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Abstract 
 
Antimicrobial coatings play an important role in stopping the spread of pathogens 

and diseases. This thesis is about the synthesis of novel antimicrobial coatings 

via wet chemical methods and plasmachemical deposition methods. 

 Chapter 1 provides an overview of the threat posed by bacteria, and the 

various methods used to stop the spread of pathogens. It also briefly reviews the 

different types of coating systems used throughout this thesis. 

 Chapter 2 provides a brief synopsis of the analytical and experimental 

techniques used in this thesis. 

 Chapter 3 details the synthesis of a coating that combines polydopamine 

and cinnamaldehyde. The coating is characterised, including its antibacterial 

activities. The coating method is extended to tannic acid and polyethyleneimine, 

both of which also produce antibacterial coatings. The use of porous substrates 

to absorb cinnamaldehyde to produce long-lasting antibacterial surfaces is also 

described. 

 Chapter 4 describes coatings that are produced by combining tea, 

cinnamaldehyde, and a metal salt. Both copper and silver salts are utilised. The 

coatings are found to have strong antibacterial efficacies, and are also found to 

be antiviral against murine coronavirus (mouse hepatitis virus A59), a potential 

surrogate for SARS-CoV-2. 

 Chapter 5 describes how pulsed plasma polymer coatings can be 

combined with liquid lubricants to produce slippery surfaces. A range of different 

monomers and lubricants are tested, with many forming slippery surfaces that 

exhibit excellent water repellency. Fluorinated systems are used to produce 

omniphobic slippery surfaces. Use of cinnamaldehyde as a lubricant endows the 

slippery surfaces with strong antibacterial efficacy. 

 Chapter 6 details how pulsed plasma coatings may be used to prevent (or 

encourage) fouling of microalgae on surfaces. Hydrophilic coatings produce the 

best anti-biofouling results, and are non-toxic towards the microalgae species 

tested. 
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CHAPTER 1 

1 Introduction and Literature Review 

1.1 Bacteria 

The name ‘Bacteria’ refers to one of the kingdoms of prokaryotic organisms. Most 

bacteria are single-celled organisms, with sizes ranging from 0.5 to 4 µm.1 There 

are a large number of bacterial species known, many of which are non-

pathogenic.1 However, there are several species that are pathogenic and have 

negative impacts on the host, and cause diseases. Several of the most common 

pathogenic bacteria that cause infection found in the UK, and their impact on 

society, are shown in Table 1.1. 

Table 1.1: Common bacteria that cause infections in the UK, and their societal impact. 

Name of Bacteria Societal Impact 

Campylobacter spp. 

• Campylobacter is the most common cause of food 
poisoning in the UK.2 

• 56,279 laboratory reports in 2017 (England & Wales), 
equates to 96.57 cases per 100,000 population. 3  

• Campylobacter is estimated to have caused 76 deaths in 
the UK in 2008.2  

• Food Standards Agency estimates that Campylobacter 
costs the UK economy £900 million per year.4  

Escherichia coli 

• 40,580 reported cases from 2019/20 (England), which 
equates to 73.9 cases per 100,000 population. An increase 
of 34% from 2012/13 (n = 32,309).5 

• Treatment of E. coli infections costs the UK an estimated 
£14 million per annum.6 

• From 2011 to 2015, there were 89 deaths in Wales 
attributed to E. coli.7 (Total population Wales roughly 3 
million). 

Streptococcus spp. 

 

• 18,057 reports of streptococcal infections in 2019 
(England, Wales & N. Ireland).8 An increase of 39% from 
2015 (n=13,012). 

• In 2016, there were 19,206 reports of Scarlet Fever in 
England & Wales (a rate of 33.2 cases per 100,000 
population). The highest it has been since 1967.9 

• The cost of Invasive Group A Streptococcal infections are 
estimated to be “£1,984-£2,212 per case, totalling £4.43-
£6.34 million per year in England.”10 

• Group B Streptococcus (S. agalactiae) resistance to 
clindamycin and erythromycin was 23 and 29% 
respectively in 2016 (an increase from 17 & 18% in 2011). 
Tetracycline resistance in this group was 84% in 2016. 
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Group A Streptococcus (S. pyogenes) resistance was at 5, 
7 & 10% for the three drugs in 2016.8 

Clostridium difficile 

• 13,177 cases were reported from 2019/20 (England). This 
equates to a rate of 23.4 cases per 100,000 population.5 

• The cost to the NHS for treating a C. difficile infection is 
roughly £10,000.11 

• In 2012, there were 1,646 deaths involving C. difficile 
infection in England and Wales.12  

Methicillin-resistant 

Staphylococcus 

aureus (MRSA) 

• 814 reported cases from 2019/20 (England), which 
equates to 1.5 cases per 100,000 population.5 

• In 2012, S. aureus caused 557 deaths (England & Wales), 
292 of which were attributed to MRSA.13  

• The cost to the NHS for treating a MRSA infection is 
roughly £7000.11 

Methicillin-

susceptible 

Staphylococcus 

aureus (MSSA) 

• 12,193 reported cases from 2019/20 (England), which 
equates to 20.9 cases per 100,000 population.5 This is an 
increase of 39.1% from 2011/12 (n = 8,767). 

Mycobacterium 

tuberculosis 

• 4,725 cases reported in 2019 (England), which equates to 
8.4 cases per 100,000 population.14   

• 231 people were reported to have died of tuberculosis in 
the UK in 2018.14 

• The costs to the NHS of treating 'normal' and 'drug-
resistant' tuberculosis are estimated at £5000 and 
£50,000–£70,000 per case respectively.15 

Salmonella spp. 
• 8,630 cases reported in 2016 (England & Wales), which 

equates to a rate of 14.8 cases per 100,000 population.16  

Enterococcus spp. 
• 8,136 cases reported in 2018 (England, Wales & N. 

Ireland), which equates to a rate of 13.3 cases per 100,000 
population.17  

Pseudomonas 

aeruginosa 

• 4,336 cases reported in 2019/20 (England), which equates 
to a rate of 7.7 cases per 100,000 population.5 

 

 In developing countries, the situation if often worse, as nations are less 

able to help prevent infections, and people may be more vulnerable (due to being 

malnourished, immunocompromised, or HIV-positive).18, 19 For example, 

Campylobacter infections in developed countries such as Germany or the USA 

were found to have a case-fatality ratio of ≤0.1%, whilst in Kenya the case-fatality 

ratio was 8.8%.20, 21 There is therefore a need to combat the threat of bacterial 

infection on the global scale. 
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1.2 Why Antimicrobial Coatings? 

Humans have developed several methods to deal with the threat of bacteria and 

pathogenic diseases, which includes antibiotics, vaccines, natural remedies, 

social measures, and antimicrobial coatings. Here, we will examine each one, 

and consider their advantages and disadvantages. 

 

1.2.1 Antibiotics 

Antibiotics are a type of drug, medicine or substance that are used to treat an 

infection caused by bacteria, either by killing the bacteria (bactericidal) or 

inhibiting their growth (bacteriostatic).22 Since the early twentieth century and the 

discovery of penicillin, significant research into antibiotics has resulted in a variety 

of medicines, allowing for the treatment of a whole range of diseases, thus having 

the clear advantage of increasing humans’ expected lifespans and decreasing 

mortality rates against these pathogens23, as well as uses in preventing infections 

in animals and in plants.24, 25 However, there are some disadvantages associated 

with the usage of antibiotics, namely, side effects and antibiotic resistance. Side 

effects are the lesser of these two problems—side effects occur when a person’s 

body has an unwanted reaction to a medicine, and common symptoms can 

include vomiting, nausea, and diarrhoea, or allergic reactions such as rashes or 

breathing difficulties.26 The more serious problem is the evolution of antibiotic 

resistance (also called antimicrobial resistance). Antibiotic resistance occurs 

when a population of bacteria, some of which have random mutations, are treated 

with an antibiotic. These mutations may confer upon the bacteria the necessary 

changes required to prevent the mechanism of action of the drug molecule, such 

as blocking the drug molecule from its target, or altering the antibiotic target 

site.27, 28 Therefore, when treated with the antibiotic, bacteria without the mutation 

will be killed, leaving the mutant bacteria alive. This mutant strain can then 

proliferate, unaffected by the drug, to produce a population of which all (or a 

considerable proportion) now have the mutation that endows them with antibiotic 

resistance, meaning that the antibiotic is rendered inactive for treating the 

infection. To further exacerbate matters, bacteria are capable of ‘horizontal gene 

transfer’, a process where bacteria are able to transfer DNA from one cell to 

another.28, 29 In this way, drug resistant bacteria can transfer antibiotic resistance 
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genes to non-resistant bacteria that may have never even been exposed to 

antibiotics. 

Some form of resistance has been observed for nearly all antibiotics that 

have been produced.30 Antimicrobial resistance has been described by the World 

Health Organization as “one of the top 10 global public health threats facing 

humanity”.31 The emergence of antimicrobial resistance has been caused by 

several different factors: (i) Overuse—in many countries, particularly developing 

ones, there is little or no regulation regarding antibiotics, they are readily available 

to purchase, and with no prescriptions needed (or prescriptions are readily given 

out). This has led a high-level of over-prescriptions and overuse.32 Even in 

developed countries, for example the U.S., overuse is a problem, and in some 

states the number of antibiotic courses prescribed in a year exceeds the 

population of that state.33 The result is that antibiotic resistant bacteria kill 23,000 

people per year in the U.S.33 

(ii) Misuse—many people may lack an understanding of what antibiotics are and 

what they used for.34, 35 This can lead to people taking antibiotics for illnesses that 

antibiotics are completely ineffective against. For example, it has been reported 

that, during the COVID-19 pandemic, sales of antibiotics in India increased, and 

many patients were given strong antibiotics, despite evidence that they are 

ineffective against the disease.36, 37  

(iii) Environmental pollution—antibiotics can enter the environment through 

multiple different routes, including waste from pharmaceutical factories, from 

excrement after usage (i.e. sewage), and disposal of unused medicines.38 Many 

sewage treatment plants are unable to effectively completely remove antibiotics 

from waste water, meaning that much of the excreted antibiotics ultimately end 

up being released into the environment.39 The result is that antibiotics have been 

detected in river water40, seawater41, and even in tap water.40, 42 Once in the 

environment, antibiotics are able to transfer from water to soil, and on to plants, 

including vegetables and crops, where they can produce negative effects on the 

growth of the plants.43, 44 Certain antibiotics, for example penicillin, will degrade 

rapidly once released into the environment45, whereas others, for example 

tetracycline and roxithromycin, can persist in soil for weeks and even months 

before degradation to non-detectable levels.46, 47 

(iv) Lack of development—over the past several decades, research into drug 

discovery and the development of new antibiotics has declined (although it has 
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picked up again in recent years).48 There are numerous reasons for this, including 

reduced academic funding, strict regulations, long development times leading to 

reluctance by pharmaceutical companies/investors due to a potential lack of 

return or profit on the large sums of money required throughout the development 

pipeline.48  

 

1.2.2 Vaccines 

Vaccines are inactivated or attenuated pathogens, or a subunit of a pathogen 

such as a protein or a nucleic acid, or a toxin, or RNA. A vaccine administered to 

an individual is designed to not infect the individual with the disease, but to invoke 

a response from the immune system, which will then fight off the vaccine, and 

subsequently, the body will ‘remember’ how to fight the infection, leading to the 

production of antibodies, and immunisation against the pathogen.49 Vaccines are 

therefore used to prevent individuals from becoming infected and protect against 

diseases. It is undeniable that vaccines are highly effective, and have been very 

important in massively reducing the number of cases and the mortality rates of 

several diseases, as well as in eradicating diseases completely (e.g. smallpox).50, 

51 Vaccines have been described by the U.S. Centre for Disease Control and 

Prevention (CDC) as one of the ‘ten great public health achievements’.52 

There are however also several disadvantages associated with vaccines: 

(i) Waning immunity—as time progresses after someone has had a vaccination, 

the efficacy of the vaccine, and the ability of the immune system to effectively 

fight the disease, may diminish leading to increased susceptibility towards 

infection.53, 54 For example, influenza virus vaccinations have been observed to 

decrease in effectiveness by about 6%–11% per month.55 This effect can be 

offset by offering ‘booster’ vaccinations to help improve and prolong 

immunisation. 

(ii) Shortages—there have been several examples in recent years of countries 

experiencing shortages of vaccines due to suppliers being unable to meet the 

levels of demand, which ultimately means that, even if the vaccine itself is highly 

efficacious, people do not receive it and thus can become infected and become 

hospitalised or die.56, 57, 58, 59 

(iii) Development cost—the total lifetime development costs for vaccines can be 

very large (several hundred million U.S. dollars), with pharmaceutical companies 
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needing to recoup the costs.60 Historically, the average time required to develop 

a new vaccine is about 10 years, and only 6% of new vaccine ultimately would 

enter the market.61 

(iv) Lack of vaccine—there are still several infectious and deadly diseases which 

do not have any effective vaccine available, including HIV-AIDS, Ebola, and E. 

coli (to name but a few).62 

(v) Hesitancy—there exists a number of people in the world whom are hesitant or 

reluctant to take vaccines.63, 64 The reasons for this are generally complex and 

multi-faceted, and a detailed explanation is outside the scope of this review. 

However, in simple broad terms, it is generally due to the perception that there 

are negative effects caused by the vaccine(s), and that the benefits of taking the 

vaccine(s) are outweighed by these potential negative effects.63 Often there is 

little or no plausible or peer-reviewed scientific evidence to support the claims of 

negative effects (for example, claims that the measle, mumps, and rubella (MMR) 

vaccine causes autism in young children).65 

 

1.2.3 Natural Remedies 

Traditional medicine has been used to treat illnesses for thousands of years.66 

Natural or herbal remedies typically consist of a plant extract containing many 

different chemical compounds, one or more of which works as an active 

ingredient to help treat the disease.67 Even today, for many people around the 

world, traditional medicine is often the primary or sole source of healthcare.68 

Over 50% of commercially available drugs contain (or at one point contained) 

compounds derived from (or patterned from) biological sources (e.g. plants).69 

However, there a several issues associated with traditional medicines, including: 

(i) Regulation—in many parts of the world, there is little or no regulation regarding 

herbal remedies, meaning that people are free to sell them without needing to 

provide any evidence of their quality, safety, or efficacy.67  

(ii) Toxicity—many traditional medicines are sold with no evaluation of their 

toxicological properties. Many such medicines have been found to cause side 

effects and even be poisonous.67 

(iii) Unscientific—some concepts found in traditional medicine (such as yin and 

yang in Chinese traditional medicine) are considered by some to be 

“pseudoscience” and are inaccurate and “verge on imagination”.70 Many of these 
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are deeply rooted in culture, and people are often unwilling to let go of these ideas 

in favour of modern concepts.70 

 

1.2.4 Social Measures 

Social measures are methods of stopping the spread of pathogens and infections 

that do not involve the use of drugs, medicines, or vaccines, and instead consists 

of providing instructions for people to follow. One of the most important of these 

is hand-washing.71 Many pathogens are able to survive on fomites (objects that 

are likely to carry infection, such as touch surfaces, e.g. door handles, tabletops, 

etc.) for several hours72, and once transferred to hands, are again able to survive 

for hours—for example, Pseudomonas aeruginosa and Burkholderia cepacia 

strains were found to be transmissible via hand-shaking for up to 180 min.73 

Hand-washing therefore is a simple easy method to reduce infection.74 This is 

particularly important in hospital and healthcare settings where patients are more 

vulnerable, and hand-washing has been shown to reduce the number of 

nosocomial infections.75 Hand-washing is also vital for preventing the spread of 

pathogens on foodstuffs76, preventing communicable illness in schoolchildren77, 

and in the prevention of diarrhoea (which is cause by bacteria, viruses, and 

parasites, and causes an estimated 1.8 million deaths in children in low- and 

middle-income countries).78 Soap is able to destabilise the lipid membranes of 

bacteria and viruses, rupturing the system, thus killing bacteria and inactivating 

viruses. 

 After the outbreak of the COVID-19 global pandemic, countries and 

governments around the world introduced various measures to help contain the 

spread of the SARS-CoV-2 virus, including mandatory wearing of face masks.79, 

80 Masks can help to reduce the transmission of airborne pathogens from person 

to person, and whilst the level of protection may not be perfect, it is generally 

better than no face mask at all.80, 81, 82 Other measures include mandatory 

quarantines83, travel bans83, and social distancing.80 

 The main disadvantage of all of these measures is that of compliance—in 

order for these measures to be effective, everyone must follow the rules and do 

what is asked of them in order to help limit the spread of disease. However, 

people may resist these rules, particularly where they are perceived to infringe 

on an individual’s independence, or because the rules are considered 
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uncomfortable or inconvenient.84, 85 Failure to comply with the mandatory social 

measures may ultimately lead to further infections and spread of disease.  

1.2.5 Sterilization 

There are several different sterilization techniques used, including heat 

sterilization, radiation (ultraviolet, ionising) sterilization, and disinfectants (e.g. 

sodium hypochlorite (bleach), ethanol), in order to kill bacteria contaminants on a 

surface.1 These techniques may be effective at killing pathogens, but their main 

disadvantage is that treated surfaces are not rendered permanently antimicrobial, 

and are potentially free for bacteria to re-contaminate the surface. 

 

1.2.6 Antimicrobial Coatings 

Many pathogenic bacteria are able to survive for months on dry surfaces, which 

can result in increased transmission via people’s hands coming into contact with 

the surface.86 This is of particular concern in hospitals where patients may be 

more susceptible to infection, and transmission may occur either directly to 

patients, or initially to healthcare workers who then pass it on to patients.86 

Another issue is that of biofilm formation—this is a process where bacteria attach 

themselves to a surface using an extracellular polymer matrix.87 Biofilm allows 

bacteria to adhere to surfaces much more strongly than they would otherwise be 

able to, and once bacteria become encapsulated within a biofilm, they are much 

less susceptible to antimicrobial agents.87 Bacterial adhesion is a constant 

problem with regards to medical devices and implants, where colonization of 

bacteria can lead to serious infections.88 Pathogenic bacteria are able to 

contaminate a range of common touch surfaces, whereupon they can spread to 

people, either directly via hand/skin contact, or indirectly via contamination of 

foods or water.89, 90, 91, 92 

Therefore, surfaces that are capable of killing bacteria (bactericidal) are 

key for the reduction and prevention of infections.93 Antimicrobial coatings, as the 

name suggests, are coatings that are applied to surfaces which are capable of 

killing microbes such as bacteria, and thus can help prevent the spread of 

infection and biofilm formation. In general, antibacterial coatings can be 

categorised into three groups, depending on their mode of action: (i) repellent 

surfaces; (ii) leachable (release) surfaces; and (iii) contact-kill (non-release) 

surfaces. 
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1.2.6.1 Repellent Surfaces 

Repellent surfaces are those that do not kill bacteria, but prevent the adhesion of 

bacteria cells. There are several methods by which this can be achieved: 

Superhydrophobic Surfaces: Superhydrophobic surfaces are typically 

characterised as having a water contact angle of ≥150°.94 In one report, paper 

was made superhydrophobic via deposition of poly(diallyldimethylammonium 

chloride) and silica particles and fluorination with 1H,1H,2H,2H-

perfluorooctyltriethoxysilane, and it was found that only 7% of Escherichia coli 

cells adhered to the surface compared to the untreated control.95 Another study 

showed that textured aluminium surface with a Teflon coating was able to reduce 

the number of adhered bacteria cells under flow by 99.9% for Staphylococcus 

aureus and 99.4% for E. coli—the superhydrophobic nanopillars minimise the 

contact area available for the bacteria, and weaker Van der Waals interactions 

both prevent adhesion.96 

Polyethylene Glycol Coating: polyethylene glycol (PEG) is a polymer with 

the general molecular structure H−(O−CH2−CH2)n−OH. PEG grafted onto 

polyurethane surfaces could reduce adhesion by Staphylococcus epidermidis by 

about 90% compared to the untreated surface, and E. coli by 94%.97 The polymer 

chain length plays an important role in bacterial, with number of adhering bacteria 

decreasing with increasing chain/brush length.98 The mechanism of action  for 

PEG to repel bacteria is believed to be due to the polymer chains resisting 

compression or penetration, which is a result of elastic forces and osmotic 

pressure.98, 99 Small Van der Waals’ interactions may also account for the low 

adhesion.98 

 One of the main drawbacks of this method is that the surfaces are not 

bactericidal, and bacteria can be released to infect other targets.100 

 

1.2.6.2 Leachable Surfaces 

Leachable (release-based) surfaces contain an antimicrobial agent embedded in 

the surface which is released into the surrounding environment in order to kill 

bacteria. 

Silver: The beneficial antibacterial effects of silver have been known for 

thousands of years.101 The antibacterial mechanism of silver is reported to occur 

via multiple mechanisms, as follows: silver has a high affinity to interact with 
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sulphur groups (e.g. thiols) and phosphorus groups which can lead to inhibition 

of enzymes, peptides, proteins, and also interactions with DNA may disrupt DNA 

replication—both leading to bacterial cell death.102,103,104 In addition, silver 

nanoparticles can cause damage to the cell membrane, resulting in leakage of 

the cell contents and proton leakage.105, 106 Silver can also give rise to depletion 

of intracellular adenosine triphosphate (ATP) levels, and cause an increase in 

reactive oxygen species (ROS) within cells.107,108,109 Silver can be impregnated 

into surfaces/coatings, and leaching of Ag+ ions results in antibacterial killing, for 

example, silver nanoparticles embedded in polyurethane foams by overnight 

immersion were able to kill all E. coli in water filtered through the foams.110 

Composite poly(vinylpyridine)/silver bromide coatings were found to be 

antibacterial against a range of Gram-negative and Gram-positive bacteria 

including E. coli, P. aeruginosa, Bacillus cereus, and S. aureus, with long-lasting 

activity that remained for at least 17 days immersion.111 In another study, 

inorganic TiO2 nanotubes formed on the surface of titanium metal (which is 

commonly used for implants) were impregnated with silver nanoparticles—this 

was shown to have long-lasting silver release, and could kill planktonic (floating) 

S. aureus and prevent bacterial colonization on the surface.112 However, there 

exists concern about the environmental impacts of silver, including toxicity to 

plants and aquatic organisms (as well as a lack of knowledge concerning toxicity 

in humans).113,114 The emergence of antimicrobial resistance is another issue 

surrounding silver-based antibacterial materials.115 

Copper: Similarly, copper metal surface is known to exhibit antimicrobial 

effects.116, 117 Copper can kill microorganisms via multiple mechanisms: 

membrane damage118, production of reactive oxygen species119, and 

displacement of iron.120 Additionally, copper oxide also shows antimicrobial 

activity, for example, Cu2O nanoparticles embedded in polypropylene showed 

strong killing of E. coli.121 Copper complexes, such as copper pyrithione and 

copper thiocyanate, also exhibit antimicrobial effects, and are commonly added 

to paints as a biocidal agent.122, 123 

Zinc: Zinc oxide is capable of killing bacteria via production of reactive 

oxygen species and disruption of the cell membrane.124, 125 Coatings can be 

embedded with ZnO nanoparticles to produce an antimicrobial effect.126 Zinc 

metal-organic compounds, such as zinc pyrithione, are also used as biocides in 
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paints, or embedded in materials, to produce antimicrobial surfaces and 

coatings.127 

Organic Biocides: ‘Metal-free’ antimicrobial coatings can utilise organic 

compounds as the active biocide. One example is tralopyril (a.k.a. Econea), 

which can be incorporated into coatings to achieve antibacterial activity.128 

Another example is triclosan, which again, can be impregnated into surface 

coatings to give a leachable biocide with slow-release properties and strong, 

broad-spectrum antibacterial activity.129 

Antibiotics: Loading coatings with antibiotic molecules offers a relatively 

simple and effective way of producing antibacterial surfaces. In one study, several 

different antibiotics (cephalothin, carbenicillin, amoxicillin, cefamandole, 

tobramycin, gentamicin and vancomycin) were incorporated into carbonated 

hydroxyapatite coatings on titanium; all tested surfaces were able to inhibit growth 

of S. aureus.130 Gentamicin or polymyxin B antibiotics loaded into 

poly(methacrylic acid) hydrogel coatings demonstrated high-efficacy killing of 

bacteria for S. aureus and E. coli respectively.131 In another study, layer-by-layer 

assembly of naturally-derived tannic acid and antibiotics (tobramycin, gentamicin, 

and polymyxin B) to produce a coating that was effective at killing S. epidermidis, 

S. aureus, and E. coli, and could maintain its antibacterial activity for 4 weeks.132 

The disadvantage of using antibiotics, as described in Section 1.2.1, is the 

emergence of antibiotic resistance. 

Nitric oxide: Nitric oxide (NO) is a molecule produced by the human 

immune system as an antimicrobial agent to help fight bacterial infections.133 NO 

is a strong oxidising agent, and causes damage to the bacterial cell membrane 

and DNA.133 A sol-gel coating on stainless steel was modified to contain NO 

donor groups, which resulted in reduced adhesion of P. aeruginosa, S. aureus 

and S. epidermidis.134 

 In addition to the other disadvantages of leachable surfaces discussed in 

this section, another disadvantage is that leaching means that the surface 

becomes depleted of the entrapped antimicrobial agent, leading to eventual loss 

of antibacterial activity. 
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1.2.6.3 Contact-Kill Surfaces 

Contact-kill (non-leachable) surfaces kill bacteria when they come into direct 

contact with the surface. There are several ways this can be achieved: 

Quaternary Ammonium Compounds: Cationic compounds, such as 

quaternary ammonium compounds, are able to kill cells via interaction with the 

negatively charged phospholipid cytoplasmic cell membrane, causing 

destabilisation, leading to leakage of cell contents and cell death.135 Therefore, 

covalently immobilising quaternised polymers can be used to produced contact 

kill surfaces. For example, in one of the first reports on this topic, poly(4-vinyl-N-

alkylpyridinium bromide) attached to glass was able to kill S. aureus, S. 

epidermidis, P. aeruginosa, and E. coli with killing efficiency of >99% compared 

to the untreated glass substrate.136 In another study, N-alkylated 

polyethyleneimine covalently attached to glass was able to produce up to a 9-

Log10 reduction in bacteria exposed to the surface, and could consistently achieve 

high killing rates over multiple repeat cycles, whilst having no cytotoxic effect on 

mammalian cells.137 Antibacterial quaternary ammonium coatings have been 

produced on a variety of different substrates, including polyurethane138, 

polypropylene139, and silicone rubber140, all of which are used for biomedical 

purposes. Phosphorus, being the element directly below nitrogen in the periodic 

table, can also be quaternised to produce antibacterial cationic polymers, which 

can be immobilised onto surfaces to give contact-kill coatings.141  

TiO2: Titanium dioxide, TiO2, is a photocatalytic material that when 

exposed to UV or visible light can produce reactive oxygen species on its surface, 

which cause degradation of the cell wall and inhibition of coenzyme A, thus killing 

bacteria.142 , 143 Chemical vapour deposited TiO2 films on stainless steel gave 6-

Log10 reduction of E. coli in 3 h.144 TiO2 coated onto steel pins via dip-coating was 

capable of >3-Log10 reductions of S. aureus and S. epidermidis with UV 

irradiation after 90 min.145 

Antimicrobial Peptides: Peptides are biological compounds consisting of 

short chains of amino acids, linked via peptide (amide) bonds. Antimicrobial 

peptides (AMP) kill bacteria through several mechanisms, including 

transmembrane pore formation leading to cell lysis, inhibition of protein synthesis, 

cell wall synthesis, and enzymatic activity.146 Layer-by-layer thin film coating 

containing AMP gramicidin A was shown to be effective for killing Gram-positive 

Enterococcus faecalis.147 Attachment of cationic AMP melamine to surfaces via 
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azide linkers yielded reductions in the number of adhered bacteria for both P. 

aeruginosa and S. aureus.148 

Graphene: Graphene (and its derivatives, graphene oxide and reduced 

graphene oxide) are known to be antibacterial either by physical puncturing and 

penetration of bacterial cells, or by causing oxidative stress.149, 150 Graphene 

oxide covalently immobilised on silicone rubber sheets could kill 85% of E. coli 

and 72% of S. aureus.150 Graphene grown on silicon surface was capable of 

complete killing of E. coli and S. aureus after 6 h exposure.151 

 One of the main disadvantages of these coatings is that as the bacteria 

are killed, the dead bacteria cells remain in place and pile-up on the surface, 

therefore blocking other alive cells from coming into direct contact with the 

surface. This leads to loss of antibacterial activity and biofilm formation. To 

overcome this problem, smart responsive switchable surfaces have been 

devised—these surfaces are able to kill bacteria, then react to certain stimuli (e.g. 

pH, temperature, dry/wet conditions, light, electric potential) to release dead 

bacterial cells to yield a clean surface free from fouling.152 

 

1.2.6.4 Methods of Coating 

Numerous methods exist for the production of antibacterial coatings. This 

includes: dip-coating, where the substrate is immersed into a coating solution and 

subsequently withdrawn, leaving behind a layer of coating at the surface153; spin-

coating, in which a substrate is rotated at high speed whilst a coating solution is 

dropped onto the spinning substrate, thus forming an evenly-spread coating154; 

drop-casting, where droplets of a coating solution are placed onto the surface, 

and solvent allowed to evaporate155; spray-coating, where the coating solution is 

transferred to the surface via a pressurised spray156; layer-by-layer deposition, 

whereby a substrate is alternately dipped into two (or more) solutions each 

containing a component of the coating numerous times, each time the substrate 

is immersed, a layer of coating is left behind, therefore a coating is built up, layer 

by layer147; electrospinning, where an electrical field is applied to a polymer 

solution of melt at a needle tip, causing the solution to gain charge and be 

accelerated allowing for casting of the polymer onto the target substrate157; 

curing, where a coating solution placed on a surface which is treated with 

ultraviolet radiation or heat, causing a reaction to occur in the coating components 
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(e.g. polymer crosslinking), thus forming a desired coating154, 158; grafting (also 

called ‘immobilisation’), where an antimicrobial agent is reacted with a 

functionalised surface to form a covalent bond, thus immobilising it and attaching 

it to the surface137; and chemical vapour deposition (CVD), in which the vapour 

of a volatile precursor(s) is introduced into a reaction chamber and an energy 

source provides the required energy to allow the precursor(s) to react and to 

deposit a coating on the substrates.159 There are many different types of CVD, 

some of which include: initiated chemical vapour deposition (iCVD), where a free 

radical initiator species is introduced with the precursor to enable rapid 

polymerisation160; flame assisted chemical vapour deposition (FACVD), where 

the precursors are passed through a flame in order to provide the energy for 

reaction (this is useful for inorganic materials)161; and plasma enhanced chemical 

vapour deposition (PECVD), in which a plasma is generated in the precursor 

vapour which generates radical species leading to coating formation (a more 

detailed description of plasmachemical deposition is given in section 2.1).162 

Whilst this section is by no means exhaustive, it gives an overview of some of the 

most commonly used coating techniques. 

 

1.2.6.5 Conclusions 

Antimicrobial coatings offer a non-invasive route to prevent the spread of 

infections, which could potentially help reduce the reliance on antibiotics, as well 

as help safeguard vulnerable people (for example, patients in hospital settings, 

or where people have not received a vaccination, or where no vaccine currently 

exists). 

 

 

1.3 Literature Review 

In section 1.2 of this chapter, we have looked at the main different types of 

antibacterial surfaces, and several general examples of the most common ones 

found in the scientific literature. Chapters 3–5 of this thesis describe the synthesis 

of several novel antimicrobial coatings. Therefore, in this section, we will briefly 

review the different coating systems and their applications for antimicrobial 

coatings.  

 



29 

 

1.3.1 Cinnamaldehyde 

Many naturally-occurring plant-derived essential oil compounds are known for 

their antimicrobial benefits.163 Cinnamaldehyde, a major component of cinnamon 

bark oil164,165, is reported to show antibacterial166, 167, antifungal168, 

antiparasitic169, insecticidal170, antiviral171, anticancer172, anti-diabetic173 and pro-

wound healing174 properties. Cinnamaldehyde is antibacterial through multiple 

mechanisms which vary according to the pathogen.175 The mode of action of 

cinnamaldehyde against E. coli and S. aureus is reported to involve interaction of 

cinnamaldehyde with the cell membrane, which results in an increase in the cell 

permeability, changes to cell morphology, and damaging of cell membrane 

integrity, ultimately leading to cell lysis and cytoplasmic content leakage.176, 177, 

178 It has also been shown that cinnamaldehyde can cause oxidative damage to 

E. coli cells.179  Many of the reported cinnamaldehyde-based antibacterial 

materials and surfaces involve the blending of cinnamaldehyde with a polymer 

(either as a melt or in solution) followed by casting into a film. Some of the 

polymers used include: polyvinyl alcohol180, polypropylene181, polystyrene182, 

cellulose183, and chitosan.184 Such cinnamaldehyde-containing films are effective 

at stopping bacterial or mould growth on, for example, various foodstuffs—

including beef180, chicken and ham185, vegetable (radish, broccoli, and alfalfa) 

sprouts186, and bakery products.187 However, manufacture of such essential oil 

impregnated polymer films requires costly organic solvents188 or involves 

application of heat, which can be detrimental due to degradation or volatilization 

of the bioactive compound.189  Furthermore, much of the cinnamaldehyde content 

within the bulk material may be inaccessible to the external environment 

(bacteria). 

 

Figure 1.1: Structure of trans-cinnamaldehyde. 

 

 Cinnamaldehyde is used in chapters 3, 4, and 5 of this thesis to produce 

a variety of coatings with antibacterial properties. 
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1.3.2 Polydopamine 

Polydopamine is an adhesive polymer formed via the autoxidation of dopamine 

(Figure 1.2) in basic solution.190  

 

Figure 1.2: Structure of dopamine. 

These coatings readily and spontaneously adhere to a variety of substrate 

materials, including metals, plastics, and even low surface energy 

polytetrafluoroethylene.190 The catechol functionality of dopamine mimics the 

adhesive Mytilus edulis foot protein 5 (Mefp-5) found in mussels, which is capable 

of adhering to virtually any kind of surface.191, 192 The exact structure of 

polydopamine is currently not entirely well-known (in part due to polydopamine’s 

insolubility in practically all solvents), but computer calculations and experimental 

evidence have been used to suggest a likely structure, Figure 1.3. 

 

 

Figure 1.3: Structure of polydopamine. 

Polydopamine alone does not exhibit strong antibacterial activity, and so 

much research has been conducted into the post-functionalization of 

polydopamine coatings. Examples include the attachment of silver193, 194, 195, 

copper196, 197, quaternary ammonium compounds198, 199, zwitterionic 

compounds200, chlorhexidine201, antibiotics202, peptides203, or enzymes.204 Many 

of these antibacterial polydopamine-based coatings are unsuitable for industrial 

scale-up due to their inherent multi-step syntheses, and often prohibitively long 

reaction times. Also, there have been reports of combining polydopamine with an 

antibacterial agent for ‘one-pot’ (single-step) hybrid coatings; for example, 

polydopamine-silver and polydopamine-copper.205,206 However, antimicrobials 

such as silver and copper have inherent drawbacks, chiefly their relatively high 
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cost compared to organic compounds. Additionally, as described in Section 

1.2.6.2, there are issues with the use of metals regarding their toxicities and 

antimicrobial resistance.113, 114, 115  

Chapter 3 of this thesis describes the fabrication of an antibacterial coating 

that combines polydopamine and cinnamaldehyde. 

 

1.3.3 Tannic Acid 

Tannic acid is a natural coating-forming phenolic compound—a plant polyphenol, 

derived from the nutgalls of Quercus and Sumac (Rhus) species, as well as the 

seed pods of Tara (Caesalpinia spinosa).207 The molecular structure of tannic 

acid is polygalloyl glucose, that is, a central glucose molecule that has formed 

ester bonds with multiple gallic acid molecules, Figure 1.4. 

 

Figure 1.4: Structure of tannic acid. 

Tannic acid forms an adhesive polymeric coating under oxidising basic 

conditions, in a similar fashion to polydopamine.208 One potential issue 

associated with the use of polydopamine coatings is the relatively high cost of the 

dopamine hydrochloride precursor, hence tannic acid is considered as a viable 

alternative for large scale applications.208 Antibacterial coatings made using 

tannic acid use similar methods to those of polydopamine, utilising additives such 

as silver209,210, copper210,211, peptides212,  quaternary ammonium compounds213, 

214, zwitterionic compounds213 to impart antibacterial activity. Tannic acid has also 

been made antibacterial via reaction/hydrophobisation with alkyl iodides.215  

Chapter 3 of this thesis describes how tannic acid coating can be 

combined with cinnamaldehyde to give an antibacterial coating. 
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1.3.4 Polyethyleneimine 

Polyethyleneimine polymer comprises repeat units containing two methylene 

carbons and an amine centre. The general structure of branched 

polyethyleneimine is shown in Figure 1.5. The ratio of primary to secondary to 

tertiary amines is typically 1:1:1 in commercially available products.216 

Polyethyleneimine is not particularly antibacterial on its own, but its large number 

of amine functionalities can be reacted with alkyl halides to yield quaternary 

ammonium groups which display antibacterial activities.217 

 

Figure 1.5: Structure of polyethyleneimine. 

  

 Chapter 3 of this thesis examines the reaction between polyethyleneimine 

and cinnamaldehyde, and the resulting coating that forms and its antibacterial 

properties. 

 

1.3.5 Tea 

Leaves from the Camellia sinensis plant are used to make tea, one of the most 

popular beverages, found worldwide. ‘Tea staining’ is also a well-known 

phenomenon, where brewed tea can leave a coating on its container.218 Tea 

extracts contain a large variety of different chemical compounds, and one of the 

primary classes of compounds found in tea extract are polyphenols called 

catechins.219 Catechins, such as epigallocatechin gallate, feature catechol and 

gallic acid moieties, similar to polydopamine and tannic acid, Figure 1.6. Although 

the composition of tea stain coatings is itself chemically complex, it is reported 

that oxidation of these polyphenols and their interactions with surfaces that is 

responsible for formation of the coating.218 It therefore follows that tea could 

potentially be used as a cheaper, accessible alternative to dopamine and tannic 

acid for producing functional coatings. One study has shown that polymer 

brushes can be grafted to tea polyphenol coatings to produce functional 
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coatings.220 Another study has shown that silver nanoparticles can be 

synthesised in situ on green tea polyphenol coating (though this a qualitative test, 

and the potential antibacterial effects are not examined).221 

 

Figure 1.6: Structures of tea polyphenols—catechin and epigallocatechin gallate. 

 

 In chapter 4 of this thesis, brewed green tea solution is combined with 

cinnamaldehyde to produce an antibacterial coating.  

 

1.3.6 Slippery Liquid Infused Porous Surfaces 

Liquid repellent slippery liquid-infused porous surfaces (SLIPS) have been 

inspired by the carnivorous Nepenthes pitcher plant, in which a nectar film 

entrapped within a textured surface on the plant peristome is used to attract and 

capture arthropod prey.222, 223, 224, 225, 226 In the past, SLIPS have been fabricated 

by impregnating a roughened or porous surface with a lubricating liquid. The 

lubricant must be able to wet and adhere to the host surface in preference to the 

liquid which is being repelled, and the lubricant needs to be immiscible with the 

liquid being repelled. This can be achieved through careful matching of the solid 

surface and lubricant chemistries. Slippery lubricant-infused surfaces have been 

proposed for a wide variety of technological and societal applications including: 

water repellency226, antibacterial227, marine antibiofouling228, blood repellency229, 

icephobicity230, anti-icing231, corrosion resistance231, mineral fouling mitigation232, 

droplet motion control233, water harvesting234, fog collection235, antireflectivity236, 

antifouling of foodstuffs237, antifouling of faecal matter238, underwater bubble 

transportation239, and drag reduction.240  

In the absence of any bactericidal additives, SLIPS do not possess the 

ability to kill bacteria.241 Therefore typically an antimicrobial agent (for example 
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drug molecules such as triclosan129) needs to be impregnated into a pre-made 

SLIPS, or silver is incorporated into the substrate prior to lubricant infusion.242  

However, environmental concerns exist about the toxicity of triclosan towards 

marine life, as well as its bioaccumulation, and the risk for bacteria to develop 

antimicrobial resistance towards the drug.243  Furthermore, many of the reported 

fabrication techniques for SLIPS systems are limited in the range and geometries 

of materials that they can be produced on. For example, hydrothermal treatment 

is applicable to inorganic surfaces such as aluminium and glass244, 245, whilst 

electroplating is restricted to metals246, and the use of inherently porous or 

micro/nanostructured materials to infiltrate lubricants cannot be extended to non-

porous materials.247 In the case of layer-by-layer deposition techniques, typically 

long coating times are required to build up a sufficient coating layer thickness.248 

Also, these methodologies require multiple steps, and often need an extra 

substrate hydrophobization step in order to provide sufficient surface affinity 

towards the lubricant impregnation.244, 245, 246, 247, 248 

Chapter 5 of this thesis described the pulsed plasma deposition of a variety 

of polymer thin film coatings, which are then combined with a range of lubricants 

to form liquid-infused slippery surfaces. Cinnamaldehyde is used to produce a 

slippery, antibacterial coating.  

 

 

1.4 Scope of Thesis 

Antimicrobial surfaces could be used to stop the spread of bacteria on a variety 

of surfaces, for example, medical equipment, medical implants, food packaging, 

or common touch surfaces, by killing the bacteria and preventing biofilm 

formation. Many different methods have been reported for the production of such 

coatings and surfaces. However, many of these methods involve multiple steps, 

and expensive reagents or equipment, making them unsuitable for mass scale-

up. Many commercial antimicrobial coatings involve the use of silver and copper, 

for which there currently exists concerns about sustainability, toxicity, and 

ecological impact. Therefore, there is currently a need to create novel 

antimicrobial coatings that are simple to produce, using readily available and 

cheap reagents, that are effective at killing bacteria and viruses (and fungi) with 

long-lasting efficacies, and that are environmentally-friendly and sustainable.  
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 In chapter 3, a novel antibacterial coating is described which combines 

adhesive polydopamine with antibacterial cinnamaldehyde. The coating is 

produced in a single-step, one-pot synthesis that involves the polymerisation of 

dopamine in basic solution, in the presence of cinnamaldehyde. The coating is 

also shown to work with a dopamine analogue, norepinephrine. The antibacterial 

activity of the polydopamine–cinnamaldehyde on non-porous substrates is tested 

against two bacteria species, Gram-negative Escherichia coli and Gram-positive 

Staphylococcus aureus (a detailed description of the antibacterial testing 

procedure is given in section 2.3), and shows strong bacterial killing, that lasts for 

multiple recycling tests. Since the amine group on dopamine/polydopamine is 

believed to react with cinnamaldehyde, polyethyleneimine, which contains a high 

concentration of amine groups, was combined with cinnamaldehyde to form 

another coating, and the antibacterial activity is examined. The coating method is 

extended to tannic acid, which is a bioderived and cheaper alternative to 

dopamine (dopamine hydrochloride = £268 / 100g versus tannic acid = £23.80 / 

100 g, prices taken from sigmaaldrich.com, 28/08/21). (Cinnamaldehyde is also 

a relatively cheap chemical, £3.24 / 100 g, price taken from sigmaaldrich.com, 

28/08/21). Tannic acid–cinnamaldehyde coating was also found to exhibit strong 

antibacterial properties. Since the mode of antibacterial action of these coatings 

is determined to be leaching of cinnamaldehyde, porous non-woven 

polypropylene cloth is either impregnated with cinnamaldehyde or coated with 

polydopamine–cinnamaldehyde, and both are shown to give long-lasting 

antibacterial activities. 

 In chapter 4, an antibacterial coating is described that utilises brewed tea 

solution and cinnamaldehyde. Tea presents an even cheaper alternative to tannic 

acid (Clippers Organic Green Tea (80 teabags) = £2.19 / 100 g, price taken from 

tesco.com, 28/08/21). The coating shows complete killing of both bacteria. The 

only other materials required are tap water and a container to hold the solution. 

This coating is further derivatised by addition of copper or silver salts, to produce 

three-component coatings, tea–cinnamaldehyde–copper and tea–

cinnamaldehyde–silver. These coatings are testing for antiviral activities against 

murine coronavirus MHV-A59, which acts as a potential surrogate for SARS-CoV-

2. Both coatings are shown to inactivate the virus. 

 In chapter 5, pulsed plasma polymer thin films are combined with liquid 

lubricants to produce slippery liquid-infused surfaces, that are capable of repelling 
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water. Several bioderived compounds are used as lubricants. The omniphobicity 

of a perfluorinated polymer–lubricant system is analysed. Pulsed plasma 

poly(vinylaniline) is used in conjunction with cinnamaldehyde lubricant to produce 

a multifunctional coating that can repel viscous foodstuffs (tomato ketchup and 

honey), and possesses strong antibacterial activities. 

 Chapter 6 demonstrates an alternative use of pulsed plasma polymer thin 

film coatings, showing their use in anti-biofouling coatings to prevent (or 

encourage) fouling of microalgae. 

 Thus, both wet chemical and plasmachemical methodologies are used for 

the production of thin film coatings with antibacterial, antiviral, and anti-biofouling 

applications.   
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CHAPTER 2 

 
2 Experimental Methods 

2.1 Plasma Deposition 

A plasma is made up of a partially ionised gas, containing electrons, ions (both 

positively and negatively charged), and non-ionised gaseous species. Despite 

the presence of charge carriers, plasmas are overall neutral due to the charges 

being balanced.1 Plasmas are commonly referred to as the fourth state of matter, 

owing to their differences to conventional gases.2 

Plasmas can be induced in gases by application of an electrical field at a 

suitable frequency. This results in the acceleration of the free electrons in the 

system. Collisions between the electrons and neutral gas atoms results in the 

freeing of electrons and ionisation. These freed electrons are also then 

accelerated and undergo further collisions, resulting in the formation of the 

plasma. The processes may occur upon collisions, such as excitation and 

dissociation. Excitation refers to where a ground state electron in an atom moves 

to a higher energy level; this is followed by relaxation where the electron moves 

back down to the ground state, and simultaneous emission of light takes place. 

Dissociation occurs when a molecule is split, resulting in the formation of radical 

species. 

Plasmachemical deposition (or polymerisation) is a process where a plasma 

is induced in a monomer precursor vapour or gas. The ionised species react with 

each other, resulting on the formation of polymeric species. Continuous wave 

plasma results in harsh conditions which leads to significant fragmentation of the 

polymers, shorter polymer chain lengths, and loss of functionality.3 It may also 

result in etching of substrate surface. Therefore, a solution is to use pulsed 

plasma—the duty cycle comprises of a short on time (ton), where the plasma is 

induced in the monomer and ions are being formed, and a longer off time (toff) 

where the plasma is extinguished and the reactive species can undergo 

conventional polymerisation reactions.4 The average plasma power is defined as: 

⟨𝑃⟩ = 𝑃𝑃 (
𝑡on

𝑡on + 𝑡off
) (2.1) 

where ⟨P⟩ is the average power, and PP is the peak power. 

Polymer coatings can form on the surfaces of substrates owing to the 

formation of radicals on the surface during the early stages of the plasma 
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deposition process. Pulsing the plasma results in better retention of structure and 

functionality, allows longer polymer chains to form, and gives control over the 

amount of cross-linking between polymer chains.5 Pulsed plasma deposition also 

has several advantages over conventional polymerisation techniques: it does not 

require the use of solvent or the addition of an initiator, reaction times are typically 

much faster, it is low temperature (i.e. 20 °C), and coatings are conformal and 

substrate independent. 

 

 

Figure 2.1: Pulsed plasma deposition apparatus. (Not to scale). 

 

Typical pulsed plasma depositions in this thesis were carries out in a 

cylindrical glass reactor (5.5 cm diameter, 475 cm3 volume) housed within a 

Faraday cage was used for plasmachemical deposition. This was connected to a 

30 L min−1 rotary pump (model 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). A copper coil wound around the reactor (4 mm diameter, 10 

turns, located 10 cm downstream from the gas inlet) was connected to a 

13.56 MHz radio frequency (RF) power supply via an L–C matching network. A 

pulse signal generator was used to trigger the RF power supply. Prior to film 

deposition, the whole apparatus was thoroughly scrubbed using detergent and 

hot water, rinsed with propan-2-ol (+99.5 wt.%, Fisher Scientific UK Ltd.), oven 

dried at 150 °C, and further cleaned using a 50 W continuous wave air plasma at 

0.2 mbar for 30 min. Silicon wafer (Silicon Valley Microelectronics Inc., 
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orientation: <100>, resistivity: 5-20 Ω⋅cm, thickness: 525 ± 25 µm, front surface: 

polished, back surface: etched) cleaning comprised sonication in a 50:50 100 ml 

mixture of propan-2-ol and cyclohexane (+99.7 wt.%, Sigma–Aldrich Ltd.) for 

15 min prior to air drying and placement into the centre of the chamber. Further 

cleaning entailed running a 50 W continuous wave air plasma at 0.2 mbar for 

30 min. The monomer precursor was loaded into a sealable glass tube, degassed 

via several freeze–pump–thaw cycles, and then attached to the reactor. Monomer 

vapour was then allowed to purge the apparatus at a pressure of typically 0.15–

0.20 mbar (except benzyl acrylate, which had a vapour pressure of 0.08 mbar) 

for 15 min prior to electrical discharge ignition. An initial continuous wave plasma 

was run for 30 s to ensure good adhesion to the substrate before switching to 

pulsed mode required for well-defined plasmachemical deposition over a period 

lasting 30 min. Upon electrical discharge extinction, the precursor vapour was 

allowed to continue to pass through the system for a further 15 min, and then the 

chamber was evacuated to base pressure followed by venting to atmosphere. 

Atomised Spray Plasma Deposition (ASPD) is a variant of plasmachemical 

deposition in which a liquid is delivered to an atomising nozzle which is then 

atomised at its atomising surface by transferring “vibrational” energy generated 

by piezoelectric transducers.6 The atomised spray enters the reaction chamber 

and a continuous wave plasma is induced. This method results in greatly superior 

deposition times compared to pulsed plasma deposition, and allows the 

plasmachemical deposition of non-volatile liquids, or of solutions or suspensions 

of non-volatile solids that would otherwise be impossible with vapour-phase 

pulsed plasma techniques.6,7 

Atomized-spray-plasma deposition was carried out in an electrodeless, 

cylindrical, T-shape, glass reactor (volume 820 cm3, base pressure of 3 x 10-3 

mbar, and with a leak rate better than 2 x 10-9 mol s-1), enclosed in a Faraday 

cage.8  The atomizer nozzle (Model No. 8700-120, 120 kHz, Sono Tek Corp.) 

inlet was surrounded by a copper coil (4 mm diameter, 7.5 turns).  Substrates for 

coating were placed downstream in-line-of-sight relative to the atomizer nozzle 

The chamber was pumped down using a 30 L min-1 rotary pump (E2M2, Edwards 

Vacuum Inc.) attached to a liquid nitrogen cold trap; a Pirani gauge was used to 

monitor system pressure. The output impedance of a 13.56 MHz radio frequency 

(RF) power supply was matched to the partially ionized gas load via an L–C 

matching unit connected to the copper coil. Prior to each deposition, the reactor 
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was scrubbed using detergent, rinsed in propan-2-ol, and dried in an oven. A 

continuous-wave air plasma was then run at 0.2 mbar pressure and 50 W power 

for 30 min in order to remove any remaining trace contaminants from the chamber 

walls. The precursor mixture was loaded into a sealable glass tube and degassed 

using several freeze-pump-thaw cycles. Precursor mixture was introduced into 

the reactor at a flow rate of 0.02 ml s–1. Deposition entailed running a continuous 

wave plasma at a power of 40 W for 6 min. Upon plasma extinction, the system 

was evacuated to base pressure before venting to atmosphere. 

 

2.2 Infrared Spectroscopy 

Molecules can absorb infrared light, leading to molecular vibrations, and the 

frequencies that can be absorbed will depend upon the nature of the functional 

groups present. Therefore, by measuring the absorbance of infrared radiation by 

a chemical compound across the spectrum, it is possible to examine structural 

features of the molecule. Absorption of infrared light causes a change in the 

vibrational energy level of the molecule (ν = ±1, transitions greater than 1 are 

formally forbidden). The absorption must also result in a change in the dipole 

moment, µ, of the molecule. If both these conditions are met, the absorbance is 

infrared-active, and can be detected via infrared spectroscopy.9 

 Scanning through a range of wavenumbers individually would lead to long 

analysis times, so instead Fourier Transform infrared spectroscopy (FTIR) is 

utilised—Fourier transform is a mathematical tool which, when performed on a 

wave, can be used to calculate the frequencies (i.e. wavenumbers) present in 

that wave, as well as their relative intensities. In an FTIR spectrometer, the 

infrared beam from the light source is directed onto a beam splitter, which divides 

the beam into two, and directs one onto a mirror with fixed position, and the other 

onto a moveable mirror. This introduces a path difference between the two 

beams, and when they recombine, they will interfere constructively or 

destructively. The resulting signal (known as an interferogram), once it has 

passed through the sample, is collected by the detector. Fourier transform is then 

used to convert the interferogram into the sample’s infrared spectrum. 

FTIR spectra of powders, liquids, or thick coatings can be acquired using 

attenuated total reflectance (ATR) technique. The ATR sample stage comprises 

a diamond crystal on top of which the sample is placed. The infrared beam is 

directed via mirrors into the crystal at such an angle that the beam undergoes 
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total internal reflection. An evanescent (rapidly-decaying) wave is formed at the 

surface of the crystal, which can penetrate a couple of micrometres into the 

sample. 

For thin film nanocoatings (<1 μm thickness), reflection-absorption infrared 

spectroscopy (RAIRS) is used. The coating is deposited onto a reflective 

substrate (in this case, silicon wafer). The infrared beam is directed via mirrors at 

a grazing angle onto the coated substrate surface, the beam then penetrates the 

thin film coating, and is reflected off of the substrate surface. The beam is then 

passed through a polarizer which removes the s-polarized component of the 

beam (light that is polarized perpendicular to the plane of incidence).  

The detector employed is a mercury cadmium telluride (MCT) detector—

infrared photons that hit the detector promote electrons from the valence band up 

into the conduction band. The increase in the number of charge carriers (i.e. the 

conductivity) is directly proportional to the intensity of the infrared radiation. 

Infrared spectra in this thesis were acquired using a FTIR spectrometer 

equipped with a liquid nitrogen cooled MCT detector (model Spectrum One, 

PerkinElmer Inc.). Spectra were collected at 4 cm−1 resolution across the 

400−4000 cm−1 range and averaged over 100 scans. Attenuated total reflectance 

(ATR) infrared spectra were obtained using a diamond ATR accessory (model 

Golden Gate, Graseby Specac Ltd.). Reflection−absorption (RAIRS) 

measurements utilized a variable angle accessory (Graseby Specac Ltd.) fitted 

with a KRS-5 polarizer (to remove the s-polarized component) set at either 55° 

or 66° with respect to the surface normal. 

 

2.3 Antibacterial Testing 

Quantitative analysis of the ability of a surface to kill bacteria is important when 

producing antimicrobial coatings. Antibacterial testing is carried out against both 

a Gram-positive bacteria species (S. aureus) and a Gram-negative bacteria 

species (E. coli) in order to demonstrate broad-spectrum antibacterial activity. 

Reusability of coatings (i.e. performing multiple consecutive antibacterial tests 

using the same sample)) is important in order to gain an understanding of how 

the antibacterial activity of a coating/surface decreases with contact time. 

 Antibacterial testing in this thesis was performed as follows: Gram-

negative Escherichia coli BW25113 (CGSC 7636; rrnB3 ΔlacZ4787 hsdR514 

Δ(araBAD)567 Δ(rhaBAD)568 rph-1) and Gram-positive Staphylococcus aureus 
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(FDA209P, an MSSA strain; ATCC 6538P) bacterial cultures were prepared 

using autoclaved (Autoclave Vario 1528, Dixons Ltd.) Luria-Bertani broth media 

(LB; L3022, Sigma-Aldrich Ltd., 2% w/v in Milli-Q® grade water). A 5 ml bacterial 

culture was grown from a single colony for 16 h at 37 °C, and then 50 µL used to 

inoculate a sterile polystyrene cuvette (Catalogue No. 67.742, Sarstedt AG) 

containing 1 ml of LB Broth. The cuvette was covered with Parafilm (Cole-Parmer 

Ltd.) and then placed inside a shaking incubator (model Stuart Orbital Incubator 

S1500, Cole-Parmer Ltd.) set at 37 °C and 120 rpm. An optical density OD600nm 

= 0.4 was verified using a UV-Vis spectrophotometer (model Jenway 6300, Cole-

Parmer Ltd.) to obtain bacteria at the mid-log phase of growth. 

Both uncoated and coated samples were cut into 15 x 15 mm squares 

before use. Uncoated control samples were washed in absolute ethanol for 15 

min and then dried under vacuum in order to make sure they were sterile and 

clean. Sterile microtubes (1.5 ml, Sarstedt AG) were loaded with the untreated or 

coated substrates. Next, 100 μL of the prepared bacterial culture was pipetted 

onto each substrate placed aseptically inside a microtube so that the 

microorganisms could interact with one side of the surface. In practice, the liquid 

spread over the whole area of the sample. The microtube lid was closed, to 

prevent the sample drying out, and the tube placed horizontally on a sample tray 

and incubated (model Bacterial Incubator 250, LMS Ltd.) without shaking for 4 h 

at 30 °C. Next, 900 μL of autoclaved Luria-Bertani broth media was pipetted into 

each microtube and mixed using a vortex mixer (model Vortex-Genie 2, Scientific 

Industries Inc.) in order to recover the bacteria as a 10-fold dilution (10−1). Further 

ten-fold serial dilutions were undertaken to provide 10−2, 10−3, 10−4, 10−5 and 10−6 

samples. Colony-forming unit (CFU) plate counting was performed by placing 10 

μL drops from each diluted sample (10−1 to 10−6 dilutions) onto autoclaved Luria-

Bertani Agar solid plates (EZMixTM powder, dust free, fast dissolving fermentation 

medium, L7533, Sigma-Aldrich Ltd.) and incubating (model Bacterial Incubator 

250, LMS Ltd.) for 16 h at 30 °C. The number of colonies visible at each dilution 

was then counted. All tests were performed in triplicate. The Log10 Reduction 

value for a treated sample was calculated relative to a control untreated sample. 

For each experiment, treated and untreated substrates were exposed to bacteria 

in parallel and incubated under identical conditions for the same time period 

before recovery and viability measurement. The high numbers of bacteria 

recovered from untreated substrates provides good evidence that the method is 
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effective. Furthermore, the vortex mixer agitates the samples at 2000–3000 rpm 

and is fully capable of removing bacteria from surfaces.10 

For antibacterial recycling tests the same procedure as described above 

was followed, with the variation that, following 4 h incubation, the substrates were 

taken out from the 10−1 dilution solution microtubes, rinsed with ultrapure water 

(approximately 50 ml) for 1 min at 20 °C and then completely air-dried overnight 

before the next use. Consecutive repeat tests were performed using the same 

samples, with the bacterial culture being placed on the same side of the substrate 

each time. All tests were performed in triplicate. 

 

2.4 Film Thickness Measurements 

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

of thin films (typically <5 μm). A monochromated UV-visible light source beam is 

directed onto a thin film, and when the light reaches the air–film interface, some 

light will be reflected off the incident surface (specular reflectance), and some will 

transmit to the film (some may also be absorbed). Light that passes through the 

film is reflected off the substrate back through the film into air, Figure 2.2. 

 

Figure 2.2: Schematic showing pathways of incident light on a thin film coating on a 
substrate. 

 

Light reflected from both interfaces will recombine before reaching the 

detector. Since the beam that has passed through the film has travelled further 

than the beam reflected at the air–film interface, there will now be a phase 

difference between the two beams. The path difference between the two beams 
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depends on the film thickness, d; the wavelength of light, λ; the angle of incidence 

within the film, θf; and the film refractive index, n.  

𝑃𝑎𝑡ℎ 𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒 = 2𝑑𝑛film𝑐𝑜𝑠(𝜃𝑓) (2.2) 

For a system where a polymer thin film is coated on a silicon wafer, and 

therefore nair < nfilm < nsilicon, constructive interference will happen when the path 

difference is a whole integer multiple of the wavelength: 

2𝑑𝑛filmcos (𝜃𝑓) = 𝑚𝜆 (2.3) 

and destructive interference when the path difference is a half integer multiple of 

the wavelength: 

2𝑑𝑛film𝑐𝑜𝑠(𝜃𝑓) = (𝑚 +
1

2
)𝜆 (2.4) 

where m is an integer, 0, 1, 2… etc. 

The intensity of reflected light therefore will oscillate over the range of 

wavelengths used. Successive reflectance measurements are made 

incrementally over a range of wavelengths (350 nm–1000 nm). The resulting 

reflectance spectrum can be fitted using a Cauchy model to calculate the film 

thickness. 

Coating thicknesses of samples on silicon wafer were measured using a 

spectrophotometer (model nkd-6000, Aquila Instruments Ltd.). Transmittance–

reflectance curves (350–1000 nm wavelength range) were acquired for each 

sample and fitted to a Cauchy model for dielectric materials11 using a modified 

Levenberg–Marquardt algorithm.12 

 

2.5 Contact Angle Measurements 

2.5.1 Contact Angle 

When a droplet of a liquid is placed on a surface, a contact angle will form 

between the droplet and the surface. The contact angle can be related to the 

surface tensions of the solid-liquid, solid-gas, and liquid-gas interfaces (γSL, γSG, 

and γLG respectively) by the Young’s equation13, Equation (2.5 and Figure 2.3: 

𝛾SG =  𝛾SL +  𝛾LGcos𝜃 (2.5) 

 

 

 



62 

 

 

Figure 2.3: Schematic demonstrating surface tensions and contact angle for a droplet on 
a flat surface.  

 

In goniometry, a small sessile droplet is placed on the surface of interest, 

and a camera looks at the droplet from the side. Contact angles can then be 

measured from the acquired images. 

2.5.2 Contact Angle Hysteresis 

While it may appear on the macroscale that surfaces look flat and smooth, on the 

microscale and nanoscale however there may be roughness which can take the 

form of peaks and troughs or other such features, all of which provide and energy 

barrier to movement of the liquid droplet. When a droplet is expanded (i.e. the 

volume is increased outwards from the centre), the droplet will swell and the 

contact angle will increase until such a point where the droplet has sufficient 

energy to overcome the barrier to movement, at which time, the ‘triple point’ (the 

point where the solid, liquid and gas phases all meet) will move outwards—the 

contact angle at the instance when the triple point starts to move outwards is 

called the ‘advancing angle’. Similarly, if the droplet volume is decreased inwards 

from the centre, the droplet will flatten and the contact angle will decrease until 

there is sufficient energy for the droplet to move and the triple point will move 

inwards—the contact angle at the instance when the triple point starts to move 

inwards is called the ‘receding angle’. The difference between the advancing 

angle and the receding angle is known as the ‘contact angle hysteresis’. This is 

used to examined the wettability and liquid repellency of the surface. 

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.). 2.0 μl droplets of ultrapure water were 

employed to assess hydrophobicity. Advancing and receding contact angle 

values were determined by respectively increasing the dispensed 2.0 μl liquid 

drop volume by a further 2.0 μl at a rate of 0.1 μl s−1, and then decreasing the 
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liquid drop volume at a rate of 0.1 μl s−1.14 Measurements were repeated at least 

3 times, at 3 randomly chosen points on the substrate surface. 

2.5.3 Sliding Angle 

Sliding angle (also known as ‘tilt angle’ or ‘roll-off angle’) is a simple technique 

used to examine the liquid repellency of a surface. The sample is placed on a 

stage of which the tilt angle can be adjusted. The initial angle is set to 0°, and a 

droplet of the liquid is placed on the surface of the sample. The tilt angle is then 

slowly increased until the droplet shows motion across the surface. The smallest 

angle at which the droplet initially starts to move is the sliding angle. 

Sliding angle measurements were carried out at 20 °C using a V-block adjustable 

angle gauge (model Adjustable Angle Gauge/Tilting Vee Blocks small, Arc Euro 

Trade Ltd.). Samples were placed onto the stage with an initial angle of 0°. A 50 

µl droplet of deionised water was dispensed onto the sample, and the tilt angle 

was slowly increased at a rate of 1° every 5 s until movement of the water droplet 

was observed.15,16 Measurements were repeated at least 3 times. 

 

2.6 UV-Vis Spectroscopy 

When light is passed through a sample, light that is of the correct wavelength to 

cause excitations of the molecules to higher energy states are absorbed. This will 

cause a drop in the relative intensity for the wavelengths that are absorbed. The 

absorbance of a sample, A, is defined as the logarithm of the ratio of the original 

intensity of the beam of light, IO, to the intensity after it has passed through a 

sample, I: 

𝐴 = log (
𝐼𝑂

𝐼
) (2.6) 

The Beer-Lambert law states that the absorbance of light through a sample 

is directly proportional to the concentration, c, the path length, l, and the molar 

extinction coefficient, ε: 

𝐴 = 𝜀cl (2.7) 

The molar extinction coefficient is an intrinsic property of a chemical which 

is a measurement of how much light a compound can absorb at a given 

wavelength. 

Ultraviolet−visible (UV-Vis) spectra were collected on a UV-Vis-NIR 

spectrophotometer (model Cary 5000, Agilent Technologies Inc.). Reference 
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solution samples were analysed in quartz cuvettes with 1 cm path length. Coated 

samples were prepared by direct application onto quartz substrates (fused quartz 

plate, thickness = 1 mm, UQG Ltd.). 

 

2.7 X-Ray Photoelectron Spectroscopy 

X-ray photoelectron spectroscopy (XPS) is a useful technique used to examine 

the elemental composition of a surface. The sample surface is irradiated with a 

beam of soft X-rays, usually Mg Kα (1253.6 eV) or Al Kα (1486.6 eV). The X-rays 

excite atoms at the surface, which causes the ejection of a photoelectron from 

the core level, Figure 2.4.  

 

Figure 2.4: XPS emission of a photoelectron from core energy level into vacuum. 

 

The kinetic energy of the photoelectrons is given by: 

𝐸𝑘 = ℎ𝜈 − 𝐸𝐵 − φ (2.8) 

where Ek is the kinetic energy of the photoelectron; h is the Plancks constant and 

ν is the frequency of the photon (and therefore hν is the energy of the photon); 

EB is the binding energy of the electron; and φ is the work function which is a 

constant, whose value is equal to the work done on an electron to move it from 

the sample surface to be absorbed by the detector. Since the energy levels of 

electrons in atoms are quantized and have discrete values, and these energies 

(i.e. the binding energy) is different and characteristic for each element, the 

kinetic energies of the detected photoelectrons can be used to determine what 

individual elements are present at the surface of the sample. Analysis of the 

relative peak areas in the produced spectra using empirically derived relative 

sensitivity factors can yield relative atomic compositions. Although the X-rays can 

penetrate several micrometres into the surface, only photoelectrons within the top 
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5 nm of the surface will be able to escape, meaning that XPS is very surface 

sensitive. XPS must be performed under ultra-high vacuum (approximately 10−9–

10−10 mbar), otherwise the surface will have an adsorbed gas layer on the surface 

form the atmosphere, or it may become contaminated, for example, from dust or 

oxidation. Ultra-high vacuum is achieved by using diffusion pumps. 

Surface elemental compositions of coatings were measured using an 

electron spectrometer (model VG ESCALAB II) equipped with a non-

monochromated Mg Kα1,2 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, pass energies of 20 eV and 50 eV for high resolution and 

survey spectra respectively). The core level binding energy envelopes were fitted 

using Gaussian peak shapes with fixed full-width-half-maxima (fwhm) and linear 

backgrounds.17, 18 All binding energies were referenced to the C(1s) –CxHy 

hydrocarbon peak at 285.0 eV. 

 

2.8 Scanning Electron Microscopy 

Scanning electron microscopy (SEM) is a technique used to examine the 

topography of an object at high magnifications that would not be possible with 

conventional light microscopes. A beam of high-energy electrons is focused onto 

the sample, and these electrons excite atoms at the surface to higher energy 

levels, which causes emission of low-energy secondary electrons. The secondary 

electrons are then collected by the detector. The number of secondary electrons 

is related to the sample topography, and so, by scanning across the surface of 

the sample, an image can be formed as the electron beam scans across the 

sample surface. Build-up of surface charge means that samples have to be 

coated with a thin coating of a conductive material—this is typically achieved by 

sputter-coating a gold layer onto the sample. 

 SEM images in this thesis were acquired as follows: substrates were 

mounted onto carbon disks supported on aluminium stubs, and then coated with 

a thin gold layer (5–10 nm, Polaron SEM Coating Unit, Quorum Technologies 

Ltd.). Images were acquired using a scanning electron microscope (model Vega 

3LMU, Tescan Orsay Holdings a.s.) operating in secondary electron detection 

mode, in conjunction with an 8 kV accelerating voltage, and a working distance 

of 8–11 mm. 
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2.9 Transmission Electron Microscopy 

Transmission electron microscopy (TEM) is a technique used to examine the 

structure of very thin samples. A beam of electrons is focused onto a sample, and 

passes through it, and subsequently is collected on a detector to form an image. 

As the electrons pass through the sample, they can be absorbed or back-

scattered, depending on the thickness and transparency, leaving those areas that 

more strongly block the transmission of electrons darker than those areas that 

electrons can more easily pass through. TEM has greater resolution than SEM, 

but requires that the sample be very thin (<100 nm) to allow transmission of 

electrons. Samples must be mounted on support grids prior to TEM. 

Transmission electron microscope (TEM) images were taken using a working 

voltage of 100 kV (Hitachi HT7800 120 kV TEM, Hitachi Ltd.).  

 

2.10 X-Ray Diffraction 

Crystalline solids contain atoms arranged in periodic three-dimensional 

structures. When a crystalline solid is irradiated with a beam of electromagnetic 

radiation that has a wavelength similar to that of the separation distance of crystal 

planes in the solid (i.e. of the order of 1 Å), the radiation will be diffracted. 

Therefore, X-rays are used to examine the crystal structures of solids. As the 

radiation is scattered by the crystal planes, the radiation will recombine leading 

to constructive and destructive interference. Constructive interference occurs at 

angles where the path difference of the beams is equal to a multiple of the 

wavelength of the radiation. Bragg’s law states that: 

𝑛𝜆 = 2𝑑𝑠𝑖𝑛(𝜃) (2.9) 

where n is an integer describing the diffraction order, λ is the wavelength of 

radiation, d is the crystal plane separation distance, and θ is the diffraction angle. 

Destructive interference will occur at all other angles, leading to the appearance 

of diffraction peaks. 

X-ray diffraction was performed using copper Kα1/Kα2 radiation (model Bruker 

AXS D8 Advance, Bruker UK Ltd.) equipped with a PSD detector (brand Lynx-

Eye) and with a nickel filter, and variable slits to give a 6 mm beam on the sample. 

The diffractometer was operated in Bragg–Brentano mode at room 

temperature. Each diffraction pattern was recorded over a 2θ range of 20–80° 
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with a step size of 0.02°, for a total scan time of 30 min. Coated glass slides were 

analysed. 

 

2.11 Raman Spectroscopy 

Raman spectroscopy is used to examine the vibrational modes of molecules, and 

thus give insight into the molecular structure. A beam from a monochromatic laser 

source is directed onto the sample which causes excitation of the molecule to a 

‘virtual’ energy state. The molecule rapidly relaxes to the ground electronic state, 

releasing photons, and the energy of the scattered light is measured.19 When the 

molecule relaxes, three different transitions can occur: (i) Rayleigh scattering, 

where the molecule relaxes to the original vibrational level, (ii) Stokes Raman 

scattering, where the molecule relaxes to a vibrational level higher than the 

original ground level, and (iii) anti-Stokes Raman scattering, where the molecule 

relaxes to a vibrational level lower than the original. Rayleigh scattering is the 

most intense, and is removed using a filter as it does not provide any information 

about vibrational modes in the molecule. Stokes and anti-Stokes Raman 

scattering are relatively much weaker in intensity, and it is these two that are used 

to examine the vibrational modes present. 

Raman spectroscopy was performed on a Raman micro-scope equipped 

with a 300 line mm−1 diffraction grating (Dilor LabRam, Horiba UK Ltd.). A helium-

neon laser (632.8 nm line operating at 11 mW power) was used as the excitation 

source, and spectra were collected over the 100–4000 cm−1 region as an average 

of 10 scans each lasting 10 s. 

 

2.12 Mass Spectrometry 

In mass spectrometry, a sample is ionized and the mass-to-charge (m/z) ratio of 

the resulting ions is detected and recorded in a mass spectrum. From this, 

information such as empirical formula, possible structures of a molecule from its 

fragmentation ions, and analysis of components in a mixture can all be inferred. 

There are numerous techniques employed to ionize a sample—here, 

atmospheric solids analysis probe (ASAP) is utilised. The sample (either a solid, 

a liquid, or a solution) is applied to a capillary tube. The sample is thermally 

desorbed from the surface of the tube via heating under nitrogen flow. A corona 

discharge then ionizes the sample, which is then sent to a time-of-flight detector. 
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In a time-of-flight detector, ions are accelerated by an electric field of known 

strength. If the distance that the ions travel in the detector is kept constant, then 

the time-of-flight will be proportional to the mass-charge ratio (m/z) of the ion. 

Thus, by measuring the time it takes ions to move through the detector, the m/z 

values can be determined. This technique has the advantages that it can be used 

with low-volatile compounds and does not require any sample preparation. 

Atmospheric pressure solids analysis probe ionisation (ASAP) mass 

spectrometry was performed in positive ion mode (model Xevo QToF mass 

spectrometer, Waters Ltd., UK). 

 

2.13 Inductively Coupled Plasma Optical Emission Spectroscopy 

Inductively coupled plasma optical emission spectroscopy (ICP-OES) is a 

technique used for the quantitative detection of elements. A plasma is ignited in 

the instrument, and a nebuliser delivers an aqueous solution containing an 

unknown concentration of the element of interest into the plasma. The plasma 

excites the atoms to higher energy states, causing them to emit light at certain 

wavelengths which are then detected. These spectral lines are unique to each 

element, so by comparing the intensities of light at these wavelengths to standard 

solutions of known concentrations, the concentration of the element in the 

unknown solution can be deduced. 

 ICP-OES was performed on resultant acidic solutions using a vertical 

torch, cyclonic spray chamber, and concentric nebulizer (model iCAP, Thermo 

Fisher Scientific UK Ltd.). Measurements were taken in the axial mode at the 

following wavelengths: Cu = 219.958 nm, 224.700 nm, 324.754 nm, 327.396 nm; 

and Ag = 224.641 nm, 243.779 nm, 328.068 nm, 338.288 nm. 

 

2.14 Atomic Force Microscopy 

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

technique. The probe consists of a sharp tip attached to a cantilever—when the 

tip is brought into close contact with a surface, the atoms on the tip will interact 

with atoms at the surface of the sample via intermolecular forces, which causes 

a change in the height of the cantilever, and this change is measured to give an 

image of the surface topography. In tapping mode AFM, the probe is vibrated at 

near the resonant frequency of the cantilever—this means that the tip is only in 
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contact with the sample surface intermittently, which minimises damage to the 

surface caused by the tip. Interactions with the surface cause a change in the 

amplitude of vibrations, which can be measured and from which the surface 

topography can be calculated. 

Atomic force microscopy (AFM) images were acquired using a Bruker MM8 

Multimode AFM scanning probe microscope. Scans were made with at least 256-

line resolution in Peakforce QNM mode at 1 kHz in the vertical direction, and 

Nunano Scout 150 probes with a nominal force constant of 18 N m−1. Images 

were analysed using Gwyddion v2.53 software. Root-mean-square roughness 

values (RoughnessRMS) were calculated over 1 μm × 1 μm scan areas. 
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Chapter 3 

3 Cinnamaldehyde Antibacterial Surfaces 

3.1 Introduction 

In this chapter, single-step dip-coating deposition of cinnamaldehyde-containing 

antibacterial surface layers is described. Dopamine is polymerized in the 

presence of an aqueous solution containing tris(hydroxymethyl)aminomethane 

and cinnamaldehyde, Figure 3.1. Analogous antibacterial coatings are prepared 

by combining polyethyleneimine or tannic acid with cinnamaldehyde. Additionally, 

cinnamaldehyde is impregnated into a range of porous materials, including non-

woven polypropylene cloth, polytetrafluoroethylene membrane, and knitted 

cotton, via simple dip-coating, to achieve high levels of antibacterial activity over 

extended recycling.  Each of these approaches is inspired by the presence of 

bioactive compounds often found in plant epicuticular wax layers and essential 

oil glands located at the surfaces of leaves and citrus peel.1,2, 3 

 

 

Figure 3.1: Deposition of polydopamine–cinnamaldehyde, polyethyleneimine–
cinnamaldehyde, and tannic acid–cinnamaldehyde antibacterial coatings. 



   

72 

 

3.2 Experimental 

3.2.1 Coating Preparation 

Polyethylene terephthalate film (PET, capacitor grade, 0.10 mm thickness, 

Lawson Mardon Ltd.), non-woven polypropylene cloth (0.41 mm thick, 22.7 ± 4.4 

µm fibre diameter, with dimpled structure 0.68 ± 0.16 mm separation, spunbond, 

70 g m−2, Avoca Technical Ltd.), polytetrafluoroethylene microporous membrane 

(PTFE, Type 3V, surface area 5.6 m2, Mupor Ltd.), and knitted cotton fabric 

(WarwickEquest Ltd.) were cut into 15 mm x 15 mm pieces and used as 

substrates for coating. 

 For the following coatings, a stock basic aqueous buffer solution was 

prepared by dissolving tris(hydroxymethyl)aminomethane (303 mg, 99.8%, Acros 

Organics brand, Fisher Scientific UK Ltd.) in 100 ml high purity water to yield a 

25 mM solution. Hydrochloric acid (1 M, Fisher Scientific UK Ltd.) was then added 

dropwise until pH 8.5 was obtained (Pocket Checker pH Tester, Hanna 

Instruments Ltd.). 

Polydopamine-only reference coating solutions were prepared using 

dopamine hydrochloride (30 mg, 99%, Alfa Aesar brand, Fisher Scientific UK Ltd.) 

dissolved in aqueous solution of tris(hydroxymethyl)aminomethane buffer (10 ml, 

25 mM, pH 8.5) in a glass vial.190 Poly(norepinephrine)-only coatings were 

synthesised using the same procedure as for polydopamine, but with DL-

norepinephrine hydrochloride (30 mg, ≥97%, Sigma-Aldrich Ltd.) instead of 

dopamine hydrochloride. 

Cinnamaldehyde-only reference solutions were prepared by adding trans-

cinnamaldehyde (150 mg equivalent to 15 mg ml−1 in final solution; 99%, Acros 

Organics brand, Fisher Scientific UK Ltd.) into a glass vial followed by 10 ml of 

aqueous tris(hydroxymethyl)aminomethane buffer (25 mM, pH 8.5). 

Polydopamine–cinnamaldehyde coating solutions were prepared by mixing 

dopamine hydrochloride (30 mg) and cinnamaldehyde (150 mg) in a glass vial. 

Aqueous tris(hydroxymethyl)aminomethane buffer (10 ml, 25 mM, pH 8.5) was 

then added to the vial (i.e. equivalent to 3 mg ml−1 of dopamine hydrochloride, 

cinnamaldehyde at 15 mg ml−1 solution, equivalent to a 1:5 mass ratio of 

dopamine hydrochloride to cinnamaldehyde and a 1:4.5 molar ratio of 

tris(hydroxymethyl)aminomethane to cinnamaldehyde). Poly(norepinephrine)–

cinnamaldehyde coatings were synthesised using the same procedure as for 
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polydopamine–cinnamaldehyde, but with DL-norepinephrine hydrochloride 

(≥97%, Sigma-Aldrich Inc.) instead of dopamine hydrochloride. 

For polyethyleneimine–cinnamaldehyde coating, polyethyleneimine 

solution (2.0 g, 50 wt% aqueous, MW 750,000 Da, branched, Sigma-Aldrich Ltd.) 

was diluted in 50 ml of water to give a 20 mg ml−1 aqueous solution of 

polyethyleneimine. Cinnamaldehyde (200 mg) and 10 ml of the 20 mg ml−1 

polyethyleneimine solution were then added to a vial. Control polyethyleneimine-

only treated substrates were immersed in the 20 mg ml−1 aqueous solution of 

polyethyleneimine.  

Preparation of tannic acid–cinnamaldehyde coating solutions comprised 

mixing tannic acid (30 mg, Sigma-Aldrich Ltd.) with cinnamaldehyde (30 mg) in a 

glass vial. Aqueous tris(hydroxymethyl)aminomethane buffer (10 ml, 25 mM, pH 

8.5) was added to the vial (equivalent to both tannic acid and cinnamaldehyde at 

3 mg ml−1 solution, and a 1:1 weight ratio of tannic acid to cinnamaldehyde)—

absence of tris(hydroxymethyl)aminomethane did not lead to complete coating 

formation. Tannic acid-only coating solutions were similarly prepared by 

excluding cinnamaldehyde in the procedure.  

For each of the aforementioned coating solutions, substrates were 

immediately placed into the vial, the lid closed, and the vials shaken for 24 h at 

20 °C using an orbital shaker (model Vibrax VXR, IKA Ltd.).  Subsequently the 

substrates were removed and washed with ultrapure water for 5 min whilst 

shaking, and then placed on a glass slide to dry in air for at least 3 h at 20 °C.  

Phenethylamine-cinnamaldehyde product was prepared by dissolving 

phenethylamine (0.10 ml, 0.794 mmol, 99%, Sigma-Aldrich Ltd.) and 

cinnamaldehyde (0.10 ml, 0.794 mmol) in methanol (10 ml, >95%, Fisher 

Scientific UK Ltd.) and allowing to react in a glass vial with the lid closed for 24 h 

at 20 °C. The lid was then removed, and the methanol evaporated off at 20 °C. 

The formed product was dried under vacuum and analysed. 

For cinnamaldehyde-only porous substrates: porous non-woven 

polypropylene cloth pieces were immersed into 10 ml aqueous suspension of 

cinnamaldehyde (15 mg ml−1) and shaken for 24 h at 20 °C; then removed, 

washed in ultrapure water for 5 min, before finally drying in air for at least 3 h at 

20 °C. Polytetrafluoroethylene (PTFE) membrane and knitted cotton pieces were 

immersed into 10 ml aqueous cinnamaldehyde suspension (3 mg ml−1) and 

shaken for 24 h at 20 °C, then removed, rinsed in ultrapure water for 5 min, and 
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placed on a glass slide to dry in air for a minimum of 3 h at 20 °C. For all three 

porous materials, tris(hydroxymethyl)aminomethane was not included in the 

solutions. 

 

3.2.2 Coating Characterisation  

Infrared spectra were acquired as described in section 2.2. The infrared spectrum 

of dried polyethyleneimine was obtained from the supplied polyethyleneimine 

aqueous solution (following water removal in vacuo).  

Ultraviolet−visible (UV-Vis) spectra were acquired as described in section 

2.6. For measuring cinnamaldehyde release into aqueous medium, each coated 

substrate was immersed into a glass jar containing 100 ml of ultrapure water at 

20 °C, with the sample fully submersed below the water surface. 1 ml aliquots 

were removed for UV-Vis analysis at various times. Each aliquot was further 

diluted with 9 ml of water. These diluted aliquots were placed into 1 cm path 

length quartz cuvettes and analysed using UV-Vis spectroscopy. 

Mass spectrometry was carried out as described in section 2.12. 

 

3.2.3 Antibacterial Testing 

Antibacterial testing was carries out as described in section 2.3. For SEM 

microscopy, samples treated with bacteria were first immersed into 

glutaraldehyde (TAAB Laboratories Equipment Ltd.) (2% in Sorenson Phosphate 

Buffer) overnight, then removed and rinsed with Milli-Q® grade water to remove 

any excess glutaraldehyde. SEM images were acquired as described in section 

2.8. 

 

 

3.3 Results 

3.3.1 Polydopamine–Cinnamaldehyde Coating 

For the cinnamaldehyde-only control treatment, the cinnamaldehyde oil sunk to 

the bottom of the aqueous tris(hydroxymethyl)aminomethane solution in the vial. 

However, vigorous shaking of the vial for a few seconds turned the solution milky 

in appearance (due to the suspension of cinnamaldehyde in water).  A slight 

colour change to yellow was seen in the solution. No solid formation was 
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observed over a period of time, until eventually the cinnamaldehyde constituent 

slowly coalesced to separate out from the aqueous phase.  

Immersion of PET film substrate into the polydopamine-only coating 

solution gave rise to the appearance of a dark grey-black polydopamine surface 

layer, Figure 3.2. Over the course of the reaction, the polydopamine precursor 

solution simultaneously turned from colourless to black within the vial due to 

polydopamine precipitate formation.  

For the combined polydopamine–cinnamaldehyde system, addition of the 

aqueous tris(hydroxymethyl)aminomethane solution to the dopamine 

hydrochloride and cinnamaldehyde solid-liquid mixture led to the dopamine 

hydrochloride dissolving, and the cinnamaldehyde settling at the bottom of the 

vial. After vigorous shaking of the vial for a few seconds, the solution turned milky 

in appearance (due to the suspension of cinnamaldehyde oil in the aqueous 

medium—as described above), Figure 3.2. Over time, the white cloudiness faded 

away. However, no black colouration indicative of polydopamine was observed 

at any point during the reaction—neither on the substrates, nor in the solution. 

Instead, the white cloudiness disappeared to give a clear solution with a slight 

yellow colour. This was accompanied by the formation of a red coating on the 

substrates (as well as on the vial bottoms), Figure 3.2. The mass increase of PET 

film following polydopamine–cinnamaldehyde coating was measured to be 4.4 ± 

0.9 mg cm−2 (assuming both sides are coated), Table 3.1. A range of different 

substrates could be coated by this method, including PET, polypropylene, silicon 

wafer, and glass. 
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Figure 3.2: Photographs of coating solutions and 15 x 15 mm PET film substrate: (a) 
uncoated; (b) polydopamine-only; and (c) polydopamine–cinnamaldehyde. 

 

Table 3.1: Mass increase for polydopamine–cinnamaldehyde, polyethyleneimine–
cinnamaldehyde, and tannic acid–cinnamaldehyde coated non-porous PET film 
substrates, and cinnamaldehyde treated non-woven polypropylene cloth. 15 mm x 15 
mm sample size. † Assuming both sides are coated. 

Coating Mass Increase / mg 

cm−2 

Polydopamine–Cinnamaldehyde / PET Film 4.4 ± 0.9 † 

Polyethyleneimine–Cinnamaldehyde / PET Film 0.7 ± 0.3 † 

Tannic Acid–Cinnamaldehyde / PET Film 1.0 ± 0.2 † 

Cinnamaldehyde / Non-Woven Polypropylene 

Cloth 

45 ± 4 

 

Cinnamaldehyde oil and the polydopamine–cinnamaldehyde coatings 

were characterised by infrared spectroscopy, Figure 3.3. Liquid cinnamaldehyde 

absorption bands include aromatic and alkene C–H stretching (around 3060 

cm−1), aldehyde C–H stretching (2814 cm−1 and 2742 cm−1), C=O stretching 

(1668 cm−1),  as well as aromatic C=C stretching (1625 cm−1).4  Polydopamine-
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only coated silicon wafer displayed broad absorbances around 3220 cm−1 

corresponding to O–H groups, and 1605 cm−1 and 1509 cm−1 from C=C 

stretching.5 For the case of polydopamine–cinnamaldehyde coated silicon wafer, 

the characteristic cinnamaldehyde absorbances were still visible, as well as a 

broad polydopamine O–H group absorption around 3220 cm−1, together with a 

small polydopamine aromatic C=C stretching peak at 1509 cm−1 (both of these 

latter features are absent for pure cinnamaldehyde4). 

 

 

Figure 3.3: Infrared spectra of: (a) cinnamaldehyde; (b) polydopamine-only coating; and 
(c) polydopamine–cinnamaldehyde coating. Schiff base imine absorbance should 
appear around 1640 cm−1—this absorbance is not distinguishable due to overlap with 
strong cinnamaldehyde peaks.6 

 

Cinnamaldehyde displays an intense UV-Vis absorbance peak at λ = 290 

nm, but no other features, Figure 3.4.7,8 Polydopamine coated quartz showed a 

weaker UV-Vis absorbance peak at λ = 290 nm, as well as broad absorption 

across the 200–800 nm wavelength range, Figure 3.4.9 Polydopamine–

cinnamaldehyde coated quartz exhibited a strong absorbance at λ = 288 nm, 

which can be attributed to either or both of the cinnamaldehyde and dopamine 

coating constituents. In addition, a new absorbance peak at λ = 438 nm is 

apparent (which was absent in both the aforementioned cinnamaldehyde and 

polydopamine UV-Vis spectra)—this accounts for the observed red coating 
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colour and is indicative of chemical bond formation (reaction) between 

polydopamine and cinnamaldehyde causing a change in electron density within 

the host polydopamine structure.  

 

 

Figure 3.4: UV-Vis spectra of cinnamaldehyde solution; polydopamine coated quartz; 
and polydopamine–cinnamaldehyde coated quartz. 

 

Previously it has been reported that polydopamine can undergo an Aza–

Michael reaction with acrylate groups, where the polydopamine amine group 

nitrogen lone pair attacks the carbon–carbon double bond of the acrylate group 

to form a new bond.10 Given that cinnamaldehyde contains an alkene bond 

adjacent to a carbonyl group, an analogous Michael or Aza-Michael type reaction 

may be anticipated. However, other studies have shown that an amine group 

nitrogen lone pair can react via nucleophilic attack at the cinnamaldehyde 

carbonyl group to form a Schiff base imine product.11,12 Therefore, in order to 

elucidate the reaction mechanism for exactly how cinnamaldehyde reacts with 

dopamine/polydopamine, a mass spectrometric investigation was undertaken: 

cinnamaldehyde was reacted with an equimolar amount of phenethylamine—a 

compound analogous to dopamine but lacking the catechol OH groups (thereby 

unable to undergo polymerisation as observed for dopamine), Figure 3.5. The 

obtained product was a viscous orange oil. Mass spectrometry of the product 

gave mass m/z 236.1 (which is consistent with the empirical formula C17H17N and 

the Schiff base imine product molecular ion [M + H]+), Figure 3.6.  No mass 

fragment was measured for the alternative Michael addition product ion expected 

at m/z 253 (C17H19NO). Hence, cinnamaldehyde reacts with dopamine (or 

polydopamine in a similar fashion) to form a Schiff base imine product. 

Tris(hydroxymethyl)aminomethane was not included in this reaction in order that 
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only the reaction between phenethylamine and cinnamaldehyde could be 

investigated. Although tris(hydroxymethyl)aminomethane has been reported to 

react with polydopamine during coating deposition, this does not occur via the 

Schiff base reaction.13,14 There also is in addition the possibility of 

tris(hydroxymethyl)aminomethane undergoing the Schiff base reaction with 

cinnamaldehyde to form imine linkages. 

 

 

Figure 3.5: Reaction of cinnamaldehyde with phenethylamine to form a Schiff base imine 
product. 

 

 

Figure 3.6: Atmospheric solids analysis probe (ASAP) mass spectrum of product of 
phenethylamine and cinnamaldehyde reaction. 

 

Control cinnamaldehyde treated PET samples had a very small 

antibacterial effect against both Gram-negative E. coli and Gram-positive S. 

aureus (this could be due to a low amount of residual cinnamaldehyde remaining 

on the PET film surface after final washing step), Table 3.2. Polydopamine-coated 

PET film showed no antibacterial activity against E. coli and a very minor effect 

for S. aureus (less than Log10 Reduction = 1). Polydopamine–cinnamaldehyde 

coated PET film displayed complete killing of both types of bacteria (exceeding 

Log10 Reduction = 7), which easily exceeds the minimal (Log10 Reduction > 3, in 

1 h) set by the US Environmental Protection Agency Office (EPA).15 The 

measured antibacterial activity was retained during recycling tests against E. coli 

for the first two tests, followed by a gradual loss of efficacy during further 

recycling, Figure 3.7. 
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The cells were unaffected by vortexing (or ultrasonication (model U50, 

manufacturer Ultrawave Ltd.) and fully removed from the sample surface, Figure 

3.8 and Figure 3.9. Following pipetting of 900 μl of autoclaved Luria-Bertani broth 

media into each microtube containing sample and vortexing, the polydopamine–

cinnamaldehyde coated PET film was removed, and viability testing experiments 

were performed on the retained cultures in the 1 ml solution, in order to show that 

all bacteria were killed.  Firstly, 100 µl from the 1 ml bacteria solution sample was 

spread onto Luria-Bertani Agar plates. After incubation, nothing grew, Figure 

3.10. Then the remaining 900 µl of bacteria solution was centrifuged and any 

pelleted bacteria resuspended in 100 µl of phosphate-buffered saline followed by 

spreading onto fresh Luria-Bertani Agar plates—again, nothing grew, Figure 

3.11.  The viability of E. coli on untreated PET film control samples gave an 

average of 3.6 x 109 CFU ml−1 (or 3.6 x 108 CFU per 100 µl of bacteria solution), 

Figure 3.8.  When 100 µl from the 1 ml bacteria solution from untreated PET film 

control samples was spread onto Luria-Bertani Agar plates, after incubation, 

considerable bacteria growth was observed, Figure 3.10.  The observed lack of 

bacterial growth for the coated samples confirms that exposure of E. coli to the 

polydopamine–cinnamaldehyde coated PET film does indeed kill all the bacteria 

present in the exposed bacteria-containing solution, and that none remain 

attached to the substrate surface.   

Table 3.2: Antibacterial activities for PET film coated with: polydopamine; polydopamine–
cinnamaldehyde; polyethyleneimine–cinnamaldehyde; tannic acid; or tannic acid–
cinnamaldehyde. Log10 Reduction values are calculated relative to the untreated 
substrate (mean ± standard deviation). † Control samples comprised immersion of PET 
film in 15 mg ml−1 cinnamaldehyde aqueous solution, or 20 mg ml−1 polyethyleneimine 
aqueous solution, or 3 mg ml−1 tannic acid aqueous solution followed by rinsing in water. 

Dipping Solution 

Bacteria Loss / Log10 Reduction 

E. coli 

(Gram-negative) 

S. aureus 

(Gram-positive) 

Cinnamaldehyde † 0.12 ± 0.07 0.29 ± 0.07 

Polydopamine † 0.00 0.34 ± 0.06 

Polydopamine–Cinnamaldehyde 8.15 ± 0.03 7.68 ± 0.05 

Polyethyleneimine † 0.00 0.00 

Polyethyleneimine–Cinnamaldehyde 3.87 ± 0.56 7.44 ± 0.03 

Tannic Acid † 0.00 0.13 ± 0.07 

Tannic acid–Cinnamaldehyde 8.33 ± 0.03 7.56 ± 0.06 
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Figure 3.7: Recycle antibacterial activity against E. coli for coated PET films: 
polydopamine–cinnamaldehyde; polyethyleneimine–cinnamaldehyde; and tannic acid–
cinnamaldehyde. Log10 Reduction values are calculated relative to the untreated PET 
substrate (mean ± standard deviation). Following each antibacterial test, samples were 
rinsed with water for 1 min at 20 °C and completely air-dried prior to the next re-use. 

 

 

Figure 3.8: Uncoated PET samples were used to create a 1:10 dilution series in LB broth 
from 10−2 to 10−7. 10 µl of each E. coli bacteria solution at each dilution was then plated 
onto a Luria-Bertani Agar plate which was incubated overnight at 30 °C.  Cell counts at 
10−6: V1 = 32 (= 3.2 x 109 ml−1), V2 = 37 (= 3.7 x 109 ml−1), S1 = 40 (= 4.0 x 109 ml−1), 
and S2 = 35 (= 3.5 x 109 ml−1). Images taken by Joy Paterson. 
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Figure 3.9: Scanning electron microscopy (SEM) images of uncoated and 
polydopamine–cinnamaldehyde coated PET film surfaces: as prepared, or after 
exposure of E. coli bacteria solution and vortexing or sonication to remove any surface 
bound bacterial cells. Images taken by Tracey Davey. 

 

 

Figure 3.10: After 4 h exposure of E. coli bacteria solution to uncoated PET film or 
polydopamine–cinnamaldehyde coated PET film, then pipetting 900 μL of autoclaved 
Luria-Bertani broth media into each microtube containing a sample, then either vortexing 
or sonication, the PET film was removed and 100 µl of each bacteria solution was spread 
onto a Luria-Bertani Agar plate and incubated overnight at 30 °C. Images taken by Joy 
Paterson. 
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Figure 3.11: After exposure of polydopamine–cinnamaldehyde coated PET film to E. coli 
solution, then pipetting 900 μL of autoclaved Luria-Bertani broth media into each 
microtube containing a sample, then either vortexing or sonication, the polydopamine–
cinnamaldehyde coated PET film was removed, and 900 µl of E. coli bacteria solution 
was centrifuged at 13,000 rpm for 2 min. The supernatant was discarded, and 100 µl of 
PBS was used to resuspend any remaining cells. 100 µl of each resuspension was then 
spread onto an LB agar plate, and incubated overnight at 30 °C. No living colonies were 
seen. Images taken by Joy Paterson. 

 
In order to further examine the mechanism of antibacterial activity, time-

resolved UV-Vis spectroscopy studies were performed using the polydopamine–

cinnamaldehyde coated PET film, Figure 3.12. Release of cinnamaldehyde into 

water from the host coating showed a rapid increase followed by levelling off after 

24 h. This is consistent with the antibacterial recycle testing, which showed a 

gradual drop-off in efficacy, Figure 3.7. 
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Figure 3.12: Release of cinnamaldehyde from antibacterial coatings into water at 20 °C 
monitored by UV-Vis spectroscopy (λ = 290 nm): polydopamine–cinnamaldehyde; 
polyethyleneimine–cinnamaldehyde; and tannic acid–cinnamaldehyde. 

 
 

3.3.2 Poly(norepinephrine)–Cinnamaldehyde Coating 

A brief investigation was performed in order to determine whether the formation 

of an adhesive polymer–cinnamaldehyde coating was limited to polydopamine or 

whether the coating technique could be extended to similar compounds. 

Norepinephrine is structurally very similar to dopamine, but contains an extra 

hydroxyl group, Figure 3.13. 

 

Figure 3.13: Structure of norepinephrine. 

Poly(norepinephrine) coated PET showed a faint, transparent brown 

coating, Figure 3.14. Poly(norepinephrine)–cinnamaldehyde (30 mg) coating 

gave a solid red coating, as did poly(norepinephrine)–cinnamaldehyde (60 mg) 

coating. Poly(norepinephrine)–cinnamaldehyde (100 mg) coating and 

poly(norepinephrine)–cinnamaldehyde (150 mg) coating both gave sticky, oily, 

non-uniform, red coloured coatings. 



   

85 

 

 

Figure 3.14: Photographs of PET: (a) untreated; (b) polynorepinephrine coating; (c) 
polynorepinephrine–cinnamaldehyde (30 mg) coating; (d) polynorepinephrine–
cinnamaldehyde (60 mg) coating; (e) polynorepinephrine–cinnamaldehyde (100 mg) 
coating; and (f) polynorepinephrine–cinnamaldehyde (150 mg) coating. 

Infrared spectrum of norepinephrine hydrochloride showed the following 

characteristic absorption bands: N–H and O–H stretches (3266 cm−1, br), C–H 

stretch (3056 cm−1 and 2960 cm−1), C=C stretch (1630 cm−1), NH2 scissoring 

(1602 cm−1), and O–H in-plane bend (1240 cm−1), Figure 3.15.16 

Poly(norepinephrine) coating showed O–H stretch (3300 cm−1, br), and aromatic 

C=C stretches (1619 cm−1 and 1510 cm−1).17 Poly(norepinephrine)–

cinnamaldehyde (60 mg) coating showed cinnamaldehyde aldehyde C–H 

stretching peaks at 2814 cm−1 and 2742 cm−1, and cinnamaldehyde C=O stretch 

peak at 1668 cm−1, which are not present in norepinephrine FTIR spectrum, 

therefore confirming the presence of cinnamaldehyde in the coating. 

Interestingly, the broad O–H stretching peak (3300 cm−1) was not present in the 

poly(norepinephrine)–cinnamaldehyde (60 mg) coating FTIR spectrum, and two 

new peaks are visible at 3538 cm−1 and 3436 cm−1 (these peaks are not present 

in the infrared spectra of norepinephrine hydrochloride powder, 

poly(norepinephrine) coating, or cinnamaldehyde). This seems to indicate that 

the cinnamaldehyde has an effect on all of the –OH groups of the 

poly(norepinephrine) component of the coating. It is possible that reaction of the 

amine group with cinnamaldehyde causes stereohindrance that stops the alkyl –

OH group from forming intermolecular hydrogen bonds, and thus the peak at 

3538 cm−1 is due to ‘free’ (i.e. non-hydrogen bonded) hydroxyl groups, and the 
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peak at 3436 cm−1 is due to intramolecular hydrogen bonds.18 Alternatively, the 

norepinephrine–cinnamaldehyde Schiff base imine product could undergo 

cyclisation via nucleophilic attack of the alkyl –OH oxygen on the imine carbon 

atom to yield an oxazoline type product. Whatever the case, the reason for the 

absence of the broad O–H stretch is likely complex and difficult to determine, 

owing to the wide variety of reactions that are taking place. 

 

Figure 3.15: Infrared spectra of: (a) norepinephrine hydrochloride powder (ATR); (b) 
polynorepinephrine coating on Si wafer (RAIRS, 66°); (c) polynorepinephrine–
cinnamaldehyde (60 mg) coating (ATR); and (d) cinnamaldehyde (ATR). 

 

3.3.3 Polyethyleneimine–Cinnamaldehyde Coating 

Polyethyleneimine was utilised to develop further understanding, given that it 

contains amine groups like polydopamine, and therefore polyethyleneimine 

should undergo the Schiff base reaction with cinnamaldehyde to form an 

antibacterial coating, Figure 3.1. Solution mixtures utilising varying ratios of 

polyethyleneimine to cinnamaldehyde were screened in order to determine 

optimal quantities of both components for the production of a high efficacy 

antibacterial coating. Mixing of polyethyleneimine solution with cinnamaldehyde 

led to the formation of an off-white precipitate which was found to uniformly 

adhere onto the test substrates (as well as onto the bottom of the glass vials), 
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and remained unchanged in appearance following washing with water. For 

formulations where a higher weight proportion of polyethyleneimine relative to 

cinnamaldehyde was used, much less precipitate was found to form, whereas 

excess cinnamaldehyde compared to polyethyleneimine led to a yellow solution, 

and practically no adhesive precipitate formed on the substrate. Equal masses of 

polyethyleneimine and cinnamaldehyde yielded good performance coatings (20 

mg ml−1 polyethyleneimine and 20 mg ml−1 cinnamaldehyde mixture solutions 

were chosen for further studies). The mass increase following coating of PET 

substrates was measured to equal 0.71 mg cm−2 (assuming both sides are 

coated), Table 3.1. 

Infrared absorption peaks for polyethyleneimine include N–H stretching 

(3275 cm−1), aliphatic C–H stretching (2930–2810 cm−1), primary amine group 

NH2 bending (1580 cm−1), and CH2 symmetric bending vibration (1460 cm−1), 

Figure 3.16.19,20 The polyethyleneimine–cinnamaldehyde coating showed a 

broad absorption peak around 3300 cm−1, corresponding to N–H stretching. A 

new feature at 1634 cm−1 is present, consistent with imine bond formation 

following the Schiff base reaction between amine groups from polyethyleneimine 

and cinnamaldehyde (akin to the reactions between 

phenethylamine/polydopamine and cinnamaldehyde), Figure 3.5. Otherwise, 

many of the infrared fingerprint region absorption bands of cinnamaldehyde and 

polyethyleneimine overlap with the polyethyleneimine–cinnamaldehyde 

spectrum. 
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Figure 3.16: Infrared spectra of: (a) cinnamaldehyde; (b) polyethyleneimine; and (c) 
polyethyleneimine–cinnamaldehyde coating. * New imine feature at 1634 cm−1.6 

 

PET films immersed in polyethyleneimine-only 20 mg ml−1 aqueous 

solution followed by washing in ultrapure water and drying for at least 3 h at 20 °C 

were tested as a control and found to possess no antibacterial activity, Table 3.2. 

The polyethyleneimine–cinnamaldehyde coated PET films showed at least Log10 

Reduction = 3 or 4 against E. coli, and complete killing (exceeding Log10 

Reduction = 7) for S. aureus. Antibacterial recycling tests were carried out against 

E. coli, and there was a drop in bacterial killing following the second test with 

practically all biocidal activity lost after the fourth test, Figure 3.7. 

The release behaviour of the polyethyleneimine–cinnamaldehyde coating 

in water was further investigated by immersion of coated PET substrates into 

water for 24 h at 20 °C whilst shaking. 0.5 ± 0.4 mg cm−2 of material was released 

after 24 h, and 0.22 ± 0.14 mg cm−2 of the coating remained. Visually, there did 

not seem to be any alteration to the appearance of the coatings. This would 

suggest that the observed mass loss following immersion in water for 24 h is due 

to the release of trapped or loosely bound cinnamaldehyde and/or 

polyethyleneimine.  

Time-resolved UV-Vis spectroscopy studies were performed using the 

polyethyleneimine–cinnamaldehyde coated PET films in order to determine the 
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release profile of cinnamaldehyde into aqueous solution from the coating, Figure 

3.12. A much lower cinnamaldehyde absorbance was measured compared to the 

polydopamine–cinnamaldehyde system, which is consistent with the 

polyethyleneimine–cinnamaldehyde coating being a lot thinner and thereby 

losing its recycling antibacterial activity faster compared to the polydopamine–

cinnamaldehyde coating, Table 3.1 and Figure 3.7. 

 

3.3.4 Tannic Acid–Cinnamaldehyde Coating 

Tannic acid-only coatings were found to be very thin; whilst tannic acid–

cinnamaldehyde coatings appeared to be much thicker. Variation in tannic acid–

cinnamaldehyde solution composition was explored in order to provide the 

optimum coating: 3.0, 4.5, 6.0, and 15 mg ml−1 cinnamaldehyde combined with 

fixed 3 mg ml−1 tannic acid (corresponding to a tannic acid:cinnamaldehyde mass 

ratio of 1:1, 1:1.5, 1:2, and 1:5 respectively). The solid coating obtained using a 

1:1 mass ratio was yellow in appearance and evenly covered the PET film, 

whereas all of the other solution compositions yielded oily (non-solid), non-

uniform coatings on the PET film surfaces, Figure 3.17. Hence, 3 mg ml−1 

cinnamaldehyde–3 mg ml−1 tannic acid mixture coating solution was chosen for 

further investigation. The mass increase for this tannic acid–cinnamaldehyde 

coating was 1.0 ± 0.2 mg cm−2 (assuming both sides of each substrate are 

coated), Table 3.1. 

 

 

Figure 3.17: Photographs of PET film: (a) uncoated; (b) tannic acid-only coating; and (c) 
tannic acid-cinnamaldehyde coating. 

 

The infrared spectrum of tannic acid displays absorbances for O–H groups 

(3300 cm−1), C=O stretching (1700 cm−1), and three peaks at 1605 cm−1, 1530 

cm−1 and 1444 cm−1 associated with aromatic ring stretching, Figure 3.18.21 For 
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the tannic acid–cinnamaldehyde coating, the infrared spectrum resembles the 

tannic acid spectrum. In addition, there is a new absorbance at 1649 cm−1, 

characteristic of imine group C=N stretching (which appears at a lower 

wavenumber compared to the cinnamaldehyde C=O stretching vibration (1670 

cm−1)). An explanation for this new peak could be the Schiff base reaction product 

between tris(hydroxymethyl)aminomethane and cinnamaldehyde (this may also 

explain the formation of yellow colour in the cinnamaldehyde control solution 

mentioned previously—the cinnamaldehyde and 

tris(hydroxymethyl)aminomethane react to form a yellow Schiff base imine 

product). It has been reported that tris(hydroxymethyl)aminomethane can 

undergo Schiff base reaction with carbonyl-containing compounds, yielding C=N 

infrared stretching frequencies in the region of 1640–1630 cm−1.22,23 

Tris(hydroxymethyl)aminomethane and cinnamaldehyde are present in almost 

equimolar amounts in the tannic acid–cinnamaldehyde coating solution (whereas 

in the polydopamine–cinnamaldehyde coating solution there is a significant 

excess of cinnamaldehyde relative to tris(hydroxymethyl)aminomethane, which 

masks the imine bond region of the infrared absorption). Another likely 

explanation could be that the tannic acid ester groups react with the amine to 

form an amide Oxidised tannic acid, which will likely contain quinone-type 

carbonyl groups, may also be capable of reacting with amines via the Schiff base 

reaction to form an imine—however, the wavenumber for such imine group 

stretching should be much lower (1585 cm−1), thus making it unlikely that this new 

peak is due to the reaction of tannic acid with tris(hydroxymethyl)aminomethane 

to form an imine.24  
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Figure 3.18: Infrared spectra of: (a) cinnamaldehyde; (b) tannic acid; and (c) tannic acid–
cinnamaldehyde coating. * New imine feature at 1649 cm−1. 

 

Tannic acid-only coated PET film displayed no antibacterial activity against 

E. coli and only a modest reduction in viability against S. aureus, Table 3.2. The 

tannic acid–cinnamaldehyde coating was found to give rise to complete killing of 

both types of bacteria (exceeding Log10 Reduction = 7). Antibacterial recycling 

tests performed with E. coli for the tannic acid–cinnamaldehyde coated PET film 

showed a decrease in antibacterial activity after the first test, and negligible 

activity was found by the fifth test, Figure 3.7. A possible reason for why the tannic 

acid–cinnamaldehyde coating does not display as long-lasting antibacterial 

activity as the polydopamine–cinnamaldehyde coating could be as a 

consequence of the smaller amount of cinnamaldehyde used to prepare the 

coatings (3 mg ml−1 versus 15 mg ml−1 solutions respectively), or due to the 

coating being thinner, Table 3.1. 

Time-resolved UV-Vis spectroscopy studies were performed using tannic 

acid–cinnamaldehyde coated PET film in order to follow the release of 

cinnamaldehyde from the coating into the aqueous phase, Figure 3.12. The 

amount of cinnamaldehyde release measured for the tannic acid–

cinnamaldehyde coatings was lower compared to the polydopamine–

cinnamaldehyde coatings, and can be attributed to the smaller concentration of 
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cinnamaldehyde employed to prepare the former (3 mg ml−1 versus 15 mg ml−1 

solutions respectively), or because the coating is thinner, Table 3.1. This 

correlates with the antibacterial recycling tests, where the tannic acid–

cinnamaldehyde coated PET film showed a faster decline in antibacterial activity 

relative to the polydopamine–cinnamaldehyde coated PET film, Figure 3.7.  

 

3.3.5 Cinnamaldehyde–Porous Substrates 

Given that cinnamaldehyde loading in the coating has been shown to be a key 

factor governing antibacterial longevity (Figure 3.7 and Figure 3.12), non-woven 

polypropylene host substrate containing a larger open pore structure (micron 

scale) was impregnated with cinnamaldehyde, Table 3.1.25 The cloth pieces were 

weighed before and after impregnation of cinnamaldehyde, and the average 

mass increase was measured to be 45 ± 4 mg cm−2, Table 3.1. 

Testing against E. coli and S. aureus showed complete killing of the 

bacteria (Log10 Reduction = 8.31 ± 0.12 and 7.76 ± 0.07 respectively). Seventeen 

consecutive antibacterial recycling tests against E. coli. (equivalent to continuous 

contact with bacteria in liquid for 68 h), showed that the cloths killed all bacteria 

in every test (Log10 Reduction = ~8), Figure 3.19. The dip in antibacterial activity 

on tests 18 and 19 may be due to depletion of the cinnamaldehyde from the 

material. The observed high antibacterial activity over such a prolonged period of 

recycling rules out the possibility of live bacteria cells just sticking to the cloth 

surface—which is consistent with the previously reported biocidal activity of 

cinnamaldehyde.176,177,178   

 

Figure 3.19: E. coli antibacterial recycling of cinnamaldehyde impregnated non-woven 
polypropylene cloth. Values are reported as the average Log10 Reduction relative to 
untreated non-woven polypropylene cloth (average ± standard deviation). 



   

93 

 

 

Polydopamine–cinnamaldehyde coating on polypropylene cloth was also tested 

for antibacterial efficacy against E. coli and S. aureus showed complete killing of 

the bacteria (Log10 Reduction = 8.31 ± 0.12 and 7.76 ± 0.07 respectively). Twenty 

consecutive antibacterial recycling tests against E. coli (equivalent to continuous 

contact with bacteria in liquid for 80 h), showed that the cloths killed all bacteria 

in every test (Log10 Reduction = ~8), Figure 3.20. 

 

Figure 3.20: E. coli antibacterial recycling of polydopamine–cinnamaldehyde coated non-
woven polypropylene cloth. Values are reported as the average Log10 Reduction relative 
to untreated non-woven polypropylene cloth (average ± standard deviation). 

 

Since cinnamaldehyde was found to impregnate into porous non-woven 

polypropylene cloth without the need for any extra reagents (e.g. aforementioned 

polydopamine, polyethyleneimine, tannic acid or 

tris(hydroxymethyl)aminomethane), alternative porous material substrates were 

also evaluated in order to assess the broader applicability of this approach. 

Porous polytetrafluoroethylene (PTFE) membrane was chosen as a more 

hydrophobic type of material. Untreated PTFE membrane exhibited no 

antibacterial activity, whereas the cinnamaldehyde impregnated PTFE 

membrane gave rise to complete killing of E. coli (Log10 Reduction = 8.27 ± 0.04).  

Considering that the aforementioned polypropylene and PTFE porous 

substrates are both hydrophobic and therefore unlikely to absorb water in 

preference to cinnamaldehyde whilst immersed in aqueous solution, cotton fabric 

was selected as a hydrophilic porous material for comparison. Untreated cotton 

displayed no antibacterial effect, while the cinnamaldehyde-impregnated cotton 
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pieces killed all E. coli (Log10 Reduction = 8.29 ± 0.06), thereby confirming that 

the hydrophilic cotton was capable of sufficient cinnamaldehyde uptake to 

subsequently provide a strong antibacterial efficacy. 

 

 

3.4 Discussion  

Polydopamine, tannic acid, and cinnamaldehyde are all biodegradable and not 

harmful to human health.26, 27, 28, 29, 30 The polydopamine–cinnamaldehyde, 

polyethyleneimine–cinnamaldehyde, and tannic acid–cinnamaldehyde coatings 

exhibit strong antibacterial activity against both Gram-negative and Gram-

positive bacteria. They retained their red, off-white, and yellow colours 

respectively following antibacterial test recycling. This indicates that the coatings 

are well adhered to the underlying substrates, and the solid host polymer coating 

alone cannot be responsible for the observed antibacterial activity. 

Cinnamaldehyde interacts with the polydopamine, polyethyleneimine, or tannic 

acid during coating formation, either reacting, binding via non-covalent 

interactions, or becoming trapped within the polymer coating. Cinnamaldehyde 

reaction within the host polymers provides compatibilization for excess 

cinnamaldehyde oil—the surface energies of the solid and fluid become better 

matched, leading to highly stable entrapped cinnamaldehyde liquid. 

Cinnamaldehyde is then able to leach out (release) during the antibacterial testing 

studies (Figure 3.7 and Figure 3.12). Once the cinnamaldehyde becomes 

depleted, there is no longer any antibacterial activity. Amongst these coatings, 

the polydopamine–cinnamaldehyde system displays the best recycling 

properties, and this correlates to its extended release of cinnamaldehyde over a 

longer period of time, Figure 3.7 and Figure 3.12. On the other hand, the solution 

for polyethyleneimine–cinnamaldehyde coated PET film after 48 h immersion in 

water displayed a lower final UV-Vis absorbance compared to polydopamine–

cinnamaldehyde or tannic acid–cinnamaldehyde coated PET films, Figure 3.12. 

This correlates with its lower overall antibacterial efficacy against E. coli, as well 

as quicker loss of activity during antibacterial recycling, and with its smaller mass 

increase (thickness), Table 3.1, Table 3.2, and Figure 3.7.  

Unlike dopamine/polydopamine and polyethyleneimine, tannic acid does 

not contain amine functional groups, meaning that it cannot undergo the Schiff 

base reaction with cinnamaldehyde as occurs for dopamine/polydopamine and 
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polyethyleneimine. Rather, tris(hydroxymethyl)aminomethane plays a dual role 

both initiating oxidative polymerisation of tannic acid, and reacting with 

cinnamaldehyde, which in turn may help to entrap cinnamaldehyde through 

compatibilisation. The trapped tris(hydroxymethyl)aminomethane–

cinnamaldehyde Schiff base product may also be antibacterial. Another 

possibility is that tannic acid and cinnamaldehyde interact with each other via 

non-covalent bonding such as π-π interactions, hydrogen bonding or 

hydrophobic interactions to form an insoluble coating, with excess less strongly 

bound cinnamaldehyde able to release into water. Alternative conceivable 

mechanisms could include an oxa-Michael type reaction (whereby tannic acid OH 

groups are deprotonated by base to form an oxyanion which then performs a 

nucleophilic attack on the cinnamaldehyde alkene group leading to bond 

formation between the tannic acid and cinnamaldehyde). 

Antibacterial activities have been reported previously for cinnamaldehyde 

impregnated into porous substrates including microporous polyurethane4,  

polypropylene foot sweat pads31, and wet wipes made from cellulose and 

polyester.32 However, no recycle/reuse testing was performed.  Impregnation of 

cinnamaldehyde into porous hydrophobic (non-woven polypropylene cloth and 

polytetrafluoroethylene membrane) as well as into hydrophilic cotton through 

cinnamaldehyde entrapment is an effective means for incorporating large 

amounts of the essential oil into a substrate for multiple use antibacterial 

applications, Figure 3.19. The inherent larger pore volumes (micron scale) and 

thicker materials provide greater cinnamaldehyde loading capacity leading to 

longer lasting antibacterial efficacies compared to the much thinner 

polydopamine–cinnamaldehyde, polyethyleneimine–cinnamaldehyde, and tannic 

acid–cinnamaldehyde coatings which contain essential oil dispersed on the 

nanoscale.  The fact that the cinnamaldehyde impregnated non-woven 

polypropylene cloth shows no drop-off in antibacterial activity after 17 cycles of 

washing (equivalent to continuous contact with bacteria in liquid for 68 h) 

indicates robustness, and this is entirely suitable for potential applications where 

reusability is desirable, Figure 3.19. Alternative long-lasting antibacterial coatings 

include the use of silver nanoparticles and quaternary ammonium polymers.33,34 

Both of these antimicrobial agents involve multiple synthesis steps and are 

potentially damaging towards the environment.35,36 Conversely, the present eco-
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friendly approach is a simple one-step process and can use natural 

biodegradable compounds such as dopamine, tannic acid, and cinnamaldehyde. 

The present study opens up scope for the large scale, low-cost fabrication 

of antibacterial coatings using plant-derived essential oil compounds (as 

alternatives to environmentally harmful metal-based systems). Naturally 

occurring and synthetic antimicrobial compounds could also be incorporated 

(including those with antiviral, antifouling, antifungal, or antiparasitic properties).  

These coating methods could also be extended to other natural and synthetic 

phenolic and polyphenol compound coatings besides polydopamine and tannic 

acid—such as derivatives of dihydroxyphenol (catechol) and pyrogallol (including 

gallic acid, epigallocatechin gallate, and epicatechin gallate), which are found in 

tea. Such coatings are explored in chapter 4. Potential applications include 

healthcare, prevention of the spread of pathogens and diseases, building 

materials, transportation, clothing, footwear, marine coatings, and active food 

packaging. 

 

 

3.5 Conclusions 

Coatings comprising cinnamaldehyde hosted within a compatible matrix on the 

nanoscale can be applied to a variety of substrates without the requirement for 

organic solvents or any further surface derivatization. Polydopamine–

cinnamaldehyde coatings display high antibacterial efficacy towards both Gram-

positive (S. aureus) and Gram-negative (E. coli) bacteria. Polyethyleneimine–

cinnamaldehyde and tannic acid–cinnamaldehyde coatings also show good 

antibacterial activity against both E. coli and S. aureus. Cinnamaldehyde 

impregnated into a variety of porous substrates (non-woven polypropylene cloth, 

polytetrafluoroethylene membrane, and knitted cotton), exhibits strong 

antibacterial performance; with non-woven polypropylene cloth containing 

cinnamaldehyde providing long-lasting and recyclable antibacterial activity. 

 



   

97 

 

3.6 References

 

1  Mathekga, A. D. M.; Meyer, J. J. M. Antibacterial Activity of South African Helichrysum 

Species. S. Afr. J. Bot. 1998, 64, 293–295. 

2  Gersbach, P. V. The Essential Oil Secretory Structures of Prostanthera ovalifolia 

(Lamiaceae). Ann Bot. 2002, 89, 255–260. 

3  Voo, S. S.; Grimes, H. D.; Lange, B. M. Assessing the Biosynthetic Capabilities of Secretory 

Glands in Citrus Peel. Plant Physiol. 2012, 159, 81–94. 

4  Kucinska-Lipka, J.; Gubanska, I.; Lewandowska, A.; Terebieniec, A.; Przybytek, A.; 

Cieśliński, H. Antibacterial Polyurethanes, Modified with Cinnamaldehyde, as Potential 

Materials for Fabrication of Wound Dressings. Polym. Bull. 2019, 76, 2725–2742. 

5 Dreyer, D. R.; Miller, D. J.; Freeman, B. D.; Paul, D. R.; Bielawski, C. W. Elucidating the 

Structure of Poly(Dopamine). Langmuir 2012, 28, 6428–6435. 

6 A. Mohammed, A.; H. Taher, N. Synthesis and Characterisation of Some Cinnamaldehyde 

Schiff Base Complexes. Raf. J. Sci. 2008, 19, 45–51. 

7 Konar, S.; Samanta, D.; Mandal, S.; Das, S.; Mahto, M. K.; Shaw, M.; Mandal, M.; Pathak, 

A. Selective and Sensitive Detection of Cinnamaldehyde by Nitrogen and Sulphur Co-Doped 

Carbon Dots: A Detailed Systematic Study. RSC Adv. 2018, 8, 42361–42373. 

8  Guo, K.; Chen, Y. Simple and Rapid Detection of Aromatic Amines Using a Thin Layer 

Chromatography Plate. Anal. Methods 2010, 2, 1156–1159. 

9  Lin, J. H.; Yu, C. J.; Yang, Y. C.; Tseng, W. L. Formation of Fluorescent Polydopamine Dots 

from Hydroxyl Radical-Induced Degradation of Polydopamine Nanoparticles. Phys. Chem. 

Chem. Phys. 2015, 17, 15124–15130. 

10  Liu, C. Y.; Huang, C. J. Functionalization of Polydopamine via the Aza-Michael Reaction for 

Antimicrobial Interfaces. Langmuir 2016, 32, 5019–5028. 

11  Singh, K. K.; Mathela, C. S. Synthesis, Characterisation and in Vitro Antibacterial Activity of 

Cinnamyl Amine Derivatives. Indian J. Chem. 2014, 53, 907–912. 

12  Badawy, M. E. I.; Rabea, E. I. Synthesis and Structure-Activity Relationship of N-(Cinnamyl) 

Chitosan Analogs as Antimicrobial Agents. Int. J. Biol. Macromol. 2013, 57, 185–192. 

13  Della Vecchia, N. F.; Avolio, R.; Alfè, M.; Errico, M. E.; Napolitano, A.; D’Ischia, M. Building-

Block Diversity in Polydopamine Underpins a Multifunctional Eumelanin-Type Platform 

Tunable through a Quinone Control Point. Adv. Funct. Mater. 2013, 23, 1331–1340. 

14  Della Vecchia, N. F.; Luchini, A.; Napolitano, A.; Derrico, G.; Vitiello, G.; Szekely, N.; Dischia, 

M.; Paduano, L. Tris Buffer Modulates Polydopamine Growth, Aggregation, and 

Paramagnetic Properties. Langmuir 2014, 30, 9811–9818. 

15 Protocol for the Evaluation of Bactericidal Activity of Hard, Non-porous Copper/Copper-Alloy 

Surfaces. US Environmental Protection Agency Office.  3rd February 2015.  

16  Yadav, T.; Mukherjee, V. Structural Confirmation and Spectroscopic Study of a Biomolecule: 

Norepinephrine. Spectrochim. Acta - Part A Mol. Biomol. Spectrosc. 2018, 202, 222–237. 

17  Tan, X.; Gao, P.; Li, Y.; Qi, P.; Liu, J.; Shen, R.; Wang, L.; Huang, N.; Xiong, K.; Tian, W.; et 

al. Poly-Dopamine, Poly-Levodopa, and Poly-Norepinephrine Coatings: Comparison of 



   

98 

 

 

Physico-Chemical and Biological Properties with Focus on the Application for Blood-

Contacting Devices. Bioact. Mater. 2021, 6, 285–296. 

18  Kondo, T. The Assignment of IR Absorption Bands Due to Free Hydroxyl Groups in 

Cellulose. Cellulose 1997, 4, 281–292. 

19  Kasprzak, A.; Popławska, M.; Bystrzejewski, M.; Łabędź, O.; Grudziński, I. P. Conjugation of 

Polyethyleneimine and Its Derivatives to Carbon-Encapsulated Iron Nanoparticles. RSC Adv. 

2015, 5, 85556–85567. 

20  Yoshitake, H.; Koiso, E.; Horie, H.; Yoshimura, H. Polyamine-Functionalized Mesoporous 

Silicas: Preparation, Structural Analysis and Oxyanion Adsorption. Microporous Mesoporous 

Mater. 2005, 85, 183–194. 

21  Sagbas, S.; Aktas, N.; Sahiner, N. Modified Biofunctional p(Tannic Acid) Microgels and Their 

Antimicrobial Activity. Appl. Surf. Sci. 2015, 354, 306–313. 

22  Lee, S. M.; Sim, K. S.; Lo, K. M. Synthesis, Characterisation and Biological Studies of 

Diorganotin(IV) Complexes with Tris[(Hydroxymethyl)Aminomethane] Schiff Bases. 

Inorganica Chim. Acta 2015, 429, 195–208. 

23  Martínez, R. F.; Úvalos, M.; Babiano, R.; Cintas, P.; Jiménez, J. L.; Light, M. E.; Palacios, J. 

C. Schiff Bases from TRIS and Ortho-Hydroxyarenecarbaldehydes: Structures and 

Tautomeric Equilibria in the Solid State and in Solution. European J. Org. Chem. 2011, 2011, 

3137–3145. 

24   Lim, M. Y.; Choi, Y. S.; Kim, J.; Kim, K.; Shin, H.; Kim, J. J.; Shin, D. M.; Lee, J. C. Cross-

Linked Graphene Oxide Membrane Having High Ion Selectivity and Antibacterial Activity 

Prepared Using Tannic Acid-Functionalized Graphene Oxide and Polyethyleneimine. J. 

Memb. Sci. 2017, 521, 1–9. 

25  Gürsoy, M.; Harris, M.T.; Downing, J.O.; Barrientos-Palomo, S.N.; Carletto, A.; Yaprak, A.E.; 

Karaman, M.; Badyal, J.P.S. Bioinspired Fog Capture and Channel Mechanism Based on 

the Arid Climate Plant Salsola crassa. Colloids Surfaces A 2017, 529, 195–202. 

26  Lee, H.; Dellatore, S. M.; Miller, W. M.; Messersmith, P. B. Mussel-Inspired Surface 

Chemistry for Multifunctional Coatings. Science. 2007, 318, 426–430. 

27  Sun, T.; Li, Z. J.; Wang, H. G.; Bao, D.; Meng, F. L.; Zhang, X. B. A Biodegradable 

Polydopamine-Derived Electrode Material for High-Capacity and Long-Life Lithium-Ion and 

Sodium-Ion Batteries. Angew. Chemie - Int. Ed. 2016, 55, 10662–10666. 

28  Chung, K. T.; Wong, T. Y.; Wei, C. I.; Huang, Y. W.; Lin, Y. Tannins and Human Health: A 

Review. Crit. Rev. Food Sci. Nutr. 1998, 38, 421–464. 

29  Shin, M.; Ryu, J. H.; Park, J. P.; Kim, K.; Yang, J. W.; Lee, H. DNA/Tannic Acid Hybrid Gel 

Exhibiting Biodegradability, Extensibility, Tissue Adhesiveness, and Hemostatic Ability. Adv. 

Funct. Mater. 2015, 25, 1270–1278. 

30  Adams, T. B.; Cohen, S. M.; Doull, J.; Feron, V. J.; Goodman, J. I.; Marnett, L. J.; Munro, I. 

C.; Portoghese, P. S.; Smith, R. L.; Waddell, W. J.; Wagner, B. M. The FEMA GRAS 

Assessment of Cinnamyl Derivatives Used as Flavor Ingredients. Food Chem. Toxicol. 2004, 

42, 157–185. 

31  Aksoy, A.; Kaplan, S. Production and Performance Analysis of an Antibacterial Foot Sweat 

Pad. Fibers Polym. 2013, 14, 316–323. 



   

99 

 

 

32  Kaplan, S.; Pulan, S.; Ulusoy, S. Objective and Subjective Performance Evaluations of Wet 

Wipes Including Herbal Components. J. Ind. Text. 2018, 47, 1959–1978. 

33  Ho, C. H.; Odermatt, E. K.; Berndt, I.; Tiller, J. C. Long-Term Active Antimicrobial Coatings 

for Surgical Sutures Based on Silver Nanoparticles and Hyperbranched Polylysine. J. 

Biomater. Sci. Polym. Ed. 2013, 24, 1589–1600. 

34  Fik, C. P.; Konieczny, S.; Pashley, D. H.; Waschinski, C. J.; Ladisch, R. S.; Salz, U.; Bock, 

T.; Tiller, J. C. Telechelic Poly(2‐oxazoline)s with a Biocidal and a Polymerizable Terminal 

as Collagenase Inhibiting Additive for Long‐Term Active Antimicrobial Dental Materials. 

Macromol. Biosci. 2014, 14, 1569–1579. 

35  Faunce, T.; Watal, A. Nanosilver and Global Public Health: International Regulatory Issues.  

Nanomedicine, 2010, 5, 617–632. 

36  Hora, P. I.; Pati, S. G.; McNamara, P. J.; Arnold, W. A. Increased Use of Quaternary 

Ammonium Compounds During the SARS-CoV-2 Pandemic and Beyond: Consideration of 

Environmental Implications. Environ. Sci. Technol. Lett. 2020, 7, 622–631. 



   

100 

 

Chapter 4 

4 Antimicrobial Tea Coatings 

4.1 Introduction 

In the year 2020, the emergence and spread of severe acute respiratory 

syndrome coronavirus 2 (SARS-CoV-2—which causes the COVID-19 disease) 

led to the World Health Organization to declare the outbreak a global pandemic.1 

As of June 2021, there have been 3.57 million documented deaths due to the 

disease.2, 3, 4 The virus is spread via close contact with infected people (for 

example, exhaled aerosol droplets) and touching of contaminated surfaces. It has 

been shown that the virus can remain infectious for several days on a variety of 

surfaces.5, 6 Therefore, developing low-cost sustainable technology solutions to 

help stop the spread of contagious diseases is a critical global challenge for 

mankind. 

Copper and silver are known to display antiviral activities—for example, 

copper can inactivate influenza virus (H1N1)7, and silver nanoparticles display an 

anti-HIV-1 effect.8 Both metals are reported to be effective against coronaviruses 

such as SARS-CoV9, and Human Coronavirus 229E.10 Copper surfaces have 

been found to deactivate SARS-CoV-2—for example, spray-coated copper 

powder gives rise to 92% reduction after 2 h; and cuprous oxide (Cu2O) coatings 

gave about Log10 Reduction = 3 towards SARS-CoV-2 viral titre after 1 h.11,12  

Exposure of SARS-CoV-2 to silver nanoparticles for 1 h prior to infection of cells 

causes the viral load to drop to negligible levels13; and a sputter-coated silver 

nanocluster/silica composite coating led to Log10 Reduction = 4 loss in infectivity 

after 90 min.14 However, these previous examples of copper and silver antiviral 

coatings suffer from drawbacks including lengthy multiple-step fabrication 

processes, expensive reagents, specialist equipment, and dependency upon 

substrate material types (which restricts their rapid scale-up and widespread 

deployment). 

 In order to help fight against infectious disease transmission on the global 

scale, the materials and methods employed for producing antimicrobial coatings 

must be cheap and readily available to facilitate local manufacturing in remote 

locations and low-income countries, without requiring any specialist training or 

equipment. The utilisation of ultrathin (nano) coatings and biodegradable 
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substrate materials are important factors for sustainability and environmental 

impact. 

In this chapter, a low-cost single-step hybrid coating system utilising 

brewed tea, cinnamaldehyde essential oil, and a metal salt (of either silver or 

copper) is reported—which utilises the well-known everyday ‘tea cup staining’ 

phenomenon to ensure good adhesion to a wide range of substrate materials. 

Compounds contained in tea extract, such as epigallocatechin gallate, are known 

to exhibit antiviral activity15, and have been used in antiviral air filters/cleaners.16 

Tea polyphenols display good binding with SARS-CoV-2 main protease (MPro), 

making them promising compounds for the inactivation of the virus.17 In the case 

of cinnamaldehyde (derived from the oil of cinnamon tree bark18), it is also known 

to exhibit antiviral effects against a variety of viruses.19, 20 This includes an in silico 

study demonstrating that cinnamaldehyde exhibits favourable binding with the 

SARS-CoV-2 spike (S) glycoprotein (which is a key target for antiviral drugs).21 

The tea–cinnamaldehyde–metal coatings described in the present study offer 

multi-mode antimicrobial activity, with tea, cinnamaldehyde, and metal 

constituents all potentially contributing to the observed antimicrobial effects. 

These tea–cinnamaldehyde–metal coatings require no additional reagents or 

processes apart from readily available tap water. Tea and cinnamaldehyde (or 

cinnamon bark oil) are widely available, relatively cheap, and sustainable organic 

products. Combined with utilisation of low concentrations of metal salts, these 

coatings can be easily produced anywhere on a large scale and at low cost (for 

example, remote field hospitals during humanitarian crises and in low-income 

countries). 

  

 

4.2 Experimental 

4.2.1 Materials 

Silicon wafer (<100> orientation; 5-20 Ω⋅cm resistivity; 525 ± 25 µm thickness, 

polished front surface; Silicon Valley Microelectronics Inc.,), glass slides (1 mm 

thickness, Academy Science Ltd.), polyethylene terephthalate film (PET, 

capacitor grade, 0.10 mm thickness, Lawson Mardon Ltd.), hydrophilic non-

woven polypropylene cloth (spunbond, 0.32 mm thickness, 25 g m−2, Daltex® 

Absorb, Don & Low Ltd.), and polytetrafluoroethylene sheet (Gilbert Curry 
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Industrial Plastics Co Ltd.) were cut into 15 mm x 15 mm pieces and used as 

substrates for coating. Cotton gloves (product code 1232600, Arco Ltd.), tennis 

balls (part number DWSQ03002, Slazenger brand, Frasers Group plc.), and 

personal protection 3-ply non-woven polypropylene face masks (Hygiene & 

Sicherheit product code 043-06/2019, Goetzloff GmbH) were used as supplied. 

Substrates were cleaned by immersing into a sufficient quantity so as to fully 

immerse in a 50:50 volume solvent mixture of propan-2-ol (+95%, Fisher 

Scientific UK Ltd.) and cyclohexane (+99.5%, Fisher Scientific UK Ltd.) and 

agitated in an ultrasonic bath for 15 min, before drying in air at 20 °C. 

 

4.2.2 Tea Coatings Preparation 

Tea-only coating was produced by brewing one teabag (containing 2 g organic 

Fairtrade pure green tea, Clipper Teas Ltd.) in 100 ml boiled drinking tap water 

for 10 min, then 10 ml was transferred immediately into a glass vial (while the tea 

was still hot, approximately 65 °C) and a piece of clean substrate (15 mm x 15 

mm) was immersed into the brewed tea solution.  

Tea–cinnamaldehyde coating was prepared by brewing one teabag in 100 

ml boiled drinking tap water for 10 min, then 10 ml was transferred immediately 

to a glass vial (while the tea was still hot, approximately 65 °C) containing 30 mg 

trans-cinnamaldehyde (99%, Acros Organics brand, Fisher Scientific UK Ltd.). 

The closed glass vial was manually shaken vigorously for 10 s, and then a clean 

substrate (15 mm x 15 mm) was immersed into the solution for coating.   

Tea–cinnamaldehyde–metal hybrid coatings were fabricated by adding a 

specified amount of cinnamaldehyde and either copper sulphate pentahydrate 

(+98%, Sigma-Aldrich Ltd.) or silver nitrate (+99.9%, Apollo Scientific Ltd.) to an 

appropriately sized container, Table 4.1. Immediately after brewing the specified 

number of teabags for 10 min in the specified volume of boiled drinking tap water, 

the specified quantity of tea solution was added to the container mixture (whilst 

the tea was still hot, approximately 65 °C), and the container lid was closed. The 

container was manually shaken vigorously for 10 s, and then a clean substrate 

was immersed into the solution for coating.  

For all of the above coating systems, the container was placed on a shaker 

(model Vibrax VXR, IKA Ltd.) at 20 °C for 16 h. Next, the substrate sample was 

removed from solution, washed in deionised water on the shaker at 20 °C for 5 
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min, and then dried in air at 20 °C for at least 3 h. Control tea–metal coatings 

were produced using the same method, but without the addition of 

cinnamaldehyde. 

 

Table 4.1: Experimental parameters for fabrication of tea–cinnamaldehyde–metal 
coatings. 

Substrate 
Substrate 

Dimensions 
Teabags 

Tap 
Water / 

ml 

Brewed 
Tea / ml 

Cinnamaldehyde 
/ mg 

Metal 
Salt / 
mg 

Container 

Silicon wafer 15 mm x 15 
mm 

1 100 10 30 10 Glass vial 

Glass slides 
(for photos) 

76 mm x 26 
mm 

2 500 500 1500 200 
Plastic 

Container 

Glass (for 
XRD) 

15 mm x 15 
mm 

1 100 10 30 10 Glass vial 

PET film 15 mm x 15 
mm 

1 100 10 30 
10 or 

50 
Glass vial 

Hydrophilic 
PP cloth (for 
photos) 

210 mm x 
150 mm 

2 400 400 600 200 
Plastic 

Container 

Hydrophilic 
PP cloth (for 
antibacterial 
testing) 

210 mm x 
150 mm 

2 400 400 900 300 
Plastic 

Container 

Hydrophilic 
PP cloth (for 
leaching) 

90 mm x 90 
mm 

2 400 200 600 200 Glass jar 

Polypropylene 
face masks 

- 2 400 400 900 300 Glass jar 

PTFE 15 mm x 15 
mm 

1 100 10 30 10 Glass vial 

TEM grids - 1 100 10 30 10 Glass vial 

Cotton gloves - 2 300 300 900 300 Glass jar 

Tennis balls - 2 350 350 788 260 Glass jar 

 

 

4.2.3 Coating Characterisation 

Infrared spectra were acquired as described in section 2.2. Coating thicknesses 

were measured as described in section 2.4. X-ray photoelectron spectroscopy 

was performed as described in section 2.7—instrument sensitivity (multiplication) 

factors were C(1s) : N(1s): O(1s) : Cu(2p) : Ag(3d) equals 1.00 : 0.37 : 0.35 : 

0.040 : 0.048 respectively. X-ray diffraction patterns were acquired as described 

in section 2.10. Transmission electron microscope images were acquired as 

described in section 2.8—tea-based coatings were deposited onto carbon film 

supported on 200 mesh copper grids (part number AGS160, Agar Scientific Ltd.). 

Raman spectroscopy was performed as described in section 2.11. 
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4.2.4 Metal Leaching 

Coated hydrophilic non-woven polypropylene cloths were cut into 20 mm x 20 

mm pieces and immersed into a glass vial filled with high-purity water (10 ml) for 

a predetermined time. The cloth was then removed, and nitric acid (70%, SG 

1.42, Fisher Scientific UK Ltd.) was added to give a 4% v/v aqueous HNO3 

solution to aid digestion of any leached metal. Control ‘blanks’ were also 

examined using uncoated pieces of hydrophilic non-woven polypropylene cloth, 

but otherwise prepared in the same way. ICP-OES analysis was performed as 

described in section 2.13. 

 

4.2.5 Antibacterial Testing 

Tea–cinnamaldehyde, tea–cinnamaldehyde–silver nitrate and tea–

cinnamaldehyde–copper sulphate coatings were deposited onto hydrophilic non-

woven polypropylene cloth (as described above). Antibacterial testing was 

performed as described in section 2.3. 

 

4.2.6 Antiviral Testing 

The deposited coatings were tested for their antiviral potency against murine 

coronavirus (mouse hepatitis virus strain A59, MHV-A59). MHV-A59 is used as a 

potential surrogate for SARS-CoV-2 (MHV and SARS-CoV-2 belong to the same 

genus and are structurally similar to each other).22, 23, 24 Antiviral testing was 

performed on coatings applied to non-woven fabric face masks using a simulated 

splash test (modified ISO 18184): Aliquots of viral stocks were thawed on ice. 

Murine coronavirus (mouse hepatitis virus strain A59, MHV-A59) stock titre used 

was approximately 1 x 109 infectious units per ml (titred when prepared). The face 

mask edges were cut off, and the front face fabric of each mask was separated. 

2 cm squares were cut from the front face piece, sterilised by subjecting each 

surface to 15 min UV irradiation in a Class II MSC, and then placed into sterile 

plastic Petri dishes. 5 x 4 μL aliquots of virus were inoculated onto the surface of 

each of the test materials, and tested in triplicate. Test materials remained within 

Petri dishes (without lids) inside a Class II Microbiological Safety Cabinet (MSC) 

at a stable temperature and humidity for the specified contact time (2 h). Contact 

time began as soon as the inoculum was pipetted onto the surface of the material. 
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At t = 0 h and t = 2 h, the respective samples were submerged in 0.5 ml of 1.5% 

(w/v) beef extract in a 50 ml Greiner tube and vortexed vigorously for 10 s. The 

resultant viral suspensions (eluates) were aseptically collected and 25 μL aliquots 

diluted by serial 10-fold dilutions in 2.5% FBS DMEM (low glucose, no glutamate). 

Non-inoculated samples were subject to the same elution and dilution procedures 

to assay for cytopathic effects associated with the uncoated fabric. 50 μL aliquots 

of eluted and diluted viral suspensions were added to individual wells of 96-well 

culture plates containing monolayers of 17Cl-1 cells cultured in 100 μL of the 

appropriate medium. Viral eluate from each sample was used to inoculate 4 wells 

of cells, i.e.12 wells in total for each dilution given triplicate samples. Dilutions 

ranged from neat eluate through to 10-6 dilution. The final row of wells/cells was 

inoculated with sterile culture medium. Assay plates were incubated for up to 48 

h at 37 °C in a 5% CO2 atmosphere. Plates were assessed and scored by 

microscopy at 24 h intervals for the presence of cytopathic effects (CPE), as 

evidenced by the presence of gaps in cell confluence and/or detached cells. Wells 

in which >50% of the cells showed CPE were judged as being positive for TCID50 

purposes. The TCID50 (median Tissue Culture Infectivity Dose) value represents 

the endpoint dilution where 50% of cell monolayers challenged by the eluted virus 

sample show observable cytopathic effects as a result of infection by the test 

virus. TCID50 values were calculated via the Reed and Muench method. 

 

4.3 Results 

4.3.1 Tea–Cinnamaldehyde Coating 

Immersion in brewed tea–only gave rise to no visible change in appearance of 

the clear transparent PET substrates due to the very thin nature of the deposited 

coating, Figure 4.1 and Table 4.2.  In contrast, the tea–cinnamaldehyde (30 mg) 

solution produced an opaque, uniform yellow-brown coating. Higher 

concentrations of cinnamaldehyde were found not to be optimal—a patchy 

coating was obtained for tea–cinnamaldehyde (50 mg), while a tea–

cinnamaldehyde (100 mg) solution produced a poorly adhered oily coating with 

incomplete coverage, Figure 4.2.  Hence, the optimum tea–cinnamaldehyde (30 

mg) solution was selected for further investigation.  
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Figure 4.1: Photographs of coated PET film substrate: (a) tea-only; (b) tea–
cinnamaldehyde; (c) tea–copper sulphate pentahydrate; (d) tea–cinnamaldehyde–
copper sulphate pentahydrate; (e) tea–silver nitrate; and (f) tea–cinnamaldehyde–silver 
nitrate. 30 mg cinnamaldehyde and 10 mg metal salt added to 10 ml tea solution. 

 

Table 4.2: Thickness values for tea-based coatings deposited onto silicon wafer. 30 mg 
cinnamaldehyde and / or 10 mg metal salt added to 10 ml tea solution. 

Coating Thickness / nm 

Tea-Only 14 ± 12 

Tea–Cinnamaldehyde 151 ± 5 

Tea–Copper sulphate pentahydrate  1.3 ± 1.6 

Tea–Cinnamaldehyde–Copper sulphate pentahydrate  146 ± 5 

Tea–Silver nitrate 0.7 ± 0.9 

Tea–Cinnamaldehyde–Silver nitrate 159 ± 16 

 

 

Figure 4.2: Photographs of coated PET substrate: (a) tea–50 mg cinnamaldehyde; and 
(b) tea–100 mg cinnamaldehyde coating. 10 ml tea solutions used for both. 
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The tea–cinnamaldehyde coatings were found to be at least an order of 

magnitude thicker than the tea-only coatings (approximately 151 nm versus 14 

nm respectively, Table 4.2). The tea–cinnamaldehyde coating shows rapid 

formation, reaching maximum thickness in 5 min, with very little subsequent 

variation in thickness values, Figure 4.3. In contrast, the tea-only coating is 

ultrathin, and does not get appreciably thicker after 24 h. 

 

 

Figure 4.3: Coating thickness on silicon wafer substrate versus deposition time for tea-
only, tea–cinnamaldehyde, tea–cinnamaldehyde–copper sulphate pentahydrate, and 
tea–cinnamaldehyde–silver nitrate coatings. 30 mg cinnamaldehyde and / or 10 mg 
metal salt added to 10 ml tea solution. 

 

Infrared spectroscopy indicated that the tea-only coating displayed 

absorbance features similar to those previously reported for tea-staining studies25 

and tea extracts26: O–H stretch (3500–3300 cm−1), C–H stretch (2915 cm−1 and 

2847 cm−1), C=O stretch, C=C stretch and N–H bend (1700–1450 cm−1), and C–

O stretch (1300–1200 cm−1), Figure 4.4. The infrared spectrum of the tea–

cinnamaldehyde coating displays similar absorbances to those seen for the tea-

only coating. The incorporation of cinnamaldehyde into the tea–cinnamaldehyde 

coating is confirmed by the presence of cinnamaldehyde aldehyde C–H 

stretching features (2814 cm−1 and 2742 cm−1) and ring summation peaks (2000–

1700 cm−1)—all absent in the tea–only coating infrared spectrum. It was not 

possible to distinguish cinnamaldehyde C=O aldehyde (1668 cm−1) and C=C 

(1625 cm−1) absorbances from overlapping tea C=O, C=C, and N–H bond 

absorbances (1700–1450 cm−1).  
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Figure 4.4: Infrared spectra of: (a) tea-only coating (RAIRS); (b) tea–cinnamaldehyde 
(30 mg in 10 ml tea solution) coating (RAIRS); and (c) liquid cinnamaldehyde (ATR).  
Cinnamaldehyde aldehyde C–H stretch (2814 and 2742 cm−1) absorbances are shown 
as dashed lines. 

 

4.3.2 Tea–Cinnamaldehyde–Copper Coating 

Tea–copper sulphate pentahydrate (10 mg) coated PET film substrate showed 

no visible change in appearance, whilst the tea–cinnamaldehyde–copper 

sulphate pentahydrate (10 mg) coating was opaque orange-brown in colour, 

Figure 4.1.  Higher loading tea–copper sulphate pentahydrate (50 mg) and tea–

cinnamaldehyde–copper sulphate pentahydrate (50 mg) coatings were similar in 

appearance to their 10 mg equivalents, Figure 4.5.  

 

Figure 4.5: Photographs of coated PET substrate: (a) tea–copper; and (b) tea–
cinnamaldehyde–copper. 30 mg cinnamaldehyde and 50 mg metal salt added to 10 ml 
tea solution. 
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The tea–cinnamaldehyde–copper sulphate pentahydrate (10 mg) coating 

was measured to be of comparable thickness to the tea–cinnamaldehyde coating 

indicating that copper incorporation does not significantly impact film thickness, 

Table 4.2. The coating shows slower growth than tea–cinnamaldehyde coating, 

only approaching the maximum thickness after 24 h, Figure 4.3. 

XPS analysis of the tea–cinnamaldehyde–copper sulphate pentahydrate 

(10 mg) coating confirmed that copper was present in the coating and there was 

an absence of sulphur, Table 4.3. X-ray diffraction (XRD) analysis of uncoated 

and tea–cinnamaldehyde coated glass slides indicated amorphous structure with 

no crystalline peaks, Figure 4.6.  X-ray diffraction and transmission electron 

microscopy (TEM) analysis of the tea–cinnamaldehyde–copper sulphate 

pentahydrate (10 mg) coating did not provide any evidence for the formation of 

large copper crystallites and is consistent with a high level of metallic species 

dispersion, Figure 4.6 and Figure 4.7. Features attributable to the organic 

component of the coating (i.e. tea–cinnamaldehyde) were visible in the TEM 

images. 

 

Table 4.3: XPS atomic percentages of tea–cinnamaldehyde and tea–cinnamaldehyde–
metal coatings on PET substrate. 30 mg cinnamaldehyde and 10 mg metal salt added 
to 10 ml tea solution. *No sulphur was detected. 

Coating 
XPS Atomic Composition / % 

C N O Cu Ag 

Tea–Cinnamaldehyde 
80.7 ± 

0.6 

0.5 ± 

0.1 

18.8 ± 

0.7 
- - 

Tea–

Cinnamaldehyde–

Copper * 

76.6 ± 

0.7 

0.8 ± 

0.1 

22.4 ± 

0.7 
0.20 ± 0.04 - 

Tea–

Cinnamaldehyde–

Silver 

79.5 ± 

1.6 

0.6 ± 

0.3 

19.8 ± 

1.5 
- 

0.10 ± 

0.04 
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Figure 4.6: XRD patterns for glass substrate: (a) uncoated; (b) tea–cinnamaldehyde 
coating; (c) tea–cinnamaldehyde–copper coating, and (d) tea–cinnamaldehyde–silver 
coating. 30 mg cinnamaldehyde and 10 mg metal salt added to 10 ml tea solution. XRD 
data obtained by Gary Oswald. 

 

 

Figure 4.7: Transmission electron microscopy (TEM) images of: (a–b) tea–
cinnamaldehyde–copper sulphate pentahydrate coating; and (c–d) tea–
cinnamaldehyde–silver nitrate coating. 30 mg cinnamaldehyde and 10 mg metal salt 
added to 10 ml tea solution. Images taken by Tracey Davey. 
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Raman spectroscopy of non-woven polypropylene cloth displayed the 

following peaks: 808 cm−1 (CH2 rocking and C–C stretching), 841 cm−1 (CH2 

rocking), 979 cm−1 (CH3 rocking and C–C stretching), 998 cm−1 (CH3 rocking), 

1158 cm−1 (C–C stretching and CH bending), 1170 cm−1 (C–C stretching, CH3 

rocking and C–C wagging), 1220 cm−1 (CH2 twisting, CH wagging, and C–C 

stretching), 1440 cm−1 (CH2 bending), and 1464 cm−1 (CH2 bending), Figure 4.8.27 

Green tea-only treated polypropylene cloth showed an identical spectrum to the 

untreated cloth (this is probably due to the ultrathin nature (14 nm) of the tea 

coating compared to the Raman technique sampling depth28). The tea–

cinnamaldehyde coating Raman spectrum shows polypropylene peaks together 

with a broad absorption peak centred at 1100 cm−1. Copper sulphate 

pentahydrate shows Raman symmetric bending vibrations of SO4
2− (v2 modes) 

(430 cm−1 and 470 cm−1), antisymmetric bending (v4 mode) (616 cm−1), 

symmetric stretching (v1 mode) (989 cm−1), and antisymmetric stretching (v3 

mode) (1149 cm−1).29 Tea–cinnamaldehyde–copper coated onto polypropylene 

cloth shows a broad, featureless Raman spectrum with very broad absorption 

over the whole range of wavenumbers examined. No new peaks are visible, and 

no peaks from copper sulphate pentahydrate are present. 

 

Figure 4.8: Raman spectra of: (a) untreated polypropylene cloth; (b) green tea-only 
coated polypropylene cloth; (c) tea–cinnamaldehyde coated polypropylene cloth; (d) 
tea–cinnamaldehyde–silver nitrate (10 mg) coated polypropylene cloth; (e) silver nitrate 
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powder; (f) tea–cinnamaldehyde–copper sulphate pentahydrate (10 mg) coated 
polypropylene cloth; and (g) copper sulphate pentahydrate powder. * New peak at 235 
cm−1 corresponding to Ag–O bond. 

 

Potential metal leaching of the tea-cinnamaldehyde-copper coating 

deposited onto hydrophilic polypropylene cloth upon immersion into water was 

examined using ICP-OES over a range of immersion times (30 s–24 h), Figure 

4.9. A control ‘blank’ was also run, where an uncoated piece of hydrophilic non-

woven polypropylene cloth substrate was immersed into water for 24 h, in order 

to check that there were not any significant amounts of copper in the water, glass 

vial, cloth, or nitric acid. No increase or trend was observed in the quantities of 

copper detected in solution after 24 h immersion, and the copper concentrations 

remained very low (<4 ppm, i.e. <4 μg ml−1). Visually the coated cloths looked 

completely unchanged after 24 h immersion. Therefore, the tea–

cinnamaldehyde–copper coating is stable, and the copper component is not 

prone to rapid leaching out into aqueous media. 

 

Figure 4.9: ICP-OES metal concentrations in solution vs. immersion time, after 
immersion of tea–cinnamaldehyde–silver or tea–cinnamaldehyde–copper coated 
hydrophilic non-woven polypropylene cloth (2 cm x 2 cm) into high-purity water. 600 mg 
cinnamaldehyde and 200 mg metal salt added to 200 ml tea solution. Control blank 
hydrophilic non-woven polypropylene cloth (2 cm x 2 cm) tested for copper showed a 
concentration of 0.3 ppm, and for silver showed a concentration of 0.1 ppm. Instrument 
detection limit is 0.01 ppm for both copper and silver. ICP-OES data obtained by Emily 
Unsworth. 

 

4.3.3 Tea–Cinnamaldehyde–Silver Coating 

 Tea–silver nitrate (10 mg) coating displayed a faint grey colouration, whereas 

the tea–cinnamaldehyde–silver nitrate (10 mg) coating was opaque dark greyish-

brown in appearance, Figure 4.1. The corresponding higher loading tea–silver 
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nitrate (50 mg) and tea–cinnamaldehyde–silver nitrate (50 mg) coatings were 

found to be a darker grey colouration and non-uniform dark grey with a brown tint 

respectively, Figure 4.10.   

 

Figure 4.10: Photographs of coated PET substrate: (a) tea–silver; and (b) tea–
cinnamaldehyde–silver. 30 mg cinnamaldehyde and 50 mg metal salt added to 10 ml tea 
solution. 

 

As noted for the copper-containing coatings, the thickness of the tea–

cinnamaldehyde–silver nitrate (10 mg) coating was comparable to the tea–

cinnamaldehyde coating, thereby indicating that the incorporation of silver does 

not have a significant effect upon coating thickness, Table 4.2. Tea–

cinnamaldehyde–silver coating thickness increased at a slower rate compared to 

the tea–cinnamaldehyde coating, approaching the maximum coating thickness 

after 20–30 min, Figure 4.3. 

XPS characterisation of the tea–cinnamaldehyde–silver nitrate (10 mg) 

coating surface confirmed the incorporation of silver into the coating, Table 4.3. 

The carbon, oxygen, and nitrogen elemental compositions were similar to the 

control tea–cinnamaldehyde coating, indicating that silver incorporation does not 

significantly affect formation of the coating (which is consistent with the 

aforementioned thickness measurements, Table 4.2). 

X-ray diffraction analysis of the tea–cinnamaldehyde–silver nitrate (10 mg) 

coating gave rise to the appearance of new peaks which confirm the reduction of 

silver nitrate to metallic silver crystallites taking place (2θ = 38.0°, 44.3°, 64.5°, 

and 77.5° corresponding to silver (111), (200), (220), and (311) crystal planes 

respectively), Figure 4.6.30 

 Transmission electron microscopy analysis of the tea–cinnamaldehyde–

silver nitrate (10 mg) coating showed nanostructured metal aggregates at lower 

magnifications, and individual silver nanoparticles at higher magnifications, 

Figure 4.7. 
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Tea–cinnamaldehyde–silver nitrate (10 mg) coated polypropylene cloth 

produced a Raman spectrum with very broad absorption spanning the whole 

range of wavenumbers examined, Figure 4.8. Peaks are observed at 1250 cm−1 

and 1530 cm−1 that are absent in the tea–cinnamaldehyde coating, or the silver 

nitrate powder Raman spectra. It is likely that the silver nanoparticles are creating 

a surface enhanced Raman spectroscopic (SERS) effect, enhancing the signal 

of certain bands.31 The Ag–O feature at 235 cm−1 is consistent with the presence 

of silver nanoparticles.32 

Leaching tests for silver from the tea–cinnamaldehyde–silver nitrate 

coating on hydrophilic non-woven polypropylene cloth yielded similar results to 

the tea–cinnamaldehyde–copper sulphate pentahydrate coating—no increase or 

trend was observed, and the silver content remained low (less than 2 ppm) after 

24 h, thus indicating that the silver does not readily leach into aqueous medium 

from the coating, Figure 4.9. It was attempted to determine the metal contents of 

both the tea–cinnamaldehyde–copper and tea–cinnamaldehyde–silver coatings 

via ICP-OES by depositing them first onto glass, then scraping off the coatings, 

and digesting them in nitric acid. However, it was found that the coatings were 

completely resistant to digestion; even after reflux at 200 °C for 24 h in 5%v/v 

nitric acid, the solid coatings were visibly not digested/dissolved. Therefore, the 

coatings appear to be robust.  

Tea–cinnamaldehyde–metal coatings could be deposited onto a wide 

range of substrate materials, for example, glass, PTFE, cotton gloves, hydrophilic 

non-woven polypropylene cloth, and tennis balls; Figure 4.11, Figure 4.12, Figure 

4.13, Figure 4.14, and Figure 4.15 respectively.  

 

Figure 4.11: Photographs of glass slides: (a) untreated; (b) tea-cinnamaldehyde-copper 
coated; and (c) tea-cinnamaldehyde-silver coated. 1500 mg cinnamaldehyde and 200 
mg metal salt added to 500 ml tea solution. 
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Figure 4.12: Photographs of PTFE: (a) untreated; (b) tea-cinnamaldehyde coated; (c) 
tea-cinnamaldehyde-copper coated; and (d) tea-cinnamaldehyde-silver coated. 30 mg 
cinnamaldehyde and 10 mg metal salt added to 10 ml tea solution. 

 

 

Figure 4.13: Photographs of hydrophilic non-woven polypropylene cloth: (a) untreated; 
(b) tea-cinnamaldehyde-copper coated; and (c) tea-cinnamaldehyde-silver coated. 600 
mg cinnamaldehyde and 200 mg metal salt added to 400 ml tea solution. 

 

 

Figure 4.14: Photographs of cotton gloves: (a) uncoated; (b) tea-cinnamaldehyde-silver 
coated; and (c) tea-cinnamaldehyde-copper coated. 900 mg cinnamaldehyde and 300 
mg metal salt added to 300 ml tea solution. 
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Figure 4.15: Photographs of tennis balls: (a) untreated; (b) tea-cinnamaldehyde-copper 
coated; and (c) tea-cinnamaldehyde-silver coated. 788 mg cinnamaldehyde and 260 mg 
metal salt added to 350 ml tea solution. 

 

4.3.4 Antibacterial Testing 

Tea–cinnamaldehyde coating on hydrophilic non-woven polypropylene cloth 

showed complete killing of E. coli and S. aureus, giving Log10 Reduction values 

of 8.44 ± 0.07 and 7.90 ± 0.09 respectively, Table 4.4. The tea–cinnamaldehyde–

copper and tea–cinnamaldehyde–silver coatings also gave complete killing of 

both bacteria (thus yielding identical Log10 Reduction values towards respective 

bacteria, since all three coatings were tested concurrently alongside the same 

controls), Table 4.4.  

 

Table 4.4: Antibacterial tests for tea–cinnamaldehyde, tea–cinnamaldehyde–copper, 
and tea–cinnamaldehyde–silver coatings on hydrophilic non-woven polypropylene cloth. 
900 mg cinnamaldehyde and 300 mg metal salt added to 400 ml tea solution. Values are 
given as mean ± standard deviation. 

Coating 
Bacterial Log10 Reduction 

E. coli S. aureus 

Tea–Cinnamaldehyde 8.44 ± 0.07 7.90 ± 0.09 

Tea–Cinnamaldehyde–Copper 8.44 ± 0.07 7.90 ± 0.09 

Tea–Cinnamaldehyde–Silver 8.44 ± 0.07 7.90 ± 0.09 

 

4.3.5 Antiviral Testing 

Non-woven polypropylene face masks were coated with tea–cinnamaldehyde–

copper and tea–cinnamaldehyde–silver, Figure 4.16.  The front sheet of the mask 

was removed and tested against murine coronavirus (MHV-A59), Table 4.5. 
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Figure 4.16: Non-woven polypropylene personal protection face masks used for antiviral 
testing against murine coronavirus (MHV-A59): (a) untreated control; (b) tea–
cinnamaldehyde–copper coated; and (c) tea–cinnamaldehyde–silver coated. 900 mg 
cinnamaldehyde and 300 mg metal salt added to 400 ml tea solution. 

 

 Tea–cinnamaldehyde–copper coating produced a 98.6% reduction in the 

viral titre after 2 h contact time, while the tea–cinnamaldehyde–silver coating 

gave a 99.8% reduction. In contrast, there was no decrease in MHV-A59 titre 

recovered from the control untreated mask material corresponding to the same 

contact time.  

 

Table 4.5: Median Tissue Culture Infectious Dose (TCID50) values (expressed as Log10 
values); and percentage (%) reduction of viral titre values after 2 h contact time for murine 
coronavirus (MHV-A59) on face mask fabric. Error associated with the test technique 
employed is approximately 0.5 Log10, hence these data are indicative of virucidal activity 
associated with the coatings. 900 mg cinnamaldehyde and 300 mg metal salt added to 
400 ml tea solution. Antiviral testing performed by Graham Christie. 

Sample 
TCID50 (Log10 values) 

% Reduction 
0 h 2 h 

Control -7.28 -7.37 0 

Tea–Cinnamaldehyde–Copper -7.63 -5.78 98.6 

Tea–Cinnamaldehyde–Silver -7.56 -4.93 99.8 

 

 

4.4 Discussion  

In contrast to previous multiple-step fabrication approaches for antimicrobial 

coatings, the outlined single-step methodology is simple and cheap. Tea-only 



   

118 

 

coatings form as a result of oxidation and polymerisation of the natural plant 

constituent polyphenols.33 In the absence of any other reagents, these types of 

polyphenol coatings typically require long reaction times (~24 h) to produce a 

coating and tend to be ultrathin (14 nm), Table 4.2 and Figure 4.3. 34 In contrast, 

the tea–cinnamaldehyde coating reported in the present study shows rapid 

deposition, producing a 150 nm coating in as little as 5 min without any 

requirement for additional chemicals, Table 4.2 and Figure 4.3. It is therefore 

unlikely that the tea–cinnamaldehyde coating forms solely as a result of oxidation 

reactions. One possible explanation for the rapid aggregation and precipitation of 

a coating which can spontaneously adhere to substrate surfaces in solution is 

that the tea–cinnamaldehyde coating forms due to various intermolecular 

interactions between the constituent tea compounds and cinnamaldehyde—such 

as hydrophobic interactions, π-π aromatic interactions, hydrogen bonding, and 

van der Waals’ forces. Addition of silver nitrate or copper sulphate pentahydrate 

salts to the tea–cinnamaldehyde coating solution results in a slowing down of the 

deposition rate, but does not attenuate the final thickness, Table 4.2 and Figure 

4.3. This may be due to the metal ions interacting or coordinating with the tea 

compounds and / or cinnamaldehyde, thereby slowing the interactions between 

the tea compounds and cinnamaldehyde responsible for coating formation.  

Previous reports on tannic acid–copper products describe the copper as 

being coordinated to the tannic acid in the form of Cu(II) coordinated with phenol 

oxygens.35,36  This may be applicable here with the copper centres coordinated to 

the structurally-similar tea polyphenol compounds within the coating (e.g. 

epigallocatechin gallate). The silver nanoparticles detected in the tea–

cinnamaldehyde–silver coating are consistent with previous reports which have 

employed tea extract to reduce silver salts to generate nanoparticles, Figure 

4.7.30 

A rough estimate of the metal loading weight percent (wt%) can be made 

using the XPS atomic percentages: Cu = 0.99 wt% for the tea–cinnamaldehyde–

copper coating and Ag = 0.84 wt% for the tea–cinnamaldehyde–silver coating, 

Table 4.3. It is possible that the metal content in the bulk may differ to that of the 

surface detected by XPS (sampling depth 2–5 nm)37; and that some of the metal 

at the surface may be encapsulated by the tea and cinnamaldehyde coating 

components—these values therefore represent a lower bound estimate. This 

strategy of using tea and essential oils in conjunction with metals enables much 
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lower quantities of bioactive metals to be used, thereby alleviating any potential 

environmental and toxicological health concerns. The rates of metal leaching 

have been found to be very low (less than 5 ppm over 24 h), Figure 4.9. 

 The tea–cinnamaldehyde and tea–cinnamaldehyde–metal coatings 

readily adhere to a wide array of substrate material surfaces, including silicon, 

glass, polyester, polypropylene cloth, polytetrafluorethylene, and cotton. 

Adhesion is likely to occur via a similar mechanism to that reported for 

polydopamine coatings—the catechol and gallic acid moieties in the tea 

compounds provide strong types of interaction with the surface, allowing the 

coatings to stick.38 

 Complete killing of both E. coli and S. aureus bacteria (Log10 Reduction = 

8.44 ± 0.07 and 7.90 ± 0.09 respectively) is found for the tea–cinnamaldehyde 

coating. This is comparable to previously reported polydopamine–

cinnamaldehyde and tannic acid–cinnamaldehyde coatings (chapter 3)39; and is 

many orders of magnitude better than the minimum Log10 Reduction = 3 

recommended by the United States Environmental Protection Agency.40 Tea–

cinnamaldehyde coatings containing silver or copper also showed complete 

killing of bacteria, indicating that addition of the metals does not negatively affect 

the antibacterial efficacy of the coatings, Table 4.4. The antibacterial activity of 

copper could be occurring via several modes of action: copper causes cell 

membrane damage41, production of reactive oxygen species (ROS),42 and DNA 

fragmentation and disintegration.43 Similarly, silver is reported to be antibacterial 

via multiple mechanisms: silver has a high affinity to interact with sulphur groups 

(e.g. thiols) and phosphorus groups which can lead to inhibition of enzymes and 

also interactions with DNA may disrupt DNA replication—both leading to bacterial 

cell death.44,45,46 In addition, silver nanoparticles can cause damage to the cell 

membrane, resulting in leakage of the cell contents.47 They can also give rise to 

depletion of intracellular adenosine triphosphate (ATP) levels, and cause an 

increase in reactive oxygen species (ROS) within cells.48,49,50 

The infectivity of murine coronavirus MHV-A59 after a 2 h contact time with 

tea–cinnamaldehyde–copper and tea–cinnamaldehyde–silver coated face mask 

fabrics was attenuated by 98.6% and 99.8% respectively, Table 4.5. Copper is 

understood to inactivate viruses via production of hydroxyl free radicals which 

damage the virus51, 52, or via binding to cysteine residues on virus proteases.53 

Inhibition of viruses with silver can occur via a number of different potential 
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pathways depending on the virus type, including interfering with viral attachment 

mechanisms54, breakage of sulphur–sulphur disulphide bonds in enzymes55, or 

interacting with viral DNA.56 These metal-containing coatings display antiviral 

activities against murine coronavirus MHV-A59 which are comparable to those 

reported in the literature for copper and silver towards SARS-CoV-2—although 

accurate and direct comparisons are very difficult to make due to differing test 

procedures, type of virus, and metal loadings, etc.11,12,13,14  Regardless, the sheer 

simplicity and scalability make the present coatings highly suitable for widespread 

societal applications. 

 Alternative variations of these tea-cinnamaldehyde-metal coatings could 

combine together different elements (for example alloy formation), and the use of 

other natural compounds or essential oils to produce coatings with even more 

potent antimicrobial efficacies. Sustainability is also an important factor when 

considering societal applications of antimicrobial coatings. The utilisation of low 

amounts of bioactive metals whilst retaining high biocidal activities is beneficial 

to the environment.57  

 

 

4.5 Conclusions 

Tea–cinnamaldehyde and tea–cinnamaldehyde–metal coatings spontaneously 

adhere to substrates (including silicon, glass, polyester, polypropylene, 

polytetrafluoroethylene, and cotton) and give rise to complete killing of both E. 

coli and S. aureus bacteria after 4 h exposure (Log10 Reduction = 8.44 ± 0.07 and 

7.90 ± 0.09 respectively). Tea–cinnamaldehyde–copper and tea–

cinnamaldehyde–silver coatings gave 98.6% and 99.8% reduction respectively 

against murine coronavirus, MHV-A59 after 2 h exposure. These single-step 

fabrication coatings utilise cheap and readily available everyday reagents which 

do not require any specialized technical expertise or equipment.  
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Chapter 5 

5 Slippery Lubricant Infused Surfaces  

Prevention of bacterial biofilm formation and surface fouling are of considerable 

societal importance, particularly in the healthcare and medical settings (for 

example, the vast majority of catheter-associated urinary tract infections are 

caused by biofilms formed on the catheters1). In the marine environment on the 

hulls of ships, bacterial biofilm formation and fouling results in increased frictional 

drag, which leads to more fuel consumption and greater greenhouse gas 

emissions.2 Bacterial biofilms are also of concern in the food industry, given their 

role in food spoilage and risks to public health.3  Therefore, eco-friendly lubricant-

infused slippery surfaces are potential candidates for tackling a wide range of 

societal and environmental issues. 

In this chapter, a simple and quick two-step coating method is described, 

comprising conformal pulsed plasma polymerisation of a variety of functional 

monomers onto solid substrates, followed by lubricant impregnation into the 

deposited functional nanolayer to produce slippery lubricant-infused surfaces, 

Figure 5.1.  Pulsed plasmachemical deposition entails two distinct reaction 

regimes: the short period on-time (ton—typically microseconds, where electrical 

discharge ignition leads to the formation of initiator radical species from the 

monomer) and then the longer period off-time (toff—typically milliseconds, where 

conventional stepwise addition chain-growth monomer polymerisation 

proceeds).4,5 This culminates in excellent structural retention of the monomer 

functional groups to yield well-defined functional polymer nanocoatings.4 Key 

advantages of pulsed plasmachemical surface functionalisation include a simple 

and quick single-step process, ambient temperature, conformal 3-dimensional 

coating, independent of substrate material, excellent adhesion, solventless, 

minimal waste, and low energy consumption. Such dry coating processes are 

scalable and capable of reaching roll-to-roll line speeds of several hundred 

metres per minute.6 A variety of different functional monomers have been utilised 

to prepare a range of pulsed plasma deposited nanolayer surface chemistries for 

compatibilization with appropriate functional lubricants to yield a structure–

behaviour relationship for slippery surface fabrication, Figure 5.2 and Figure 5.3.  

Further fine tuning (molecular tailoring) of the surface compatibilization properties 

can be achieved by varying the pulsed plasma duty cycle parameters.   
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Figure 5.1: Pulsed plasma deposited slippery lubricant-infused nanocoatings. 

 

 

 

Figure 5.2: Lubricant chemical structures. 
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Figure 5.3: Chemical structures of pulsed plasma functional nanolayers and associated 
monomer names. 

 

Lubricants employed include: environmentally-friendly cinnamaldehyde  (a 

major component of cinnamon tree bark oil7—which displays potent broad-

spectrum antibacterial activity8, as well as antiviral9, and antifungal10 efficacies); 

citral (present in the oils of lemon (Citrus limon), sweet orange (Citrus sinensis), 

and bergamot (Citrus bergamia)11); decanal (contained in the oils of sweet orange 

(Citrus sinensis), and coriander leaf (Coriandrum sativum L.)12, 13); and 2-

methylundecanal (found in the essential oils extracted from members of the 

Rutaceae family (including Ruta graveolens14), Figure 5.2. Cinnamaldehyde, 

citral, and decanal lubricants are all classified as, ‘generally recognised as safe’ 

(GRAS) by the US Food and Drug Administration15, and 2-methylundecanal does 

not present a safety concern to human health according to the Joint FAO/WHO 

Expert Committee on Food Additives (JECFA).16 Other lubricants investigated 

include hexadecane (as a non-polar lubricant) and fluorinated lubricants 
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(perfluorotributylamine, perfluoropolyether and perfluorodecalin). A molecular 

level structure–behaviour relationship has been developed for the fabrication of 

slippery surfaces by comparing the liquid repellency between different 

combinations of functional pulsed plasma nanocoating and impregnated lubricant 

liquid, Figure 5.2 and Figure 5.3.  

 

 
5.1 Experimental 

5.1.1 Pulsed Plasmachemical Deposition 

Pulsed plasma deposition was carried out as described in section 2.1. 

Polyethylene terephthalate film (PET, capacitor grade, 0.10 mm thickness, 

Lawson Mardon Ltd.) or non-woven porous polypropylene cloth (0.41 mm thick, 

22.7 ± 4.4 μm fibre diameter, with dimpled structure 0.68 ± 0.16 mm separation, 

spunbond, 70 g m−2, Avoca Technical Ltd) was rinsed in absolute ethanol 

(+99.5 %, Fisher Scientific UK Ltd.) for 15 min prior to insertion into the centre of 

the plasma chamber.    

 Monomers utilised for pulsed plasmachemical deposition were: hexyl 

acrylate (98%, Sigma-Aldrich Inc.), styrene (>99%, Sigma-Aldrich Inc.), benzyl 

acrylate (97%, Alfa Aesar, Fisher Scientific UK Ltd.), 3-vinylbenzaldehyde (97%, 

Sigma-Aldrich Inc.), vinylbenzyl chloride (97%, mixture of 2-, 3- and 4- isomers, 

Sigma-Aldrich Inc.), perfluoroallylbenzene (Fluorochem Ltd.), 4-vinylaniline (aka 

4-aminostyrene, 97%, Alfa Aesar, Fisher Scientific UK Ltd.), 4-vinylpyridine (95%, 

Sigma-Aldrich Inc.), glycidyl methacrylate (97%, Sigma Aldrich), 

pentafluorostyrene (Apollo Scientific Ltd.), and 1H, 1H, 2H, 2H-perfluorooctyl 

acrylate (Fluorochem Ltd.).  The pulsed plasma deposition duty cycle parameters 

for each precursor are given in Table 5.1.  Less than 0.1 ml of monomer was 

consumed during a typical pulsed plasma deposition experiment, which meant 

that there was negligible chemical waste.  
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Table 5.1: Pulsed plasma deposition parameters for deposited polymer coatings, film 
thicknesses values and deposition rates. 

 

5.1.2 Polystyrene Surfaces 

Polystyrene (pellets, average Mw 280,000) was dissolved in chloroform (99.8+%, 

Fisher Scientific UK Ltd.) to give a 5% w/v solution. Glass slides (15 mm x 15 

mm) were cleaned ultrasonically in 100 ml of a 50:50 mixture of propan-2-ol and 

cyclohexane for 15 min and then dried. Several drops of the polystyrene solution 

were placed onto the glass slide so that the entire surface was covered. The 

solvent was allowed to evaporate under ambient conditions at 20 °C. In addition, 

polystyrene petri dishes (Fisherbrand™ polystyrene Petri dishes, Fisher Scientific 

UK Ltd.) were cut into small pieces (15 mm x 15 mm). 

 

5.1.3 Formation of Slippery Lubricant-Infused Surfaces 

The lubricants used were: cinnamaldehyde (99%, Acros Organics brand, Fisher 

Scientific UK Ltd.), citral (95%, mixture of isomers, Acros Organics brand, Fisher 

Scientific UK Ltd.), decanal (>98%, Mystic Moments Madar Corporation Ltd.), 2-

methylundecanal (>98%, Mystic Moments Madar Corporation Ltd.), hexadecane 

(99%, Sigma-Aldrich Inc.), perfluorodecalin (90%, mixture of cis and trans 

isomers, Acros Organics brand, Fisher Scientific UK Ltd.), perfluorotributylamine 

Monomer 
Peak 

Power 
/ W 

ton / 
µs 

toff 
/ 

ms 

Deposition 

Temperature 
/ °C 

Film 
Thickness 

/ nm 

Deposition 
Rate / nm 

min−1 

Hexyl acrylate 40 20 20 20 373 12.4 

Butyl acrylate 40 20 20 20 314 10.5 

Isooctyl acrylate 40 20 20 20 1541 51 

Styrene 30 100 4 20 200 6.7 

Benzyl acrylate 40 20 20 20 168 5.6 

3-Vinylbenzaldehyde 30 100 4 20 1242 41.4 

Vinylbenzyl chloride 30 100 4 20 1774 59.1 

Perfluoroallylbenzene 40 100 4 20 1363 45.4 

4-Vinylaniline 40 100 4 40 238 7.9 

4-Vinylpyridine 40 100 4 20 341 11.4 

Glycidyl methacrylate 40 20 20 20 304 10.1 

Pentafluorostyrene 30 100 4 20 1558 51.9 

1H, 1H, 2H, 2H-
Perfluorooctyl acrylate 

40 20 20 20 1214 40.5 
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(Fluorinert FC-43, 3M Inc.), and perfluoropolyether (Fomblin® Y LVAC 06/6, 

Ausimont Ltd.).  

Lubricant infused surfaces were prepared by immersing the coated 

substrate into several millilitres of the neat lubricant liquid at 20 °C for 15 min. 

Afterwards, the substrates were removed from solution, placed in deionised water 

and shaken for 5 min, followed by removal and drying in air for at least 3 h at 

20 °C, with the samples stood upright to allow any excess lubricant to run off 

directly onto tissue paper—the quantities of lubricant were very small, and the 

tissue paper was subsequently placed into the appropriate laboratory chemical 

waste category, for safe disposal in a controlled manner. 

 Control substrates were prepared by immersing untreated PET film 

substrates into the lubricant and removing any excess lubricant as described 

above.  

 

5.1.4 Coating Characterisation 

Infrared spectra were acquired as described in section 2.2. Coating thicknesses 

were measured as described in section 2.4. Atomic force microscopy (AFM) 

images were acquired as described in section 2.14. 

 

5.1.5 Contact Angle Analysis 

Sessile drop static contact angle measurements were carried out as described in 

section 2.5. 

 

5.1.6 Sliding Angle Analysis 

Sliding angle measurements were carried out as described in section 2.5. 

Heptane (99%, Sigma-Aldrich Inc.), motor engine oil (GTX Magnatec 15W-40, 

Castrol Ltd.), and vacuum pump oil (Ultragrade Performance 19 Vacuum Oil, 

Edwards Vacuum Ltd.) were tested for the poly(perfluoroallylbenzene)-

perfluoropolyether coating in the same way. 

For longevity and regeneration testing, slippery lubricant-infused surfaces 

were prepared on PET film pieces as previously described. Samples were 

subsequently left to sit under ambient conditions for a period of 4–5 months. 

Samples were then qualitatively assessed for slippery behaviour by placing drops 
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of deionised water onto the samples—if the droplets were found to easily slide off 

at low tilt angles, the sample was considered to be still slippery, whereas if the 

droplets were seen not to move, to only slide at high tilt angles, or to wet the 

sample, then the sample was considered to have lost its slippery behaviour. 

Samples which had lost their slippery behaviour during storage were regenerated 

by immersion in a few millilitres of the relevant neat lubricant liquid for 5 min, 

washing in deionised water with shaking for 5 min, followed by removal and drying 

in air for at least 3 h at 20 °C. Samples were then tested for slippery behaviour 

as described earlier. 

  

5.1.7 Foodstuffs Repellency 

Pulsed plasma poly(vinylaniline) was deposited onto the insides of glass vials. 

Slippery lubricant-infused surfaces were produced by filling these vials with either 

cinnamaldehyde, citral, decanal, or 2-methylundecanal. The vials were left to 

stand with the lids closed for 15 min. Next, the aldehyde liquid was discarded 

from the vials and the vials were upturned to dry with lids off for 15 min so that 

any excess unbound lubricant could run off. The vials were then rinsed twice with 

deionised water to help remove any remaining unbound lubricant, and 

subsequently upturned to dry for 15 min. Finally, the vials were turned upright 

and dried for a further 15 min before use. Uncoated glass vials were treated with 

aldehyde liquids in the same way to serve as controls. 

 Tomato ketchup and clear honey (Sainsbury’s Supermarkets Ltd.) were 

used for repellency testing. Approximately a few millilitres of the foodstuff was 

dispensed into the glass vials. The vials were then upturned, and the behaviour 

of the foodstuffs recorded using a video camera. 

 

5.1.8 Antibacterial Testing 

Antibacterial testing was performed as described in section 2.3. 

 

 



   

133 

 

5.2 Results 

5.2.1 Control Studies 

Water contact angle hysteresis and sliding angle values for uncoated PET film 

substrate and following treatment with each of the lubricants were all measured 

to be relatively large in magnitude, Table 5.2.  

Table 5.2: Water droplet static, advancing, receding, and hysteresis contact angle values 
and water droplet sliding angle values following lubricant treatment of uncoated PET film 
substrates. Values are reported as mean ± standard deviation. 

Surface 
Contact Angle / ° 

Sliding 
Angle / ° 

Static Hysteresis  

PET 66.8 ± 1.6 52 ± 4 48 ± 2 

PET–Cinnamaldehyde 71 ± 4 40 ± 4 27.3 ± 0.5 

PET–Citral 64 ± 3 46 ± 4 29 ± 1 

PET–Decanal 71.9 ± 1.6 29 ± 6 10.3 ± 0.5 

PET– 
2-Methylundecanal 

65 ± 3 20 ± 1.5 10.0 ± 0.0 

PET–Hexadecane 67 ± 4 20 ± 4 24.7 ± 1.7 

PET–Perfluorotributylamine 114 ± 2 53 ± 3 29 ± 2 

PET–Perfluoropolyether 82 ± 6 58 ± 8 41.0 ± 1.6 

PET–Perfluorodecalin 100 ± 5 81 ± 5 57 ± 2 

 

Pulsed plasma deposition covering a range of functional monomers was 

undertaken to provide a variety of well-adhered conformal host layers for lubricant 

impregnation, Figure 5.3, Table 5.1 and Table 5.3. 
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Table 5.3: Water droplet static, advancing, receding, and hysteresis contact angle 
values, and water droplet sliding angle values, for coated PET film substrates. Values 
are reported as mean ± standard deviation. * Water droplet showed no movement at 90° 
inclination of substrate from the horizontal.  † Cinnamaldehyde dissolves poly(styrene), 
and so it is not possible to prepare slippery surfaces for this combination. 

Surface  
Contact Angle / ° Sliding 

Angle / °  Static Hysteresis 

PET Untreated 66.8 ± 1.6 52 ± 4 48 ± 2 

Pulsed Plasma Poly(hexyl acrylate)  82.2 ± 0.8 8.5 ± 1.1 10.7 ± 0.5 

Pulsed Plasma Poly(butyl acrylate) 67.8 ± 1.9 76 ± 3 32 ± 3 

Pulsed Plasma Poly(iso-octyl acrylate) 98.7 ± 0.4 101.7 ± 1.2 70 ± 4 

Pulsed Plasma Poly(styrene) (ppPS) 79 ± 2 29 ± 10 37 ± 1 

ppPS–Decanal 82.5 ± 0.7 9 ± 7 1.3 ± 0.2 

ppPS–Hexadecane 98.6 ± 0.4 0.8 ± 0.5 1.0 ± 0.0 

ppPS–2-Methylundecanal 68.8 ± 1.6 3 ± 3 1.7 ± 0.2 

ppPS–Cinnamaldehyde 89 ± 4 37 ± 11 39 ± 1 

Drop-Cast Poly(styrene) (dcPS) 90.3 ± 1.0 20 ± 3 14 ± 1 

dcPS–Hexadecane 87.9 ± 1.0 5 ± 3 3 ± 1 

Petri Dish Poly(styrene) (pdPS) 88.8 ± 1.1 30 ± 2 25 ± 1 

pdPS–Hexadecane 94.7 ± 0.5 6 ± 3 6.7 ± 0.5 

pdPS–Cinnamaldehyde † - - - 

Pulsed Plasma Poly(benzyl acrylate) (ppBA) 72.4 ± 0.6 30 ± 2 37.7 ± 0.5 

ppBA–Decanal 56.1 ± 0.5 2 ± 4 2.7 ± 0.5 

ppBA–Hexadecane 85 ± 2 21 ± 2 14 ± 0 

ppBA–2-Methylundecanal 66 ± 1 0.5 ± 0.4 2 ± 0 

ppBA–Cinnamaldehyde 60 ± 2 4 ± 4 3.3 ± 0.5 

Pulsed Plasma Poly(vinylbenzaldehyde) (ppVBA) 70.2 ± 1.5 38 ± 8 44 ± 1 

ppVBA–Decanal 35.3 ± 0.7 5.9 ± 1.2 4 ± 1 

ppVBA–Hexadecane 74 ± 2 1 ± 2 17 ± 1 

ppVBA–2-Methylundecanal 67.6 ± 0.1 2.6 ± 1.6 1.7 ± 0.2 

ppVBA–Cinnamaldehyde 58 ± 3 2.3 ± 1.2 13 ± 1 

Pulsed Plasma Poly(vinylbenzyl chloride) (ppVBC) 84.4 ± 0.5 18 ± 2 14 ± 1 

ppVBC–Decanal 54 ± 3 3 ± 4 6.8 ± 0.2 

ppVBC–Hexadecane 81 ± 3 2 ± 3 15 ± 1 

ppVBC–2-Methylundecanal 67 ± 2 1 ± 4 1 ± 0 

ppVBC–Cinnamaldehyde 67 ± 3 9 ± 3 27 ± 1 

Pulsed Plasma Poly(perfluoroallylbenzene) (ppPFAB) 97 ± 2 23 ± 4 30 ± 1 

ppPFAB–Perfluorotributylamine 118.4 ± 0.4 2.6 ± 0.9 2.7 ± 0.5 

ppPFAB–Perfluoropolyether 109 ± 3 3.8 ± 3.8 1.7 ± 0.2 

ppPFAB–Perfluorodecalin 119.1 ± 0.5 18 ± 5 9 ± 1 

Pulsed Plasma Poly(vinylaniline) (ppVA) 75 ± 6 66 ± 3 90 (*) 

ppVA–Decanal 72.6 ± 0.9 4.6 ± 1.6 13 ± 1 

ppVA–Hexadecane 75.4 ± 0.3 5.3 ± 1.6 17 ± 1 

ppVA–2-Methylundecanal 80.0 ± 1.4 8.8 ± 1.3 14 ± 2 

ppVA–Cinnamaldehyde 56.6 ± 0.1 2.8 ± 1.0 10 ± 1 

ppVA–Citral 67.3 ± 0.6 1.7 ± 0.3 12 ± 2 
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In the case of pulsed plasma deposited poly(vinylpyridine), poly(glycidyl 

methacrylate), poly(pentafluorostyrene), and poly(1H, 1H, 2H, 2H, perfluorooctyl 

acrylate), all were found to produce non-slippery surfaces when treated with the 

selection of test lubricants, Sections 5.2.9–5.2.12. 

 

5.2.2 Pulsed Plasma Poly(Hexyl Acrylate) 

Hexyl acrylate monomer displays the following characteristic infrared absorption 

bands: C–H stretching (3000–2830 cm−1), acrylate carbonyl C=O stretching 

(1724 cm−1), acrylate C=C stretching (1638 cm−1 and 1631 cm−1), and the C–O 

ester stretch (1182 cm−1), Figure 5.4.17 Pulsed plasma deposited poly(hexyl 

acrylate) shows loss of the acrylate carbon–carbon double bond infrared 

absorbance features, thereby confirming that polymerisation had taken place.4 

 

 

Figure 5.4: Infrared spectra of: (a) hexyl acrylate monomer (ATR); and (b) pulsed plasma 
poly(hexyl acrylate) deposited onto silicon wafer (RAIRS, 55°). The dashed line 
corresponds to acrylate carbon–carbon double bond absorbance (1638 cm−1). 

 

Pulsed plasma polymerised hexyl acrylate coatings displayed relatively 

small water contact angle hysteresis (<10°) and sliding angle (~10°) values, Table 
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5.3. None of the lubricant liquids tested significantly lowered the water contact 

angle hysteresis value, Table 5.4. 

Table 5.4: Water droplet static, advancing, receding, and hysteresis contact angle values 
following lubricant impregnation of pulsed plasma poly(hexyl acrylate) (ppHA) coated 
PET film substrates. Values are reported as mean ± standard deviation. 

Surface Contact Angle / ° 

Static Hysteresis 

ppHA–Decanal 83 ± 5 8 ± 5 

ppHA–Hexadecane 91.6 ± 1.0 11.4 ± 1.5 

ppHA–2-Methylundecanal 73.8 ± 0.5 5.9 ± 1.5 

ppHA–Cinnamaldehyde 71 ± 5 17 ± 9 

ppHA–Perfluorotributylamine 83 ± 3 13 ± 6 

 

AFM roughness measurements showed that the pulsed plasma poly(hexyl 

acrylate) coating surface is not significantly more rough compared to uncoated 

silicon wafer substrate (RoughnessRMS = 1.99 nm versus 0.68 nm respectively for 

10 μm scan size)—which is typical of low duty cycle pulsed plasma deposited 

polymer nanocoatings, Figure 5.5.18,19 

 

 

Figure 5.5: Atomic force microscopy (AFM) images of pulsed plasma poly(hexyl acrylate) 
coated silicon wafer. Images taken by Colin Gibson.   

 

For the same electrical discharge parameters employed, pulsed plasma 

deposited poly(butyl acrylate) and poly(iso-octyl acrylate) nanolayers were not 

found to be slippery (i.e. exhibited high water contact angle hysteresis and sliding 

angles). 
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5.2.3 Pulsed Plasma Poly(Styrene) 

Liquid styrene monomer exhibits the following characteristic infrared absorption 

bands: C–H stretching (3100–2965 cm−1), aromatic ring summations (2000–1700 

cm−1), vinyl C=C stretch (1629 cm−1), aromatic C=C stretching (1600 cm−1, 1574 

cm−1, 1494 cm−1, and 1448 cm−1), CH2 deformations (1412 cm−1), HC=CH trans 

wag (994 cm−1), and =CH2 wag (906 cm−1), Figure 5.6.20 The vinyl group bands 

were absent in the deposited pulsed plasma poly(styrene) infrared spectrum, 

indicating that polymerisation has taken place. Whilst aromatic ring features are 

still present, thereby confirming structural retention of the phenyl rings. 

 

 

Figure 5.6: Infrared spectra of: (a) styrene monomer (ATR); and (b) pulsed plasma 
poly(styrene) deposited onto silicon wafer (RAIRS, 66°). The dashed lines correspond to 
vinyl group absorbances (1629 cm−1 and 994 cm−1). 

 

Pulsed plasma deposited poly(styrene) on PET substrate displays a large 

water contact angle hysteresis, Table 5.3. Whereas a slippery surface was 

obtained following decanal, 2-methylundecanal, or hexadecane impregnation into 

the pulsed plasma poly(styrene) coating. Hexadecane lubricant in particular gave 

excellent water-repellent properties, with both contact angle hysteresis and 

sliding angle values measured to be ≤ 1°. Cinnamaldehyde and 

perfluorotributylamine lubricants did not form a slippery surface when combined 

with the poly(styrene) coating. 
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In order to determine whether this approach for making slippery lubricant-

infused surfaces could be extended beyond pulsed plasma deposited 

poly(styrene) coatings, conventional poly(styrene) coatings were drop-cast onto 

glass slides and treated with hexadecane lubricant. This led to a significant 

reduction of both the water contact angle hysteresis and the sliding angle values 

(≤ 5°), thereby demonstrating that the drop-cast poly(styrene) films also form 

slippery lubricant-infused surfaces, Table 5.3. Pre-formed poly(styrene) pieces 

cut from Petri dishes and then treated with hexadecane behaved in a similar 

fashion. Henceforth, a range of aromatic ring containing pulsed plasma polymer 

coatings were investigated and also shown to provide slippery surfaces following 

impregnation with lubricants—these included pulsed plasma deposited 

poly(benzyl acrylate), poly(vinylbenzaldehyde), poly(vinylbenzyl chloride), 

poly(perfluoroallylbenzene), and poly(vinylaniline), Figure 5.3, Table 5.3. 

 

5.2.4 Pulsed Plasma Poly(Benzyl Acrylate) 

Benzyl acrylate monomer displays the following characteristic infrared absorption 

bands: C–H stretching (3100–2850 cm−1), aromatic ring summations (2000–1800 

cm−1), acrylate carbonyl C=O stretching (1720 cm−1), acrylate C=C stretching 

(1633 cm−1 and 1621 cm−1), and the C–O ester stretch (1171 cm−1), Figure 5.7. 

Similar to the alkyl acrylates, pulsed plasma deposited poly(benzyl acrylate) 

showed absence of the acrylate carbon–carbon double bond band, indicating that 

polymerisation had taken place, whereas the phenyl rings remain intact. 
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Figure 5.7: Infrared spectra of: (a) benzyl acrylate monomer (ATR); and (b) pulsed 
plasma poly(benzyl acrylate) deposited onto silicon wafer (RAIRS, 66°). The dashed line 
corresponds to acrylate carbon–carbon double bond absorbance (1633 cm−1). 

 

Pulsed plasma polymerised poly(benzyl acrylate) showed large water 

contact angle hysteresis and sliding angle values, Table 5.3. Hexadecane-

infused pulsed plasma poly(benzyl acrylate) coating gave rise to lower hysteresis 

and sliding angles, although not particularly low. Cinnamaldehyde-, decanal-, and 

2-methylundecanal-infused pulsed plasma poly(benzyl acrylate) coatings all 

displayed water contact angle hysteresis and sliding angles < 5°. In particular, 

the 2-methylundecanal-infused coating showed excellent slippery properties, with 

a mean hysteresis of 0.5°, and a sliding angle of 2°. 

 

5.2.5 Pulsed Plasma Poly(Vinylbenzaldehyde) 

Vinylbenzaldehyde monomer displays the following characteristic infrared bands: 

C–H stretches (3090–2900 cm−1), aldehyde CHO stretches (2815 cm−1 and 2726 

cm−1), aldehyde C=O stretch (1695 cm−1), vinyl C=C stretch (1630 cm−1), di-

substituted benzene quadrant stretch (1599 cm−1 and 1582 cm−1), meta-

substituted benzene semicircle stretch (1478 cm−1 and 1445 cm−1), aldehyde CH 
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rock (1378 cm−1), meta ring stretch (1143 cm−1), meta in-phase CH wag (990 

cm−1), and meta single CH wag (908 cm−1), Figure 5.8.21 

 Pulsed plasma deposited poly(vinylbenzaldehyde) shows good structural 

retention and minimal cross-linking, as indicated by the retention of the aldehyde 

CHO stretches (2815 cm−1 and 2726 cm−1), aldehyde C=O stretch (1695 cm−1), 

meta-substituted aromatic ring semicircle stretch (1478 cm−1 and 1445 cm−1), and 

meta-substituted benzene semicircle stretch (1478 cm−1 and 1445 cm−1). 

Disappearance of the vinyl C=C stretch (1630 cm−1), and the appearance of 

aliphatic C–H stretches (2950–2850 cm−1) confirmed that polymerisation had 

taken place. 

 

 

Figure 5.8. Infrared spectra of: (a) vinylbenzaldehyde monomer (ATR); and (b) pulsed 
plasma poly(vinylbenzaldehyde) deposited onto silicon wafer (RAIRS, 55°). The dashed 
lines correspond to vinyl group absorbances (1630 cm−1). 

 

Pulsed plasma poly(vinylbenzaldehyde) coating showed relatively high 

water contact angle hysteresis and sliding angle values, Table 5.3. Impregnation 

with lubricants resulted in a significant decrease in the water contact angle 

hysteresis. Decanal and 2-methylundecanal also gave rise to low sliding angles 

(<5°). Although cinnamaldehyde and hexadecane reduced the sliding angles 
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compared to the pulsed plasma poly(vinylbenzaldehyde)-only coating, they did 

not exhibit comparably low sliding angles. 

 Polypropylene cloth treated with 2-methylundecanal did not exhibit a 

slippery surface, Table 5.5. Pulsed plasma poly(vinylbenzaldehyde) coated 

polypropylene cloth showed complete wetting in contact with water, which is likely 

due to the plasma polymer altering the surface wettability, therefore allowing the 

water to wick into the porous structure. Cinnamaldehyde and 2-methylundecanal 

impregnated pulsed plasma poly(vinylbenzaldehyde) coated polypropylene cloth 

both showed slippery surfaces. The water droplet sliding angles are not as low 

as it was for the same coatings on the flat PET substrate surface, Table 5.3, which 

is likely due to the dimpled, rough structure of the polypropylene cloth. Placing a 

100 μl water droplet onto the pulsed plasma poly(vinylbenzaldehyde)–

cinnamaldehyde coated polypropylene cloth for 4 h, and then a further 16 h 

produced no change in water droplet sliding angle values. Immersion of the 

coated sample into water for 16 h also yielded no change to the sliding angle. 

 

Table 5.5. Water droplet sliding angle values for pulsed plasma poly(vinylbenzaldehyde) 
(ppVBA) coated porous polypropylene (PP) cloth substrates. Values are reported as 
mean ± standard deviation. † Samples display complete wetting / absorption of water 
droplets. 

Surface Sliding Angle / ° 

Polypropylene (PP) Cloth Untreated 36 ± 1 

2-Methylundecanal–PP Cloth 29.3 ± 0.5 

Cinnamaldehyde–PP Cloth † - 

ppVBA–PP Cloth † - 

ppVBA–2-Methylundecanal 12.3 ± 0.5 

ppVBA–Cinnamaldehyde 15.3 ± 0.5 

ppVBA–Cinnamaldehyde, 100 μl water droplet, 4 h 14.3 ± 0.5 

ppVBA–Cinnamaldehyde, 100 μl water droplet, 20 h 14.7 ± 0.9 

ppVBA–Cinnamaldehyde, immersion, 10 ml water, 16 h 15.3 ± 0.5 

 
 

5.2.6 Pulsed Plasma Poly(Vinylbenzyl Chloride) 

Vinylbenzyl chloride monomer displays the following characteristic infrared 

bands: C–H stretches (3095–2830 cm−1), aromatic ring summations (2000–1750 

cm−1), vinyl C=C stretch (1630 cm−1), para-substituted aromatic ring stretches 

(1603 cm−1 and 1511 cm−1), and Cl–CH2 wag (1263 cm−1), Figure 5.9.22 Pulsed 
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plasma deposited poly(vinylbenzyl chloride) retained the para-substituted 

aromatic ring stretches (1603 cm−1 and 1511 cm−1), and Cl–CH2 wag (1263 cm−1) 

infrared bands, demonstrating high structural retention and minimal cross-linking. 

The vinyl C=C stretch (1630 cm−1) disappeared indicating polymerisation had 

taken place.  

 

 

Figure 5.9. Infrared spectra of: (a) vinylbenzyl chloride monomer (ATR); and (b) pulsed 
plasma poly(vinylbenzyl chloride) deposited onto silicon wafer (RAIRS, 55°). The dashed 
line corresponds to vinyl group absorbance (1630 cm−1). 

 

Pulsed plasma poly(vinylbenzyl chloride) coated PET surface exhibited a 

relatively lower water contact angle hysteresis and sliding angle compared to the 

other styrene-type monomers investigated in this study, Table 5.3. Impregnation 

with lubricants gave rise to slippery coatings. In particular, 2-methylundecanal 

lubricant produced a coating with excellent water repellency, with mean contact 

angle hysteresis and sliding angle values of 1°. Cinnamaldehyde lubricant did not 

give rise to a slippery surface. 
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5.2.7 Pulsed Plasma Poly(Perfluoroallylbenzene) 

Perfluoroallylbenzene monomer displays the following characteristic infrared 

absorption bands: allyl C=C stretch (1787 cm−1), aromatic C–C stretching (1657 

cm−1, 1528 cm−1, and 1502 cm−1), Figure 5.10.23 It is difficult to unambiguously 

assign features in the spectral region below 1400 cm−1, but peaks in this region 

are typically characteristic of C–F stretching vibrational modes.24 Following 

pulsed plasma deposition, the allyl bond diminished in intensity (which is 

consistent with polymerisation taking place). Retention of the aromatic stretching 

bands in the pulsed plasma deposited layer confirms structural retention of the 

perfluorinated phenyl rings in the coating.23 

 

 

Figure 5.10: Infrared spectra of: (a) perfluoroallylbenzene monomer (ATR); and (b) 
pulsed plasma poly(perfluoroallylbenzene) deposited onto silicon wafer (RAIRS, 55°). 
The dashed line corresponds to allyl group carbon–carbon double bond stretch 
absorbance (1787 cm−1). 

 

Pulsed plasma poly(perfluoroallylbenzene)-only coating did not display 

low water contact angle hysteresis or water sliding angle values, Table 5.3. Both 

perfluorotributylamine and perfluoropolyether infused surfaces yielded coatings 

with low water contact angle hysteresis and sliding angle values (< 5°). In order 
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to demonstrate omniphobicity, the perfluorotributylamine-infused surface was 

able to resist wetting by heptane (surface tension = 20.14 mN m−1). Whilst, the 

perfluoropolyether-infused surface coating resisted wetting by pentane (surface 

tension = 15.8 mN m−1), as well as heptane, vacuum pump oil, and engine oil all 

slide off at low angles (< 17± 1°, 2.3 ± 0.2°, and 2.2 ± 0.2° respectively). For the 

case of perfluorodecalin infused surface, both the water contact angle hysteresis 

and sliding angle values were lowered. 

 

5.2.8 Pulsed Plasma Poly(Vinylaniline) 

The characteristic infrared bands of vinylaniline monomer can be assigned as 

follows: asymmetric amine stretch (3440 cm−1), symmetric amine stretch (3370 

cm−1), aromatic C–H stretch (3100–3000 cm−1), ring summations (2000–1750 

cm−1), vinyl C=C stretch (1622 cm−1), NH2 deformations (1610 cm−1), para-

substituted aromatic ring stretch (1513 cm−1), =CH2 deformations (1412 cm−1), 

aromatic C–N stretch (1314 cm−1), para-substituted benzene ring stretch (1177 

cm−1), HC=CH trans wag (994 cm−1), =CH2 wag (893 cm−1), and –NH2 wag (830 

cm−1), Figure 5.11.25 Pulsed plasma deposited poly(vinylaniline) shows similar 

infrared absorption bands, apart from the disappearance of the vinyl C=C group 

features (1622 cm−1 and 994 cm−1) and the appearance of an aliphatic C–H 

stretch (2865 cm−1) confirming that polymerisation has taken place.25  
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Figure 5.11: Infrared spectra of: (a) vinylaniline monomer (ATR); and (b) pulsed plasma 
poly(vinylaniline) deposited onto silicon wafer (RAIRS, 66°). The dashed lines 
correspond to vinyl group absorbances (1622 cm−1 and 994 cm−1). 

 

Pulsed plasma poly(vinylaniline)-coated PET substrates display large 

water contact angle hysteresis and sliding angle values (water droplet showed no 

movement at 90° inclination of the substrate from the horizontal), Table 5.3. 

Following impregnation with decanal, 2-methylundecanal, hexadecane, 

cinnamaldehyde, or citral lubricants, low water contact angle hysteresis and 

sliding angle values were measured. The citral-infused surface gave rise to the 

lowest water contact angle hysteresis value (1.7 ± 0.3°), and cinnamaldehyde-

infused surface produced the lowest water sliding angle (10 ± 1°). The slippery 

behaviour displayed by the hexadecane-infused surface indicates that the pulsed 

plasma poly(vinylaniline) coating is also compatible with non-polar lubricants. 

Perfluorotributylamine did not form a slippery surface when combined with the 

pulsed plasma poly(vinylaniline) coating.  

Decanal, 2-methylundecanal, cinnamaldehyde, and citral, lubricant-

infused surfaces were left to stand for 4 months under ambient open-air 

laboratory conditions. Decanal and 2-methylundecanal lubricant-infused surfaces 

continued to display slippery behaviour after this 4-month storage period.  It was 
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found that the cinnamaldehyde and citral lubricant-infused surfaces no longer 

showed any slippery behaviour towards water droplets (probably due to essential 

oil evaporation). However, these slippery surfaces could easily be regenerated 

by immersion for 5 min in the corresponding essential oil. Less volatile essential 

oil molecules should give rise to even longer shelf-lives for these lubricant-

impregnated surfaces. 

The coatings’ slippery performance was further tested using real-world 

foodstuffs. Tomato ketchup filled into an untreated glass vial showed no 

movement at all during gentle shaking, and when the vial was inverted, some of 

the ketchup fell out but much of it remained stuck to the insides of the vial, Video 

5.1 (for videos, see section 5.5). Control uncoated glass vials were also rinsed 

with just the lubricant aldehydes (decanal, 2-methylundecanal cinnamaldehyde, 

and citral). For the decanal control vial, some very slow ketchup movement was 

observed over the course of 50 s, Video 5.2. Shaking the vial removed some 

ketchup, although much still remained. No ketchup movement was observed for 

the 2-methylundecanal control vial, and shaking the vial left much ketchup stuck 

to the walls of the vial, Video 5.3. Cinnamaldehyde and citral control vials showed 

increased ketchup movement compared to the untreated vial, with some ketchup 

sliding out of the vial without any need to shake it, Video 5.4 and Video 5.5. 

However, there remained ketchup in the vial which stopped moving after 

approximately 30 s.  

For decanal, 2-methylundecanal, and cinnamaldehyde infused pulsed 

plasma poly(vinylaniline) coated glass vial surfaces, the ketchup readily slid out 

of the vial as soon as it was flipped over, with all the ketchup having left the vial 

in about 5 s, Video 5.6, Video 5.7, and Video 5.8. For citral-infused coating, the 

ketchup remained in place for approximately 5 s after the vial was upturned, and 

then started to slide out. Most of the ketchup left the vial, but some was still visible 

on the side, Video 5.9. 

In the case of honey placed into an untreated glass vial, the honey started 

to run slowly down the wall of the vial over the course of a minute or so, and 

several drops exited the vial, Video 5.10. The rate at which the honey 

subsequently came out slowed down, and a relatively large amount of content 

was left behind attached to the bottom and sides of the vial. Similarly, for honey 

placed into the aldehyde lubricant rinsed control glass vials (decanal, 2-

methylundecanal cinnamaldehyde, and citral), the honey flowed slowly with a 
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significant amount remaining behind, Video 5.11, Video 5.12, Video 5.13, and 

Video 5.14. The movement of honey in the vials coated with lubricant-infused 

pulsed plasma poly(vinylaniline) surfaces (decanal, 2-methylundecanal, 

cinnamaldehyde, and citral) was significant, leading to the majority of the honey 

leaving the vials (with the exception of a few small droplets) over the same 

timeframe as the controls, Video 5.15, Video 5.16, Video 5.17, and Video 5.18. 

 

Figure 5.12: Time lapse photographs of: (a) ketchup applied to glass vial rinsed with 
decanal (control), Video 5.2; (b) ketchup applied to pulsed plasma poly(vinylaniline) 
coated glass vial impregnated with decanal lubricant, Video 5.6; (c) honey applied to 
glass vial rinsed with 2-methylundecanal (control), Video 5.12; and (d) honey applied to 
pulsed plasma poly(vinylaniline) coated glass vial impregnated with 2-methylundecanal 
lubricant, Video 5.16. (For videos, see section 5.5) 

 

Cinnamaldehyde-infused pulsed plasma poly(vinylaniline) coated PET film 

surfaces were tested for antibacterial activities against Gram-negative E. coli and 
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Gram-positive S. aureus, Figure 5.13 and Table 5.6. PET substrates rinsed in 

cinnamaldehyde-only or coated with pulsed plasma poly(vinylaniline) showed a 

very small effect against E. coli and S. aureus bacteria (Log10 Reduction < 1). 

This could be due to a small residual amount of cinnamaldehyde remaining on 

the surface after washing and drying. In contrast, the pulsed plasma 

poly(vinylaniline)–cinnamaldehyde coated PET substrates displayed strong 

antibacterial activity, giving rise to complete killing of both bacterial species (Log10 

Reduction > 7).  

 

Figure 5.13: E. coli and S. aureus antibacterial tests for cinnamaldehyde-only treated 
PET (Cinn–PET, control); pulsed plasma poly(vinylaniline) coated PET (ppVA–PET, 
control); and pulsed plasma poly(vinylaniline)–cinnamaldehyde lubricant infused coating 
on PET substrate (Cinn–ppVBA–PET). Mean Log10 Reduction values are relative to 
untreated PET substrates. Error bars represent ± standard deviation.  

 

Table 5.6: Antibacterial tests for pulsed plasma poly(vinylaniline)–cinnamaldehyde 
coated PET film. Log10 Reduction values are relative to the untreated substrate (average 
± standard deviation).  

Coating Log10 Reduction 

E. coli S. aureus  

Cinnamaldehyde-Only (control) 0.12 ± 0.07 0.29 ± 0.07 

Pulsed Plasma Poly(vinylaniline)-Only (Control) 0.19 ± 0.08 0.08 ± 0.09 

Pulsed Plasma Poly(vinylaniline)–Cinnamaldehyde  8.04 ± 0.04 7.44 ± 0.03 

 

Recycle testing of pulsed plasma poly(vinylaniline)–cinnamaldehyde 

lubricant infused surfaces against E. coli showed complete loss of activity on the 

second test (Log10 Reduction (E. coli) = 0 ± 0), confirming that the antibacterial 

mechanism corresponds to cinnamaldehyde release from the surface. 
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Recharging the samples by repeating immersion into cinnamaldehyde again led 

to the complete killing of the E. coli (Log10 Reduction (E. coli) = 8.06 ± 0.03), 

thereby demonstrating that the coating could be easily regenerated and reused 

multiple times. 

Pulsed plasma poly(vinylaniline) was coated onto non-woven porous 

polypropylene cloth, impregnated with cinnamaldehyde, and the water sliding 

angle values were measured. Due to the dimpled surface structure of the cloth, 

accurate static contact angle and contact angle hysteresis values could not be 

measured. Therefore, only water sliding angle values are reported here, Table 

5.7. The untreated polypropylene cloth does not show a slippery surface. After 

impregnation with cinnamaldehyde lubricant, the polypropylene cloth showed 

complete absorption/wetting by water droplets—this is likely due to the 

cinnamaldehyde displacing the trapped air layer in the cloth, allowing water to 

wick through the porous structure, but not forming a thin lubricant layer at the 

surface, meaning the substrate does not repel water. The pulsed plasma 

poly(vinylaniline) coated polypropylene cloth exhibited a very large water sliding 

angle, consistent with the same coating on non-porous PET. After impregnation 

with cinnamaldehyde lubricant, the coating formed a slippery surface, with the 

water sliding angle comparable to the pulsed plasma poly(vinylaniline)–

cinnamaldehyde coated PET, Table 5.3. 

 A 100 μl droplet of high-purity water was placed onto 1.5 cm x 1.5 cm piece 

of pulsed plasma poly(vinylaniline)–cinnamaldehyde coated polypropylene cloth 

and stored in a sealed tube for 4 h. The water droplet was removed and the water 

sliding angle measured again—the surface remained slippery and no change was 

measured for the sliding angle (within error), Table 5.7. Another 100 μl water 

droplet was dispensed onto the same sample surface and left to stand for a 

further 16 h (i.e. for a total water contact time of 20 h), once again, there was no 

change to the water droplet sliding angle. In a separate experiment, pulsed 

plasma poly(vinylaniline)–cinnamaldehyde coated polypropylene cloth was fully 

immersed into 10 ml of high purity water for 16 h, removed, and the water droplet 

sliding angles were measured—this also did not affect the slipperiness of the 

coating, and no increase to the water droplet sliding angle was observed, Table 

5.7. 
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Table 5.7: Water droplet sliding angle values for porous polypropylene (PP) cloth 
substrates coated with pulsed plasma poly(vinylaniline) (ppVA) and / or cinnamaldehyde. 
Values are reported as mean ± standard deviation.  † Sample displays complete wetting 
/ absorption of water droplets. 

Surface Sliding Angle / ° 

PP Cloth Untreated 36 ± 1 

Cinnamaldehyde–PP Cloth † - 

ppVA–PP Cloth 75.3 ± 0.5 

ppVA–Cinnamaldehyde 14.0 ± 0.8 

ppVA–Cinnamaldehyde, 100 μl water droplet, 4 h 13.7 ± 0.5 

ppVA–Cinnamaldehyde, 100 μl water droplet, 20 h 14.0 ± 0.8 

ppVA–Cinnamaldehyde, immersion, 10 ml water, 16 h 14.7 ± 0.5 

 
 

5.2.9 Pulsed Plasma Poly(Vinylpyridine) 

Infrared spectroscopy of vinylpyridine monomer showed the following 

characteristic bands: C–H stretches (3100–2885 cm−1), ring summations (2000–

1700 cm−1), vinyl C=C stretching (1633 cm−1), aromatic quadrant C=C stretching 

(1595 cm−1 and 1547 cm−1), aromatic semicircle C=C and C=N stretching (1494 

cm−1 and 1408 cm−1 respectively), and vinyl =CH2 wag (922 cm−1), Figure 5.14.26 

Pulsed plasma deposited poly(vinylpyridine) showed good structural retention, 

with the disappearance of the vinyl group bands indicating that polymerisation 

had taken place. 



   

151 

 

 

Figure 5.14: Infrared spectra of: (a) vinylpyridine monomer (ATR); and (b) pulsed plasma 
poly(vinylpyridine) deposited onto silicon wafer (RAIRS, 55°). The dashed lines 
correspond to vinyl group absorbances (1633 cm−1 and 922 cm−1). 

 

Pulsed plasma poly(vinylpyridine)-only coatings were hydrophilic and 

showed water droplet pinning on the receding angles. Contact angle hysteresis 

for pulsed plasma poly(vinylpyridine) demonstrated that all the tested lubricants 

(cinnamaldehyde, decanal, 2-methylundecanal, and hexadecane) failed to infuse 

into the poly(vinylpyridine) plasma polymer and produce slippery coatings, and 

also demonstrated that the poly(vinylpyridine) coating showed preferential 

wetting with water, Table 5.8. Cinnamaldehyde caused at least partial washing 

off or dissolving of the coating, as determined by the loss of the brown colour of 

the coating (hence the lack of pinning on receding angles). Perfluorotributylamine 

failed to make the coating slippery, as seen from qualitative assessment of the 

sliding angle (quantitative analysis of contact angle hysteresis and sliding angle 

was not measured with this lubricant). 
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Table 5.8: Water droplet static, advancing, receding, hysteresis contact angle values 
following lubricant impregnation of pulsed plasma poly(vinylpyridine)-coated PET film 
substrates. Values are reported as mean ± standard deviation. 

Surface Contact Angle / ° 

Static Hysteresis 

PET 67 ± 2 52 ± 4 

Pulsed Plasma Poly(vinylpyridine) (ppVP) 38 ± 5 57.4 ± 0.5 

ppVP–Cinnamaldehyde 65 ± 9 38 ± 13 

ppVP–Decanal 53 ± 5 69 ± 6 

ppVP–2-Methylundecanal 49 ± 3 60 ± 3 

ppVP–Hexadecane 43 ± 7 55 ± 10 

 
 

5.2.10 Pulsed Plasma Poly(Glycidyl Methacrylate)  

For glycidyl methacrylate monomer, the following characteristic infrared band 

assignments were as follows: epoxide ring C–H stretching (3062 cm−1), C–H 

stretching (3000–2880 cm−1), acrylate carbonyl C=O stretching (1714 cm−1), 

acrylate C=C stretching (1638 cm−1), epoxide ring breathing (1253 cm−1), 

antisymmetric epoxide ring deformation (908 cm−1), and symmetric epoxide ring 

deformation (842 cm−1), Figure 5.15.27 Loss of the acrylate carbon–carbon double 

bond after pulsed plasma deposition showed that polymerisation had 

successfully taken place. The epoxide bands are still visible, indicating good 

structural retention. 
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Figure 5.15: Infrared spectra of: (a) glycidyl methacrylate monomer (ATR); and (b) pulsed 
plasma poly(glycidyl methacrylate) deposited onto silicon wafer (RAIRS, 55°). The 
dashed line corresponds to acrylate carbon–carbon double bond absorbance (1638 
cm−1). 

 

None of the tested lubricants produced slippery surfaces with the pulsed 

plasma poly(glycidyl methacrylate) coating, Table 5.9. In fact, they all resulted in 

an increase to the water contact angle hysteresis compared to the pulsed plasma 

poly(glycidyl methacrylate)-only coating. Since the coatings were not slippery, 

sliding angles were not measured. 

 

Table 5.9: Water droplet static, advancing, receding, and hysteresis contact angle values 
following lubricant impregnation of pulsed plasma poly(glycidyl methacrylate)-coated 
PET film substrates. Values are reported as mean ± standard deviation. 

Surface Contact Angle / ° 

Static Hysteresis 

PET 66.8 ± 1.6 52 ± 4 

Pulsed Plasma Poly(GMA) (ppGMA) 56 ± 2 21.6 ± 0.8 

ppGMA–Cinnamaldehyde 68 ± 2 35 ± 3 

ppGMA–Decanal 68.1 ± 0.4 38 ± 4 

ppGMA–2-Methylundecanal 57.0 ± 1.7 23 ± 4 

ppGMA–Hexadecane 75.1 ± 0.7 42 ± 5 
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5.2.11 Pulsed Plasma Poly(Pentafluorostyrene) 

Pentafluorostyrene monomer infrared spectra showed the following characteristic 

bands: vinyl C=C stretch (1625 cm−1), fluorinated aromatic ring vibrations (1519 

cm−1 and 1492 cm−1), C-F (aromatic) stretching (973 cm−1), and vinyl =CH2 wag 

(927 cm−1), Figure 5.16.28 Disappearance of the vinyl group bands in the pulsed 

plasma deposited poly(pentafluorostyrene) showed that polymerisation had 

successfully taken place. 

 

 

Figure 5.16: Infrared spectra of: (a) pentafluorostyrene monomer (ATR); and (b) pulsed 
plasma poly(pentafluorostyrene) deposited onto silicon wafer (RAIRS, 55°). The dashed 
line corresponds to vinyl carbon–carbon double bond absorbance (1625 cm−1). 

 

Pulsed plasma poly(pentafluorostyrene) coated PET substrates were 

treated with fluorinated lubricants (perfluorotributylamine and perfluoropolyether), 

but it was found that they did not produce slippery surfaces, and in fact the 

lubricants appeared to increase the water contact angle hysteresis compared to 

the pulsed plasma poly(pentafluorostyrene)-only coating, Table 5.10. Since the 

coatings were not slippery, sliding angles were not measured. 
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Table 5.10: Water droplet static, advancing, receding, and hysteresis contact angle 
values following lubricant impregnation of pulsed plasma poly(pentafluorostyrene)-
coated PET film substrates. Values are reported as mean ± standard deviation. 

Surface Contact Angle / ° 

Static Hysteresis 

PET 66.8 ± 1.6 52 ± 4 

Pulsed Plasma Poly(pentafluorostyrene) (ppPFS) 96 ± 3 29.1 ± 1.4 

ppPFS–Perfluorotributylamine 116.7 ± 0.5 43 ± 7 

ppPFS–Perfluoropolyether 113.8 ± 1.3 30 ± 2 

 
 

5.2.12 Pulsed Plasma Poly(1H, 1H, 2H, 2H-Perfluorooctyl Acrylate)  

1H, 1H, 2H, 2H-perfluorooctyl acrylate monomer infrared characteristic peaks 

were observed as follows: C–H stretching (2975 cm−1), acrylate carbonyl C=O 

stretch (1732 cm−1), C=C stretching (1638 cm−1), and C-F stretching (1260–1100 

cm−1), Figure 5.17.29 The carbon–carbon double bond bands disappeared upon 

plasma polymerisation, indicating that polymerisation was successful. 

 

Figure 5.17: Infrared spectra of: (a) 1H, 1H, 2H, 2H-perfluorooctyl acrylate monomer 
(ATR); and (b) pulsed plasma poly(1H, 1H, 2H, 2H-perfluorooctyl  acrylate) deposited 
onto silicon wafer (RAIRS, 55°). The dashed line corresponds to acrylate carbon–carbon 
double bond absorbance (1638 cm−1). 
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None of the pulsed plasma poly(1H, 1H, 2H, 2H-perfluorooctyl  acrylate) 

coated samples produced slippery surfaces when immersed into either of the 

fluorinated lubricants, Table 5.11. Perfluoropolyether did reduce the water 

contact angle hysteresis somewhat compared to the poly(1H, 1H, 2H, 2H-

perfluorooctyl  acrylate)-only coated surface, but the hysteresis was still relatively 

high. Since the coatings were not slippery, sliding angles were not measured. 

Table 5.11: Water droplet static, advancing, receding, and hysteresis contact angle 
values following lubricant impregnation of pulsed plasma poly(1H, 1H, 2H, 2H-
perfluorooctyl  acrylate)-coated PET film substrates. Values are reported as mean ± 
standard deviation. 

Surface Contact Angle / ° 

Static Hysteresis 

PET 66.8 ± 1.6 52 ± 4 

Pulsed Plasma 1H, 1H, 2H, 2H-perfluorooctyl 
acrylate (ppPFAC6) 

122 ± 3 79 ± 9 

ppPFAC6–Perfluorotributylamine 121.7 ± 0.3 72 ± 3 

ppPFAC6–Perfluoropolyether 117 ± 3 33 ± 5 

 

 
 
5.3 Discussion  

Superhydrophobic surfaces are typically characterized as having low water 

contact angle hysteresis values.30 For example, this can be achieved by 

combining a hydrophobic surface and topographical micro- and/or nanostructure 

(roughness)—which effectively traps an air layer on the surface.31 However, 

these surfaces can fail when subjected to high pressures32, and therefore are 

unable to mitigate bacterial adhesion and biofouling under such conditions.33 This 

is attributed to displacement of the trapped air pockets leading to exposure of the 

underlying rough surface towards favourable bacterial colonization.  

Pulsed plasma deposited poly(hexyl acrylate) is found to display low water 

contact angle hysteresis (< 10°) and sliding angle (< 10°) values, Table 5.3. 

These may be attributed to either the relative flatness of the surface or weak 

(liquid-like) interactions between neighbouring surface alkyl chains, Figure 5.5.34   

It has been reported that favourable molecular level interactions of 

impregnated lubricants with the subsurface of non-porous flat polymer films 

without any prior treatment of the polymer solid surface) can also lead to slippery 

surfaces (low water contact angle hysteresis).35,36,37 This slipperiness is not due 
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to excess lubricant remaining on the surface, and can be stable for prolonged 

periods of time (provided that the surface and lubricant polarities are well 

matched). In a similar way, functional pulsed plasma polymer film coatings have 

been shown to form slippery surfaces by infusion of lubricants into the deposited 

layer, with the added advantage of being independent of substrate material and 

geometry, Table 5.3. 

In terms of a structure–behaviour relationship, nonaromatic (aliphatic) 

pulsed plasma polymer coatings (i.e. poly(hexyl acrylate), poly(glycidyl 

methacrylate), and poly(1H, 1H, 2H, 2H-perfluorooctyl  acrylate)) do not show a 

tendency to form lubricant-infused slippery surfaces, Table 5.3.  Whereas 

aromatic group containing pulsed plasma polymer coatings give rise to low 

contact angle hysteresis and sliding angle values following lubricant application 

(pulsed plasma poly(styrene), drop-cast poly(styrene), Petri dish poly(styrene), 

pulsed plasma poly(benzyl acrylate), pulsed plasma poly(vinylbenzaldehyde), 

pulsed plasma poly(vinylbenzyl chloride), and pulsed plasma poly(vinylaniline)). 

Previous studies have shown that molecular level aromatic–aliphatic interactions 

can be significantly stronger than aliphatic–aliphatic and aromatic–aromatic 

interactions.38,39  It is therefore likely that the aromatic group containing plasma 

polymer coatings interact more strongly with the lubricants compared to the 

aliphatic group containing plasma polymers; this leads to lubricant infusion into 

the subsurface to create slippery surfaces for the former but not the latter. For the 

case of the aromatic group containing lubricant cinnamaldehyde, aromatic–

aromatic as well as aromatic–aliphatic intermolecular interactions may be 

contributing towards slippery surface formation, Table 5.3.   

Out of the three fluorinated pulsed plasma polymer coatings investigated 

for omniphobicity (poly(perfluoroallylbenzene), poly(pentafluorostyrene), and 

poly(1H, 1H, 2H, 2H-perfluorooctyl  acrylate)), only the first one yielded a slippery 

surface when combined with fluorinated lubricants. The latter two contain carbon-

hydrogen and carbon-oxygen bonds which most likely act to hinder the 

compatibility of the fluorinated lubricants with the pulsed plasma polymer host 

matrix; whereas perfluoroallylbenzene is fully fluorinated, meaning it has good 

compatibility with the perfluorotributylamine and perfluoropolyether lubricants—

thereby highlighting the importance of the surface chemistry/energy matching 

with the lubricant. Perfluorodecalin lubricant also produced a slippery surface 

when combined with pulsed plasma poly(perfluoroallylbenzene), Table 5.3.40 
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Such omniphobic slippery surfaces could provide protection against chemical and 

biological warfare agents as well as offering bloodphobicity for healthcare 

applications.  

Pulsed plasma poly(vinylpyridine) failed to form a slippery lubricant-

infused surface when treated with lubricants, Table 5.8. Pyridine is a basic 

organic compound, with a pKa value of 5.2, and can form hydrogen-bonds (due 

to the nitrogen lone-pair electrons, which are orthogonal to the aromatic π 

orbitals, and therefore do not donate any electron density into aromatic π 

orbitals).41 Indeed, pulsed plasma poly(vinylpyridine) has previously been 

described as ‘superhydrophilic’ and displays preferential wetting by water.42 

Furthermore, it has been reported that spin-coated poly(vinylpyridine) did not 

form a slippery surface with silicone oil lubricant due to preferential wetting by 

water.43 In contrast, the aromatic pulsed plasma poly(vinylaniline), which contains 

a relatively polar amine group, has been shown in the present study to 

successfully form slippery surfaces, Table 5.3. The reason is that the nitrogen 

lone pair in the aniline ring is able to delocalise via resonance into the aromatic 

π system, giving rise to lower pKa value of only 4.6, and the amine group does 

not form hydrogen bonds with water as readily compared to the pulsed plasma 

poly(vinylpyridine) system.42 This manifests in the relatively higher static water 

contact angle for pulsed plasma poly(vinylaniline) versus pulsed plasma 

poly(vinylpyridine) (75° and 38° respectively, Table 5.3 and Table 5.8). Similarly, 

glycidyl methacrylate contains a polar epoxide group, and pulsed plasma 

poly(glycidyl methacrylate) exhibits a fairly low static water contact angle (i.e. it is 

hydrophilic), and thus does not form a slippery lubricant-infused coating, Table 

5.9. 

Pulsed plasma polymer slippery lubricant infused surfaces formed on 

porous polypropylene cloth showed improved resistance towards leaching of 

lubricant into water, Table 5.5 and Table 5.7. It has previously been reported that 

this particular cloth can absorb 45 ± 4 mg cm−2 of cinnamaldehyde (chapter 3, 

Table 3.1)44, meaning that there is a ‘reservoir’ of cinnamaldehyde contained 

within the bulk of the cloth that can move to the surface to replenish any lost 

lubricant. This could have potential applications in underwater slippery surfaces, 

such as preventing marine biofouling or manipulation of air bubbles.45 46 

The successful production of slippery lubricant-infused surfaces on drop-

cast polystyrene and pre-formed polystyrene plastic (from Petri dishes) 
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demonstrates that this approach is not only limited to plasma polymer coatings, 

but could potentially be applicable to a range of alternative surface 

functionalisation methods including: atomised spray plasma deposition, initiated 

chemical vapour deposition, electron/ion beam deposition, self-assembled 

layers, as well as other dry and wet surface coating methods. Other functional 

lubricants could also be employed in order to create alternative multifunctional 

slippery surfaces, for example non-volatile ionic liquids.47 Furthermore, the 

rechargeable pulsed plasma polymer–antimicrobial lubricant slippery surfaces 

could find application in re-usable air filtration systems, healthcare personal 

protective clothing, and food packaging materials to help reduce plastic waste. 

 

 

5.4 Conclusions 

A range of slippery surfaces have been devised by combining different functional 

pulsed plasma polymer layers and lubricants to provide a molecular level 

structure–behaviour relationship. The fabrication process involves a simple, 

quick, substrate-independent, and conformal two-step methodology. Hydrophilic 

pulsed plasma polymer coatings are found not to produce slippery lubricant-

infused coatings. Whilst the structure–behaviour relationship demonstrates that 

aromatic–aliphatic intermolecular interactions between coating and lubricant 

favours slippery surface formation. Fluorinated lubricant-infused coatings display 

omniphobicity and repel liquids with a range of surface tensions (including water, 

heptane and motor oil). Natural antimicrobial compound cinnamaldehyde-infused 

pulsed plasma polymer surfaces give rise to multifunctionality comprising liquid 

repellency (self-cleaning) and antibacterial activity against both Gram-positive 

Staphylococcus aureus and Gram-negative Escherichia coli. In addition, these 

antimicrobial natural compound lubricant-infused pulsed plasma polymer 

surfaces repel a range of everyday liquid foodstuffs (such as tomato ketchup and 

honey). 
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5.5 Videos 

Video 5.1: Ketchup applied to untreated glass vial (control). 

Video 5.2: Ketchup applied to glass vial rinsed with decanal (control). 

Video 5.3: Ketchup applied to glass vial rinsed with 2-methylundecanal (control). 

Video 5.4: Ketchup applied to glass vial rinsed with cinnamaldehyde (control). 

Video 5.5: Ketchup applied to glass vial rinsed with citral (control). 

Video 5.6: Ketchup applied to pulsed plasma poly(vinylaniline) coated glass vial 
impregnated with decanal lubricant. 

Video 5.7: Ketchup applied to pulsed plasma poly(vinylaniline) coated glass vial 
impregnated with 2-methylundecanal lubricant. 

Video 5.8: Ketchup applied to pulsed plasma poly(vinylaniline) coated glass vial 
impregnated with cinnamaldehyde lubricant. 

Video 5.9: Ketchup applied to pulsed plasma poly(vinylaniline) coated glass vial 
impregnated with citral lubricant. 

Video 5.10: Honey applied to untreated glass vial (control). 

Video 5.11: Honey applied to glass vial rinsed with decanal (control). 

Video 5.12: Honey applied to glass vial rinsed with 2-methylundecanal (control). 

Video 5.13: Honey applied to glass vial rinsed with cinnamaldehyde (control). 

Video 5.14: Honey applied to glass vial rinsed with citral (control). 

Video 5.15: Honey applied to pulsed plasma poly(vinylaniline) coated glass vial 
impregnated with decanal lubricant. 

Video 5.16: Honey applied to pulsed plasma poly(vinylaniline) coated glass vial 
impregnated with 2-methylundecanal lubricant. 

Video 5.17: Honey applied to pulsed plasma poly(vinylaniline) coated glass vial 
impregnated with cinnamaldehyde lubricant. 

Video 5.18: Honey applied to pulsed plasma poly(vinylaniline) coated glass vial 
impregnated with citral lubricant. 

 

N.B.  Videos can be accessed from the data archive that accompanies this thesis. 
Videos are provided in .mp4 format.  



   

161 

 

5.6 References 

 

1  Smith, D. R. M.; Pouwels, K. B.; Hopkins, S.; Naylor, N. R.; Smieszek, T.; Robotham, J. V. 

Epidemiology and Health-Economic Burden of Urinary-Catheter-Associated Infection in 

English NHS Hospitals: A Probabilistic Modelling Study. J. Hosp. Infect. 2019, 103, 44–54. 

2  Schultz, M. P.; Bendick, J. A.; Holm, E. R.; Hertel, W. M. Economic Impact of Biofouling on 

a Naval Surface Ship. Biofouling 2011, 27, 87–98. 

3  Araújo, E. A.; de Andrade, N. J.; da Silva, L. H. M.; de Carvalho, A. F.; de Silva, C. A. S.; 

Ramos, A. M. Control of Microbial Adhesion as a Strategy for Food and Bioprocess 

Technology. Food Bioprocess Technol. 2010, 3, 321–332. 

4 Ryan, M. E.; Hynes, A. M.; Badyal, J. P. S. Pulsed Plasma Polymerization of Maleic 

Anhydride. Chem. Mater. 1996, 8, 37–42. 

5  Carletto, A.; Badyal, J. P. S. Ultra-High Selectivity Pulsed Plasmachemical Deposition 

Reaction Pathways. Phys. Chem. Chem. Phys. 2019, 21, 16468–16476. 

6  Miller, T. A.; Mikhael, M. G.; Ellwanger, R.; Boufelfel, A.; Booth, D.; Yializis, A. Polymer Multi-

Layer Processing of Thin Film Materials. MRS Proceedings 1999, 555, 247–254. 

7  Singh, G.; Maurya, S.; deLampasona, M. P.; Catalan, C. A. N. A Comparison of Chemical, 

Antioxidant and Antimicrobial Studies of Cinnamon Leaf and Bark Volatile Oils, Oleoresins 

and Their Constituents. Food Chem. Toxicol. 2007, 45, 1650–1661. 

8  Burt, S. Essential Oils: Their Antibacterial Properties and Potential Applications in Foods - A 

Review. Int. J. Food Microbiol. 2004, 94, 223–253. 

9  Hayashi, K.; Imanishi, N.; Kashiwayama, Y.; Kawano, A.; Terasawa, K.; Shimada, Y.; Ochiai, 

H. Inhibitory Effect of Cinnamaldehyde, Derived from Cinnamomi Cortex, on the Growth of 

Influenza A/PR/8 Virus In Vitro and In Vivo. Antiviral Res. 2007, 74, 1–8. 

10  Shreaz, S.; Wani, W. A.; Behbehani, J. M.; Raja, V.; Irshad, M.; Karched, M.; Ali, I.; Siddiqi, 

W. A.; Hun, L. T. Cinnamaldehyde and Its Derivatives, a Novel Class of Antifungal Agents. 

Fitoterapia 2016, 112, 116–131. 

11 Fisher, K.; Phillips, C. A. The Effect of Lemon, Orange and Bergamot Essential Oils and 

Their Components on the Survival of Campylobacter jejuni, Escherichia coli O157, Listeria 

monocytogenes, Bacillus cereus and Staphylococcus aureus in Vitro and in Food Systems. 

J. Appl. Microbiol. 2006, 101, 1232–1240. 

12  Liu, K.; Chen, Q.; Liu, Y.; Zhou, X.; Wang, X. Isolation and Biological Activities of Decanal, 

Linalool, Valencene, and Octanal from Sweet Orange Oil. J. Food Sci. 2012, 77, C1156–

C1161. 

13  Kubo, I.; Fujita, K. I.; Kubo, A.; Nihei, K. I.; Ogura, T. Antibacterial Activity of Coriander 

Volatile Compounds against Salmonella Choleraesuis. J. Agric. Food Chem. 2004, 52, 

3329–3332. 

14  Al-Shuneigat, J. M.; Al-Tarawneh, I. N.; Al-Qudah, M. A.; Al-Sarayreh, S. A.; Al-Saraireh, Y. 

M.; Alsharafa, K. Y. The Chemical Composition and the Antibacterial Properties of Ruta 

graveolens L. Essential Oil Grown in Northern Jordan. Jordan J. Biol. Sci. 2015, 8, 139–143. 



   

162 

 

 

15  https://www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfcfr/cfrsearch.cfm?cfrpart= 

182&showfr=1 Title 21–Food and Drugs; Chapter I–Food and Drug Administration; 

Department of Health and Human Services; Subchapter B–Food for Human Consumption 

(Continued); Part 182 Substances Generally Recognized as Safe. Accessed 10/08/2020. 

16  http://www.inchem.org/documents/jecfa/jecmono/v040je11.htm Safety Evaluation of 

Certain Food Additives and Contaminants; WHO Food Additives Series 40. Accessed 

10/08/2020. 

17  Schofield, W. C. E.; Badyal, J. P. S. Pulsed Plasma Polymerisation of Butylacrylate for 

Pressure-Sensitive Adhesion. Plasma Chem. Plasma Process. 2006, 26, 361–369. 

18  Coulson, S. R.; Woodward, I. S.; Badyal, J. P. S.; Brewer, S. A.; Willis, C. Ultralow Surface 

Energy Plasma Polymer Films. Chem. Mater. 2000, 12, 2031–2038. 

19  Morsch, S.; Schofield, W. C. E.; Badyal, J. P. S. Surface Actuation of Smart Nanoshutters. 

Langmuir 2010, 26, 12342–12350 

20  Fang, J.; Xuan, Y.; Li, Q. Preparation of Polystyrene Spheres in Different Particle Sizes and 

Assembly of the PS Colloidal Crystals. Sci. China Technol. Sci. 2010, 53, 3088–3093. 

21  McGettrick, J. D.; Schofield, W. C. E.; Garrod, R. P.; Badyal, J. P. S. A Substrate-

Independent Approach for the Surface Immobilization of Oligonucleotides Using Aldehyde 

Functionalized Surfaces. Chem. Vap. Depos. 2009, 15, 122–127. 

22  Wilson, M.; Kore, R.; Ritchie, A. W.; Fraser, R. C.; Beaumont, S. K.; Srivastava, R.; Badyal, 

J. P. S. Palladium–Poly(Ionic Liquid) Membranes for Permselective Sonochemical Flow 

Catalysis. Colloids Surfaces A Physicochem. Eng. Asp. 2018, 545, 78–85. 

23  Hynes, A.; Badyal, J. P. S. Selective Incorporation of Perfluorinated Phenyl Rings during 

Pulsed Plasma Polymerization of Perfluoroallylbenzene. Chem. Mater. 1998, 10, 2177–

2182. 

24  Chambers, R. D. Fluorine in Organic Chemistry; Wiley & Sons:  London, 1973. 

25 Harris, L. G.; Schofield, W. C. E.; Doores, K. J.; Davis, B. G.; Badyal, J. P. S. Rewritable 

Glycochips. J. Am. Chem. Soc. 2009, 131, 7755–7761. 

26  Bradley, T. J.; Schofield, W. C. E.; Garrod, R. P.; Badyal, J. P. S. Electroless Metallization 

onto Pulsed Plasma Deposited Poly(4-Vinylpyridine) Surfaces. Langmuir 2006, 22, 7552–

7555. 

27 Tarducci, C.; Kinmond, E. J.; Badyal, J. P. S.; Brewer, S. A.; Willis, C. Epoxide-

Functionalized Solid Surfaces. Chem. Mater. 2000, 12, 1884–1889. 

28 Brown, P. S.; Wood, T. J.; Schofield, W. C. E.; Badyal, J. P. S. A Substrate-Independent Lift-

off Approach for Patterning Functional Surfaces. ACS Appl. Mater. Interfaces 2011, 3, 1204–

1209. 

29  Teare, D. O. H.; Spanos, C. G.; Ridley, P.; Kinmond, E. J.; Roucoules, V.; Badyal, J. P. S.; 

Brewer, S. A.; Coulson, S.; Willis, C. Pulsed Plasma Deposition of Super-Hydrophobic 

Nanospheres. Chem. Mater. 2002, 14, 4566–4571. 

30  Öner, D.; McCarthy, T. J. Ultrahydrophobic Surfaces. Effects of Topography Length Scales 

on Wettability. Langmuir 2000, 16, 7777–7782. 



   

163 

 

 

31 Brown, P. S.; Berson, A.; Talbot, E. L.; Wood, T. J.; Schofield, W. C. E.; Bain, C. D.; Badyal, 

J. P. S. Impact of Picoliter Droplets on Superhydrophobic Surfaces with Ultralow Spreading 

Ratios. Langmuir 2011, 27, 13897–13903. 

32  Nhung Nguyen, T. P.; Brunet, P.; Coffinier, Y.; Boukherroub, R. Quantitative Testing of 

Robustness on Superomniphobic Surfaces by Drop Impact. Langmuir 2010, 26, 18369–

18373. 

33  Hwang, G. B.; Page, K.; Patir, A.; Nair, S. P.; Allan, E.; Parkin, I. P. The Anti-Biofouling 

Properties of Superhydrophobic Surfaces Are Short-Lived. ACS Nano 2018, 12, 6050–6058. 

34 Wang, L.; McCarthy, T. J. Covalently Attached Liquids: Instant Omniphobic Surfaces with 

Unprecedented Repellency. Angew. Chem. Int. Ed. 2016, 55, 244– 248. 

35  Mukherjee, R.; Habibi, M.; Rashed, Z. T.; Berbert, O.; Shi, X.; Boreyko, J. B. Oil-Impregnated 

Hydrocarbon-Based Polymer Films. Sci. Rep. 2018, 8, 1–13. 

36  Urata, C.; Dunderdale, G. J.; England, M. W.; Hozumi, A. Self-Lubricating Organogels 

(SLUGs) With Exceptional Syneresis-Induced Anti-Sticking Properties Against Viscous 

Emulsions and Ices. Journal of Materials Chemistry A 2015, 3, 12626–12630. 

37  Howell, C.; Vu, T. L.; Lin, J. J.; Kolle, S.; Juthani, N.; Watson, E.; Weaver, J. C.; Alvarenga, 

J.; Aizenberg, J. Self-Replenishing Vascularized Fouling-Release Surfaces. ACS Applied 

Materials & Interfaces 2014, 6, 13299–13307. 

38  Ninković, D. B.; Vojislavljević-Vasilev, D. Z.; Medaković, V. B.; Hall, M. B.; Brothers, E. N.; 

Zarić, S. D. Aliphatic-Aromatic Stacking Interactions in Cyclohexane-Benzene Are Stronger 

than Aromatic-Aromatic Interaction in the Benzene Dimer. Phys. Chem. Chem. Phys. 2016, 

18, 25791–25795. 

39  Togasawa, R.; Tenjimbayashi, M.; Matsubayashi, T.; Moriya, T.; Manabe, K.; Shiratori, S. A 

Fluorine-free Slippery Surface with Hot Water Repellency and Improved Stability against 

Boiling. ACS Appl. Mater. Interfaces 2018, 10, 4198–4205. 

40  Leslie, D. C.; Waterhouse, A.; Berthet, J. B.; Valentin, T. M.; Watters, A. L.; Jain, A.; Kim, P.; 

Hatton, B. D.; Nedder, A.; Donovan, K.; Super, E. H.; Howell, C.; Johnson, C. P.; Vu, T. L.; 

Bolgen, D. E.; Rifai, S.; Hansen, A. R.; Aizenberg, M.; Super, M.; Aizenberg, J.; Ingber, D. 

E. A Bioinspired Omniphobic Surface Coating on Medical Devices Prevents Thrombosis and 

Biofouling. Nat. Biotechnol. 2014, 32, 1134–1140. 

41  Krygowski, T. M.; Szatyłowicz, H.; Zachara, J. E. How H-Bonding Modifies Molecular 

Structure and π-Electron Delocalization in the Ring of Pyridine/Pyridinium Derivatives 

Involved in H-Bond Complexation. J. Org. Chem. 2005, 70, 8859–8865. 

42  Garrod, R. P.; Harris, L. G.; Schofield, W. C. E.; McGettrick, J.; Ward, L. J.; Teare, D. O. H.; 

Badyal, J. P. S. Mimicking a Stenocara Beetle’s Back for Microcondensation Using 

Plasmachemical Patterned Superhydrophobic-Superhydrophilic Surfaces. Langmuir 2007, 

23, 689–693. 

43  Ware, C. S.; Smith-Palmer, T.; Peppou-Chapman, S.; Scarratt, L. R. J.; Humphries, E. M.; 

Balzer, D.; Neto, C. Marine Antifouling Behavior of Lubricant-Infused Nanowrinkled 

Polymeric Surfaces. ACS Appl. Mater. Interfaces 2018, 10, 4173–4182. 



   

164 

 

 

44  Cox, H. J.; Li, J.; Saini, P.; Paterson, J. R.; Sharples, G. J.; Badyal, J. P. S. Bioinspired and 

Eco-Friendly High Efficacy Cinnamaldehyde Antibacterial Surfaces. J. Mater. Chem. B 2021, 

9, 2918–2930. 

45  Wang, P.; Zhang, D.; Sun, S.; Li, T.; Sun, Y. Fabrication of Slippery Lubricant-Infused Porous 

Surface with High Underwater Transparency for the Control of Marine Biofouling. ACS Appl. 

Mater. Interfaces 2017, 9, 972–982. 

46  Zhang, J.; Liu, P.; Yi, B.; Wang, Z.; Huang, X.; Jiang, L.; Yao, X. Bio-Inspired Elastic Liquid-

Infused Material for On-Demand Underwater Manipulation of Air Bubbles. ACS Nano 2019, 

13, 10596–10602. 

47  Charpentier, T. V. J.; Neville, A.; Baudin, S.; Smith, M. J.; Euvrard, M.; Bell, A.; Wang, C.; 

Barker, R. Liquid Infused Porous Surfaces for Mineral Fouling Mitigation. J. Colloid Interface 

Sci. 2015, 444, 81–86. 



   

165 

 

Chapter 6 

6 Anti-Biofouling Coatings for Marine Aquaculture 

6.1 Introduction 

Historically, paints containing tributyltin have had widespread use to mitigate 

marine biofouling.1 However, serious concerns about toxicological effects on 

marine ecosystems have arisen over the years, and many countries have now 

banned their use.2 Some reports detail the use of antimicrobial additives 

contained within coatings in order to prevent biofouling. One study showed 

TiO2/Ag in chitosan polymer nanocomposites are anti-algal and antifouling 

against Dunaliella salina microalgae.3 The TiO2 mode of antimicrobial action is 

production of reactive oxygen species upon UV irradiation. In another case, 

polydopamine–Ag nanoparticle coatings inhibited attachment by Dunaliella 

tertiolecta.4 There are however concerns about the toxilogical effects of silver 

upon release into the environment, in addition to the potential for antimicrobial 

resistance.5,6 Copper-doped TiSiN coatings have inhibited adhesion of 

Phaeodactylum tricornutum, Nitzschia closterium and Chlorella sp. due to the 

algicidal effect of leaching copper.7 Copper and copper oxide-based leaching 

coatings are applied in large volumes commercially to prevent biofouling.8 The 

use of non-leaching polymer coatings to mitigate biofouling by microalgae 

includes coatings based upon polystyrene-b-poly(ethylene glycol) methacrylate 

copolymer9, UV-cured poly(isoprene)-based10, and negatively charged poly-

(styrenesulfonate)/poly-(diallyldimethylammonium chloride) layer-by-layer 

assemblies.11 

Such coating methods suffer from disadvantages including being multi-

step, solvent-based, and often 3-dimensional objects are difficult to coat. In this 

study, pulsed plasmachemical deposition has been used with advantages of it 

being a quick single-step, dry, independent of substrate material, excellent 

adhesion, solventless, low energy consumption, minimal waste, and conformal 

method. Mechanistically, this entails two distinct reaction regimes: the short 

period on-time (ton—typically microseconds, where electrical discharge ignition 

leads to the formation of initiator radical species from the monomer) and then the 

longer period off-time (toff—typically milliseconds, where conventional stepwise 

addition chain-growth monomer polymerisation proceeds).12,13 Excellent 
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structural retention of the monomer functional groups is attained to yield well-

defined functional polymer nanocoatings.4, 14 

Chaetoceros calcitrans, Chaetoceros mulleri, and Tisochrysis lutea (T-Iso) 

are marine microalgae commonly grown in aquaculture as food for filter feeding 

marine organisms, such as mussel larvae.15, 16 Under certain conditions, they 

exude extracellular polymeric substances which are slimy and stick to bioreactor 

walls, leading to biofilms and deterioration of quantity and quality of the algae 

production.17 Photobioreactor polyethylene film used for continuous algae 

production is coated with a variety of functional nanocoatings prepared via pulsed 

plasmachemical deposition, Figure 6.1. The structure-behaviour relationship of 

different wetting surfaces towards biofouling by marine microalgae is 

investigated.  

 

 

Figure 6.1: Functional nanocoatings and corresponding monomer names. 
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6.2 Experimental 

6.2.1 Pulsed Plasma Deposition 

Pulsed plasma deposition was performed as described in section 2.1. 

Photobioreactor polyethylene film used for continuous algae production (250 µm 

thick, Amcor Flexibles NZ Ltd.) was cleaned by sonication in a 50:50 volume 

mixture of propan-2-ol and cyclohexane (+99.7 wt.%, Sigma-Aldrich Ltd.) for 

15 min followed by air drying.   

Monomers utilised for pulsed plasmachemical deposition were: 4-

vinylpyridine (95%, Sigma-Aldrich Inc.), N-acryloylsarcosine methyl ester (+97%, 

Lancaster Synthesis Ltd.), glycidyl methacrylate (97%, Sigma-Aldrich Inc.), and 

1H, 1H, 2H, 2H-perfluorooctyl acrylate (+95%, Fluorochem Ltd.), Table 6.1. 

Table 6.1: Pulsed plasma deposition parameters and nanocoating growth rates. 

 

For zinc oxide coatings, pulsed plasma poly(4-vinylpyridine) functionalized 

surfaces were immersed into an aqueous catalyst solution containing 2 μM 

palladium(II) chloride (+99.999%, Alfa Aesar, FisherScientific UK Ltd.), 3.0 M 

sodium chloride (+99.5%, Sigma-Aldrich Inc.), and 0.5 M sodium citrate dihydrate 

(+99%, Sigma-Aldrich Inc.) (which had been adjusted to pH 4.5 with citric acid 

monohydrate (+99%, Sigma-Aldrich Inc.)) for 12 h, and subsequently washed in 

deionized water.18 Next, the palladium(II) chloride immobilized surfaces were 

placed into an aqueous chemical bath containing 0.05 M zinc nitrate (+98%, 

Sigma-Aldrich Inc.) and 0.05 M dimethylaminoborane (+97%, Sigma-Aldrich Inc.) 

at pH 6.5 and a temperature of 323 K for 2 h. Following zinc oxide growth, the 

surface was rinsed with deionized water.  

 

Monomer Peak 
Power / 

W 

ton / 
µs 

toff / 
ms 

Deposition 

Temperature 
/ °C 

Deposition 
Rate / nm min−1 

4-Vinylpyridine 40 100 4 20 11 

N-Acryloylsarcosine 
methyl ester 

40 20 5 50 9 

Glycidyl methacrylate 40 20 20 20 10 

1H, 1H, 2H, 2H-
Perfluorooctyl acrylate 

40 20 20 20 41 
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6.2.2 Coating Characterisation 

Coating thicknesses were measured as described in section 2.4. Sessile drop 

static contact angle measurements were carried out as described in section 2.5. 

Infrared spectra were acquired as described in section 2.2. 

 

6.2.3 Immersed Coating Stability 

Pulsed plasma poly(vinylpyridine) was coated onto silicon wafers. The coated 

silicon wafers were then fully immersed into deionised water (100 ml) at 293 K 

for predetermined periods of time and then removed for air drying at 293 K, 

followed by coating thickness measurement (section 2.4). Afterwards, the coated 

silicon wafers were re-submerged into the deionised water, and the process 

repeated for extended time intervals. 

 For the uncoated and pulsed plasma poly(vinylpyridine) coated 

polyethylene film samples used for Chaetoceros calcitrans, Chaetoceros mulleri, 

and Tisochrysis lutea (T-Iso) microalgae toxicity testing, these were analysed 

following removal from the microalgae solutions, and subsequently after 

immersing into cyclohexane (99.5+%, Fisher Scientific UK Ltd.) solvent followed 

by air drying prior to surface analysis. 

 

 

6.2.4 Biofouling Testing 

Test samples were glued (superglue) to plastic frames that were made from food 

grade container lids. An untreated control substrate sample (250 µm thick 

photobioreactor polyethylene film, Amcor Flexibles NZ Ltd) was glued next to 

each coated sample using the same substrate material, Figure 6.2(a).  The 

frames were inserted into photobioreactor bag tubing and heat-sealed to form 

short bags (volume of about 15 L). These short bags were hung in 2 rows with 

random distribution of the samples, Figure 6.2(b).  Chaetoceros calcitrans 

microalgae was produced continuously in two rows of photobioreactor bags. The 

harvest line from each row was fed into separate harvest bins. From these bins 

the culture was pumped into the two rows of short bags containing the samples. 

Each sample bag received about 27 L fresh culture per day in short pulses at 2.5 

s intervals. The bags overflowed into harvest bins. The cultures were aerated. 
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Production and test bags were cleaned at 1–3 days intervals. This involved 

turning off the air, tapping the bags, letting flocs of algae settle to the bottom of 

the bags for 15 min, draining the accumulated flocs, and turning the air back on. 

The algae concentration in all test bags was visibly higher than in the harvest 

bins, indicating growth and that there was no major toxic effect from the samples.  

After 20 days, the sample bags were drained in order to observe fouling on the 

samples. Care was taken to avoid contact between bag walls and samples.  

 

Figure 6.2: (a) Sample frame inside plastic photobioreactor bag clamped into position 
before filling with microalgae culture (the black temporary positioning clips pushed off 
when the bags became rounded during filling with microalgae culture); (b) in the 
foreground are the short photobioreactor bags containing samples and partially filled with 
fresh microalgae culture (the large photobioreactor bags producing microalgae culture 
which feed into the short photobioreactor bags can be seen in the background); (c) good 
uniform culture in all bags with the microalgae concentration visibly higher in all test bags 
compared to the harvest bins indicating growth and that there are no major toxicological 
effects from the samples; and (d) following drainage of photobioreactor bags showing 
fouling on the bag walls and sample holder frames. Images taken by Mike Packer. 

 

6.2.5 Toxicity Testing 

The algal species used in these experiments had been grown in a consistent 

environment for several months preceding experimental exposure. Chaetoceros 

calcitrans inoculum cultures were grown from the Australian National Algae 

Culture Collection (ANACC) as CS178, and Tisochrysis lutea (T-Iso) and 

Chaetoceros mulleri from stocks originally obtained from the Scottish Association 
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of Science (SAMS) Culture Collection of Algae and Protists (CCAP) as 

CCAP927/14 and CCAP1010/3 respectively. Mother stocks of algae are replaced 

on an annual basis.  The algal species were placed in 500 ml Erlenmeyer flasks 

containing 0.35 µm filtered seawater (FSW) that had been previously autoclaved 

at a salinity of 35-36 ppt using F culture medium nutrient, supplied by Varicon 

Aqua Ltd, product F2P)—this was used at double strength so as to extend the life 

of the culture to provide a longer exposure time of the algae to the test samples 

(otherwise these cultures would run out of nutrients and die in about 4–5 days). 

For Chaetoceros calcitrans and Chaetoceros mulleri, silica was added separately 

to the medium in the form of sodium metasilicate at a final concentration of 

105.6 µM. Stock cultures and experiments were kept at 294 K and irradiated with 

continuous white fluorescent light at ~100 µmol photons m−2 s−1 as described 

previously.17   

For microalgal toxicity evaluation, triplicate 300 ml batch cultures of 

Chaetoceros calcitrans, Chaetoceros mulleri, and Tisochrysis lutea (T-Iso) in 

500 ml Erlenmeyer flasks were used to test the toxicity of the coated plastic films 

to algae. Each of the four different batch coated films and a non-coated control 

of polyethylene film were fixed into a 35 mm photographic slide frame, which had 

a 1 mm thick length of silicone tube fixed to it so it could be suspended in the 

culture, Figure 6.3. Cultures were inoculated on day 0 with 40 ml of a parent stock 

and randomly placed on a shelf with a light frame. Experimental cultures were 

static but were swirled once every day during the testing period and moved to a 

new random location on the shelf after each sampling to control for varying 

distances from the light frame and therefore varying light intensities. The flasks 

were opened in a sterile laminar flow cabinet for sampling where a 2 ml aliquot 

was removed using a sterile pipette. The experiment was carried out for 14 days 

with 10 or 11 samplings occurring over that period. 
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Figure 6.3: Microalgal toxicity apparatus using triplicate 300 ml batch cultures of 
Chaetoceros calcitrans, Chaetoceros mulleri, and Tisochrysis lutea (T-Iso) in 500 ml 
Erlenmeyer flasks. Images taken by Mike Packer. 

 

For photosynthetic parameter analyses stress measurements, a Pulse 

Amplitude Modulation (PAM) fluorescence analyser (model Aquapen AP 110-C, 

Photon Systems Instruments spol. s r.o.) was used to measure the dark-adapted 

quantum yield (Fv/Fm) as an indicator of stress in the algae.19 Algae were diluted 

50% in culture media for measurement and the dark-adaption period was 10 min. 

Optical density (OD) of the algae was also recorded with the same instrument as 

the absorbance of light at 720 nm (OD720) as a proxy for cell number in the 

culture, and at 680 nm (OD680) as an indicator of light scattering and chlorophyll 

absorption, as well as fluorescence—all of which were used to compare growth 

rates for the different sample batches. The order of measurements on this 

instrument were fluorescence first, then quantum yield, then OD on the same 

sample, so that the measurements did not interfere with each other. The 

instrument was used with a 455 nm wavelength measuring light, and for Fv/Fm a 

30 µs pulse of 0.0135 µmol m−2 was used for the flash pulse and 1650 µmol 

photons m−2 s−1 was used for the saturating pulse. The dilution, dark adaption 

period and intensity of both the flash and saturating pulses were optimised for 

these algae in separate experiments and the flash pulse was determined to not 

drive photosynthesis (i.e. it is not actinic, it does not drive photochemical 

reactions such as production of ATP used in photosynthesis) for these algae 

under these conditions. 
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6.3 Results 

6.3.1 Biofouling 

The best antifouling performance towards Chaetoceros calcitrans microalgae 

was observed for pulsed plasma poly(vinylpyridine); whilst pulsed plasma 

poly(1H,1H,2H,2H-perfluorooctylacrylate) gave rise to more biofouling compared 

to the control uncoated polyethylene substrate after 20 days, Figure 6.4.  Pulsed 

plasma poly(glycidyl methacrylate), pulsed plasma poly(N-acryloylsarcosine 

methyl ester), and zinc oxide also displayed some level of biofouling hindrance, 

but were found not to be as consistent as pulsed plasma poly(vinylpyridine) 

coatings. 
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Figure 6.4: Photographs following 20 days exposure to Chaetoceros calcitrans 
microalgae in photobioreactor (relative degree of biofouling scale (‘in-house’ method of 
assessment): significantly cleaner than control (−2); marginally cleaner than control (−1); 
equal to control (0); marginally more fouled than control (+1); significantly more fouled 
than control (+2)). Where the uncoated control polyethylene film substrate is mounted in 
the left window of each pair. Coatings (except poly(vinylpyridine)) were produced by 
Haley Andrews. Biofouling testing was performed by, and images taken by, Mike Packer 
and Henry Kasper. 

The best performing pulsed plasma poly(vinylpyridine) coating was further 

examined for aqueous stability by measuring layer thickness on silicon wafers as 

a function of immersion time under water, Figure 6.5. The coatings showed a 
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small decrease in thickness to eventually plateau after 24 h—this is likely due to 

some loosely bound low molecular weight polymer chains initially washing off. No 

further loss of material after this time confirmed that the pulsed plasma 

poly(vinylpyridine) coating is stable in water. 

 

Figure 6.5: Pulsed plasma poly(vinylpyridine) coating thickness variation with time of 
immersion in water. (Mean values, errors bars represent standard deviation). 

 

Following microalgae exposure, the sample surfaces were analysed using 

infrared spectroscopy, Figure 6.6.  The as-removed surfaces all displayed very 

similar infrared absorbance features which can be attributed to surface settlement 

during removal from the microalgae solution. This settlement layer could be easily 

washed off using cyclohexane (as found for the control uncoated polyethylene 

film sample which required just 5 s of immersion into the solvent).  Even after 30 

min of immersion in cyclohexane, the pulsed plasma poly(vinylpyridine) coated 

samples which had been exposed to microalgae in solution still exhibited infrared 

absorbance peaks which are characteristic of pulsed plasma poly(vinylpyridine) 

coated polyethylene prior to immersion into the microalgae solutions at around 

3300 cm−1 (O–H or N–H bonds from absorbed water20, 21), 1650 cm−1 (C=C 

stretching), and 1090 cm−1 (aromatic C=C–H in-plane bends, and/or C–N 

stretches).22,23,24 Given the hydrophilic nature of poly(vinylpyridine), these 

absorbances are a combination of adsorbed water and the underlying pulsed 

plasma poly(vinylpyridine) coating. 
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Figure 6.6: Infrared spectra for (a) Chaetoceros mulleri; and (b) Tisochrysis lutea where: 
(i) control uncoated polyethylene (not exposed to microalgae); (ii) control  uncoated 
polyethylene exposed to microalgae; (iii) control  uncoated polyethylene exposed to 
microalgae and washed with cyclohexane for 5 s; (iv) control pulsed plasma 
poly(vinylpyridine) coated polyethylene (not exposed to microalgae); (v) pulsed plasma 
poly(vinylpyridine) coated polyethylene exposed to microalgae; and (vi) pulsed plasma 
poly(vinylpyridine) coated polyethylene exposed to microalgae and washed with 
cyclohexane for 30 min. 

 

6.3.2 Toxicity 

Optical density measurements showed that cell number in the culture increased 

linearly over time, with no notable difference observed between the uncoated and 

pulsed plasma poly(vinylpyridine) coated polyethylene film samples, Figure 6.7.  

The drop-off observed after day 10 for C. calcitrans is to be expected due to 

nutrient deprivation in the batch culture by that stage.  Similarly, no difference 

was seen for the photosynthetic health parameter. The photosynthetic health 

parameter is determined from the chlorophyll fluorescence of the algae—when 

the algae cells are exposed to external factors (such as a polymer coating), the 

stress on the cells may increase. Generally, the greater the stress, the fewer the 

reactive fluorescent sites are present, and thus a decrease in the quantum yield 

(the ratio of the minimum baseline fluorescence and the maximum fluorescence) 

means a decrease in the health of the algae caused by the surface coating. This 
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confirms that there is an absence of toxicity for the pulsed plasma 

poly(vinylpyridine) coatings towards the microalgae. 

 

 

Figure 6.7: Growth and photosynthetic health of Chaetoceros calcitrans, Chaetoceros 
mulleri, and Tisochrysis lutea (T-Iso) microalgae versus time for uncoated control and 
pulsed plasma poly(vinylpyridine) coated polyethylene film samples using optical density 
(720 nm) and quantum yield respectively. Data obtained by Mike Packer and Henry 
Kasper. 

 

 

6.4 Discussion  

The plasma deposited coatings investigated in this study do not utilise any 

harmful antimicrobial additives, which is important for addressing environmental 

toxicity concerns. Given that low duty cycle pulsed plasma polymer coating 

surfaces tend to be smooth in nature, the water repellency of the pulsed plasma 

polymer layers correlates to the chemical functional groups.25,26 For the case of 

the zinc oxide layer, there is inherent hydrophobicity due to the Cassie-Baxter 
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effect trapped gas layer27, however this air layer will collapse during prolonged 

immersion in aqueous media, leading to some hydrophilicity due to hydroxyl 

groups, which in conjunction with the antimicrobial properties of zinc oxide, 

provides some degree of antifouling performance.18 The most hydrophilic 

nanocoating surface (pulsed plasma poly(vinylpyridine)) showed the best 

antifouling behaviour, Figure 6.4.  Whilst the good performance noted for pulsed 

plasma poly(N-acryloylsarcosine methyl ester) is consistent with its protein 

resistance properties.28 Hydrophilic surfaces are able to resist fouling due to the 

formation of a tightly-bound surface water layer which creates a barrier towards 

biofoulant attachment.29,30,31 Such hydrophilic surfaces typically have the 

following four characteristics: (i) polar, (ii) hydrogen-bond acceptor, (iii) no 

hydrogen bond donor groups, and (iv) charge neutral.31,32 Pyridine molecule is 

known to form hydrogen bonds with water molecules (i.e. act as a hydrogen bond 

acceptor) and form a hydration sphere.33,34,35,36 Hence, grafted poly(4-

vinylpyridine) coatings are able to resist fouling by bovine serum albumin and 

human fibrinogen proteins, which is attributable to the presence of the hydration 

layer.23 

The physical structure of coatings can also play an important role in 

preventing biofouling of microalgae—for example, biomimetic silicon modified 

acrylic resin surface moulded from shark skin has been shown to display good 

antibiofouling against a range of microalgae due to its V-groove riblets and 

imbricate boundary structure preventing adhesion.37 Hence, pulsed plasma 

poly(vinylpyridine) nanocoatings applied to such physical structures may 

enhance the antifouling performance further. 

While the prevention of fouling is important for many applications, the 

encouragement of fouling may be equally desirable, e.g. in bioreactors using 

surface-dwelling algae/micro-organisms, or in the collection of biomass from 

dilute suspensions where the usual physical methods (filtration, centrifugation 

etc.) are not feasible or are expensive (e.g. open ocean).38, 39 And so, the 

utilisation of hydrophobic pulsed plasma nanocoatings (for example hydrocarbon 

alkyl group variants) would be well suited for such applications. 
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6.5 Conclusions 

Hydrophobic pulsed plasma poly(1H,1H,2H,2H-perfluorooctylacrylate) coating 

increases the level of microalgae biofouling. Whereas hydrophilic surfaces 

reduce the extent of biofouling, with the most hydrophilic pulsed plasma 

poly(vinylpyridine) coating performing the best. Furthermore, this coating was 

found to be non-toxic towards marine microalgae.  
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Chapter 7 

7 Conclusions and Further Work 

7.1 Conclusions 

Antimicrobial surfaces offer a potential route to stop the spread of pathogens 

where other methods (such as those reviewed in chapter 2) are not appropriate 

or available. In chapter 3, adhesive polymer polydopamine is combined with 

antibacterial bioderived cinnamaldehyde to produce an antibacterial coating. The 

cinnamaldehyde is believed to react with the dopamine as it polymerises, leading 

to incorporation of cinnamaldehyde in the coating. The coating’s antibacterial 

activity was tested using Gram-negative Escherichia coli and Gram-positive 

Staphylococcus aureus, in order to demonstrate broad-spectrum antibacterial 

activity, and was found to produce a strong antibacterial effect against both 

bacteria, giving complete killing (~8-Log10 Reduction compared to the untreated 

substrates). The longevity of the coatings antibacterial activity was examined by 

recycling the same samples for multiple tests, and it was found that the 

polydopamine–cinnamaldehyde coating could last for 10 tests before complete 

loss of activity, with the activity dropping off after the first two tests. Tannic acid, 

a compound derived from plants, which also forms adhesive coatings, was 

combined with cinnamaldehyde. The tannic acid–cinnamaldehyde coating was 

also found to produce strong antibacterial effects against both bacteria (~8-Log10 

Reduction). The antibacterial reusability of this coating lasted for 5 cycles, due to 

it being thinner than the polydopamine–cinnamaldehyde coating. Tannic acid 

represents a cheaper, bioderived alternative to polydopamine. Both coatings use 

simple, one-pot, single-step methods. Since the cinnamaldehyde is believed to 

have reacted with the amine group on the dopamine molecule (as demonstrated 

via reaction of cinnamaldehyde with phenethylamine), cinnamaldehyde was 

combined with polyethyleneimine, a polymer containing numerous amine groups, 

to produce another antibacterial coating. Polyethyleneimine–cinnamaldehyde 

coating showed the weakest antibacterial activities of the three coatings, but 

nonetheless demonstrates further how cinnamaldehyde may be combined with 

polymers. Finally, porous non-woven polypropylene cloth was either impregnated 

with cinnamaldehyde, or coated with polydopamine–cinnamaldehyde. 

Antibacterial recycling tests showed that both systems had long-lasting, strong 

antibacterial activities. 
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 In chapter 4, the tannic acid–cinnamaldehyde coating method is further 

extended to utilise tea in combination with cinnamaldehyde. The tea–

cinnamaldehyde coating was characterised, and shown to exhibit complete killing 

of E. coli and S. aureus. The coating is further derivatised via addition of copper 

or silver metals. The resulting tea–cinnamaldehyde–copper and tea–

cinnamaldehyde–silver coatings were tested for antiviral activities against murine 

coronavirus MHV-A59, a potential surrogate for SARS-CoV-2. Both were found 

to give a reduction in the viral titre, with the silver coating having a slightly stronger 

effect (98.6% and 99.8% respectively). The tea–cinnamaldehyde coatings utilise 

a single-step, one-pot, simple coating method, that uses cheap readily-available 

materials. 

 In chapter 5, pulsed plasma polymer thin films are deposited onto 

substrates, and subsequently treated with lubricant liquids to produce stable 

slippery liquid-infused surfaces. A variety of plasma polymers are examined and 

a structure-behaviour relationship is established. The liquid-infused coatings 

show good water repellency. A perfluorinated pulsed plasma polymer and 

lubricants system showed omniphobic slippery behaviour against water and a 

selection of oils. Lubricant infused pulsed plasma poly(vinylaniline) could repel 

viscous foodstuffs, tomato ketchup and honey. Use of cinnamaldehyde as a 

lubricant led to slippery surfaces with strong antibacterial activities against both 

E. coli and S. aureus. 

 Chapter 6 demonstrates how pulsed plasma polymer thin film coatings can 

be used to reduce (or potentially encourage) biofouling by microalgae. 

Hydrophilic coatings, such as pulsed plasma poly(vinylpyridine) can prevent 

biofouling due to the presence of an associated hydration layer that stops 

microalgae from attaching to the surface, whereas hydrophobic coatings (such 

as pulsed plasma poly(1H,1H,2H,2H-perfluorooctylacrylate) were found to 

increase biofouling compared to the untreated substrate. 

 Overall, wet chemical methods that combine adhesive polymers or 

(bioderived) compounds and bioderived cinnamaldehyde offer a simple, cheap, 

accessible, and effective route for the production of antibacterial coatings. Pulsed 

plasma polymers provide effective means of fabrication of multifunctional 

antibacterial coatings, as well as antibiofouling coatings. 
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7.2 Further Work 

All of the antibacterial coatings reported in chapters 3, 4, and 5 utilise 

cinnamaldehyde as the antibacterial agent. There does however exist a wide 

variety of bioderived organic compounds found in nature that also exhibit 

antibacterial activities. Therefore, further work could involve the use of such 

compounds in combination with polydopamine, tannic acid, tea, and pulsed 

plasma polymers to produce alternative antimicrobial coatings, with targeted or 

broad-spectrum activities. In chapter 4, only one type of green tea was utilised. 

There are of course many other types of teas available (e.g. black tea, white tea, 

etc.), which could be tested to examine their abilities to form coatings. Also in 

chapter 4, copper and silver were used in coatings separately, however, it may 

be possible to combine them to form an alloy coating (i.e. tea–cinnamaldehyde–

copper–silver), and examine its antiviral activities. Ultimately, all three of these 

previous points could be combined, to utilise a range of bioderived antimicrobial 

compounds, a range of teas, and different combinations of metals, in order to 

produce a host of antimicrobial coatings. In chapter 5, the monomers used for 

pulsed plasma polymerisation are all synthetic. There are compounds found in 

nature that contain polymerisable carbon-carbon double bonds (for example, 

cinnamaldehyde itself) that could potentially be used to produce plasma polymer 

thin films, that in turn could be used to form completely bioderived slippery liquid-

infused surface coatings. In chapter 6, the pulsed plasma thin film coatings were 

deposited onto polyethylene as-is. As mentioned in section 6.4, the physical 

structure of a surface also is important to its anti-biofouling capabilities. 

Therefore, the pulsed plasma coatings, which are substrate-independent and 

conformal, could be combined with physically structured anti-biofouling coatings 

to further enhance their anti-biofouling abilities. 
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Appendix 1  

A1.1 Introduction 

‘Calixarenes’ are a class of cyclic, oligomeric compound, formed from the reaction 

between a phenol and formaldehyde.1 Calixarenes appear to be a promising 

candidate for making antibacterial compounds, owing to their synthetic versatility, 

i.e. the range of functional groups and compounds that can be added to the basic 

calixarene structure, and the ease with which they can be added on. One report 

has previously shown that calix[4]arene with –CH2CH2NH2
 amine groups 

attached to the upper-rim have an antibacterial effect against M. tuberculosis.2 

DMAM-calixarene (full name: 5,11,17,23-tetrakis[(dimethylamino)methyl]-

25,26,27,28-tetrahydroxycalix[4]arene), Figure A1.1, contains tertiary amine 

groups on the upper-rim, and has previously been immobilised onto bulk 

poly(vinylbenzyl chloride).3  

 In this study, pulsed plasma poly(vinylbenzyl chloride) is deposited onto 

non-woven polypropylene cloth, and DMAM-calixarene is immobilised onto the 

surface via Williamson ether reaction of the calixarene –OH with the surface 

chloride groups, Figure A1.2. The antibacterial activity of this coating is examined. 

 

Figure A1.1: Structure of 5,11,17,23-tetrakis[(dimethylamino)methyl]-25,26,27,28-
tetrahydroxycalix[4]arene (DMAM-calixarene). 
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Figure A1.2: Mechanism for the immobilisation of DMAM-calixarene onto 
poly(vinylbenzyl chloride). 

 

A1.2 Experimental 

A1.2.1  Pulsed Plasma Deposition 

Pulsed plasma deposition of vinylbenzyl chloride (97%, mixture of 2-, 3- and 4- 

isomers, Sigma-Aldrich Inc.) on non-woven polypropylene cloth (taken from the 

middle layer of disposable surgical masks, 80 μm thickness, 5.0 ± 1.5 μm fiber 

diameter, SD Medical Ltd.) was carried out as described in section 2.1. The fabric 

was rinsed with ethanol and thoroughly dried in air prior to plasmachemical 

surface functionalization. Coating was performed on both sides of the cloth in two 

separate experiments. 

 

A1.2.2  DMAM-Calixarene Immobilisation 

DMAM-calixarene (13.4 mg, synthesized by Egemen Ozcelik, Mustafa Karaman, 

and Mustafa Tabakci (Chemical Engineering Department, Konya Technical 

University) according to previous literature3), potassium carbonate (27.6 

mg, >99.0%, Sigma-Aldrich Inc.), and potassium iodide (43.2 mg, 99+%, Sigma-

Aldrich Inc.) and acetone (50 ml, Fisher Scientific Ltd.) were combined in a glass 

jar. Pulsed plasma poly(vinylbenzyl chloride) coated cloth was cut into quarters 

(approximately 60 x 70 mm), and one quarter was immersed into the solution. 

The jar was sealed and left on shaker at 20 °C for 48 h. Samples were removed 

and washed in acetone for 20 s, followed by high-purity water for 15 min with 

shaking, and then air-drying. 
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A1.2.3  Characterisation 

XPS of the DMAM-calixarene immobilised cloths was carried out as described in 

section 2.7. 10 x 10 mm squares were cut out for analysis. Elemental 

concentrations were calculated using instrument sensitivity (multiplication) 

factors determined from chemical standards, C(1s) : N(1s) : O(1s) : Cl(2p) = 1.00 : 

0.70 : 0.35 : 0.37.  

 

A1.2.4  Antibacterial Testing 

Antibacterial testing was carried out as described in section 2.3, with the 

modification that samples treated with bacteria inoculum were incubated for 16 

h, not 4 h. 

 

 

A1.3 Results 

A1.3.1  Characterisation 

XPS analysis of poly(vinylbenzyl chloride) coated polypropylene cloth showed 

good agreement with the theoretical atom percentages expected from 

poly(vinylbenzyl chloride), Table A1.1. (The small quantity of oxygen likely occurs 

due to oxidation of the polymer coating in air before it is transferred to the XPS 

instrument.) DMAM-calixarene immobilised on polypropylene cloth shows and 

increase in both nitrogen and oxygen, and a decrease in chlorine at the surface, 

indicating that the DMAM-calixarene has been successfully immobilised on the 

surface, Table A1.1. The detection of some chlorine atoms is either due to not all 

of the surface chloride groups reacting, or due to subsurface chlorine atoms being 

detected. 
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Table A1.1: XPS compositions for vinylbenzyl chloride (VBC, Theoretical); pulsed 
plasma deposited poly(vinylbenzyl chloride) (pp-VBC); one unit of vinylbenzyl chloride 
reacted with one DMAM-calixarene molecule; and pulsed plasma-deposited 
poly(vinylbenzyl chloride) subsequently functionalized with DMAM-calixarene. 

Surface Composition / atom % 

C N O Cl 

VBC (Theoretical) 90 0 0 10 

pp-VBC (Experimental) 90.9 ± 

0.5 
0 0.3 ± 0.4 8.8± 0.2 

VBC + DMAM-Calix (Theoretical) 86.0 7.0 7.0 0 

pp-VBC + DMAM-Calix 

(Experimental) 

83.7 ± 

1.3 

3.4 ± 

0.9 

10.0 ± 

1.0 

3.1 ± 

0.8 

 

It is useful to know how many of the surface chloride groups have reacted with a 

DMAM-calixarene molecule (i.e. the percentage conversion). An equation 

relating the fraction of nitrogen atoms, [N], at the surface, to the conversion 

fraction, x, can be derived as follows: 

The fraction of nitrogen will be equal to the amount of nitrogen atoms in 

the product divided by the total number of atoms in the product. The number of 

nitrogen atoms can be expressed as the initial amount of chlorine atoms, [Cl]0 

(because the calixarene is replacing the chlorine atom on the polymer), multiplied 

by 4 (because each calixarene contains 4 nitrogen atoms, and therefore each 

chlorine atom is replaced with 4 nitrogen atoms, assuming only one oxygen atom 

per calixarene reacts with the surface), multiplied by the conversion factor, x 

(where a value of 0 means no reaction, and a value of 1 means all chlorine atoms 

have been replaced). This gives the amount of nitrogen present after reaction as: 

Amount of nitrogen atoms =  4𝑥[𝐶𝑙]0 

The total number of atoms present will be equal to the initial number of carbon 

atoms present, [C]0 (the initial number of carbon atoms is unaffected by reaction), 

plus the initial number of chlorine atoms present, [Cl]0, plus 47 multiplied by [Cl]0 

(this is because each time a Cl atom is replaced by a calixarene (which contains 

48 non-hydrogen atoms), the overall increase in atoms is 47), multiplied by x. 

Therefore, the total number of atoms present in the product can be expressed as: 

Total amount of atoms = [𝐶]0 + [𝐶𝑙]0 + 47𝑥[𝐶𝑙]0 

(The derivation of this equation can be also achieved via another slightly different 

method: the total number of atoms present will be equal to the initial number of 
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carbon atoms present, [C]0, plus (1 - x)[Cl]0 (since the chlorine atoms are being 

removed, and must decrease linearly as x increases from 0 to 1), plus 48x[Cl]0 

(because each time a chlorine is replaced, a calixarene which has 48 non-

hydrogen atoms replaces it). This gives the following equation: 

Total amount of atoms = [𝐶]0 + (1 − 𝑥)[𝐶𝑙]0 + 48𝑥[𝐶𝑙]0 

(Expansion of the brackets and simplification then give the exact same equation 

as previously derived above.) 

The two statements, ‘amount of nitrogen atoms’ and ‘total amount of atoms’ can 

be combined to give the equation for the fraction of nitrogen atoms present at the 

surface of the sample (and to make it a percentage, the equation is multiplied by 

100, as shown): 

[𝑁](%) =  
4𝑥[𝐶𝑙]0

[𝐶]0 + [𝐶𝑙]0 +  47𝑥[𝐶𝑙]0
 × 100 

Using the atom % values measured with XPS for each sample, the equation can 

be used to determine the value of x, i.e. the amount of conversion. This can be 

multiplied by 100 to give percentage conversion. Doing so gives a mean 

conversion value of 14%. It has been assumed that each calixarene only reacts 

with one chlorine, when in reality each calixarene may react with two, three or 

four chlorides. Therefore, this value should only be taken as a rough estimate. 

 

A1.3.2  Antibacterial Testing 

DMAM-calixarene immobilised polypropylene cloths were tested for antibacterial 

activity against E. coli, Figure A1.3. The DMAM-calixarene immobilised 

polypropylene cloths were found not to produce any reduction in the number of 

bacteria relative to the control. The DMA-calixarene immobilised cloth therefore 

has no antibacterial properties. (No testing was performed on S. aureus). 
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Figure A1.3: E. coli bacterial concentrations after treatment with: control untreated non-
woven polypropylene cloth; DMAM-calixarene immobilised cloth; and DMAM-calixarene 
immobilised cloth used for dichromate filtration prior to antibacterial testing. 

 

A1.3.3  Chromium Filtration 

The DMAM-calixarene immobilised cloths were used for filtration/removal of toxic 

Cr(VI) ions (e.g. Cr2O7
2-) from polluted water (work performed by Vera Bieber, 

Durham University).4 Since Cr(VI) oxyanions are known to be toxic towards 

bacteria5, DMAM-calixarene immobilised cloth was used to filter water spiked with 

dichromate (in order to saturate the DMAM-calixarene molecules), and it was 

examined whether the cloth becomes antibacterial after it had been used for 

filtration. However, testing against E. coli again showed no reduction in bacteria 

concentration compared to the control untreated cloth, Figure A1.3. The 

chromium–DMAM-calixarene immobilised cloth was therefore not antibacterial. 

 

 

A1.4 Conclusions 

Pulsed plasma poly(vinylbenzyl chloride) was deposited onto non-woven 

polypropylene cloth. DMAM-calixarene was reacted with the chloride groups and 

immobilised onto the surface of the cloths. The DMAM-calixarene immobilised 

cloths were tested for their antibacterial activity, and were found not to kill E. coli. 

DMAM-calixarene immobilised cloths were used for Cr(VI) filtration and 
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subsequent antibacterial testing, but the chromium–DMAM-calixarene 

immobilised cloths were also found not to exhibit any antibacterial behaviour. 
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Appendix 2  

A2.1 Introduction 

In Chapter 1 of this thesis, it was described that quaternary ammonium 

compounds have an antibacterial effect. Previously, pulsed plasma 

poly(vinylpyridine) coating quaternised with bromobutane has been shown to 

produce substrate-independent antibacterial surfaces.1 There has also been a 

report where pulsed plasma poly(vinylbenzyl chloride) was reacted with 

butylimidazole to produce poly(ionic liquid) functional coatings, Figure A2.1.2 

However, the antibacterial activities of this particular coating have previously not 

been examined.  

 In this study, quaternised pulsed plasma poly(vinylbenzyl chloride)–

butylimidazole coating is synthesised on non-woven polypropylene cloth, and the 

antibacterial activities are examined. 

 

Figure A2.1: Schematic for coating of pulsed plasma poly(vinylbenzyl chloride) and 
quaternisation with butylimidazole. 

 

 

A2.2 Experimental 

A2.2.1  Pulsed Plasma Deposition 

Pulsed plasma deposition of vinylbenzyl chloride (97%, mixture of 2-, 3- and 4- 

isomers, Sigma-Aldrich Inc.) on non-woven polypropylene cloth (0.41 mm thick, 

22.7 ± 4.4 µm fibre diameter, with dimpled structure 0.68 ± 0.16 mm separation, 

spunbond, 70 g m−2, Avoca Technical Ltd.) was carried out as described in 

section 2.1. The fabric was rinsed with ethanol and thoroughly dried in air prior to 

plasmachemical surface functionalization. Coating was performed on both sides 

of the cloth simultaneously in one experiment. 
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A2.2.2  Quaternization 

1-Butylimidazole (4 ml, 98%, Sigma-Aldrich Inc.) and N,N-dimethylformamide (24 

ml, HPLC grade, >99.7%, Fisher Scientific UK Ltd.) were combined in a round 

bottom flask. The poly(vinylbenzyl chloride) coated polypropylene cloth was cut 

into 15 x 15 mm pieces which were immersed into the solution. A condenser was 

attached to the flask, and the solution was heated to 70 °C for 16 h. The solution 

was allowed to cool, then samples were removed, and washed in N,N-

dimethylformamide for 5 min with shaking, followed by washing in high-purity 

water for 5 min with shaking, and then fully air dried. 

 

A2.2.3  Characterisation 

XPS of the pulsed plasma poly(vinylbenzyl chloride)–butylimidazole quaternised 

coated cloths was carried out as described in section 2.7. 10 x 10 mm squares 

were cut out for analysis. Elemental concentrations were calculated using 

instrument sensitivity (multiplication) factors determined from chemical 

standards, C(1s) : N(1s) : O(1s) : Cl(2p) = 1.00 : 0.70 : 0.35 : 0.37.  

 

A2.2.4  Antibacterial Testing 

Antibacterial testing of the poly(vinylbenzyl chloride)–butylimidazole quaternised 

coated cloths was carried out as described in section 2.3, with the modification 

that samples treated with bacteria inoculum were incubated for 16 h, not 4 h. 

 

 

A2.3 Results 

A2.3.1  Characterisation 

XPS analysis of pulsed plasma poly(vinylbenzyl chloride) coated polypropylene 

cloth showed good agreement with the theoretical atom percentages expected 

from poly(vinylbenzyl chloride), Table A2.1. (The small quantity of oxygen likely 

occurs due to oxidation of the polymer coating in air before it is transferred to the 

XPS instrument.) Quaternized poly(vinylbenzyl chloride)–butylimidazole coated 

cloths show the presence of nitrogen, indicating quaternisation has indeed taken 

place, Table A2.1. The detection of some oxygen atoms is likely caused by 

oxidation of the coating during heating. 
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Table A2.1: XPS compositions for vinylbenzyl chloride (VBC, Theoretical); pulsed 
plasma deposited poly(vinylbenzyl chloride) (pp-VBC); one unit of vinylbenzyl chloride 
reacted with one butylimidazole molecule; and pulsed plasma-deposited poly(vinylbenzyl 
chloride) subsequently functionalized with butylimidazole. 

Surface Composition / atom % 

C N O Cl 

pp-VBC (Theoretical) 90 0 0 10 

pp-VBC (Experimental) 90.9 ± 

0.5 
0 

0.3 ± 

0.4 
8.8± 0.2 

pp-VBC–Butylimidazole 

(Theoretical) 

84.2 10.5 0 5.3 

pp-VBC–Butylimidazole 

(Experimental) 

86.0 ± 

0.3 

5.4 ± 

0.7 

5.3 ± 

0.8 

3.3 ± 

0.3 

 

The percentage of quaternisation can be calculated from the XPS Cl peaks. Upon 

quaternisation, the Cl peak undergoes a binding energy shift of a few eV since 

the C–Cl becomes a Cl– ion, Figure A2.2. By taking the ratio of the peak areas of 

the C–Cl and Cl– peaks, the level of quaternisation can be determined. The 

quaternisation level was determined to be 47 ± 5%. 

 

Figure A2.2: XPS spectra Cl fine scans of coatings on polypropylene cloth: (a) pulsed 
plasma poly(vinylbenzyl chloride); and (b) quaternised pulsed plasma poly(vinylbenzyl 
chloride)–butylimidazole. 

 

A2.3.2  Antibacterial Testing 

Quaternised pulsed plasma poly(vinylbenzyl chloride)–butylimidazole coated 

polypropylene cloths were tested for antibacterial activity against E. coli and S. 
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aureus, Figure A2.3. Against E. coli, the cloths had a small effect, Log10 

Reduction = 0.4 ± 0.1 (59% reduction), and against S. aureus, the coating had a 

slightly stronger antibacterial effect, Log10 Reduction = 1.4 ± 0.1 (96% reduction). 

 

Figure A2.3: E. coli bacterial concentrations after treatment with: control untreated non-
woven polypropylene cloth; and quaternised pulsed plasma poly(vinylbenzyl chloride)–
butylimidazole coated polypropylene cloths. 

 

A2.4 Discussion 

The antibacterial efficacy of the quaternised pulsed plasma poly(vinylbenzyl 

chloride)–butylimidazole coating is not particularly high, for example, when 

compared to the quaternised pulsed plasma poly(vinylpyridine) coatings, which 

could achieve Log10 Reduction  = 4.4 against both Klebsiella pneumoniae and S. 

aureus.1  

 

A2.5 Conclusions 

Pulsed plasma poly(vinylbenzyl chloride) was deposited onto non-woven 

polypropylene cloth, and quaternised with butylimidazole. The coating was found 

to have a small antibacterial effect against both E. coli and S. aureus.  
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Appendix 3  

A3.1 Introduction 

Poly(ethylene glycol) coatings are found in many technological applications 

including photoinduced microstructures,1 protein resistant films, piezoelectric 

materials,2 hydrogels,3 biosensors,4,5,6 drug delivery,7,8,9 proton conducting 

membranes,10,11 thixotropic cell support,12 cell imaging,13,14 photothermal 

therapy,15,16 tissue engineering,17 antimicrobial coatings,18,19 gas separation,20,21 

and oxygen scavenging.22 Methods used previously to manufacture 

poly(ethylene glycol) nanocomposite coatings have included 

photopolymerization,1,23,24 dendrimer mediated stabilization,25 suspension 

polymerization,2 coprecipitation,5 sol-gel synthesis,10,12 and magnetron 

sputtering.19 These methods can be time consuming and expensive,5,9,25 require 

multiple steps,5,18 lack precision over coating thickness for miniature device 

applications,22 or suffer from susceptibility to polymer film damage.19  

Plasmachemical deposition is a versatile, solventless method for the 

fabrication of functional thin films.26 Its inherent advantages are that it is a one-

step technique, which provides conformal coatings for both two- and three-

dimensional substrates. Past examples of functionalities prepared by this method 

have included carboxylic acid,27 anhydride,28 amine,29 cyano,30 epoxide,31 

halide,32 thiol,33 furfuryl,34 perfluoroalkyl,35 perfluoromethylene,36 and 

trifluoromethyl37 groups. In order to achieve high levels of structural retention and 

deposition rate, one approach is to raise the density of the precursor vapour 

within the reactor (i.e. increase the pressure / flow rate), such that the average 

plasma power per reactant molecule decreases.26,38 However, there exist 

limitations due to high precursor vapour pressure / flow rates leading to plasma 

instabilities / inhomogeneity and eventually extinction. Such shortcomings can be 

overcome by introducing atomized droplets of the precursor into the plasma 

excitation zone.39,40  

In this appendix chapter, poly(ethylene glycol) nanocomposite coatings 

are prepared by atomised spray plasma deposition (ASPD) using di(ethylene 

glycol) ethyl ether acrylate precursor mixed with a biocidal additive in order to 

generate an antimicrobial coating, Figure A3.1. Synergy is achieved by combining 

poly(ethylene glycol) protein-resistance with antibacterial efficacy of a double 
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tailed metallosurfactant species containing two C12 chains coordinated to copper 

(bis(dodecylamine) copper dichloride), Figure A3.2.   

 

 

Figure A3.1: Atomized-spray plasmachemical deposited poly(di(ethylene glycol) ethyl 
ether acrylate) nanocomposite layers with copper (bis(dodecylamine) copper dichloride) 

metallosurfactant.  

 

 

   

Figure A3.2: Structure of bis(dodecylamine) copper dichloride (Cu(DDA)). 

 

A3.2 Experimental 

A3.2.1  Atomised Spray Plasma Deposition of Nanocomposite Layers 

For antibacterial coatings, bis(dodecylamine) copper dichloride (CuDDA, 10 mg, 

synthesised by Preeti Garg and Gurpreet Kaur (Department of Chemistry, Panjab 

University)) was added to di(ethylene glycol)ethyl ether acrylate (0.5 ml, +90% 

Aldrich Ltd.), and mixed using an ultrasonic bath for approximately 20 min to 

ensure full dispersion. Pieces of non-woven polypropylene sheet (0.41 mm thick, 

22.7 ± 4.4 µm fibre diameter, with dimpled structure 0.68 ± 0.16 mm separation, 

Spunbond, 70 g m−2, Avoca Technical Ltd.) were washed in absolute ethanol for 

15 min and then dried under vacuum in order to make sure they were sterile and 

clean (also used as control samples). Both sides of the cloth were coated in 

separate depositions via atomised spray plasma deposition using the di(ethylene 

glycol)ethyl ether acrylate–Cu(DDA) precursor mixture, as described in section 

2.1. 

 



   

200 

 

A3.2.2  Characterisation 

Antibacterial testing was carried out as described in section 2.3. 

 

A3.3 Results 

Antibacterial testing showed that the control untreated non-woven polypropylene 

sheet gave E. coli and S. aureus bacterial counts of 1.97 ± 0.13 x 109 CFU ml−1 

at 10−6 dilution (n = 3, standard deviation error) and 7.67 ± 2.87 x 108 CFU ml−1 

at 10-6 dilution (n = 3, standard deviation error) respectively, Figure A3.3.  

 

 

Figure A3.3: Antibacterial activity against E. coli (Gram-negative) and S. aureus (Gram-
positive) bacteria: (a) untreated non-woven polypropylene sheet control; (b) ASPD 
poly(di(ethylene glycol)ethyl ether acrylate)– bis(dodecylamine) copper dichloride coated 
polypropylene cloth. 

  

The ASPD poly(di(ethylene glycol)ethyl ether acrylate)– bis(dodecylamine) 

copper dichloride coated polypropylene cloth showed high activity against both 

the E. coli and S. aureus, reducing both bacteria to zero at the 10-1 dilution in 4 

h. This equates to Log10 reduction = 8.29 ± 0.03 of E. coli, and Log10 reduction = 

7.9 ± 0.2 of S. aureus. 
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A3.4 Discussion 

ASPD poly(di(ethylene glycol)ethyl ether acrylate)–copper (bis(dodecylamine) 

copper dichloride coatings displayed high antibacterial activity (Log10 reduction = 

8) against both Gram-negative Escherichia coli and Gram-positive 

Staphylococcus aureus, Figure A3.3—which easily exceeds the minimal (Log10 

reduction > 3, in 1 h) set by the US Environmental Protection Agency Office 

(EPA).41  A variety of metallosurfactants have been reported in the literature 

which display a broad spectrum of antimicrobial activities. The antibacterial 

efficacy can depend on both the head group, as well as the hydrophobic 

chain.42,43 Copper and iron metallosurfactants containing dodecylamine or 

hexadecyl pyridinium chloride are found to be active against both Gram-positive 

and Gram-negative bacteria.44 Single-chain and double chain chromium(III) 

metallosurfactant complexes containing dodecylamine and cetylamine have also 

shown Gram-positive and Gram-negative antibacterial activity combined with 

antifungal activity.45 Double-chain metallosurfactants exhibit greater activity than 

the single-chain counterparts. The antibacterial mechanism of action of 

metallosurfactants is reported to be due to interactions between the surfactant 

tail and the cell membrane, and diffusion of the metallosurfactant into the bacterial 

cell.46 This induces outer membrane damage in E. coli  and detachment  of the 

plasma membrane from the cell wall in S. aureus.47 The dependency of 

antibacterial activity on the type of metal ion includes the metal ion redox 

chemistry.48  Metallosurfactants are also able to interact with and damage 

bacterial DNA.49,50,51 

Whilst previously reported nanocomposite fabrication methods may require 

multiple steps, removal of solvents or long processing times, atomized-spray-

plasma deposition offers the advantages of being one-step, solventless, and fast 

deposition rates.  This makes the nanocomposite coating technique attractive for 

industrial scale processes such as roll-to-roll for direct conformal application onto 

electrochemical device components or personal protection equipment. 

 

 

A3.5 Conclusions 

Atomized-spray-plasma deposition has been utilized to deposit poly(di(ethylene 

glycol)ethyl ether acrylate)–copper (bis(dodecylamine) copper dichloride) 
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coatings which display high antibacterial activity against both Gram-negative E. 

coli and Gram-positive S. aureus.  
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Appendix 4  

A4.1 Introduction 

A hydrophilic-oleophobic switchable surface coating has been developed by 

Angus Ritchie (Badyal group, Department of Chemistry, University of Durham).1 

The coating consists of a polymer–nanoparticle–fluorosurfactant complex; the 

polymer used is cationic quaternary ammonium compound poly(diallyldimethyl 

ammonium chloride). Therefore, in this chapter, the antibacterial activities of 

these switchable coatings are examined. 

 

 

A4.2 Experimental 

A4.2.1  Polymer–Particle–Fluorosurfactant Complex Coatings 

Poly(diallyldimethyl ammonium chloride) (4 ml, PDDA;  20  wt% in H2O, Sigma-

Aldrich  Ltd.) was diluted with high-purity water (36 ml), and shaken for 2 h. For 

coatings containing silica nanoparticles, the silica nanoparticles (1.2 g, surface 

charge: negative, average particle size = 7 nm, Degussa Aerosil® 300) were 

added to the solution, then sonicated for 1 h, then shaken for 1 h. Anionic 

fluorosurfactant (0.5 ml, Capstone FS-63, DuPont Ltd.) was diluted with high-

purity water (9.5 ml) The fluorosurfactant solution was added dropwise to the 

polymer solution. Once added, the mixture was shaken for 1 h. Lids were 

removed from the containers, and the water was allowed to evaporated overnight. 

The next day, the containers were heated at 110 °C for several hours to drive off 

any remaining water. The dried solid was rinsed in a minimum amount of water 

and dried again at 110° for several hours. The resultant solid was weighed out 

and dissolved in ethanol to give a 1% w/v solution of the polymer–fluorosurfactant 

or polymer–nanoparticle–fluorosurfactant complex. The coating solution was 

then applied to non-woven polypropylene cloth (0.41 mm thick, 22.7 ± 4.4 µm 

fibre diameter, with dimpled structure 0.68 ± 0.16 mm separation, spunbond, 70 

g m−2, Avoca Technical Ltd.) by spray coating using a pressurised spray gun (RG-

3L, Anest Iwata Inc.). 
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A4.2.2  Antibacterial Testing 

Antibacterial testing of the poly(diallyldimethylammonium)–anionic 

fluorosurfactant complex coated cloths and poly(diallyldimethylammonium)–3% 

w/v silica (7 nm)–anionic fluorosurfactant coated cloths was carried out as 

described in 2.3, with the modification that samples treated with bacteria inoculum 

were incubated for 16 h, not 4 h. 

 

 

A4.3 Results 

Poly(diallyldimethylammonium)–anionic fluorosurfactant complex spray coated 

onto non-woven polypropylene cloth showed excellent antibacterial activities 

against both E. coli and S. aureus, showing complete killing of both (Log10 

Reduction = 8.53 ± 0.04 and 8.39 ± 0.07 respectively), Figure A4.1. The 

poly(diallyldimethylammonium)–3% w/v silica (7 nm)–anionic fluorosurfactant 

spray coated onto non-woven polypropylene cloth showed lower antibacterial 

activity against E. coli (Log10 Reduction = 5.3 ± 0.4), and complete reduction of 

S. aureus (Log10 Reduction = 8.39 ± 0.07). 

 

Figure A4.1: Antibacterial activity against E. coli and S. aureus: (a) 
poly(diallyldimethylammonium)–anionic fluorosurfactant complex spray coated non-
woven polypropylene cloth; and (b) poly(diallyldimethylammonium)–3% w/v silica (7 
nm)–anionic fluorosurfactant spray coated non-woven polypropylene cloth. Log10 
Reduction values are calculated relative to the untreated substrate (mean ± standard 
deviation). 
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A4.4 Discussion 

The poly(diallyldimethylammonium)–3% w/v silica (7 nm)–anionic 

fluorosurfactant complex coating showed lower antibacterial activity against E. 

coli than the poly(diallyldimethylammonium)–anionic fluorosurfactant complex. 

This may be caused by the silica nanoparticles increasing the surface roughness 

thus lowering available anchoring points for bacteria attachment (reduction in 

available area of contact with the bacteria’s outer surface2). The differences 

between E. coli and S. aureus killing for the poly(diallyldimethylammonium)–3% 

w/v silica (7 nm)–anionic fluorosurfactant complex coating may be due to the 

difference in sizes of the bacteria, or the differences in the outer cell structure of 

the two species.3 

 

A4.5 Conclusions 

Poly(diallyldimethylammonium)–anionic fluorosurfactant complex and 

poly(diallyldimethylammonium)–3% w/v silica (7 nm)–anionic fluorosurfactant 

complex spray-coated onto non-woven polypropylene cloth show strong 

antibacterial activities against E. coli and S. aureus.  
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