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Abstract 

Development of antibacterial surfaces is a technological strategy of great 

importance in different healthcare and economic spheres, due to the 

versatility of using a variety of bulk materials with customised surface 

functionality. Currently, these antibacterial functionalised materials are 

needed given the antimicrobial resistance has become a major threat for the 

healthcare and food-production sectors worldwide. This thesis presents 

introductory discussion about what antibacterial surfaces are and why they 

are important, explains experimental techniques used, and proposes three 

different approaches of antibavcterial coatings whose chemical properties 

were studied and corelated to their corresponding antibacterial activities. 

The first proposed approach is the surface immobilisation of chitosan 

on pulsed plasma deposited poly(glycidyl methacrylate) coatings, where 

amine and hydroxyl groups of chitosan undergo nucleophilic substitution with 

epoxide groups of the plasma deposited films leading to surface tethering of 

the biopolymer. These cloths were effective at killing Staphylococcus aureus 

and Escherichia coli. 

The second approach is the atomised spray plasma deposition of 

poly(acrylic acid) coating, that displayed high antibacterial efficiency against 

E. coli which is attributed to the high retention of the functional carboxyl 

group and its easiness to be deprotonated in aqueous media. 

The third proposed approach is the atomised spray plasma deposition 

of metallosurfactant/polymer coatings that showed high antibacterial 

efficiency against S. aureus and E. coli within minutes of interaction time, 

due to the antibacterial properties of metallosurfactants where metal ions 

were complexed with cationic or non-anionic with doubly hydrophobic alkyl 

chain surfactants. An estimation of the possible antibacterial mechanism is 

discussed by testing different mutant E. coli strains. Furthermore, these 

samples showed antibacterial activity after reuse from one antibacterial test 

to another for several times after rinse with water. 

The work concludes with an overall discussion and conclusion about 

the three experimental approaches, and with corresponding appendices 

showing detailed data from antibacterial test results.  
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1.1. Antibacterial Surfaces 

 

1.1.1. Introduction 

 

Antimicrobial resistance (AMR) is a major threat for the healthcare and food-

production sectors worldwide.1 AMR has been worsening during the last 

decades due to the emergence of drug-resistant microorganisms, in part due 

to inappropriate usage of antibiotics in human and animal health.2,3 This has 

resulted in higher medical costs and increasing mortality, due the lack of new 

antimicrobial agents to treat these so-called “superbugs”.4,5 There will be 

consequences for multiple different sectors regarding AMR, if new 

antimicrobial agents or approaches are not developed. For healthcare, the 

current antimicrobial agents may not be effective for certain human infections 

over the next 30 years with the costs linked to bacterial infection estimated to 

be 3.1% GDP (ranging from 2.3% in all Organisation for Economic Co-

operation and Development, Europe Union, and European Economic Area 

countries, to 10% in Sub-Saharan Africa in the absolute resistance 

scenario),6 and it is estimated that antimicrobial resistance will be the cause 

of a total of 350 million deaths, according to the World Health Organization 

(WHO).7 To overcome this problem, different approaches have been 

employed to mitigate the spread of multi-drug resistant bacterial diseases 

propagated through contaminated surfaces due to biofilm formation. The 

work presented in this thesis proposes three different approaches for the 

immobilisation of antibacterial agents onto surfaces by applying diverse 

precursors and techniques, which can be adapted to a variety of uses.   

 

 

1.1.2. Antibacterial Resistance 

 

Antibacterial resistance is a natural evolutionary process in bacteria, driven 

by mutation of antibiotic targets within cells, transmission of resistance traits 

between strains and species and other environmental factors. Where 
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antibiotics are in regular use, either in their environment or in their host (e.g., 

humans, animals or plants), a selective pressure is imposed whereby only 

resistant organisms can survive and proliferate.8–11 Consequently, bacteria 

naturally evolve mechanisms or enzymatic alterations to resist antimicrobial 

agents.12,13 Bacteria are able to develop resistance through different routes, 

including the following mechanisms: (a) modifications to block entry of 

antibiotics by altering porins on the bacterial cell wall, sometimes leading to 

antibiotic degradation before it reaches the periplasmic space; (b) mutation 

of penicillin binding proteins (PBPs), by changing their active sites, 

diminishing sensitivity towards penicillins, cephalosporins, and other β-

lactams; (c) enzymatic inhibition: bacteria produce enzymes to deactivate the 

antibiotic; (d) alteration of the target molecule: producing a decreased affinity 

of the antibiotic; (e) efflux pumps: some Gram-negative bacteria have the 

capacity to pump out antibiotics preventing an effective antibiotic 

concentration inside the bacterial cell; Figure 1. 1.12–15 

 

 

Figure 1. 1: Mechanisms of antibiotic resistance in bacteria: (a) blocking entry of 
antibiotic into the bacterial cell by porin mutation; (b) blocking entry of antibiotic into 
the bacterial cell by mutation of PBPs; (c) enzymatic inhibition; (d) alteration of 
target molecule; (e) efflux pumps.13 Figure adapted from Tortora et al.12 

 

 



 
 

4 
 

Furthermore, the frequent use of antimicrobial agents against microbial 

infections or contamination has led drug-resistant microorganisms to survive 

or multiply despite being exposed to antimicrobial agents in doses equal or 

higher than recommended, making them ineffective, reducing infection 

treatment options.9,16–19 Therefore, in order to successfully manage bacterial 

infection, it is important to promote public awareness, and global 

surveillance, funds, and coalition to achieve genuine action. This could 

include preventing the spread of infections with proper sanitation, reducing 

antibiotic use, investing in new and alternative antimicrobials, accurately 

check bacterial susceptibility to antibiotics and determine their ability to 

suppress and to kill bacteria, so the chemical agents are not used 

irresponsibly, as well as to recognise and support scientists working in this 

field.2,20 For instance, in the United Kingdom (UK), the Advisory Committee 

on Dangerous Pathogens (ACDP) provides advice to workers and others at 

risk from exposure to dangerous pathogens (i.e., biological or infectious 

agents) in the workplace or through workplace activities.21 ACDP lists 

biological agents per hazard groups, from low risk to high risk. However, 

institutions worldwide have different hazard classification, depending on 

geography, the incidence of microorganisms, their vectors, associated 

diseases and levels of hygiene.22 

Nevertheless, apart from the aforementioned main antibiotic resistance 

mechanisms of individual bacteria, the formation of bacterial biofilms 

increases the antibacterial resistance even more by physically obstructing 

antibacterial agent penetration inside the bacterial cell.12 Thus, the 

susceptibility of biofilms to antimicrobial agents should be tested against 

biofilm-associated organisms simulating conditions in vivo, rather than 

standard microdilution testing that relies upon the response of planktonic 

bacteria instead of surface-associated structures.23 Therefore, new and 

alternative strategies are needed to limit infections and contamination on 

surfaces, which are of high importance for biomedical, commercial, and 

industrial fields, and domestic use.  
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1.1.3. Biofilms 

 

Bacteria rarely live in isolated single-species colonies, and if they grew in a 

uniform monolayer, nutrients would not be able to reach the lower depths of 

the film, and toxic wastes could accumulate. Instead, they collaborate to live 

in macroscopic communities known as biofilms, which are complex 

structures whose morphology and physicochemical composition vary 

depending on the type or microbes present, strains, surface involved, and 

environmental conditions.24–26 Chemically, biofilms are composed of an 

exopolysaccharide matrix (i.e., glycocalyx27), containing organised bacterial 

microcolonies with functional heterogeneity, proteins, teichoic acids, and 

extracellular DNA,24 allowing aggregation and cell-to-cell communication 

between cells, and form synergistic microconsortia, with their interactions 

and gradients.27 The biofilms’ morphology can consist of amorphous, 

mushroom- or pillar-like structures separated by water-filled spaces that 

expose bacteria to a continuous flow of nutrients, developing an extracellular 

digestive system that also allows the excretion of waste through the current 

flow.27,28 These physical and chemical features protect biofilms from 

degradation, desiccation, ultraviolet (UV) radiation, host humoral responses, 

antibiotics, and other chemicals which are sufficiently toxic to damage free 

bacterial cells.23,24,29,30 This means that bacteria in nature are more resistant 

to antimicrobial agents than if it were an isolated single bacterium-type 

colony, so antimicrobial agents that effectively work for a single cell may not 

work for the same kind of bacteria when found in a biofilm. 

Biofilms appear when a single bacterium attaches to an organic or 

inorganic surface, although they can be made up of more than one bacterial 

species.31 They have production cycles that generally comprise five steps: 

(a) attachment of single planktonic bacteria onto a surface by 

physicochemical forces such as hydrophobic, electrostatic, and van der 

Waals; (b) transition from reversible to irreversible attachment by secreted 

extracellular polymers; (c) early development of biofilm complex, by 

producing molecules on the bacterial cell surface that recognise adhesive 

molecules in the matrix, leading to agglomeration and development of the 
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biofilm matrix; (d) biofilm growth from microcolonies into a mature adhesive 

matrix that traps nutrients from the environment to continue the life-cycle, 

whose structure is specific for each bacteria species; and (e) dispersion of 

single cells from the biofilm to restart the cycle on a fresh surface and 

increase the biofilm extension.24,32 Figure 1. 2. 



 
 

7 
 

 

 

Figure 1. 2: Steps of biofilm formation: (a) attachment of single bacteria cells; (b) transition from reversible to irreversible attachment; (c) early 
development of biofilm complex; (d) biofilm growth into a mature adhesive matrix; (e) dispersion of single cells to restart the biofilm cycle.12,24 
Figure adapted from Tortora et al.12 Biofilms are expressions of bacterial group behaviour. Cell density alters gene expression in bacterial cells 
in a process known as quorum sensing, which is the ability of bacteria to communicate and coordinate behaviour, so they secrete a signalling 
chemical (i.e., inducer) to the surrounding medium in order to attract more bacterial cells and promote biofilm-forming behaviours.12,23  
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As expected, the aforementioned physicochemical features of biofilms 

promote resistance to antimicrobial agents.33,34 The mechanisms of 

resistance in the biofilm implies the physical exclusion of the antimicrobial 

agent at the time the cell density increases and individual bacteria in the 

biofilm improve their antimicrobial resistance.32 When pathogens form 

biofilms on tissues (e.g., organs, mouth, bones) or surfaces disturbing their 

proper functionality (e.g., medical devices, lenses, pipes), this can result in 

infection or disease for humans, plants, animals, pipes, and biomedical 

devices, because bacterial biofilms exhibit a significantly decreased 

susceptibility (10–1000 times32,35) to antimicrobial agents, compared to 

isolated bacteria.24,32,36,37 Approximately 70% of human bacterial infections 

are estimated to involve biofilms.12  

 

 

1.2. Antibacterial Emerging Approaches and Technology 

 

Different approaches have been proposed to combat infections caused by 

bacterial biofilms,24,38 given that they can interact with non-living matter 

surfaces in hospitals (e.g., bedrails, medical instrumentation, biomedical 

devices, catheters, etc.), homes (e.g., kitchens and toilets), and other public 

spaces (e.g., public toilets, restaurants, libraries, etc.) colonising them and 

making the bacteria within these complexes much more difficult to 

eradicate.9,28  

Furthermore, various microorganisms relevant to public health 

represent a problem due to the infections and diseases they cause when 

forming biofilms. For instance, in the medical field, E. coli-containing biofilms 

can cause biliary tract infections, bacterial prostatitis and infections in urinary 

catheters,39 while S. aureus-containing biofilms can grow on contact 

lenses,40 mechanical heart valves, arteriovenous shunts, protheses and 

orthopaedic devices, representing a leading cause of nosocomial infections 

together with S. epidermidis.41,42 In addition, varied infections and diseases 

also occur in both animals and humans due to the presence of biofilms in 
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non-medical areas such as water supplies and food products.43 Overall, up to 

80% of microbial infections in humans are related to biofilms.39,44 

These diseases represent a critical problem due to their increment and 

reappearing, in addition to the emerging infectious diseases (EIDs) (i.e., 

bacterial diseases are not static27) which are infections that either appeared 

or evolved, and are increasing in incidence;45,46 however, EIDs depend on 

different factors to emerge,12 Figure 1. 3. The risk that those factors present 

depends on the geographical location of study because the environmental 

characteristic of a place directly affect the incidence of certain infectious 

diseases.9,47 For instance, some regions in the world report specific resistant 

strains (e.g., Mycobacterium tuberculosis), while other countries report 

specifically insect-borne, bacterial-, and sexually transmitted infections, and 

AMR in general as major concerns, independently of the practices 

undertaken and structures designed to address the AMR issue.48,49 

 

 

Figure 1. 3: Factors that contribute to the emergence of an infectious disease.12 

 

 

To address the antimicrobial resistance problem, there has been some 

research to find efficient antimicrobial agents, approaches, and medical 

procedures, such as international action plans,50–52 novel antibiotics and 

vaccines,53–55 metals,56,57 metal complexes,58,59 novel materials,60 

nanomaterials,61 application of plant-derived antimicrobials,62–64 alternative 

therapies,33,65,66, rapid antibiotic susceptibility tests to avoid the widespread 
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overuse and misuse of antibiotics,67–69 application of electromagnetic fields,70 

and antimicrobial surfaces.71–75   

It is worthy of mention that the use of materials coated with immobilised 

antimicrobial agents, applying different techniques, is a field that is rapidly 

expanding, and flexibility is required to adapt to the specific needs of the 

application.76 Thus, this thesis presents the synthesis and processing of 

antibacterial coatings, that offer alternatives to overcome infections occurring 

on everyday surfaces due to biofilm formation. 

 

 

1.2.1.  Antibacterial Surfaces 

 

The concept of “antibacterial surface” corresponds to the surface of any 

material or agent that works to kill, prevent, or limit the growth and 

proliferation of bacteria. Antibacterial surfaces are considered important 

strategies to prevent the formation of intractable biofilms, rather than to 

develop an approach to remedy already colonised surfaces, and prevent 

infections derived from biofilm contamination.77 

Given the current situation, several research groups are working on the 

development of intelligent materials to overcome and prevent infections 

caused by biofilms.78 Regardless of the processing technique employed, 

antibacterial coatings are aimed at generating materials with bioactive 

properties, while retaining mechanical properties and enhancing features of 

the bulk material; those coatings must satisfy mechanical, tribological and 

chemical characteristics that make them compatible with the bulk material.75 

Furthermore, antibacterial coatings can be classified as antibacterial agent 

release, bacteria repelling, and contact killing coatings.75 

The classification of antibacterial coatings is made according to the way 

the coatings interact with and against bacteria.79,80 Therefore, antibacterial 

agent release coatings, as its name suggests, leach antibacterial agents to 

the surrounding environment over time, killing bacteria on top and around the 

treated surface,75 such as the antibacterial coatings in Chapter 5. Bacteria 

repelling coatings are surfaces that resist bacteria attachment and possess 
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antimicrobial properties due to their complex topography rather than 

containing antimicrobials, without compromising cell compatibility for 

biomedical applications.75  

Finally, contact killing coatings are developed either by creating 

nanostructured patterns that induce bacterial cell death by mechanical 

means,81 or by immobilising antibacterial agents onto surfaces, which directly 

interact with pathogenic bacteria without releasing the bioactive agents,82 

such as the antibacterial coatings in Chapter 3 and Chapter 4. Nevertheless, 

these contact-killing antibacterial coatings have different antibacterial 

mechanisms due to their particular surface chemistry or physical nanopattern 

which lead to specific interactions against bacterial species.81 On one hand, 

for the case of immobilised antibacterial agents onto surfaces, the 

mechanism of antibacterial activity will vary depending on the chemistry of 

these antimicrobial agents and the interacting bacterial species themselves, 

because chemical surface changes allow different interactions against 

bacteria;83 for instance, specific agents (e.g., charged molecules,84–87 metal 

ions,88 functional polymers,89 or combination of them) either kill or repel 

bacteria due to the nature of their characteristic functional groups, whilst 

antimicrobial complexes (e.g., antimicrobial peptides90–92) with non-specific 

antibacterial mechanism reach multiple targets of bacterial cells, resulting in 

a versatile approach to prevent diverse bacterial growth on surfaces. On the 

other hand, up to date there is no standardised antibacterial mechanism of 

nanopatterned surfaces due to the differences among specific geometric 

parameters at the nanoscale and, consequently, their antibacterial activity 

will depend on the elasticity of each particular bacterial cell wall species 

when they interact with these surfaces.81–94  

Antimicrobial coatings represent useful strategies to prevent pathogens 

becoming resistant by supporting existing hygiene procedures and avoiding 

antibiotic-resistant bacterial attachment or development on surfaces, since 

high-touch surfaces are associated with infections.95–98 Furthermore, the 

development of antimicrobial surfaces is not limited to bacterial infections 

(e.g., Staphylococcus aureus MRSA99), but also diseases caused by other 

type of pathogenic microorganisms, such as the fungal pathogen, Candida 

auris,100 influenza101 and Ebola viruses,102 and more recently, SARS-CoV-
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2,103,104 which was declared as the cause of the COVID-19 pandemic by the 

WHO in March 2020.105 Finally, it is noteworthy to mention that antimicrobial 

coatings should be carefully designed and studied under relevant 

environments (i.e., in laboratory and on site), so they do not promote the 

spread of AMR instead of eliminating infectious microorganisms,96 or 

processed to remain either permanently adhered to the bulk material or not, 

depending on their final application (e.g., wound dressings, contact lenses or 

prosthesis such as breast implants).40  

 

 

1.2.2.  Plasma Processing of Antibacterial Surfaces 

 

The current need for versatile antibacterial materials has had an impact in all 

branches of surface science research, where plasma science and 

engineering has been relevant in the field of antibacterial surfaces and 

coatings due to the observed decrease of materials performance when they 

get contaminated by microorganisms, and the corresponding consequences 

to human health.74,106  

Antimicrobial coatings fabricated using plasma surface modification or 

surface functionalisation techniques are of great importance in different 

industrial and health-care sectors because the surface changes made occur 

on the topmost layer of materials without altering their bulk characteristics;106 

the processing of plasma coatings takes place under a controlled reactive 

environment which has an overall ambient temperature, making it amenable 

for a variety of solid substrate materials requiring physicochemical changes 

on their surface.107  

For the case of plasma surface functionalisation, the application of a plasma 

treatment has a limited efficacy since antimicrobial action is usually a 

complex mechanism which is beyond of being affected by a single chemical 

group.107 On the other hand, plasma polymers offer a variety of 

functionalities for different antibacterial approaches including being used as 

carrier matrices for antimicrobial agents such as nanoparticles or metal ions, 
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or as interlayers for further covalent surface immobilisation of antimicrobial 

organic compounds, and as covalently grafted antibacterial coatings which 

offer a permanent surface chemical composition functioning for long periods 

of time.107,108 All these is particularly useful for metals109 and inert materials 

such as polypropylene, polyethylene, or polytetrafluoroethylene, which are 

widely used in the medical and food sectors.110–113 

The versatility of plasma surface applications rely on their ease of deposition, 

good adherence on most solid substrate materials while providing with 

reactive chemical surface groups.107 Overall, plasma processing provides 

with a variety of options to either functionalise or modify a solid substrate, 

whose antibacterial mechanism of the tunned antibacterial surfaces will 

depend on their physical and chemical features.72,114,115.  

 

 

1.3. Thesis Scope 

 

Humans can acquire bacterial infectious diseases through different routes, 

such as, the respiratory tract, oral cavity and digestive system, eyes, skin 

and genitourinary system; acquiring such infections is not only restricted to 

physical contact with other people or animals but also may be transmitted 

indirectly through objects.9 Since we are surrounded by different surfaces, it 

is critical to maintain high hygiene standards to prevent infectious diseases,9 

and maintain high cleaning standards in places such as hospitals and work 

environments.2 However, broad-spectrum antibacterial surfaces may 

augment these procedures for a range of healthcare and commercial 

applications (e.g., in biomedical and industrial settings) to restrict and 

eliminate bacterial pathogen growth as planktonic cells and also within 

biofilms.75,95,116 Furthermore, although regularly used materials lack or have 

low antibacterial properties, they are still preferred due to their bulk 

properties. Hence, this present research focuses on the immobilisation of 

antimicrobial agents onto different surfaces in order to prevent bacterial 

growth, while taking advantage of the bulk material properties.  
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The aim of this work is to test and understand, by experimental means:  

 

• The physicochemical features, and antibacterial efficiency of the 

proposed coatings (i.e., immobilised chitosan, atomised spray plasma 

deposited (ASPD) poly(acrylic acid), and ASPD (metallosurfactant / 

polymer) coatings), to determine whether they are capable of 

preventing bacterial colonisation, thus limiting the spread of infections 

and, 

• Estimate the antibacterial mechanism of ASPD (metallosurfactant / 

polymer) coatings in chapter 5 by testing these coatings against 

Gram-negative Escherichia coli mutant strains. 

• To evaluate the effectivity of the proposed coatings and make the 

corresponding comparisons as antibacterial surfaces. 
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2.1. Plasma Treatment 

 

2.1.1.  Plasma: Theoretical Background 

 

Plasma is known as the fourth state of matter, and it is found in a fully or 

partially ionised gas form. Plasma is composed of electrons, ions, excited 

molecules, radicals, energetic photons, atoms, molecules, fragments, and 

neutral species, and their corresponding concentration depends on the 

ionisation degree of plasma.1–3 In nature, more than 99% of the universe is in 

fully ionised plasma state.4,5  In research laboratories, humanmade plasmas 

are generated by applying enough energy from electrical discharges (direct 

current, radiofrequency or microwave discharges) into a gas or precursor 

vapour (i.e. a non-conducting medium), the applied electric fields strip out an 

electron from the molecule leading to ionisation of the gas. Therefore, 

plasma can be classified according to their ionisation degree: full, partial, or 

weak.2,6,7 

Fully ionised plasmas exist in natural forms such as stars, aurora 

borealis, or humanmade plasmas such as thermonuclear fusion plasmas. 

These are in complete thermodynamic equilibrium—the temperature of 

electrons and ions are the same as to the plasma temperature due to the 

high energy and temperature conditions, and thus, unable to be used for 

plasma material processing. Partially ionised plasmas are in local 

thermodynamic equilibrium (thermal plasmas)—it may be possible that under 

certain conditions, the electron and ion temperatures are equal to the plasma 

in a local volume of Debye length dimension; or weakly ionised plasmas in 

non-local thermodynamic equilibrium (cold plasmas) in which the plasma 

temperature remains at room temperature whereas the electron temperature 

(Te) is ~104–105 K. For the case of cold plasmas, the energetic electrons are 

the source of energy for the material processing and surface functionalisation 

while the overall plasma temperature remains at room temperature, 

minimising potential surface damage for thermal irradiation.7,8  
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Plasma technology and materials processing require optimisation of 

plasma equipment which relies on several physical parameters such as 

electron temperature, ionisation degree, Debye length, and plasma sheath, 

that affect the plasma reactivity and efficiency:2 

 

• Electron temperature: in non-local equilibrium plasmas (cold 

plasmas), the electron temperature is much higher than the ion (T i) or 

plasma temperatures (Tp): (Te >> Ti ≈ Tp); therefore, electrons are the 

most energetic particles in the plasma, which gain the kinetic energy 

from the applied electric field, and transfer their kinetic energy to other 

particles through inelastic collisions which can lead to the ionisation 

process. The mean kinetic energy of the electrons is 2–4 eV for cold 

plasmas in material processing.2 

• Ionisation degree: the ionisation degree (α) parameter defines the 

density of charged particles in the plasma phase—the electron density 

(ne), and the ion density (ni) are equal (ne ≈ ni)—in respect of the total 

amount of particles (nn) in the gas. In cold plasmas, the typical 

ionisation degree is ~10-4–10-7, Equation 2. 1.2,9   

 

 

α =
ne

ne + nn
 

Equation 2. 1 

  

  

• Debye length: the Debye length is the microscopic scale unit where a 

significant charge density exists, causing local concentration of 

positive and negative electric charges. At scales larger than the 

Debye length, quasineutrality exists in the plasma phase where there 

is an equilibrium between electron and ion densities (ne ≈ ni).2 

• Plasma sheath: the plasma sheath is a region which develops a 

negative potential relative to the plasma bulk close to any surface. 

The most energetic electrons reach the wall surface where the plasma 

is confined, developing a negative potential and repelling the less 
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energetic electrons. Then, the ions which reach the surface are 

accelerated towards the surface by the gradient potential. Once the 

electron and ion fluxes reach a flux equilibrium at the wall surface, the 

wall surface develops a positive potential where ni >> ne.2,10  

 

The non-equilibrium behaviour of cold plasmas implies that there are 

different temperatures and ranges of energy for each of the individual 

species present in the plasma phase, representing an advantage for 

potential chemical reaction pathways, where electrons provide with the 

energy (enthalpy) to promote such reactions which are not possible by 

conventional chemistry procedures.6 

 

 

2.1.1.1. Plasma chemistry 

 

Plasma chemistry is about the chemical reactions occurring in the plasma 

phase (gas phase), and at the plasma–surface interface when a solid surface 

is exposed to plasma.2 For any of these chemical reactions, the electron 

energy plays an important role because electrons distribute their energy 

through collisions with other species, producing different reaction pathways 

in the plasma phase and at the plasma–surface interface, providing with the 

energy to facilitate the chemical treatment on the surface.10 

 

 

2.1.1.2. Chemical Reactions in The Gas Phase of Plasma 

 

Electrons in the plasma get their energy from the external electromagnetic 

field so they can sustain the plasma state. Electrons transfer energy to heavy 

species by energetic inelastic collisions leading to different types of 
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reactions, being excitation, ionisation, dissociation, and recombination, the 

main reactions found in the gas phase of plasma.2  

 

Excitation: Collisions between electrons (e−) and neutral species (M2), where 
the core level electron of the latter absorbs kinetic energy, and it is excited to 
a higher energy state, i.e., producing an excited species (M2*),  

• Equation 2. 2.2  

 

e− + M2 → e− + M2
∗ 

 

Equation 2. 2 

 

However, this excited state of the molecule last for a short period 

before the excited electron falls back to its ground state, emitting 

electromagnetic radiation energy.10  

• Ionisation: Collisions occurring during ionisation reactions lead to the 

production of positive or negative, atomic or molecular ions (M2
+) 

which maintain the plasma state by producing more electrons through 

the ionisation process, Equation 2. 3.2,10 

e− + M2 → M2
+ + 2e− 

 

Equation 2. 3 

 

Collisions of electrons with electronegative particles can produce 

anionic molecules. However, in the plasma processing, the anionic 

molecules are neglected from the chemical reactions because they 

are repelled by the negative potential formed on the plasma sheath at 

any surface.2  

• Dissociation: Inelastic collisions between an electron and a molecule 

(e.g., M or N) can cause dissociation without leading to ionisation. The 

dissociation of the molecule occurs through its vibrational or electronic 

excitation, Equation 2. 4 and Equation 2. 5.2  
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e− + M2 → 2M + e− Equation 2. 4 

 

e− + MN → e− + M + N Equation 2. 5 

 

• Recombination:  These kinds of reactions can occur between 

electrons and ions (atoms or molecules) due to their opposite 

charges, and between heavy species. When electrons and ions 

recombine, there is a release of a photon. For example, recombination 

of an argon ion (Ar+) with an electron, produces a radiative 

recombination reaction, releasing releases a photon (hv), considering 

Plank’s constant (h) and the radiation frequency (v), Equation 2. 6.2 

 

e− + Ar+ → Ar + ℎ𝑣 

 

Equation 2. 6 

 

 

 

2.1.1.3. Chemical Reactions at the Plasma–Surface 

Interface 

 

The chemical reaction mechanisms at the plasma–surface interface are 

different from those in the plasma phase. The chemical pathways of these 

reactions are mainly radical–radical reactions, and ion bombardment, which 

are accelerated in the plasma sheath towards the surface due to the formed 

negative potential; the main reactions at the plasma–surface interface are 

adsorption, recombination, and polymerisation.2 

Adsorption occurs when radicals (R) and neutral species (M) from the 

plasma phase reach a solid surface; they can be adsorbed on the surface 

and remain in solid state. Then, other neutral species or radicals found in the 



 
 

34 
 

plasma phase as well as on the surface, can react with the adsorbed species 

to combine and form polymers.2 

 

 

2.1.1.4. Plasma Polymerisation 

 

Plasma polymerisation is the formation of polymeric materials under the 

influence of partially ionised plasmas.11 A plasma polymer is a crosslinked 

macromolecular structure where the main repetitive functional group is 

randomly distributed through it, in comparison with well-ordered conventional 

polymers.4 

Plasma polymerisation approach can be carried out not only with 

common polymerisable precursors but also with organic compounds without 

a polymerisable structure, where the resulting films display their own physical 

and chemical properties due to their corresponding deposition mechanisms, 

and tuning of experimental conditions.12,13 Plasma polymerisation allows the 

production of ultrathin pin-hole free polymer coatings, whose chemical 

composition and physical features depends on the precursor and tunning of 

plasma conditions. A key external parameter to optimise the plasma 

deposition conditions is the Yasuda parameter, used to control the energy-

per-molecule ratio (W/F) and, therefore, affecting the precursor flow rate (F), 

working pressure, applied power (W), and reactor configuration, so at the 

end it could be possible to fabricate a polymer coating with optimised 

physical (e.g., mechanical and electrical properties, roughness) and chemical 

(i.e., functional group retention) features.14 

During plasma polymerisation, gas phase and gas-solid phase reactions 

take place through inelastic collision processes to form a plasma polymer 

which is frequently processed as a thin film coating on a solid substrate, 

Figure 2. 1.13 Plasma polymerisation allows modification of solid surfaces 

with practically no alteration of its bulk properties, despite the nature of the 
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substrate; thus, plasma polymerisation is a substrate-independent and room 

temperature process. 

 

 

 

Figure 2. 1: Schematic representation of plasma polymerisation using an 
electric glow discharge under vacuum conditions (or glow discharge 
polymerisation), where present species undertake inelastic collisions, leading 
to the growth of a plasma polymer film. Symbols denote: e−, electrons; VUV, 
vacuum ultraviolet radiation; hv, photons; M, neutral species; M+, positive 
ions; M*, excited particles; R, radicals. Schematic adapted from Thiry et al.15 

 

 

Nevertheless, , plasma polymerisation could be performed under 

continuous wave (CW) or pulsed regime; therefore polymer films grow under 

different conditions where the polymer chemistry, polymer growth rate, and 

crosslinking degree varies according to the active species in the plasma bulk, 

power input, and physicochemical properties of precursor.13 
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2.1.1.5. Continuous Wave Plasma Deposition 

 

Continuous-wave (CW) plasma deposition causes fragmentation of the 

monomer reducing the availability of the precursor functional groups and 

leads to the formation of rigid high-crosslinked networks with little or no 

repeating structure with respect to the original precursor molecule but, at the 

same time, these networks are stable in aqueous solutions.16 

Furthermore, processes undertaken under CW regime, are generally 

associated with high functional retention when used at low input power or 

deposition downstream, being specifically plasma-phase reactions of the 

ion–molecule rather than radical–radical or radical–neutral type.17,18 

However, CW polymerisation reaction mechanisms, and functional group 

retention vary depending on whether the power input is high or low, and the 

nature of each precursor.18 

For experimental procedures, plasma is carried out by turning the RF 

generator on, set at the required power input, while modulating the plasma 

by changing the capacitance of the matching unit in order to match the 

impedance of the plasma to that of the RF generator, by minimising the 

standing wave ratio (SWR) value to 1. 

 

 

2.1.1.6. Pulsed Plasma Depositions 

 

Pulsed plasma depositions are performed Pulsed plasma depositions are 

performed by modulating the power on and off in millisecond (ms) or 

microsecond (µs) lapses in the presence of the gas or precursor to ignite the 

plasma, where the ratio of the on (tON) and off (tOFF) times, denotes the 

effective power delivery in the system (duty cycle), Equation 2. 7.19 

 



 
 

37 
 

Pa = Pp (
tON

tON + tOFF
) Equation 2. 7 

 

where Pa is the average power input, and Pp is the delivered power to the 

glow discharge.20 

The mechanism process implies that the precursor molecules are 

activated at the tON lapse of the pulse, then the deposition due to the 

polymerisation of longer-lived radicals from the gas phase occurs at the tOFF 

lapse of the pulse. Nevertheless, tON and tOFF values should be calculated 

according to the physicochemical properties of precursors to optimise the 

functional group retention during the film deposition. Pulsed plasma 

deposition with long tOFF intervals extending beyond the initial film growth 

regime, requires a longer time to process materials with no improvement of 

the surface chemistry or significant film thickness increment. On the other 

hand, pulsed plasma deposition with long tON intervals help to achieve 

desired thickness in a short time; however, it leads to undesired precursor 

molecule fragmentation, thus, loss of functional group retention.2,19 

Therefore, the main purpose of the pulsed plasma deposition technique is 

the high functional group retention of the plasma polymer film.4 

For experimental procedures, the plasma was pulsed using a pulse 

generator, which is connected to an RF generator and an oscilloscope. The 

pulse generator works as an external input to the RF generator controlling 

the duration of the RF pulses supplied to the plasma reactor. Simultaneously, 

the pulse generator is connected to an oscilloscope to set the pulse 

generator to produce a square wave pulse with the desired on (tON) and off 

(tOFF) times, and to observe the pulse and pulse shape in the plasma. 
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2.1.1.7. Inductively Coupled Plasmas 

 

For aims of the work presented in this thesis, cold plasmas are used for the 

surface functionalisation, and synthesis of thin functional polymer coatings, 

generated by inductively coupled radiofrequency (RF) discharges given that 

non-equilibrium or quasi-neutral plasmas allow the formation of different 

chemical species readily activated for surface functionalisation or 

deposition.2,4,5 

For the case of RF inductively coupled plasmas, a helical conductive 

coil surrounds the plasma system, and, at the same time, it is connected to 

an RF generator, generating magnetic and electric fields within the plasma 

volume, and providing electrons with energy to sustain the plasma, Figure 2. 

2.2 

 

 

Figure 2. 2: Schematic representation of a magnetic field of an RF inductively 
coupled plasma. 

 

 

The plasma current flow generates a magnetic flux or inductance, which 

is created by the coil and the matching unit device, which is operated to 
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optimise the power transfer discharge uniformity from the RF generator to 

the coil and plasma volume, and thus enhancing the plasma process.2,4 

 

 

2.1.2.  Experimental Settings for Plasma Deposition 

 

2.1.2.1.  Gas-Phase Plasma Deposition 

 

An inductive RF reactor was employed for the plasma deposition 

experiments (continuous wave and pulsed depositions). It consists of a 

cylindrical glass reactor, located within a Faraday cage, with a coil wounded 

around it. The coil is connected to the power supply through a matching unit, 

Figure 2. 3. 

 

 

Figure 2. 3: Schematic representation of inductive plasma rig. 
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Continuous-wave and pulsed plasma deposition of functionalised thin 

films were undertaken in a cylindrical glass chamber (5 cm diameter, 432 

cm3 volume) enclosed within a Faraday cage.21 The reactor was connected 

to a 30 L min−1 two-stage rotary pump (E2M2, Edwards Vacuum Ltd.) via a 

liquid nitrogen cold trap (base pressure less than 2×10−3 mbar and air leak 

rate better than 6×10−9 mol s−1).22 An inductor–capacitor (L–C) impedance 

matching network was used to minimise the standing wave ratio (SWR) for 

power transmission from a 13.56 MHz radiofrequency (RF) power generator 

to a copper coil (4 mm diameter, 11 turns, spanning 10 cm, located 11 cm 

downstream from the gas inlet) externally wound around the glass chamber. 

For pulsed plasma deposition, a signal generator (model TG503, Thurlby 

Thandar Instruments Ltd.) was used to trigger the RF power supply, and the 

corresponding pulse shape was monitored with an oscilloscope (model 

V252, Hitachi Ltd.), Figure 2. 3. Prior to each plasma deposition, the reactor 

was scrubbed with surfactant type detergent, rinsed with propan-2-ol 

(+99.5%, Fisher Scientific UK Ltd.), and oven dried at 200 °C. Next, a 

continuous wave air plasma was run at 0.2 mbar pressure and 50 W for 30 

min, in order to remove any residual contaminants from the chamber walls. 

Then, substrates were placed in the middle of the chamber in order to carry 

out CW or pulsed plasma depositions. 

 

 

2.1.2.2.  Atomised Spray Plasma Deposition 

 

Atomised spray plasma deposition was carried out in an electrodeless, 

cylindrical T-shape glass reactor volume 1117 cm3, base pressure below 

3×10−3 mbar, and a leak rate better than 2×10−9 mol s−1) enclosed in a 

Faraday cage. The chamber was pumped by a 30 L min−1 two-stage rotary 

pump (model E2M2, Edwards Vacuum Ltd.) attached to a liquid nitrogen cold 

trap, and the system pressure monitored by a thermocouple gauge. An L–C 

impedance matching network was used to minimise the standing wave ratio 

for power transmitted from a 13.56 MHz radiofrequency (RF) power supply to 

a copper coil (4 mm diameter, 7 turns) located downstream from an atomiser 
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(20 μm diameter median droplet size, model No. 8700-120, Sono-Tek Corp.), 

which was driven by a broadband ultrasonic generator (120 kHz, model No. 

06-05108, Sono-Tek Corp.). Prior to each deposition, the chamber was 

scrubbed with detergent, rinsed with propan-2-ol and acetone (+99%, Fisher 

Scientific Ltd.), and oven dried. Next, a continuous wave air plasma was run 

at 0.2 mbar pressure and 50 W for 30 min, in order to remove any remaining 

residual contaminants from the chamber walls. Substrates were placed 

downstream in line-of-sight from the atomiser in order to carry out ambient 

temperature deposition using continuous-wave plasma at optimal power in 

conjunction with atomisation of a liquid or a solid-liquid slurry into the 

reaction chamber, and optimal flow rate conditions for each case, Figure 2. 

4.23,24 

 

 

Figure 2. 4: Atomised spray plasma deposition (ASPD) chamber. Figure created by 
I. Castaneda-Montes.23 
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2.2. Infrared Spectroscopy 

 

2.2.1. Basics of Infrared Spectroscopy 

 

Fourier transform infrared (FTIR) spectroscopy is a non-destructive 

characterisation technique useful to identify the presence of functional 

groups of molecules contained in a sample by their definite characteristic 

absorption frequencies within the infrared spectrum. The infrared spectrum of 

any given sample is interpreted by using the characteristic frequencies of 

functional groups to identify the molecular structure of the substance.25,26 

Infrared radiation is a form of thermal energy capable of inducing 

molecular vibrations in covalent bonds. When the electromagnetic field 

interacts with a molecule, whose atoms are distributed at different energy 

levels or states, a quantum of energy is either emitted or absorbed, due to 

the energy transference from the field to the molecule, provoking a difference 

in energy between the two quantised states (ΔE) and to the dipole moment 

taking place, satisfying Bohr’s frequency condition, Equation 2. 8:27,28 

 

∆E = ℎ𝑣 Equation 2. 8 

 

where 𝒉 = 6.626×10-34 J s, and 𝒗 is the frequency or the electromagnetic 

field in which the molecule is exposed. In other words, in terms of the 

infrared spectroscopy technique, infrared radiation passes through a test 

sample (i.e., it is transmitted), and some other frequencies are absorbed by 

the sample, leading to molecular vibrations, allowing the instrument to 

evaluate both, the transmitted and absorbed particular energies.27,29 

Furthermore, in order to get infrared absorptions from a given molecule, it 

must possess an electric dipole moment which changes as the chemical 

bond expands and contracts, during the vibration generated when in the 

presence of infrared electromagnetic field.26 
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The intensity of an infrared absorption band is dependent on the 

magnitude of the dipole change during the vibration, the larger the change, 

the stronger the absorption band. Experimentally, the intensity of the 

absorption band due to a functional group also depends on how many times 

that group occurs in the sample (concentration), 

intramolecular/intermolecular bonding, the phase of the sample, the solvent 

(if any), and on neighbouring atoms/groups; the resulting absorption 

spectrum then reveals individual peaks corresponding to the frequency of a 

vibration of a part of a sample molecule.25 In terms of concentration, the 

quantification of absorbed infrared photons (A) is related to Beer–Lambert 

Law, Equation 2. 9: 

 

A =  εlc Equation 2. 9 

 

where ε is the absorptivity, l is the path length, and c is the concentration of 

molecules in the sample.30 

Nevertheless, although functional group frequencies occur within 

narrow limits, interference or perturbation may cause a shift of the 

characteristic bands due to the electronegativity of neighbouring groups or 

atoms, or the spatial geometry of the molecule. Often, functional groups have 

more than one characteristic infrared absorption band associated with them. 

Two or more functional groups often absorb in the same region and can be 

distinguished from each other through other characteristic infrared bands 

which occur in non-overlapping regions. Thus, the presence of a band at a 

frequency should not be used on its own as an indication of the presence of 

a functional group; it should be confirmed with other bands or 

characterisation techniques.25 

Experimentally, the Michelson interferometer is the standard for use in 

FTIR spectrometry, Figure 2. 5. The device consists of four arms. The 

infrared source, two perpendicular plane mirrors (fixed and moving mirrors), 

and a semi-reflecting beamsplitter which bisects the planes of the two 
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mirrors. The main function of the beamsplitter is to respectively reflect light 

and transmit light toward the mirrors, from which they are reflected back to 

the beamsplitter, where they are recombined into a single light beam (they 

interfere when both beam waves superpose to form a single wave) that 

leaves the interferometer, interacts with the sample and strikes the detector. 

Figure 2. 5.27,30  

 

 

Figure 2. 5: Michaelson interferometer. Based on schematic by Smith.30 

 

 

2.2.1.1. Reflection–Absorption Infrared Spectroscopy 

(RAIRS) 

 

RAIRS is a useful technique to obtain the spectrum of a coating which is 

deposited on shiny and smooth surfaces, such as silicon wafers. During the 

reflectance-absorbance process, the infrared beam reflects from a flat mirror, 

passes through the coating, reflects from the base substrate to pass the 

coating again, off a second flat mirror, then it is captured and focused onto 

the FTIR detector, Figure 2. 6. This technique results advantageous for being 
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fast and easy to apply, surface-sensitive while non-destructive; however, the 

applications are limited by the nature of required base substrates.30 

 

 

Figure 2. 6: Reflectance-absorbance process. The light beam passes 
through the sample (coating), reflects from the shiny and smooth base 
substrate, and passes through the sample for a second time, and then 
focused onto the FTIR detector. Based on schematic by Smith.30 

 

 

2.2.1.2. Attenuated–Total–Reflectance (ATR) 

Spectroscopy 

 

ATR spectroscopy is based on the total–internal–reflection phenomenon, 

which consists of a beam of infrared radiation entering a crystal in order to 

undergo total–internal–reflection, under condition of the angle of incidence 

(θ) at the sample–crystal interface being greater than the critical angle (which 

is function of the refractive indices of the two surfaces). During the ATR 

process, the beam penetrates a fraction of a wavelength beyond the 

reflecting surface, so the sample (i.e., coating) selectively absorbs radiation 

from the infrared beam, the beam loses energy at the wavelength where the 

material absorbs, and then the resulting beam is captured by the FTIR 

detector, Figure 2. 7. Different designs of ATR instrument cells allow 

characterisation of liquid and solid samples, and continuous flow 

characterisation in order to detect spectral changes in a fluid.27 
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Figure 2. 7: Typical infrared attenuated–total–reflectance spectroscopy 
process. Based on schematic by Sturart.27 

 

 

2.2.2. Experimental Settings for Infrared Spectroscopy 

 

Fourier transform infrared (FTIR) analysis was performed using an FTIR 

spectrometer (Spectrum One, Perkin Elmer Inc.) equipped with a liquid 

nitrogen cooled MCT detector. The spectra were averaged over 285 scans at 

4 cm−1 resolution across the 500–4000 cm−1 wavenumber range.  

Reflection–absorption infrared spectroscopy (RAIRS) analysis of 

plasma deposited films and further functionalised surfaces on silicon wafers, 

was performed using a variable angle reflection–absorption accessory 

(Specac Ltd.) set to a grazing angle of 66° to the substrate normal.  

Attenuated–total–reflection (ATR) spectra of plasma deposited films 

and further functionalised surfaces on cloth, liquid monomers, and solid 

precursors were acquired using a single reflection instrument accessory 

(model Golden Gate, Specac Ltd.).   

 

 

2.3. X-Ray Photoelectron Spectroscopy 

 

X-ray photoelectron spectroscopy (XPS) is a surface characterisation 

technique useful to identify the elemental composition from the top-most 
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atomic layers of a surface.31 The XPS analysis is carried out in a vacuum 

chamber where a solid sample is irradiated with X-ray photons capable of 

penetrating 1–10 µm into the bulk material. The X-ray photon energy is 

absorbed by the bulk material atoms and ejects electrons of different kinetic 

energies. Only the electrons from the top atomic layers (1–5 nm) are capable 

of being ejected by the X-ray photons without losing kinetic energy which 

corresponds to the valence or core level of the atoms. Therefore, the kinetic 

energy of the ejected photoelectrons from the valence or core levels are 

associated with the elemental composition of the solid surface. The overall 

process is known as the photoelectric effect, Figure 2. 8. 31,32,33 

 

 

Figure 2. 8: Photoelectric effect, subsequent relaxation, and Auger electron 
emission: an X-ray photon ejects a photoelectron from the atomic core level, 
such space is subsequently filled by an electron from a higher valence level 
at the relaxation step, causing the Auger electron emission which takes up 
the remaining excess energy as kinetic energy.34  Based on schematic by 
Wren et al.33 

 

 

The kinetic energy (EK) of the emitted photoelectrons is quantified and 

analysed to produce a spectrum of electron intensity as a function of binding 

energy (EB). The kinetic energy is proportional to the X-ray photon energy 

and the binding energy of the material atoms. Therefore, the kinetic energy 
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of the ejected photoelectrons can be calculated by the modified Einstein 

photoelectric equation, Equation 2. 10.31,32 

 

EK = ℎ𝑣 − EB −  φS Equation 2. 10 

 

where 𝒉𝒗 is the X-ray photon energy, and φs is the spectrometer 

photoelectric work function of the solid. The binding energy may be regarded 

as the energy difference between the initial and final states after the 

photoelectron has left the atom, and it is measured with respect to the 

highest occupied level of the solid and the Fermi level of the spectrometer to 

which the sample is connected electrically,26,31,35 as described by Koopmans 

theorem.36 

Experimentally, the electron energy distribution can be measured using 

an electrostatic energy analyser which conventionally consists of two 

electrically isolated concentric hemispheres with a potential difference 

between them, Figure 2. 9. The electrostatic field selectively allows electrons 

with kinetic energy equal to the pass energy through to the detector. 

Electrons with kinetic energy lower than the pass energy are attracted by the 

inner positive concentric hemisphere and neutralised, whereas the higher 

energy electrons are lost when they hit the outer concentric hemisphere. The 

ejected photoelectron spectrum is obtained from the scan of electron kinetic 

energies by retarding the electrons to the pass energy using a negatively 

charged retard plate electrode. The change of negative voltage on the retard 

plate allows electrons with different kinetic energies go through the analyser 

to the detector.26 

 

 



 
 

49 
 

 

Figure 2. 9: Electrostatic energy analyser used in electron/ion spectroscopic 
analysis of surfaces. Based on schematic of Hoffman, S.37 

 

 

Two types of X-ray source are in common usage, monochromated and 

non-monochromated. Non-monochromated sources utilise Kα Al (1486.6 eV) 

or Mg Kα (1253.6 eV) X-ray source radiation, these materials are bombarded 

with electrons up to 15 keV in energy. The X-ray output consists of a 

continuous energy distribution extending up to the incident electron energy 

(Bremsstrahlung), with much higher intensity at the characteristic Kα 

energy.38 The spectrum is obtained as a plot of the number of detected 

electrons per energy interval versus their kinetic energy.31 

X-ray induced sample damage is a common problem during the XPS 

analysis of materials and can cause the spectrum to change with exposure 

time.39 Thus, samples cannot be used for other characterisation analysis 

after being exposed to X-rays. In all experimental chapters of the present 



 
 

50 
 

thesis, the XPS technique is employed to obtain surface elemental 

compositions using a non-monochromated X-ray source. 

 

 

2.3.1. Experimental Settings for X-Ray Photoelectron 

Spectroscopy 

 

Surface chemical compositions of the plasma deposited layers and/or further 

functionalised surfaces were measured by X-ray photoelectron spectroscopy 

(XPS) using an electron spectrometer (model ESCALAB II, VG Scientific 

Ltd.) fitted with an unmonochromatised Mg Kα X-ray source (1253.6 eV) and 

a concentric hemispherical analyser. Photoemitted electrons were collected 

at a take-off angle of 20° from the substrate normal with electron detection in 

the constant analyser energy mode (CAE mode pass energy = 20 eV). 

Experimentally determined instrument sensitivity (multiplication) factors were 

C(1s):O(1s):N(1s) equals 1.00:0.35:0.70 respectively. A linear background 

was subtracted from core-level spectra and then fitted using Gaussian peak 

shapes with a constant full-width-half-maximum (FWHM).40 All binding 

energies are referenced to the Mg Kα1,2 C(1s) hydrocarbon peak –CxHy at 

285.0 eV.41 

 

 

2.4. Scanning Electron Microscopy 

 

Scanning electron microscopy (SEM) is a topographic technique for high-

resolution imaging of surfaces, in which a beam of electrons is scanned 

across a sample (instead of light used in optical light microscopes to form 

images). The scanning electron microscope generates a beam of incident 

electrons at the top of an electron column above the sample chamber, this 

column as well as the sample chamber are at moderate vacuum to allow the 
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electrons to travel from the electron thermal emission beam source to the 

sample and then, to the detectors. The electrons are focused into a small 

beam by a series of electromagnetic lenses in the scanning electron 

microscope column. Scanning coils near the end of the column direct and 

position the focused beam onto the sample surface. Electrons in the beam 

penetrate the bulk surface, interact with its atoms, and the obtained signals 

are collected and processed to obtain images and chemistry of the sample 

surface, Figure 2. 10. The SEM image does not form a real image of the 

sample but a serial data stream, an electronic grayscale image with surface 

details at the micro- and nanoscale.42–44 

 

 

 

Figure 2. 10: Image formation in the scanning electron microscope. Adapted 
from schematic by Ul-Hamid.44 
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While obtaining the SEM image from the sample surface, different types 

of signals are generated. High-energy electrons ejected by an elastic 

collision of an incident electron, usually with a sample atom’s nucleus, are 

known as backscattered electrons; emitted lower-energy electrons resulting 

from inelastic scattering are called secondary electrons, which are ejected 

after collisions with the nucleus where substantial energy loss occurs or by 

the ejection of loosely bound electrons from the sample atoms; and 

characteristic x-rays. The backscattered electrons are analysed to provide a 

three-dimensional high-resolution image of the surface while secondary 

electron images show topographic illumination and contrast.42–44 

Commonly, SEM samples are mounted on a stub (sample holder) taken 

from an aluminium disc (1 cm diameter approximately), with the sample 

being glued to the stub, Equation 2. 10. To prepare the mounted samples, 

they must be coated with a conducting layer to overcome charging of the 

surface by the electron beam.45 For aims of the present thesis, gold sputter 

coating was performed on samples in all cases where it applies. 

 

 

2.4.1. Experimental Settings for Scanning Electron 

Microscopy 

 

For scanning electron microscopy analysis, samples and substrates were 

correspondingly mounted onto carbon disks supported by aluminium stubs; 

for thicknesses, the samples were mounted onto 45°-tilted aluminium stubs 

in order to measure different cross-sectional points along the deposited 

coating or further functionalised surface on silicon wafers, and then covered 

with a 5–10 nm evaporated gold layer (Polaron SEM Coating Unit, Quorum 

Technologies Ltd.). Electron micrographs were acquired using a scanning 

electron microscope (model Vega 3LMU, Tescan Orsay Holding, a.s.) 

operating in secondary electron detection mode at an accelerating voltage of 

8 kV, and a working distance of 8–10 mm.  
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Thanks to T. Davey from the Electron Microscopy Research Services at 

Newcastle University. 

 

 

2.5. Water Contact Angle 

 

The contact angle technique is an indirect method to determine the 

wettability, which is associated to the free surface energy (γ), of a solid 

surface. The free surface energy of a solid surface corresponds to the 

difference of internal energy between the surface molecules and the bulk 

molecules.46 Surface molecules have disrupted intermolecular forces due to 

the lack of neighbouring molecules as compared to the bulk molecules. 

These intermolecular forces of the surface molecules are the sum of the 

polar forces and non-polar forces (van der Waals forces), and thus, the 

excess of surface free energy is quantified by the Helmholtz free energy.47 

Hence, the contact angle method is used to determine indirectly the surface 

free energy of a solid surface (γSG) by measuring the angle formed between 

a liquid droplet with known surface tension, and a solid surface—the 

equilibrium contact angle is the result of the mechanical equilibrium of a 

liquid droplet on a solid surface. The measurement of the contact angle is 

carried out at the intersection of a solid–liquid interface by applying a 

geometric tangent at the solid–liquid–gas system—the equilibrium contact 

angle value is a function of the surface tension of the liquid and the surface 

free energy of the solid surface,48 Figure 2. 11. 

 

 

 

Figure 2. 11: Surface tension forces interacting upon a liquid droplet on a 
surface, resulting in the corresponding contact angle, θ. 
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On an ideal flat solid surface, the contact angle (θ) is a relationship of 

the solid–gas (γLG), solid–liquid (γSL), and liquid–gas (γLG) interface according 

to the Young equation,49 Equation 2. 11. Therefore, the wettability of a solid 

surface can be classified as hydrophilic or hydrophobic, depending on the 

contact angle values. When the water contact angle is <90°, the surface is 

hydrophilic; and for water contact angle values >90°, the surface is 

hydrophobic.50 

 

cos θ =  
γSG − γSL

γLG
 Equation 2. 11 

 

 

2.5.1. Experimental Settings for Water Contact Angle 

Measurements 

 

Sessile drop static contact angle measurements were carried out at 20 °C 

using a video capture apparatus in combination with a motorised syringe 

(model VCA 2500XE, A.S.T. Products Inc.). 1 µL droplet of ultrahigh-purity 

water (B.S. 3978 grade 1) was employed as probe liquid to determine the 

wetting properties. 

 

 

2.6. Film Thickness 

 

Spectrophotometry is a non-destructive technique used to measure the film 

thickness of a material. The amount of transmitted or reflected light from the 

material surface is used to approximate the optical constants of the film as a 

function of the wavelength. The optical constants of a material, refractive 

index (n) and extinction coefficient (k), are used to describe how the light in 

air beam travels through a film. The refractive index is the ratio of the speed 

of light to the speed of light which travels through the material. The extinction 

coefficient is a measurement of the absorbed light in the film.51 
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When the incident light meets an interface, the light can be reflected or 

transmitted. The amount of reflected or transmitted light is characteristic of 

the optical properties and the film thickness of the material. To determine the 

film thickness, a mathematical model, the Cauchy model, can be used to 

solve n and k for each wavelength. To minimise the error, the Levenberg–

Marquardt algorithm can be used. The obtained transmittance–reflectance 

curve is then used to calculate the film thickness, Figure 2. 12.52 

 

 

 

Figure 2. 12: Principle of interference, where the incident light can be both 
transmitted or reflected when the light travels through a transparent film. The 
refractive index (n) and extinction coefficient (k) are used to determine the 
film thickness (d) as a function of the wavelength. Based on schematic by 
Shimadzu Corporation.53 

 

 

2.6.1. Experimental Settings for Film Thickness 

Measurements 

 

Film thicknesses of plasma polymer coatings deposited on silicon wafers 

were measured with a spectrophotometer (model NKD-6000, Aquila 

Instruments Ltd.). Transmittance–reflectance curves (350–1000 nm 

wavelength range) were obtained using a parallel (p-)polarised light source 

at 30° incident angle to the substrate. These were fitted to a Cauchy model 
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for dielectric materials54 using a modified Levenberg–Marquardt algorithm 

(version 2.2 Pro-Optix software, Aquila Instruments Ltd.).55 

 

 

2.7.  Antibacterial Activity Test 

 

2.7.1. Bacterial Growth 

 

Bacterial growth refers to the increment of bacterial cells by binary fission. 

So, when bacteria are inoculated in a nutritious medium for them, the 

bacterial growth is counted at intervals that represent four phases of growth 

(growth curve): lag, log, stationary, and death phases, Figure 2. 13.56,57 

 

 

Figure 2. 13: Typical bacterial growth curve, with corresponding growth 
phases. Based on graphic by Wang et al.58 

 

 

At the lag phase, the bacterial cells adapt to the new media while 

increasing in size and synthesising enzymes and factors needed for further 
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bacterial cell division and population growth. Eventually, the cells start their 

log phase or exponential growth phase, in which bacteria cells reproduce 

exponentially by means of each generation occurring in the same time 

interval as the previous ones; this phase continues until nutrients are 

consumed or toxic products accumulate, at which time the cell growth rate 

slows, and some cells may begin to die.  At the stationary phase, the growth 

rate slows down, the number of death cells equals the number of new cells, 

and the population stabilises. Then, at the death phase, the number of death 

cells overpasses the number of new cells; this often continues until the whole 

bacterial population dies.56,57 

 

 

2.7.1.1. Measuring Bacterial Growth 

 

Bacterial growth can be measured in different ways. Depending on the 

method, it is possible to measure cell numbers or population total mass. 

Population numbers are usually recorded as the number of cells in a millilitre 

of liquid or, in a gram of solid material.56 There are different ways to measure 

microbial growth that should be employed according to the requirements of 

the research study, however, in the present work, serial dilution for plate 

counts will be used to quantify the bacterial cell viability after bacteria is in 

contact with the testing materials after fixed interaction times.  

To perform dilutions, Figure 2. 14, first is required to prepare the non-

diluted bacterial solution—from which the experimental coating samples in 

the present thesis will be tested. Since the testing bacteria grow in liquid 

medium, the bacterial solution displays a turbid appearance due to the 

increment of cell counts. This turbidity is measured in spectrophotometers, 

allowing to read optical density values required to identify the optimum point 

when the prepared non-diluted bacterial solution sample is ready for serial 

dilutions,56 that will be used for plate counts. 
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Figure 2. 14: Dilution method. Example of dilution method of 1 mL scale. The 
10-fold dilutions are performed as needed for each set of experiments. LB 
stands for Lysogeny Broth media. 

 

 

Plate counts method is based on the assumption that each live 

bacterium divides to produce a single colony, Figure 2. 15. Still, bacteria use 

to grow linked in chains often forming a colony, not from a single bacterium 

but from short segments of a chain or from a bacterial clump. Therefore, 

plate counts are commonly reported as colony-forming units (CFU).56,59  

 

 

Figure 2. 15: Examples of bacterial growth of bacterial dilutions sequentially 
plated on an agar plate. Red circle circles a single bacterial colony. 
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This method requires to be cautious with the numbering of colonies 

developed in the plate to avoid inaccurate results. The United States Food 

and Drug Administration convention is to count plates within 25–250 

colonies.60 To accomplish it, the original inoculum is diluted several times as 

serial dilution. To get the resulting CFU mL–1, the number of colonies 

counted from the chosen diluted plate is then multiplied with the 

corresponding dilution factor to figure out how many of those colonies would 

be if directly representing a 1 mL sample.  

 

 

2.7.2.  Preparation of Bacterial Cultures 

 

Bacterial cultures were prepared using 5 mL of sterile (121 °C for 15 min in 

an autoclave (model Vario 1528, Dixons Ltd.)) Lysogeny Broth (LB) media 

(L3022, Sigma-Aldrich Ltd., 2% w/v in Milli-Q® water), starting with a single 

bacterial colony and grown for 16 h at 37 °C in a shaking incubator (model 

Stuart Orbital Incubator SI500, Cole-Parmer Instrument Company LLC.) set 

at 120 rpm. Then, 50 µL of the overnight bacterial culture was used to 

separately inoculate bacteria in a sterile polystyrene cuvette (10 mm, model 

67.742, Sarstedt AG) containing 1 mL of LB. The cuvette was covered with 

plastic film (Parafilm, Cole-Parmer Instrument Company LLC.) and bacteria 

were grown as before at 37 °C in a shaking incubator set at 120 rpm. Optical 

densities of OD650nm=0.400 (spectrometer model BOECO S-30, Boeckel 

GmbH; for immobilised chitosan coatings in chapter 3) or OD600nm=0.400 

(spectrometer model DS-11, DeNovix Inc.; for ASPD poly(acrylic acid) and 

ASPD metallosurfactant/polymer coatings, in chapters 4 and 5, respectively) 

were measured to provide bacterial cultures in the mid-log phase of growth.61 
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2.7.3.  Antibacterial Test: Dilution Method 

 

This method has been employed in two scales, 1 mL and 100 µL, for 

experiments developed in Chapter 3 to Chapter 5, correspondingly, followed 

by colony-forming unit (CFU) plate counting. 

 

• 1 mL scale: For antibacterial testing, sterile microtubes (1.5 mL, 

Sarstedt AG) were loaded with either control or treated non-woven 

polypropylene cloth samples (1.4 cm x 1.7 cm pieces loaded to each 

microtube; 0.41 mm thick, 22.7 ± 4.4 μm fibre diameter, and dimpled 

structure 0.68 ± 0.16 mm separation, Spunbond, 70 g m−2, Avoca 

Technical Ltd., UK21). Then, 100 µL of the prepared bacterial culture 

at fixed optical density was dispensed onto each cloth to allow the 

microorganisms to interact with the surface and left to incubate at 30 

°C for 16 h (model Bacterial Incubator 250, LMS Ltd.). Next, 900 µl of 

sterile LB media was pipetted into each microtube and vortexed 

(model Vortex-Genie 2, Scientific Industries Inc.), yielding a ten-fold 

dilution (10−1) of bacteria. Further ten-fold serial dilutions were 

performed using the same method to give 10−2, 10−3, 10−4, 10−5, and 

10−6 diluted bacterial concentrations. 

• 100 µL scale: For antibacterial testing, sterile 96 well plates (Sarstedt 

AG) were loaded with either control or treated non-woven 

polypropylene cloth samples (0.5 cm x 0.5 cm pieces loaded to each 

well plate; 0.41 mm thick, 22.7 ± 4.4 μm fibre diameter, and dimpled 

structure 0.68 ± 0.16 mm separation, Spunbond, 70 g m−2, Avoca 

Technical Ltd., UK21). Then, 10 µL of the prepared bacterial culture at 

fixed optical density was dispensed onto each cloth to allow the 

microorganisms to interact with the surface for a fixed period (1 min, 2 

min, 5 min, and 10 min at room temperature, and 4h and 16 h at 30 °C 

(model Bacterial Incubator 250, LMS Ltd.) for ASPD 

(metallosurfactant–polymer) coated samples; tests on chitosan 

immobilised– and ASPD poly(acrylic acid) coated samples were 

performed only for 16 h at 30 °C). Next, 90 µL of sterile LB media was 
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pipetted into each well and mixed with the bacteria on the sample 

surface, yielding a ten-fold dilution (10–1) of bacteria. Further ten-fold 

serial dilutions were performed using the same method to give 10–2, 

10–3, 10–4, 10–5, 10–6 diluted bacteria concentrations.  

 

Colony-forming unit (CFU) plate counting was then carried out by 

pipetting 10 µL diluted bacterial solution spots from each sample onto sterile 

semi-solid LB agar plates (EZMix™ powder, dust-free, fast-dissolving 

fermentation medium, Sigma-Aldrich Ltd.), and incubated at 30 °C for 16 h.  

Finally, the number of bacterial colonies visible at each dilution were counted 

where appropriate to calculate the corresponding CFU mL−1. The results 

presented are the mean and standard deviation of at least 3 independent 

experiments. 

 

 

2.7.4.  Growth Inhibition Assays 

 

To perform these tests, 0.6% LB agar was prepared (1% w/v tryptone 

(Melford Laboratories Ltd.), 0.5% w/v yeast extract (Melford Laboratories 

Ltd.), 1% w/v NaCl (Fisher Scientific UK, Ltd.), 0.2% v/v 1 M NaOH (Sigma-

Aldrich, Inc.) (to pH ~7), 0.6% w/v agar), autoclaved at 121 °C for 15 min, 

then cooled to 65 °C in a water bath (model JB2, Grant Instruments Ltd.), 

taken out, carefully mixed with 100 µL of bacteria from prepared culture, 

poured onto sterile semi-solid LB agar plates (EZMix™ powder, dust-free, 

fast-dissolving fermentation medium, Sigma-Aldrich Ltd.), and finally dried for 

15 min to provide an overlay seeded with bacteria. In one set of control 

experiments 10 µL spots of chitosan solutions (1% w/v, 2% w/v, and 3% w/v 

chitosan–1% v/v acetic acid aqueous solutions, and 1% w/v, 2% w/v, and 3% 

w/v chitosan–2% v/v acetic acid aqueous solutions), were pipetted onto the 

prepared 0.6% overlay LB agar plates, and incubated at 30 °C for 16 h. In 

another set of control experiments, 10 µL drops of 1% v/v and 2% v/v acetic 

acid aqueous solutions, 100% acetic acid, and Milli-Q® water, were pipetted 
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onto the prepared 0.6% overlay LB agar plates, and incubated at 30 °C for 

16 h. 
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3.1. Introduction 

 

Chitosan (poly(ᴅ-glucosamine)) is a linear polysaccharide containing 1,4-β-

linked ᴅ-glucosamine units, Scheme 3. 1. It is synthesised from chitin which 

is the second most abundant natural polymer (this is a low-cost material, 

produced in large quantities as a waste product of the crab meat industry).1,2  

 

 

Scheme 3. 1: Pulsed plasma deposition of poly(glycidyl methacrylate) film followed 
by surface immobilisation of chitosan. The diagram illustrates a variety of potential 
nucleophilic substitution surface tethering linkages and an example of a protonated 
amine group accompanied by an acetate counterion.  

 

 

Chitosan displays antimicrobial activity against a broad spectrum of 

bacterial species, fungi and viruses.3 It is non-toxic, biocompatible, and 

biodegradable.4–7 Materials functionalised with chitosan therefore have 

significant potential in a wide range of societal antibacterial applications 

including the food industry,8 biomedical devices,9,10 water sanitation11 and air 

filtration.12 In this context, earlier methodologies targeting the surface 

immobilisation of chitosan include the pad-dry-cure method,13 multilayer 

processing,14 crosslinking,15,16 co-condensation,17 conventional 

polymerisation reactions,18–20 surface impregnation,21 sol-gels,22 

electrospinning23 and solid-liquid phase separation.24 However, in all these 

cases, there is a requirement for a specific substrate material to facilitate 
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surface tethering and frequently the need for significant quantities of 

chemicals and elevated temperatures. 

As described above, surface immobilisation of chitosan has been 

performed and studied by several research groups. The main importance of 

grafting chitosan onto a surface relies on the versatility of chitosan itself. 

Chitosan, being one of the most studied natural polymers, is a non-toxic, 

antimicrobial, biocompatible, and bioactive molecule, in which the presence 

of hydroxyl and amino groups in its molecular structure allows further 

chemical modifications (e.g., protonation, alkylation, quaternarization, 

thiolation, graft copolymerisation, etc.) with controlled molecular architecture 

which are useful for a wide range of industries including pharmaceutical, 

food, biomedical, agricultural, water treatment, textile, cosmetic, etc.25–29  

Plasma functionalisation is a substrate and shape independent 

approach that offers several significant benefits, such as its easily 

applicability at industrial scale since it is a one-step synthesis and processing 

for surfaces, obtaining high-quality results, selectivity enhancing surface 

properties without affecting the bulk material conditions, requiring minimum 

quantity of the precursor, then producing none or minimal waste. Hence, it 

was chosen as the base method in this study to produce chitosan 

functionalised surfaces in combination with a simple surface impregnation 

post-treatment approach.30–35,58 Table 3. 1 shows a comparison of reported 

approaches of surface immobilisation of chitosan onto surfaces assisted with 

plasma techniques. 

 

Table 3. 1: Comparative table of chitosan immobilisation methods assisted with 
plasma techniques 

Approach Substrate Plasma 
Procedures 

Application 

Chitosan 
immobilised on 
surface-grafted 
agent. 

Polypropylene 
monofilament31 

Surface activation 
with oxygen 
plasma to create 
hydroperoxide 
groups to induce 
grafting of 
poly(acrylic acid). 

Biomedical 

Poly-L-lactic 
acid film36 

Glow discharge 
parallel plate argon 
plasma activation 

At 32 W. 

Biomedical 
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Approach Substrate Plasma 
Procedures 

Application 

Polypropylene 
cloths37, 

RF low-pressure 
argon plasma, 30 
mTorr, 180 s, for 
activation, and 
second treatment 
at 100 W, 35 
mTorr, 200 s after 
rinsing in acrylic 
acid for further 
immobilisation of 
chitosan. 

Wastewater 
treatment 

 Polyurethane38 

RF low-pressure 
nitrogen plasma at 
0.2 mbar, 60 W, 
120 s. 

Biomedical 

 LDPE39 

Atmospheric 
pressure non-
thermal DBD 
plasma assisted 
copolymerisation 

Antifouling 
surfaces 

Direct current 
(DC) discharge 
plasma surface 
modification. 

Chitosan 
films40,41 

Low-pressure 
direct current 
discharge.  

Tunning of 
physical and 
chemical 
features. 

Plasma activation 
followed by 
stepwise process 
to immobilise 
chitosan. 

Polyurethane 
films42 

Surface activation 
with oxygen 
plasma at 100 W 
for 10 min. 

Biomedical 

Plasma activation 
followed by pad-
dry-cure method 
to immobilise 
chitosan. 

Wool43 

Atmospheric DBD 
plasma activation 
of wool fabric at 20 
kV, 300 W, 7 min.  

Textile 
industry 

Low-temperature 
plasma activation 
for further 
immobilisation of 
chitosan. 

Cotton44 
Geneal gas plasma 
processes. 

Textile 
industry 

Plasma induced 
deposition of 
chemically active 
groups (e.g., 
epoxide) for 
further 
immobilisation of 
other molecules 
(e.g., chitosan) 

Not 
specified45–49 

General gas 
plasmas 
processes. 

General 

Plasma induced 
deposition of 
epoxide groups 

Polymers used 
for optical 
devices and 

General gas 
plasmas 
processes. 

Biomedical 
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Approach Substrate Plasma 
Procedures 

Application 

for further 
immobilisation of 
carbohydrates. 

implants.50,51 

 

 

A number of methods to plasma-functionalise surfaces and further 

immobilise molecules of interest have been reported previously.52,53 For 

instance, Li et al.,54 reported functionalisation of non-woven fabrics by a two-

step process whereby low temperature dielectric barrier discharge (DBD) 

plasma is used to functionalise fabrics with active functional groups for later 

immersion into chitosan-acetum solution; however the DBD approach is 

restricted in the area it can cover due to the apparatus used for this 

technique. Furthermore, Chabrecek, et al.,55,56 and Kamel, et al.,57 reported 

the use of plasma-induced polymerisation to fabricate chemically active 

coatings with a variety of functional groups, including epoxides. Their goal 

was to modify surfaces with different biocompatible compounds, such as 

proteins, hirudin and lectins, glycoproteins, carbohydrates, polysaccharides, 

and amino functionalised polymers and telomers. Other research groups 

have also utilised epoxide-surface functionalisation to further immobilise 

molecules of interest. Levi et al.,58 reported the covalent attachment of 

biopolymer nanoparticle surfaces to epoxide linking compounds, capable to 

bind other molecules for drug delivery applications. Similarly, Kunita et al.59 

functionalised polypropylene surfaces with epoxide groups using a 

supercritical CO2 approach to further immerse the surface in a bath of 

ethylenediamine and obtain amine functional groups on the surface. Qiu, et 

al.,60 reported surface functionalisation with epoxide reactive groups to make 

them conventionally react with another moiety by a repetitive layer-by-layer 

absorption process, while Wu,61 treated cotton fabric with low temperature 

plasma, then modified it with 2,3-epoxypropyltimethylammonium chloride, 

before a final treatment with chitosan. Finally, Ding et al.,62 reported the 

provision of functional groups from poly-L-lactic acid as the base to 

immobilise chitosan on a surface by plasma graft polymerisation.  
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In this present study, chitosan was tethered onto plasmachemical 

epoxy-functionalised non-woven polypropylene cloth and then evaluated for 

antibacterial activity against representative bacterial species, Scheme 3. 1. 

The approach involved amine and hydroxyl groups of chitosan undergoing 

SN1 nucleophilic substitution reactions with surface epoxide centres of 

pulsed plasma deposited poly(glycidyl methacrylate) thin films under acidic 

conditions.63–65 The amine group in chitosan is expected to be the most 

active nucleophilic site in chitosan.66  Strong covalent attachment of the 

plasmachemical deposited functional layer to the underlying substrate occurs 

via free radical sites created at the interface during the onset of plasma 

exposure.67 Further advantages include speed (single-step), solventless 

processing, energy efficiency, and the reactive gaseous nature of the 

electrical discharge which provides with a free pinhole coating while 

maintaining the integrity of the substrate material. Taking advantage of the 

fact the plasmachemical method is not material specific, non-woven 

polypropylene cloth was selected as the substrate. This provides additional 

benefits, including being less prone to fungal growth compared to natural 

materials such as cotton,68–70 and is mechanically more robust relative to 

resins,71 hydrogel,72 or electrospun chitosan materials.12 Hence, the 

proposed methodology for surface tethering of chitosan can be adapted 

through the use of other techniques or precursors for surface 

functionalisation, carbohydrate polymers, chitosan derivatives, molecules or 

polymers containing amine groups, pH or solvents. Potential applications 

include filtration, food packaging, agriculture, adhesion and healthcare. 

 

 

3.2. Experimental 

3.2.1. Chitosan Functionalised Surfaces 

 

Pulsed plasma deposition of epoxide functionalised thin films was 

undertaken as described in Chapter 2 Section 2.1.2.1 Gas-Phase Plasma 

Deposition. Silicon (100) wafer (14–24 mΩ cm resistivity, Silicon Valley 
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Microelectronics Inc.) and glass microscope slide (Academy Science Ltd.) 

substrates were ultrasonicated in a 1:1 v/v mixture of propan-2-ol / 

cyclohexane (+99.99 wt%, Acros Organics™) for 15 min, air dried, followed 

by air plasma cleaning (0.2 mbar pressure and 50 W) for 20 min prior to film 

deposition. Non-woven polypropylene (hierarchical, 0.4 mm thick, 22.7 ± 4.4 

µm fibre diameter, with dimpled structure separation of 0.7 ± 0.2 mm, 

Spunbond, 70 g m−2, Avoca Technical Ltd., UK) was used for antibacterial 

testing.73 Each 2.38 cm2 piece of non-woven cloth was rinsed in ethanol and 

excess ethanol removed with absorbent paper tissue wipes (Kimtech 

Science, Kimberly-Clark Europe Ltd.) prior to placement inside the plasma 

reactor. Following evacuation to the system base pressure, glycidyl 

methacrylate precursor (+97%, Sigma-Aldrich Ltd., further purified using 

freeze–pump–thaw cycles) vapour was admitted into the chamber at 0.2 

mbar pressure, and the electrical discharge ignited using a pulse duty cycle 

on-period (ton) of 20 µs and an off-period (toff) of 20 ms, in conjunction with 40 

W peak power (Pon) for a duration of 30 min to deposit a film thickness of 436 

± 14 nm (as measured on the silicon wafer substrate). For the present work, 

these experimental parameters for plasma processing have been reproduced 

as studied and compared by Tarducci et al.,64 where the epoxide group 

retention is being affected by the power input per molecule (i.e., Yasuda 

parameter) when comparing plasma depositions in continuous wave and 

pulsed modes, respectively. 

Upon extinction of the plasma, the precursor vapour was allowed to 

continue purging through the chamber for 15 min. Finally, the system was 

evacuated to base pressure and vented to the atmosphere. 

Given that chitosan (poly(ᴅ-glucosamine)) is water-insoluble, it was 

dissolved in an aqueous acidic solution leading to polyelectrolyte formation 

through the protonation of chitosan amine groups, Scheme 3. 1. Acetic acid 

(+99%, Fisher Scientific UK Ltd.) at dilute concentrations was employed for 

this purpose.74 The pulsed plasma poly(glycidyl methacrylate) functionalised 

substrates were immersed into an aqueous solution of chitosan (medium 

molecular weight 190,000–310,000 Da, 75–85% deacetylation grade, Sigma-

Aldrich, Ltd. at 1% w/v, 2% w/v, or 3% w/v)–acetic acid (at 1% or 2% v/v). 

Following reaction with these solutions for 16 h at 20 °C, each sample was 
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thoroughly rinsed with the respective acetic acid aqueous solution and then 

with autoclaved Milli-Q® water (Milli-Q® Integral 15 Water Purification 

System, Millipore Corp.) in order to remove any unbound physisorbed 

chitosan. Finally, the chitosan tethered surfaces were dried at room 

temperature in preparation for characterisation and antibacterial testing. 

 

 

3.2.2. Film Characterisation 

 

Film thickness spectrophotometry (for pulsed plasma poly(glycidyl 

methacrylate) film), infrared spectroscopy, X-ray spectroscopy, and 

antibacterial test, were employed as characterisation techniques to 

determine the physicochemical features and antibacterial properties of the 

poly(glycidyl) methacrylate and immobilised chitosan surfaces. The 

corresponding characterisation procedures were carried out as described in 

Chapter 2 Experimental Techniques. 

 

 

3.2.3. Antibacterial Testing 

 

For antibacterial testing, chitosan-treated cloth samples were cut into pieces 

of 1.4 cm x 1.7 cm. Antibacterial testing was carried out against Gram-

positive Staphylococcus aureus FDA 209P (an MSSA strain; ATCC 6538P) 

and Gram-negative Escherichia coli K12 BW25113 (CGSC 7636; Δ

lacZ4787 (::rrnB3) hsdR514 Δ(araD-araB)568 Δ(rhaD-rhaB)568 rph-1). 

Bacterial cultures were prepared as described in Chapter 2 Section 2.7 

Antibacterial Activity Test. Optical densities OD650nm = 0.4 (0.4 ± 0.0 for S. 

aureus, and 0.4 ± 0.0 for E. coli) were measured using a spectrophotometer 

(model BOECO S-30, Boeckel GmbH) to provide bacterial cultures in the 

mid-log phase of growth.75 Antibacterial tests were performed by the dilution 

method at 1 mL scale, followed by colony-forming unit (CFU) plate counting, 
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as described in Chapter 2 Section 2.7 Antibacterial Activity Test. For 

reference, S. aureus and E. coli bacterial growth inhibition assays were also 

undertaken in order to visualise the effectiveness of the respective 

chitosan—acetic acid aqueous solutions employed for chitosan tethering to 

pulsed plasma poly(glycidyl methacrylate) functionalised cloths, as described 

in Chapter 2 Section 2.7 Antibacterial Activity Test. 

 

 

3.3. Results 

3.3.1. Pulsed Plasma Deposited Poly(Glycidyl 

Methacrylate) 

 

The infrared spectrum of liquid glycidyl methacrylate precursor includes the 

following absorbances: C–H stretching vibration modes at 3002 cm−1 and 

2947 cm−1, a strong acrylate ester carbonyl (C=O) stretch at 1721 cm−1, 

acrylate carbon–carbon double bond stretch at 1638 cm−1, C–H bending at 

1446 cm−1, epoxide ring breathing at 1258 cm−1, epoxide ring antisymmetric 

deformation at 902 cm−1, epoxide ring symmetric deformation at 840 cm−1, 

and an epoxide group absorbance at 757 cm−1, Figure 3. 1.64,76–80  

For pulsed plasma deposited poly(glycidyl methacrylate) film, 

characteristic infrared absorbances include: C–H stretches at 3002 cm−1 and 

2953 cm−1, ester carbonyl stretching at 1732 cm−1, a C–H bending mode 

doublet at 1480 cm−1 and 1453 cm−1, epoxide ring breathing at 1260 cm−1, 

epoxide ring antisymmetric deformation at 916 cm−1, epoxide ring symmetric 

deformation at 854 cm−1, and an epoxide group absorbance at 751 cm−1, 

Figure 3. 1.71 Disappearance of the glycidyl methacrylate precursor carbon–

carbon double bond stretch at 1638 cm−1 can be attributed to step-wise 

polymer chain growth during pulsed plasma deposition.64,78–82 
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Figure 3. 1: Infrared spectra of: (a) liquid glycidyl methacrylate precursor 
(Attenuated–total–reflection, ATR); (b) pulsed plasma deposited poly(glycidyl 
methacrylate) film (Reflection–absorption infrared spectroscopy, RAIRS); (c) 
chitosan surface immobilised onto pulsed plasma deposited poly(glycidyl 
methacrylate) film (RAIRS) (optimum 3% w/v chitosan – 2% v/v acetic acid); and (d) 

chitosan powder (ATR). ✱ and ⚫ denote characteristic infrared absorbances for 

epoxide group and chitosan, respectively. 

 

 

For the pulsed plasma deposited poly(glycidyl methacrylate) films, X-

ray photoelectron spectroscopy (XPS) analysis detected the presence of only 

carbon and oxygen with no Si(2p) signal from the underlying silicon wafer 

substrate, thereby confirming a pin-hole free layer, Table 3. 2. The measured 

elemental composition is consistent with the theoretical value expected for 

step-wise growth of poly(glycidyl methacrylate) chains during pulsed plasma 

deposition.64,81 The C(1s) envelope could be fitted to the following Gaussian 

Mg Kα1,2 components: –CxHy (285.0 eV), ⚞C(C=O)O (285.6 eV), O–CH2–

CO (286.7 eV), epoxide carbon (287.1 eV) and ⚞C(C=O)O (289.1 eV) 

groups, Figure 3. 2 and Table 3. 3. This is in good agreement with the 

monomer repeat unit of poly(glycidyl methacrylate).64,80,83 Wide scans 

(Supporting research data published in Durham University Research Data 
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Repository. DOI: http://doi.org/10.15128/r2v405s940b) did not show other 

components suggesting contamination.  

 

Table 3. 2: XPS compositions for: glycidyl methacrylate (GMA) and chitosan 
precursors (theoretical); pulsed plasma deposited poly(glycidyl methacrylate); and 
surface immobilised chitosan (optimum 3% w/v chitosan – 2% v/v acetic acid). 
Figure 3. 3 and Figure 3. 4. 

System 
Composition / at. % 

C O N 

GMA (Theoretical) 70.0 30.0 0 

Pulsed poly(GMA) 72.0 ± 0.9 28.0 ± 0.9 0 

Chitosan (Theoretical) 54.5 36.4 9.1† 

Pulsed poly(GMA)–Chitosan 64.7 ± 0.5 28.4 ± 0.6 6.9 ± 0.7 

† In practice, this value is expected to be lower due to the presence of acetylated 
chitin units contained within the polysaccharide structure of chitosan.6 

 
 

Table 3. 3: XPS C(1s) compositions for: glycidyl methacrylate (GMA), and pulsed 
plasma deposited poly(glycidyl methacrylate), Figure 3. 2. A theoretical C(1s) fitting 
of the spectrum for surface immobilised chitosan (optimum 3% w/v chitosan – 2% 
v/v acetic acid) and corresponding experimental raw data are shown in Figure 3. 3. 

System 
C(1s) Carbon Component / % 

–CxHy ⚞C(C=O)O O–CH2–CO Epoxide ⚞C(C=O)O 

GMA 

(Theoretical) 
28.6 14.3 14.3 28.6 14.3 

Pulsed 

poly(GMA) 
24.2 ± 0.3 18.8 ± 0.4 15.5 ± 0.2 27.2 ± 0.9 14.2 ± 0.3 
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Figure 3. 2: XPS C(1s) spectrum of (a) theoretical glycidyl methacrylate and, (b) 
pulsed plasma poly(glycidyl methacrylate) deposited onto silicon wafer. Table 3. 2 
and Table 3. 3. 

 

 

3.3.2. Chitosan Surface Tethering 

 

Pure chitosan shows the following infrared absorbances: polysaccharide 

structure N–H and O–H stretches in the 3600–3200 cm−1 region; C–H 

antisymmetric and symmetric stretches at 2926 cm−1 and 2877 cm−1 

respectively; NH2 group N–H bending mode and amide (I) –C=O stretch at 

1646 cm−1 (from acetylated chitin units2,84); amide (II) N–H bending at 1556 

cm−1 (from acetylated chitin units2); –CH2– and –CH3 bending deformations 



 
 

82 
 

at 1425 cm−1 and 1377 cm−1 respectively; amide (III) vibration mode at 1315 

cm−1 (from remaining N-acetylglucosamine chitin units85); chitosan amine (II) 

–C–N stretch at 1252 cm−1; C–O–C bridge antisymmetric stretch at 1150 

cm−1; C–O stretches at 1067 cm−1 and 1028 cm−1; and out of plane ring C–H 

bending at 896 cm−1, Figure 3. 1.86–91 

Following chitosan immobilisation onto the pulsed plasma deposited 

poly(glycidyl methacrylate) film, the following characteristic chitosan features 

were visible: polysaccharide structure N–H and O–H stretches between 

3600–3200 cm−1; polysaccharide C–H antisymmetric and symmetric 

stretches at 2928 cm−1 and 2885 cm−1 respectively; NH2 group N–H bending 

mode and amide (I) –C=O stretch at 1646 cm−1 (from acetylated chitin 

units2,84); amide (II) N–H bending at 1556 cm−1 (from acetylated chitin units2 

and overlap with the acetate ion band at 1600 cm−1 associated with acid–

base interactions between chitosan amine groups and acetic acid 

solution84,87); –CH2– and –CH3 bending deformations at 1412 cm−1 and 1377 

cm−1 respectively; amide (III) vibration mode at 1324 cm−1 (from N-

acetylglucosamine chitin units2); chitosan amine (II) –C–N stretch at 1263 

cm−1; C–O–C bridge antisymmetric stretch at 1151 cm−1; C–O stretch at 

1029 cm−1; as well as polysaccharide bands in the 1110–840 cm−1 region, 

Figure 3. 1.86,87,92 The ester carbonyl (C=O) stretch at 1733 cm−1 from the 

underlying poly(glycidyl methacrylate) film was also observed—which is 

consistent with the RAIRS technique sub-surface sampling depth (0.5–5 

µm).93 

XPS analysis provided further evidence for the surface immobilisation 

of chitosan onto the pulsed plasma deposited poly(glycidyl methacrylate) 

film––detecting only carbon, oxygen, and nitrogen, Table 3. 2. The slightly 

higher carbon (hence lower oxygen and nitrogen) content measured relative 

to the theoretical chitosan composition may be due to the presence of 

remaining acetylated chitin units contained within the polysaccharide 

structure of chitosan or some adventitious hydrocarbon, Figure 3. 3.6 The 

XPS N(1s) amine (–NH2 at 399.6 eV) and protonated amine (–NH3
+ at 401.1 

eV) environments confirmed chitosan surface tethering as well as support for 

the rationale of charged centres for antibacterial activity,94 Figure 3. 4 and 

Figure 3. 5. A solution concentration of 3% w/v chitosan–2% v/v acetic acid 
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was found to give rise to a high level of chitosan immobilisation (total %N) 

and amine group protonation (%–NH3
+), Figure 3. 5. Approximately 16% of 

the chitosan amine groups are positively charged, Table 3. 4. 

 

 

Figure 3. 3: XPS C(1s) of: (a) theoretical fit for chitosan functionalised cloths 
employing a ratio of 5.81 at. % –NH2 (unprotonated chitosan amine) : 1.09 at. % –
NH3

+ (protonated amine and therefore CH3COO− counterion; for cloths made using 
3% w/v chitosan–2% v/v acetic acid aqueous solution (CH3COOH(aq))), and 
assuming no acetylation of chitosan; and (b) experimental raw data  for the 
corresponding chitosan film on polyethylene cloths (optimum 3% w/v chitosan–2% 
v/v acetic acid aqueous solution (CH3COOH(aq))). The latter was not fitted due to the 
overlapping carbon environments present in the real sample (e.g., acetylated units, 
natural chitosan impurities and adventitious carbon). Peaks at the 275–280 eV 
region are dismissed since they are likely to be satellites. 
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Figure 3. 4: XPS N(1s) amine and protonated amine environments present on 
chitosan functionalised (optimum 3% w/v chitosan–2% v/v acetic acid aqueous 
solution) cloths. Peaks at the 390–395 eV region are dismissed since they are likely 
to be satellites. 
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Figure 3. 5: (a) XPS N(1s) content and (b) antibacterial activities of cloths against 
Gram-positive S. aureus and Gram-negative E. coli bacterial strains: (A) untreated 
control; (B) pulsed plasma deposited poly(glycidyl methacrylate) coating control; 
surface immobilised chitosan using chitosan–acetic acid aqueous solutions: (C) 1% 
w/v chitosan–1% v/v acetic acid; (D) 1% w/v chitosan–2% v/v acetic acid; (E) 2% 
w/v chitosan–1% v/v acetic acid; (F) 2% w/v chitosan–2% v/v acetic acid; (G) 3% 
w/v chitosan–1% v/v acetic acid; and (H) 3% w/v chitosan–2% v/v acetic acid, 

where ✱ indicates 100% antibacterial efficacy against E. coli. Error bars indicate 

standard deviation for at least 3 sample repeats. 
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Table 3. 4: XPS N(1s) protonated amine content for non-woven polypropylene cloth 
samples. 

Description 
XPS 

N(1s) –NH3
+ / at. % 

Untreated 0 ± 0 

Pulsed plasma poly(glycidyl 
methacrylate) 

0 ± 0 

1 % w/v Chitosan– 

1% v/v CH3COOH(aq) 
0.7 ± 0.2 

1 % w/v Chitosan– 
2% v/v CH3COOH(aq) 

0.5 ± 0.3 

2 % w/v Chitosan– 
1% v/v CH3COOH(aq) 

0.5 ± 0.1 

2 % w/v Chitosan– 
2% v/v CH3COOH(aq) 

1.0 ± 0.4 

3 % w/v Chitosan– 
1% v/v CH3COOH(aq) 

0.7 ± 0.1 

3 % w/v Chitosan– 
2% v/v CH3COOH(aq) 

1.1 ± 0.4 

 

 

 

3.3.3. Antibacterial Testing 

 

Chitosan immobilised onto pulsed plasma deposited poly(glycidyl 

methacrylate) coated cloths displayed significant antibacterial activity by 

contact killing, against both S. aureus and E. coli bacterial species. The 

highest antibacterial activity (a log reduction = 9) was achieved by employing 

3% w/v chitosan–2% v/v acetic acid aqueous solution for chitosan surface 

tethering against E. coli, Figure 3. 5. The level of antibacterial activity 

correlates with the surface concentration of N(1s) –NH3
+ groups measured 

by XPS (approximately 16% of the chitosan amine groups are protonated), 

Figure 3. 5 and Figure 3. 6. Compared to Gram-positive S. aureus, Gram-
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negative E. coli displayed a greater sensitivity towards surface immobilised 

chitosan for the highest surface concentration of–NH3
+ groups. 

 

 

Figure 3. 6: Correlation between antibacterial activity and XPS protonated nitrogen 
content for chitosan functionalised cloths. 0 at. % –NH3

+ corresponds to untreated 
and pulsed plasma poly(glycidyl methacrylate) coated cloth controls, Table 3. 4. The 
lower line corresponds to Gram-positive S. aureus and the upper to Gram-negative 
E. coli.  

 

Control antibacterial tests on untreated and pulsed plasma poly(glycidyl 

methacrylate) coated non-woven polypropylene cloths displayed no 

antibacterial activity against S. aureus and E. coli, Figure 3. 6. Additional 

control experiments were carried out using the solutions employed for 

surface tethering of chitosan: dilute chitosan–acetic acid aqueous solutions 

inhibited growth of both E. coli and S. aureus, whereas dilute aqueous acetic 

acid solutions alone (1% v/v and 2% v/v) did not, Figure 3. 7 and Figure 3. 8. 

Although the literature indicates acetic acid and acetic acid aqueous 

solutions themselves display antibacterial activity at very low 

concentrations,95 it should be noted that the results among research works 

will vary depending on the initial bacterial concentration reported in each 

study. The zone of growth inhibition did not extend beyond the area exposed 
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to each chitosan-acetic acid solution, which is in keeping with a contact 

mode of action with little or no diffusion into the surrounding media. Acetic 

acid aqueous solutions were only found to become effective as antibacterial 

agents at much higher concentrations, where pH becomes an important 

factor.96,97  

 

 

Figure 3. 7: Bacterial growth inhibition assay using 0.6% LB overlay agar plates 
containing (a) E. coli and (b) S. aureus: (A) water, (B) 1% v/v acetic acid aqueous 
solution, (C) 2% v/v acetic acid aqueous solution, and (D) 100% acetic acid. The 
dark circles represent zones of bacterial growth inhibition. 
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Figure 3. 8: Bacterial growth inhibition assay for chitosan–acetic acid aqueous 
solutions, using 0.6% LB overlay agar plates containing (a) E. coli and (b) S. 
aureus: (A) 1% w/v chitosan–1% v/v acetic acid, (B) 2% w/v chitosan–1% v/v acetic 
acid, (C) 3% w/v chitosan–1% v/v acetic acid, (D) 1% w/v chitosan–2% v/v acetic 
acid, (E) 2% w/v chitosan–2% v/v acetic acid, (F) 3% w/v chitosan–2% v/v acetic 
acid. The dark circles represent zones of bacterial growth inhibition. 

 

 

Any variability noted in our experiments most likely reflects the fact that 

natural polymers (such as chitosan) tend not to have well-defined 

physicochemical properties.98,99 An additional contributing factor may be the 

consistency of bacterial cell exposure to the cloth pieces. 

 

 

3.4. Discussion 

 

The antibacterial activity of chitosan is known to be governed by molecular 

weight, degree of deacetylation, amine group concentration along the 
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polysaccharide chain, positive charge density and physical appearance 

(particle size, shape and surface area, Figure 3. 9).6,7,12,100–105 It is also 

influenced by the medium through which chitosan is deployed (e.g. solution, 

hydrogel, coating etc.),6,7 the methodologies used to evaluate their 

antibacterial effect in the given conditions,100 the natural source of obtention 

and production methods that all play a role defining the physicochemical 

properties of the final product.106–108   

 

 

Figure 3. 9: Physical appearance comparison among Sigma-Aldrich chitosan 
powders from different batches and country of origin. 

 

 

The chitosan functionalised cloths in the present study display high 

levels of antibacterial activity against S. aureus and E. coli, Figure 3. 5. It 
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might have been expected that coatings prepared with 2% w/v chitosan–2% 

v/v acetic acid aqueous solutions would offer improved antibacterial activity 

and higher percentage of protonated chitosan glucosamine units due to the 

lower amount of chitosan dissolved with 2% v/v acetic acid aqueous solution. 

However, the optimum 3% w/v chitosan–2% v/v acetic acid solution utilised 

for surface tethering proved the most effective, yielding a log reduction of > 9 

against E. coli, which substantially exceeds the minimal clinical standard (a 

log reduction in survival of > 3).109,110 This may be attributed to a higher 

retention of both, protonated and non-protonated chitosan glucosamine units 

on the surface, which is in good agreement with the results presented in  

Figure 3. 5 and Table 3. 4, where the XPS measured concentration of N(1s) 

–NH3
+ groups for coatings made with 3% w/v– and 2% w/v chitosan–2% v/v 

acetic acid aqueous solutions are ~16% and ~29% of the chitosan amine 

groups, respectively. However, these percentages correspond to their 

respective XPS measured nitrogen content totals of ~6.9% at. and ~2.8% at., 

providing further evidence that amine groups in chitosan are more readily 

protonated in 2% w/v chitosan–2% v/v acetic acid aqueous solution, but the 

higher concentration of non-protonated glucosamine species in 3% w/v 

chitosan–2% v/v acetic acid solution is likely to enhance their antibacterial 

activity, compared to coatings prepared with other proposed chitosan–acetic 

acid aqueous solution concentrations, Table 3. 4, and Figure 3. 5. Although 

less active against S. aureus, 2–3% w/v chitosan treated pulsed plasma 

poly(glycidyl methacrylate) functionalised cloths produced 3–4 log reductions 

in bacterial survival. For 3% w/v chitosan concentration, the comparison 

between 1% v/v versus 2% v/v acetic acid aqueous solution concentrations 

suggests that the latter promotes greater tethering of chitosan to epoxide 

groups on the surface in combination with higher levels of polysaccharide 

amine centre protonation (approximately 16% of the chitosan amine groups 

are positively charged), Figure 3. 5. It is the surface concentration of 

protonated amine groups which appears to govern the level of antibacterial 

activity, Figure 3. 6.  

At least four possible mechanisms exist for the antibacterial interaction 

between chitosan and microorganisms. First, the positively charged amine 

groups of the chitosan glucosamine units are attracted towards negatively 
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charged components in microbial cell surfaces and membranes, thereby 

damaging or destroying the cell wall structure through interactions with cell 

membrane lipids or proteins, which in turn perturbs the entry of nutrients or 

causes leakage of the intracellular contents.100,103,111 A second possibility is 

that following interaction with the cell wall, chitosan penetrates the bacterial 

cell, leading to electrostatic binding to DNA (this will interfere with the 

synthesis of nucleic acids as well as metabolic activities).104 A third 

mechanism involves protonated chitosan polymer chain amine groups 

competing with divalent chelation of metal ions required for microorganism 

growth and survival (concurrently, chitosan primary and secondary hydroxyl 

groups can bind to biologically-relevant metal ions).3,6 The fourth reported 

explanation entails chitosan acting as a thick polymer barrier layer which 

damages the metabolic activity of microorganisms by blocking the cells from 

receiving essential nutrients or preventing the transportation of metabolite 

excretion.105 In agreement with results for the coatings in the present study, it 

is most likely that the protonated glucosamine groups in chitosan readily 

interact with the negatively charged cell surface through electrostatic 

interactions causing physical membrane disruption,104,112,113 given the fact 

that the samples with higher content of protonated chemical species 

displayed higher antibacterial efficiency, Figure 3. 6. 

Furthermore, bacteria species display different levels of sensitivity 

towards chitosan, due to their cell wall properties, metabolism, and age (e.g., 

exponential growth versus stationary phase).101,113,114 Previous studies 

reported contradictory results regarding the differential sensitivity of Gram-

positive and Gram-negative bacteria towards chitosan.115,116 The 

susceptibility of Gram-positive bacteria is explained on the basis of 

electrostatic interactions occurring between chitosan and the peptidoglycan 

cell wall,100 which contains teichoic acids (consisting mainly of an alcohol and 

negatively charged phosphate), playing a role in binding and regulating the 

movement of cations (e.g., interaction with chitosan polycation) into and out 

of the cell wall. 117 However, in contrast, in the present investigation, it was 

observed that Gram-negative E. coli is more susceptible to killing by chitosan 

functionalised cloth surfaces, Figure 3. 6. Such higher antibacterial activity 

towards Gram-negative bacterium could be attributed to a thinner cell wall 
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thickness (e.g., 7–8 nm for E. coli) compared to Gram-positive bacterium 

(e.g., 20–80 nm for S. aureus).118 The comparatively thicker and more rigid 

peptidoglycan layer (which helps preserve the integrity of the cell) for Gram-

positive bacterial strains is expected to be less susceptible to membrane 

damage during electrostatic attraction towards positively charged 

substrates.119 Therefore, despite the coatings with higher content of 

protonated chitosan glucosamine groups appearing to readily react with the 

cell membrane, there may still be physical limitations from the bacterial cell 

that show that the amount of protonated species may not be enough to kill 

bacteria by means of electrostatic or chemical interactions (contact killing) 

between the coating and the bacterial cell surface; there is the possibility that 

the antibacterial activity of the coatings presented in this study is a synergy 

between several or all of the four possible mechanisms outlined above, 

where the physical barrier from chitosan still acts when the chemical features 

of the coating are not sufficient to kill the bacteria by direct contact. 

 

 

3.5. Conclusions 

 

Chitosan immobilised onto pulsed plasma poly(glycidyl methacrylate) 

functionalised cloths displays antibacterial activity against Gram-positive S. 

aureus (log reduction = 4) and Gram-negative E. coli (log reduction = 9) 

bacteria. A correlation was found between the concentration of protonated 

chitosan amine groups and the measured level of antibacterial activity. 

However, the physical and chemical features of different batches of chitosan 

may potentially interfere with the performance of the final product; solutions 

made with chitosan from different batches may vary in their content of 

protonated chitosan glucosamine units and may consequently affect their 

antibacterial efficacy, which is in agreement with the discrepancies 

mentioned above regarding the variability of results displayed from different 

chitosan antibacterial applications. Furthermore, as chitosan is a natural and 

readily biodegradable molecule, the regeneration of the coated material does 

not guarantee long-term or repeated use. Nevertheless, compared with other 
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approaches, the coating made with 3% w/v chitosan–2% v/v acetic acid 

aqueous solution offers a simple eco-friendly process, that requires low 

amounts of precursor in the plasma functionalisation step, with no 

requirements of further treatment at high temperatures that could damage 

delicate bulk materials such as non-woven polypropylene cloths and other 

sensitive polymers. In the same way proposed in this work, plasma assisted 

functionalisation of surfaces to immobilise chitosan is being studied and 

appears to perform well for different industrial and biomedical applications; it 

could be concluded that plasma process parameters can be set to obtain a 

functionalised surface that allows to immobilise chitosan with any proposed 

deposition method, as compared above. In addition, the use of a non-toxic 

biodegradable chitosan–acetic acid aqueous solution provides high efficiency 

in generating the desired final product. The simplicity of this two-step, 

substrate-independent approach makes it amenable for a wide range of 

biomedical and antifouling applications.  
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4.1. Introduction 

 

Acrylic acid is a biodegradable organic compound, which consists of vinyl 

and carboxylic acid functional groups connected to each other, Scheme 4. 

1.1 Acrylic acid naturally occurs in marine algae, and its broad-spectrum 

antibacterial activity is related to its acidic potentiation.2–4 Nevertheless, 

acrylic acid can be obtained by different synthesis routes, with the two-step 

oxidation of polypropylene being the main industrial production method. 

However, economic and environmental reasons have led researchers to 

develop alternative approaches to its synthesis.5,6  

 

 

Scheme 4. 1: Acrylic acid. 

 

 

Among other uses, acrylic acid is employed to develop poly(acrylic 

acid) materials for different applications, including biomedicine.7–9 The 

physical features and antibacterial properties of poly(acrylic acid) makes it an 

attractive choice to modify surfaces without altering the bulk properties of 

materials.10–12 There have been different approaches to coat a variety of 

substrates with poly(acrylic acid), including graft polymerisation reaction,13–15 

hydrolysis followed by drop casting deposition,8 electrospun,9,16 a variety of 

plasma polymerisation methods10,11,17–19 and hydrogels.20 However, the 

different setup for these techniques may require high power rate and 

temperature, and multiple steps, that at the end, produce coatings with poor 

chemical and mechanical stabilities, i.e., unstable coatings in aqueous media 

that wash off or with low carboxyl functional group retention.10,11 For plasma 

coatings, there have been a range of studies looking at ways to overcome 

the drawbacks mentioned, however, the poor stability of the coatings 

obtained not only relates to solubility issues but also the demanding process 

conditions themselves.11,21–23 Given the limitations reported by these 

previous reports, in this study, atomised spray plasma deposition (ASPD) of 
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poly(acrylic acid) was chosen as an attractive approach to overcome 

problems related to the stability and functionality of the coating. Stable ASPD 

poly(acrylic acid) coatings are possible to develop by optimising the 

deposition parameters when the poly(acrylic acid) deposition rate varies with 

the acrylic acid flow-rate whilst maintaining the power input constant during 

the ASPD process. This is because lower precursor flow-rates are 

associated with higher molecule fragmentation due to an excess of energy 

per surface molecule; on the contrary, higher precursor flow-rates are 

associated with energy deficiency leading to incomplete polymerisation. So, 

the optimal deposition-rate will be achieved when the power input allows 

enough energy to properly polymerise the coating without excessive 

molecule fragmentation (i.e., optimisation to control the energy-per-molecule 

described by the Yasuda parameter to avoid excessive molecular 

fragmentation of the precursor molecule within the plasma).24,25 

Short chain carboxylic acids are known to be toxic to Escherichia coli by 

inducing bacterial cell membrane damage,26 due to the deprotonated 

carboxyl  group (–COO−) present in aqueous media, and consequently 

allowing strong electrostatic interactions with essential metal ions for 

bacterial metabolism.27,28 The antibacterial activity of poly(acrylic acid) has 

been studied in both, solution29 and immobilised onto a surface.30,31 For 

example, Gratzl et al.8 investigated the antibacterial activity in both solution 

and surface against E. coli and S. aureus, and observed that poly(acrylic 

acid) displays higher antibacterial efficacy when immobilised onto a surface. 

Therefore, the antibacterial activity of the coating could be attributed to the 

deprotonated carboxyl groups on the ASPD poly(acrylic acid) surface, 

disrupting bacterial cell metabolic functionalities by undertaking electrostatic 

interactions with the bacterial cell membrane, rather than provision of a 

diluted concentration of the deprotonated poly(acrylic acid) material in 

solution (which requires to reach an equilibrium of charges across the 

membrane32), since the interaction between bacteria and poly(acrylic acid) 

changes in each of these conditions.33 

The atomised spray plasma deposition (ASPD) is a substrate-

independent technique, which allows high functional group retention of the 

precursor while it is atomised into the electrical discharges, and thus 
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decreases the energy-per-molecule at optimum conditions. The ASPD 

technique involves the atomisation of precursor into an excited medium 

created by electrical discharges. The excited plasma species (electrons, 

ions, vacuum ultraviolet (VUV) photons and radicals) activate the carbon–

carbon double bond of the acrylic acid in the plasma phase which then 

undertakes the conventional radical polymerisation and polymer growth on 

the substrate surface, producing crosslinked polymer coatings covalently 

attached to the surface.34–36 Furthermore, low-pressure ASPD offers the 

advantage of being adaptable to treat considerable size areas of different 

substrates (settings for the present work allowed the uniform coatings of 

substrates ~10 cm lenght) without the size and narrow amplitude limitations 

for the substrate seen when the plasma treatment is performed at 

atmospheric pressure, where a tiny distance between electrodes is required, 

and the treated section to be analysed represents a proof-of-concept study 

rather than a potentially scalable approach.18,19,34,37  In this study, the ASPD 

technique was employed to fabricate ASPD poly (acrylic acid) coatings 

deposited onto polypropylene cloth, Scheme 4.2, whose antibacterial activity 

was tested against E. coli and displayed 100% efficacy. 

 

 

Scheme 4. 2: Atomised spray plasma deposition of poly(acrylic acid) coatings on 
surfaces. 

 

 

The fabrication of ASPD poly(acrylic acid) coatings was carried out on 

polypropylene cloth, given its suitability for antibacterial activity testing. This 

approach is expected to produce a polymeric crosslinked film on the surface, 
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which is covalently attached onto the substrate surface due to the free 

radical sites created at the plasma–surface interface during the onset of 

plasma exposure. The ASPD experimental parameters for this study were 

carefully chosen to obtain a coating which is stable in aqueous media while 

retaining a considerable carboxy group content.34,38 

 

 

4.2. Experimental 

 

4.2.1. Atomised Spray Plasma Deposited (ASPD) 

Poly(Acrylic Acid) Coatings 

 

The precursor material used was acrylic acid (99%, Sigma-Aldrich Ltd.), 

Scheme 4. 1. Acrylic acid precursor was loaded into a sealable glass delivery 

tube and degassed using multiple freeze–pump–thaw cycles. Substrates for 

coating were silicon (100) wafer (14–24 mΩ cm resistivity, Silicon Valley 

Microelectronics Inc.), ultrasonicated in a 1:1 v/v mixture of propan-2-ol / 

cyclohexane (+99.99% wt%, Acros Organics™) for 15 min, air dried, followed 

by air plasma cleaning (0.2 mbar pressure and 50 W) for 20 min prior to 

ASPD treatment; and hierarchical-coarse non-woven polypropylene cloth 

sample sets of 0.25 cm2 and 2.38 cm2 area respectively (0.4 mm thick, 22.7 

± 4.4 μm fibre diameter, and dimpled structure 0.7 ± 0.2 mm separation, 

Spunbond, 70 g m−2, Avoca Technical Ltd., UK39). The hierarchical-coarse 

non-woven polypropylene cloth substrates were washed with ethanol 

(+99.8%, Fisher Scientific Ltd., UK) for 20 min, and any excess ethanol 

removed with absorbent paper tissue wipes (Kimtech Science, Kimberly-

Clark Europe Ltd.) and vacuum dried. Substrates were placed downstream in 

line-of-sight from the atomiser prior to surface treatment. 

Atomised spray plasma deposition was carried out as described in 

Chapter 2 Section 2.1.2.2 Atomised Spray Plasma Deposition. Ambient 

temperature ASPD was carried out using 10 W continuous wave plasma in 

conjunction with atomisation of acrylic acid precursor slurry into the reaction 
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chamber employing an optimised flow rate of 25 ± 4×10−4 mL s−1 (higher flow 

rates produce unstable films due to incomplete polymerisation). Upon 

plasma extinction, the atomiser was switched off and the system evacuated 

to base pressure, followed by venting to the atmosphere.34 

 

 

4.2.2. Film Characterisation 

 

Infrared spectroscopy was employed to characterise the ASPD poly(acrylic 

acid) coatings on polypropylene cloth, and acrylic acid precursor; X-ray 

spectra were obtained from ASPD poly(acrylic acid) coatings on silicon 

wafer; and antibacterial test were carried out to determine the antibacterial 

activity of the ASPD poly(acrylic acid) coatings on polypropylene cloth. The 

corresponding characterisation procedures were carried out as described in 

Chapter 2 Experimental Techniques. 

 

 

4.2.3. Antibacterial Testing 

 

For antibacterial testing, the cloth samples were cut into two separate sets of 

5 mm × 5 mm and 1.4 cm × 1.7 cm size, respectively. The E. coli wild-type 

strain BW25113 (CGSC 7636; rrnB3 ΔlacZ4787 hsdR514 Δ(araBAD)567 

Δ(rhaBAD)568 rph-1) was used for sensitivity testing. Bacterial cultures were 

prepared as described in Chapter 2 Section 2.7 Antibacterial Activity Test. 

Optical density OD600nm = 0.4 (0.4 ± 0.0) was measured using a 

spectrophotometer (model DS-11, DeNovix Inc.) to give bacteria in the mid-

log phase of growth.40 Antibacterial tests were performed by the dilution 

method at 1 mL and 100 µL scale, correspondingly, followed by colony-

forming unit (CFU) plate counting, as described in Chapter 2 Experimental 

Techniques.  
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4.3. Results 

 

4.3.1. Pulsed Plasma Deposited Poly(Acrylic Acid) 

 

The infrared spectrum of liquid acrylic acid precursor includes the following 

absorbances: acid –OH stretch in the 3000–2800 cm−1 region; acid –OH 

group absorption in the 2500–2600 cm−1 region; acid carboxyl group –C=O 

stretch at 1698 cm−1; C=C stretch at 1628 cm−1; acid –C–O stretch and acid 

–OH bend of dimers at 1404 cm−1; acid C–O stretch at 1294 cm−1; acid –C–

O–C symmetric and antisymmetric stretches at 1180 cm−1 and 1070 cm−1 

respectively; =CH2 stretch at 982 cm−1, and acid –OH out-of-plane at 921 

cm−1, both from the liquid monomer, Figure 4. 1.41–44  

 

 

 

Figure 4. 1: Attenuated–total–reflection (ATR) infrared spectra of: (a) polypropylene 
cloth substrate; (b) ASPD poly(acrylic acid) coating on polypropylene; (c) liquid 

acrylic acid monomer. ⚫ and ✱ denote characteristic infrared absorbances for 

carboxyl group from acrylic acid and underlaying polypropylene, respectively. 
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The ASPD poly(acrylic acid) coated polypropylene cloth showed the 

following characteristic poly(acrylic acid) absorption features: acid –OH 

stretch in the 3000–2800 cm−1 region; acid –OH group absorption between 

2500–2600 cm−1; acid –C=O stretch at 1705 cm−1; acid –C–O stretch and 

acid –OH bend of dimers at 1404 cm−1; acid C–O stretch at 1294 cm−1; acid 

–C–O–C symmetric and antisymmetric stretches at 1180 cm−1 and 1070 

cm−1 respectively; and retention of =CH2 stretch at 982 cm−1 from acrylic acid 

monomer, Figure 4. 1. Significant reduction of C=C stretch due to acrylic acid 

polymerisation is observed at 1628 cm−1. 19,41–44 Absorption bands from the 

underlying polypropylene cloth substrate were also observed in the ASPD 

poly(acrylic acid) coating, due to the ATR technique sampling depth (0.5–5 

µm):45,46 antisymmetric –CH3 and CH2 stretches at 2956 cm−1 and 2914 

cm−1, respectively; and CH2 vibration at 1460 cm−1.47–49 In general, there is 

observed highly structural retention of the acrylic acid precursor and 

reduction of the oxygen functionalities corresponding to the carboxyl group 

after the ASPD process. 

For the ASPD poly(acrylic acid) coatings, X-ray photoelectron 

spectroscopy (XPS) analysis detected the presence of only carbon and 

oxygen with no Si(2p) signal from the underlying silicon wafer substrate, 

thereby confirming a pin-hole free layer, Table 4. 1; using a different 

substrate does not affect the chemistry on the top-most layer of the coating 

since ASPD is a surface-independent approach.35 The C(1s) envelope was 

fitted to three Gaussian Mg Kα1,2 components: –CxHy (285.0 eV); –C–O 

(287.0 eV), representing oxygen-containing functional groups which are 

present due to the fragmentation of acrylic acid monomer occurring at the 

plasma environment;50 and O–C=O (289.3 eV),18 consistent with retention of 

the carboxy functional group, including the characteristic carboxyl functional 

group of the poly(acrylic acid),18,50,51 Figure 4. 2. The XPS spectrum of the 

theoretical poly(acrylic acid) displayed three C(1s) components: CxHy (285.0 

eV), –C–COOH (285.4 eV), and O–C=O (289 eV) that were obtained from a 

monochromatic XPS instrument which allows the differentiation of carbon 

components with an energy resolution of ~0.3 eV between them.52,53 

However, a nonmonochromatic XPS instrument was used in this work having 

a resolution energy of ~1 eV, and thus was unable to identify the –C–COOH 
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carbon component with a binding energy shift of 0.4 eV from CxHy.54,55 

However, the corresponding O(1s) Mg Kα1,2 components were fitted for: –

C=O (532.5 eV), and –C–O (533.9 eV);55 the decrease of the atomic oxygen 

composition also suggests the fragmentation and loss of oxygen containing 

functionalities, Figure 4. 3. 

 

 

Table 4. 1: XPS elemental and C(1s) compositions for: theoretical poly(acrylic acid), 
and ASPD poly(acrylic acid) coating, Figure 4. 2.  

System 

Composition / at. 

% 
O/C 

C(1s) Carbon 

Component / % 
Normalised 

O–C=O 

Retention Carbon Oxygen CxHy C–O 
O–

C=O 

Theoretical 60 40 0.67 66.7 0 33.3 100 

Experimental 
73 ± 

0.2 
27 ± 0.2 0.37 

74.3 ± 

2.9 

7.7 ± 

2.6 

18.0 ± 

0.3 
70 
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Figure 4. 2: XPS C(1s) spectra of: (a) theoretical poly(acrylic acid), and (b) 
experimental ASPD poly(acrylic acid) coating on silicon wafer. 

 

 

Figure 4. 3: XPS O(1s) spectrum of ASPD poly(acrylic acid) coating on silicon 
wafer. 
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Antibacterial testing of the ASPD poly(acrylic acid) coated cloths was 

performed with E. coli wild-type at two different scales (i.e., sets of: 1.4 cm × 

1.7 cm, and 5 mm × 5 mm, respectively). The cloths displayed robust 

antibacterial activity by contact resulting in 100% killing of the bacteria during 

the 16 h interaction time, Figure 4.4. These results represented a log 

reduction of 9.8 ± 0.1, exceeding the minimum antibacterial clinical standard 

criterion (log reduction > 3),56,57 compared to the untreated polypropylene 

cloth as reference sample. The ASPD poly(acrylic acid) coating did not wash 

off or dissolved after 16 h exposure to the liquid environment during the 

antibacterial tests. 

 

 

Figure 4. 4: Antibacterial activity of untreated non-woven polypropylene and 
ASPD poly(acrylic acid) coating on non-woven polypropylene cloth against E. 

coli strain. ⏺ indicates 100% antibacterial efficacy against E. coli. Error bars 

indicate standard deviation for at least 3 sample repeats. 
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4.4. Discussion 

 

The fabrication of ASPD poly(acrylic acid) coatings yielded excellent 

antibacterial activity against E. coli. The ASPD technique is a reliable 

process for the challenging industrial scale up of these materials. ASPD 

process parameters can be tuned for the necessities of the final consumer 

(e.g., for some applications, high retention of carboxyl groups in the 

poly(acrylic acid) coatings is not needed10,58), by setting plasma operation 

conditions so the energy input per surface molecule produce a coating with 

the desired physicochemical features (i.e., Yasuda parameter).24 In 

comparison with the aforementioned studies, ASPD poly(acrylic acid) 

coatings provide high retention of the carboxyl group in equilibrium with the 

desired physical features of a stable coating in a single step process, without 

the need of limiting or demanding process requirements, nor further damage 

effects from overexposure to the plasma environment.8–23,37 This is also in 

good agreement with studies of other variants of plasma deposition of 

poly(acrylic acid), where the carboxyl group retention and stability under 

aqueous media were investigated.59–61 Nevertheless, Chen et al.62 obtained 

similar carboxylic group retention to what is reported in this work, by 

performing low pressure plasma-enhanced chemical vapour deposition 

(PECVD) of acetic acid films which displayed stable wettability due to better 

functional group retention compared to their atmospheric pressure plasma 

deposition approach. 

Infrared analysis of the ASPD poly(acrylic acid) coating suggested a 

good structural retention of the acrylic acid precursor after plasma 

polymerisation. Furthermore, XPS analysis indicated that ASPD poly(acrylic 

acid) coatings achieved ~70% retention on the surface of the O–C=O groups 

which include carboxy and carboxylic acid species. This may be due to the 

incidence of the reactive plasma species at the plasma phase or plasma–

surface interface,63 and the photochemical decarboxylation via C–C (3.61 

eV24) bond of the precursor molecule caused by vacuum UV radiation,64,65 as 

well as the reincorporation of oxygen containing fragments into the polymer 

coatings.24,65 
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The antibacterial properties of the ASPD poly(acrylic acid) coating are 

attributed to the chemical deprotonation of the carboxylic acid group in the 

aqueous testing environment, which is readily able to disturb the metabolic 

activity taking place at the bacterial cell membrane by changing the overall 

charge on its surface. This would interfere with electron transport required for 

the absorption of essential nutrients to generate adenosine triphosphate 

(essential for producing energy for multiple metabolic processes in the 

bacterial cell), and eventually causing cell membrane disruption and 

death.27,66,67 Separate studies of the antibacterial activity of poly(acrylic acid) 

material against Gram-negative E. coli, and Gram-positive Staphylococcus 

aureus, implicated different possible mechanisms. First, a decrease in pH 

due to the deprotonation of carboxylic groups impairing pH homeostasis of 

bacterial cells, leading to subsequent damage of proteins, membranes, and 

DNA.12 Second, the acidic conditions promoted by the deprotonation of 

carboxylic groups could be responsible for the antibacterial activity on the 

treated surface, due to an ion-exchange effect whereby the high negative 

charge density of deprotonated carboxylic groups, on the ASPD poly(acrylic 

acid) coating material, have strong affinity for cations at the cell membrane 

surface.8,68,69 Furthermore, the acidic nature of the ASPD poly(acrylic acid) 

coating surface could make conditions adverse for the growth and 

proliferation of certain bacteria by maintaining an acidic pH, thus potentially 

preventing biofilm formation.8,27  

The ASPD poly(acrylic acid) coatings, therefore, act as antibacterial 

contact killing coatings, showed good mechanical stability towards aqueous 

solvents and excellent antibacterial properties. The ASPD poly(acrylic acid) 

coatings did not wash off during antibacterial testing. Given the physical 

features of the polymeric matrix, the ASPD poly(acrylic acid) coating 

appeared stable after 16 h of interaction in aqueous media for the 

antibacterial test, potentially allowing ad hoc long-term usage with biological 

material.  
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4.5. Conclusion 

 

The ASPD poly(acrylic acid) coatings on polypropylene cloth display 

antibacterial activity against Gram-positive E. coli (log reduction > 9) 

bacteria; a correlation is found between the high retention of carboxyl group 

within the polymeric matrix of the coating surface (as per XPS and FTIR 

results) and the measured level of antibacterial activity.  

The simplicity of the ASPD solventless single step approach makes it 

amenable for a wide range of biomedical and commercial applications where 

polymeric antimicrobial surfaces are required. ASPD of poly(acrylic acid) 

coatings allows the synthesis of  crosslinked surfaces with good 

physicochemical properties, overcoming oiliness and tendency to wash off or 

dissolve as reported by other approaches whilst keeping a functionalised 

coating with the characteristic carboxyl groups from the precursor, due to the 

optimisation of ASPD settings to apply the adequate amount of energy per 

surface molecule of acrylic acid precursor atomised at certain flow-rate, to 

obtain a coating with the desired features and functionalities. 

Further antibacterial test against different Gram-negative species, 

Gram-positives and scanning electron microscopy (SEM) analysis are 

suggested for deeper surface analysis.  
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5.1. Introduction 

 

Metallosurfactants are amphiphilic compounds composed of a surfactant 

molecule in which the surfactant head group is coordinated with a metal 

ion.1,2 Metallosurfactants have the characteristic that the alkyl tail is 

hydrophobic while the head group, coordinated with the metal ion, is 

hydrophilic.1,2 This duality or amphiphilic nature makes metallosurfactants 

attractive candidates for the assembly of nanoscale, metal-containing 

colloids, the headgroup ligand can impart a rich metal-coordination chemistry 

that can be used to tune the nature of the self-assembled structures.3 

Synergistic effects of metal species and surfactant components are expected 

from metallosurfactants for antibactibacterial activity purposes. 

Different metal species exhibit antibacterial activity through different 

mechanisms. These depend on various factors such as the type of bacteria 

they interact with—bacterial membranes contain polymers with highly 

electronegative chemical groups where metal cations are adsorbed by a 

coordinated bond; concentration and oxidation state of the metal; and the 

antibacterial test method employed, which depends on the material condition 

of the metal (e.g., nanoparticle solution, complex, or surfaces); these 

interactions could induce oxidative stress, protein dysfunction, membrane 

damage, interference with nutrient assimilation and/or genotoxicity.4–6 For 

example, copper and iron metal species are reported to particularly increase 

intracellular oxidative stress in vivo and in vitro experiments, against Gram-

positive and Gram-negative bacteria, through processes driven by the 

Fenton reaction.4,7 Furthermore, copper is known to possess antibacterial 

activity under dry and wet environments,6 whereas other metal species such 

as silver, gold, molybdenum, zinc, magnesium, and titanium only display 

antibacterial activity under certain conditions.6,8 However, metals themselves 

can be toxic for humans; therefore, doses and routes of administration are 

tuned as needed, or the metal-containing agent is confined to surfaces, such 

as textiles, polymers, or medical devices.7  

On the other hand, surfactants themselves are capable of antibacterial 

activity due to their physicochemical features, such as having an ionic, non-
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ionic or zwitterionic headgroup.9,10 Depending on the chemical synthesis 

route, attributes such as surfactant alkyl chain length, geometry, spacer 

groups, and charges (for charged surfactants) can be modified to fulfil 

different application requirements, including antibacterial activity.11–15 For 

instance, Zhang et al.,16 tested and discussed differences between the 

antibacterial activity of cationic and anionic surfactants, and found that 

despite the cationic surfactant being more efficient at disrupting bacterial cell 

membrane permeability by electrostatic interactions, the use of anionic 

surfactant afterwards provides even higher antibacterial activity because it 

readily reacts with membrane proteins after bacterial cell membrane 

neutralisation with the cationic component. Morsi & El-Salamony17 compared 

the antibacterial activity of three different cationic, anionic, and non-ionic 

surfactants which displayed antimicrobial activity depending on the 

interaction of each type of surfactant with microbes (i.e., Gram-positive and 

Gram-negative bacteria, fungi, or yeast). Furthermore, surfactants can also 

be combined with other antibacterial compounds for biomedical purposes.18  

Given the advantages that different types of surfactant and metal 

species offer on their own for antibacterial applications, there have been 

reports of either functionalisation of metal nanoparticles with surfactants19 or 

coordination of surfactants with metal species to form metallosurfactant 

complexes, in order to improve them for antimicrobial and biomedical 

applications, due to the synergistic effect offered by metal ion and surfactant 

molecule combinations.20–34 In addition, metallosurfactants are of great use 

for other applications such as surface functionalisation pretreatment for 

anticorrosion purposes,35 catalysis,36–42 preparation of porous43 and 

mesoporous materials,44,45 magnetic resonance imaging,46–49 CO-release for 

biological systems,50 fluid property modifier for CO2,51,52 thin-film 

optoelectronics,53 thin-film devices,54 molecular design of 

metallomesogens,55 radiolabeling of liposomes,56 preparation of metal 

nanoparticles,57 water remediation,58,59 and so on. 

Copper and iron based metallosurfactants are attractive for surfactant 

complexation for antimicrobial purposes,60,61  because they have redox 

activity which is possible because those metal atoms can accommodate 

different number of valence electrons in their outermost atomic orbitals, 
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instead of a single number of valence as redox-inactive metal atoms; 

nevertheless, such oxidation states of metal atoms are affected by the 

environment they are in, and the metabolism and subcellular compartments 

of microorganisms they interact with, Table 5. 1.  

 

Table 5. 1: Iron- and copper-based antibacterial metallosurfactants. 

Metal ion Surfactant/ chelating ligand Organism tested Ref. 

Fe 

Lauric acid 

Palmitic acid 

Myristic acid 

Steric acid 

Morpholine 

Aspergillus niger 

Candida albicans 

Escherichia coli 

Bacillus subtilis 

62 

Bis-hexadecyl pyridium 

chloride 

Bacillus cereus 

Bacillus polymyxa 

Klebsiella pneumoniae 

Pseudomonas aeruginosa 

63 

Dodecyl amine 

Cationic hexadecyl 

pyridinium chloride 

E. coli 

P. aeruginosa 

Streptococcus faecalis 

Staphylococcus aureus 

64 

Tannic acid-glycine 

derivatives 

S. aureus 

E. coli 

P. aeruginosa 

B. subtilis 

65 

Cu 

Dodecyl amine 

Cationic hexadecyl 

pyridinium chloride 

E. coli 

P. aeruginosa 

S. faecalis 

S. aureus 

64 

Peptide E. coli 

Enterococcus faecalis 

S. aureus 

66 

Dodecyl amine B. cereus 

K. pneumoniae 
67 

Cationic cetyl trimethyl 

ammonium bromide 

Desulfonamonas pigra 

E. coli 

S. aureus 

29 
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Metal ion Surfactant/ chelating ligand Organism tested Ref. 

Polysaccharide derivatives of 

sodium alignate 

B. subtilis 

S. aureus 

E. coli 

P. aeruginosa 

68 

Hexadecylpyridinium chloride B. polymyxa 

B. cereus 

P. aeruginosa 

K. pneumonae 

69 

Hexadecyltrimethyl 

ammonium chloride 

E. coli 

S. aureus 
70 

Azobenzene isothiouronium 

salts 

P. aeruginosa 

S. aureus 
71 

Cationic alkyl acetate benzyl 

diphenil ammonium salt 

P. aeruginosa 

Sarcina lutea 

Bacillus pumilus 

Miluteus luteus 

20 

Decyl amine hydro chloride 

Dodecyl amine hydro chloride 

Tetradecyl amine hydro 

chloride 

B. subtilis 

E. coli 

S. aureus 

S. faecalis 

72 

Dodecylamine 

Cetylamine 

S. aureus 

B. subtilis 

E. coli 

73 

 

 

Given the already studied antibacterial activity of metal species and 

surfactants, copper- and iron-based metallosurfactant complexes are 

proposed as complementary agents for incorporation into polymeric matrixes 

of atomised spray plasma deposition of metallosurfactant–polymer 

antibacterial coatings. Metallosurfactants precursors Cu-CTAC,60 Fe-

CTAC,60 and CuDDA,61 were provided by Dr Gurpreet Kaur, and Dr Preeti 

Garg from the Department of Chemistry, Panjab University, Chandigarh, 

India.  
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For this purpose, atomised spray plasma deposition (ASPD) of 

antibacterial metallosurfactant/polymer coatings will be performed to obtain 

stable composite coatings, Scheme 5.2, allowing release of antibacterial 

metallosurfactant material upon contact with bacterial environments. To date, 

there are no reports available for the deposition of the proposed type of 

coatings that host metallosurfactants as antibacterial agents. Thus, the 

present work proposes ASPD process as an approach to achieve coatings 

which display high and quick antibacterial activity against Escherichia coli 

and Staphylococcus aureus strains. 

 

 

 

 

Scheme 5. 1: Fabrication process of atomised spray plasma deposition of 

polymer- and ASPD metallosurfactant/polymer coatings on surfaces.  

 

 

5.2. Experimental 

 

5.2.1. Atomised Spray Plasma Deposition (ASPD) of 

Metallosurfactant–Polymer Coatings 

 

Precursor materials used were 2-hydroxyethyl methacrylate (HEMA, +97%, 

Sigma-Aldrich Inc.), isodecyl acrylate (IDA, +99.9%, Sigma-Aldrich Inc.), and 
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metallosurfactants provided by Dr Gupreet Kaur and Dr Preeti Garg, from the 

Department of Chemistry, Centre of Advanced Studies in Chemistry, Punjab 

University,60,61 Scheme 5. 2 and Table 5. 2. Metallosurfactants were mixed 

with precursor monomers at 2% w/v concentration and shaken (VXR Vibrax 

orbital shaker, IKA® Works Inc.) until fully dissolved to form stable 

suspensions; precursor monomers were chosen to be combined with a 

particular metallosurfactant depending on their solubility. Each 

metallosurfactant/precursor mixture was loaded into a sealable glass delivery 

tube and degassed using multiple freeze–pump–thaw cycles. Before the 

ASPD treatment, the Cu-amine/IDA suspension was stirred with a custom-

built portable magnetic stirrer (designed, developed and built by Dr Bryan 

Denton, Durham University) during plasma deposition (operation conditions: 

15 V, 25 mA; 2–20 Hz). 

 

 

 

Scheme 5. 2: Metallosurfactants: (a) bishexadecyl trimethyl ammonium iron (II) 
tetrachloride (Fe-CTAC); (b) bishexadecyl trimethyl ammonium copper (II) 
tetrachloride (Cu-CTAC); (c) bisdodecylamine copper (II) chloride (Cu-amine); 
where thicker lines denote coordinated copper–nitrogen bonds. 

 



 
 

137 
 

 

Table 5. 2: 2% w/v metallosurfactant-monomer precursor combinations used for 
atomised spray plasma deposition. 

Coating Metallosurfactant Monomer 

Fe-CTAC / 

HEMA 

Bishexadecyl trimethyl ammonium 

iron (II) tetrachloride (Fe-CTAC) 

2-Hydroxyethyl 

methacrylate 

Cu-CTAC / 

HEMA 

Bishexadecyl trimethyl ammonium 

copper (II) tetrachloride (Cu-CTAC) 

2-Hydroxyethyl 

methacrylate 

Cu-amine / 

IDA 

Bisdodecylamine copper(II) dichloride 

(Cu-amine) 
Isodecyl acrylate 

 

 

Substrates used for coating were silicon (100) wafer (14–24 mΩ cm 

resistivity, Silicon Valley Microelectronics Inc.), and hierarchical-coarse non-

woven polypropylene cloth (0.4 mm thick, 22.7 ± 4.4 μm fibre diameter, and 

dimpled structure 0.7 ± 0.2 mm separation, Spunbond, 70 g m−2, Avoca 

Technical Ltd., UK74).  Silicon wafers were sonicated in a 1:1 v/v mixture of 

propan-2-ol (+99.5 wt %, Fisher Scientific Ltd.) / cyclohexane (+99.7%, 

Sigma-Aldrich Ltd.) for 10 min, air-dried, followed by UV-ozone cleaning for 

10 min (model ProCleaner UV.TC.EU.003, BioForce Nanosciences Inc.), 

then sonicated in 1:1 v/v solvent mixture of propan-2-ol / cyclohexane for 5 

min and air dried. The hierarchichal-coarse non-woven polypropylene cloth 

substrates were washed with ethanol (+99.8%, Fisher Scientific Ltd., UK) for 

20 min, and any excess ethanol removed with absorbent paper tissue wipes 

(Kimtech Science, Kimberly-Clark Europe Ltd.) and vacuum dried. 

Substrates were placed downstream in line-of-sight from the atomiser prior 

surface treatment. 

Ambient temperature ASPD was carried out as described in Chapter 2 

Section 1.2 Atomised Spray Plasma Deposition, using a 50 W continuous 

wave plasma in conjunction with atomisation of each solid–liquid slurry into 

the reaction chamber employing an optimised flow rate of 8 ± 1×10−4 mL s−1 

for poly(HEMA) and (metallosurfactant/HEMA) coatings, and 11 ± 1×10−4 mL 

s−1 for poly(IDA) and (metallosurfactant/IDA) coatings (higher flow rates 

produce unstable films due to incomplete polymerisation). Upon plasma 
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extinction, the atomiser was switched off and the system was evacuated to 

base pressure, followed by venting to atmosphere, Scheme 5.2.75 

 

 

5.2.2. Film Characterisation 

 

Infrared spectroscopy, water contact angle analysis, scanning electron 

microscopy, and antibacterial test, were employed as characterisation 

techniques to determine the physicochemical features and antibacterial 

properties of the ASPD polymer- and 2% w/v ASPD 

(metallosurfactant/polymer) coatings. The corresponding characterisation 

procedures were carried out as described in Chapter 2 Experimental 

Techniques. 

 

 

5.2.3. Antibacterial Testing 

 

Antibacterial activity testing was performed against representative Gram-

positive and Gram-negative bacteria to evaluate their sensitivity towards the 

coatings produced in this work, as well as to check their reusability, and 

finally tested against 12 different E. coli mutant strains to provide insight into 

possible antibacterial modes of action. 

For testing, the cloth samples were cut into pieces of 5 mm x 5 mm 

size. Both Gram-positive Staphylococcus aureus (FDA209P, an MSSA 

strain; ATCC 6538P) and Gram-negative wild-type Escherichia coli 

BW25113 (CGSC 7636; rrnB3 ΔlacZ4787 hsdR514 Δ(araBAD)567 

Δ(rhaBAD)568 rph-1) were tested. Bacterial cultures were grown to optical 

densities OD600nm = 0.4 (0.4 ± 0.0 for S. aureus, and 0.4 ± 0.0 for E. coli), 

measured using a spectrophotometer (model DS-11, DeNovix Inc.) to 

provide bacterial cultures in the mid-log phase of growth.76 10 µL from each 

bacterial culture was applied to the surface of each cloth sample for 16 h at 

30 °C. For recycling experiments, bacteria were exposed to samples for 4 h 
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at 30 °C, which were taken out from the 10−1 solution, which is the prepared 

bacterial culture that interacted with each sample for a fixed time, then 

topped up with 90 µL LB, and mixed properly (refer to Section 2.7.3 

Antibacterial Test: Dilution Method, for 100 µL scale); next, rinsed with 

autoclaved Milli-Q® water for 1 min, and completely dried in preparation for 

the next antibacterial activity test cycle.  

Additional antibacterial testing was carried out using Gram-negative 

Escherichia coli mutant bacteria strains (ahpC, copA, cueO, feoB, fepA, 

katG, lpxL, mutM, rfaC, sodA, sodB, and sodC), Table 5. 3. These strains 

have various defects in outer membrane intergrity, copper and iron tolerance 

and oxidative damage repair and offer insights into the mechanism of action 

of metallosurfactants. Optical densities OD600nm = 0.4 (0.4 ± 0.0 for E. coli 

mutant strains), were measured as before. For this set of experiments, 100 

µL bacterial culture from each mutant strain interacted with the surface of 

each testing sample for 2 min at room temperature. 

 

Table 5. 3: E. coli K12 Keio collection mutants used in this study; E. coli BW25113 
is their wild-type background. List provided by Dr Gary Sharples, Department of 
Biosciences, Durham University. 

Strain Gene Protein Functional role 

Lipopolysaccharide biosynthesis 

JW359677 
rfaC 

(waaC) 

Lipopolysaccharide 

heptosyltransferase 1 

Heptose transfer to the 

lipopolysaccharide core; it 

transfers the innermost heptose 

to [4'-P](3-deoxy-ᴅ-manno-

octulosonic acid)2-IVA. 

JW104178 lpxL 
Lipid A biosynthesis 

lauroyltransferase 

Catalyzes transfer of laurate 

from lauroyl-acyl carrier protein 

(ACP) to Kdo2-lipid IV(A) to form 

Kdo2-(lauroyl)-lipid IV(A). 

Metal homeostasis 

JW011979 cueO 
Blue copper oxidase 

CueO 

Periplasmic detoxification of 

copper by oxidizing Cu+ to Cu2+; 

prevents uptake into the 

cytoplasm; role in copper efflux 
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Strain Gene Protein Functional role 

under aerobic conditions. 

JW047380 copA 
Copper-exporting P-

type ATPase A 

Involved in copper export; may 

also be involved in silver export. 

JW337281 feoB Fe2+ transporter FeoB 

Transporter of a GTP-driven 

Fe2+ uptake system, probably 

couples GTP-binding to channel 

opening and Fe2+ uptake. 

JW508682 fepA 
Ferrienterobactin 

receptor 

Involved in the initial step of iron 

uptake by binding 

ferrienterobactin (Fe-ENT), an 

iron chelatin siderophore. 

Oxidative damage repair and tolerance 

JW361083 
mutM 

(fpg) 

Formamidopyrimidine-

DNA glycosylase 

Acts as a DNA glycosylase that 

recognises and removes 

damaged bases; has a 

preference for oxidized purines. 

JW387984 sodA 
Superoxide dismutase 

[Mn] 

Destroys superoxide anion 

radicals. 

JW164885 sodB 
Superoxide dismutase 

[Fe] 

Destroys superoxide anion 

radicals. 

JW163886 sodC 
Superoxide dismutase 

[Cu-Zn] 

Bacteriocuprein; destroys 

superoxide anion radicals in the 

periplasmic space. 

JW059887 ahpC 
Alkyl hydroperoxide 

reductase subunit C 

Directly reduces organic 

hydroperoxides in its reduced 

dithiol form; antioxidant. 

JW391488 katG Catalase-peroxidase 

Bifunctional enzyme with both 

catalase and broad-spectrum 

peroxidase activity; detoxifies 

hydrogen peroxide; binds iron. 

 

 

All bacterial cultures were prepared as described in Chapter 2 Section 

2.7.2 Preparation of Bacterial Cultures. Then, antibacterial sensitivity and 
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reusability, tests were performed by the dilution method at 100 µL scale and 

required interaction times between bacteria and samples, followed by colony-

forming unit (CFU) plate counting, as described in Chapter 2 Section 2.7.3 

Antibacterial Test: Dilution Method. 

 

 

5.3. Results 

 

5.3.1. ASPD Metallosurfactant–Polymer and ASPD Polymer 

coatings 

 

The infrared spectrum of substrate polypropylene cloth includes the 

following absorbances: CH3 and CH2 antisymmetric stretchings at 2953 cm−1 

and 2917 cm−1, respectively; CH3 and CH2 symmetric stretchings at 2867 

cm−1 and 2831 cm−1, respectively; –CH2– stretching at 1459 cm−1; and –

C(CH3) symmetric bending at 1382 cm−1,89,90 Figure 5. 1, Table 5. 4, and 

Table 5. 5. 
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Figure 5. 1: ATR infrared spectra of: (a) non-woven polypropylene cloth substrate; 
(b) Fe-CTAC powder; (c) Cu-CTAC powder; (d) HEMA liquid monomer; (e) ASPD 
poly(HEMA) on polypropylene cloth; (f) 2% w/v ASPD Fe-CTAC/HEMA on 
polypropylene cloth; (g) 2% w/v ASPD Cu-CTAC/HEMA on polypropylene cloth; (h) 
Cu-amine powder; (i) IDA liquid monomer; (j) ASPD poly(IDA) on polypropylene 

cloth; (k) 2% w/v ASPD Cu-amine/IDA on polypropylene cloth. ✱ and ⚫ denote 

characteristic infrared absorbances for O–H stretching (liquid HEMA precursor and 
corresponding ASPD coatings) and C=O stretching (liquid HEMA and IDA 
monomers, and corresponding ASPD coatings) respectively, Table 5. 4 and Table 
5. 5. 
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Table 5. 4: Infrared spectra absorbances of: non-woven polypropylene (PP) 
substrate; HEMA and IDA liquid monomers; Fe-CTAC, Cu-CTAC, and Cu-amine 
metallosurfactant powder precursors.60,61,89,90 

Assignment 

Absorption Frequency / cm−1 

Substrate 
Liquid 

Monomers 
Metallosurfactant Powders 

PP HEMA IDA 
Fe-

CTAC 

Cu-

CTAC 

Cu-

amine 

O–H stretching – 3400 – – – – 

R–NH2 symmetric 

stretching 
– – – – – 3240 

CH3 antisymmetric 

stretching 
2953 2957 2960 2952 2953 2960 

CH2 antisymmetric 

stretching 
2917 2931 2924 2914 2915 2914 

CH3 symmetric 

stretching 
2867 2887 2870 2849 2849 2848 

CH2 symmetric 

stretching 
2831 – 

2860–

2830 

2840–

2830 

2840–

2830 

2840–

2830 

C=O stretching – 1714 1727 – – – 

C=C stretching – 1637 1632 – – – 

R–NH2 bending – – – – – 1595 

–CH2– stretching 1459 1454 1463 1470 1469 1463 

=CH2 bending – 1403 1402 – – – 

–C(CH3) 

symmetric 

bending 

1382 1375 1377 – – 1380 

C–O stretching – 
1293, 

1158 

1260, 

1181 
– – – 

C–N stretching – – – – – 1174 

–CH(CH3)2 

stretching 

1175–

1140 

1060–

1040 

1175–

1140 

1175–

1140 
– – 

1175–

1140 

=CH2 bending – 942 983 962 963 – 

 

 



 
 

144 
 

Table 5. 5: Infrared spectra absorbances of: ASPD polymer coatings poly(HEMA) 
and poly(IDA); and 2% w/v ASPD (metallosurfactant/polymer) coatings on PP 
substrate, i.e. Fe-CTAC/HEMA, Cu-CTAC/HEMA, and Cu-amine/IDA.60,61,89,90. 

Assignment 

Absorption Frequency / cm−1 

ASPD polymer 

coatings 

2% w/v (ASPD 

metallosurfactant/polymer) 

coatings 

Poly 

(HEMA) 

Poly 

(IDA) 

Fe-

CTAC/ 

HEMA 

Cu-

CTAC/ 

HEMA 

Cu-

amine/ 

IDA 

O–H stretching 3400 – 3400 3400 – 

R–NH2 symmetric 

stretching 
– – – – – 

CH3 antisymmetric 

stretching 
2949 2953 2950 2950 2953 

CH2 antisymmetric 

stretching 
2918 2921 2917 2917 2917 

CH3 symmetric 

stretching 
2869 2864 2851 2870 2867 

CH2 symmetric 

stretching 
2837 2838 2839 2832 2838 

C=O stretching 1721 1731 1725 1724 1731 

C=C stretching – – – – – 

R–NH2 bending – – – – 1595 

–CH2– stretching 1452 1456 1453 1452 1456 

=CH2 bending – –   – 

–C(CH3) 

symmetric 

bending 

1374 1377 1374 1374 1377 

C–O stretching 1257 1260 1260 1263 1260 

C–N stretching – – – – – 

–CH(CH3)2 

stretching 

1175–

1140 

1175–

1140 

1175–

1140 

1175–

1140 

1175–

1140 

=CH2 bending 942 983 960 969 983 
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Infrared absorbances for hexadecyltrimethylammonium chloride 

(CTAC)-based metallosurfactant powder precursors, Fe-CTAC and Cu-

CTAC, include: CH3 and CH2 antisymmetric stretching at 2952–2953 cm−1 

and 2914–2915 cm−1, respectively; CH3 and CH2 symmetric stretching at 

2849 cm−1 and 2840–2830 cm−1, respectively; and  –CH2– stretching at 

1469–1470 cm−1. For dodecyl amine-based metallosurfactant powder 

precursor, Cu-amine, infrared absorbances include: R–NH2 symmetric 

stretching at 3240 cm−1; CH3 and CH2 antisymmetric stretching at 2960 cm−1 

and 2914 cm−1, respectively; CH3 and CH2 symmetric stretching at 2848 

cm−1 and 2840–2830 cm−1, respectively; R-NH2 bending at 1595 cm−1; –

CH2– stretching at 1463 cm−1; –C(CH3) symmetric bending at 1380 cm−1; 

and C–N stretching at 1174 cm−1,60,61,89,90 Figure 5. 1, Table 5. 4 and Table 

5. 5. 

The infrared spectrum of liquid HEMA monomer include the following 

absorbances: O–H stretching at 3400 cm−1; CH3 and CH2 antisymmetric 

stretching at 2957 cm−1 and 2931 cm−1, respectively; CH3 symmetric 

stretching at 2887 cm−1; C=O stretching at 1714 cm−1; C=C stretching at 

1637 cm−1; –CH2– stretching at 1454 cm−1; =CH2 bending at 1403 cm−1; –

C(CH3) symmetric bending at 1375 cm−1; and C–O stretching at 1293 cm−1 

and 1158 cm−1. These absorbances were also found for the ASPD 

poly(HEMA) coating infrared spectrum, however the disappearance of 

carbon–carbon double bond stretch  at 1637 cm−1 and =CH2 bending at 1403 

cm−1 absorbances can be attributed to polymerisation occurring during the 

ASPD process,89,90 Figure 5. 1, Table 5. 4 and Table 5. 5. 

The infrared spectrum of liquid IDA monomer include the following 

absorbances: CH3 and CH2 antisymmetric stretching at 2960 cm−1 and 2924 

cm−1, respectively; CH3 and CH2 symmetric stretching at 2870 cm−1 and 

2860–2830 cm−1, respectively; C=O stretching at 1727 cm−1; C=C stretching 

at 1632 cm−1; –CH2– stretching at 1463 cm−1; =CH2 bending at 1402 cm−1; –

C(CH3) symmetric bending at 1377 cm−1; and C–O stretching at 1260 cm−1 

and 1181 cm−1. These absorbances were also found for the ASPD poly(IDA) 

coating infrared spectrum, however the disappearance of carbon–carbon 

double bond stretch  at 1632 cm−1 and =CH2 bending at 1402 cm−1 
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absorbances can be attributed to polymerisation occurring during the ASPD 

process,89,90 Figure 5. 1, Table 5. 4 and Table 5. 5. 

Infrared absorption spectra for 2% w/v ASPD Fe-CTAC/HEMA, Cu-

CTAC/HEMA, and Cu-amine/IDA coatings, did not show any significant 

differences with their corresponding ASPD poly(HEMA) and ASPD poly(IDA) 

coatings, Figure 5. 1 and Table 5. 4. This is probably due to the low (2% w/v) 

metallosurfactant concentration in the precursor mixture, and the ATR 

infrared characterisation is not a sensitive surface analysis (depth 

penetration of 0.5–5 µm91). However, these metallosurfactant powder 

precursors and their corresponding metallosurfactant / polymer coatings are 

visually different in colour (i.e. metallosurfactants colours for ASPD coatings 

were: orange Fe-CTAC, yellow Cu-CTAC,60 and blue Cu-amine61). 

 

 

5.3.2. Water Contact Angle 

 

Static water contact angle measurements indicated different levels of 

wettability for the ASPD coatings deposited onto silicon wafers. 2% w/v 

ASPD Fe-CTAC/HEMA and Cu-CTAC/HEMA coatings showed hydrophilic 

behaviour (~30°), whereas the 2% w/v ASPD Cu-amine/IDA coatings are 

hydrophobic (~105°), Table 5. 6. 

 

 

Table 5. 6: Static water contact angle values for silicon wafer substrate and ASPD 
coatings. Contact angle measurements performed by A. W. Ritchie and I. 
Castaneda-Montes, accordingly. 

Surface Water Contact Angle / ° 

Uncoated silicon wafer 36 ± 4 

ASPD poly(HEMA ) 51 ± 3 

2% w/v ASPD Fe-CTAC/HEMA 32 ± 5 

2% w/v ASPD HEMA/Cu-CTAC 30 ± 4 

ASPD poly(IDA) 98 ± 4 

2% w/v ASPD Cu-amine/IDA 105 ± 4 
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5.3.3. Scanning Electron Microscopy 

 

SEM cross-section analysis of ASPD coated silicon wafers at different points 

along the sample was used to estimate thickness and deposition rate, by 

relating the measured thickness with the deposition time, for each ASPD 

coating type, Table 5. 7. 

 

Table 5. 7: Thickness and deposition rate for ASPD coatings on silicon wafers.  

Surface 
Thickness /  

µm 

Deposition Rate / 

µm min–1 

ASPD poly(HEMA) 5.6 ± 3.2 0.7 ± 0.3 

2% w/v ASPD Fe-CTAC/HEMA 22.3 ± 5.0 2.5 ± 0.6 

2% w/v ASPD Cu-CTAC/HEMA 29.4 ± 8.1 3.0 ± 0.9 

IDA 8.4 ± 2.9 1.0 ± 0.3 

2% ASPD Cu-amine/IDA 9.9 ± 4.7 1.5 ± 0.8 

 

 

Furthermore, the surface topography of untreated and treated samples 

was also analysed by SEM. The untreated non-woven polypropylene cloth 

fibres exhibited a smooth appearance. The ASPD poly(HEMA) and poly(IDA) 

coatings on non-woven polypropylene cloth, showed a very similar 

appearance, whereas the 2% w/v ASPD metallosurfactant/polymer coatings 

(i.e., Fe-CTAC/HEMA, Cu-CTAC/HEMA, and Cu-amine/IDA) all showed a 

roughened surface topography attributed to the presence of solid 

metallosurfactant particles within the polymeric matrix, Figure 5. 2. 
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Figure 5. 2: SEM images non-woven polypropylene cloth: (a) untreated; (b) ASPD 
poly(HEMA); (c) 2% w/v ASPD FeCTAC/HEMA; (d) 2% w/v ASPD CuCTAC/HEMA; 
(e) ASPD poly(IDA); and (f) 2% w/v ASPD Cu-amine/IDA coatings. 
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5.3.4. Antibacterial Activity 

 

ASPD (metallosurfactant/polymer) coatings display highly-efficient 

antibacterial activities against E. coli and S. aureus, Figure 5. 3. Antibacterial 

activities of the optimum 2% w/v ASPD (metallosurfactant/polymer) coatings 

exceed the minimal clinical standard (log reduction > 3),92 against wild-type 

E. coli and S. aureus following exposure of 1–10 min at room temperature. 

2% w/v ASPD Fe-CTAC/HEMA and Cu-CTAC/HEMA coatings completely 

killed S. aureus from 1 min, however these coatings were about 2.5 times 

thicker than ASPD Cu-amine/IDA coatings, Table 5. 7. 1% w/v ASPD 

(metallosurfactant/polymer) coatings were found to be less effective. Control 

antibacterial tests for ASPD poly(HEMA) and poly(IDA) coatings did not 

show antibacterial activity when tested against E. coli wild-type and S. 

aureus for 16 h. 
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Figure 5. 3: Antibacterial activity of 2% w/v ASPD (metallosurfactant/polymer) 
coatings on PP substrate against (a) E. coli, and (b) S. aureus at 1 min, 2 min, 5 
min, and 10 min at room temperature, and 4 h and 16 h at 30 °C interacting times 

and temperature. At different interaction times, ■, ⏺, and ▲ denote 100% 

antibacterial efficiency of 2% w/v ASPD Fe-CTAC/HEMA, Cu-CTAC/HEMA, and 
Cu-amine/IDA coatings, respectively. Appendix 1: Table A1. 1. 
. 
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5.3.4.1.  Sensitivity of E. coli mutant strains 

 

In order to probe the antimicrobial mechanism, E. coli mutants with defects in 

different cellular activities were examined. It was anticpated that increased 

sensitivity of strains carrying such defects would provide insight into the 

cellular targets of the metallosurfactants.. From the E. coli wild-type studies, 

2 min was chosen as the optimum interaction time for the mutant strain 

experiments due to the significant log reduction rate and the differences that 

could be observed among the results from each sample, whilst these 

differences could not be differentiated readily at shorter or longer interaction 

times. For example, for a 1 min interaction period, the bacterial log reduction 

rate was insufficient to differentiate from untreated cloths samples. In 

contrast, for longer times (i.e., above 5 min), 2% w/v ASPD Cu-CTAC/HEMA 

coated samples showed high antibacterial activity, killing all bacteria; thus, 

not allowing to compare to the antibacterial activity of 2% w/v ASPD Fe-

CTAC/HEMA and Cu-amine/IDA coated samples towards E. coli mutant 

strains, that could be useful for the experiments with mutants which would 

likely show increased susceptibility. 

Each mutant strain has a slightly different functionality, Table 5. 3. For 

the case of 2% w/v ASPD (metallosurfactant/polymer) coatings, the most 

striking result is with rfaC which displays increased sensitivity with the Fe-

CTAC/HEMA and Cu-CTAC/HEMA coatings but not Cu-amine/IDA. The E. 

coli rfaC gene encodes  a function for lipopolysaccharide core biosynthesis 

and O-antigen attachment but is defective in the addition of heptose to the 

lipid A acceptor and thus accumulates much more of the donor substrate 

than the wild-type.93,94 There is a modest effect with the lpxL strain, with 2% 

w/v ASPD Fe-CTAC/HEMA and Cu-CTAC/HEMA coatings, which also fits 

with increased sensitivity when the outer membrane is compromised. 

However, it is not possible to readily distinguish membrane damage being 

the primary problem or a combination of membrane damage and increased 

permeability of metal ions and reactive oxygen species, but it is a good clue 

to what is happening. The mutM mutant shows a slight increase in sensitivity 

to 2% w/v ASPD Fe-CTAC/HEMA coating. Other mutants are generally 
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similar to the wild-type for 2% w/v ASPD Fe-CTAC/HEMA and Cu-

CTAC/HEMA coatings, Figure 5. 4.  

In contrast, some mutants are distinctly more resistant to the 2% w/v 

ASPD Cu-Amine/IDA coating, including copA, cueO, fepA, sodA, and sodB. 

It is likely that the hydrophobic behaviour of the 2% ASPD Cu-amine/IDA 

coating affects bacterial–coating interaction, whereas for the 2% w/v ASPD 

Fe-CTAC/HEMA and Cu-CTAC/HEMA coatings have hydrophilic behaviour 

which facilitates the bacterial–coating interaction, Figure 5. 4. It is not clear 

why these mutants, affected in metal homeostasis and oxidative damage 

tolerance, all tend to show improved survival, although it may indicate toxicity 

associated with reactive oxygen species production. 

 

 

Figure 5. 4: Antibacterial activity for 2 min contact time, for ASPD Fe-CTAC/HEMA, 
Cu-CTAC/HEMA, and Cu-amine/IDA coatings on PP substrate, against wild-type E. 
coli and different mutant strains; wt denotes E. coli wild-type strain. Appendix 1: 
Table A1. 2. 
 

 

5.3.4.2.  Recycling Results 

 

Recycling experiments were performed for 2% w/v ASPD 

(metallosurfactant/polymer) coatings, Figure 5. 5. The results show that the 

2% w/v ASPD Cu-amine/IDA coatings have better recycling responses 

against E. coli, whilst 2% w/v ASPD Fe-CTAC/HEMA and Cu-CTAC/HEMA 

coatings have a better recycling rate when interacting with S. aureus, and 
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are expected to leach higher amounts of metallosurfactant material since 

they are about 2.5 times thicker than 2% w/v ASPD Cu-amine/IDA coatings, 

Table 5. 7.  

 

 

Figure 5. 5: Recycling test for 2% w/v ASPD (metallosurfactant/polymer) coatings 

on PP substrate against (a) E. coli and (b) S. aureus. ■, ⏺, and ▲ denote 100% 

antibacterial efficiency of 2% w/v ASPD Fe-CTAC/HEMA, Cu-CTAC/HEMA, and 
Cu-amine/IDA coatings, respectively. Appendix 1: Table A1. 3 and Table A1. 4.  
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5.4. Discussion 

 

The fabrication of 2% w/v ASPD (metallosurfactant/polymer) coatings yielded 

excellent antibacterial activity against E. coli and S. aureus, where the 

metallosurfactants Fe-CTAC, Cu-CTAC, and Cu-amine, acted as 

antibacterial agents in mixtures with HEMA and IDA precursors, Table 5. 2. 

Infrared characterisation showed that the reactive plasma species 

present when the metallosurfactant–polymer suspension droplets were 

exposed to the electrical discharge, activate the precursor C=C vinyl group in 

the plasma phase and continue the deposition of the plasma 

metallosurfactant–polymer coating onto the substrate surface via 

conventional free-radical polymerisation. On the other hand, SEM analysis 

confirmed this approach is suitable to treat textile substrates, ensuring an 

even coating of the fibres, tuning their chemical and physical features without 

massively modifying the cloth at the microscale, Figure 5. 2. It is likely that 

the metallosurfactants interacted with the host polymer matrix through 

hydrophilic and hydrophobic interactions forming random micelles during the 

atomisation. 

High antibacterial efficacy was found for metallosurfactant–polymer 

coatings prepared at the optimum concentration of 2% w/v metallosurfactant 

in mixture with HEMA or IDA precursors, Table 5. 2. This antibacterial activity 

was tested against Gram-positive S. aureus and Gram-negative E. coli, 

where all three (metallosurfactant/polymer) coatings displayed antibacterial 

activity (log reduction > 395,96) within a few minutes of exposing them to the 

testing bacteria, Figure 5. 3. Furthermore, these 2% w/v ASPD 

(metallosurfactant/polymer) coatings showed good reusability after rinsing 

samples for 1 min in water. 

The antibacterial activity of 2% w/v ASPD (Cu-amine/IDA) coatings is 

attributed to the Cu-amine metallosurfactant being released when exposing 

the coating to the liquid bacterial culture, where the released 

metallosurfactant component interacts with bacteria causing bacterial cell 

wall disruption and bacterial cell death. Supporting this, there are reports of 

metallosurfactants in microemulsion displaying antibacterial activity by 
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disrupting bacterial cell membrane, damaging DNA, and provoking bacteria 

lysis due to the synergistic interaction of the corresponding metal ion and 

surfactant chain components in the metallosurfactant complex.61,97
 

Furthermore, surfactant alkyl chain length is reported to have an effect in the 

antibacterial activity of alkylamines,98 due to hydrophobic interactions taking 

place between the alklyl chains and hydrophobic lipids and proteins 

composing the bacterial cell wall, causing additional bacterial cell membrane 

damage, and consequent bacterial cell death.20,99 These hydrophobic 

interactions between alkyl chains and bacteria walls tend to physically affect 

more to E. coli  than S. aureus because of  the thinner hydrophobic cell wall 

of E. coli.20,100–103 This observation is in agreement with the present 

antibacterial test results, Figure 5. 3. Overall, features present in this 

hydrophobic antibacterial material allow both, killing and repelling of bacteria. 

For the case of 2% w/v ASPD hydrophilic Cu-CTAC/HEMA and Fe-

CTAC/HEMA coatings, it is suggested that the cationic metallosurfactants, 

Cu-CTAC and Fe-CTAC, are released from the polymeric matrix and interact 

with bacteria when the coating is in contact with liquid bacterial culture. 

However, in this case, Cu-CTAC and Fe-CTAC are cationic surfactants, 

whose antibacterial activity is mainly attributed to electrostatic interactions 

between positive charged metallosurfactants and the negatively charged 

bacteria cell wall.60 Furthemore, copper ions present in Cu-CTAC 

metallosurfactant complex are capable of generating reactive oxygen 

species which would damage the outer bacterial cell membrane, and for the 

case of E. coli, interact with the periplasmic space causing oxidative stress, 

faster membrane disruption compared with Gram-positive bacterial 

membranes, and bacterial cell death, 97,104 which is in agreement with the 

faster bacterial reduction of S. aureus in this work, Figure 5. 3. 

Given the general characteristics of ASPD metallosurfactant–polymer 

coatings, the metallosurfactant was hosted in the polymeric matrix of the 

coating, and released when in contact with liquid, suggesting a uncontrolled 

leaching behaviour. This could explain the good but limited reusability of the 

2% w/v ASPD (metallosurfactant/polymer) coatings after continuous rinsing 

in water.  
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However, looking at each particular 2% w/v ASPD 

(metallosurfactant/polymer) coating, there are specific characteristics that 

may have an impact on their individual antibacterial activities. The first to 

consider are the chemical characteristics of each metallosurfactant–

precursor mixture—their corresponding active metal ion,104 surfactant alkyl 

chain, and base monomer precursor; and second, their physical features 

such as wettability and thickness, which in consequence affect interaction 

with liquid bacterial solution on the surface, and the leaching rate/load of 

metallosurfactant component when exposed to liquid media. 

In the E. coli mutant tests, 2% w/v ASPD Fe-CTAC/HEMA, Cu-

CTAC/HEMA, and Cu-amine/IDA coatings were compared against the E. coli 

mutant strains to provide insight into their possible antibacterial mechanism, 

Table 5. 3. From this, hydrophilic 2% w/v ASPD (metallosurfactant/HEMA) 

coatings did show a considerable log reduction of E. coli rfaC compared to 

the wild-type strain, suggesting bacterial membrane damage.105 In contrast, 

the hydrophobic 2% w/v ASPD Cu-amine/IDA coatings several mutants 

showed improved resistance, however this may be due to the short time that 

the coatings were exposed to liquid bacterial cultures. The experiment was 

performed in order to show a comparison among the three coatings. 

However, wettability could affect the results obtained from the hydrophobic 

coatings and limit what can be concluded concerning the antibacterial 

mechanism. The test should be repeated with an alternative interaction time 

so bacterial mutant strains could be compared accurately under hydrophobic 

conditions; furthermore, 2% w/v ASPD (metallosurfactant/HEMA) coatings 

were considerably thicker than 2% w/v ASPD Cu-amine/IDA coatings, Table 

5. 7, meaning that a higher load of metallosurfactant is released when in 

contact with liquid bacterial culture.  

Nevertheless, in terms of the metallosurfactants chemistry, Scheme 5. 

2, Fe-CTAC and Cu-CTAC complexes are cationic metallosurfactants whose 

positive charge is known to electrostatically interact with negatively charged 

bacterial cell walls,60,106 while the hydrophilic poly(HEMA) matrix where they 

are hosted offers ideal conditions for the bacteria to spread on the whole 

coating, Table 5. 6. This is in good agreement with results obtained from the 

mutant experiments where E. coli rfaC displayed greater sensitivity to these 
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coatings in comparison with other mutant strains, Figure 5. 4. On the other 

hand, Cu-amine complex is a non-ionic metallosurfactant whose alkyl amine 

chains undertake hydrophobic interactions with bacterial cell wall 

components and damage it,98 while the hydrophobic nature of poly(IDA) 

polymeric matrix, where Cu-amine is hosted, does not allow the liquid 

bacterial culture to spread evenly on the surface, Table 5. 6. Therefore, it 

would be appropriate to perform further tests for each type of coating to get 

an accurate comparison among mutant strains, rather than among the 

coatings. 

 

 

5.5. Conclusions 

 

ASPD metallosurfactant/polymer coatings on polypropylene cloth display 

antibacterial activity against Gram-positive Staphylococcus aureus and 

Gram-negative Escherichia coli bacteria. A correlation is found between the 

concentration of metal ions contained in the metallosurfactant molecules and 

highly efficient antibacterial activity (log reduction > 9). The antibacterial 

coatings presented in this chapter, can be used multiple times by rising them 

in water. However, further studies on the cytotoxicity against healthy 

mammalian cells should be made to determine the usability of these 

antibacterial coatings, because biomedical applications may be limited if high 

toxicity displayed against bacterial cells also occurs with human cell 

membranes. 
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6.1. Conclusions 

 

In this thesis, different approaches based on plasma polymerisation were 

used to fabricate antibacterial coatings. These included chitosan immobilised 

coatings onto pulsed plasma-enhanced chemical vapour deposited (PECVD) 

poly(glycidyl methacrylate) (poly(GMA)) films, atomised spray plasma 

deposited (ASPD) poly(acrylic acid), and ASPD polymer coatings using 

metallosurfactants as antibacterial release agents (Table 6. 1). The 

antibacterial coatings generated in this thesis were tested to evaluate their 

antibacterial activity, and experimentally characterised to analyse their 

physicochemical features to suggest a possible relationship between them, 

as described in the respective conclusion sections of each experimental 

chapter. 
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Table 6. 1: Key features and antibacterial efficacy of optimum antibacterial coatings in this thesis. 

Technique 
Type of 

Coating 

Antibacterial 

Coating 

Optimum Sample 

Conditions 

Bacterial 

Reduction - 16 h 

E. coli / % 

Bacterial 

Reduction - 16 h  

S. aureus / % 

Pulsed PECVD 

+ 

Dip Coating 

Contact 

killing 

Poly(GMA) 

+ 

Chitosan  

3% w/v Chitosan–2% v/v 

acetic acid aqueous 

solution 

100 99.9 

ASPD 

Contact 

killing 
Poly(Acrylic Acid) 

Acrylic acid 99%, as 

received 
100 Not tested 

Antibacterial 

agent 

release 

Cu-CTAC / HEMA 
2% w/v metallosurfactant/ 

precursor 
100 100 

Fe-CTAC / HEMA 
2% w/v metallosurfactant/ 

precursor 
100 100 

Cu-amine / IDA 
2% w/v metallosurfactant/ 

precursor 
100 100 
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For the approach proposed in Chapter 3 Surface Immobilisation of 

Chitosan, chitosan was immobilised via covalent linkage to epoxide groups 

of pulsed plasma deposited poly(GMA). The 3% w/v chitosan–2% v/v acetic 

acid aqueous solution coating proved the best based on reductions in 

bacterial viability against both Staphylococcus aureus and Escherichia coli 

by contact killing, Table 6. 1. Overall, as mentioned in Chapter 1, contact 

killing coatings offer the advantage of directly interacting with bacteria 

without releasing antibacterial agents to the surrounding environment. 

Furthermore, the approach proposed in Chapter 3 implies a 2-step process 

where the pulsed PECVD is easy to apply and gives high quality results with 

minimum requirements of precursor as long as reaction parameters are 

controlled with precision, and the dip coating step is cheap and quick to 

apply. However, because the dip coating step requires a solution to be 

prepared, a large quantity of precursors may be needed; furthermore, 

durable post-treatment effects are not guaranteed since chitosan readily 

biodegrades and its antibacterial efficacy may vary depending on factors 

such as the deacetylation degree and commercial source. For these 

reasons, bacterial biofilm formation may occur when the chitosan on the 

surface degrades or is no longer available due to limitations in the dip 

coating technique. In general, this substrate-independent approach offers a 

simple way to obtain biodegradable antibacterial coatings. 

In Chapter 4 Antibacterial Atomised Spray Plasma Deposited 

Poly(Acrylic Acid) Coatings, poly(acrylic acid) coatings were synthesised and 

processed in a solventless single ASPD step, displaying 100% of 

antibacterial activity by contact killing against E. coli over a 16 h-period, 

Table 6. 1. Apart from the general advantages of contact killing coatings 

mentioned above, the acidic nature of the proposed ASPD poly(acrylic acid) 

coating surface may offer additional adverse conditions to restrict bacterial 

proliferation and thus prevent biofilm formation, Chapter 4. However, further 

antibacterial testing against Gram-positive species and physicochemical 

characterisation are recommended to provide a greater understanding of 

how this coating might prevent biofilm formation and also optimise the 

conditions to avoid bacterial adaptation to the acidic environment of the 

coating. 
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Finally, in Chapter 5 Antibacterial Atomised Spray Plasma Deposited 

(Metallosurfactant/Polymer) Coatings, antibacterial agent release coatings 

were obtained using the ASPD approach and loading 2% w/v 

metallosurfactant/precursor solutions as the optimum concentration in all 

cases, Table 6. 1. Although all ASPD metallosurfactant/polymer coatings 

displayed rapid antibacterial activity by completely killing bacteria within 

minutes, their individual performance varied from coating to coating. For 

example, ASPD Cu-CTAC/HEMA and ASPD Cu-amine/IDA coatings showed 

antibacterial activity against E. coli from 5 minutes, while ASPD Fe-

CTAC/HEMA showed antibacterial activity from 10 minutes. In contrast, 

ASPD Fe-CTAC/HEMA and ASPD Cu-CTAC/HEMA coatings killed all 

bacteria from the first minute when tested against S. aureus, whereas ASPD 

Cu-amine/IDA coatings displayed full antibacterial activity from 10 minutes, 

Chapter 5. Overall, the antibacterial activity of the ASPD 

metallosurfactant/polymer coatings investigated in this chapter is attributed to 

the impact of the metallosurfactant agents; however, the high toxicity of 

these coatings may also mean they are cytotoxic for mammalian cells. The 

characteristic agent-release antibacterial action (i.e., uncontrolled leaching) 

of these ASPD metallosurfactant/polymer coatings is indicative of robust but 

limited reusability after continuous rinsing steps, Chapter 5.  

The development of antibacterial coatings is one of the multiple 

strategies that should be continuously innovated and improved to prevent 

bacterial infections and limit their spread, while attempting to avoid bacterial 

resistance to coating chemistry and limit the accumulation of bacterial debris 

on surfaces over time that may provide a protective layer for biofilm 

formation. Therefore, while the substrate-independent approaches proposed 

in this thesis to fabricate antibacterial coatings require further innovation and 

tests to fulfil all requirements in order not to be a risk for antibacterial 

resistance, they represent an alternative to overcome bacterial infections by 

limiting the spread of bacteria in the surrounding environment and are, 

therefore, amenable for multipurpose applications. 
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7.1. Tables 

 
Table A1. 1: Antibacterial activity of 2% w/v ASPD against Escherichia coli and Staphylococcus aureus at 1 min, 2 min, 5 min, and 10 min at 
room temperature, and 4 h and 16 h at 30 °C interacting times and temperature. 

Time Description 
Bacterial Concentration / CFU mL−1 

E. coli S. aureus 

1 min 

Untreated 2.17 x 108 ± 7.57 x 107 7.60 x 107 ± 7.94 x 106 

2% w/v ASPD Fe-CTAC/HEMA 9.33 x 107 ± 5.77 x 106 0 

2% w/v ASPD Cu-CTAC/HEMA 8.00 x 107 ± 2.65 x 107 0 

2% w/v ASPD Cu-amine/IDA 1.37 x 108 ± 4.93 x 107 5.82 x 107 ± 1.10 x 107 

2 min 

Untreated 1.94 x 108 ± 5.98 x 107 1.21 x 108 ± 2.31 x 106 

2% w/v ASPD Fe-CTAC/HEMA 3.43 x 107 ± 1.54 x 107 0 

2% w/v ASPD Cu-CTAC/HEMA 2.37 x 107 ± 1.18 x 107 0 

2% w/v ASPD Cu-amine/IDA 4.17 x 107 ± 1.43 x 107 7.72 x 107 ± 1.99 x 107 

5 min 

Untreated 2.03 x 108 ± 3.40 x 107 9.90 x 107 ± 1.40 x 107 

2% w/v ASPD Fe-CTAC/HEMA 2.40 x 106 ± 8.21 x 105 0 

2% w/v ASPD Cu-CTAC/HEMA 6.00 x 102 ± 1.34 x 103 0 

2% w/v ASPD Cu-amine/IDA 6.00 x 103 ± 6.98 x 103 3.40 x 107 ± 2.15 x 107 

10 min 

Untreated 2.03 x 108 ± 3.40 x 107 9.53 x 107 ± 5.03 x 106 

2% w/v ASPD Fe-CTAC/HEMA 3.00 x 103 ± 1.00 x 103 0 

2% w/v ASPD Cu-CTAC/HEMA 0 0 
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Time Description 
Bacterial Concentration / CFU mL−1 

E. coli S. aureus 

2% w/v ASPD Cu-amine/IDA 2.67 x 103 ± 3.79 x 103 0 

4 h 

Untreated 1.60 x 109 ± 3.61 x 108 2.73 x 109 ± 1.03 x 109 

2% w/v ASPD Fe-CTAC/HEMA 0 0 

2% w/v ASPD Cu-CTAC/HEMA 0 0 

2% w/v ASPD Cu-amine/IDA 0 0 

16 h 

Untreated 5.03 x 109 ± 5.51 x 108 2.93 x 109 ± 8.08 x 108 

2% w/v ASPD Fe-CTAC/HEMA 0 0 

2% w/v ASPD Cu-CTAC/HEMA 0 0 

2% w/v ASPD Cu-amine/IDA 0 0 
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Table A1. 2: Antibacterial activity for 2 min contact time for 2% w/v ASPD Fe-CTAC/HEMA, Cu-CTAC/HEMA, and Cu-amine/IDA coatings, 
against E. coli wild-type and different mutant strains.  

Bacterial strain Description Bacterial Concentration / CFU mL–1 

E. coli wild-type 

Untreated 1.94 x 108 ± 5.98 x 107 

2% w/v ASPD Fe-CTAC/HEMA 3.43 x 107 ± 1.54 x 107 

2% w/v ASPD Cu-CTAC/HEMA 2.37 x 107 ± 1.18 x 107 

2% w/v ASPD Cu-amine/IDA 4.17 x 107 ± 1.43 x 107 

E. coli ahpC 

Untreated 1.48 x 108 ± 5.26 x 107 

2% w/v ASPD Fe-CTAC/HEMA 1.54 107 ± 3.21 x 106 

2% w/v ASPD Cu-CTAC/HEMA 2.24 x 107 ± 5.77 x 106 

2% w/v ASPD Cu-amine/IDA 1.63 x 107 ± 1.21 x 107 

E. coli copA 

Untreated 2.58x 108 ± 1.08 x 108 

2% w/v ASPD Fe-CTAC/HEMA 2.33 x 107 ± 4.73 x 106 

2% w/v ASPD Cu-CTAC/HEMA 4.30 x 107 ± 1.97 x 107 

2% w/v ASPD Cu-amine/IDA 2.11 x 108 ± 1.12 x 108 

E. coli cueO 

Untreated 2.13 x 108 ± 6.44 x 107 

2% w/v ASPD Fe-CTAC/HEMA 2.57 x 107 ± 3.21 x 106 

2% w/v ASPD Cu-CTAC/HEMA 3.33 x 107 ± 1.13 x 107 

2% w/v ASPD Cu-amine/IDA 2.67 x 108 ± 1.53 x 107 

E. coli feoB Untreated 1.90 x 108 ± 4.82 x 107 
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Bacterial strain Description Bacterial Concentration / CFU mL–1 

2% w/v ASPD Fe-CTAC/HEMA 1.60E x 107 ± 1.00 x 107 

2% w/v ASPD Cu-CTAC/HEMA 4.72 x 107 ± 2.99 x 107 

2% w/v ASPD Cu-amine/IDA 1.02 x 108 ± 5.49 x 107 

E. coli fepA 

Untreated 1.20 x 108 ± 3.69 x 107 

2% w/v ASPD Fe-CTAC/HEMA 3.73 x 107 ± 2.41 x 107 

2% w/v ASPD Cu-CTAC/HEMA 3.62 x 107 ± 1.71 x 107 

2% w/v ASPD Cu-amine/IDA 1.61 x 108 ± 3.08 x 107 

E. coli katG 

Untreated 1.43 x 108 ± 7.63 x 107 

2% w/v ASPD Fe-CTAC/HEMA 2.29 x 107 ± 1.62 x 107 

2% w/v ASPD Cu-CTAC/HEMA 1.53 x 107 ± 1.13 x 107 

2% w/v ASPD Cu-amine/IDA 5.48 x 107 ± 2.32 x 107 

E. coli lpxL 

Untreated 1.26 x 108 ± 6.19 x 107 

2% w/v ASPD Fe-CTAC/HEMA 2.32 x 106 ± 1.68 x 106 

2% w/v ASPD Cu-CTAC/HEMA 4.20 x 106 ± 1.85 x 106 

2% w/v ASPD Cu-amine/IDA 4.06 x 107 ± 8.41 x 106 

E. coli mutM 

Untreated 1.97 x 108 ± 6.02 x 107 

2% w/v ASPD Fe-CTAC/HEMA 9.00 x 106 ± 4.58 x 106 

2% w/v ASPD Cu-CTAC/HEMA 5.23 x 107 ± 8.26 x 106 

2% w/v ASPD Cu-amine/IDA 6.12 x 107 ± 2.52 x 107 
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Bacterial strain Description Bacterial Concentration / CFU mL–1 

E. coli rfaC 

Untreated 9.25 x 107 ± 4.07 x 107 

2% w/v ASPD Fe-CTAC/HEMA 7.00 x 103 ± 8.79 x 103 

2% w/v ASPD Cu-CTAC/HEMA 7.14 x 102 ± 1.86 x 103 

2% w/v ASPD Cu-amine/IDA 2.36 x 107 ± 1.13 x 107 

E. coli sodA 

Untreated 2.02 x 108 ± 2.40 x 107 

2% w/v ASPD Fe-CTAC/HEMA 2.63 x 107 ± 1.10 x 107 

2% w/v ASPD Cu-CTAC/HEMA 5.05 x 107 ± 2.47 x 107 

2% w/v ASPD Cu-amine/IDA 1.67 x 108 ± 4.73 x 107 

E. coli sodB 

Untreated 2.04 x 108 ± 3.58 x 107 

2% w/v ASPD Fe-CTAC/HEMA 3.47 x 107 ± 2.27 x 107 

2% w/v ASPD Cu-CTAC/HEMA 2.50 x 107 ± 1.09 x 107 

2% w/v ASPD Cu-amine/IDA 1.70 x 108 ± 3.61 x 107 

E. coli sodC 

Untreated 1.73 x 108 ± 9.22 x 107 

2% w/v ASPD Fe-CTAC/HEMA 1.80 x 107 ± 1.04 x 107 

2% w/v ASPD Cu-CTAC/HEMA 2.83 x 107 ± 1.04 x 107 

2% w/v ASPD Cu-amine/IDA 4.25 x 107 ± 2.06 x 107 
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Table A1. 3: Recycling test for 2% w/v ASPD (metallosurfactant/polymer) coatings against E. coli. 

 

Recycling test against E. coli 

Untreated 
2% w/v ASPD Fe-

CTAC/HEMA 

2% w/v ASPD Cu-

CTAC/HEMA 
2% w/v ASPD Cu-amine/IDA 

Initial 1.60 x 109 ± 3.61 x 108 0 0 0 

1st 7.75 x 109 ± 1.06 x 109 0 0 0 

2nd  3.23 x 109 ± 1.59 x 109 0 2.33 x 104 ± 4.04 x 104 0 

3rd 2.83 x 109 ± 2.89 x 108  1.40 x 103 ± 3.13 x 103 3.33 x 103 ± 2.31 x 103 2.60 x 105 ± 2.60 x 105 
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Table A1. 4: Recycling test for 2% w/v ASPD (metallosurfactant/polymer) coatings against S. aureus. 

 

Recycling test against S. aureus 

Untreated 
2% w/v ASPD Fe-

CTAC/HEMA 

2% w/v ASPD Cu-

CTAC/HEMA 
2% w/v ASPD Cu-amine/IDA 

Initial 2.73 x 109 ± 1.03 x 109 0 0 0 

1st 9.93 x 108 ± 2.66 x 108 0 0 4.80 x 103 ± 5.54 x 103 

2nd  1.57 x 109 ± 3.79 x 108 0 0 2.86 x 106 ± 2.15 x 106 

3rd 1.23 x 109 ± 7.09 x 108 2.25 x 103 ± 2.22 x 103 6.20 x 103 ± 1.48 x 103 1.41 x 107 ± 3.33 x 106 

4th 1.77 x 109 ± 5.03 x 108 2.60 x 103 ± 4.72 x 103 1.15 x 105 ± 4.96 x 104 9.30 x 107 ± 1.99 x 107 

5th 7.63 x 108 ± 8.50 x 107 4.60 x 104 ± 4.22 x 104 1.39 x 106 ± 5.14 x 105 1.37 x 108 ± 2.18 x 107 
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