on the use of collagen coatings for biomedical applications. In 

fact, collagens represent a major part of the extracellular matrix [116]. They 

contribute to the mechanical properties and biological functions of various types 

of tissues, such as skin, bone, or blood vessels. Collagen is found in multicellular 

animals and represents about 25% of all body proteins, making it the most 

abundant protein [117]. There are approximately 28 collagen types, but types I, II, 

and III are the most predominant. Collagens provide structural support to tissue, 
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and they mediate adhesion, migration, and proliferation of cells. Collagen type I is 

a popular biomaterial for tissue engineering and regenerative medicine due to its 

abundance in the human body and its functions as a scaffold material, as well as 

its relatively low cost compared with other proteins [80,117,118]. Collagen 

consists of a triple helix (tropocollagen molecule), formed by three polypeptide 

chains that can self-assemble in different networks such as fibrils or fibres [116]. 

Collagen type I is important for osteoblast response and some studies showed that 

collagen type I coatings on Ti6Al4V alloy could enhance cell adhesion, osteoblast 

proliferation, and differentiation [96,97]. Collagen type I grafted on titanium 

substrates promoted early osseointegration in vivo [99]. A study from Hsueh et al. 

demonstrated that the adhesion and proliferation of E.coli were reduced as well as 

the cell adhesion of osteoblast cells improved by using collagen coatings 

containing silver nanoparticles [100]. Recently, a study from our group 

demonstrated the effect of collagen coatings enriched with phloroglucinol (PG) on 

fibroblast- and osteoblast-like cells [98]. Results showed that such coatings 

significantly reduce the gene expression of inflammatory markers. Moreover, the 

expression of an osteoclast activation marker was reduced at a low PG 

concentration and the expression of osteogenic differentiation marker was 

promoted at a high PG concentration. 

Despite their numerous advantages, collagen fibrils do not withstand sterilisation 

by autoclaving which is a method widely used in biomedical field. Other type of 

fibrils can be produced and autoclaved such as amyloid fibrils from whey protein, 

and this will be discussed in the next Section 2.4.2.2. 

2.4.2.2. Amyloid fibrillar coatings 

Amyloids are β-sheet structures of protein and peptide aggregates that form fibrils 

at the nanoscale. These fibrils are obtained from diverse proteins or peptides, and 

especially from proteins coming from the food industry such as whey protein 

isolate (WPI) or lysozyme from hen egg white. 

WPI comes from whey, which is a by-product from the dairy industry that contains 

more than 95% protein, of which 75% is β-lactoglobulin, whereas whey protein 
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concentrate contains less protein than WPI (more than 80%) [101]. WPI can form 

fibrils under acidic conditions (<pH 3.5) and a long heating time due to the 

degradation of β-lactoglobulin into peptides. These peptides self-assemble into 

fibrils of a few nanometres in thickness and a length between 1 to 10 μm [119]. 

The morphology of these fibrils is pH-dependent; it has been shown that long semi-

flexible fibres are formed at pH 2 and worm-like structures at pH 3.5 [120–122]. 

Previous studies showed that WPI could improve cell proliferation and osteogenic 

differentiation. Moreover, it demonstrates some antibacterial properties 

[101,102,123]. Quantification of WPI fibrils in solution can be performed with the 

Thioflavin T fluorescence assay [124]. 

Furthermore, these WPI solutions may be enriched by different compounds such 

as antimicrobial molecules. Material surfaces could be covered by a thin film of 

WPI and previous works studied the antimicrobial properties of these coatings 

especially for food packaging [103,104]. Recent work demonstrated the ability of 

WPI fibril coatings to withstand autoclave sterilisation as well as support the 

spread and differentiation of human bone marrow stromal cells [82]. WPI fibrillar 

coatings have also been deposited on Ti6Al4V alloy widely used in bone contact 

implants, and combined with heparin and tinzaparin, known for their ability to 

improve blood compatibility and promote cell adhesion, proliferation, and 

differentiation [105]. The study showed that WPI fibrils were successfully 

adsorbed at the surface of Ti6Al4V alloy. Moreover, heparin was successfully 

loaded into the fibrillar coatings as demonstrated by XPS analyses. The effect of 

such coatings on human bone marrow stromal cells was positive with an increase 

in TNAP activity which improves osteogenic differentiation. WPI has been 

extensively studied for food applications and it constitutes a new research area in 

the biomaterial field which needs to be explore. 

Amyloid fibrils can also be obtained from hen egg white lysozyme at high 

temperature and low pH. Reynolds et al. produced fibrils from lysozyme at high 

temperature and low pH [91]. They demonstrated that this fibrillar coating could 

enhance cell spreading due to an increase in the number of focal adhesions 

compared with lysozyme control [91]. Recently, fibrils have also been obtained 
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from legume proteins instead of animal proteins such as whey or egg proteins. This 

could constitute another approach to coat materials for cell support [125]. 

2.4.2.3. Other fibrillar coatings 

Numerous other fibrous proteins may be used to modify material surfaces. One 

which has been widely studied is silk fibroin (SF) protein. Silk fibres are composed 

of two SF filaments which are formed by self-assembly of nanofibrils (3–5 nm in 

diameter) into larger fibrils (20–200 nm in diameter) [126]. SF possesses 

interesting biocompatibility but due to low antibacterial activity, it is often used in 

combination with other nanomaterials. For instance, SF coatings have been used 

as a matrix to incorporate gentamycin and silver nanoparticles in a previous study 

[106]. The antibacterial activity of these coatings has been successfully 

demonstrated by a significant reduction in bacterial growth and adhesion, and 

biofilm formation. Furthermore, the attachment and proliferation of osteoblast-

like cells were improved. In another study, polyetheretherketone (PEEK) was 

coated with SF and bone-forming peptide to increase the osteogenesis of PEEK 

implants [107]. Results showed good cytocompatibility with an increase in cell 

proliferation, spreading, and osteogenic differentiation. SF nanofibers have also 

been obtained by electrospinning and modified with graphene oxide which 

resulted in a decrease in E. coli and S. aureus survival rates, as well as an increase 

in the growth of osteoblast-like cells [108]. Cestari et al. have also produced SF 

nanofibers by electrospinning [109]. In their work, heparin was successfully 

immobilised at the surface of SF nanofibers due to the formation of hydrogen 

bonds. Higher cell growth and proliferation were observed on the SF fibres with 

heparin [109]. 

2.5. Synthetic polymer coatings 

Dopamine, a biomolecule with catechol and amine functionalities, can self-

polymerise into polydopamine (PDA). Inspired by the adhesive foot proteins 

secreted by mussels, PDA has been used as a coating on various types of materials 

[127]. Due to the presence of chemical functionalities (catechol and amine groups), 

this coating can be further used as a platform to bind other compounds. For 
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example, Cong et al. used this coating to bind and reduce silver ions to form a 

nanocomposite coating made of silver nanoparticles (AgNPs), which displays 

interesting antibacterial properties [128]. Cotton fabrics have also been 

successfully modified with polydopamine to incorporate AgNPs to render them 

antibacterial [129]. Another work investigated the use of PDA to deposit AgNPs 

and polyethylene glycol (PEG) to create an antimicrobial and antifouling surface, 

respectively, due to the presence of AgNPs and PEG [130]. The combination of both 

properties, antibacterial and antifouling, was only possible through the PDA 

coating acting as a binding platform for AgNPs and PEG. Another way to produce 

antibacterial PDA coatings is by preparing the coating by a shaking-assisted 

method which leads to the formation of a roughened PDA coating [131]. These 

coatings have exhibited strong antibacterial activity compared with smooth PDA 

coatings, which was close to 100% against E. coli, S. aureus, and P. aeruginosa. This 

antibacterial activity remained strong after 10 days of storage of the coatings in 

deionised water. Moreover, bacterial morphologies have been studied by scanning 

electron microscopy (SEM). The results showed major changes in their structure 

with a loss of the intact rod-like shape for E. coli and of the spherical shape for S. 

aureus, which may indicate damage of cell membrane. 

Polyethyleneimine (PEI) is a cationic polymer containing the highest number of 

amine groups and it is mostly used as a precursor layer for polyelectrolyte 

multilayer films for dental and orthopedic implants or tissue engineering [132]. 

Previous studies showed that multilayer thin films of PEI/heparin on NiTi alloy 

demonstrate better biocompatibility compared with NiTi alloy itself [132,133]. In 

addition, PEI demonstrated some antibacterial properties against S. aureus and P. 

aeruginosa after 24h and its non-cytotoxicity against fibroblasts after 7 days [134]. 

However, other studies have shown that PEI may be cytotoxic; some authors say 

that this cytotoxicity is molecular weight-dependent, with lower molecular weight 

preparations demonstrating lower cytotoxicity [135,136]. The effect of PEI 

immobilisation on poly (lactic acid) by adsorption or covalent binding has also 

been investigated using high and low molecular weight PEI. Results showed that 

cell adhesion was enhanced in the presence of PEI compared with uncoated poly 

(lactic acid). The proliferation and differentiation of an osteoblast cell line have 
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been also improved, in particular by low molecular weight PEI [137]. Recently, 

another study evaluated adhesive properties and cytotoxicity towards human 

mesenchymal stromal cells (hMSCs) of PEI coatings [138]. PEI coatings improved 

cell adhesion after 1h of incubation compared with uncoated culture plates. Cells 

also exhibited high metabolic activity in the presence of PEI with 10% fetal bovine 

serum. 

2.6. Addition of biomolecules into the coatings 

2.6.1. Phloroglucinol (PG) 

 

Figure 2.10: Molecular structure of phloroglucinol (PG). 

Phloroglucinol (PG) is the building block of phlorotannins which are a group of 

marine-derived polyphenols occurring in brown seaweeds. The molecular 

structure of PG is shown in Figure 2.9. Previous studies showed the anti-

inflammatory properties that PG can have, by reducing the production of 

inflammatory factors [139]. Furthermore, oxidative stress has been also decreased 

[140] which may be interesting in bone regeneration, since oxidative stress may 

hinder osteogenic differentiation [141–144] and stimulate bone resorption [145]. 

A previous study demonstrated the ability of phlorotannins to promote hydrogel 

mineralisation [146]. Finally, phlorotannins possess antimicrobial properties, 

especially against bacteria such as Staphylococcus aureus (S.aureus), methicillin-

resistant S.aureus (MRSA), and some fungi [146–148]. PG has also been conjugated 

with chitosan to produce antioxidant and antibacterial biopolymer [149]. The 

complex PG/chitosan showed higher antioxidant activity compared to unmodified 

chitosan. Moreover, the antibacterial activity was significantly increased against 

MRSA and foodborne pathogens compared to unmodified chitosan. 
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Another study by Liskova et al. investigated the addition of PG into injectable 

hydrogels containing chitosan by analysing its antioxidant and antibacterial 

activities as well as its ability to support cell adhesion and proliferation of 

osteoblast-like cells [150].  The study showed that the addition of PG not only 

increased the antioxidant activity of the hydrogels but also reduced bacterial 

growth (E.coli) after 1h, 3h, and 6h. Moreover, these PG/chitosan hydrogels had 

no negative impact on cell adhesion and growth. More recently, our research group 

showed the possibility to incorporate PG into coatings made of collagen fibrils on 

top of Ti6Al4V alloy [98]. Osteoblast- and fibroblast-like cells both spread and 

adhered well on PG/collagen fibrillar coatings. Moreover, the inflammatory 

response was significantly reduced, and the osteogenic differentiation was 

increased by the coating containing a high PG concentration. 

As previously described, PG is a promising low-cost biomolecule with 

antibacterial, antioxidant and anti-inflammatory properties, as well as positive 

impacts on cell adhesion, proliferation, and differentiation. Therefore, PG was 

chosen to be incorporated into WPI fibrillar coatings. 

2.6.2. Tannic acids (TAs) 

 

Figure 2.11: Example of the molecular structure of a tannic acid (TA). 
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Tannic acids (TAs) are a specific form of tannins, which are polyphenolic 

biomolecules found in a wide range of plants (Figure 2.10). Several studies have 

investigated the use of TAs as crosslinkers in protein-based biomaterials. 

Moreover, different TAs have been previously used in gellan gum polysaccharide 

hydrogels, such as pentagalloyl glucose (PGG), or gallotannin-rich extract from 

mango kernel, which are 2 types of gallotannins (hydrolysable tannins) [151]. 

These hydrogels decreased cell growth and did not show any antibacterial activity. 

However, the study showed that some gallotannins promoted hydrogel 

mineralisation. Gallotannins have also been grafted to Ti6Al4V alloy for bone 

implant application. TAs may possess anticancer properties as investigated by 

Chai et al. [152]. Their study showed some promising results on the use of TAs as 

drug for breast cancer. 

More recently, TAs were successfully loaded into WPI hydrogels to target cancer 

cells and the release of TAs was studied depending on pH [153]. Two types of TAs 

were added, namely a polygalloyl glucose-rich extract (ALSOK 2), and a polygalloyl 

quinic acid-rich extract (ALSOK 4). Hydrogels enriched with these TAs were 

successfully obtained and their swelling properties were studied for different pH 

(5, 7, and 9). Mayorova et al. showed that the release of ALSOK 2 from the WPI 

hydrogel was higher compared to ALSOK 4. The cytotoxicity of these WPI 

hydrogels increased against cancer cells when the concentration of TAs inside the 

hydrogels increased [153]. Moreover, tannins are well known in leathermaking as 

they are used as crosslinkers to prevent disintegration of collagen fibres of the 

leather  [154]. 

Therefore, TAs are another promising low-cost type of biomolecule to use in 

biomaterial applications due to their numerous advantageous properties 

(anticancer, pro-mineralisation, antibacterial) and their ability to bind to proteins. 

Hence, different types of TAs will be incorporated into WPI fibrillar coatings. 
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2.7. Characterisation of amine-rich coatings 

2.7.1. Physicochemical characterisation 

2.7.1.1. Water contact angle measurements 

Contact angle (CA) measurement is a simple method to analyse the interaction 

between a liquid and a solid in order to define the wetting properties of the 

material. A contact angle is defined geometrically as the angle formed by a liquid 

at the three-phase boundary where a liquid, gas and solid intersect [155]. A low 

CA indicates that the material is hydrophilic, whereas a high CA indicates a 

hydrophobic material. It is defined by the mechanical equilibrium of the droplet 

under the action of the three interfacial tensions, namely solid-gas (𝛾𝑆𝐺 ), solid-

liquid (𝛾𝑆𝐿), and liquid-gas (𝛾𝐿𝐺), as represented in Figure 2.11. This equilibrium 

relation is defined by Young’s equation: 

𝛾𝐿𝐺 𝑐𝑜𝑠 𝜃𝑌 =  𝛾𝑆𝐺 − 𝛾𝑆𝐿    Equation 2 

Where 𝜃𝑌  is the Young contact angle, 𝛾𝐿𝐺 the surface tension of liquid and gas, 𝛾𝑆𝐺 

the surface tension of solid and gas, and 𝛾𝑆𝐿 the surface tension of solid and liquid. 

 

Figure 2.12: Contact angle θ formed by a droplet on a solid surface. 

WCA measurements can be used to detect the presence of a coating by comparison 

to the uncoated material. In fact, for amine-rich coatings, due to the introduction 

of hydrophilic nitrogen functionalities, the WCA decreases compared with the 

uncoated samples, as shown in a previous study [61]. Furthermore, surface 

wettability may influence cell behaviour [156]. 

 

θ
Solid

Liquid

Gas



Development of coatings rich in primary amines for biomedical applications 

38  

2.7.1.2. X-ray photoelectron spectroscopy (XPS) 

X-ray Photoelectron Spectroscopy (XPS), also known as Electron Spectroscopy for 

Chemical Analysis (ESCA), is a surface sensitive technique used to provide 

information about the elemental composition and chemical state of the first few 

atomic layers of a material [157–159]. A schematic diagram of XPS is represented 

in Figure 2.12. With a survey spectrum, it is possible to detect all the elements 

present on the top surface of the material. With a high-resolution spectrum, the 

peak of the elements found in the survey can be separated into components 

corresponding to different chemical bonds [160,161]. However, the nitrogen high-

resolution spectrum is difficult to analyse due to the close binding energy of each 

component (amine, imine, amide,…) and may require techniques such as labelling 

to distinguish between components (refer to Section 2.7.2) [61]. 

In brief, the technique works by irradiation of a sample with X-rays and 

measurement of the kinetic energy of emitted photoelectrons. While the X-rays 

will penetrate several microns into the material, any electrons that are generated 

this deeply will lose energy via multiple inelastic collisions before they can escape 

the surface. Only electrons generated close to the sample surface retain sufficient 

energy to escape from the sample. These electrons contribute to characteristic 

photoelectron peaks (if they do not lose any energy from inelastic collisions) or 

the XPS background (if they lose some energy via a small number of inelastic 

collisions). The XPS surface sensitivity is defined by the Beer-Lambert law 

(Equation 3) and it is estimated that 95% of the electrons will be emitted from a 

depth of 10 nm or less (known as the “information” or “sampling” depth) [158]. 

𝐼 =  𝐼0𝑒𝑥𝑝 (−
𝑑

𝜆
)   Equation 3 

Where I is the intensity of electrons emitted from a depth d, I0 is the total number 

of electrons generated from the sample, and 𝜆  is the attenuation length of the 

electron which depends on the electron energy and the material through which it 

is traveling. 
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Due to this surface sensitivity, and the ability to determine elemental composition 

and chemical state, XPS is widely used in the analysis of thin films and coatings 

[158]. 

 

Figure 2.13: Schematic diagram of an X-ray photoelectron spectroscopy. 

 

Figure 2.14: Schematic of the (a) photoelectron, and (b) Auger electron emissions after X-

ray irradiation. 

Due to the irradiation of a sample by a beam of X-rays from an X-ray source 

(commonly a Al-Kα or Mg-Kα source, but other X-rays can be used), 

photoelectrons are emitted from the material as represented in Figure 2.13a 

[157,158]. These electrons are detected by the spectrometer and their kinetic 

energies measured. Each energy is characteristic of an element (and orbital from 

which the electron is emitted) present within the surface of the material. The data 

obtained is presented as a graph plotting the number of electrons emitted (usually 
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expressed as counts per second, CPS) versus their binding or kinetic energy, with 

the convention of binding energy decreasing from left to right (Figure 2.14). For 

elements of particular interest, high resolution spectra may be acquired over a 

narrower range around the peak of interest.  

 

Figure 2.15: Representative wide survey spectrum of an allylamine plasma polymer 

coating. 

2.7.1.2.1. Emission of photoelectrons 

Photons with a sufficient incident energy cause the electrons to be ejected from 

the material via the photoelectric effect according to Equation 4 [158]: 

𝐸𝐵𝐸 = ℎ𝜈 − 𝐸𝐾𝐸 −  𝜙     Equation 4 

where 𝐸𝐵𝐸  is the electron binding energy in the material, ℎ𝜈 is the incident photon 

energy, 𝐸𝐾𝐸  is the kinetic energy associated, and  𝜙  is the work function of the 

spectrometer (constant value). Within an XPS system, the X-ray energy (ℎ𝜈) and 

work function are known values, and the system detects the kinetic energy of 

emitted electrons, allowing the photoelectron binding energy to be calculated. 

The main interesting features of an XPS spectrum are the photoelectron peaks 

which come from the detection of photoelectrons which have escaped the surface 

without energy loss through inelastic collisions. These peaks have a specific 
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position which corresponds to a specific element and orbital [162], and allows the 

identification of elements in the surface [158]. For example, “C1s” describes 

electrons emitted from the 1s orbital of a carbon atom. Analysis of the detected 

photoemission peaks allows the quantification of elements present in the 

material’s surface. For example, in Figure 2.14 which represents a XPS spectrum 

of allylamine plasma polymer coating, three elements have been identified, namely 

carbon at 285 eV, nitrogen at 399 eV, and oxygen at 532 eV. Electrons that have 

lost energy via inelastic collisions but have still escaped the surface contribute to 

the background upon which the photoelectron peaks sit. The shape of the 

background can also provide useful information, such as indicating if there is 

substrate influence due to a thin film coating. 

2.7.1.2.2. Emission of Auger electrons 

Auger electrons which are low energy electrons may also be emitted. Because of 

the loss of an electron in the ground state, an electron from a higher orbital will fill 

the electron-hole and the energy released can result in the emission of an Auger 

electron (Figure 2.13b) [158]. Auger electrons will be detected and can be used in 

XPS for qualitative analysis. Auger peaks are generally identified by the 

nomenclature K, L, M for atomic orbitals. For example, the main oxygen Auger peak 

is notated as KLL, which indicates that the first ejected electron came from a K 

orbital, the electron that filled the core hole came from an L orbital, and the final 

Auger electron ejected also came from an L orbital. 

2.7.1.2.3. Chemical environment 

In addition to the elemental composition, XPS is a technique that can identify the 

chemical environment of the atoms present in the material’s surface, such as 

nearest neighbours and oxidation state of the element. Indeed, the binding energy 

of electrons depends on the chemical environment of the atoms especially the 

electronegativity of the nearest neighbour atom [158]. For the carbon, C-C bonds 

are referenced to 284.8 eV. The largest shift of carbon environment is observed for 

C-F bonds since fluorine is the most electronegative element. The main binding 

energies of C1s chemical states are summarised in Table 2.3. 
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Table 2.3: Binding energies of C1s chemical states [158,163,164]. 

Functional group Chemical state Binding energy (eV) 

Hydrocarbon C-R ~ 284.8 

Amine (primary, secondary, tertiary) C-NR ~ 286.0 

Hydroxyl/Ether C-O ~ 286.5 

Imine C=N ~ 286.5 

Carbonyl C=O ~ 288.0 

Amide N-C=O ~ 288.0 

Carboxyl/Ester O-C=O ~ 289.0 

Fluoromethyl C-F ~ 289.0 

Difluoromethyl C-F2 ~ 292.0 

Trifluoromethyl C-F3 ~ 293.0 

Regarding nitrogen, the binding energies are in the range 399-400 eV which 

include amine (primary, secondary, tertiary), or amide [157]. As the binding 

energies are close, it is difficult to differentiate the different chemical 

environments and it may require techniques such as labelling to distinguish 

between components (refer to Section 2.7.2) [61]. 

2.7.1.2.4. Data analysis 

The first step in XPS data analysis is the assignment of all the peaks present in the 

survey spectrum corresponding to a specific element and orbital. A variety of 

backgrounds can be used to determine the peak area for quantitative analysis or 

peak fitting for chemical state analysis. The most common approaches to define 

the background are the linear method, the Shirley method, and the Tougaard 

method [157]. In the case of polymers that have a large band-gaps, the linear 

background can be used since the step in the background over the energy range is 

relatively small. After background subtraction, atomic concentrations can be 

calculated by measuring the area under a peak. When quantifying atomic 

concentrations, Relative Sensitivity Factors (RSFs) are used to scale the measured 

peak areas in order to be representative of the amount of material present in the 

sample surface. One elemental peak is taken as the standard to which other peaks 

are referred, usually F1s. Different libraries of RSFs exist depending on the XPS 
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instrument and software. RSFs can also be calculated experimentally by analysing 

pristine materials such as polymers whose chemical structure is known. Finally, 

the XPS peak shapes are influenced by a combination of the physics involved in the 

ionisation process and the contribution from the spectrometer. The type of line 

shape mainly used for peak fitting is a convolution of a Gaussian and a Lorentzian 

function. 

2.7.1.2.5. Angle-resolved XPS 

Angle-resolved XPS helps to increase surface sensitivity by varying the emission 

angle at which electrons are detected from the surface. Most commonly, the 

electron analyser is positioned so that most of the detected electrons have 

originated from the sample surface with a trajectory in line with the surface 

normal. By tilting the sample, it is possible to modify the surface sensitivity. When 

the sample is untitled (ɑ = 0°), the escape depth and the sampling depth are the 

same as shown in Figure 2.15a. However, when the sample is tilted (for example, 

ɑ = 70°), the sampling depth becomes smaller than the escape depth due to the 

path they must travel to reach the detector is increased (Figure 2.15b). The escape 

depth remains the same as it only depends on the electron energies and the 

material. 
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Figure 2.16: Schematic diagram of the differences in escape depth for (a) untitled and (b) 

titled samples for angle-resolved XPS. 

2.7.1.3. Scanning electron microscopy (SEM) 

Scanning electron microscopy (SEM) produces detailed and magnified images of 

an object by scanning its surface with a focused beam on electrons to create a high-

resolution image. The electrons from the beam interact with the atoms of the 

material through either elastic or inelastic scattering. Elastic scattering is when 

incident electrons are deviated with no loss of energy, whereas inelastic scattering 

is when energy is lost, often through the ionisation of the atoms of the material. 

The interaction of the electrons and material’s atoms produce different types of 

signals containing information about the surface topography and composition of 

the material. The most common imaging mode is the detection of secondary 

electrons. A schematic diagram of a SEM is represented in Figure 2.16. 
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Figure 2.17: Schematic diagram of a scanning electron microscope. 

This method can be used to image the coatings, which may be important to show 

the possible defects, leading to a non-homogeneous layer. Moreover, fibrils from 

collagen [165] or WPI [82] are easily detected on the substrates (Figure 2.17). 

Finally, this method is also used to analyse the cell adhesion and spreading on the 

material [82] or the damage of bacteria after contact with the coating [131]. 

 

Figure 2.18: SEM images of (a) WPI fibrils and (b) collagen fibrils on glass substrates. 

Arrow indicates a collagen fibril. Scale bar: (a) 100 nm and (b) 1 µm. 
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2.7.1.4. Atomic force microscopy (AFM) 

Atomic force microscopy (AFM) is a high-resolution type of scanning probe 

microscopy where a sharp tip coupled to a cantilever scans the surface of a 

material to obtain high-resolution nanoscale images. When the tip is brought close 

to a sample surface, forces between the tip and the sample lead to a deflection of 

the cantilever. A schematic diagram of an AFM is represented in Figure 2.18.  

 

Figure 2.19: Schematic diagram of an atomic force microscope. 

Different modes of imaging exist which are contact, non-contact, or tapping modes, 

as shown in Figure 2.19. In contact mode, the tip is in constant physical contact 

with the sample surface and scans the surface. Due to the surface topography, a 

cantilever deflection is detected and analysed. In non-contact mode, the tip is 

vibrated about its resonance frequency near the sample surface and brought close 

to the surface to sense van der Waals interactions. Finally, in tapping mode, the tip 

is oscillated near to its resonance frequency and the amplitude of this oscillation 

is measured. The tip is brought close to the surface, so it intermittently taps along 

the surface. Regardless of mode, the motion of the cantilever is monitored via a 

laser that is reflected off the back of the cantilever onto a photodetector. A 

feedback circuit is used, with a default cantilever deflection or amplitude value 

entered by the system operator. If the measured signal (e.g. deflection or 

amplitude) changes from the setpoint value, the sample is raised or lowered to 

compensate, allowing a topographical map of the sample surface to be built up. 

Further data, such as deflection, amplitude or phase data can be captured at the 
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same time, and a range of wider scanning probe techniques use these AFM modes 

as a based to collect information about different material properties. 

 

 

Figure 2.20: The three different imaging modes of AFM namely contact, non-contact, and 

tapping modes. 

AFM can be used to study the morphology of the coatings, as Michelmore et al. 

performed for allylamine plasma coatings by varying the treatment time [166]. 

Fibrils from collagen or WPI can also be detected by this technique (Figure 2.20) 

[83,91]. Moreover, the surface roughness can be estimated, which is an important 

parameter since it affects cell behaviour, especially cell morphology and cell 

proliferation [156], as well as bacterial growth [167]. 
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Figure 2.21: AFM images of (a) 2 wt.% lysozyme solution, and (b–f) amyloid fibril network 

from lysozyme solution by incubating fibrillar suspensions onto mica substrates for 10 min. 

Fibrillar suspensions formed at 90°C for (b) 2 h, (c) 6 h, (d) 16 h, (e) 24 h, and (f) 30 h (% 

coverage also listed on images). Z-scale = 10 nm. Reprinted with permission from [91]. 

Copyright (2014) American Chemical Society. 

2.7.1.5. Fourier-transform infrared spectroscopy 

Fourier-transform infrared spectroscopy (FTIR) is a method used to study the 

structural properties of materials, and especially the chemical bonds. This 

technique is based on the interaction between infrared light and vibrational states 

of the matter. Atoms in molecules are able to vibrate in different modes. When the 

frequency of a specific vibration mode is equal to the frequency of the incident 

infrared radiation, the molecule absorbs the radiation. The associated energy is 

converted into different types of motions. The vibrational motion is usually 

accompanied by other rotational motions. These combinations lead to the 

absorption bands commonly observed in the middle infrared region (4000–400 

cm−1). This technique is useful to detect protein coatings with specific absorption 

bands (amide A, amide I, amide II, …) [106,168]. This technique has been used by 

Sima et al. to detect possible structural changes of the FN by identifying the 
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characteristic peaks [94]. FTIR spectroscopy is also used to identify chemical 

bonds present in plasma polymer coatings, and it usually shows the fragmentation 

and re-organisation of the broken monomer used as well as the formation of new 

bonds as described by Abbas et al. [169]. 

2.7.2. Quantification of primary amine groups 

2.7.2.1. Dyes 

Different dyes can be used to quantifiy -NH2. A comparative study between Orange 

II and Coomassie Brilliant Blue dyes showed that Orange II dye seems to be the 

most appropriate in the case of primary amine grafted on PET [170]. In another 

study, the Orange II dye was used on PET membrane treated by allylamine plasma. 

A positive correlation was found between the results of the colorimetric staining 

and XPS and FTIR analyses. Coomassie Brilliant Blue is commonly used following 

the amino density estimation by colorimetric assay (ADECA) method based on the 

reversible formation of a complex of CBB with the N+ groups [171]. After staining 

and washing, the dye in solution is quantified, leading to an evaluation of the amine 

groups. The reversibility of the process provides an advantage to this method. 

However, this method seems to be less reliable than the Orange II quantification 

method due to steric hindrance that limits the interaction between the dye and 

amine groups [170]. 

2.7.2.2. Chemical derivatisation 

Chemical derivatisation is widely used by grafting glutaraldehyde with an enzyme 

detectable by fluorescence spectroscopy or microscopy [73]. Regarding plasma 

deposition, in the vapor phase, amine groups may be identified via the grafting of 

compounds such as 4-trifluoromethyl-benzaldehyde (TFBA) as shown in Figure 

2.21 [9] or pentafluorobenzaldehyde [160]. It can be chemically grafted via imine 

bonds to –NH2 groups. Then, XPS analyses are performed to detect the presence of 

fluorine in the coating. Different equations can be found in the literature to 

calculate the amount of primary amine groups as shown in Table 2.4. TFBA has 

been widely used to quantify primary amines of plasma polymer coatings [68,172–

176]. 
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Girard-Lauriault et al. used this technique to quantify primary amine groups on 

nitrogen-rich plasma coatings [174]. They studied the reaction kinetics, the depth 

profile of the functional group or derivatised surfaces, the possible side reactions, 

and different samples. Different conditions of derivatisation were tested, under 

vacuum and at atmospheric pressure, and different samples. Regarding the 

kinetics of the reaction, some differences were noticed depending on the samples 

and the experimental conditions. They recommended starting any derivatisation 

work with a kinetic study to determine the optimum parameters [174]. The 

derivatisation time should also be longer than the time to reach saturation since 

samples may be slightly different. Since plasma polymer films may have an 

irregular structure which can be tortuous, a small fraction of functional groups is 

likely to be inaccessible by the derivatisation molecule [174]. 

Different commercially available polymers were also derivatised to assess 

possible side reactions [174]. Linear polyethyleneimine, which contains secondary 

amines only, reacted with TFBA although it should not react. Moreover, branched 

polyethyleneimine was derivatised more than it should have been. This was likely 

due to the possible reaction of secondary amines separated by two carbons that 

can form a five-membered heterocycle by reacting with an aldehyde [174]. 

However, in plasma polymer films, this structure is unlikely. Therefore, for plasma 

polymer films, TFBA should only bind primary amines, but it is worth mentioning 

that possible side reactions can occur with conventional polymers [174]. Hence, 

positive controls are difficult to find but amino parylene may be a suitable 

commercially available standard as it previously showed total derivatisation of all 

primary amines to TFBA [177]. Another study investigated the depth profile of 

derivatised plasma coatings with TFBA [173]. They found a strong variation in the 

amount of fluorine within the coating likely due to the low permeation of TFBA 

molecules inside the coating (large size of the molecule) which can lead to an 

underestimation of primary amines. A smaller molecule, 2-trifluoromethyl-

propionaldehyde, may be another suitable candidate for primary amine 

quantification. However, this molecule is highly toxic [173]. Due to the high 

sensitivity of TFBA to air, the reaction needs to occur in a controlled environment 
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(glovebox), or under vacuum. Therefore, all these elements need to be considered 

before performing this experiment. 

 

Figure 2.22: TFBA derivatisation of primary amines. TFBA molecules are chemically 

grafted to the primary amines which are present in the coating. Then, fluorine can be 

quantified by XPS which allows the quantification of primary amines. 

Table 2.4: The different equations used to calculate the concentration of primary amines. 

Equation Ref. 

[𝑁𝐻2]

[𝑁]
=

[𝐹]
3

⁄

[𝑁]
× 100 

where [𝑁𝐻2] , [𝐹] , and [𝑁]  represent 
respectively the relative concentration of 
primary amines, fluorine, and nitrogen at the 
sample surface. 

[28,68,
70,163] 

[𝑁𝐻2]𝑢

[𝐶]𝑢
=

[𝐹]𝑑[𝑁]𝑢

3[𝑁]𝑑[𝐶]𝑢
× 100 

where [𝑁𝐻2] , [𝐹] , and [𝑁]  represent 
respectively the relative concentration of 
primary amines, fluorine, and nitrogen at the 
sample surface. Subscripts u and d refer to 
XPS before and after TFBA derivatisation, 
respectively. 

[68] 

[𝑁𝐻2]

[𝐶]
=

[𝐹]
3⁄

[𝐶] −
8[𝐹]

3⁄
× 100 

where [𝑁𝐻2] , [𝐹] , and [𝐶]  represent 
respectively the relative concentration of 
primary amines, fluorine, and carbon at the 
sample surface. 

[163,17
8,179] 

 

2.8. Conclusions 

Multiple methods have been developed to create amine-rich coatings such as 

plasma techniques and more importantly plasma polymerisation, which is a 
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method widely used for its numerous advantages (quick deposition, homogeneous 

coating, deposition on multiple samples in a one-step process). However, this 

method requires an equipment which may be expensive due to the pumping 

system. 

Moreover, these amine coatings may be obtained from biomolecules such as 

proteins. The ability of proteins to form fibrils (collagen fibrils or amyloid fibrils) 

makes them interesting due to their high surface/volume ratio, which increases 

the fibril adhesion. They can be used as a matrix to incorporate other molecules 

with additional, desirable characteristics such as antimicrobial properties. 

Collagen fibril coatings have been deeply investigated but this method can also be 

expensive due to the high cost of collagen. However, much less work has been 

performed on amyloid fibrils and especially fibrils from whey protein (a by-

product from the dairy industry), which is an inexpensive protein possessing 

interesting properties. 

Synthetic polymers such as polyethyleneimine or polydopamine have been used 

as coatings to control cell behaviour, and they might have antibacterial properties. 

This effect needs to be investigated in more detail since the results have been 

controversial. Their possible cytotoxicity has to be more studied since it must be 

avoided for biomedical applications. To summarise, these strategies still need to 

be explored in order to obtain amine functional coatings for biomaterial 

applications such as implants, which could prevent bacterial infection as well as 

enhancing cell adhesion, proliferation, and differentiation. 

On the basis of this literature review, different methods to generate primary 

amine-rich coatings were used in this research project. Firstly, allylamine plasma 

polymer was studied by using different conditions of power and pressure to 

investigate their impact on the amount of primary amine groups. Moreover, the 

use of whey protein to make fibrillar coatings was investigated to produce protein 

coatings rich in primary amines that can be sterilised by autoclaving. These two 

methods will be further developed in the next chapters. 
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Chapter 3. Materials and 

methods 

3.1. Introduction 

This chapter presents all the experimental methods used in this thesis, including 

those used to produce plasma coatings and protein coatings. Moreover, the 

method used for cell tests and antibacterial tests will be described. Finally, all the 

characterisation methods performed will be explained, including X-ray 

photoelectron spectroscopy (XPS), scanning electron microscopy (SEM), water 

contact angle (WCA) measurements, atomic force microscopy (AFM), and the 

quantification of primary amine groups by chemical derivatisation.  

3.2. Experimental methods 

3.2.1. Plasma coatings 

3.2.1.1. Material 

Allylamine (purity ≥ 99%) was purchased from Sigma Aldrich, UK. Glass coverslips 

(10 mm diameter) were obtained from Scientific Laboratory Supplies, UK. Silicon 

wafer was acquired from Inseto, UK, and cut into samples of approximately 1 cm x 

1 cm.  Substrates were cleaned in an ultrasonic bath of isopropanol followed by 

washing in Milli-Q water, and a final cleaning in an ultrasonic bath of acetone. 
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3.2.1.2. Plasma deposition equipment 

 

Figure 3.1: Diagram of the plasma reactor used for the deposition of allylamine plasma 

polymer coatings. From the right to the left: flask containing allylamine monomer 

connected to a glass barrel surrounded by a copper electrode. Inside the borosilicate tube, 

substrates are placed on a glass slide on the right near the precursor injection. The copper 

electrode is connected to the RF generator coupled with a matching network. All the other 

parts of the reactor are grounded. An in-line cold trap filled with liquid nitrogen (LN2) is 

used to trap all the monomer vapour residues. The system is connected to a pumping 

system and a pressure gauge. 

All allylamine plasma polymer (AApp) coatings were deposited in a glass barrelled 

plasma polymerisation reactor as shown in Figure 3.1. The glass barrel of the 

reactor was a QVF process pipe (De Dietrich, UK) – dimensions 500 mm length, 

100 mm diameter, clamped between two custom-made steel end plates which 

serve as ground electrodes. The vacuum chamber was evacuated by a pumping 

system consisting of an Edwards RV3 rotary vane vacuum pump (Edwards 

Vacuum, UK) and an in-line cold trap (Kurt J Lesker, UK) filled with liquid nitrogen 

to prevent allylamine vapour reaching the pumping system. The pressure was 

measured by a Pirani gauge and controller (Leybold, UK) and the base pressure 

was less than 5 x 10-1 Pa. A 10 mm wide copper braid (Tranect, UK) wound around 

the glass barrel three times acted as the load electrode and was connected to 

Coaxial Power Systems RFGC 100-13 RF generator coupled with an automatic 

matching network. Allylamine was degassed using LN2 and kept in a water bath at 

LN2

TO 

PUMP

PRESSURE

VENT VALVE 

TO AIR
PIRANI

ISOLATION 

VALVE

IN-LINE 

COLD TRAP

BOROSILICATE 

TUBE

COPPER ELECTRODE

NEEDLE 

VALVE

FLASK 

CONTAINING 

ALLYLAMINE

SUBSTRATES

RF GENERATOR & 

MATCHING NETWORK



Chapter 3. Materials and methods 

 55 

room temperature to maintain a constant temperature during the plasma 

deposition. 

3.2.1.3. Preparation of allylamine plasma polymer coatings 

Allylamine plasma coatings were made by varying different parameters, namely 

the pressure (2 Pa, 20 Pa) and the power (5.5 W, 30 W), as described in Table 3.1. 

The deposition time was fixed at 20 min since it allows a thick enough coating to 

mask the substrate signal for XPS analysis (>15 nm). The substrates were placed 

on a glass slide in the glow region of the plasma. 

Table 3.1: Allylamine plasma coating denomination depending on the plasma parameters 

used (pressure and power). 

Sample name Pressure Power 

AApp1 2 Pa 30 W 

AApp2 20 Pa 5.5 W 

3.2.2. Protein coatings 

3.2.2.1. Material 

Glass coverslips (10 mm diameter) were purchased from Scientific Laboratory 

Supplies. WPI was provided by BiPro, Davisco Foods International Inc. (Eden 

Prairie, MN, USA). Phloroglucinol (PG) was obtained from Sigma Aldrich, UK and 

tannic acids (ALSOK 2 (1040 kD, 20% PGG), ALSOK 4 (850 kD), and Brewtan F 

(1450 kD, 5% PGG)) from Omnichem NV, Belgium. Ti6Al4V discs (10 mm diameter 

and 2 mm thick) were obtained from Dr. Roman A. Surmenev (National Research 

Tomsk Polytechnic University, Russia). These Ti alloy discs were additively 

manufactured in an A2 ARCAM EBM machine (ARCAM EBM, Mölnlycke, Sweden). 

Electron beam melting (EBM®), is a technology where the components are 

manufactured layer by layer in vacuum from a metallic precursor powder melted 

by an intense electron beam.  
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3.2.2.2. Preparation of whey protein isolate (WPI) fibrillar suspensions 

WPI fibril suspensions were prepared as previously described by Keppler et al. 

[121]. A stock solution of WPI in water was prepared at a concentration of 2.5% 

w/v with stirring until complete dissolution. pH was set to 2.0 by adding 2 M HCl 

solution dropwise. 40 mL of WPI solution was heated in a 100 mL Duran glass 

bottle at 90°C for 5h with a stirring speed of 350 rpm to induce fibril formation 

resulting in a fibrillar suspension. Finally, the WPI fibrillar suspension was cooled 

down at 4°C in a water bath to stop the reaction and subsequently stored at 4°C. 

PG was also incorporated in WPI fibrillar suspensions. After cooling down the WPI 

fibrillar suspension in cool water (4°C), PG was added to obtain suspensions 

enriched with PG at two different concentrations: 0.1%, and 0.5% w/v. Another 

way to make WPI fibril coatings enriched with PG was by adsorption of PG on top 

of WPI fibrillar coatings as described in Section 3.2.2.3 and in Figure 3.2. 

Other WPI fibrillar suspensions were prepared by adding three different TAs 

(ALSOK 2, ALSOK 4, and Brewtan F) as shown in Figure 3.3. WPI fibrillar 

suspensions were made with TAs added before fibril formation with a 

concentration of 1% w/v, and others were made with TAs added after fibril 

formation, in the same way as for PG, with a concentration of 1% w/v. 
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3.2.2.3. Preparation of WPI fibrillar coatings 

 

Figure 3.2: Diagram of the WPI coating process with PG. Three different ways of making 

coatings are represented here namely 1 which is WPI coating only, 2 which is WPI + PG 

coating which was autoclaved, and 3 which is WPI + PG coating with PG added after the 

sterilisation of WPI coating only. 

Glass slides or Ti6Al4V alloys were first cleaned with ethanol and water. Then, WPI 

fibril suspension was placed onto the substrates for 1h to allow fibril adsorption 

as shown in Figure 3.2. After rinsing three times with Milli-Q to remove non-

adhered fibrils, and drying at room temperature, the substrates were coated with 

a thin layer of WPI fibrils. Finally, these coatings were sterilised by autoclaving 

(121°C, 1 atm, 15 min).  In Figure 3.2, this procedure is represented by the process 

1. The same procedure was followed to make WPI coatings enriched with PG as 

described by the processes 2 and 3 in Figure 3.2. For process 2, WPI fibrillar 

suspensions containing PG were used to coat the substrates, then the same steps 

as described earlier were followed. For process 3, PG solution in Milli-Q water (0.2 

µm filtered) was added on top of an autoclaved WPI fibrillar coating in sterile 

conditions. PG adsorption was for 1h, and coatings were then washed 3x with 



Development of coatings rich in primary amines for biomedical applications 

58  

Milli-Q water and dried at room temperature. Two different concentrations of PG 

were tested, 0.1% and 0.5% (w/v) in Milli-Q water. PG/WPI coatings are named as 

indicated in Table 3.2. 

Table 3.2: WPI coatings denomination with and without PG. 

Coating denomination Description 

[WPI]autoclave WPI fibrillar coating autoclaved 

[WPI + PG 0.1%]autoclave WPI + PG 0.1% mixed coating autoclaved 

[WPI + PG 0.5%]autoclave WPI + PG 0.5% mixed coating autoclaved 

[WPI]autoclave + PG 0.1% WPI fibrillar coating autoclaved + PG 0.1% added after 

[WPI]autoclave + PG 0.5% WPI fibrillar coating autoclaved + PG 0.5% added after 

 

WPI coatings were also made with TAs. The procedure is represented in Figure 

3.3. The procedure 1 is the WPI coating as previously described. The procedure 2 

is WPI + TAs coating with TAs added before fibril formation. Finally, the procedure 

3 is WPI + TAs coating with TAs added after fibril formation, similarly to the 

previous procedure 2 with PG. Three different TAs were used namely ALSOK 2 

(AL2), ALSOK 4 (AL4), and Brewtan F (BRW). The concentration of TAs was set to 

1% w/v. TAs/WPI coatings are named as indicated in Table 3.3. 
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Figure 3.3: Diagram of the WPI coating process with TAs. Three different procedures of 

making coatings are represented here namely 1 which is WPI coating only, 2 which is WPI 

+ TAs coating with TAs added before fibril formation, and 3 which is WPI + TAs coating 

with TAs added after fibril formation. 

Table 3.3: WPI coating denominations with and without TAs. The concentration of TAs was 

fixed to 1% w/v. 

Coating denomination TA 
TA added before/after 

fibril formation 

[WPI]autoclave - - 

[WPI + AL2before]autoclave ALSOK 2 Before 

[WPI + AL4before]autoclave ALSOK 4 Before 

[WPI+BRWbefore]autoclave Brewtan F Before 

[WPI + AL2after]autoclave ALSOK 2 After 

[WPI + AL4after]autoclave ALSOK 4 After 

[WPI+BRWafter]autoclave Brewtan F After 
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3.2.2.4. Coating stability study 

WPI coatings stability was studied by immersing the coatings in PBS for different 

times (1h, 5h, and 24h). After immersion, the samples were washed three times 

with Milli-Q water and imaged by SEM (refer to Section 3.3.2 for the SEM 

procedure). 

3.2.2.5. In vitro studies of WPI/PG coatings 

The in vitro tests were performed by Anna Mieszkowska from Jagiellonian University 

in Krakow (Poland) under the supervision of Dr. Katarzyna Gurzawska-Comis fron 

the University of Birmingham (UK) whom I would like to acknowledge them for their 

collaboration. Samples were made at Lancaster University and sent to Poland for the 

tests. 

3.2.2.5.1. Bacterial strains and culture conditions 

Bacterial strains used in this study were obtained from the Periodontal Research 

Group culture collection (School of Dentistry, University of Birmingham, UK). 

Streptococcus mitis ATCC 49456 and Aggregatibacter actinomycetemcomitans 

ATCC 43718 were grown for 24h at 37°C, 5% CO2 on horse blood agar plates 

(Oxoid, Basingstoke, UK). Fusobacterium nucleatum ssp. polymorphum ATCC 

10593 was grown at 37°C in an anaerobic chamber (80% N2, 10% CO2 and 10% 

H2; Don Whitley DG250 Anaerobic Workstation, Don Whitley Scientific, Bingley, 

UK) on Schaedler Anaerobe agar plates (Sigma-Aldrich/Merck, Darmstadt, 

Germany) for 48h. Porphyromonas gingivalis ATCC 33277 was grown on horse 

blood agar plates (anaerobically, 37°C) for at least 96h. 

Liquid cultures of S. mitis and A. actinomycetemcomitans were grown in Brain 

Heart Infusion broth (Oxoid, Basingstoke, UK), F. nucleatum and P. gingivalis in 

Schaedler Anaerobe broth (Oxoid, Basingstoke, UK).  

3.2.2.5.2. Biofilm formation 

Multi-species biofilms were prepared as previously described [180,181]. Briefly, 

overnight cultures were standardised to 1 x 107 colony-forming units/ml in 

artificial saliva (AS) prepared as follows: porcine stomach mucins 0.25% w/v, 
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potassium chloride 0.02% w/v, calcium chloride dihydrate 0.02% w/v, yeast 

extract 0.2% w/v, proteose peptone 0.5% w/v (all obtained from Sigma-

Aldrich/Merck, Darmstadt, Germany), sodium chloride 0.35% w/v (Thermo 

Fisher Scientific, Loughborough, UK), and Lab-Lemco powder 0.1% w/v (Oxoid, 

Basingstoke, UK) in ultrapure water (Milli-Q, Merck Millipore, Burlington, MA, 

USA); urea was added after autoclaving to a final concentration of 0.05% v/v 

(Sigma-Aldrich).  

To initiate biofilm growth, standardised S. mitis culture was added to a 24-well 

plate containing 13 mm ThermanoxTM coverslips (Thermo Fisher Scientific, 

Loughborough, UK) and incubated at 5% CO2, 37°C. After 24h, biofilm supernatant 

was removed, standardised F. nucleatum culture was added and biofilms were 

further incubated for 24h under anaerobic conditions at 37°C. The supernatant 

was removed, A. actinomycetemcomitans and P. gingivalis were added and biofilms 

were incubated anaerobically for 4 days at 37°C, with AS replaced every 24 hours.  

3.2.2.5.3. Biofilm structure 

Biofilms for SEM imaging were prepared as described by Muchova et al. [182]. 

Firstly, fixation of biofilms was performed using 2.5% glutaraldehyde (Agar 

Scientific, Stansted, United Kingdom) in 0.1M sodium cacodylate buffer (pH 7.4, 

BioWorld, Dublin, Ireland) for 10 min at room temperature. Biofilms were then 

dehydrated using increasing concentrations of ethanol (20 – 100%). Subsequently, 

a drying agent hexamethyldisilizane (HMDS; SigmaAldrich/Merck, Darmstadt, 

Germany) was applied. After an overnight HMDS evaporation, biofilm samples 

were mounted onto aluminium specimen stubs (Agar Scientific, Stansted, United 

Kingdom), sputter-coated with gold and images were taken with a scanning 

electron microscope (Zeiss EVO MA10).  

3.2.2.5.4. Culture and seeding of human bone marrow-derived mesenchymal stem 
cells (BM-MSCs) 

The study was performed using commercially available human bone marrow-

derived mesenchymal stem cells (BM-MSCs; catalog no. PCS-500-012) obtained 

from American Type Culture Collection (ATCC; Manassas, VA, USA). Cells were 
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cultured in α-minimum essential medium (Lonza, Verviers, Belgium) containing 

10% fetal bovine serum (Invitrogen, Paisley, UK), 100 U/mL penicillin (Sigma-

Aldrich, Gillingham, UK), 100 μg/mL streptomycin (Sigma-Aldrich, Gillingham, 

UK) and incubated at 37°C in a humidified atmosphere of 95% air and 5% CO2 until 

confluence. BM-MSCs from passage 3–5 were used in the present study. For all in 

vitro assays, BM-MSCs were seeded directly on titanium uncoated (Ti) and 

titanium coated ([WPI]autoclave, [WPI+PG 0.1%]autoclave, [WPI+PG 0.5%]autoclave, 

[WPI]autoclave + PG 0.1%, [WPI]autoclave + PG 0.5%) discs placed in the wells of 48-

well tissue culture polystyrene (TCPS) plate (Life technologies, Paisley, UK) at a 

concentration of 3 × 104 cells/disc and cultured for 72h. For osteogenic 

differentiation, to assess ALP activity, medium was replaced with fresh standard 

medium supplemented with 10 nM dexamethasone, 25 µg/ml ascorbic acid, and 

10 mM β-glycerophosphate (Sigma-Aldrich, Gillingham, UK) after 72h of cell 

cultivation. 

3.2.2.5.5. Cell morphology 

SEM analyses were performed to study the morphology of BM-MSCs grown on the 

surface of tested titanium discs. Briefly, after 72h of cell cultivation, samples were 

washed three times with PBS for 10 min to remove the non-adherent cells. The 

cells were then fixed using 2% glutaraldehyde in 0.1M sodium cacodylate buffer, 

pH 7.4, for 2h at room temperature. After removal of the glutaraldehyde solution, 

the samples were sequentially dehydrated in ascending concentrations of ethanol. 

Finally, hexamethyldisilane (HMDS – Sigma-Aldrich, Gillingham, UK) was added 

onto each sample and left to dry overnight at room temperature. Imaging was 

performed using a scanning electron microscope (Zeiss, Göttingen, Germany). 

3.2.2.5.6. Biofilm challenge 

After 72h of cell cultivation in standard medium, each of the titanium discs with 

BM-MSCs was carefully removed from the wells of 48-well TCPS plate with sterile 

forceps and placed in the wells of 24-well TCPS plate (Life technologies, Paisley, 

UK). BM-MSCs on titanium were washed twice with fresh medium and then 

challenged for 2h in antibiotic-free medium at 37°C in 5% CO2 with one biofilm-

coated glass coverslip per well. Glass coverslips were placed on the ring support 
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with the biofilm towards the titanium surface according to the co-culture set-up as 

previously described [183]. The distance between BM-MSC layer and biofilm-

coated coverslip was necessary to allow fluid flow. After 2h the biofilm-coated 

glass coverslips were removed from all wells, and titanium discs with BM-MSCs 

were washed twice with fresh medium and cultured for 48h in standard medium 

with antibiotics for further in vitro assays (metabolic activity and gene expression 

analysis). For the ALP activity assay, standard medium was replaced with 

osteogenic medium.  

3.2.2.5.7. Metabolic activity 

The metabolic activity of BM-MSCs was determined by the MTT assay at 48h after 

biofilm stimulation. Metabolic activity was assessed in both unstimulated and 

biofilm-stimulated BM-MSCs in parallel. Briefly, the cell culture medium was 

replaced by fresh medium containing methylthiazolyldiphenyl-tetrazolium 

bromide (MTT) (Sigma-Aldrich, Gillingham, UK) with a final concentration of 0.5 

mg/ml. After 3h of incubation at 37°C in a humidified CO2 incubator, medium 

containing MTT was removed, and isopropanol with 0.04 N HCl was added to 

dissolve formazan crystals. The absorbance was measured at 570 nm.  All 

experiments were performed 4 times in duplicate (n=8). 

3.2.2.5.8. Gene expression analyses 

To determine gene expression, total RNA was isolated after 48h from both 

unstimulated, and biofilm-stimulated BM-MSCs using TRI reagent (Sigma-Aldrich, 

Gillingham, UK) and the RNeasy Mini Kit (Qiagen, Crawley, UK). The protocol was 

followed according to the manufacturer’s specification. Purity and quantity of RNA 

was measured using NanoDrop (Thermo Fisher Scientific). The RNA was reverse-

transcribed to cDNA using one-step high-capacity cDNA RT kit (Applied 

Biosystems, Warrington, UK) according to the manufacturer’s instructions. Real-

time PCR was performed on the CFX96 Touch Real‐Time PCR Detection System 

(BioRad, Feldkirchen, Germany) using Roche SYBR Green PCR Master Mix (Roche 

Diagnostics GmbH, Mannheim, Germany). Real-time PCR reactions were carried 

out in 10 µL volumes in a 96-well plate (Roche Diagnostics GmbH, Mannheim, 

Germany) containing 1 µL of cDNA and 9 µL reaction mixture, according to the 
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manufacturer’s instructions. All samples were amplified in duplicates. PCR 

conditions consisted of an initial denaturation step of 95°C for 5 min, followed by 

40 cycles of 95°C for 10 s, 60°C for 15 s, and 72°C for 20 s. The primer sequences 

(Sigma-Aldrich, Gillingham, UK) for the specific target genes are presented in 

Table 3.4. GAPDH was used as reference gene in each experiment. Relative 

quantification of messenger RNA levels of the target genes was analyzed using the 

comparative CT (threshold cycle values) method (2−ΔΔCt), as previously described 

by Livak et al. [184].  Relative expression levels were calculated for each sample 

after normalisation against the reference gene. All experiments were performed 4 

times in duplicate (n=8). 

Table 3.4: Primer sequences for Real-Time PCR. 

Gene name 
Gene 

abbreviation 
Primer Sequence 5’ to 3’ 

glyceraldehyde-3-phosphate 
dehydrogenase 

GAPDH 
forward GAAGGTGAAGGTCGGAGTC 

reverse GAGATGGTGATGGGATTTC 

RUNX family transcription 
factor 2 

RUNX2 
forward TCTTAGAACAAATTCTGCCCTTT 

reverse TGCTTTGGTCTTGAAATCACA 

collagen 1 type 1 alpha COL1A1 
forward GGTCAAGATGGTCGCCCC 

reverse GGAACACCTCGCTCTCCAG 

alkaline phosphatase ALP 
forward CCTCGTTGACACCTGGAAGAG 

reverse TTCCGTGCGGTTCCAGA 

osteopontin OPN (SPP1) 
forward CGAGGTGATAGTGTGGTTTATGG 

reverse GCACCATTCAACTCCTCGCTTTC 

bone gamma-
carboxyglutamate protein 
(osteocalcin) 

BGLAP 
forward CTACCTGTATCAATGGCTGGG 

reverse GGATTGAGCTCACACACCT 

interleukin 1 alpha IL1A 
forward CGCCAATGACTCAGAGGAAGA 

reverse AGGGCGTCATTCAGGATGAA 

interleukin 1 beta IL1B 
forward TTCGAGGCACAAGGCACAA 

reverse AAGTCATCCTCATTGCCACTGT 

interleukin 8 IL8 
forward ATGACTTCCAAGCTGGCCGTGGCT 

reverse TCTCAGCCCTCTTCAAAAACTTCT 
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3.2.2.5.9. Alkaline phosphatase (ALP) activity 

For evaluation of the osteogenic differentiation, early marker alkaline 

phosphatase (ALP) was analysed after 7 days. The ALP enzyme activity was 

determined in cell lysates using an alkaline phosphatase assay kit (Abcam, 

Cambridge, UK) that is based on p-nitrophenyl phosphate as a phosphatase 

substrate which turns yellow when dephosphorylated by ALP. The absorbance 

was measured at 405 nm. The ALP activity was determined in agreement with 

manufacturer instructions and normalized by the total protein content 

determined by BCA protein assay kit (Thermo Fisher Scientific, Waltham, USA).  

The ALP activity is expressed as mU/mg protein. All experiments were performed 

3 times in duplicate (n=6). 

3.2.2.5.10. Statistical analyses 

Data are presented as the mean values ± standard error of the mean. Statistical 

differences in the in vitro studies were calculated by one-way ANOVA, followed by 

a multiple comparison Bonferroni test using SPSS version 22 (IBM, Armonk, NY, 

USA). A p value < 0.05 was regarded as significant.  

3.2.2.6. Antibacterial tests 

Bacteria were maintained in 15 % (v/v) glycerol freezer stocks at -80°C. They were 

streaked out onto Luria-Bertani (LB) agar to obtain single colonies. 

For susceptibility tests, bacterial strains were grown overnight on LB agar at 37°C. 

Bacteria suspensions were prepared in Milli-Q water to an optical density of 0.05 

(OD600 = 0.05). 200 µL of bacteria suspension was spread on LB agar or Diagnostic 

Sensitivity Test (DST) agar. Coated glass with WPI (control) and WPI containing 

PG were placed on the bacterial inoculum as shown in Figure 3.4. The plates were 

incubated overnight at 37°C. After 18h, the zones of inhibition (ZOI) were 

measured. 
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Figure 3.4: Schematic diagram of the placement of the coatings in the agar plate for the 

antibacterial tests. C is the control sample which corresponds to WPI coatings. WPI/PG 

coatings were placed around the control. Different concentrations of PG were tested: 0.125, 

0.25, 0.5, and 1%. 

3.2.2.7. Bacterial attachment study 

For this assay, S. epidermidis (RP62A) was plated out onto CAP plate and incubated 

at 37°C for 24h. 3 mL of nutrient broth was inoculated with a single colony and 

incubated at 37°C for 24h. The bacteria suspension was diluted to 3 x 107 CFU mL-

1. The samples were inoculated in 1 mL of bacterial suspension at 37°C for 24h. 

The samples were then washed with PBS (1 mL, x3) and dried. Finally, samples 

were stained with crystal violet for 1 min, washed with water, stained with Lugol’s 

iodine for 1 min, washed with water, decolorise with acetone for 1-2 s, and washed 

immediately with water. Finally, the samples were counterstained with neutral 

red for 1-2 min and washed with water. Samples were observed under a light 

microscope and images were obtained (x100 oil immersion objective). 

3.2.2.8. In vitro studies of WPI/TAs coatings 

These tests were performed by Dr. Ute Hempel from Technische Universität Dresden 

(Germany) whom I would like to acknowledge for her collaboration. Samples were 

made at Lancaster University and sent to Germany for the in vitro tests. 

3.2.2.8.1. Isolation and culture of human bone marrow stromal cells (hBMSCs) 

Human bone marrow stromal cells (hBMSCs) were isolated from bone marrow 

aspirated obtained from 4 donors (donor 1: female, 32 yrs ; donor 2: male, 21 yrs. 

; donor 3: male, 22 yrs. ; donor 4: female, 39 yrs.) at the Bone Marrow 

Transplantation Center, University Hospital Dresden (Germany). The donors were 
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duly informed about the procedures and gave their full consent. The study was 

approved by the local ethics commission (ethic vote No. EK466112016). 

For the in vitro tests, the seeding density was 5,555 hBMSC/cm² in cell culture 

medium (Dulbecco’s minimal essential medium, DMEM, Merck-Millipore, 

Darmstadt, Germany), with 10% heat-inactivated fetal calf serum and antibiotics 

(Sigma Aldrich). Cells were seeded on the surface of each sample. At day 4 after 

plating, cell culture medium was replaced by osteogenic differentiation medium 

(DMEM with 10% heat-inactivated fetal calf serum and antibiotics supplemented 

with 10 mM -glycerophosphate, and 300 µM ascorbate. The medium was 

changed twice per week. 

3.2.2.8.2. Metabolic activity 

At day 2 after plating, the metabolic activity of hBMSCs was determined by the MTS 

assay (Cell Titer96 AQueous One Solution Proliferation Assay; Promega, Germany). 

The cell culture medium was replaced by fresh medium containing 10% of MTS 

dye solution. After 2h of incubation at 37°C in a humidified CO2 incubator, 80 µL of 

medium was transferred into a 96-well plate and the absorbance of the formed 

formazan dye was measured photometrically at 490 nm. 

3.2.2.8.3. Tissue non-specific alkaline phosphatase (TNAP) enzyme activity 

At day 11 after plating, hBMSCs were analysed for TNAP enzyme activity. TNAP 

enzyme activity was determined from cell lysates (TNAP lysis buffer: 1.5 M Tris-

HCl, pH 10 containing 1 mM ZnCl2, 1 mM MgCl2 and 1% Triton X-100; Sigma-

Aldrich, Germany) with p-nitrophenylphosphate (Sigma-Aldrich, Germany) as a 

substrate, as previously described [185]. TNAP activity was calculated from a 

linear calibration curve (r > 0.99) prepared with p-nitrophenolate. Protein 

concentration of the lysate was determined with RotiQuant protein assay (Roth 

GmbH, Karlsruhe, Germany) and was calculated from a linear calibration curve (r 

> 0.99) obtained with bovine serum albumin (Serva, Heidelberg, Germany). 
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3.2.2.8.4. Calcium deposition 

After 22 days of seeding, calcium deposition was quantified with the calcium kit 

(Greiner Diagnostics, Bahlingen, Germany) as previously described [185]. Cell 

layers were washed with PBS, dried, and incubated with 0.5 M HCl at 4°C for 24h. 

Calcium content in the lysates was quantified photometrically with 

cresolphthalein complexone at 570 nm from a linear calibration curve (r > 0.99) 

prepared with calcium chloride.  

3.2.2.8.5. Statistical analyses 

Cell experiments were performed with cells from four different donors (n = 4), 

each in duplicate. The results were presented as mean ± standard error of the 

mean (SEOM). Statistical significance was analysed with GraphPad Prism 8.4 

software (Statcon, Witzenhausen, Germany) by ANOVA analysis with Bonferroni’s 

post-test. 

3.3. Characterisation techniques 

3.3.1. X-ray photoelectron spectroscopy 

XPS was performed to analyse the surface chemical composition of the coatings 

using an Axis Supra spectrometer (Kratos Analytical Ld, Manchester, UK) with a 

monochromatic Al Kα source (1.487 keV). Samples were mounted using carbon 

tape on a sample holder. An internal flood gun was used for neutralising charging 

effects. Wide scans were recorded at a pass energy of 160 eV, a step size of 1 eV, 

and a sweep time of 120 s. Core line spectra were recorded at a pass energy of 20 

eV, a step size of 0.1 eV, and sweep times of 120 s for C1s, and 60 s for other 

components (N1s, F1s, O1s). Samples were measured at an emission angle of 0° 

(relative to the surface normal), power of 225 W (15 kV x 15 mA) and an analysis 

area of 700 x 300 µm. For each coating condition, three different locations were 

analysed. For angle resolved XPS, the spectra were taken at five take-off angles 

(relative to the surface normal) of 0, 40, 55, 63, and 75°. Spectra were analysed 

with CasaXPS software (version 2.3.22, Casa Software Ltd, Devon, UK). All binding 

energies were referenced to the C-C component of the C1s spectrum at 284.8 eV to 
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compensate the surface charging effects. The curve fitting procedure of the 

components was performed using Gaussian-Lorentzian function and a linear 

background. The Kratos experimental sensitivity factors were used in the atomic 

composition calculations. 

3.3.2. Scanning electron microscopy 

In this work, WPI fibrillar coatings were imaged using a Jeol JSM-7800F Field 

Emission Scanning Electron Microscope (FEG-SEM) using the lower secondary 

electron detector. Before imaging, the samples were mounted on standard 

aluminium pin stubs using double sided conductive carbon adhesive dots and 

sputter coated with approximately 5 nm of gold (at 20 mA for 60 s, 1 x 10-2 mBar, 

under argon) using a Quorum Technologies Ltd, Q150RES. 

3.3.3. Water contact angle measurements 

CA measurements were performed with a homemade system composed of a light 

source, a support, and a camera connected to a computer as shown in Figure 3.5. 

A 5 µL droplet was deposited on the sample with a calibrated pipette. The images 

were analysed with ImageJ software with the drop analysis plugin [186]. For each 

coating, one measurement was performed on three different samples. Statistical 

analyses were performed 

 

Figure 3.5: Schematic diagram of the contact angle set up. 
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3.3.4. Atomic force microscopy 

The topography and roughness of the coatings were characterised by AFM in 

tapping mode using a Bruker MultiMode 8 AFM with silicon tips (SCOUT 70 RAI, 

Nunano, UK). The tips (radius of curvature < 10 nm) had a typical force constant 

of 2 N/m and a resonant frequency of 70 kHz. Samples were mounted on a sample 

holder using carbon tape. The images were obtained at a resolution of 256 samples 

per line and at a frequency of 1.5 Hz. The images were analysed with Bruker's 

NanoScope Analysis software and flattened at the first order. Surface coverage was 

calculated using the ImageJ software package. AFM images (10 x 10 μm) were 

converted to black and white 8-bit images, and the threshold was set to maximise 

the contrast between the fibrils and the glass substrate. The surface coverage of 

the fibrils was measured using the area fraction measurement in ImageJ. Surface 

coverage values were calculated from 2 or 3 images. 

3.3.5. Quantification of primary amine groups by chemical 

derivatisation 

This experiment was facilitated by the collaboration with Ben Wood and Dr. Lefteris 

Danos from the Chemistry Department at Lancaster University who I would like to 

acknowledge for their help and time in using their glovebox. 

3.3.5.1. Material 

4-(trifluoromethyl)benzaldehyde (TFBA, purity 98%) was obtained from Fisher 

Scientific, UK. Amino parylene coating (aminomethyl-[2-2]paracyclophane, 

Parylene ‘diX-AM’) deposited on Si wafer was purchased from Kisco Conformal 

Coating LLC, Japan with a thickness estimated to be around 100 nm (manufacturer 

specification). Silicon wafer was obtained from Inseto, UK, and polymers 

(polypropylene (PP), polystyrene (PS), polyethylene terephthalate (PET), and 

nylon 6 (N6)) from Goodfellow, UK. All substrates were cut into samples of 

approximately 1 x 1 cm. 
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3.3.5.2. Methodology 

The quantification of primary amine groups was performed by chemical 

derivatisation of TFBA combined with XPS analyses. The reaction was carried out 

by exposing the control samples and AApp coatings to TFBA vapour in a glovebox 

filled with nitrogen due to the high sensitivity of TFBA to the air. Silicon wafer, PP, 

PS, PET, and N6 were used as negative controls, and amino parylene coating (diX-

AM) on silicon as a positive control. Control samples and AApp coatings were 

placed in the glovebox. The glovebox was pumped down and filled with N2 three 

times to minimise oxygen and moisture. The samples were positioned on the top 

of glass beads in a container filled with 150 µL of TFBA as shown in Figure 3.6a. 

The glass beads were used to avoid direct contact between the samples and the 

TFBA. The samples were left in the closed container for 24h. The TFBA vapour 

directly reacts with primary amine groups by grafting to them via an imine bond 

as shown in Figure 3.6b. After 24h in the closed container, the samples were 

directly analysed by XPS.  

 

Figure 3.6: (a) Diagram of the TFBA derivatisation experiment. All takes place in a 

glovebox filled with nitrogen. Samples are placed on top of glass beads in a closed 

container filled with 150 µL of TFBA. (b) TFBA vapour reacts with the coatings by directly 

grafting to the primary amines -NH2 from a coated substrate. 

Container
Glass 
beads Samples TFBA

150 µL
Lid

Incubation for 24h
(b)
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Primary amines -NH2 were quantified by using atomic composition obtained by 

XPS, and Equation 5 and Equation 6 derived from the following reaction [187]: 

Cx(NH2)y + y(CF3)C6H5CHO →  Cx+8yNyF3y (+H) 

With x and y values defined by: y =  
[F]

3⁄  and x = [C] − 8y 

Therefore 

[𝑁𝐻2]

[𝐶]
=

[𝐹]
3⁄

[𝐶]−(8
3⁄ )[𝐹]

× 100   Equation 5 

And 

[𝑁𝐻2]

[𝑁]
=

[𝐹]
3⁄

[𝑁]
× 100    Equation 6 

where [𝑁𝐻2], [𝐹], [𝑁] and [𝐶] represent respectively the relative concentrations of 

primary amines, fluorine, nitrogen and carbon at the sample surface. These 

concentrations were obtained from the wide XPS scan spectra. 

For AApp coatings, three samples for each condition with three different locations 

were analysed. 
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Chapter 4. Allylamine 

plasma polymer coatings 

rich in primary amines 

4.1. Overview 

This chapter presents the production and characterisation of allylamine plasma 

polymer (AApp) coatings. AApp coatings were made by plasma polymerisation as 

described in Section 3.2.1. Allylamine was chosen as it is the simplest unsaturated 

amine and the most commonly used precursor for the production of aminated 

coatings. AApp coatings obtained from different plasma conditions were 

compared: the more usual ɑ regime with low pressure and high power (AApp1 – 

2 Pa and 30 W) vs. the ϒ regime with high pressure and low power (AApp2 – 20 

Pa and 5.5 W). The atomic and functional group composition of these AApp 

coatings was investigated by X-ray photoelectron spectroscopy (XPS). The -NH2 

groups were further quantified by using a chemical derivatisation technique with 

4-(trifluoromethyl)benzaldehyde (TFBA) as previously defined in Section 3.3.5. 

Finally, AApp coatings made at the University of Liverpool (UoLiv) were also 

analysed by XPS before and after TFBA derivatisation allowing a comparison 

between AApp coatings produced in two different plasma reactors. 

4.2. Methodology 

As described in Section 3.2.1.3, AApp coatings were made in two separate 

conditions – 2 Pa and 30 W for AApp1 (ɑ regime) and 20 Pa and 5.5 W for AApp2 

(ϒ regime), with the aim of investigating whether transitioning from the ɑ regime 

to the ϒ regime could enhance functional group retention, here primary amines, as 
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previously shown for other functionalities such as for nitroxide radicals [55,56], 

epoxy [57], α-bromoisobutyryl [58], or ester functionalities [54].  

AApp coatings were made in a glass barrel reactor as previously shown in Section 

3.2.1.2. Samples were coated onto sections of clean Si wafer, chosen as a substrate 

due to its suitability for XPS (low surface roughness, unambiguous chemical 

composition, etc). Samples were stored in sealed 24-well plates prior to analyses 

or TFBA derivatisation. 

A number of AApp samples produced at the University of Liverpool (UoLiv) were 

also studied during this work, and data from those samples is presented here as 

well, allowing a comparison between AApp coatings produced in two separate 

reactors. UoLiv samples were produced in an QVF glass cruciform vessel with two 

separate conditions: 2.7 Pa and 20 W (ɑ regime), and 80 Pa and 5 W (ϒ regime). 

The schematic diagram of the reactor is shown in Appendix B.1. The UoLiv reactor 

also features a number of plasma diagnostic systems including a mass 

spectrometer – for in-situ measurements of neutral and positive ions species as 

well as ion energy distribution functions, and a quartz crystal microbalance – to 

investigate the deposition rate. The measurements using these systems are 

correlated with deposited coatings. AApp coatings and measurements at UoLiv 

were made by Dr Mike Barnes, Dr. Stephane Simon and Prof. James Bradley, with 

samples being passed to Lancaster University for XPS measurements and TFBA 

derivatisation. 

4.3. Results and discussion 

4.3.1. Physicochemical characterisation of the coatings 

4.3.1.1. Water contact angle measurements 

The wettability of AApp coatings was studied by static water contact angle (WCA) 

measurements. This method is an easy and quick way to identify the presence of 

the coating before further analyses. As shown in Figure 4.1, the WCA was 

significantly higher in presence of the AApp coatings compared to the uncoated Si 

substrate. Indeed, WCA for Si was estimated to be 34.3 ± 1.5° whereas WCA for 
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AApp1 and AApp2 were 48.1 ± 1.2° and 42.7 ± 1.9°, respectively. The droplet angle 

did not change appreciably during the contact angle measurements. Moreover, no 

sign of the droplet removing was observed during the experiment. No significant 

difference was observed between AApp1 and AApp2 coatings. The chemical 

composition of the coatings will be further analysed by XPS in the next part. 

 

Figure 4.1: CA measurements of uncoated Si and AApp coatings on Si. The results are 

shown as mean (n = 3) and bars represent the standard error of the mean. * represents 

statistical analyses between uncoated Si and AApp coatings (p < 0.05). No statistical 

difference was observed between AApp1 and AApp2. 

4.3.1.2. XPS analyses 

AApp coatings deposited on Si wafer were characterised by XPS. Wide scan 

spectra, as well as high-resolution spectra for C1s, N1s, and O1s, were recorded for 

both samples. 
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Figure 4.2: Representative XPS wide scan spectra of (a) AApp1 and (b) AApp2 deposited on 

Si wafer. Both coatings are mainly composed of C, N, and O as shown by the emission peaks. 

Traces of Cl are also detected which may come from contamination from the glovebox 

where the samples are stored. 

Typical wide scan spectra obtained for AApp coatings are shown in Figure 4.2. XPS 

data from wide scan spectra are summarised in Table 4.1. AApp coatings were 

mainly composed of carbon and nitrogen, as expected from the allylamine 

molecular structure. Small quantities of oxygen were detected due to residual 

oxygen species within the plasma and post-polymerisation oxidation with 

atmospheric oxygen. No silicon from the substrate was detected which indicates 

that the coatings were thicker than the XPS sampling depth (> 10 nm), and free of 

gaps in the coatings which would give rise to a substrate signal. 

C
 1

s

O
 1

s

N
 1

s

O
 K

LL

N
K

LL

C
l 2

p

C
l 2

s
C

 1
s

O
 1

s

N
 1

s

O
 K

LL

N
K

LL

C
l 2

p

C
l 2

s

(a)

(b)



Chapter 4. Allylamine plasma polymer coatings rich in primary amines 

 77 

AApp1 was consisted of 72.6 ± 0.2 %% of C, 20.3 ± 0.3 % of N, 7.0 ± 0.2 % of O, and 

0.1% of Cl. AApp2 had similar content with 74.2 ± 0.3 % of C, 21.3 ± 0.4 % of N, and 

4.3 ± 0.2 % of O (Table 4.1). The presence of oxygen was likely due to the post 

polymerisation oxidation of the coatings before loading in the XPS chamber. The 

higher amount of oxygen for AApp1 was attributed to the low monomer pressure 

in comparison to the system base pressure (c. 10 x base pressure), as opposed to 

AApp2 (c. 100 x base pressure). Background air ingress into the reactor is 

therefore more likely to have an effect on AApp1. Small quantities of Cl (0.1%) 

were also identified for both coating types which is possibly due to contamination 

from chlorine compounds from the glove box where samples were stored prior to 

XPS analysis.  

Table 4.1: Summary of the main components of AApp coatings. Data are presented as mean 

± STD (n = 3 with three locations on each sample). 

 C1s N1s O1s 

AApp1 
2 Pa – 30 W 

72.6 ± 0.2 % 20.3 ± 0.3 % 7.0 ± 0.2 % 

AApp2 
20 Pa – 5.5 W 

74.2 ± 0.3 % 21.3 ± 0.4 % 4.3 ± 0.2 % 

 

The stoichiometry of the coatings was close to the original stoichiometry of the 

allylamine molecule (C3H7N) with C3.6HxN for AApp1 and C3.5HxN for AApp2. 

However, this does not, in itself, indicate the presence of primary amines.  

Figure 4.3 shows the high-resolution XPS spectra of C1s for AApp1 (Figure 4.3a) 

and AApp2 (Figure 4.3b) as well as the overlaid high-resolution spectra of C1s 

(Figure 4.3c). On the C1s core line, the carbon environments likely to be present 

were identified as C-C/C-H, C-N, C-O/C=N, C=O/CNO, and O-C=O. As expected from 

the wide scan spectra, more carbon-oxygen functionalities were detected with a 

larger high binding energy foot in AApp1 compared to AApp2, which can be 

identified with the shoulder arising around 288-289 eV and the value associated 

with C=O, N-C=O, or O-C=O environments. Moreover, a clear shoulder was 

identified in AApp2 around 286-287 eV likely to be a combination of C-N and C-
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O/C=N peaks. The introduction of these environments clearly indicated the 

fragmentation of the allylamine molecule and the crosslinking of different 

fragments. If no fragmentation or crosslinking was observed, the peaks would sit 

closer to the C-C peak at 285 eV, as in this case, no C=N or C-O environments would 

be present. Despite these differences, no significant change in the peak shapes was 

observed meaning that the regimes might not be different. The ɑ and γ regimes 

could be identified with the analyses of the ion energy distribution and mass 

spectrometer data. However, the design of this plasma reactor does not allow 

these analyses. XPS indicated that AApp coatings had similar chemical 

compositions compared to coatings produced in previous works [7,188–190].  

 

Figure 4.3: High-resolution XPS spectra of C1s with fits for (a) AApp1 and (b) AApp2. An 

overlaid C1s high-resolution spectrum is represented in (c) for both coatings. C1s peaks are 

fitted with different carbon-nitrogen and carbon-oxygen environments. Small differences 

are observed as shown in the table. 

The determination of nitrogen-containing functional groups present in AApp is 

more difficult due to the overlap in chemical shifts from amine functionalities. N1s 

spectra displayed similar peak shapes for both coatings (Figure 4.4) with the peak 

centred around 399.3 eV, which corresponds to C-N bonds [157]. Since amine 

functionalities (primary, secondary, and tertiary) have close binding energies, the 

300 298 296 294 292 290 288 286 284 282 280

0

2000

4000

6000

8000

10000

12000

14000

16000

18000

 AApp1_2 Pa - 30 W

 AApp2_20 Pa - 5.5 W

C
P

S
 (

a
.u

)

Binding energy (eV)

C-C/C-H
C-N

C-O/C=N

C=O/CNO

O-C=O

(a)
(c)

(b)



Chapter 4. Allylamine plasma polymer coatings rich in primary amines 

 79 

fit into different chemical groups was not feasible. Therefore, another method was 

necessary for the quantification of functional groups, especially primary amines -

NH2. 
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Figure 4.4: Overlaid high-resolution XPS spectrum of N1s for AApp1 and AApp2 coatings. 

Both spectra have similar peak shapes due to close binding energies of amine 

functionalities. 

4.3.2. Quantification of primary amine groups by chemical 

derivatisation 

TFBA derivatisation was used to quantify primary amine retention in allylamine 

plasma coatings. Indeed, due to a variety of reactions happening in the plasma, the 

final chemistry of the plasma coating is difficult to control, and several functional 

groups may appear in addition to the original monomer. As shown previously, the 

XPS technique showed similar atomic compositions between AApp coatings, but 

this technique cannot clearly define the difference between amine groups 

(primary, secondary, and tertiary) in the nitrogen spectrum, due to small binding 

energy offsets. The quantification of -NH2 will help to confirm whether it is 

possible to use specific plasma parameters, which are high pressure and low 

power, to deposit high concentrations of primary amines on a surface. TFBA can 

specifically bind to -NH2 which allows the incorporation of fluorine atoms that can 
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be quantified by XPS. Chemical derivatisation of positive control (amino parylene 

diX-AM) and negative controls (silicon, polypropylene, polystyrene, polyethylene 

terephthalate, and polyamide) was also investigated. 

4.3.2.1. TFBA derivatisation of amino parylene coatings 

 

Figure 4.5: Molecular structure of amino parylene (diX-AM) coated on Si wafer. 

The nitrogen component of amino parylene (diX-AM) is composed only of primary 

amines as displayed in the molecular structure in Figure 4.5. The derivatisation 

will occur between these primary amines and the TFBA molecule as previously 

described in Section 3.3.5. Amino parylene was chosen as a commercially available 

standard as it previously showed total derivatisation of all primary amines to 

TFBA [177]. Moreover, in a previous study, different commercially available 

polymers were tested, and the results showed that a reliable standard polymer 

was difficult to find [174]. The successful derivatisation was investigated by XPS 

with the introduction of fluorine from the TFBA molecule (Figure 4.6). Since diX-

AM has a known primary amine group, it was used to find the optimum parameters 

for TFBA derivatisation, especially the time of derivatisation. This parameter was 

then kept constant for subsequent labelling with negative controls and AApp 

coatings. 
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Figure 4.6: Representative wide spectra of amino parylene (diX-AM) coatings (a) before 

and (b) after 24h derivatisation. Before and after derivatisation, diX-AM coatings are 

mainly composed of C, N, and O. After derivatisation, fluorine is detected, as indicated by 

the arrow, due to the TFBA labelling. Some traces of Si are detected due to possible 

scratches on the samples. Traces of Cl are also detected which may come from 

contamination from the glovebox where the samples are stored. 

Figure 4.7 shows a summary of the atomic composition of diX-AM coatings before 

and after TFBA derivatisation for different derivatisation times (1, 4, and 24h). 

Before derivatisation, the diX-AM coating was mainly composed of carbon (90.1 ± 

1.1 %), oxygen (4.3 ± 0.1 %), and nitrogen (3.4 ± 0.2 %). A small amount of silicon 

(1.2 ± 0.8 %) was detected due to possible scratches which revealed the silicon 

wafer underneath as the coating is expected to be about 100 nm thick 

(manufacturer specifications). Oxygen may come from the oxidation of the coating 
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post-polymerisation or the Si wafer. Chlorine traces (< 1%) were possibly due to 

contamination from chlorine compounds stored in the glovebox. The expected N/C 

from the molecular structure was 5.9% with m = n (as defined by the 

manufacturer). From the XPS data, N/C was estimated to be 3.8% which is less 

than the expected value. However, this may be due to the oxidation of the coating 

since about 4% of oxygen was detected. 

After 1h of derivatisation reaction, the presence of fluorine can clearly be 

identified in the XPS spectra, making up 1.5 ± 0.1 % of the surface atomic 

composition. The other atomic percentages were similar to the original coating 

with 88.3 ± 2.6 % of carbon, 4.3 ± 1.0 % of oxygen, and 3.3 ± 0.1 % of nitrogen. For 

the same reasons mentioned before, some traces of silicon and chlorine were 

detected. With 4h of TFBA derivatisation, the fluorine content increased to 2.6 ± 

0.1 %. However, the rest of the composition showed a possible problem with this 

sample. Indeed, high oxygen and silicon levels were measured, 12.4 ± 0.4 % and 

8.8 ± 0.6 %, respectively. This could be explained by the coating being damaged 

which exposes the silicon wafer. A likely explanation for the damaged coating is 

that the samples were sitting on glass beads and so can easily move, flip, and be 

damaged by friction with the beads or tweezers during setup of the experiment. 

Therefore, this data point may be unreliable. Finally, after 24h of reaction, the 

fluorine level increased to 3.3 ± 0.3 %. Carbon and oxygen contents were close to 

previous samples with 87.0 ± 3.7 % and 4.4 ± 1.0 %, respectively. Nitrogen level 

slightly decreased to 2.5 ± 0.2 % and silicon increased to 2.8 ± 2.9 %, which may 

be due to the silicon wafer being more visible due to scratch marks. 
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Figure 4.7: Atomic composition obtained by XPS of diX-AM coatings before and after 

derivatisation for different times (1, 4, 24h). Three locations on each sample were analysed. 

The increase of fluorine content when derivatisation time increases clearly 

demonstrated the time dependence of the reaction. High-resolution spectra of 

carbon were obtained to identify the chemical environments involved and are 

represented in Figure 4.8 and Figure 4.9a. The carbon peak was composed of an 

aromatic carbon bond, C-C/C-H, C-N, C-O, and shake-up features for the 

underivatized sample as shown in Table 4.2. After chemical derivatisation a new 

chemical bond was noticed, corresponding to C-F3 from the TFBA which indicates 

the successful labelling. The percentage  of C-F3 increased when the derivatisation 

time increased which is in accordance with the data obtained with the wide 

spectra. Moreover, this also can be observed on the F1s high-resolution spectrum 

where the fluorine content increased over time (Figure 4.9b). However, in both 

cases, the percentage of fluorine and C-F3 did not reach a plateau which may 

indicate that the derivatisation is not total. 
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Figure 4.8: C1s fits for diX-AM (a) before derivatisation, (b) after 1h, (c) 4h, and (d) 24h of 

TFBA derivatisation. 

 

Figure 4.9: (a) C1s and (b) F1s high resolution spectra of diX-AM coatings before and after 

derivatisation for different times (1, 4, 24h). 

Table 4.2: Components of carbon from the C1s high-resolution spectra of diX-AM coatings 

before and after derivatisation for different times (1, 4, and 24h). 

TFBA 
time (h) 

Aromatic 
carbon 

~284.15 eV  

C-C/C-H 
284.80 eV 

C-N 
285.70 eV 

C-O 
~286.85 eV 

Shake-up 
~290.78 eV 

C-F3 

~292.31 eV 

0 74.5% 13.1% 6.1% 2.3% 4.0% 0% 

(a) (b)

(c) (d)
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1 65.9% 20.2% 7.2% 1.8% 3.9% 0.9% 

4 56.8% 31.4% 7.1% 1.9% 1.3% 1.5% 

24 73.1% 14.9% 5.1% 1.6% 3.4% 1.8% 

 

The main hypotheses were that a longer derivatisation time was needed, or that 

TFBA did not penetrate through the coating and -NH2 groups under the outermost 

layer were not labelled. 

To answer these questions, longer derivatisation times (48 and 72h) were tried to 

check if fluorine content reached a plateau, and angle-resolved XPS was performed 

to check the outermost layer of the samples and if the fluorine content varies 

according to the depth of analysis. 

Figure 4.10 shows a summary of the atomic composition of diX-AM coatings before 

and after TFBA derivatisation for different derivatisation times (24, 48, and 72h). 

Before derivatisation, the diX-AM coating was mainly composed of carbon 

(90.1%), oxygen (4.3%), and nitrogen (3.4%), as well as a small amount of silicon 

(1.2%) as described earlier. 

After 24h of derivatisation reaction, the presence of fluorine can clearly be 

identified with about 3.0 ± 0.4 %. However, a lower level of carbon (68.8 ± 2.3 %), 

and higher levels of oxygen and silicon were measured with 16.5 ± 1.2 % and 9.8 

± 1.0 %, respectively. This could be explained by the coating being damaged which 

exposes the silicon wafer as previously described for the 4h-derivatised sample. 

Therefore, this data point may be unreliable. After 48h and 72h, similar atomic 

compositions were observed with about 85.4 ± 2.4 % and 83.8 ± 4.4 % of C, 6.6 ± 

1.3 % and 7.6 ± 1.9 % of O, and 2.8 ± 0.3 % and 2.8 ± 0.8 % of N, respectively. The 

fluorine increased up to 4.2 ± 0.4 % for the 48h-derivatised sample, and to 3.7 ± 

0.8 % for the 72h-derivatised sample. As shown in Figure 4.11, F/C ratio reached 

a plateau after 24h of derivatisation meaning the derivatisation was completed.  
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Figure 4.10: Atomic composition obtained by XPS of diX-AM coatings before and after 

derivatisation for different times (24, 48, 72h). Three locations on each sample were 

analysed. 

 

Figure 4.11: F/C ratio of amino parylene coating after different derivatisation times (0, 1, 

4, 24, 48, and 72h). Three locations on each sample were analysed. 
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Moreover, to check the penetration of TFBA into the coating, angle-resolved XPS 

was performed for amino parylene coatings after 24, 48, and 72h of TFBA 

derivatisation (Figure 4.12). As described in Section 2.7.1.2.4, angle-resolved XPS 

helps to increase surface sensitivity. Indeed, when the sample is tilted, the 

sampling depth decreases and if TFBA does not penetrate through the coating and 

stay at the surface, more fluorine would be detected at a high angle. Therefore, the 

analyses were performed at different angles (0, 40, 55, 63, and 75°, with respect to 

the XPS take-off angle, which is itself normal to the sample surface) to check the 

outermost layer of the coatings and see if F/C ratio decrease through the depth of 

analysis. As shown in Figure 4.12, F/C ratios did not significantly change 

depending on the angle of analysis which indicates that TFBA may penetrate 

through the coatings. 
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Figure 4.12: F/C ratios as a function of derivatisation times (24, 48, and 72h) and the angle 

of analysis (0, 40, 55, 63, and 75°). 

Primary amine content was calculated with the Equations 5 and 6 as previously 

described in Section 3.3.5: 

[𝑁𝐻2]

[𝐶]
=

[𝐹]
3⁄

[𝐶]−(8
3⁄ )[𝐹]

× 100   Equation 5 
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[𝑁𝐻2]

[𝑁]
=

[𝐹]
3⁄

[𝑁]
× 100    Equation 6 

[𝑁𝐻2]

[𝑁]
 and 

[𝑁𝐻2]

[𝐶]
 were estimated to be 43.6% and 1.4%, respectively, whereas the 

expected 
[𝑁𝐻2]

[𝐶]
 was estimated to be 3.8% before derivatisation. Therefore, the 

derivatisation is not total, but this could be explained by the oxidation of the 

coatings which was also shown by the presence of oxygen in the XPS wide spectra. 

For the following experiments, derivatisation time was fixed to 24h since it seems 

to have plateaued by this point. 

4.3.2.2. TFBA derivatisation of negative controls: silicon wafer and polymers 

Silicon wafer was chosen as a control since it was the substrate used for allylamine 

coating and should not bind TFBA. XPS wide scan and high-resolution spectra were 

recorded. Figure 4.13 shows the XPS wide spectra of silicon wafer before and after 

TFBA derivatisation. The atomic composition before derivatisation was 61.9 ± 

3.8% of Si, 27.2 ± 2.1% of O, and 10.9 ± 5.9% of C. After derivatisation, the atomic 

composition was similar with 60.2 ± 2.2% of Si, 27.2 ± 1.2 of O, and 12.2 ± 3.5% of 

C. Moreover, after derivatisation, a small amount of fluorine was detected around 

688 eV with 0.3 ± 0.2%. However, this amount is very low and does not indicate 

that TFBA binds to Si. 
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Figure 4.13: XPS wide scan spectra of silicon wafer (a) before and (b) after 24h of TFBA 

derivatisation. 

Moreover, different polymers (PP, PS, PET, N6) which do not contain primary 

amines were tested. PP, PS, and PET contain only carbon or carbon and oxygen, 

while N6 contains CNO. In the case of Nylon 6, the nitrogen is secondary amine, 

and should not bind TFBA. XPS analyses were performed to demonstrate the 

specific binding of TFBA to primary amines. All the XPS wide scans can be found 

in Appendix A. The atomic compositions are summarised in Table 4.3. Small 

quantities of F were detected for polystyrene (PS) – 0.6 ± 0.1%, and nylon 6 (N6) 

– 0.9 ± 0.2%.  However, some traces of F were already present in N6 before 

derivatisation which may come from contamination during the manufacturing 

process. Other contaminations were also detected with Si, Cl, and Ca especially for 
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the N6 sample. As the %F was small for these polymers, it was hypothesised that 

TFBA only binds to primary amines as already suggested in the literature [177]. 

Table 4.3: XPS data summary of the main atomic composition ± STD (%) of different 

polymers (PP, PS, PET, and N6) before and after derivatisation. After derivatisation, Si, Cl, 

and Ca may come from contamination from the glovebox or during sample handling. Three 

locations on each samples were analysed. 

 
Before derivatisation After derivatisation 

C  O N F  C O N F  Si Cl Ca 

PP 
99.9 ± 
0.2 % 

0.1 ± 
0.2 % 

- - 
98.6 ± 
0.5 % 

1.4 ± 
0.5 % 

- - - - - 

PS 
96.0 ± 
0.2 % 

4.0 ± 
0.2% 

- - 
98.5 ± 
0.3 % 

0.9 ± 
0.1 % 

- 
0.6 ± 
0.1 % 

- - - 

PET 
77.2 ± 
0.4 % 

22.8 ± 
0.4 % 

- - 
74.3 ± 
1.1 % 

24.8 ± 
1.5 % 

- 
0.4 ± 
0.4 % 

0.5 ± 
0.0 % 

- - 

N6 
77.3 ± 
1.5 % 

10.6 ± 
0.4 % 

11.3 ± 
0.1 % 

0.8 ± 
1.0 % 

73.1 ± 
3.3 % 

12.5 ± 
1.4 % 

5.6 ± 
0.6 % 

0.9 ± 
0.2 % 

7.4 ± 
2.4 % 

0.1 ± 
0.2 % 

0.3 ± 
0.4 % 

 

4.3.2.3. TFBA derivatisation of allylamine plasma polymer coatings 

AApp coatings were derivatised by TFBA and XPS analyses were performed. Wide 

scans and high-resolution spectra (C1s, N1s, O1s, and F1s) were recorded. 
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Figure 4.14: Representative XPS wide scan spectra of (a) AApp1 and (b) AApp2 deposited 

on Si wafer after 24h of TFBA derivatisation. 

Figure 4.14 represents the XPS wide scan spectra of AApp after derivatisation. 

Before derivatisation, the compositions of AApp1 and AApp2 coatings were 

similar, as described in Section 4.3.1.2 After 24h of TFBA derivatisation, the 

appearance of a fluorine peak around 688 eV attested to the successful labelling, 

with 3.2% of F for AApp1 and 7.0% for AApp2 as summarised in Figure 4.15.  
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Figure 4.15: XPS wide scan data summary for AApp coatings before and after TFBA 

derivatisation (n = 3, with three locations on each sample). 

The fluorine concentration for AApp2 was doubled compared to the one of AApp1 

which may indicate higher primary amine retention for these plasma conditions, 

e.g high pressure and low power. Furthermore, by using Equation 5 and 6 as 

previously mentioned in Section 3.3.5, 
[𝑁𝐻2]

[𝑁]
 was 5.8% for AApp1 and 13.9% for 

AApp2, and 
[𝑁𝐻2]

[𝐶]
  was 1.7% for AApp1 and 4.4% for AApp2. Hence, it confirms the 

higher degree of -NH2 retention with the γ regime (AApp2, 20 Pa - 5.5 W). 

Moreover, after derivatisation, a new peak was identified for both coatings in the 

C1s spectra around 293 eV which corresponds to -C-F3 bonds, as shown in Figure 

4.16a. For AApp1, -CF3 was 1.2 ± 0.2% whereas for AApp2 it was 3.1 ± 0.2%. This 

is further confirmed by the F1s core line (Figure 4.16b) which shows a peak area 

doubled for AApp2 compared to AApp1 after derivatisation. 

Overall, while both coatings had similar N content, these results indicate that the 

combination of high pressure and low power (γ regime) led to a higher primary 

amine content, more than doubled compared to the use of the ɑ regime. This 

correlates with other studies which demonstrates higher functionalities retention 
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with γ regime for nitroxide radicals [55,56], epoxy [57], α-bromoisobutyryl [58], 

or ester functionalities [54] by using different monomers.  

 

Figure 4.16: (a) C1s with an insert graph corresponding to the CF3 peak, and (b) F1s high-

resolution spectra of AApp coatings before (CTL) and after TFBA derivatisation. C1s peaks 

are fitted with different carbon-nitrogen and carbon-oxygen environments. CF3 

environment clearly appeared after derivatisation for both coatings. The areas of CF3 and F 

peaks are doubled for AApp2 compared to AApp1. 

4.3.3. TFBA derivatisation of allylamine plasma coatings (UoLiv) 

As mentioned in Section 4.2, a number of AApp coatings were also produced at the 

University of Liverpool (UoLiv) in a different plasma reactor by using two 

conditions: 2.7 Pa and 20 W (AApp3), and 80 Pa and 5 W (AApp4). These coatings 

deposited on Si wafer were characterised by XPS before and after TFBA 

derivatisation. Wide scan spectra, as well as high-resolution spectra for C1s, N1s, 

and O1s, were recorded for both samples. 

Typical wide scan spectra obtained for these AApp coatings before and after 

derivatisation are shown in Appendix B.2 and B.3. XPS data obtained from the wide 

scan spectra are summarised in Table 4.4. AApp coatings were mainly composed 

of carbon and nitrogen, as expected from the allylamine molecular structure. Small 

quantities of oxygen were detected due to residual oxygen species within the 

plasma and post-polymerisation oxidation with atmospheric oxygen. No silicon 

from the substrate was detected which indicates that the coatings were thicker 
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than the XPS sampling depth (> 10 nm), and free of gaps in the coatings which 

would give rise to a substrate signal. 

AApp3 was consisted of 80.0 ± 0.2 % of C, 13.8 ± 0.1 % of N, 5.7 ± 0.3 % of O. AApp4 

had similar content with 72.5 ± 0.3 % of C, 18.9 ± 0.3 % of N, and 8.1 ± 0.1 % of O 

(Table 4.4). However, the carbon is slightly higher for AApp3 compared to AApp4 

(80.0 vs 72.5%), and nitrogen content is slightly higher for AApp4 compared to 

AApp3 (19.4 vs 13.2%). 

Table 4.4: Summary of the main atomic elements of AApp coatings. Data is presented as 

mean ± STD. Three locations were analysed on each sample. 

  C1s N1s O1s F1s 

Before 
derivatisation 

AApp3 
2.7 Pa – 20 W 

80.0 ± 0.2 % 13.8 ± 0.1 % 5.7 ± 0.3 % - 

AApp4 
80 Pa – 5 W 

72.5 ± 0.3 % 18.9 ± 0.3 % 8.1 ± 0.1 % - 

After 
derivatisation 

AApp3 
2.7 Pa – 20 W 

78.3 ± 0.3 % 13.0 ± 0.7 % 5.2 ± 0.2 % 2.4 ± 0.7 % 

AApp4 
80 Pa – 5 W 

70.4 ± 0.4 % 17.4 ± 0.5 % 8.4 ± 0.1 % 3.3 ± 0.0 % 

 

After derivatisation, fluorine was detected with 2.4 ± 0.7 % for AApp3 and 3.3 ± 

0.0 % for AApp4. Small quantities of Cl (<1%) were also identified for both coating 

types after derivatisation which is due to possible contamination from chlorine 

compounds from the glove box where the TFBA derivatisation occurs. 

The amount of fluorine was increased for AApp4 compared to AApp3 which 

suggests that AApp4 contains more -NH2 groups. Indeed, by using Equation 5 and 

6, 
[𝑁𝐻2]

[𝑁]
 was 6.2% for AApp3 and AApp4. However, 

[𝑁𝐻2]

[𝐶]
  was 1.8% for AApp4 and 

1.1% for AApp3. Hence, it confirms the higher degree of -NH2 retention with the γ 

regime (AApp4, 80 Pa - 5 W). This may also be explained by the higher nitrogen 

content observed in the atomic composition. The plasma phase during the 

allylamine plasma polymer deposition may also be interested to study as it may 

indicate the presence of the allylamine molecule or fragments of molecule 

depending on the plasma conditions. This study has been performed at UoLiv as 
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their plasma reactor possesses different equipment for the plasma study, which 

will be discussed in the next Section 4.3.4. 

4.3.4. Chemical analysis of the allylamine plasma phase by mass 

spectrometry 

The allylamine plasma phase was also studied by the UoLiv since the design of 

their cruciform reactor allows the plasma phase study by different equipment as 

mentioned in Section 4.2.  

The effect of plasma power and pressure on the fragmentation of the allylamine 

molecule was investigated by plasma phase mass spectrometry. Figure 4.17 

represents the mass spectra of neutral plasma species measured at two extremes 

of pressure and power ranges (6.7 Pa – 20 W, and 80 Pa – 5 W). As shown in Figure 

4.17a, the spectrum displayed a significant amount of precursor dissociation, with 

only a small fraction that represents the intact allylamine molecule (M) at low 

pressure and high power (6.7 Pa – 20 W). Indeed, at high power, the electron 

energy is greater which leads to more fragmentation of the precursor by electron 

impact. At low pressure, the electron mean free path is greater which results in a 

higher degree of molecular dissociation due to the higher energy of the 

neutral/ionic species acquired from the electron impact. Groups of lower mass 

molecules around m/z 41, 28, and 18 amu formed the majority of the observed 

neutral content. Peaks from 15-18 amu were assigned to CH3, NHx, and H2O. Signals 

at 41 and 28 amu were likely to be C3H5 and CH2N respectively as C-C and C-N have 

the weakest bond strengths at 3.91 eV and 4.39 eV and were most likely to break 

from electron impact [43,50,191]. When the pressure increased up to 80 Pa 

(Figure 4.17b), the electron mean free path was reduced and more collisions 

occurred which led to a decrease in the average electron energy. Therefore, the 

fragmentation of the allylamine precursor was suppressed. Therefore, M at m/z 

57 began to dominate the spectrum. Moreover, small peaks were observed at m/z 

28, and 41 as described before, as well as more prominent signals from CH4N at 

30, and 39 amu, which may arise due to a loss of hydrogen from CH2-CH2-NH2 [36]. 

The small signal beyond 57 amu implied radical oligomerisation was not occurring 
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to any appreciable level, which agrees with previously reported mass spectral 

analysis of allylamine neutral species [43]. 

 

Figure 4.17: Recorded mass spectra of neutral species measured at a) 6.7 Pa 20 W, and b) 

80 Pa, 5 W. High pressures and low powers suppresses the electron temperature which 

inhibits their ability to break molecular bonds in the plasma volume. 

The fraction of the total mass spectrum signal attributed to the intact allylamine 

monomer M was studied for different plasma power (5, 10, and 20 W) and 

pressure (2.7 to 80 Pa) ranges. As shown in Figure 4.18, when the pressure 

increased and the plasma power decreased, M formed a larger fraction of the 

neutral particle flux with nearly 50% of the total flux at 80 Pa and 5 W. This 

indicates that high pressure and low power may lead to a higher fraction of intact 

allylamine monomer. If allylamine monomer is intact during the plasma 

deposition, the coating would have a high degree of retention of functional groups 

such as primary amines -NH2 which correlates with the analyses of the AApp 

coatings by TFBA derivatisation. 
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Figure 4.18: The total intensity of the intact monomer, M, as a percentage of the total 

recorded signal across the investigated pressure and power range. A synergistic 

combination of high pressure and low input power results in the protonated monomer 

forming most of the incident ion flux. 

4.4. Conclusions 

In this work, the effect of the different plasma regimes (ɑ and γ) on the chemical 

composition of allylamine plasma polymer (AApp) coatings was investigated with 

AApp1 made at 2 Pa and 30 W, and AApp2 made at 20 Pa and 5.5 W. Primary 

amines 
[𝑁𝐻2]

[𝑁]
  were estimated to 13.9% for AApp2 whereas only 5.8% for AApp1, 

and 
[𝑁𝐻2]

[𝐶]
  were 4.4% AApp2 and only 1.7% for AApp1. Indeed, despite a similar 

atomic composition as shown by XPS, the concentration of -NH2 was more than 

doubled for the coating made using the γ regime compared to the usual ɑ regime. 

Therefore, the use of a combination of high pressure and low power during the 

plasma deposition process may result in better retention of chemical 

functionalities. These analyses were further compared with AApp coatings made 

at the UoLiv. The derivatisation of these coatings showed again that the use of γ 

regime may lead to a higher retention of primary amine groups. Furthermore, the 

analysis of the plasma phase clearly demonstrated that the combination of a higher 

pressure and lower power leads to less fragmentation of the allylamine molecule. 
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Chapter 5. Whey protein 

fibrillar coatings enriched 

with biomolecules 

5.1. Overview 

This chapter presents the production and characterisation of whey protein isolate 

(WPI) fibrillar coatings. WPI fibrillar coatings were produced by adsorption of WPI 

fibrils as described in Section 3.2.2. WPI fibrillar coatings were enriched with two 

different biomolecules, namely phloroglucinol (PG) and tannic acids (TAs). The 

coatings were analysed by XPS to investigate the influence of adsorption time, 

autoclave sterilisation, and incorporation of biomolecules on the WPI fibrillar 

coatings. The autoclave sterilisation and the addition of biomolecules did not 

impact the fibrils. 

Regarding WPI/PG coatings, the incorporation of PG did not affect WPI fibrils. 

Moreover, cell tests were performed to check the influence of WPI fibrils 

containing PG adsorbed on Ti6Al4V alloy on cell behaviour as described in Section 

3.2.2.5. The tests were performed on unstimulated and biofilm-stimulated cells. 

Results showed a significant decrease in metabolic activity when cells have been 

stimulated with biofilm, but no significant difference was observed between 

sample groups in unstimulated and biofilm-stimulated cells. WPI containing PG 

exhibited a general significant downregulation of pro-inflammatory markers 

compared to uncoated titanium. Susceptibility tests were not successful, but the 

attachment of bacteria was different depending on the sample group. 

Finally, cell tests were performed on WPI/TAs coatings to see the influence of the 

coatings on cells as described in Section 3.2.2.8. For WPI/TAs coatings, TAs did not 
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affect WPI fibrils as for PG. Cell tests were performed to study the influence of such 

coatings adsorbed on glass on cell behaviour. Results did not show any negative 

impact of the coatings on cells. TNAP activity and calcium deposition were slightly 

increased in presence of the coatings, but no significant difference could be 

observed. Further investigation needs to be performed. 

5.2. Methodology 

Whey protein fibrillar coatings were produced as described in Section 3.2.2. The 

WPI coatings were characterised in terms of adsorption and stability. XPS analyses 

were used to characterise the chemical composition of the coatings and SEM 

images were produced to observe the fibrils. 

Some coatings were also enriched with PG on Ti6Al4V alloy and cell tests using 

human bone marrow-derived mesenchymal stem cells (BM-MSCs) were 

performed including metabolic activity, gene expressions relative to bone 

formation and mineralisation, and pro-inflammatory response. Antibacterial tests 

such as susceptibility tests and bacterial attachment studies were attempted. 

Other WPI coatings were enriched with TAs on glass substrates. The metabolic 

activity of human bone marrow stromal cells (hBMSCs) was studied after 2 and 4 

days. Moreover, the enzyme activity of tissue non-specific alkaline phosphatase 

(TNAP) at day 11 and the calcium mineralisation at day 22 were measured. 

5.3. Results and discussion 

5.3.1. Adsorption and stability of WPI fibrils 

5.3.1.1. Adsorption time 

Different adsorption times were tested from 1h to 5h. The hypothesis was that a 

longer adsorption time would lead to a higher surface coverage and so a higher 

nitrogen content from the protein molecule which contains amine functionalities. 

In contact with the surface, a protein can undergo different conformational 

changes. Thus, the adsorption time may be an important factor to consider. 

However, by analysing the coating by XPS, no significant difference was observed 
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for the different adsorption times (Figure 5.1). N content increased from 0% 

(uncoated glass) to approximately 15% for all the coatings which indicates that 1h 

adsorption time leads to a saturated coating. Si was still detected for all the 

conditions, even after 5h of protein adsorption which indicates that the coating is 

either thin or not homogenous with gaps between fibrils. Protein-surface 

interaction has been widely studied in the biomaterial field. Roach et al. described 

that protein adsorption happens in two phases: rapid initial adsorption within an 

hour, followed by some time-dependent changes [192]. 

On the basis of these results, a 1h-adsorption time was used in further experiments 

in this project. Adsorption could also be improved by directly grafting the protein 

to the substrate [193]. However, in this study, the adsorption method will be used 

as a simple, quick, and economical method which does not require additional 

chemicals. Moreover, the adsorption method can be adapted to different substrate 

geometries. 
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Figure 5.1: (a) XPS data of uncoated glass and WPI for different adsorption times (1h, 2h, 

3h, 4h, and 5h). “Other” corresponds to other elements in low quantity which mainly 

originate from the glass substrate (S 2p, Cl 2p, Na 1s, Zn 2p, K 2s, Al 2p, P 2p, and Ti 2p). (b) 

Nitrogen content from the XPS data for the different adsorption times. Error bars represent 

standard deviation (n=5). 

5.3.1.2. Stability study of the fibrils in suspension and as a coating 

The stability of the WPI fibrils was studied after two months of storage at 4°C. A 

coating was made with a 2-month-old fibrillar suspension and imaged by SEM as 

shown in Figure 5.2. Fibrils were detected by SEM which attests their presence in 

the suspension. Thus, the WPI fibrillar suspension was stable for at least two 
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months of storage in the fridge. It is worth mentioning that the suspension was 

free of microbial growth, likely due to the acidic pH of the suspension (pH 2), which 

is an unfavourable environment for the growth of microbes. 

 

Figure 5.2: SEM image of WPI coating made with a 2-months old WPI fibrillar suspension. 

Small darker patterns may be from the glass structure. Scale bar: 1 µm. 

Furthermore, the stability of the coating itself has been studied after 1h, 5h, and 

24h of immersion in PBS which has a pH of 7.4, close to physiological pH (Figure 

5.3). WPI fibrils were still present even after 24h of immersion as shown in Figure 

5.3c. They seem thicker which may be due to salt deposition. In fact, at higher 

magnification, salt crystals were visible as indicated by the red arrow in Figures 

5.3c and 5.3d. Since WPI fibrillar coatings are stable after 24h in PBS, they may be 

used to coat biomaterials to improve cell adhesion, proliferation, and 

differentiation, or to avoid microbial colonisation by incorporating other bioactive 

molecules like phloroglucinol (PG) or tannic acids (TAs). 
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Figure 5.3: SEM images of the WPI coatings before autoclaving after (a) 1h, (b) 5h, and (c) 

24h in PBS solution. (d) represents a lower magnification of image (c). Red arrows indicate 

possible salts. Scale bar: 1 µm. 

5.3.2. Incorporation of phloroglucinol into the WPI fibrillar network 

5.3.2.1. Characterisation of the WPI/PG coatings on glass 

SEM analyses were performed to image the WPI fibrils adsorbed on glass 

substrates before and after sterilisation and with different concentrations of PG. 

The images confirmed the presence of WPI fibrils even after autoclave sterilisation 

and in the presence of PG as shown in Figure 5.4. Fibrils appeared on all coating 

types with a length in the micrometre range and a diameter in the nanometre 

range. They remained adsorbed on the glass substrate even after three successive 

washing steps and sterilisation by autoclaving, as already demonstrated in our 

previous study [82]. The use of autoclave sterilisation is a standard method in 

(a) (b)

(c) (d)
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hospitals since it is clinically accepted, therefore, the resistance of WPI fibrils to 

autoclaving is an important practical advantage.  

 

Figure 5.4: SEM images of WPI coatings before and after autoclaving for different PG 

concentrations. The first and second columns are before and after autoclaving, respectively. 

The first, second, and third rows are WPI, WPI with 0.1% of PG, and WPI with 0.5% of PG 

coatings, respectively. Scale bar: 1 µm. 



Chapter 5. Whey protein fibrillar coatings enriched with biomolecules 

 105 

Moreover, fibrils do not seem affected by the addition of PG for both 

concentrations (WPI+PG0.1% and WPI+PG0.5%). It is hypothesized that the gaps 

between the fibrils correspond to the glass substrate and the coatings are 

estimated to be one fibril thick. The gaps may also be covered by non-fibrillar 

proteins which are not visible by SEM. Fibril-surface interaction may be mainly 

due to non-covalent interactions such as electrostatic interactions, van der Waals, 

or hydrophobic interactions, which are the main interactions involved in protein 

adsorption processes [192]. 

The chemical composition of the coatings was analysed by XPS as presented in 

Figure 5.5 which represents a summary of XPS data for uncoated glass substrates 

and the different types of WPI coatings before and after sterilisation by 

autoclaving. Glass substrates consisted mainly of C (8%), O (52%), and Si (34%). 

Other components were also detected, such as Al, K, Na, P, Zn, and Ti in low 

quantities (< 7% in total). With the addition of WPI coatings on the glass, atomic 

percentage confirmed the presence of the protein with the introduction of N1s 

peak (more than 10% in all the coatings) due to the amine groups present in the 

molecular structure of the protein. The increase of C1s peak from 8% (glass) to 50-

60% also attested to the presence of protein because of the carboxyl groups. 

Moreover, the characteristic Si peak from the glass decreased from 34% (glass) to 

8-10% as well as other components such as K, Al, P, and Ti that are totally 

undetectable. The small quantity of Si still detectable after WPI coatings means 

that either the coating is thin (< 10-15 nm, due to the detection depth of XPS) or 

the coating is not homogeneous (so, the glass is also detected since the area of 

detection is 300 x 700 µm). The second hypothesis may be correct; since fibril 

diameters measured by AFM were about 20-22 nm the first hypothesis is unlikely 

to be correct (see Appendix C). Thus, the glass may be detected where there are no 

fibrils as hypothesized with the SEM images. In that case, surface coverage can be 

estimated since only glass in gaps between fibrils is detected, the loss of %Si 

corresponds to the surface coverage of fibrils which is about 2/3 of the coating. 

However, no clear difference was noticed between all the different conditions 

before/after sterilisation and after the addition of PG. 
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Figure 5.5: XPS data of uncoated glass and WPI coatings without PG, with 0.1% of PG and 

0.5% of PG, before and after sterilisation by autoclaving (autocl.). Error bars represent 

standard deviation (n=3). 

5.3.2.2. Characterisation of the WPI/PG coatings on Ti6Al4V alloy 

Glass was used in previous experiments as an inexpensive substrate for the 

preliminary study. However, in orthopaedics or dental biomaterials, titanium alloy 

is often used. In the following part, Ti6Al4V (Ti) alloy was used as a more relevant 

material for bone contact to coat WPI fibrils with and without PG. As a reminder, 

sample denominations are presented in Table 5.1. 

Table 5.1: WPI coatings denomination with and without PG. 

Coating denomination Description 

[WPI]autoclave WPI fibrillar coating autoclaved 

[WPI + PG 0.1%]autoclave WPI + PG 0.1% mixed coating autoclaved 

[WPI + PG 0.5%]autoclave WPI + PG 0.5% mixed coating autoclaved 

[WPI]autoclave + PG 0.1% WPI fibrillar coating autoclaved + PG 0.1% added after 

[WPI]autoclave + PG 0.5% WPI fibrillar coating autoclaved + PG 0.5% added after 

 

As shown in Figure 5.6, XPS was performed on WPI fibrils adsorbed on Ti. Different 

methods were used to sterilise the coating. Some coatings were autoclaved with 
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PG inside ([WPI + PG 0.X%]autoclave), whereas others had PG added under sterile 

conditions on top of WPI fibrils which had been autoclaved ([WPI]autoclave + PG 

0.X%). All coatings were mainly constituted of C, N, and O which demonstrates the 

presence of the protein layer. Indeed, nitrogen and carbon were detected from the 

protein constituted of a long chain of amino acids containing different molecular 

structures such as amine or carbonyl groups. Moreover, the decrease in %Ti from 

15% (uncoated Ti) to less than 4% confirmed the presence of the coating. As Ti 

was still detected in the presence of WPI fibrils, the coating may be either thinner 

than 15 nm which is the depth detection limit, or non-uniform revealing gaps 

between the fibrils as already described on glass substrates in Section 5.3.2.1. No 

significant difference was observed between the different coatings. However, Ti 

decreased significantly from 3.6% (WPI) to 0.4% ([WPI]autoclave + PG 0.5%) which 

indicates that the coating may be thinner or more uniform. PG was not easily 

detectable as oxygen and carbon may come from the protein and Ti substrate. 

 

Figure 5.6: XPS data of uncoated Ti and WPI coatings without PG, with 0.1% of PG and 

0.5% of PG. [WPI + PG 0.1%]autoclave and [WPI + PG 0.5%]autoclave  mean that the coatings 

containing PG were autoclaved. [WPI]autoclave + PG 0.1% and [WPI]autoclave + PG 0.5% mean 

that only WPI coating was autoclaved, PG was added afterwards using a sterile filter and 

syringe. Error bars represent standard deviation. 
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5.3.2.3. In vitro tests 

Cell tests were performed on WPI/PG coatings on porous Ti6Al4V alloy. The cells 

used were BM-MSCs which are cells that can undergo differentiation into multiple 

cell types and modulate host-immune responses by the secretion of pro-healing 

factors. However, due to the presence of biofilms the wound healing can be 

affected. Therefore, in this study, BM-MSCs were stimulated with biofilm to 

investigate the effect of the coatings on unstimulated and biofilm-stimulated cells’ 

behaviour. The image of the biofilm is shown in Appendix D. 

5.3.2.3.1. Cell morphology 

SEM images were obtained to confirm the presence of BM-MSCs on uncoated Ti 

and WPI coatings with and without PG after 72h of culture (Figure 5.7). For all the 

conditions, BM-MSCs were attached in the pores of the Ti6Al4V alloy. Moreover, 

cells seemed to spread well on all coating types. However, no significant difference 

in the cell morphology between the sample groups was observed. 
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Figure 5.7: SEM images of unstimulated BM-MSCs on (a) uncoated Ti6Al4V, (b) WPI, (c) 

[WPI + PG 0.1%]autoclave, (d) [WPI + PG 0.5%]autoclave, (e) [WPI]autoclave + PG 0.1%, and (f) 

[WPI]autoclave + PG 0.5% coatings on Ti6Al4V. Ellipses indicate the cells and arrows show 

particles that form the Ti6Al4V alloy. Scale bar: 20 µm. 

5.3.2.3.2. Metabolic activity 

Metabolic activity of unstimulated and biofilm-stimulated BM-MSCs was 

investigated after 48h as summarised in Figure 5.8. Results showed a significant 

decrease in metabolic activity when cells had been stimulated with biofilm. This 
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(c) (d)
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may be due to the release of soluble factors from the biofilm which impact the cell 

function as already mentioned in a previous study [194]. They showed that 

mesenchymal stromal cells exposed to S. aureus and P. aeruginosa biofilm media 

had reduced cell viability due to activation of apoptosis and the migration and 

differentiation abilities were also reduced. Other studies investigated this effect 

especially in chronic wounds as biofilm seems to contribute to wound chronicity 

[195]. Moreover, no significant difference was observed between sample groups 

in unstimulated and biofilm-stimulated BM-MSCs, meaning that the coatings do 

not have a negative impact on cells compared to the uncoated Ti. 

 

Figure 5.8: Metabolic activity of unstimulated and biofilm-stimulated BM-MSCs after 48h 

using MTT test. BM-MSCs were stimulated with biofilm for 2h and metabolic activity was 

analysed directly after biofilm stimulation. The results are shown as mean (n = 4, two 

technical repetitions) and bars represent standard error of the mean. Significant 

differences for unstimulated vs. biofilm-stimulated BM-MSCs are indicated with & (p < 

0.05), and && (p < 0.01). 
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5.3.2.3.3. Matrix formation 

 

Figure 5.9: Relative gene expression for matrix formation markers: (a) RUNX2, and (b) 

COL1A1. The results are shown as mean (n = 4, two technical repetitions) and bars 

represent the standard error of the mean. * and # represent statistical analyses between 

uncoated Ti and tested samples for unstimulated cells and biofilm-stimulated cells, 

respectively. (*,# p < 0.05; **,## p < 0.01). 

The expression of genes for bone matrix formation was studied for unstimulated 

and biofilm-stimulated cells. Runt-related transcription factor (RUNX) is an early 

marker of bone formation as it is detected in preosteoblast cells, and collagen type 

I alpha 1 chain (COL1A1) is known as a key marker of bone matrix production 

[196,197]. Both genes are important markers of the early stages of 

osseointegration. As shown in Figure 5.9, the expression of RUNX and COL1A1 

genes was reduced for biofilm-stimulated cells compared to unstimulated ones 

which may indicate that some factors released from the biofilm inhibit bone 

formation. However, in presence of PG, the expression of these genes increased 

especially when PG was not autoclaved with a concentration of 0.5%. This 

indicates that PG was more biologically active without being sterilised by 

autoclaving, and the heat may impact its activity. These results are in accordance 

with a previous study of PG added into collagen fibrillar coatings where COL1A1 

gene expression was studied [98]. 
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5.3.2.3.4. Matrix mineralisation 

 

Figure 5.10: Relative gene expression for matrix mineralisation markers: (a) ALP, (b) OP, 

and (c) BGLAP. The results are shown as mean (n = 4, two technical repetitions) and bars 

represent standard error of the mean. * and # represent statistical analyses between 

uncoated Ti and tested samples for unstimulated cells and biofilm-stimulated cells, 

respectively. (*,# p < 0.05; **,## p < 0.01). 

The expression of genes for matrix mineralisation was measured for unstimulated 

and biofilm-stimulated cells as shown in Figure 5.10. Alkaline phosphatase (ALP), 

osteopontin (OP), and bone gamma-carboxyglutamate protein (BGLAP) genes 

were used as they are osteogenic markers. ALP is an essential marker for bone 

mineralisation of osteoblastic cells [198], OP is a marker of osteogenic 

differentiation and is expressed during the maturation of osteoblastic cells [199], 

and BGLAP is involved in the regulation of the mineralisation process [200]. For all 

genes, their expressions were increased in presence of PG especially with 0.5% of 

PG which had been added after autoclaving. These results are in accordance with 
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a previous study of PG added into collagen fibrillar coatings where BGLAP gene 

expression was also studied [98].  

5.3.2.3.5. Inflammatory response 

 

Figure 5.11: Relative gene expression for pro-inflammatory markers: (a) IL1a, (b) IL1b, and 

(c) IL8. The results are shown as mean (n = 4, two technical repetitions) and bars represent 

standard error of the mean. * and # represent statistical analyses between uncoated Ti and 

tested samples for unstimulated cells and biofilm-stimulated cells, respectively. (*,# p < 

0.05; **,## p < 0.01). 

The implantation of biomaterials such as Ti implants into the bone may trigger 

host responses such as inflammation which can interfere with the 

osseointegration process.  The gene expressions of pro-inflammatory response 

were studied with three different markers: interleukin 1 alpha (IL1a), interleukin 

1 beta (IL1b), and interleukin 8 (IL8) as shown in Figure 5.11. The expression of 

the three inflammatory markers was higher with biofilm-stimulated cells 

compared to unstimulated cells.  
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WPI containing PG exhibited a general significant downregulation of pro-

inflammatory markers compared to uncoated titanium. Moreover, results 

suggested that WPI coatings containing a high amount of PG (0.5%) added after 

autoclaving may modulate the inflammatory response by downregulating pro-

inflammatory genes, especially IL1b (Figure 5.11b). 

As already described in the literature, PG may prevent inflammation by 

downregulating gene expression of inflammatory markers such as tumour 

necrosis factor-α, interleukin-1β, interleukin-6 and prostaglandin E2 via a possible 

reaction mechanism between hydroxyl groups and reactive oxygen species [139]. 

These results are also in accordance with a previous study on collagen fibrillar 

coatings containing PG [98].  

Finally, the differences observed in gene expression suggested the presence of PG 

in the coatings even if it was not detectable by XPS analyses as mentioned in 

Section 5.3.2.2. 

5.3.2.4. Antibacterial tests 

5.3.2.4.1. Susceptibility tests 

The minimum inhibitory concentration (MIC) of PG was estimated to be 2.5 

mg/mL by following a clinical laboratory standards institute (CLSI) protocol 

against four species of bacteria (two Gram-positive species S. aureus and E. 

faecalis, and two Gram-negative species P. aeruginosa and E. coli) as described in 

Appendix E. Therefore, sensitivity tests were performed to investigate the possible 

antibacterial activity of WPI/PG coatings on four different bacteria: S. epidermidis, 

MRSA, E. coli, and P. aeruginosa. Two different agars (LB and DST) were tested 

since the type of agar may influence PG activity. The images of the tests are shown 

in Figure 5.12. 

No ZOI was measured either on LB agar or on DST agar. Therefore, the coatings 

may not present antibacterial activity. The concentration of PG may be too low or 

most of PG may be lost during the washing steps which would explain why it was 

not detected by XPS. To increase PG concentration, the surface coverage of WPI 

fibrils could be increased by modifying the surface by plasma [201].  



Chapter 5. Whey protein fibrillar coatings enriched with biomolecules 

 115 

 

 

Figure 5.12: Sensitivity tests for S. epidermidis, MRSA, E. coli, and P. aeruginosa, as well as 

for two different types of agar LB (left image) and DST (right image) 

5.3.2.4.2. Bacterial attachment study 

The attachment of bacteria on the different coatings was studied after 24h of 

incubation with S. epidermidis. After crystal violet staining, the coatings were 

observed under microscope for qualitative analyses. The images in Figure 5.13 

represent the bacteria attached on the coatings.  

On glass, some bacteria were observed and attached on the sample. However, it 

can be observed that more bacteria were present on the WPI coating. The presence 

of the protein may act as a conditioning film for bacteria attachment. For [WPI + 

PG 0.1%]autoclave, bacteria number may be slightly higher, and with 0.5%, the 

number of bacteria attached clearly increased. However, a clear decrease in 

bacteria attachment for [WPI]autoclave + PG 0.5% can be observed. This can indicate 

that PG added on top of the fibrils may hinder bacterial attachment. The high 

concentration may be necessary as it was not observed for PG 0.1%. Further work 

still needs to be performed to investigate the trend as the test also stains dead 

bacteria. Therefore, the bacteria attached may also be killed in contact with the 

coatings. 
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Figure 5.13: Attachment of S. epidermidis on uncoated glass and the different WPI coatings 

containing or not containing PG. 

5.3.3. Incorporation of tannic acids into the WPI fibrillar network 

This work was carried out with Zahin Absar as part of his MEng individual project 

"Fibril Coatings from Whey Protein Isolate on Biomaterial Surfaces", under my 

supervision and training. I supervised and trained Zahin to fabricate the coatings for 

characterisation. I provided guidance and feedback on his experimental plan and 

dissertation thesis. For the cell tests, the coatings were made by me for shipment to 

Germany. I would like to acknowledge Zahin for his work, which was awarded the 

Glass WPI

[WPI + PG 0.1%]autoclave [WPI + PG 0.5%]autoclave

[WPI]autoclave + PG 0.5%[WPI]autoclave + PG 0.1%
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Stopford Prize 2022. The Stopford Prize is awarded annually to the student who 

undertakes the best Chemical Engineering project. 

5.3.3.1. Characterisation of the WPI/TAs coatings on glass 

Different WPI coatings were produced with the addition of tannic acids (TAs). 

Three different TAs were used: ALSOK2 (AL2), ALSOK4 (AL4), and BREWTAN F 

(BRW). A first set of coatings was produced with TAs added before fibril formation 

whereas a second set of coatings was made with TAs added after fibril formation, 

in the same manner as with PG. Samples were named as indicated in Table 5.2. 

Table 5.2: WPI coating denominations as a function of TA type and when TA was added in 

the fibril formation process. 

 TA type 
TA added before/after 

fibril formation 

WPI+AL2_bef ALSOK2 Before 

WPI+AL2_af ALSOK2 After 

WPI+AL4_bef ALSOK4 Before 

WPI+AL4_af ALSOK4 After 

WPI+BRW_bef BREWTAN F Before 

WPI+BRW_af BREWTAN F After 

 

SEM analyses were performed to image the WPI fibrils adsorbed on glass substrate 

with different TAs before sterilisation. The images confirmed the presence of WPI 

fibrils in the presence of TAs as shown in Figure 5.14. Fibrils appeared on all 

coating types but seem thicker for the ones containing ALSOK2 (Figure 5.14a-b) 

and ALSOK4 added before (Figure 5.14c) compared to the other conditions. For 

ALSOK2, no significant difference was observed when added before or after fibril 

formation. However, for ALSOK4, more WPI fibrils were observed when added 

before fibril formation (Figure 5.14c) with a thicker morphology compared to the 

one added after (Figure 5.14d). Regarding BREWTAN F, when added after fibril 

formation, small clear dots appeared on the image which may correspond to the 

TA (Figure 5.14f). Between the dots, fibrils seemed to form a thick mat which was 

not observed for the fibrillar coating with TA added before fibril formation (Figure 

5.14e). However, for all the conditions, WPI fibrils remained adsorbed on the glass 
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substrate even after three successive washing steps, as already demonstrated 

earlier in 2.2.1. with PG. Moreover, fibrils were still present even in presence of 

TAs. When added before WPI fibril formation, TAs did not affect the formation of 

fibrils and when added after, they did not degrade the WPI fibril already formed.  

 

Figure 5.14: SEM images of WPI coatings with different tannic acids added before (first 

column - a, c, e) or after (second column - b, d, f) fibril formation: ALSOK2 (a, b), ALSOK4 (c, 

d), and BREWTAN F (e, f). Scale bar: 1 µm. 

(a) WPI+AL2_bef (b) WPI+AL2_af

(d) WPI+AL4_af

(f) WPI+BRW_af(e) WPI+BRW_bef

(c) WPI+AL4_bef
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5.3.3.2. Cell tests  

Cell tests were performed on WPI/TAs coatings on glass substrates. The cells used 

were hBMSCs from 4 different donors. 

5.3.3.2.1. Metabolic activity 

 

Figure 5.15: Metabolic activity of hBMSCs after (a) day 2 and (b) day 4 using MTS assay. 

The results are shown as mean (n = 4, two technical repetitions) and bars represent 

standard error of the mean. The values are percentage of Ctl (uncoated glass). No 

significant differences were observed. 

Metabolic activity of hBMSCs was measured after 2 and 4 days of culture on the 

different WPI coatings. MTS assay measures the metabolic activity of cells which 

is an indication for cell number and cell viability [202]. Cell number increased on 

all samples from day 2 (Figure 5.15a) to day 4 (Figure 5.15b). The different WPI 

coatings have a marginal impact on cell number compared to uncoated glass and 

no significant differences were observed. However, after day 2, metabolic activity 

clearly decreased with WPI coating containing BRW meaning that BRW may 

impact cell viability. After day 4, the metabolic activity was similar for all the 

sample groups. These findings are similar to our previous studies which showed 

no significant difference in terms of metabolic activity for WPI coating on glass and 

WPI coating on Ti6Al4V containing heparin and tinzaparin [82,105]. However, it 

was observed a better organisation of the cytoskeleton on the glass coated with 

WPI fibrils [82]. 
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5.3.3.2.2. Enzyme activity of TNAP and calcium deposition 

The activity of tissue non-specific alkaline phosphatase (TNAP) enzyme was 

analysed after 11 days of culture on the different sample groups (Figure 5.16a). 

TNAP enzyme is used as an early marker of osteogenic differentiation which can 

indicate the potential of hBMSC to form hydroxyapatite, an essential component 

for bone regeneration [203]. Indeed, TNAP can hydrolyse pyrophosphate which 

then releases phosphate ions necessary for hydroxyapatite formation. TNAP 

activity is a prerequisite for bone mineralisation. A high TNAP activity is ideal since 

it will increase the bone mineralisation and improve the implant fixation into the 

body. A significant increase of TNAP activity was observed with WPI coating 

compared to uncoated glass as previously shown in other studies [82,105]. TNAP 

activity also slightly increased for coatings containing AL2, AL4, and BRW but no 

significant difference was noticed. Despite no clear TNAP increase for WPI/TAs 

coatings, TNAP activity did not decrease, meaning that hBMSC were not negatively 

impacted by the presence of the coatings. 

TNAP activity is required for calcium phosphate deposition around the cells as 

previously shown [88]. Therefore, the study of the calcium phosphate 

accumulation should be directly linked to the TNAP activity. Calcium deposition 

was studied after day 22, as shown in Figure 5.16b. Calcium accumulation slightly 

increased in presence of all the coatings. However, no significant difference was 

observed. 

Finally, the high statistical error observed in the different tests may be due to the 

high donor variance as cells were obtained from different donors. To overcome 

this issue, more data should be obtained from a larger number of donors.  
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Figure 5.16: (a) Enzyme activity of tissue non-specific alkaline phosphatase (TNAP) of 

hBMSC at day 11. (b) Calcium (phosphate) accumulation around hBMSC at day 22. The 

results are shown as mean (n = 4, two technical repetitions) and bars represent standard 

error of the mean. The values are percentage of Ctl (uncoated glass). Significant differences 

are indicated with * (p<0.05). 

5.4. Conclusions 

WPI fibrils have been successfully produced and used to coat different substrates 

including glass and Ti6Al4V alloy discs. WPI fibrils withstood autoclave 

sterilisation which is an advantage as it is a clinically accepted method. WPI 

fibrillar coatings were also enriched with biomolecules such as PG and TAs, which 

do not affect the fibrils. 

For WPI/PG coatings, SEM images clearly showed the presence of BM-MSCs 

attached to the coatings. Moreover, metabolic activity of unstimulated and biofilm-

stimulated BM-MSCs was similar after 48h for all sample groups which suggest 

that the WPI/PG coatings do not have a negative impact on cells. These tests also 

demonstrated a significant decrease in metabolic activity when cells have been 

stimulated with biofilm likely due to the release of factors from the biofilm which 

may impact cell function. The expression of RUNX and COL1A1 genes (early key 

markers of bone formation) increased in presence of PG, especially with the 

highest concentration (0.5%) which had been added after WPI autoclaving. The 

expression of genes relative to matrix mineralisation (ALP, OP, and BGLAP) was 

also significantly increased in the presence of the high concentration of PG. Hence, 
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a high PG concentration may promote early and late bone formation. Finally, the 

pro-inflammatory response, represented by the genes IL1a, IL1b, and IL8, was 

significantly reduced for the high concentration of PG which proves the anti-

inflammatory properties of PG as previously shown [98]. 

Regarding WPI/TAs coatings, the metabolic activity of cells in contact with the 

coatings did not increase or decrease. Therefore, the coatings do not have a 

negative impact on cell viability. TNAP activity and calcium deposition slightly 

increased in presence of the coatings. However, a high statistical error was 

observed due to the high donor variance. Therefore, the number of cells and 

samples to be tested should be increased to overcome this issue. 

To conclude, PG-enriched WPI fibrillar coatings constitute an inexpensive 

promising strategy to coat implants for bone repair as they may improve bone 

formation and mineralisation as well as reducing inflammatory response. 

WPI/TAs coatings may be another strategy to use, but further work needs to be 

performed to clearly identify the effect of the coatings on cells. 
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Chapter 6. General 

conclusion 

The objective of this research was to develop coatings rich in primary amines by 

using two different strategies, namely plasma polymerisation and protein fibrils 

made from whey protein. 

In Chapter 4, which concerned the plasma polymerisation technique, it was 

demonstrated that the retention of primary amines could be controlled by using 

specific plasma conditions (pressure and power). Allylamine plasma polymer 

coatings were produced and deposited onto silicon wafers by using two plasma 

regimes which are the ɑ regime (2 Pa and 30 W), and the γ regime (20 Pa and 5.5 

W). It was shown by XPS that the atomic composition of both coatings was similar 

in terms of carbon and nitrogen. The quantification of primary amines was 

performed by chemical derivatisation using TFBA. Despite a similar nitrogen 

composition, the concentration of primary amines was estimated to be doubled for 

the coatings made using the γ regime compared to the ɑ regime. Moreover, same 

test was performed on allylamine samples made at the UoLiv for comparison as 

the reactors were not the same. The density of primary amine groups was higher 

on the samples made in the γ regime compared to the ɑ regime. The analysis of the 

plasma phase made by the UoLiv clearly demonstrated that the use of high 

pressure and low power leads to less fragmentation of the allylamine molecule. 

Therefore, the use of a combination of high pressure and low power (γ regime) 

during the plasma deposition process may result in better retention of primary 

amines.  

In Chapter 5, whey protein fibrillar coatings were successfully produced on glass 

and Ti6Al4V alloys. These coatings withstood autoclave sterilisation which is an 

important advantage since this sterilisation method is clinically accepted and 
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widely used in hospitals. Moreover, additional biomolecules were added such as 

PG and TAs. The addition of these biomolecules did not impact the fibrillar 

structure. 

WPI/PG coatings seemed to positively influence cell behaviour. Indeed, SEM 

images clearly showed the presence of BM-MSCs attached to the coatings. 

Moreover, metabolic activity of unstimulated and biofilm-stimulated BM-MSCs 

was similar after 48h for all sample groups which suggest that the WPI/PG 

coatings do not have a negative impact on cells. Finally, the expression of genes 

related to bone matrix formation and mineralisation was significantly increased in 

the presence of PG, especially with the highest concentration (0.5%) which has 

been added after autoclaving of the coating. The expression of genes related to pro-

inflammatory response was significantly reduced for the high concentration of PG 

added after autoclave sterilisation. Antibacterial tests such as susceptibility tests 

and bacterial attachment studies were performed. Susceptibility tests were not 

successful, but the attachment of bacteria was different depending on the sample 

group. 

Regarding WPI/TAs coatings, the metabolic activity of cells was not impacted by 

the coatings which shows that they do not have a negative impact on cell viability. 

TNAP activity and calcium deposition slightly increased in the presence of the 

coatings, but a high statistical error was observed due to the high donor variance.  

As a general conclusion, coatings rich in primary amines were successfully 

produced with two different strategies. One with plasma technology which is a 

technique that can be easily scalable to coat homogeneously a high variety of 

biomaterial geometries. Protein coating with whey protein fibrils constitutes a 

novel and promising method to coat biomaterials to improve cell behaviour such 

as for bone implant applications. Further work needs to be performed as it will be 

described in Chapter 7. 



Chapter 7. Further work 

 125 

Chapter 7. Further work 

Regarding plasma polymerisation to obtain coatings rich in primary amines, 

testing of the stability of the coatings needs to be performed in order to do 

biological tests. This could be performed at physiological pH in a cell culture 

medium. Cell tests may be further performed to check the differences in terms of 

cell behaviour on allylamine plasma polymer coatings made in the γ regime 

compared to the ɑ regime. Further molecules could be linked to these chemical 

functionalities to endow new properties to the coating such as antimicrobial 

properties which would require antibacterial assays. A bacterial attachment study 

could also be performed to see if a difference can be observed between the 

coatings made at the different plasma regimes. 

For whey protein fibrillar coatings, the adsorption of fibrils may be improved by 

activation of the surface by air or oxygen plasma before fibril adsorption. This 

would also help to increase the incorporation of molecules inside the fibrillar 

network. Moreover, further cell tests may be performed to avoid the problem of 

high donor variance. A complete microbiological study is also necessary to be 

conducted, for example by studying alive/dead bacteria on the coatings.  
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Appendix A. XPS spectra of polymers 

 

Figure A.1: XPS wide survey spectra of PP (a) before and (b) after TFBA derivatisation. 
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Figure A.2: XPS wide survey spectra of PS (a) before and (b) after TFBA derivatisation. 
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Figure A.3: XPS wide survey spectra of PET (a) before and (b) after TFBA derivatisation. 
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Figure A.4: XPS wide survey spectra of N6 (a) before and (b) after TFBA derivatisation. 
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Figure A.5: XPS high-resolution normalised spectra of (a) PP, (b) PS, (c) PET, and (d) N6 

before (black line) and after (red line) TFBA derivatisation. 
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Appendix B. XPS analyses of allylamine 

plasma polymer coatings made at 

UoLiv 

AApp coatings were made at UoLiv by Dr. Stephane Simon and Prof. James Bradley 

in a different plasma reactor. The derivatisation of these coatings and the XPS 

analyses before and after derivatisation were performed at Lancaster University. 

 

Figure B.1: Schematic diagram of the plasma reactor and experimental set-up used at the 

UoLiv to produce allylamine plasma polymer coatings. 

Figure B.1 represents the schematic diagram of the plasma reactor used at the 

UoLiv where some AApp coatings were made for comparison with some made at 

Lancaster. 

XPS analyses were performed before and after derivatisation for AApp3 (2.7 Pa – 

20 W) and AApp4 (80 Pa – 5 W). Representative XPS wide scan spectra are shown 

in Figure B.2 for AApp3 and Figure B.3 for AApp4. High resolution spectra of 

carbon and fluorine are shown in Figure B.4. 
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Figure B.2: Representative XPS wide scan spectra of AApp3 (2.7 Pa – 20 W) (a) before and 

(b) after TFBA derivatisation. Fluorine peak appears at 689 eV after derivatisation. 
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Figure B.3: Representative XPS wide scan spectra of AApp4 (80 Pa – 5 W) (a) before and 

(b) after TFBA derivatisation. Fluorine peak appears at 689 eV after derivatisation. 
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Figure B.4: (a) C1s with an insert graph corresponding to the CF3 peak before (CTL) and 

after TFBA derivatisation, and (b) F1s high-resolution spectra after derivatisation of AApp 

coatings. C1s peaks are fitted with different carbon-nitrogen and carbon-oxygen 

environments. CF3 environment clearly appeared after derivatisation for both coatings. The 

areas of CF3 and F peaks are slightly higher for AApp4 compared to AApp3. 
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Appendix C. AFM analyses of the WPI 

fibrillar coatings 

WPI fibrillar coatings were analysed by AFM images as shown in Figure C.1. 

Diameters d of WPI fibrils were d = 20.2 ± 2.5 nm for [WPI+PG0.1%] and d = 22.0 

± 1.7 nm for [WPI+PG0.5%], showing that fibril diameter seems unaffected by PG 

concentration as previously mentioned with the SEM images. Surface coverage 

was estimated to be about 33% and 49% for WPI+PG0.1% and WPI+PG0.5%, 

respectively (Figure C.2).  

 

Figure C.1: AFM images of (a) WPI, (b) [WPI+PG0.1%] and (c) [WPI+PG0.5%] fibril 

coatings. XY scale bar: 2 µm. Z scale bar: (-20;+20) nm. 
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Figure C.2: AFM surface coverage associated to WPI+PG0.1% and WPI+PG0.5%.  
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Appendix D. SEM image of the biofilm 

used for the in vitro tests 

 

Figure D.1: SEM image of the biofilm used for the in vitro tests, constituted of 4 bacteria, 

namely Streptococcus oralis, Fusobacterium nucleatum esp. polymorphum, 

Aggregatibacter actinomycetemcomitans, and Porphyromonas gingivalis. 

A biofilm image used in the study is shown in Figure D.1. The different bacteria 

that form the biofilm are all present in the oral cavity and can be responsible of 

different infections, for example: 

- Streptococcus oralis: meningitis. 

- Fusobacterium nucleatum esp. polymorphum: Lemierre's syndrome. 

- Aggregatibacter actinomycetemcomitans: periodontitis. 

- Porphyromonas gingivalis: gingivitis, periodontitis. 
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Appendix E. Minimum inhibitory 

concentration test of PG 

This test was performed by Dr. Bethany Lee Patenall from Bath University whom I 

would like to acknowledge. 

The minimum inhibitory concentration (MIC) of phloroglucinol was assessed 

against four species of bacteria: two Gram-positive species Staphylococcus aureus 

(S. aureus), Enterococcus faecalis (E. faecalis) and two Gram-negative species 

Pseudomonas aeruginosa (P. aeruginosa) and Escherichia coli (E. coli) to assess 

which species are theoretically more susceptible. 

Following a clinical laboratory standards institute (CLSI) protocol, the MIC was 

determined at being between the lowest concentration of a drug which inhibited 

bacterial growth and the highest concentration of a drug with allowed for bacterial 

growth. 

Bacterial growth corresponds to an increase in absorbance measurable at 600 nm. 

As the number of bacteria increase so will the absorbance reading. Shaking is used 

to promote turbidity, if shaking is not used bacteria are able to form biofilms. 

Bacteria were maintained in 15% (v/v) glycerol freezer stocks at -80°C. As 

required they were streaked out onto appropriate media to obtain single colonies. 

S. aureus was grown on tryptic soy agar (TSA), P. aeruginosa and E. coli were grown 

on Luria-Bertani (LB) agar and E. faecalis on brain-heart infused (BHI) agar. 

Overnight (ON) cultures of bacteria were made by inoculating a single colony into 

10 mL of Muller Hinton (MH) broth and incubated for 18 h at 37°C with shaking at 

200 rpm. 

For MIC experiment, subcultures were created to a starting optical density (OD) of 

0.1 (~105 CFU/mL). Phloroglucinol (1% w/v) was serially diluted in MH broth in 

a 96 well plate to a final volume of 200 mL. 200 mL of MH broth was used as a 

negative control and 200 mL of subculture was used as a positive untreated 

control. This was done in triplicate. The plate was placed into Omege FLUROstar 
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plate reader at 37°C for 18 h with absorbance readings at 600 nm every 4 minutes 

and shaking at 200 rpm. 

As shown in Figure E.1, S. aureus did not grow which is likely due to a dead strain. 

MIC for other strains E. faecalis, P. aeruginosa and E. coli was 2.5 mg/mL (1 in 4 PG 

dilution correspond to 2.5 mg/mL). 

 

Figure E.1: Growth comparison at 0 h and 18 h for (A) S. aureus, (B) E. faecalis, (C) P. 

aeruginosa and (D) E. coli. MIC is highlighted in black boxes. 
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