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Lay Summary 

The emergence of antibiotic resistance, due to excessive and poor usage, has necessitated 

the search for alternative solutions. One such weapon in the battle against microbes are 

antimicrobial polymers. These polymers have the ability to kill or impede the growth of 

harmful microbes. Among them, cationic polymers can be specifically engineered to target a 

wide range of pathogens, including Gram-positive and Gram-negative bacteria, viruses, and 

fungi. These polymers, in particular, have demonstrated significant potential due to their 

mechanisms of action, which involve interacting with the diverse negatively charged 

components of bacterial and fungi cell envelopes. This interaction can lead to the disruption 

of cell membranes, ultimately resulting in death of the microbe.  

In the course of my doctoral research, I conducted the synthesis of a cationic polymers directly 

from monomers or modification of existing polymers. The initial chapter of my dissertation is 

dedicated to a review of antimicrobial polymers; this is followed by two chapters with a 

specific emphasis on optimizing polymer synthesis and evaluation of their antimicrobial and 

antifungal properties in relation to variations in their molecular weight. In the fourth chapter, 

a new cationic monomer was synthesized and its corresponding polymers were synthesized and 

an investigation of their antimicrobial properties as well as their biocompatibilities studied. In 

the final research chapter, the antimicrobial activity of Trӧger's Base polymers and their 

quaternized derivatives as potential surface coatings were investigated. Stable surface 

coating was obtained via spin-coating and their antimicrobial activity and biocompatibility 

were evaluated. 
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Abstract 

Antimicrobial polymers are becoming increasingly popular as an alternative approach and 

solution to traditional antibiotics in the fight against pathogens. Polymers can be designed to 

target a wide range of pathogens, including both Gram-positive and Gram-negative bacteria, 

viruses, and fungi. Cationic polymers, in particular, have shown huge potential because of 

their mechanisms of action, notably their interactions with the various negatively charged cell 

envelope components of bacteria. This can lead to membrane disruption and ultimately 

bacterial death. These polymers can be synthesized directly from monomers, or existing 

polymers can be functionalized to give antimicrobial moieties, such as quaternary ammonium 

groups, to give an antimicrobial effect. 

In this thesis, the antimicrobial properties of polymers containing quaternary ammonium 

groups against a wide range of microorganisms both in solution and on surfaces were 

investigated.  Thus, a small library of homopolymers, comprised of quaternary ammonium 

monomers, was synthesized through Reversible Addition Fragmentation Chain Transfer 

polymerization to give polymers with well-defined molecule weights. The polymerization 

reactions were optimized, and the antimicrobial activity of these polymers assessed against 

Gram-negative and two Gram-positive bacteria. A key objective was to examine the effect 

molecular weight had on the antimicrobial activity of the homopolymers. The most effective 

polymers were subjected to detailed investigation to assess their impact on bacteria, fungi, 

mammalian cells, and erythrocytes specifically analysing the effect of polymer molecular 

weights on their activity. The antimicrobial mechanisms of action of the polymers were 



iii 

 

examined in detail, and through this process, identified polymers that were non-toxic to 

mammalian cells, yet highly bactericidal. 

In a complementary research endeavor, a novel metharcylamide monomer based on a 

pyrrolidinium group, inspired by the product of cyclisation of the diallylamine monomer was 

synthesised. This was achieved by reacting methacrylic anhydride with (R)-3-amino-1-N-Boc-

pyrrolidine and used to generate polymers via Free Radical Polymerization, again with 

molecular weight variants. Comprehensive analysis of their antimicrobial activity and 

biocompatibility was undertaken. The higher molecular weight polymer showed toxic effects 

on mammalian cells, whilst polymers with lower molecular weights demonstrated 

bactericidal activity against both Gram-negative and Gram-positive bacteria, with a notably 

enhanced effect on Gram-positive bacteria.  

Finally, the antimicrobial activity of a Trӧger's Base polymer and the quaternized derivatives 

were investigated as potential antimicrobial surface coatings. Polymers were synthesized, 

coated onto surfaces via spin coating and evaluated for antimicrobial activity and 

biocompatibility. 
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Chapter 1 

1. Introduction 

 

Parts of this chapter are published as:  

Haktaniyan, M.; R.; Bradley, M. Polymers showing intrinsic antimicrobial activity. Chem. Soc. 

Rev., 2022, 51, 8584. 

 

The growth of microorganisms such as bacteria, fungi, yeast, and algae must be controlled to 

ensure the survival of higher species such as plants, and animals and as such microorganisms 

have developed natural defence mechanisms to contain the spread of microbes. However, 

these methods often prove inadequate in complex, crowded human society. This inadequacy 

has led to microbial infections becoming a major cause of death, with infection and 

contamination by microorganisms always a significant concern for human health in hospitals, 

food packaging and storage facilities, water supplies, and sanitation 1. 

The most common ways of transmitting diseases are through physical contact, consuming 

contaminated substances, or inhaling particles that are full of microorganism. Antimicrobial 

agents are often used to treat these if the body cannot control them, albeit not always 

successfully. One particular issue is that the treatment of microbial infections has become 

more challenging, as antibiotic-resistant strains proliferate making eradication difficult and 
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complicating treatment efforts.  Despite the approval of 10 new antibiotics in the past 5 years 

2, it is evident that there is still a significant amount of work that needs to be done.  

A significant field of research is the discovery of polymers with antimicrobial activities which 

could have attractive benefits in certain areas/applications. Thus, antibacterial polymers 

typically exhibit long-lasting action, as they are not degraded like many small molecules (e.g., 

penicillins are readily hydrolysed) and they can be immobilised to provide antimicrobial 

activity on surfaces 3.  

Antimicrobial polymers can be classified based on the mode of action of their antimicrobial 

activity. This activity can be either inherent, induced through the chemical nature of the 

polymer chains, or achieved by releasing entrapped organic or inorganic compounds (e.g., 

silver nanoparticles). With such diverse options available, there are huge opportunities for 

developing effective antimicrobial polymers that can help in the fight against harmful 

microbes 4. 

1.1. Antimicrobial Polymers  

The antimicrobial properties of certain polymers can be either intrinsic or enhanced through 

their chemical nature. Intrinsic antimicrobial activity refers to the polymer's natural ability to 

restrict the growth or survival of microorganisms due to its intrinsic properties, including 

having functional groups such as quaternary ammonium or phosphonium salts that are 

known for their antimicrobial effects based on interaction with cell membrane of bacteria. 

A critical review of the current state-of-the-art of polymers with intrinsic antimicrobial activity 

was researched and written as part of my PhD and can be found here: 
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On the other hand, induced antimicrobial activity refers to the process of modifying a 

polymer's structure or incorporating antimicrobial agents during its synthesis to introduce 

antimicrobial properties that may not be present in the base polymer. For example, a surface 

of silicone rubber underwent modification through a radiation grafting process, with gamma 

irradiation facilitating the grafting of 2-hydroxyethylmethacrylate onto the surface, followed 

by the subsequent grafting of 4-vinylpyridine to achieve a binary grafting. Then, the pyridine 

groups were quaternized using butyl or hexyl bromides. These quaternized surfaces exhibited 

>90% inhibition the growth of S. aureus and 45% inhibition the growth of E. coli 5. 

By incorporating peptides into a polymeric structure, novel materials with inherent 

antimicrobial characteristics have been developed. The combination of peptides and 

polymers offers a versatile means of designing advanced antimicrobial materials with possible 

applications in healthcare, such as coatings for implanted biomedical devices. To illustrate, a 

3D printed medical grade polycaprolactone was modified with melimine, and a cationic 

peptide either covalently attached (EDC coupling) or adsorption (noncovalent interactions). 

The peptide modified polymer inhibited S. aureus growth by >70%, whilst preventing the 

formation of biofilms for 3 days 6. 

The reduction of biofilms and the influence of biofilm formation on abiotic surfaces was 

studied using a highly-branched poly(N-isopropyl acrylamide) modified with Vancomycin. 

Although the polymers did not totally eliminate all S. aureus, significant reduction (10-fold) in 

bacterial numbers on infected corneas was observed 7.  
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1.2. Polymers Integrated with Organic Antimicrobial Agents 

Organic compounds having antimicrobial properties can be incorporated/attached into 

polymers via non-covalent interactions. The release profile of antimicrobial agent depends on 

the formulation, the interaction between polymer and the antimicrobial agent and the 

polymer composition 8. The compounds are often released from the polymer matrix (often 

with “burst kinetics”), but some polymers can slowly release antimicrobial agents over time, 

creating a sustained antimicrobial effect 9 with release of antibiotics from the polymeric 

system in a controlled manner depending on the linkage (either cleaved via hydrolysis or 

enzymatic degradation) between the drug and the polymer 10.  

One of the most common antimicrobial agents, triclosan (2, 4, 4-trichloro-2-hydroxydiphenyl 

ether) is widely used in personal care products such as soaps, toothpaste, cosmetics. An 

antimicrobial polymer composite 11 for the coating of sanitary and household furniture was 

produced by mixing an unsaturated polyester resin (unsaturated polyester of orthophthalic 

acid), methyl ether ketone peroxide, filler (CaCO3) with triclosan (5 wt.%). The non-porous 

composite showed antimicrobial activity with most Gram-negative and Gram-positive 

bacteria eliminated via 5-min of contact with the surface, with >90% inhibition of a clinical 

strain of C. albicans. The polymer composite showed similar performance over three cycles 

of abrasion 11.  

Candida species have a tendency to form biofilms on polymeric surfaces which can cause 

infections in humans where polymer-based medical devices are employed. Thus, a high-

density polyethylene was melt-blended with various ratios (e.g., 0 to 0.5 wt.%) of 1-

hexadecyl-3-methylimidazolium chloride or 1-hexadecyl-3-methylimidazolium 
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methanesulfonate (fungicides). The resulting polymer films prevented biofilm formation of 

fungal species, in addition, polyethylene-based films showed good cytocompatibility 8.  

Polymers can also promote the poor stability of drugs in biological systems, reducing the 

necessary drug loadings needed (e.g., polymyxins are unstable in the bloodstream, and high 

doses cause toxicity). Thus, polymer-controlled release of polymyxins have been explored 12.  

Amphiphilic poly(L-glutamic acid-co-D-phenylalanine) was capable of self-assembly with 

positively charged polymyxins loaded onto the polymer via electrostatic and hydrophobic 

interactions.  

For finer controlled release, a cleavable linker between the polymer and drug can be utilised. 

As an example, an antimicrobial micelle system was developed for targeted drug delivery that 

used vancomycin and pH/lipase triggers to control antibiotic release. These micelles had an 

extended circulation time in the bloodstream and only released antibiotics where needed (pH 

raised in infection) reducing premature drug release. This was achieved by synthesizing 

poly(ε-caprolactone) through ring-opening polymerization intiated by acetyl-terminated 

poly(ethylene glycol) and conjugating vancomycin as a targeting ligand via a pH-cleavable 

hydrazone bond produced micelle carriers (77 nm), that also allowed encapsulation of the 

antibiotic ciprofloxacin through hydrophobic interactions. Under acidic conditions, the 

deshielding of vancomycin shells led to a disruption in the balance between hydrophobic and 

hydrophilic properties. This, in turn, caused micelles to enlarge, facilitating the lipase 

mediated degradation of the poly(ε-caprolactone) (lipase is overexpressed at the infection 

site), resulting in the release of encapsulated ciprofloxacin. After single-dose administration 
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of micelles, the bacterial counts in lung tissues of P. aeruginosa-infected mice were decreased 

99.9% 13. 

The essential oils of peppermint, carvacrol, eugenol, thymol, and linalool are frequently used 

as antimicrobials 9.  These essential oils primarily damage cell membranes to produce their 

antibacterial actions, however, they can have poor solubilities and stabilities in aqueous 

media 9. Zhu et al. 14 investigated the effectiveness of thymol-loaded poly(lactic-co-glycolide 

microspheres as carriers for thymol which demonstrated enhanced thermal and storage 

stability. These allowed controlled release of thymol, with the porous structure of the 

microspheres facilitating the permeation of thymol into the bacterial, leading to disruption of 

their cytoplasmic membranes. The antibacterial effect was validated by treating naturally 

contaminated milk with the thymol-loaded microspheres which suppressed the growth of 

bacteria. 

An antibiofilm platform was developed using synthetic antimicrobial polymers as a delivery 

vehicle for essential oils 15, with two ternary antimicrobial polymers consisting of cationic, 

low-fouling and hydrophobic groups used to encapsulate carvacrol and eugenol as micelles in 

oil-in-water emulsions. The emulsions exhibited good inhibition of biofilm formation with 

synergistic killing activity. A 20-minute treatment biofilm of P. aeruginosa with the block 

copolymer-oil combination resulted in a reduction of bacteria by >99%.  

1.3. Polymers Incorporating Inorganic Antimicrobial Agents 

Nanoparticle-based strategies are powerful alternatives to conventional therapeutic 

approaches utilizing traditional antibiotics. Nanoparticles' effectiveness against microbes 



35 

 

depends on their physiochemical attributes, including composition, surface charge, 

functionalities, size, and shape. Their efficacy varies with the type of bacteria, determined by 

cell wall composition. Combining nanoparticles with synthetic antimicrobial polymers is an 

effective strategy against antibiotic resistance, widening the scope of the antimicrobial 

activity of the polymeric materials 16. Metallic nanoparticles, especially silver have been used 

to create various antimicrobial polymeric platforms, such as biomedical textiles, and surfaces 

for food preparation 17. It should be noted that silver nanoparticles have been used for over 

50 years and the properties of silver as an antimicrobial has long historic prescient – feeding 

a child from a silver spoon and putting silver coins into milk are two historical examples. In 

1891, colloidal silver was employed for the purpose of sterilizing wounds 18. 

Various methods are utilized in the production of silver nanoparticles, including physical and 

chemical techniques. These encompass a broad range of approaches, such as the sol-gel, 

micelle formation, chemical precipitation, hydrothermal techniques, electrochemical 

methods, pyrolysis, and chemical vapour deposition, which are utilized in the synthesis of 

these nanoparticles. 

Silver-containing materials exhibit diverse mechanisms of action against bacteria, including 

physical disruption of the bacterial membrane, generation of reactive oxygen species leading 

to oxidative stress, and interference with critical cellular processes such as DNA synthesis 19. 

Although silver has some toxicity towards mammalian cells 20 its therapeutic window of 

antimicrobial activity towards a broad spectrum of bacteria, fungi, viruses is high.  

In general, the preparation of silver/polymeric nanocomposites involves the in-situ reduction 

of Ag+ ions, to form metallic nanoparticles within the polymer matrix. Polydopamine has the 
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ability to convert silver ions into silver nanoparticles (AgNPs) on different materials, without 

requiring additional reducing agents 21. The surface modification of polysulfone membranes 

through the application of polydopamine facilitated the in-situ formation of silver 

nanoparticles on these membranes. This modification resulted in a notable reduction in 

bacterial adhesion and growth on the polysulfone membranes. Leaching tests showed 

significantly lower release of Ag+ ions, making this technology safe and effective for cleaning 

drinking water 22. 

Synthesized silver nanoparticles can be immobilized onto the surface either by the 

functionalization of nanoparticles or the membrane surface to promote their binding. A study 

23 introduced a novel method for fabricating a membrane through post-modification by 

grafting nanoparticles onto the surface. In this study, silver nanoparticles were synthesized 

by reducing silver nitrate in the presence of sodium borohydride and subsequently 

encapsulating them in positively charged polyethyleneimine (PEI). Plasma-treatment of 

polysulfone ultrafiltration membrane surface added hydroxyl, and carboxyl groups onto its 

surface, which subsequently reacted with PEI-AgNP’s (both with and without 1-ethyl-3-(3-

dimethylaminopropyl) carbodiimide hydrochloride (EDC) coupling. These modified surfaces 

effectively inactivated E. coli (showing more than a 3-log fold reduction), while silver ions 

were released over the course of 14 days from the surface.  

The antiseptic and health benefits of copper were recognized by civilizations as far back as 

3000 BC 24. The first publication about Cu as an antimicrobial coating was in 1962 25.  The most 

notable characteristic of metallic or alloyed copper surfaces is their remarkable capability to 

rapidly and effectively eliminate bacteria or other microorganisms when they come into close 
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contact. A copper-based polymer composite 26 “Copper ArmourTM” (copper particles 

embedded methyl methacrylate resin matrix) were tested over a nine-week period in an adult 

intensive care unit.  At least four type of Cu nanoparticles were seen embedded in the 

polymeric matrix. In in vitro studies, the composite reduced >99.99% of bacteria (S. aureus, 

P. aeruginosa, E. coli and L. monocytegenes) in 1 hour of contact.  

Zinc oxide nanoparticles also exhibit notable antimicrobial activity by interacting with the 

surface of bacteria, followed by penetration through the cell wall, ultimately resulting in the 

death of the bacteria 27. A hydrogel composite bandage 28 was developed from a polymer 

matrix blends of poly vinyl alcohol, starch and chitosan with dispersed zinc oxide 

nanoparticles used to investigate its wound healing properties.  The cell viability of L929 

fibroblasts was > 87% after incubation with hydrogels. In in vivo wound healing experiments, 

it was observed that the epidermis had fully fused, and there were no signs of necrosis, 

granulation, or edema after 14 days.  

The prevailing prosthetic choice for individuals who are completely or nearly toothless is still 

a removable denture composed of polymethylmethacrylate, due to its ease of processing and 

good mechanical strength. However, dentures are prone to accumulating plaque, which can 

lead to unfavourable consequences. Thus, a zinc oxide nanoparticle-polymethylmethacrylate 

nanocomposite 29 was developed for denture to study its effect on fungal biofilm formation. 

PMMA resin Superarcyl Plus was sprayed with zinc oxide nanoparticles produced via either 

microwave-assisted hydrothermal or solvothermal synthesis.   Both composites showed 

antifungal activity against C. albicans solutions, with the best inhibition (4-fold compared to 

control) observed in composites that contained higher ratios of zinc oxide (activity is via the 
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increased induction of antioxidative stress in microorganisms caused by the release of Zn+2 

ions).  

1.4. Conclusion and Future Work 

In conclusion, bacterial infections linked to contamination, specifically, of medical device 

implants presents a formidable threat, contributing significantly to rising fatality rates due to 

bacterial infections. This, coupled with the overuse of antibioticshas fueled the emergence of 

antimicrobial resistance, intensifying the challenge and need at hand. Consequently, 

antimicrobial polymers emerge as a promising avenue due to their broad-spectrum 

antimicrobial effectiveness. By leveraging macromolecular antimicrobial polymers, which can 

disrupt microbial cell membranes in a variety of ways, means that the likelihood of pathogen 

resistance is diminished compared to conventional antibiotics. Furthermore, recent 

advancements in polymerization techniques have yielded antimicrobial polymers that 

possess design versatility and adjustable properties, making them an attractive option for 

targeting various microorganisms in diverse applications. 

Future research on effective antimicrobial polymers should focus on deepening our 

understanding of the structure-activity relationship that underlies antimicrobial properties, 

while also facilitating the translation of these technologies from the laboratory to practical 

applications. Through continued innovation and interdisciplinary collaboration, antimicrobial 

polymer research should address challenges such as achieving long-term stability, minimizing 

cytotoxicity, understanding their modes of action, while combating a broad range of 

microorganisms with a single polymeric material, thereby addressing critical healthcare and 

environmental challenges associated with microbial infections and contamination. 
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Chapter 2 

Aims of the Thesis  

Antimicrobial polymers are a game-changing solution in the fight against pathogens, 

replacing, in certain applications, traditional antibiotics. These polymers can be customized 

to effectively combat a broad spectrum of pathogens, including viruses, fungi, and both Gram-

positive and Gram-negative bacteria. Among them, cationic polymers have shown 

exceptional promise, primarily due to their unique mechanisms of action by interacting with 

the negatively charged cell envelopes of bacteria, resulting in membrane disruption and 

eventual bacterial death.  

The primary objective of my research during my doctoral studies was to synthesize 

antimicrobial polymers containing quaternary ammonium groups, thereby imparting intrinsic 

antimicrobial activity without the necessity of additional incorporation of inorganic or organic 

antimicrobial agents and test them against a wide range of microorganisms, both in solution 

and on surfaces. The aim of the first project was to utilize Reversible Addition Fragmentation 

Chain Transfer (RAFT) polymerization to generate homopolymers containing quaternary 

ammonium groups with size-defined molecular weight polymers. Subsequently, the 

synthesized polymers underwent testing against both Gram-negative and Gram-positive 

bacteria. Through this systematic investigation, the influence of polymer molecular weight on 

antimicrobial effectiveness was sought to be ascertained, thereby contributing to a deeper 

understanding of the structure-activity relationship governing the antimicrobial properties of 
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the synthesized homopolymers. Concurrently, the study also involved evaluating the 

hemolytic and cell toxicity activities of the polymers. 

The second project aimed to synthesize a novel monomer and its corresponding polymers, 

followed by comprehensive analysis and evaluation of their antimicrobial activity and 

cytocompatibility. This novel monomer could be utilized to create a new range of polymers 

suitable for diverse antimicrobial applications.  

In the third project was aimed to explore the antimicrobial properties of a Tröger's Base 

polymer and its’ quaternized derivatives as a potential new antimicrobial surface coating. The 

polymers would be applied to surfaces and subjected to further testing for both antimicrobial 

efficiency and cytocompatibility through the use of bacterial cultures and red blood cells. 
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Chapter 3 

Synthesis of a Homopolymer Library using Ammonium Group 

Containing Monomers 

 

Parts of this chapter are published as:  

Haktaniyan, M.; Sharma, R.; Bradley, M. Size-Controlled Ammonium-Based Homopolymers as 

Broad-Spectrum Antibacterials. Antibiotics, 2023, 12, 1320 (22 pages). 

3.1. Introduction 

The excessive use of conventional antibiotics, that are traditionally generated from natural, 

often low-molecular-weight compounds, has led to the development of antimicrobial 

resistance. This has resulted in some current drugs becoming non-functional. As a result, 

there has been a significant focus on developing antimicrobials that have new modes of 

action, longer-lasting effects and minimal impact on the environment. One such area is the 

synthesis of cationic polymers, which are known for their intrinsic antimicrobial properties 

through their ability to disrupt the cell membrane or envelope of bacteria, ultimately leading 

to their death. Cationic polymers can be synthesized directly from cationic monomers by 

either as homopolymers or copolymers combining with other monomers, or modification of 

existing polymers to give rise to ammonium, phosphonium, sulfonium or guanidinium-based 

materials. Cationic polymers are a highly versatile collection of compounds, due to their ease 

of synthesis, ready control of their molecular weights and good water solubility. As a result, 
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they have found widespread application in areas such as medical and dental implants 30,31 and 

surface sanitization 32, as well as in drug-delivery formulations 33, water-waste treatment 34, 

personal-care products 35 , and as disinfectants 36 and bacterial sensors 37.  

Quaternary ammonium containing polymers can be synthesized through two common 

methods: direct polymerization of quaternary ammonium group-bearing monomers 

(including tertiary amines that can be protonated) or quaternization of amine groups of 

existing polymers with alkyl halides 38 or by reductive amination 39.  The degree of 

quaternization can be limited by steric hindrance and the influence of neighbouring 

(positively charged) groups in the post-quaternization approach – indeed achieving full 

functionalization through post-quaternization of polymeric secondary and tertiary amines can 

be challenging. However, since the degree of quaternization is an important factor in the 

antimicrobial activities of the polymers, variation can be led to irreproducible materials 40.  

3.2. Homopolymers as Antimicrobial Agent 

Although antibacterial copolymers with quaternary ammonium groups have been reported 

extensively 41–43, just a few reports have looked at the antimicrobial activity of homopolymers 

44–50. These are described below. 

3.2.1. Poly(2-dimethylamino)ethyl methacrylate 

Among the cationic polymers, poly(2-dimethylamino)ethyl methacrylate (PDMAEMA) is 

probably the most commonly used material (the amine becoming an ammonium ion upon 

protonation) for use in biomedical applications with its incorporation into films, surface 

coatings, and synthesis via various  polymerization techniques such as Nitroxide Mediated 
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Polymerization (NMP), Atom Transfer Radical Polymerization (ATRP)  and Reversible Addition 

Fragmentation Chain Transfer Polymerization (RAFT), has been reported. The efficacy of 

PDMAEMA as an antimicrobial agent varies on various factors, including its molecular weight, 

level and type of quarterisation and the microorganism it targets. A study 51 showed that 

PDMAEMA (12.8 kDa) inhibited the binding and uptake of Salmonella typhimurium into the 

human epithelial intestinal cell line, HT29-MTX-E12. Additionally experiments revealed that 

PDMAEMA mitigated the inflammatory response triggered by bacterial and its toxins. The 

same polymer  47 demonstrated efficacy in hindering the growth of clinical isolates of S. 

epidermidis, and mature biofilms of S. epidermidis were significantly inactivated.   

Polymers 44 have been synthesized through RAFT polymerization, poly(2-

(dimethylamino)ethyl methacrylate) (4.5 kDa, 6.1 kDa and 11.2 kDa), poly(2-

(dimethylamino)ethyl acrylate) (11 kDa and 3.2 kDa) and poly(2-aminoethylmethacrylate) 

(11.2 kDa) showed antimicrobial activity against M. smegmatis and Gram-negative (E. coli and 

P. putida) bacteria. PDMAEMAs demonstrated preferential eradication of mycobacteria in 

comparison to Gram-negative bacteria, with PDMAEMA (11.2 kDa) exhibiting relatively 

limited membrane lytic activity.  

A quaternary ammonium salt monomer (2-hydroxy-N-(2-(methacryloyloxy)ethyl)-N,N-

dimethyl-ethyl ammonium  bromide) 50 was synthesized from 2-(dimethylamino)ethyl 

methacrylate by alkylation with 2-bromoethanol and polymerized via free radical 

polymerization (estimated molecular weight as 25±6.2 kDa via size exclusion chromatography 

- multi-angle laser light scattering). The minimum inhibition concentration (MIC) values of the 

polymer for S. aureus and E. coli were 0.5 mg/mL and 1.0 mg/mL. 
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3.2.2. Poly[2-(methacryloyloxy)ethyl]trimethyl ammonium chloride 

Homopolymers of poly[2-(methacryloyloxy)ethyl]trimethylammonium chloride) (PMETACl) 

were evaluated 52 for their antibacterial and antifungal activities. Free radical polymerization 

was employed (Mn 87.4 kDa, Ð 2.38), while polymeric gels were also prepared via application 

of the cross-linker (N, N’-methylenebis(acrylamide). The homopolymer inhibited various 

Gram-positive, Gram-negative bacteria and fungi in the range of 100-1100 µg/mL except for 

Sa. Cerevisiae (>10,000 µg/mL). The polymer gels exhibited the rapid adsorption and 

“precipitation” of bacteria, leading to the elimination of nearly all bacteria through their 

adsorption into the gels within 10 minutes.  

3.2.3. Poly[(3-methacryloylamino)propyl]trimethylammonium chloride  

The biofilm development of P. aeruginosa when incubated on surfaces coated with 

homopolymers of [(3-methacryloylamino)propyl]trimethylammonium chloride (Mn 19.6 kDa, 

Mw 20.5 kDa, Ð 1.05 and Mn 15.3 kDa, Mw 20.3 kDa, Ð 1.33) - synthesized via RAFT 

polymerization) showed a reduction in bacterial attachment without killing. Although both 

polymers did not effectively inhibit the growth of planktonic bacteria, the polymer with the 

higher molecular weight modulated the aggregation behavior of the bacteria on the surface. 

This modulation occurred through the formation of polymer coverage around the bacterial 

cells via electrostatic interactions between the "anionic bacteria" and the cationic polymer, 

resulting in the formation of macroscopic aggregates and a slower adhesion process to the 

surface to form biofilm 53. 
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3.3. Controlled Radical Polymerization 

With the developments in modern living radical polymerization techniques, often referred to 

as reversible-deactivation radical polymerization (RDRP) methods such as NMP, ATRP and 

RAFT, has meant it has become feasible to produce a range of synthetic antimicrobial 

polymers that are well regulated in their monomer sequence and size, even on large scale 54–

56.   

The starting point for this was the work of Szwarc (1956) who revolutionized polymer 

chemistry by introducing the concept of anionic polymerization of styrene using sodium 

napthalenide. The innovative approach provided a precise control over molecular weight and 

structure (block polymers could be made) and was a ground-breaking moment in polymer 

chemistry57. Subsequently, the concept of living polymerization via radical mechanisms was 

achieved, which avoids the need to prevent termination by having totally anhydrous reaction 

environments. 

Controlled radical polymerization offers a distinctly different mechanism over conventional 

free radical polymerization, where chains are continuously formed, propagated, and 

terminated through radical-radical reactions. To achieve controlled radical polymerization; 

control agents (specific agents or catalysts) are employed during the polymerization process. 

These agents temporarily deactivate the growing polymer chains, allowing for precise control 

over the polymer's growth by establishing an equilibrium between the dormant and active 

chains (keeping the concentration of reactive species low) 58. This level of control allows for 

the synthesis of polymers with controlled molecular weights, narrow molecular weight 

distributions, and well-defined structures. Moreover, polymers with complex architectures 
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and site-specific functionality can be synthesized as “blocks of polymer” can be generated via 

the addition of different/new monomers during the polymerisation reaction. As such 

structures that were previously impossible to achieve via free-radical polymerization can be 

generated 59–61. 

3.3.1. Reversible Addition Fragmentation Chain Transfer Polymerization 

Since researchers 62 conducted the first RAFT polymerization reaction in 1998, RAFT 

polymerization has shown that it is a powerful technique for designing complex and versatile 

polymer architectures. Compared to other controlled polymerization techniques, RAFT 

polymerization offers wide applicability to various monomers including monomers with 

functional groups (e.g., OH, NR2, CO2H, SO3H) and tolerates a range of solvents including 

water. It also works under a variety of experimental conditions, including bulk, emulsion, and 

suspension polymerization formats. What makes RAFT polymerization particularly 

advantageous for biomedical applications is that it does not use potentially toxic metal salts. 

Moreover, the breadth of the chain transfer agents means that the polymers produced 

through the RAFT process can have a variety of end groups that can be modified or 

functionalized 63. 

In the process of RAFT polymerization, the process starts with an initiation step and the 

production of radicals (I•) from an initiating radical source (typically using heat or light as in 

conventional free radical polymerization.) However, in this case when radicals come into 

contact with monomers, to form the radical species (I-Pn•), they rapidly react with the RAFT 

“control” agent, also known as the chain transfer agent (CTA) to form a new intermediate 

radical resulting in a dormant chain which contains the (–S-C(=S)-Z) group. Vitally, this 
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intermediate exists in equilibrium between active and dormant species. The new radical (R•) 

reinitiates the process by adding monomers to the growing chains (Pm• - called an active 

chain) with a reversible-addition-fragmentation equilibrium allowing control over molecular 

weight and polymer size distribution.  Termination might still occur to form dead chains, but 

this is limited by their very low concentrations 54,62.  

 

Figure 3.1. Mechanism of Reversible Addition Fragmentation Chain Transfer Polymerization.   
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3.3.2. Chain Transfer Agent 

As mentioned above, the choice of chain transfer agent (CTA) is a key parameter for successful 

RAFT polymerization. Depending on the monomer type which can be either so-called more 

activated-monomers e.g., methacrylate derivatives, styrene, butadiene or less activated-

monomers e.g.  diallyl dimethyl ammonium chloride, vinyl acetate, N-vinylpyrrolidone, the 

CTA needs to be specifically selected 62. 

This is because the effectiveness of the chian transfer agent depends on the free-radical 

leaving group R and the nature of the Z group that can activate or deactivate the C=S double 

bond thereby controlling and regulating the polymerization process by stabilisation of the 

intermediate. At the same time, the R- group should be a good leaving group (and returning 

group) that can reinitiate polymerization rapidly and effectively.  There are four main types 

of chain transfer agents used, trithiocarbonates (1), dithiocarbonates (2), xanthates (3) and 

dithiocarbomates (4). Trithiocarbonates and dithiocarbonates offer control of 

polymerizations of more activated monomers, while, xanthates and dithiocarbomates are 

used for both type of monomers 62. Due to lone pair(s) of oxygen or nitrogen adjacent to the 

thiocarbonyl group, the double bond character of the thiocarbonyl decreases due to the 

zwitterionic canonical forms, destabilizing the radical intermediate, thus less activate 

monomers can be polymerized by xanthante or dithiocarbamates chain transfer agents 64. 
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Figure 3.2. General classification of Chain Transfer Agents. Trithiocarbonates (1), 

dithioesters (2), xanthates (3) and dithiocarbomates (4). 

 

3.4. Aims of the Chapter 

In this chapter, a library of homopolymers with quaternary ammonium groups was 

synthesized using quaternary ammonium group-bearing monomers through RAFT 

polymerization. The polymerization conditions were carefully optimized to ensure controlled 

polymer growth (molecular weight around 20 kDa) and well-defined structures for water-

soluble homopolymers. Following this, the prepared polymer library was tested against both 

Gram-negative and Gram-positive bacteria to identify the most effective antimicrobial 

homopolymers. In addition, the homopolymers were evaluated on mammalian cells (HeLa 

cells) to evaluate their cytotoxic effects.    
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3.5. Results and Discussion 

Protonated primary, secondary and tertiary amines and quaternary ammonium groups are 

widely recognized as important moieties in antimicrobial polymers. Among these, quaternary 

ammonium groups, carry an inherently positive charge that remains unaffected by pH. To 

ensure control over the molecular weight and size distribution of the polymers, RAFT 

polymerization was employed in the synthesis of a homopolymer library. This was achieved 

using either commercially available chain transfer agents (CTA1 & CTA2) or via the in-house 

synthesized chain transfer agent (CTA3). All monomers were initially polymerized through 

conventional free radical polymerization (AIBN and heat) in order to optimize the conditions 

for subsequent RAFT polymerization. 

 

 

Figure 3.3. Selected monomers for the preparation of the homopolymer library. a) (2-

(dimethylamino)ethyl methacrylate.); b) [2-(methacryloyloxy)ethyl]trimethyl ammonium 

chloride); c) [3-(methacryloylamino)propyl]trimethyl ammonium chloride; d) vinyl benzyl 

trimethylammonium chloride; e) diallyldimethyl ammonium chloride. 
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Figure 3.4. Chain transfer agents used for the synthesis of the homopolymer library via RAFT 

polymerization. CTA1: 4-cyano-4-[(dodecylsulfanylthiocarbonyl)sulfanyl]pentanoic acid, 

CTA2: 4-cyano-4-(phenylcarbonothioylthio) pentanoic acid, CTA3: S-Ethoxythiocarbonyl 

mercaptoacetic acid.  

 

3.5.1. Synthesis of S-Ethoxythiocarbonyl Mercaptoacetic Acid (CTA3) 

As mentioned above, by selecting the appropriate combination of monomers and a CTA 

(Chain Transfer Agent), it is possible to control the molecular weight of the polymer with 

minimal variation in their dispersity (Ð) and yield in the RAFT polymerization. 

Trithiocarbonate-type (CTA1) or dithioester-type (CTA2) were selected for more activated 

monomers (monomers a-d), while monomer e (diallyl dimethyl ammonium chloride) was 

polymerized with the xanthante-type, water soluble, agent (S-Ethoxythiocarbonyl 

mercaptoacetic acid). This was synthesized by reacting potassium ethyl xanthogenate with 

bromoacetic acid according to the literature 65 in high yield (91%) and high purity >98% (by 

HPLC analysis at 254 nm, tR = 4.25 min). 1H NMR spectrum and 13C NMR spectrum agreed with 

the literature 65. 
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Figure 3.5. a) 1H NMR spectrum of S-Ethoxythiocarbonyl mercaptoacetic acid in D2O, with 

peak assignments.  b) 13C NMR spectrum of the S-Ethoxythiocarbonyl mercaptoacetic acid 

recorded in D2O, with peak assignments. 
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3.5.2. Synthesis of the Homopolymer Library 

It has been reported that lower-molecular-weight polymers can penetrate into Gram-positive 

bacteria more efficiently than their higher-molecular-weight counterparts, with cationic 

polyacrylates (5–10 kDa) optimal for antimicrobial activity against S. aureus 66. However, there 

is little else known about the effect of their molecular weights on their activity or toxicity in 

biomedical applications (see Chapter 4). Here, homopolymers were synthesized from five 

different monomers, initially looking at polymers with a molecular weight of 20 kDa. GPC 

analysis of the homopolymers typically showed narrow, unimodal peaks with the 

polymerizations carried out in an aqueous environment, with the exception of 2-

(dimethylamino)ethyl methacrylate, which was polymerized in ethanol. Figure 3.6 shows the 

polymerization conditions used.  
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Figure 3.6. RAFT polymerization of quaternary ammonium group bearing monomers with 

final monomer conversion levels. a) 2-(dimethylamino)ethyl methacrylate); b) [2 

(methacryloyloxy)ethyl]trimethylammonium chloride); c) [3 

(methacryloylamino)propyl]trimethylammonium chloride; d) vinylbenzyl 
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trimethylammonium chloride and e) diallyldimethylammonium chloride. Chain transfer 

agents: CTA1: 4-cyano-4-[(dodecylsulfanylthiocarbonyl)sulfanyl]pentanoic acid), CTA2: 4-

cyano-4-(phenylcarbonothioylthio)pentanoic acid, CTA3: S-Ethoxythiocarbonyl 

mercaptoacetic acid. Initiators: ACVA: 4,4-azobis(4-cyanovaleric acid), AAPH: 2,2′-azobis(2-

methylpropionamidine)dihydrochloride. 

 

2-(Dimethylamino)ethyl methacrylate (DMAEMA) is composed of two distinct parts, 

specifically an ammonium cation (when protonated) that is hydrophilic and a small alkyl chain 

that is hydrophobic. Due to its amphiphilic nature, PDMAEMA shows bactericidal and/or 

bacteriostatic activities depending on the tested microorganism (see examples in the section 

3.1).  Although PDMAEMA is a water-soluble polymer, the RAFT polymerization of DMAEMA 

in water did not progress with either 4-cyano-4-

[(dodecylsulfanylthiocarbonyl)sulfanyl]pentanoic acid (CTA1) perhaps due to its limited 

solubility in aqueous environments or with 4-cyano-4-(phenylcarbonothioylthio) pentanoic 

acid (CTA2) due to aminolysis of the dithioester due to the presence of secondary amine 

groups ( the pH >7) 67,68. 

The RAFT polymerization of DMAEMA in aqueous environment in the presence of CTA2 has 

been reported in acidic buffers in the literature 69, and many examples of RAFT polymerization 

of DMAEMA in solvents such as 1,4-dioxane, acetonitrile or ethanol with various trithioester 

and dithioester chain transfer agents have been reported 70–73.  Therefore, the RAFT 

polymerization of DMAEMA was carried out with CTA1 in ethanol at 70°C for 24 hours with 

using a ratio of [monomer]0/ [CTA1]0 of 167 and a [CTA1]0/[initiator]0 ratio of 6, with 

monomer conversion during polymerization followed by 1H NMR analysis. Monomer 
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conversion was calculated by comparing the integral areas of the vinyl protons of the 

monomer to the methylene peak of the polymer. The monomer conversion reached 86% after 

24 hours with a molecular weight calculated (based on monomer conversion after 24 hours) 

as Mn = 23 kDa. GPC analysis gave a unimodal, narrow, peak with a molecular weight Mn: 22 

kDa, Mw: 28 kDa with a Ð of 1.29.  Molecular weight analysis of the polymer via end group 

integration by NMR was not possible due to the peaks of the chian transfer agent overlapping 

with those of the methylene group of the polymer backbone. 

 

Figure 3.7. % monomer conversion to give PDMAEMA based on 1H NMR spectroscopy (CDCl3) 

and GPC analysis of PDMAEMA after purification. The eluent was THF with a flow rate 1.0 mL 

min−1 at 35oC. Calibration was achieved using poly(methyl metharcylate) standards.  
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Figure 3.8. 1H NMR spectrum of PDMAEMA recorded in CDCl3, with peak assignments. E and 

D correspond to the peaks of the polymer main chain; A, C and D represent the peaks of the 

polymer side chain.   

 

Polymers of the water-soluble, cationic monomer [2-

(methacryloyloxy)ethyl]trimethylammonium chloride (METACl) have found use on an 

industrial scale, and the monomer is typically available as an aqueous solution. This monomer 

is also soluble in DMF, methanol, ethanol but not in acetone. Prior to RAFT polymerization, 

the polymer was synthesized via free radical polymerization in DMF, water and ethanol. It 

was found that the reaction in aqueous environment was completed faster with higher 

molecular weight and lower Ð than the reaction carried out in organic solvents. Thus, RAFT 

polymerization of METACl was carried out in water using a dithioester-type chain transfer 



58 

 

agent (CTA2) which had greater solubility than the CTA1 used for polymerization of 

PDMAEMA. In addition, the phenyl group of CTA2 could be clearly observed by 1H NMR 

spectroscopy. The polymerization of METACl was carried out with CTA2 in water at 70oC (ratio 

of [M]0/[CTA]0 = 100 and [CTA]0/[I]0 = 5.  After 5 hours, the polymerization reached around 

95% conversion, with the monomer to polymer conversion calculated by integration of the 

vinyl protons of the monomer to the polymer’s methylene peak via 1H NMR spectroscopy. 

The molecular weight calculated based on monomer conversion (95%) as Mn: 17.1 kDa and 

GPC showed a narrow unimodal peak with a molecular weight Mn of 17.0 kDa, Mw: 20.3 kDa 

with a narrow PDI of 1.19.  

        

Figure 3.9. % monomer conversion to give PMETACl based on 1H NMR (D2O) and GPC analysis 

of PMETACl after purification. The eluent was 0.50 M acetic acid, 0.30 M NaH2PO4 at pH 2.5 

with a flow rate of 1.0 mL min−1 at 25oC. Calibration was achieved using InfinityLab EasiVial 

poly(ethylene oxide) standards with Mn values ranging from 1.1 to 905 kDa. 
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Figure 3.10. 1H NMR spectrum of PMETACl recorded in D2O, with peak assignments. E and D 

based on the peaks of the polymer main chain; while A, B and C are the peaks of the polymer 

side chain. Inset (F, G and H) shows the aromatic region of the chain transfer agent. 

 

The third monomer used for the homopolymer library was 3-(methacryloylamino)propyl] 

trimethylammonium chloride (3METACl), with polymerization carried out in water (ratio of 

[M]0/[CTA]0 = 234 and [CTA]0/[I]0 = 5). After 5 hours, 44% conversion of monomer was 

observed (comparing the integrity of the vinyl protons of the monomer to the aliphatic 

protons of the polymer) (Figure 3.12). This might be related the lower reactivity of 

meth/acrylamide monomers compared to meth/acrylates. The molecular weights obtained 

by GPC analysis were Mn = 14 kDa and Mw = 16 kDa (the molecular weight calculated based 

on monomer conversion after 5 hours (44% conversion) was Mn = 23 kDa). 
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Figure 3.11. 1H NMR spectrum of P3METACl recorded in D2O, with peak assignments. E and D 

represent the peaks of the polymer main chain; while A, B and C represent the peaks of the 

polymer side chain. Inset (F, G and H) shows the aromatic region of the chain transfer agent. 

     

Figure 3.12. % monomer conversion to 3METACl based on 1H NMR spectroscopy (D2O) and 

GPC analysis of P3METACl after purification. The eluent was 0.50 M acetic acid, 0.30 M 

NaH2PO4 at pH 2.5 with a flow rate of 1.0 mL min−1 at 25oC. Calibration was achieved using 
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InfinityLab EasiVial poly(ethylene oxide) standards with Mn values ranging from 1.1 to 905 

kDa. 

 

The polymerization of vinyl benzyl trimethylammonium chloride (VBMT) was carried out with 

a ratio of [M]0: [CTA]0 = 190 with a [CTA]0: [I]0 ratio of 7. The monomer conversion to polymer 

was calculated by the integration of the vinyl protons of the monomer to the methylene peak 

of the polymer by 1H NMR analysis. Based on 1H NMR spectroscopy, after 5 h, 92% of the 

monomer was consumed and the molecular weight was calculated as Mn = 20.8 kDa. 

Molecular weight analysis by polymer via end group analysis by NMR was not possible due to 

overlapping with the side chain of the polymer. GPC analysis gave an Mn = 14 kDa; Mw = 16 

kDa with a Ð of 1.11. Again, molecular weights from GPC analysis were lower than expected 

(calculated via NMR analysis) perhaps explained by the structural differences in these 

homopolymers and the standard polymers used in GPC calibration (polyethylene glycols). 

    

Figure 3.13. % monomer to conversion to VBMT based on 1H NMR (D2O) and GPC analysis of 

PVMBT after purification. The eluent was 0.50 M acetic acid, 0.30 M NaH2PO4 at pH 2.5 with 
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a flow rate of 1.0 mL min−1 at 25oC. Calibration was achieved using InfinityLab EasiVial 

poly(ethylene oxide) standards with Mn values ranging from 1.1 to 905 kDa. 

 

 

Figure 3.14. 1H NMR spectrum of VBMT recorded in D2O. E and D represent the peaks of the 

polymer main chain. A, B and C represent peaks of the polymer side chain. 

 

Diallydimethyl ammonium chloride (DADMAC) has been used for the synthesis of cationic 

polymers on laboratory and industrial scale due to excellent chemical stability, easy synthesis, 

abundant availability and cost-effectiveness 74. Since the first polymerization of DADMAC in 

1950s via cyclopolymerization 75 , poly (diallydimethyl ammonium chloride) (PDADMAC) has 

been using in many different applications e.g., in water purification as a coagulant and 

flocculants 76,77, paper making 78, and biomedical applications such as in sensors 79, for wound 
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healing  80, and drug delivery 81 due to its higher water solubility and permanent charge 

density with high stability compared to pendant ammonium polycations. It is worth 

mentioning that PDADMAC was the first polymer approved by Food and Drug Administration 

for use in water treatment and is still in use today 82 .   

DADMAC polymerization was achieved through conventional free radical polymerization in 

aqueous media with water-soluble initiators. Commonly ammonium persulfate is employed 

as an initiator due to interactions with the ammonium groups in the monomer backbone 74. 

Previously, optimal conditions for RAFT polymerization of DADMAC was with trithiocarbonate 

and xanthate-type chain transfer agents. In the presence of xanthate-type chain transfer 

agent, limited control was achieved. In contrast, trithiocarbonate-type chain transfer agent 

(3-benzyltrithiocarbonyl propionic acid) allowed a linear molecular weight increases over 

time. Increasing reaction temperature from 60 to 90oC led to loss control over dispersities 

while an increase in the concentration of the chain transfer agent resulted in the formation 

of lower molecular weight chains 83. Later, the same group showed microwave assisted RAFT 

polymerization of diallyldimethyl ammonium chloride in the presence of a trithiocarbonate-

type chain transfer agent (3-benzyltrithiocarbonyl propionic acid) in aqueous solution at 60oC 

84. However, polymerization was not achieved when carried under the same conditions, 

despite many attempts, which included changing the reaction time, the concentration of 

monomer, reaction temperatures and the concentration of chain transfer agent (3-

benzyltrithiocarbonyl propionic acid synthesized). Finally, the polymerization of DADMAC was 

carried out at 60oC for 24 hours within the xanthate-type chain transfer agent (CTA3-S-

Ethoxythiocarbonyl mercaptoacetic acid) and the water-soluble azo initiator 2,2′-azobis(2-

methylpropionamidine)dihydrochloride. Monomer conversion was followed by 1H NMR 
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analysis and similar reaction kinetics as described in the literature were observed 85. GPC 

analysis showed a narrow, unimodal, peak for the polymers. The molecular weight of the 

polymer was calculated as Mn = 17.5 kDa, similar to those obtained by GPC analysis (Mn = 18 

kDa and Mw: 24 kDa with a PDI of 1.36 for 62% conversion) (Figure 3.15). The narrowness of 

the unimodal peaks obtained via GPC analysis reaction indicated that this was a controlled 

polymerization.  

In RAFT polymerization, molecular weight is calculated based on the equation given below, 

where [M]0, [CTA]0, and [I]0 are the initial concentrations of monomer, chain transfer agent, 

and initiator, orderly; p is the monomer conversion, f is the initiator efficiency, 1 − fc/2 

represents the number of chains produced in a radical–radical termination, and MwM and 

MwCTA are the molar masses of the monomer and chain transfer agent, respectively 62. 

Mnth = (
[M]0. 𝑝. MwM

[CTA]0 + 2𝑓[I]0(1 − 𝑒𝑘𝑑𝑡 )(1 −
fc
2)

 ) + MwCTA 

Initiator-related radicals or radicals derived from initiators can potentially engage in side chain 

reactions with the chain transfer agent. However, it may be hard to differentiate these 

reactions due to the high ratios of chain transfer agent to initiator used in carefully planned 

experiments. When calculating the molecular weight of a polymer using RAFT polymerization, 

the fraction of dead chains related to the number of chains initiated should be taken into 

account. However, at a given concentration of the radical source, the number of dead chains 

remains constant, regardless of other parameters such as targeted degree of polymerization 

and it is assumed that the fraction of dead chains in RAFT polymerization is significantly lower 

than that of living polymer chains. Thus, this equation can be simplified to below 62,  
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Mnth = (
[M]0. 𝑝. MwM

[CTA]0
 ) + MwCTA 

The molecular weight of the polymer was calculated based on the equation given above, 

where [M]0, and [CTA]0 are the initial concentrations of the monomer and chain transfer 

agent; p is the monomer conversion; and MwM and MwCTA are the molar masses of the 

monomer and chain transfer agent, respectively.  

Increasing the concentration of monomer in the reaction should theoretically increase the 

molecular weight according to the equation given above. However, when the molarity of 

DADMAC was increased from 3.5 M to 7 M and 11 M while maintaning the same the ratio of 

chain transfer to initiator, greater conversion with broader molecular weights were observed. 

This might be related to viscosity increases in the reaction medium leading to the formation 

of smaller chains due to radical termination. The monomer concentration was kept around 

3.5 M and the obtained results were consistent with previous studies about controlled 

polymerization of DADMAC in which full conversion was not reached 84–86.  

      

Figure 3.15. % monomer conversion to PDADMAC based on 1H NMR (D2O) and GPC analysis 

of PDADMAC after purification. The eluent was 0.50 M acetic acid, 0.30 M NaH2PO4 at pH 2.5 
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with a flow rate of 1.0 mL min−1 at 25oC. Calibration was achieved using InfinityLab EasiVial 

poly(ethylene oxide) standards with Mn values ranging from 1.1 to 905 kDa. 

 

Figure 3.16. 1H NMR spectrum of PDADMAC recorded in D2O. C and D represent the peaks of 

the polymer main chain; A and B represent the peaks of the polymer side chain. 

Table 3.1. Optimized homopolymers library synthesis via RAFT polymerization 

POLYMER CTA [M]0/[I]0 [CTA]0/[I]0 Mn NMR Mn-GPC Mw-GPC Ð 

PDMAEMA 1 167 6 23.0 kDa 22 kDa 28 kDa 1.29 

PMETACl 2 100 5 17.1 kDa 17 kDa 20 kDa 1.19 

P3METACl 2 215 5 23.1 kDa 14 kDa 16 kDa 1.18 

PVMBT 2 190 7 20.8 kDa 14 kDa 16 kDa 1.11 

PDADMAC 3 175 3.3 17.5 kDa 18 kDa 24 kDa 1.36 
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3.5.3. Antimicrobial Activity of the Quaternary Ammonium Homopolymers  

The antimicrobial activities of the homopolymers library were assessed with a resazurin- assay 

to determine their minimum inhibition concentrations (MIC) - i.e., the lowest concentration 

polymers able to inhibit visible bacterial growth. Here the blue dye, resazurin (7-hydroxy-3H-

phenoxazin-3-one 10-oxide), was reduced to the pink and highly fluorescent resorufin by 

oxidoreductases within viable bacteria. The antimicrobial activity of the polymers was 

determined against Gram-negative (B. subtilis, E. coli) and Gram-positive (M. luteus, S. 

typhimurium) bacteria (see Table 3.2). 

Since the molecular weights/chain lengths of the homopolymers vary (Mn 17-23 kDa), 

expressing the data in molarity displays their comparative strengths in an alternative manner 

and perhaps enables a fairer comparison with conventional antibiotics, which have low 

molecular weights (323-477 g/mol). As can be seen Table 2, the inhibition of bacteria by the 

polymers is affected by the monomers structure, the molecular weight of homopolymer and 

the bacterial strain. Most polymers showed inhibitory effects (bacteriostatic mode of action) 

of less than 32 µg/mL for B. subtilis, E. coli and M. luteus, although S. typhimurium proved to 

be resistant against polymers; P3METACl, PVMBT and PMETACl at this concentration (Table 

3.2). PDADMAC, PMETACl and PVBMT had MIC values less than 1 µM (16 µg/mL) for B. subtilis, 

E. coli and M. luteus, and an MIC below 2 μM (32 µg/mL) for S. typhimurium. All MIC 

experiments carried out three times and all results were the same.  

 

 



68 

 

Table 3.2. MIC values of the homopolymers library against target microorganisms.  

Polymer MICs for Different Target Microorganisms 

 B. subtilis E. coli M. luteus S. typhimurium 

 µg/mL µM µg/mL µM µg/mL µM µg/ mL µM 

PDMAEMA  32 1.6 32 1.6 32 1.6 32 1.6 

PMETACl 64 1.9 64 1.9 64 1.9 64 1.9 

P3METACl 32 1.4 32 1.5 16 0.7 64 2.8 

PVBMT 32 0.9 64 1.7 64 1.7 64 1.7 

PDADMAC 16 0.9 16 0.9 16 0.9 32 1.8 

Standard  

Antibiotics 
Clindamycin Gentamicin Gentamicin Chloramphenicol 

 4 9.4 0.5 1.1 0.5 1.1 1 3.1 

 

3.5.4. Cytotoxicity Evaluation of Quaternary Ammonium Homopolymers 

Cationic polymers can show cytotoxic effects 86 against mammalian cells due to their 

interactions with the cell membrane via non-specific electrostatic interactions causing holes 

in the cell membrane, and increased permeabilization which initializes cell death pathways, 

such as apoptosis 87–89. 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide 

(MTT) assay is a common method for evaluating cell proliferation, cytotoxicity, and cellular 

metabolic activity. The assay is based on the measurement of formazan (a violet-blue/purple 

water-insoluble molecule) generated by the reduction of the MTT reagent (the water-soluble, 

yellow coloured, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide) by 

metabolically active cells 90. The cytotoxicity of the homopolymers were evaluated on HeLa 

cells, incubating the polymers at a range of concentrations (1.25 µM to 10 µM) for 24 h via 

MTT assay.  Figure 3.17 showed that PMETACl exhibited negligable toxicity even at the highest 
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concentration while P3METACl showed toxicity even at the lowest concentration. On the 

other hand, PDADMAC, PVMBT and PDMAEMA showed increases in toxicity with increases in 

concentration. The data clearly showed how the structural differences of the polymers 

affected their toxicity, even though the tested polymers had similar molecular weights. 

 

 

Figure 3.17. Assessment of HeLa cell viability in the presence of the five homopolymers (Mw 

˜20 kDa) using an MTT assay. Control was HeLa cells without added any polymer.  

 

3.6. Conclusions and Future Work 

Five monomers were successfully polymerized with dispersities ranging from 1.11-1.36 which 

shows successful RAFT polymerization. Water was found to be the best solvent for RAFT 

polymerization and gave water-soluble quaternary ammonium polymers. Each monomer had 
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different polymerization kinetics, but the polymers were all synthesized with similar 

dispersities and obtained molecular weights around 20 kDa. 

Among the monomers, polymerization of DADMAC was the most challenging compared to 

methacrylate/methacrylamide monomers due to its less reactivity. The choice of chain 

transfer agent was the key point to obtain controlled polymerization. The polymerization of 

DADMAC was achieved in the presence of the xanthate-type chain transfer agent (S-

Ethoxythiocarbonyl mercaptoacetic acid) and the water-soluble azo initiator 2,2′-azobis(2-

methylpropionamidine)dihydrochloride at 60oC.  

The synthesized homopolymer library tested on both Gram-negative and Gram-positive 

bacteria and MIC values of the polymers were varied in the range of 16-64 mg/mL depending 

on the tested bacteria strain. Later, cytotoxicity of the homopolymers on HeLa cells was 

assessed via MTT assays. The results revealed varying degrees of toxic effects among the 

polymers, with a notable observation for being that P3METACl the concentration increased, 

while PMETACl showed the least toxicity on HeLa cells.  

Looking ahead, exploring the cytotoxicity of these homopolymers on different cell lines, 

including skin cells, could pave the way for potential applications in cosmetics. Such 

endeavours promise to broaden the scope of practical applications for these antimicrobial 

polymers. 
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Chapter 4 

The Effect of Molecular Weight on the Antimicrobial Activity and 

Biocompatibility of the Most Active Homopolymers 

Within this chapter, the antimicrobial properties, their mechanisms of action and the 

biocompatibilities of the lead homopolymers (PDADMAC, PMETACl, and PVMBT) were 

analysed, specifically looking at the role of molecular weight on these properties.  

Parts of this chapter are published as: 

Haktaniyan, M.; Sharma, R.; Bradley, M. Size-Controlled Ammonium-Based Homopolymers as 

Broad-Spectrum Antibacterials. Antibiotics, 2023, 12, 1320. 

The polymers were synthesized and their antibacterial activities were evaluated by the 

author, while the antifungal analysis/studies were performed by Dr. Om Alkhir Mohamad 

(Glasgow Dental Hospital). 

 

4.1. Introduction 

Throughout their evolutionary journey, microorganisms have showcased an impressive 

capacity to thrive in a diverse array of environments and circumstances 91. Throughout 

history, the spread of disease caused by microorganisms has posed significant global 

challenges. Illnesses such as tuberculosis, leprosy, syphilis, and various plagues have caused 

immense loss of life and societal disruptions. Due to misuse of antibiotics, drug-resistant 
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bacteria infections have become a major threat on public health. According to a systematic 

analysis of global burden associated with drug resistant infections (excluding tuberculosis), it 

is estimated that 1.27 million deaths were attributable to resistant bacteria (notably E. coli, S. 

aureus and K. pneumonia 92. For tuberculosis, Mycobacterium tuberculosis is still one of the 

highest ranked lethal infectious agents, causing approximately 1.4 million deaths in 2021 

according to World Health Organization 93.  In addition to bacterial infections, the mortality 

rate associated with fungal infections has also increased due to their ability to colonize host 

tissues, especially in individuals with compromised immune function. Some fungi (e.g., 

Candida, Aspergillus and Cryptococus) cause severe and systemic infections leading an 

emergent public health threat 94. Yearly, the global incidence of fungal infections has resulted 

in the loss of approximately 1.7 million lives and over 150 million reported cases 95.   

4.2. Cell Walls of Bacteria and Fungi  

In 1884, Danish bacteriologist (Gram) found a method to classify bacteria depending on a 

staining, with hexamethyl-p-phenylenediamine chloride crystal violet retained in the thick 

peptidoglycan layer of certain bacteria (so-called Gram-positive) while not staining others 

(named Gram-negative)  96. Thus, although the inner or cytoplasmic membranes of both 

bacteria resemble each other, the outer envelopes are highly distinctive with a thick 

crosslinked peptidoglycan surrounding the cytoplasmic membrane in Gram-negative bacteria.  

In Gram-negative bacteria a thinner peptidoglycan layer, with an additional outer membrane 

layer containing phospholipids and lipopolysaccharides, is found 97.  In contrast, Gram-

positive bacteria do not have an outer membrane, however it has a much thicker 

peptidoglycan (around 40-60 nm) layer  98.  



73 

 

Owing to the unique nature of their cell envelope, mycobacteria cannot be classified as either 

Gram-positive or Gram-negative bacteria. What makes mycobacteria unique is their 

extremely high lipid content, and the nature of the lipids which can account for up to 60% of 

the cell envelope by mass. This is significantly higher than the typically 20% found in the lipid-

rich cell walls of Gram-negative bacteria. The distinctive cell wall structure of mycobacteria 

includes mycolic acids which are very long-chain fatty acids covalently attached to the 

polysaccharide arabinogalactan. In addition, they contain trehalose di-esters and other 

unique compounds that are characteristic of the mycobacterium genus. These lipids are 

responsible for many of the unusual properties of mycobacteria, including their remarkable 

resistance to a wide range of antibiotics (they cannot penetrate- although some, like 

streptomycin and rifamycin, are effective against them). Another distinctive feature of 

mycobacteria is their limited permeability to nutrients, which can be up to 1,000 times less 

than that of the most resistant Gram-negative bacteria, such as E. coli and P. aeruginosa 99. 

This lack of permeability also explains their inability to undergo gene transfer from other 

bacteria. 

The fungal cell wall plays a vital role in maintaining fungal cell integrity and viability, regulating 

cellular permeability and safeguarding the cell against osmotic and mechanical stresses. In 

addition, via an extensive array of receptors, such as adhesins; it also enables interactions 

with the external environment 100. The fungal cell wall has different layers which are made up 

of glycoproteins, polysaccharides (chitin and glucan) and lipids. Mannoproteins, consisting of 

protein-linked branched mannose polymers, are predominantly found in the outer layer of 

the cell wall, linked to β-glucans, which are covalently linked to other components. The middle 

part of their cell wall is composed of β-glucans (50-60% dry weight) of whole and between 
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the cell membrane and the β-glucans layers, is a thin layer of rigid chitin, a polymer of N-

acetylglucosamine. However, it is typically present in lower quantities compared to the other 

constituents in the wall structure. 

The composition of the cell wall may vary, even within a single fungal specimen, depending 

on factors such as growth conditions and stage 101–103. In comparison to mammalian cell 

membranes, fungi cell membranes are more anionic due to having higher levels of 

phosphatidylcholine 104.  

 

Figure 4.1. Cell wall structure of Gram-negative bacteria, Gram-positive bacteria, 

mycobacteria and fungi 105. 
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4.3. Mechanism of Action of Antimicrobial Polymers  

Antibiotics are the foremost treatment method for combating out of control infections caused 

by bacteria. It is well known that cationic materials bind or target specific bacterial 

components, such as conventional cationic antibiotics including polymyxin that binds Lipid A 

106,107, brevibacillin that binds lipoteichoic acid 108  and nisin that binds lipids on the 

cytoplasmic membrane of Gram-positive bacteria and disturbs peptidoglycan synthesis 109. 

Antimicrobial cationic polymers exhibit surface-active properties, with a strong affinity for 

bacteria, which is further enhanced by their lipophilicities. This affinity is crucial for effectively 

disrupting the structural organization and integrity of bacterial cell envelopes often leading 

to cell membrane disruption, resulting in the leakage of cytoplasmic contents and ultimately 

bacterial lysis 110,111.  As might be imagined the interaction between cationic polymers and 

bacteria or fungi happens due to a variety of reasons, depending on the bacteria/fungi in 

question. Thus, the lipopolysaccharides within the outer layer of the cell membrane in Gram-

negative bacteria are formally negatively charged at physiological pH 97,111,112 and will interact 

with positively charged polymers.  The cell membrane of Gram-positive bacteria is likewise 

formally “negatively charged” (often stabilized by divalent cations such as Mg2+ and Ca2+), in 

this case due to high levels of teichoic and lipoteichoic acids 113,114. As such the rational for 

cationic polymers (with their enormous diversity) being able to interact with microorganisms 

is strong. Further penetration into the cytoplasm and interactions with the phospholipid 

bilayer led to death of bacteria. Cationic polymers can depolarize the membrane of fungi 

through electrostatic interactions, often disrupting the concentration of essential critical 

cations such as Na+, K+, Mg2+, and Ca2+. Consequently, the osmotic balance of pathogens is 
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disrupted, thereby potentiating their antifungal effect 115. However, the antimicrobial mode 

of action of ammonium group containing polymers is not fully understood, but is believed to 

start with the binding of the cationic groups of the polymer onto the various negatively 

charged bacteria cell envelope components (mentioned above) via electrostatic interactions 

leading to disorganization of its structure and the leakage of low-molecular weight 

components 96,116. 

The efficacy of antimicrobial cationic polymers is dependent upon the type of pathogen and 

the specific interaction between the polymer and the microorganism. Antimicrobial polymers 

typically can be considered to exert bactericidal or fungicidal activities or to be bacteriostatic 

or fungistatic, preventing or slowing down microbial growth either in solution or on surfaces.  

4.4 Molecular Weight and the Antimicrobial Activity and Biocompatibility of Polymers  

The strength of the antimicrobial activity of the ammonium group containing polymers 

depends on the molecular weight of the polymers  117,118, the position of the cationic centre 

(i.e., side chain or main chain) 119, the morphology and architecture of the polymers  120, the 

polymers hydrophobic/hydrophilic balance 121,122 and perhaps the nature of the counter anion 

123. Among all of these, molecular weight is believed to exerts a significant influence on the 

antimicrobial activity of polymers. Thus, it has been reported that lower-molecular-weight 

polymers can penetrate into Gram-positive bacteria more efficiently than their higher-

molecular-weight counterparts, with cationic polyacrylates (5–10 kDa) optimal for 

antimicrobial activity against S. aureus 124.  Ikeda et al. 117reported a “bell-shaped curve” 

between the molecular weight and effectiveness of two types of polymers, namely poly(4-(2-

methacryloyloxyethyl)phenyl-4-chlorophenylbiguanide hydrochloride) and poly(vinyl benzyl 
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ammonium chloride), when tested against S. aureus. This study revealed that the 

polymethacrylates with biguanide pendant groups exhibited highest antibiotic performance 

in the molecular weight range of 50 kDa to 100 kDa. On the other hand, poly(vinyl benzyl 

ammonium chloride) displayed a consistent increase in antibiotic activity as molecular weight 

increased, up to a maximum of 7.7 kDa, which was the highest molecular weight synthesized 

in the study. The authors concluded that higher molecular weight can enhance the polymers' 

adsorption, binding, and membrane disruption capabilities, while excessive molecular weight 

can impede the diffusion capacity of these polymers, a so-called as ‘sieving effect’ 100. This 

phenomenon was first identified by Lienkamp et al. 125, whose poly(oxanorbornene)-based 

synthetic mimics of antimicrobial peptides showed reduced activity with increasing molecular 

weight. These findings suggest that selecting the optimal molecular weight for a particular 

polymer is crucial for maximizing its biocidal properties. In addition, variations in the 

structures of cell membranes/envelopes among different bacterial species should be 

considered when evaluating the antimicrobial activity of polymers. 

Cationic polymers also possess activity against fungi. As a well-known cationic polymer, 

chitosan has antifungal activity depending on molecular weight, and is either fungistatic or 

fungicidal depending on the strain tested 126,127. Despite the valuable research conducted on 

antifungal activities of chitosan, there is limited research focusing on the antifungal properties 

of homopolymers containing quaternary ammonium groups. For example, Lin and coworkers 

128,129 studied the antifungal action mechanisms of polymeric quaternary ammonium salts. 

The homopolymer of (2-methacrylamido)propyltetrabenzyldimethylammoniumchloride 

exhibited antifungal activity against both plant pathogens (Fusarium oxysporum f.sp. cubense 

tropical race 4 (Foc 4) and R. solani). This activity was associated with the disruption of cellular 
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components such as the cell wall and plasma membrane, the initiation of lipid peroxidation, 

impairment of mitochondrial function, and interference with genomic DNA  130,131.  

Recently, the influence of hydrophobicity and molecular weight on the antifungal activity 

against R. solani and Foc4 was evaluated with linear hydrophilic cationic polymers synthesized 

with varying charge densities and molecular weights (3-8 kDa). It was observed that, in 

general, the antifungal activity of polymers increased as their molecular weight was raised 132. 

The molecular weight of cationic polymers also has crucial importance in biological 

applications due to their toxicity against mammalian cells. Cationic polymers can show 

cytotoxic effects 133  against mammalian cells due to their interactions with the cell membrane 

via non-specific electrostatic interactions 134–136.  Fischer et al. have shown that polycations 

possessing a higher molecular weight may exhibit greater toxicity. However, this proposition 

was founded upon a restricted range of cationic polymers, with only one molecular weight of 

each within the diverse set of polymers evaluated and contrasted 137.  

The cytotoxicity and cellular membrane disruption of HepG2 cells were evaluated when cells 

incubated with rhodamine end-labelled PDAMAEMAs (11-48 kDa) synthesized via ATRP. The 

shorter polymer (Mw <17 kDa) was observed to be less toxic than the larger polymer (Mw 

>39 kDa) 134. It is worth mentioning that the cytotoxic effect of antimicrobial polymers can 

also vary based on the cell line used.  
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4.5. Aim of the Chapter  

In this chapter, the effect of molecular weight on the antimicrobial activities and 

cytocompatibilities of the homopolymers poly(diallyldimethyl ammonium chloride), poly[2-

(methacryloyloxy)ethyl]trimethylammonium chloride and poly(vinyl benzyl 

trimethylammonium chloride) were studied in detail. The antimicrobial action mechanism of 

the polymers and their cytotoxicity were investigated and tested on M. smegmatis and three 

fungi strains to identify the most active and selective broad-spectrum antimicrobial 

homopolymers.  

4.6. Results and Discussion 

4.6.1. Synthesis of Different Molecular Weight of the Best Active Polymers 

The hypothesis that the cumulative effect of monomer units contributes to the antibacterial 

properties of the polymer led to an investigation of the effect of different polymer chain 

lengths on their potency. In this context, three different molecular weights of PDADMAC, 

PMETACl and PVBMT (see Chapter 3) were selected and synthesized (10 kDa, 20 kDa and 40 

kDa) via RAFT polymerization by changing the ratio of the chain transfer agent and initiator 

while keeping the concentration of monomer constant (although giving a slight change in Ð). 

Molecular weights of the polymers were calculated using the method described in Chapter 3, 

via 1H NMR spectroscopy (samples taken from the reaction mixture and % conversion of 

monomer was analysed) and GPC analysis (Figure 4.2). Table 4.1 shows that successful RAFT 

polymerization (PDI < 1.5) of PDADMAC, PMETACl and PVMBT with three different molecular 

weights.  



80 

 

Table 4.1. Analysis of the molecular weight of PDADMACs, PVMBTs and PMETACls obtained 

via RAFT polymerization. 

 

Figure 4.2. GPC analysis of the three different molecular weights of PDADMAC, PMETACl, and 

PVMBT. The eluent was 0.50 M acetic acid, 0.30 M NaH2PO4 at pH 2.5 with a flow rate of 1.0 

Polymers [M]0/[CTA]0 [CTA]0/[I]0 Mn NMR Mn-GPC Mw-GPC Ð 

PMETACI-10 100 10 10.4 kDa 11 kDa 14 kDa 1.24 

PMETACI-20 100 5 17.1 kDa 17 kDa 20 kDa 1.19 

PMETACI-40 100 2.5 39.7  kDa 39  kDa 40  kDa 1.03 

PDADMAC-10 175 7 11.9 kDa 11 kDa 15 kDa 1.39 

PDADMAC-20 175 3.3 17.5  kDa 18 kDa 24 kDa 1.36 

PDADMAC-40 175 1.5 36.8 kDa 35 kDa 48 kDa 1.37 

PVMBT-10 190 13 13.7 kDa 6 kDa 7 kDa 1.20 

PVMBT-20 190 7 20.8 kDa 14 kDa 16 kDa 1.11 

PVMBT-40 190 3.3 37.4 kDa 23 kDa 27 kDa 1.18 
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mL min−1 at 25oC. Calibration was achieved using InfinityLab EasiVial poly(ethylene oxide) 

standards with Mn values ranging from 1.1 to 905 kDa.  

4.6.2. Effect of Molecular Weight on the Antimicrobial Activity  

By neutralizing the charge at a specific location, the stability of the cell membrane is 

disrupted, which ultimately enhances its permeability and leads to bacterial death. Thus, by 

increasing the molecular weight of cationic polymers, multiple interconnected biocidal 

quaternary ammonium groups found in the polymer chains interact with the cell envelope of 

the bacteria. This, in turn, enhances the electrostatic interactions with the bacterial cell 

envelope, potentially making the antimicrobial effect of the polymer with higher polymer 

chains more pronounced. Here, in Table 4.2 the minimum inhibitory concentration of the 

different molecular weights of PDADMAC, PMETACl and PVMBT were evaluated with a 

resazurin assay. The results showed that as hypothesized polymers with higher molecular 

weights demonstrated greater efficacy in inhibiting bacterial growth within the 16-128 µg/mL 

range. In general, Gram-negative bacteria present a greater challenge to antimicrobial 

diffusion due to the presence of an outer membrane in their cell wall compared to Gram-

positive bacteria. These polymers were observed to be less effective against S. typhimurium 

than other tested organisms.  
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 Table 4.2. The effect of polymer molecular weight on MIC values as determined by a 

resazurin assay. The molecular weights corresponding to the nominal low (10 kDa), medium 

(20 kDa) and high (40 kDa) polymers are given in Table 4.1 (n = 3). 

 

The optimal inhibition of the bacteria growth was observed when employing polymers of 

higher molecular weight (40 kDa).  Inhibition by the highest molecular weight polymers were 

confirmed by an agar diffusion assay against all four tested bacterial species (Figure 4.3) with 

the polymers diffusing into the agar and inhibiting the growth of the bacteria strains tested138. 

Zones of inhibition were greatest against B. subtilis, but the polymers showed inhibition to all 

tested organisms compared to the control (H2O). 

 

Mn (kDa) Polymer MICs for different target microorganisms 

  B. subtilis E. coli M. luteus S. typhimurium 

  µg/mL µM µg/mL µM µg/mL µM µg/ mL µM 

10 kDa PDADMAC-10 16 1.35 32 2.69 32 2.69 64 5.37 

17 kDa PDADMAC-20 16 0.91 16 0.91 16 0.91 32 1.82 

40 kDa PDADMAC-40 16 0.43 16 0.43 16 0.43 32 0.86 

12 kDa PMETACl-10 64 6.15 64 6.15 64 6.15 64 6.15 

18 kDa PMETACl-20 64 3.74 64 3.74 64 3.74 64 3.74 

39 kDa PMETACl-40 32 0.82 32 0.82 32 0.82 64 1.64 

14 kDa PVMBT- 10 64 4.67 64 4.67 64 4.67 128 9.34 

21 kDa PVMBT-20 32 1.54 32 1.54 64 3.08 64 3.08 

38 kDa PVMBT-40 32 0.84 32 0.84 32 0.84 64 1.68 
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Figure 4.3. Agar plates were inoculated with the target bacterial species and wells of 1 cm 

diameter were punched into the plates and 100 µL of the polymer solutions (at 2xMIC) were 

added into the wells and incubated overnight.  

Table 4.3. Zone of inhibition (agar well diffusion assays) in cm. 

Polymer B. subtilis M. luteus E. coli S. typhimurium 

PDADMAC-40 2.1 2 1.6 2.0 

PMETACl-40 2.6 1.4 1.5 1.9 

PVBMT-40 2.2 1.7 1.8 1.6 

 

Cationic polymers can show cytotoxic effects 133 against mammalian cells due to their 

interactions with the cell membrane via non-specific electrostatic interactions 135.  PDADMAC-

40 (40 kDa) was found to be highly toxic to mammalian cells; although it showed excellent 

inhibition of the growth of bacteria compared to PDADMAC-20 and PDADMAC-10.  Therefore, 

along with PMETACl-40 and PVMBT-40, based on their superior inhibitory performance in 

comparison to smaller molecular weight polymers, PDADMAC-20 was selected for further 

experiments to investigate the antimicrobial mechanisms and assess cytocompatibility 

(instead of PDADMAC-40). 
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In addition, the selected polymers (PDADMAC-20, PVMBT-40 and PMETACl-40- see Table 4.2.) 

were tested against the non-pathogenic microorganism M. smegmatis as a model organism 

of pathogenic M. tuberculosis. The minimum inhibitory concentrations of the polymers 

against M. smegmatis were again determined using a resazurin assay. The growth of M. 

smegmatis was inhibited in the range of polymer concentrations 4-8 µg/mL, outperforming 

the antibiotic Rifampicin at 16 µg/mL. The result showed that polymers containing quaternary 

ammonium salts could offer a solution against mycobacterium on surfaces e.g., leprosy. This 

enhanced effectiveness may be attributed to their possession of "same-centered" 

permanently charged entities, along with three methyl groups. These structural 

characteristics of PDADMAC-20 facilitate increased interaction with the hydrophobic, rigid, 

and waxy components found in mycobacterial membranes. Indeed, in the literature, 

enhanced activity against M. smegmatis was observed when polymers bearing primary or 

tertiary amine were replaced by polymers with quaternary ammonium salts 139.    

PDADMAC-20 exhibited superior inhibition compared to PMETACl-40, PVMBT-40 and the 

antibiotic (see Table 4.4). This outcome highlights that the structural characteristics of the 

polymer have a more significant impact than molecular weight on the observed inhibition of 

M. smegmatis, which has unique cell wall structure compared to Gram-negative and Gram-

positive bacteria.  
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Table 4.4. Summary of the MIC values of the most active homopolymers (n = 3) measured 

using a resazurin assay.  

 

4.6.3. Bactericidal Action Mode of the Best Active Polymers  

A Live/Dead assay was used for assessment of bacterial membrane integrity after treatment 

with the polymers, via fluorescent microscopy with double staining with SYTO-9, a 

membrane-permeable stain (which stains both alive and dead cells due to binding the nucleic 

acid all cells), and propidium iodide (PI), a membrane-impermeable stain which can only be 

up-taken by dead bacteria. Bacteria with intact membranes exhibiting green fluorescence are 

considered alive while those with damaged membranes show red fluorescence signals dead. 

Figure 4.4 shows the images of bacteria (E. coli) after a 4-h incubation period with each of the 

three polymers (PDADMAC-20, PMETACl-40, and PVMBT-40) at 2xMIC (Figure 4.4). E. coli 

reflected red fluorescence after incubating with all three polymers which confirms the loss of 

membrane integrity (structural disturbance of the membrane) signifying the bactericidal 

Polymer MICs for different target microorganisms 

 B. subtilis E. coli M. luteus S. typhimurium M. smegmatis 

µg/mL µM µg/mL µM µg/mL µM µg/ mL µM µg/ mL µM 

PDADMAC-20 16 0.91 16 0.91 16 0.91 32 1.81 4 0.23 

PMETACl-40 32 0.83 32 0.83 32 0.83 >32 >1.86 8 0.21 

PVBMT-40 32 0.85 32 0.85 32 0.85 32 0.85 8 0.21 

Standard 

Antibiotic 

Clindamycin Gentamicin Gentamicin Chloramphenicol Rifampicin 

4 9.41 0.5 1.05 0.5 1.05 1 3.10 16 19.4 
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action of the compounds, the generally accepted mechanism for ammonium group bearing 

polymers. 

 

Figure 4.4. Fluorescent microscopy images of E. coli stained using a live/dead assay (live are 

shown in green (SYTO 9) and dead are shown in red (PI)). Control: bacteria were grown in 

media and treated with PBS (live). Bacteria were imaged on a Zeiss Axiovert 200M, 40× 

objective, in the FITC channel (λex 488 nm) (a,d,g,j) and the Texas red channel (λex 561 nm) 

(b, e, h, k). Stacked images of both channels (c, f, i, l). Red fluorescence indicates loss of 

membrane integrity and signifies the bactericidal action of the compound (scale bar: 20 µm). 

 

Scanning Electron Microscopy (SEM) provides direct visual images of bacteria with changes in 

morphology of the membrane and cell wall. Quaternary ammonium group bearing polymers 
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are known to be bactericidal and can demolish the bacterial cell wall. To prove this and to 

understand the antimicrobial mechanism of the polymers, E. coli and M. luteus were treated 

with the best polymers (PDADMAC-20, PVMBT-40 and PMETACl-40) and analysed by SEM to 

observe the morphological changes. As shown in Figure 4.5, the distortion of the bacteria 

suggested that the polymers were disrupting/distorting the bacterial envelope of both Gram-

negative (E. coli) and Gram-positive (M. luteus) bacteria with changes in membrane 

roughness, shrinking and involutions. E. coli showed wrinkles and deep hollows, while mis-

shaped and raptured cell membrane of M. luteus were observed. Moreover, pores were 

found on the surface of M. luteus suggesting permeabilization of the plasma membrane and 

leakage of the cellular content.  These phenomena suggest that these polymers kill both 

bacteria by destroying their cell walls/membranes. 

 

Figure 4.5. SEM images of (a) untreated E. coli; (c) PDADMAC-20-treated E. coli; (d) PVMBT-

40-treated E. coli; and (e) PMETACl-40-treated E. coli. (b) Untreated M. luteus; (f) PDADMAC-
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20-treated M. luteus; (g) PVMBT-40-treated M. luteus; and (h) PMETACl-40-treated M. luteus. 

Green arrows indicate bacteria with impaired membranes/walls. Red arrows indicate the 

“pores” on the bacterial surface of M. luteus. (Scale bars: 500 nm). 

 

4.6.3.1. Membrane Depolarization Assays 

In order to eliminate Gram-negative bacteria, antimicrobial agents should be able to 

permeabilize or disrupt the outer membrane, which contains lipopolysaccharides stabilized 

by divalent cations such as Ca2+, Mg2+. In general, cationic polymers interact with negatively 

charged outer membrane of Gram-negative bacteria via electrostatic interactions. 

Perturbation of the bacterial outer membrane of E. coli was assessed using the fluorescent 

probe, 1-N-phenyl-naphthylamine (NPN) which is a hydrophobic fluorescent probe that emits 

a very weak fluorescence signal in an aqueous environment. When the outer membrane is 

disrupted, the NPN dye can penetrate into the cell membrane and accumulate in a 

hydrophobic environment leading to elevated fluorescence intensity; serving as an indicator 

of increased permeability 140. Supported by the SEM images (see Figure 4.5), the outer 

membrane of E. coli was depolarized by the polymers with PVMBT-40 showing a 10-fold 

increase in fluorescence (Figure 4.6). Presumably, when the quaternary ammonium groups 

accumulate on membranes via electrostatic interactions, the hydrophobic phenyl groups can 

interact with the lipophilic core of the membrane via hydrophobic interactions, promoting 

the interlacing of the polymer into the membrane leading to enhanced permeability.  
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Figure 4.6. Permeabilization of the outer membrane of E. coli was measured using a 1-N-

phenyl-naphthylamine (NPN) assay in the presence of polymers, PVMBT-40, PDADMAC-20, 

and PMETACl-40 after 20 min. Bacteria were incubated with NPN for 30 min until stable 

fluorescence and then the polymers were added at 4xMIC. Bacteria without polymer 

treatments were used as a negative control (control), while Triton X-100 (1% v/v)-treated 

bacteria served as the positive control. The error bars are standard deviation of the mean (n 

= 3). 

 

Gram-positive bacteria have a thick layer of crosslinked peptidoglycan decorated with 

negatively charged teichoic acid, surrounding their cytoplasmic membrane. Cationic polymers 

can accumulate onto this via electrostatic interactions and penetrate deep into the 

peptidoglycan layer by virtue of nano-sized pores or defects. The accumulated cationic 

polymers can then disturb the cytoplasmic membranes integrity, leading to bacterial death. 

This effect of the polymers on Gram-positive bacteria (B. subtilis) was measured by polymer-

induced leakage of the fluorescent dye Calcein. The non-fluorescent polar dye, calcein 
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acetoxymethyl ester penetrates into bacteria by diffusion and accumulates, undergoing 

hydrolysis to be transformed into fluorescent calcein. Calcein itself is not permeable to the 

membranes and remains trapped inside. However, when membrane-permeabilizing agents 

are introduced, it causes the release of calcein, which is detected by an increase in 

fluorescence 141,142. Analysis (Figure 4.7) showed that polymers (PDAMAC-20, PMETACl-40 

and PVMBT-40) ruptured the cytoplasmic membrane, even in the presence of the thick cell 

wall.  PDADMAC-20 and PMETACl-40 showed as much of a fluorescence increase as Triton X-

100 (1% v/v), with PDADMAC-20 acting faster than PMETACl-40, presumably due to its lower 

molecular weight. The more hydrophilic polymer chains of PMETACl penetrated into the 

peptidoglycan layer more efficiently than PVMBT-40 presumably interacting with the 

negatively charged teichoic acids by penetrating through the peptidoglycan layer and 

reaching the cytoplasmic membrane of B. subtilis resulting in bacterial lysis. 

 

Figure 4.7. Permeabilization of the membrane of B. subtilis by polymers PVMBT-40, 

PDADMAC-20, and PMETACl-40 (at 4xMIC) and the increase in fluorescence of calcein 
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monitored over 30 min. Calcein-AM-loaded bacteria without polymer treatment were used 

as a negative control (control), while Triton X-100 (1% v/v)-treated bacteria served as the 

positive control. The error bars are standard deviation of the mean (n = 3). 

 

4.6.4. Cytotoxicity and Hemolytic Activity of the Active Polymers  

As predicted the higher molecular weight of polymers showed better antimicrobial activities.  

However, the high molecular weight polymers were more toxic than the corresponding low 

and mid molecular weight materials as determine by an MTT assay 143. Similar to PDMAEMA 

(Mw > 39 kDa) 134, PDADMAC-40 was found to be toxic to HeLa cells at 1.25 µM (50 µg/mL) 

with less than 60% cell viability, while PMETACl-40 and PVMBT-40 displayed toxic effect at 

higher concentrations. Figure 4.8 shows the HeLa cell viability after incubating with polymers 

for 24 hours, the three homopolymer of PMETACls were the least toxic (even at 1.28 mM (far 

beyond MIC of the polymer (16-32µg/mL), with 50% of the cells still viable.  

To examine the biocompatibility of the polymers, a hemolysis test was performed to evaluate 

the toxicity of the three selected polymers, namely PDADMAC-20, PVMBT-40, and PMETACl-

40. The amount of leaked hemoglobin (% hemolysis) was measured relative to a positive 

control (Triton X-100 (1% v/v) defined as giving 100% lysis of red blood cells) and a negative 

control (PBS treated red blood cells) giving no lysis (see the equation in section 8.4.6). As 

clearly seen in the Figure 4.9, all of them showed negligible hemolysis, even at the highest 

concentrations used (1280 µM).  
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Figure 4.8. MTT cytotoxicity assay of different molecular weights of the polymers PDADMACs, 

PVMBTs, PMETACls at 1.25-1280 µM on HeLa cells for 24 h. Results are presented as relative 

cell viabilities compared to that of the untreated negative control (100% cell viability). The 

error bars are standard deviation of the mean (n = 3). 
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Figure 4.9. The hemolytic activity (sheep erythrocytes) of the polymers PDADMAC-20 and 

PMETACl-40 and PVMBT-40.  The control was Triton X-100. The error bars are standard 

deviation of the mean (n = 3). 

 

The practical approach to assist selectivity towards bacteria opposed to red blood cells is 

measured by the HC50/MIC ratio, where HC50 is the polymer concentration required to lyse 

50% of red blood cells 144. Thus, PDADMAC-20, PMETACl-40 and PVMBT-40 were quite 

selective against bacteria over red blood cells in the range of 1.25 µM-1280 µM.   

Subsequently, to assess the selectivity of polymers towards bacterial cells and mammalian 

cells, the therapeutic index was calculated by dividing the value of IC50 by the value of MIC. 
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The IC50 (half maximal inhibitory concentration) is commonly utilized in pharmacology and 

toxicology to assess a compound's effectiveness in inhibiting biological processes or inducing 

specific effects in cell cultures, while also serving to determine the compound's toxicity by 

identifying the concentration at which it reduces cellular viability or function by 50%.  

However, IC50 values obtained through the MTT assay were significantly lower than HC50 

values based on hemolysis, indicating a narrower range of biocompatible polymers. A 

potential explanation for the disparity could be attributed to variations in experimental 

conditions and cell types used in the respective assays 121. Particularly, the hemocompatible 

polymers (HC50 > 26 mg/mL) such as PDADMAC-20 and PVMBT-40 inhibited the growth of 

HeLa cells at substantially lower concentrations (IC50 of 900 µg/mL (51.818 µM) and 200 

µg/mL (5.35 µM), respectively). On the other hand, PMETACl-40 were found highly 

cytocompatible with an the IC50 values 4.4 mg/mL (110 µM). The IC50 values were obtained 

from dose-response curves interpolated using GraphPad Prism version 8.4 for Windows 

(GraphPad Software).  

Table 4.5.  Selective toxicity of PDADMAC-20, PMETACl-40 and PVMBT-40 based on MIC and 

hemolysis and MTT data. 

Polymer MIC (µg/mL) 

E. coli        B. subtilis        M. luteus   S. typhimurium 

HC50  

mg/mL 

Selectivity  

HC50/MIC 

Selectivity 

IC50/MIC 

PDADMAC-20  16 16 16 32 >26  >800 >28 

PVMBT-40 32 32 32 32 >51  >1600        >7 

PMETACL-40 32 32 32 32 >51  >1600 >138 
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4.6.5. Antifungal Activity of the Polymers 

Despite the research on the antibacterial activities of polymers with quaternary ammonium 

groups, these materials have yet to receive significant attention with regard to their potential 

antifungal properties. Thus, here the antifungal activity of homopolymers; PDADMACs, 

PVMBTs and PMETACls were evaluated on C. albicans, C. auris and M. furfur. Minimum 

inhibitory concentrations, were conducted using the broth dilution method, in accordance 

with the guidelines outlined by the Clinical and Laboratory Standards Institute 145. The 

homopolymers were subjected to serial dilutions, ranging from 500 µM to 1.0 µM and the 

influence of molecular weight on antifungal activity analysed (see Table 4.6). The findings 

indicate that the effectiveness of homopolymers was contingent not only upon their 

molecular weights but also on the specific microorganism under examination. Among the 

tested polymers, PDADMAC-40 showed the greatest activity on all tested organisms with MIC 

values 1.0-125 µM while PVMBT-40 showed better activity against M. furfur compared to 

PMETACl-40.  This phenomenon may be attributed to the distinctive structure of PDADMAC, 

which features repeating units containing both hydrophobic and hydrophilic components, 

along with cationic groups within the main chain resulting in enhanced interactions with the 

membranes of fungi. Previous studies 146,147 have demonstrated that main chain cationic 

polymers effectively inhibited the growth of a wide range of pathogenic fungi. The variations 

observed in the minimum inhibitory concentration (MIC) values among different strains could 

potentially be attributed to the composition and the extent of negative charge density within 

their respective outer envelopes.  Interestingly all the PVMBTs and PMETACls showed 

fungistatic activity while PDADMAC-40 and PDADMAC-20 showed fungicidal activity.  
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Table 4.6. The minimum inhibition and minimum fungicidal concentration of the various 

homopolymers. 

Polymer C. albicans C. auris M. furfur 

MIC MFC MIC MFC MIC MFC 

PDADMAC-40 1 31 125 500 1 4 

PDADMAC-20 16 16 250 >500 8 16 

PDADMAC-10 62 125 >500 >500 31 31 

PMETACl-40 >500 >500 >500 >500 16 500 

PMETACl-20 >500 >500 >500 >500 31 >500 

PMETACl-10 >500 >500 >500 >500 63 >500 

PVMBT-40 >500 >500 >500 >500 8 125 

PVMBT-20 >500 >500 >500 >500 31 250 

PVMBT-10 >500 >500 >500 >500 125 >500 

 

Fungi are known to exhibit a major virulence factor when in biofilms, which are complex 

microbial communities that form on both biotic and abiotic surfaces and are typically 

associated with an extracellular polymer matrix. A tetrazolium salt, 2,3-bis(2-methoxy-4-

nitro-5-sulfophenyl)-2H-tetrazolium-5 carboxanilide, (XTT) reduced to water-soluble orange 

formazan compounds, the intensity of which can then be determined using a microtiter-plate 

reader, specifically gauges the metabolic activity of the fungi within the biofilm 148,149.  As seen 

in Figure 4.10, the higher the concentration of polymers applied, the fewer viable cells 

remained in the biofilms. Among the tested polymers, PDADMAC-40 and PDADMAC-20 again 

showed the best inhibition activity. 
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Figure 4.10. The mature biofilms of C. albicans were incubated in 96-well plates with various 

concentrations of PMETACls and PDADMACs with different molecule weights for 24 h and cell 

viability (percentage of treated biofilms in relation to untreated controls) were assessed by 

an XTT assay (the control is not shown in the graph). Each bar represents the average data of 

obtained from triplicates of two independent experiments.  The error bars are standard 

deviation of the mean (n = 3). 
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Although an XTT assay offers several advantages, including being non-invasive, non-

destructive, and requiring minimal processing and proves particularly valuable for evaluating 

the impact of antimicrobial drugs on biofilms, the optimization can be challenging when 

dealing with mature biofilms because the relationship between metabolic activity and the 

number of viable cells may not follow a linear pattern 150. Thus, PDADMAC-20 and PMETACl-

20 (15 µM and 1280 µM) were added to biofilms with qPRC analysis (see Figure 4.11). 

Polymers were not affective enough to diminish between biofilms of C. albicans and C. auris, 

whereas there was an approximately 1.5 log decrease after incubation with M. furfur. 

 

Figure 4.11. The growth of C. albicans, C. auris and M. furfur after incubating with PDADMAC-

20 (15 µM) and PMETACl-20 (1280 µM) as assessed using qPCR. Statistical significance was 

*** p < 0.005, ** p < 0.01 and * p < 0.05, as respectively. 

 

4.7. Conclusions and Future Work 

Homopolymers, namely PDADMAC, PVMBT, and PMETACl, were synthesized with three 

different molecular weights, and their antibacterial activities were evaluated against various 
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bacterial strains. It was observed that as the molecular weight of the polymers increased, their 

antimicrobial activity also increased, with evidence of bactericidal effects confirmed through 

dye-based assays and SEM imaging. However, this increase in molecular weight also led to 

higher toxicity towards mammalian cells. Among these polymers, PDADMAC-20 exhibited the 

most potent activity, while PMETACl-40 emerged as the safest option for biomedical 

applications. 

The antifungal activities of these polymers were also assessed against three fungal strains, 

resulting in some polymers displaying fungistatic effects and others exhibiting fungicidal 

properties. However, none of them demonstrated strong efficacy in reducing biofilms. 

In summary, the antimicrobial activity of the homopolymers explored in this study was found 

to be dependent on the polymer's structure (including the presence of cationic groups in the 

main or side chain), molecular weight, and the specific microorganisms being tested. As a 

future research direction, these polymers could be tested on clinically isolated 

microorganisms and multi-drug resistant strains to confirm their safety for biological 

applications. Additionally, investigations into bacteria biofilms may hold promise due to the 

polymers' potent activity at lower concentrations against bacteria when compared to fungi. 
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Chapter 5 

A Novel Methacrylamide Monomer and Its Antimicrobial 

Homopolymers 

5.1. Introduction 

5.1.1. Free Radical Polymerization 

It has been over a century since the publication of Staudinger's "Uber Polymerisation" 151 , 

which marked the beginning of radical polymerization as the most popular technique for 

synthetic polymer synthesis. This method has been extensively used in industrial-scale 

production, with approximately 50% of commercial synthetic polymers being prepared 

through free radical polymerization over the past two decades 152.  

 

Figure 5.1. The mechanism of conventional free radical polymerization. 
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Free radical polymerization involves a monomer that contains a reactive double bond; an 

initiator which generates free radicals and a solvent (if necessary). It is a so-called chain 

growth polymerization process, with free radical polymerization involving successive addition 

of monomer units to a “reactive” growing polymer chain occurring through the reaction of 

the double bond of the monomer unit (formation of an active propagating chain). As shown 

above, the mechanism of free radical polymerization involves three key steps: initiation, 

propagation and termination.  

The initiation step begins with forming of radicals (I•) from the decomposition of an initiator 

via thermal, electrochemical or photo-activation. The activated initiator (radicals I•) attack a 

monomer bearing a reactive double bond to give I-M•. This activated chain grows by adding 

further of monomer units in the so-called propagation step, with the addition of individual 

monomer units one at a time. In the final step, radicals on the ends of the polymer chains are 

“quenched” either via recombination (in which two chains react to form a single polymer 

chain) or disproportionation (resulting in the formation of two polymers chains with one 

saturated and the other unsaturated) or external quenchers stop the chemistry (e.g., oxygen).  

In addition to these steps, an additional reaction, called chain transfer, may occur, in which 

radicals are transferred to another molecule or solvent, terminating the polymer chain but 

generating another radical species. Indeed, it is a common observation that the actual size of 

the polymer “molecule” is smaller than what would be predicted based on the experimentally 

observed rates of termination via coupling and disproportionation, attributed to the 

premature termination of the growing polymer chain. These termination reactions contribute 

to the dispersity of polymers, with the polymers having varying chain lengths, primarily due 

to these termination reactions 61,153,154. 
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Radical polymerization techniques offer numerous benefits, including its versatility in working 

with a wide range of monomers e.g.  styrene, meth/acrylates, and vinylic monomers. It can 

also tolerate various functional groups such as -OH, -NH2, -COOH and different reaction 

conditions e.g., bulk, solution, suspension, and emulsion. Furthermore, it is easy to apply 

without requiring complex technologies to synthesize synthetic polymers on a large scale due 

to exhibiting a certain level of tolerance to impurities like oxygen and also progresses in water, 

which makes it easy to execute and hence commonly used 153,154.   

5.1.2. Antimicrobial Polymers with Pyrrolidinium Group and Antimicrobial Methacrylamide 

Polymers 

Among the polymers having quaternary ammonium groups, poly (diallydimethyl ammonium 

chloride) (PDADMAC) stands out on the strength of its exceptional antimicrobial activity (see 

Chapters 3 and 4).  Recently, the antifungal activity of polymeric diallyl quaternary ammonium 

salts were investigated, with homopolymers synthesized from the monomers, N,N-methyl 

butyl diallyl ammonium chloride, N,N-dimethyl benzyl diallyl ammonium, and N,N-dimethyl 

diallyl ammonium via free radical polymerization. This revealed that all three homopolymers 

demonstrated significant, and potent, inhibitory effects against fungi (Fusarium oxysporum f. 

sp. cubense race (Foc4)). Importantly, these substances were found to be virtually non-toxic 

to silkworms and mice. In comparison to benzalkonium chloride, a typical, commercial, small 

quaternary ammonium salt, the toxicities of the synthesized materials were considerably 

lower in zebrafish. Among them, poly(N,N-methyl benzyl diallyl ammonium chloride) 

exhibited the most favourable combination of antifungal activity and low biotoxicity 155.  
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Timofeeva 156 showed the antimicrobial activity of secondary and tertiary 

poly(diallylammonium) salts namely poly(diallylammonium trifluoroacetate) and 

poly(diallylmethylammonium trifluoroacetate). In this case the polymers were synthesized 

through free radical polymerization from the corresponding monomers in aqueous solution, 

with the radical initiator APS. Polymers with molecular weights of approximately 25 kDa and 

55 kDa were tested against various gram-positive and gram-negative bacterial strains. The 

minimum inhibitory concentrations (MICs) observed fell within the range of 1.5 to 124 µg/mL, 

influenced by the polymer's molecular weight and structural characteristics. Subsequently, an 

investigation into the antimycobacterial activity of these polymers was explored, in 

combination with poly (diallylethylammonium trifluoroacetate) 157. All the polymers, with 

molecular weights around 60 kDa, demonstrated potent bactericidal effects against both M. 

smegmatis and M. tuberculosis. Notably, poly(diallylammonium trifluoroacetate) was the 

most effective (MBC- 7-15 µg/mL). Experiments designed to elucidate the mechanism of 

action for poly (diallylammonium trifluoroacetate) revealed that it rapidly induced damage 

and permeability to the inner membrane of M. smegmatis.   

Here it is important to note that there have been no reports concerning the antimicrobial 

activities of the polymers consisting of meth/acrylamide or meth/acrylate monomers bearing 

the pyrrolidinium group. 
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5.2. Aim of This Chapter 

In this chapter, a novel methacrylamide monomer, bearing a pyrrolidinium group, inspired by 

the polymerisation of diallylammonium chloride was synthesised by reacting methacrylic 

anhydride with (R)-3-amino-1-N-Boc-pyrrolidine. This was used to generate polymers via free 

radical polymerization to give three molecular weight variants. The antimicrobial activities on 

Gram-positive and Gram-negative bacteria and cytocompatibility on mammalian cells of the 

polymers were evaluated. 

5.3. Results and Discussion 

5.3.1. Synthesis of (R)-(1-tertbutoxycarbonyl) pyrrolidin-3-yl) methacrylamide 

The novel methacrylamide monomer was synthesized by reacting methacrylic anhydride with 

(R)-3-amino-1-N-Boc-pyrrolidine in the presence of triethylamine in a yield 87% (Figure 5.2).  

 

Figure 5.2. Synthesis of (R)-(1-tertbutoxycarbonyl) pyrrolidin-3-yl) methacrylamide. 
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Figure 5.3. 1H spectrum and 13C NMR spectrum of the monomer- (R)-(1-tertbutoxycarbonyl) 

pyrrolidin-3-yl) methacrylamide- recorded in DMSO-d6.  
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5.3.2. Polymerization of (R)-(1-tertbutoxycarbonyl) pyrrolidin-3-yl) methacrylamide 

Prior to polymerization, the solubility of the monomer was investigated and found to be 

soluble in chlorinated solvents such as chloroform or dichloromethane), alcohols (ethanol, 

methanol), as well as acetone, dimethyl sulfoxide, tetrahydrofuran, and diethyl ether. 

However, it was only partially soluble in dioxane (soluble with heating), while insoluble in 

hexane. To identify the most suitable solvent for the polymerization reaction of the Boc-

protected monomer, methanol and tetrahydrofuran were selected as solvents due to the 

monomer's high solubility, and the initiator azobisisobutyronitrile (AIBN) was employed. 

However, polymers with the intended molecular weight were not successfully synthesized 

(Mn 8.9 kDa Mw 30 kDa, PDI 3.30) presumably due to methanol functioning as a transfer 

agent, resulting in the production of smaller-sized polymers with wide dispersity. In contrast, 

the polymerization reaction was successful in THF and thus was selected. By changing the 

monomer to initiator ratio ([M]0/[I0]), three polymers approx. 10, 20 and 40 kDa, were 

synthesized. Table 1 shows the conditions of polymerization reactions.  All the polymers were 

deprotected using TFA/DCM to give the pyrrolidinium containing polymers.  

 

Figure 5.4. Free Radical Polymerization of (R)-(1-tertbutoxycarbonyl) pyrrolidin-3-yl) 

methacrylamide and deprotection with TFA/DCM mixture.  
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Figure 5.5. 1H spectrum of Poly((R)-(1-tertbutoxycarbonyl) pyrrolidin-3-yl) methacrylamide) 

in DMSO and after boc removal in D2O.  
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Table 5.1. The resulting polymers produced by the free radical polymerization of the Boc-

protected monomer in THF. 

polymer [M]0 [I]0 [M]0/[I]0 Mn, GPC Mw, GPC PDI 

P-10 0.39 0.0066 58 9.5 kDa 19.9 kDa 2.09 

P-20 0.39 0.0036 108 17.1 kDa 34.7 kDa 2.02 

P-40 0.39 0.0018 215 40.2 kDa 79.8 kDa 1.98 

 

 

Figure 5.6. GPC analysis of Poly((R)-(1-tertbutoxycarbonyl) pyrrolidin-3-yl) methacrylamide) 

synthesized via free radical polymerization. (Eluent:  0.1% (w/v) LiBr in DMF with a flow rate 

of 1.0 mL min−1 at 60oC -PMMA calibration standards). 
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5.3.3. Evaluation of the Antimicrobial Activity of the Polymers 

Minimum inhibition concentration (MIC) of the polymers after Boc group removal were 

determined via a resazurin assay in the range of 1024 µg/mL to 1 µg/mL against E. coli and B. 

subtilis, with antibiotics Gentamicin and Clindamycin used as controls. The MICs of all three 

polymers were found to be 32 µg/mL for E. coli and 8 µg/mL for B. subtilis. All three polymers 

showed inhibition of the growth of both bacteria with slightly superior bacteriostatic action 

against the gram-positive bacteria, B. subtilis. Of course, this means that the larger polymer 

is more active at a molar level.  

Table 5.2. MIC values of the polymers against E. coli and B. subtilis as measured via a resazurin 

assay. 

 MICs of tested microorganisms 

Polymer E. coli B. subtilis 

P-10 32 µg/mL 8 µg/mL 

P-20 32 µg/mL 8 µg/mL 

P-40 32 µg/mL 8 µg/mL 

Standard 

Antibiotic 

Gentamicin 

Clindamycin 

0.5 µg/mL - 

- 4 µg/mL 

 

A live (green)-dead (red) assay illustrated the bactericidal antimicrobial activity of the 

polymers (Figure 5.7). Among these polymers, P-40 exhibited the highest bactericidal activity 

in comparison to the polymers with the lower molecular weights, attributed to the higher 

charge density in the polymer chain, and interestingly having a lower activity molarity than 

the other two polymers. This greater chain density presumably results in enhanced 
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interactions with the bacterial membrane, as indicated by the bacteria appearing red, 

signifying membrane damage. However, P-40 showed the greatest toxicity against HeLa cells 

even at its MIC (see subsection 5.3.4).  

 

Figure 5.7. Live-Dead assay of E. coli incubated with 2xMIC of the polymers (P-10, P-20 and P-

40) after 4 hours. Controls cells incubated with PBS. (Scale bar – 20 µm).  

 

To understand the antimicrobial mechanisms of polymers P-10 and P-20, scanning electron 

microscopy (SEM) was employed to observe the morphological changes in E. coli and B. 

subtilis after exposure to these polymers at twice their minimum inhibitory concentrations. 



111 

 

Following a 4-hour incubation with these polymers, the membrane of E. coli exhibited 

pronounced wrinkling and deep recesses, whereas the cell membrane of B. subtilis showed 

rupture and deformation, accompanied by extensive cytoplasmic leakage (Figure 5.8).  

 

Figure 5.8. SEM images of E. coli (a, b, c) and B. subtilis (d, e, f) treated with P-10 and P-20 at 

2xMICs.  (Scale bar- 500 nm). 

Dye-based assays provided evidence of the bactericidal action mechanism of the polymers 

against both gram-positive and gram-negative bacteria. The outer membrane depolarization 

assay (Figure 5.9-A) revealed an increase in the fluorescence of the NPN dye, which 

accumulated in the cell membrane before interacting with the polymers over a 30-minute 

period. Compared to control cells (treated with PBS), a 5-fold increase in fluorescence was 

observed for P-40 and approximately 4-fold increase was obtained for P-20 and P-10. 

A cytoplasmic membrane assay revealed that the polymers were capable of disrupting the 

cytoplasmic membrane within just 30 minutes of treatment (Figure 5.9-B), a finding 
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supported by the SEM images. All three polymers showed potent activity, increasing the 

fluorescence intensity of the Calcein-AM dye as much as the detergent, Triton X-100. This can 

be attributed to the distinctive structure of the polymer's repeating unit, which bears a 

pyrrolidinium group as a side chain, providing both cationic and hydrophobic characteristics, 

a similar trend to that observed for PDADMAC (see Chapter 4.6.4).  

   

Figure 5.9. Bacteria were incubated with the dyes NPN and Calcein-AM before treating with 

the polymers at 2xMIC. Outer membrane depolarization assay of E. coli in the presence of P-

10, P-20 and P-40 (A). Cytoplasmic membrane depolarization assay of B. subtilis in the 

presence of P-10, P-20 and P-40 (B). Control cells were treated with PBS and 1% (v/v) Triton 

X-100.  The error bars are standard deviation of the mean (n = 3). 

 

5.3.4. Investigation of Cytotoxicity and Hemolytic Activity of the Polymers  

The cytotoxicity of the homopolymers were assessed on HeLa-cells by an MTT assay. The 

higher molecular weight polymer, P-40, showed some limited toxic effects at its MIC (Figure 
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5.10), although >80% of cells were still viable at this concentration. P-10, P-20 and P-40 all 

showed increasing toxicity with higher concentrations of the polymers. 

 

 

Figure 5.10. MTT cytotoxicity assay of different molecular weights of poly((R)-) pyrrolidin-3-

yl) methacrylamide, P-10, P-20 and P-40 at 1-1024 µg/mL on HeLa cells for 24 h. Results are 

presented as relative cell viabilities compared to that of the untreated negative control (100% 

cell viability). The error bars are standard deviation of the mean (n = 3). 

  

A hemolysis assay was conducted measuring the extent of hemoglobin release when sheep 

red blood cells were exposed to varying concentrations of these polymers. As illustrated in 

Figure 5.11, even at the highest concentrations tested (2048 µg/mL), all three polymers 

exhibited minimal hemolysis. The percentage of leaked hemoglobin (% hemolysis) was 
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measured relative to a positive control (Triton X-100 (1% v/v) defined as giving 100% lysis of 

red blood cells) and a negative control (PBS treated red blood cells) giving no lysis (see 

experimental section 8.4.6). 

 

 

Figure 5.11. The hemolytic activity (sheep erythrocytes) of the polymers with varying 

concentrations of the polymers was assessed through a hemolysis test. The control was Triton 

X-100. The error bars are standard deviation of the mean (n = 3). 

5.4. Conclusion and Future Work 

 A new methacrylamide monomer with pyrrolidinium side-groups was synthesized, and the 

corresponding homopolymers were synthesized via free radical polymerization as three 

different molecular weights. Their antibacterial activities were subsequwntly evaluated on 

both Gram-negative and Gram-positive bacteria.  Increased molecular weights were 
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associated with enhanced antimicrobial efficacy, as evidenced by bactericidal effects 

validated through dye-based tests and SEM imaging. These new methacrylamide polymers 

showed potent activity against Gram-positive bacteria. 

In the future, this monomer could be synthesized via RAFT polymerization to exert control 

over molecular weight and subsequently tested on various bacterial and fungi strains, 

including clinically isolated ones.  

In addition, this monomer presents itself as an alternative to diallylammonium chloride, 

offering a broad spectrum of applications and easier polymerization. Thus, this monomer 

could be employed for the synthesis of copolymers through its combination with other 

monomers, perhaps serving as a cationic block within antimicrobial copolymers specifically 

designed for biomedical applications. 
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Chapter 6 

Investigation of the Antimicrobial Activities of Quaternized Trӧger’s 

Base Polymers 

6.1 Introduction 

In our daily lives, we encounter a multitude of surfaces and objects like doorknobs, railings, 

buttons, faucets, and even the pages of a journal or a computer keyboard, that are inhabited 

by microorganisms. While most of these microorganisms are harmless, some can be 

pathogenic, causing the spread of infectious diseases – a famous historical disease in this 

context is leprosy. Remarkably, contaminated surfaces are responsible for more than 50% of 

all microbial infections 158.  Microbial reservoirs are established on contaminated surfaces, 

which in turn can facilitate the development of biofilm-related infections, indeed such 

infections may involve medical devices and implants, leading to potential health 

complications. Many hospital-acquired infections stem from contaminated surfaces and 

contribute to the spread of bacterial (and viral) diseases, which can cause significant 

outbreaks. Therefore, it becomes crucial to render such objects, especially in hospital settings, 

biocidal and effectively eliminate these invading microorganisms to enhance public health 

and safety 159. The concept of developing surfaces capable of killing or repelling harmful 

microorganisms has been under investigation for many years. 

It is widely accepted that the adhesion of bacteria to a surface is the primary step in the 

formation of bacterial biofilms. When bacteria adhere to a surface and subsequently 
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proliferate, they can form biofilms (often with other bacteria) that significantly enhance 

bacterial resistance to antibiotics and evade the host's defence systems, potentially leading 

to serious consequences such as systemic infections or device failures, 160.  Thus, the 

prevention of bacterial adhesion to surfaces has major importance.   

 

Figure 6.1. Figure of biofilm formation of bacteria on a surface.  

Thus, polymers have been significantly investigated as antimicrobial surfaces over the recent 

decades with three major approaches, namely: (i) non-fouling, (ii) antibiotic release-based, 

and (iii) contact-killing strategies 158 (Figure 6.2). 

 

Figure 6.2. Various antibacterial surfaces. a) anti-adhesive surface that resists bacteria 

adhesion; b) surfaces leaching/releasing antimicrobial agents; c) contact-killing surfaces by 

bactericidal polymers. 
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In non-fouling strategies, anti-adhesive surfaces, or antifouling surfaces, have been 

developed that can either resist or prevent the adhesion of microorganisms. In general, 

coatings of hydrophilic polymers onto surfaces, either covalently or physically, have been 

widely applied to fabricate anti-adhesive surfaces. Hydrophilic or zwitterionic polymers form 

a tightly marshalled hydration layer that forms a physical barrier that results in the anti-

adhesive properties of surface, this combination of a robust interfacial hydration layer and 

steric repulsion generates resistance to protein/bacterial binding 161–164. One well-known 

hydrophilic polymer is polyethylene glycol - a gold standard material - that shows excellent 

antifouling properties and has been extensively used in the formation of anti-adhesive 

surfaces. Tang et al.  165 prepared a highly hydrophilic poly(dimethyl siloxane) silicone surface 

that had PEG brushes generated via surface-initiated reversible addition-fragmentation chain 

transfer chemistry with polyethylene glycol methacrylate. The anti-adhesive brush coated 

surfaces were tested with protein (albumin), bacteria (S. aureus) and lens epithelial cells and 

showed significantly decreased levels of protein, cell, and bacteria adhesion. Other 

hydrophilic polymers include polyacrylamide and 2-hydroxypropylacrylates that have groups 

that are both hydrogen donors and acceptors. Liu et al.  166 prepared polyacrylamide surfaces 

that showed antifouling properties towards proteins, cells and bacteria binding with old 

surfaces functionalized via surface-initiated atom transfer radical polymerization. If the 

polymer brush coatings were too thick, the polymer chains self-condensed (due to hydrogen 

bonding) leading to weakening of the hydration layer (allowing protein adsorption). In 

contrast less dense polymer brush coatings were not able to form a strong enough hydration 

layer to prevent protein adsorption. A polymer brush surface tested on two bacteria (S. 
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epidermidis and P. aeruginosa) showed a 97% decrease in bacterial attachment compared to 

the bare gold surfaces.  

Besides neutral hydrophilic polymer brushes, zwitterionic polymer brushes have also shown 

antifouling properties. Zhao et al. 167 grafted novel poly(sulfobetaine vinyl imidazole) polymer 

brushes onto silicon surfaces via electrochemical surface-initiated atom transfer radical 

polymerization. To understand the antifouling effect of the imidazolium group of the polymer, 

poly(vinyl imidazole) brushes were grafted onto silicon as controls and showed inhibition of 

N. maritima (a marine alga) binding. Compared to poly(vinyl imidazole), poly(sulfobetaine 

vinyl imidazole) showed excellent inhibition of E. coli binding due to the imidazolium and 

sulfonate functional group of the polymer (forming a hydration layer resulting in decreased 

protein adsorption and hence bacteria, algae binding). Although these antifouling coatings 

can significantly diminish the attachment of bacteria to the surface over a specific duration, 

they lack the capability to eradicate the bacteria and prove ineffective in mitigating bacterial 

assault and establishment, ultimately resulting in biofouling 168. On the other hand, 

antimicrobial agents, such as metallic particles or antibiotics, that are released from the 

polymeric coating in a concentrated manner within a specific region, are capable of effectively 

eliminating bacteria. Nevertheless, these coatings frequently encounter significant challenges 

and will promote bacterial resistance when the released drug doses fall below lethal levels 

169. 

In the contact-based strategy, bacteria can be eradicated upon contact with a non-leaching 

surface composed of polymers possessing inherent antimicrobial properties. In general, 

polymers with cationic groups such as quaternary ammonium or phosphonium groups are 

employed for designed surfaces in which bacteria can be killed on contact.  In 1972, Squith 170 
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introduced the concept of contact-active antibacterial surfaces by conducting an experiment 

to investigate whether an organosilicon-based quaternary ammonium compound would 

remain effective after being chemically attached to a surface.  Cotton and glass surfaces 

coated with 3-(trimethoxysilyl)-propyldimethyloctadecyl ammonium chloride showed a 

notable reduction in the number of viable colonies on aerosol coated surfaces in comparison 

to uncoated surfaces. Endo 171 conducted research on surface-attached poly(phosphonium) 

salts. The surfaces with the highest phosphonium content were found to be most effective in 

eradicating E. coli and S. aureus bacteria due to an increase in charge density. However, since 

surface charge and coating thickness were not directly measured, this trend might also be 

attributed to more comprehensive surface coverage resulting from longer reaction times. 

Scanning electron microscopy images clearly showed the deformation of bacteria by these 

surfaces, suggesting potential damage to their membranes 171.  In 2002, Tiller et al. 172 found 

that alkyl pyridiniums could effectively kill bacteria via contact with covalently immobilized 

poly(4-vinyl-N-alkylpyridiniumbromide) testing on S. aureus, S. epidermidis, E. coli and P. 

aeruginosa. N-hexylated poly(4-vinylpyridine) showed a 99% reduction in both Gram-

negative and Gram-positive bacteria.  

Contact-active surfaces of antimicrobial polymers can be prepared using various 

immobilization techniques, generally categorized into two groups: chemical and physical 

methods. Chemical methods encompass processes like grafting, resulting in the creation of 

well-defined polymer structures and grafting densities. Physical methods involve the physical 

adsorption of water-insoluble and organo-soluble polymers on the surface 173 with methods 

of application including physical adsorption of the polymer onto the surface via simple 
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solution and dip coatings, cast-coating, spraying and spin coating techniques. Two oppositely 

charged polymers can be applied via Layer-by-Layer techniques 172.  

 

Figure 6.3. Representation of common physical methods to apply coatings of polymers onto 

surfaces. 

6.2. Trӧger's Base Polymer 

2,8-Dimethyl-6H,12H-5,11-methanodibenzo[b,f][1,5]diazocine, known as Trӧger's base (TB) ,  

was originally isolated by Tröger in 1887 174. However, a comprehensive structural analysis 

was not carried out until 1935, by Spielman 175. The structural findings were later confirmed 

through X-ray diffraction in 1986 176.  Trӧger's base is a well-known substance that possesses 

a unique property of having two stereogenic nitrogen atoms arranged in a V-shaped 

configuration. In general, enantiomers that contain stereogenic nitrogen centres are 

indistinguishable from each other due to their rapid interconversion at room temperature. 

However, Trӧger's base rigid structure is an exception to this rule, owing to the presence of 

ring strain that prevents rapid inversion and thereby enables their distinguishability. The 

diastereomer R,S)-TB is not geometrically feasible, thus only the enantiomers R,R or S,S exist 

177. 
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Trӧger's base (TB) polymers, also commonly referred to as Trӧger's base-containing polymers, 

represent a class of organic polymers that integrate Tröger’s base into their polymer 

structure. There are two typical synthesis methods for Tröger’s base polymers. In the first 

approach, commonly employed, the functional monomer containing the Tröger's base unit is 

initially prepared. Subsequently, polymerization takes place through condensation, utilizing 

activated groups like halogens and carboxylic acids, all the while maintaining the integrity of 

the Tröger's base structure 178,179.  Alternatively, Tröger’s base polymers can be synthesized 

through a step-growth polymerization process, involving a simple reaction between an 

aromatic diamine monomer and dimethoxymethane in trifluoroacetic acid 180. Owing to the 

unique packing arrangement of the contorted polymer chains, which includes the rigid V-

shaped Tröger's base units, intrinsic microporosity is created.  Indeed, because of their 

inherent microporosity and the presence of functionalizable tertiary amino groups, TB 

polymers have attracted substantial interest for a wide range of potential applications such 

as gas separation membranes 181, ion exchange membranes 182, supercapacitors 183, organic 

catalysis 184, sensing  185 etc.  Tröger's base polymers also consistently display fascinating 

physical and chemical properties, thanks to their distinctive structural characteristics, making 

them versatile materials with diverse potential applications. In particular, there has been a 

growing interest in the use of TB polymers in the field of membrane technology. Li  186–188 

conducted studies on ultrafiltration membranes made from TB polymers (see Figure 6.4) and 

investigated their antifouling properties. However, there has been no study in the literature 

that focuses on the antimicrobial properties of TB polymers.  
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Figure 6.4. Trӧger's base polymers that have been used for antifouling membranes186–188.    

6.3. Aim of This Chapter 

In this chapter, the antimicrobial activities of a specific polymer (EA-TB) derived from Tröger's 

Base and ethanoanthracene (EA) and its quaternized derivatives were investigated as 

potential antimicrobial surface coatings. This polymer was from Prof. Neil McKeown and was 

synthesized by Dr. Richard Malpass-Evans.   

6.4. Results and Discussion 

6.4.1. Quaternization of Trӧger's base Polymer with Alkyl Bromides/Iodide 

Trӧger's base polymer (EA-TB) and an excess (6 mol eq. based on the repeating unit) of alkyl 

bromides/iodides (methyl iodide, 1-bromobutane, 1-bromohexane, 1-bromooctane, 1-

bromododecane or benzyl bromide) were stirred for 24 hours at room temperature to from 

the quaternized EA-TB polymers which were obtained in quantitative yields as dark brown to 

dark orange solids.  Quaternized polymers, depending on the alkylating agents (methyl iodide, 

1-bromobutane, 1-bromohexane, 1-bromooctane, 1-bromododecane or benzyl bromide) are 

coded here as EA-TB-1, EA-TB-4, EA-TB-6, EA-TB-8, EA-TB-12 and EA-TB-Bn.  
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Figure 6.5. Quarterization reaction of EA-TB polymer with alkylating agents (methyl iodide, 1-

bromobutane, 1-bromohexane, 1-bromooctane, 1-bromododecane or benzyl bromide) in 

DMSO/CHCl3 at room temperature.  

 

The first challenge was the solubilities of the quaternized EA-TB polymers. These were 

determined in various solvents, as in order to test their antimicrobial properties the polymer 

in question should be completely soluble in aqueous solutions (for solution-based assays) or 

insoluble in aqueous solutions (for polymeric coated surfaces for antimicrobial contact-killing 

surfaces).  

Evaluation showed that the quaternized EA-TB polymers (0.1 mg/mL), were only soluble in 

dimethyl sulfoxide and hexafluoroisopropanol (HFIP) while dichloromethane and chloroform 

dissolved the non-quaternized EA-TB polymers. The quaternized EA-TB polymers were 

insoluble in water, thus their application as surface coatings became an attractive option for 

evaluating their antimicrobial properties. 
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Table 6.1. Solubility of Quaternized EA-TB Polymers (0.1 mg/mL) in Various Solvents 

POLYMER HOAc Acetone DCM DMF THF H2O CHCl3 DMSO HFIP Ethanol 

EA-TB + - ++ - - - ++ - - - 

EA-TB-1 - - - - - - - ++ ++ - 

EA-TB-4 - - - - - - - ++ ++ - 

EA-TB-6 - - - - - - - ++ ++ - 

EA-TB-8 - - - - - - - ++ ++ - 

EA-TB-12 + - - - - - - ++ ++ - 

EA-TB-Bn - - - - - - - ++ ++ - 

   (-) insoluble, (+) partially-soluble, (++) soluble  

6.4.2. Optimization of Quaternized Polymers Coating    

To coat the polymers onto glass surfaces, drop-casting was initially tried. Quaternized 

polymers all dissolved in HFIP while non-quaternized polymers dissolved in chloroform. A 

silicone mask was placed onto the glass surface and polymer solutions (15 µL) were deposited 

onto the wells and left to evaporate at room temperature. However, due to the high volatility 

of the solvent, “coffee ring” effects were observed following deposition onto the patterned 

glass slide surface.  

 

Figure 6.6. Drop-coasting of EA-TB modified polymers (left) and the “coffee ring” effect of 

polymer coated onto the glass slide after drying (right).  
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The properties of material surfaces, such as surface charge, morphology, and wetness, are 

interconnected and have a significant impact on bacterial adhesion. In addition, irregular 

surfaces promote bacterial adhesion and biofilm formation, while smooth surfaces 

discourage these processes 189. For this reason, a uniform surface coating was desired. A 

method for producing high-quality polymer thin films on a surface is spin coating and this was 

thus employed. This involves depositing a small amount of coating material onto the center 

of a substrate, which is spun at a specific speed to evenly distribute the coating material 

through the action of centrifugal force190. 

Depending on the solubility of the polymers (see Table 6.1) EA-TB-X (X=1, 4, 6, 8, 12 or Bn) 

and EA-TB polymers (5% w/v) were dissolved in either HFIP or CHCl3 for surface coating. 

Oxygen plasma cleaned surfaces (glass coverslips) were coated with polymers via spin coating 

However, due to the volatility of the solvent, obtaining uniform coating was challenging. As 

seen clearly in Figure 6.7, a hole in middle of the film was formed with the first method tried 

(2000 rpm, 30 sec, 100 µL polymer solution (5% w/v dissolved in HFIP for EA-TB-1 or CHCl3 for 

EA-TB). Thus, to optimize spin coating uniformity, two solvents, composed of a solvent 

evaporating rapidly (HFIP) and slowly (1-butanol) were mixed (1:1 ratio) and used to dissolve 

the polymers. However, the formation of a hole in the coating still remained. A new, two stage 

method) was applied to remove edge effects and obtain a uniform coating. Thus, the coating 

process used 2000 rpm (for 4 sec) to allow surface coverage. The slide was then spun at 2000 

rpm for 7 sec while drying under nitrogen, then slowly decreasing the coating speed from 

2000 rpm to 800 rpm over 30 sec, and then-increasing to 2000 rpm for 3 sec (Figure 6.7). 

Using this method, sufficient time was provided for the majority of polymer coverage to dry 

over the substrate in the first step (due to the volatility of HFIP) and then in the second step 
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decreasing rotational speed allowed drying of the polymer on the substrate, removing the 

remaining 1-butanol. The final rotation (2000 rpm) prevented formation of the raised edges- 

This method allowed uniform coating of the quaternized polymers on the glass coverslips. 

However, the coating of non-quaternized polymers could not be obtained despite the many 

attempts/approaches, and this might be related to the intrinsic ability of the polymer to form 

porous films.    

  

 

Figure 6.7. Illustration of the spin coating technique. Lower: Non-uniform coating and 

uniform-coating of EA-TB-1 (5% w/v in HFIP/1-butanol mixture).  

 

After successful coating the quaternized polymers onto the glass coverslips, the stability of 

the coating was checked by incubating in PBS for 24 hours at 37oC. However, the coatings all 

lifted up from the surface indeed, some polymers coatings were removed as free-standing 

films while some coatings fragmented to give small pieces (see Figure 6.8). 
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Figure 6.8. Surface coating stability tests of the quaternized polymer coated coverslips 

immersed in PBS for 24 hours at 37oC. (EA-TB-1, EA-TB-Bn, EA-TB-4 and EA-TB-12 shown as 

examples).   

The unstable polymeric coatings obtained could be related to the nature of the interactions 

between the deposited polymer chains and the glass surface. The polymers primarily consist 

of hydrophobic units rather than hydrophilic ones, however, the interactions between the 

hydroxyl groups on the glass surface formed after oxygen plasma treatment could be 

electrostatic in nature which can be disturbed by an aqueous environment. Therefore, 

coverslips made from polyvinyl chloride or coated with polyolefins or tissue growth 

coverslips- that were polyethylene terephthalate, glycol-modified) were used to improve 

adhesion of polymers onto surfaces. However, all these coverslips dissolved in HFIP and as a 

result, all experiments had to be carried out using glass coverslips.  

The instability observed in the polymer coatings could be linked to the huge molecular weight 

distribution of the quaternerized polymers (Mn:2 kDa and Mw:121 kDa). It is possible that the 

smaller polymeric chains, when alkylated contribute to surface coating instability, by 
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dissolving in aqueous environment. Thus, a dialysis process was performed in chloroform (cut 

off 15 kDa) for 3 days to get rid of small molecular weight polymer chains.  

In addition, the alkylation ratio of the polymers may be a critical factor contributing to the 

instability of the polymer coating on the glass surface (see Figure 6.8 unstable surface coating 

of the polymers quaternized with excess alkylating agents (6 mole eq. based on the repeating 

unit). Thus, the polymer (EA-TB) was quaternized with two different ratios (1 mole eq. or 3 

mole eq. based on the repeating unit) of methyl iodide, benzyl bromide or 1 bromohexane. 

The synthesized six quaternized polymers (coded as EA-TB-1.1, EA-TB-1.3, EA-TB-Bn.1, EA-TB-

Bn.3, EA-TB-6.1 and EA-TB-6.3) were dialysed before coating onto glass coverslips. Coating 

process was again carried out with the polymer solutions (5% w/v in HFIP/1-butanol mixture) 

via spin coating. Later, the stability of coated surfaces in PBS solution for 24 hours at 37°C was 

observed. Among the surfaces, methyl iodide quaternized polymers surfaces were stable 

whereas benzyl bromide and 1-bromohexane quaternized polymers again lifted from the 

coverslips (Figure 6.9). Thus, methyl iodide quaternized polymers (EA-TB-1.1 and EA-TB-1.3) 

were used in further experiments. 
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Figure 6.9. Images of glass coverslips (19 mm) coated with EA-TB-1.1, EA-TB-1.3 EA-TB-Bn.1, 

EA-TB-Bn.3, EA-TB-6.1 and EA-TB-6.3 polymers prepared via quaternization of the polymer 

with alklybromides or methyl iodide when immersed in 2 mL PBS and left for 24 hours in 37°C. 

Methyl iodide quaternized polymers (EA-TB-1.1 and EA-TB-1.3) remained stable on the 

surface while benzyl bromide and 1-bromohexane quaternized polymers lifted into solution 

from the surface. 
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6.4.3. Characterization of the Surfaces Coated with Methyl Iodide Quaternized EA-TB 

Polymers  

The uniform EA-TB-1.1 and EA-TB-1.3 coating onto glass coverslips were confirmed by SEM. 

The thickness of the polymer coatings compared to bare glass coverslip were measured as 

approximately 20 µm by cross-sectional SEM (Figure 6.10).   

 

 

Figure 6.10. The SEM images of EA-TB-1.1 and EA-TB-1.3 coated coverslips and bare glass 

coverslip (control) (scale bar: 1 µm). The cross-sectional SEM images of EA-TB-1.1 and EA-TB-

1.3 coated coverslips (polymer coating and coverslip measured in total) and pristine glass 

coverslip. The average measurements were calculated based on the measurements of three 

samples for each.  
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The wettability of the surface changed significantly after polymer coating with the water 

contact angle of the pristine substrate (uncoated glass coverslip) and polymer coated 

substrates shown in Figure 6.11. After polymer coating, the contact angle of uncoated glass 

(59°) increased to 82° when coated with EA-TB-1.1 and 74° when coated with EA-TB-1.3. The 

difference in the contact angles of the polymer explained by the different aternization ratios 

for the polymers, which increases their hydrophilicity as presumably the non-quaternerized 

amine is protonated.   

 

Figure 6.11. The water contact angle measurements performed on the glass coverslips coated 

with the polymers EA-TB-1.1 and EA-TB-1.3. The control was an oxygen plasma treated glass 

coverslip.  

 

6.4.4. Antimicrobial Activity of the Methyl Iodide Quaternized EA-TB Polymer Coated 

Surface 

A Live-Dead assay was performed to reveal bacterial viability and population after contacting 

the polymer coating.  The green fluorescent stain (SYTO 9) stains bacteria, whereas the red 

fluorescent stain (PI) only infiltrates into bacteria that have a compromised membrane. As 



133 

 

clearly seen in Figure 6.12, there were a few dead bacteria seen on the both polymers coated 

surfaces after incubation for 6 hours, but this was very limited (< 20%).  

 

Figure 6.12. Fluorescent microscope images of E. coli on the coated surfaces after incubation 

for 4 h. The control was a glass coverslip. Red indicates dead bacteria and green live bacteria 

(-Scale: 20 µm).  

The antimicrobial activity of the polymer coatings was assessed using the standard plate 

count method. Thus polymer-coated surfaces were inoculated with E. coli for 4 hours, non-

adhering bacteria were removed and the adhered bacteria on coverslips were resuspended 

in growing media and serially diluted and plated for colony counts. However, there was no 



134 

 

decrease in the number of attached bacteria compared to the control (uncoated coverslip) 

see Figure 6.13). In general, to define a surface as antimicrobial, a 2 or 3-log reduction in the 

viable bacteria would be expected 191. Thus, the methyl iodide quaternized EA-TB polymers 

coated surfaces did not show any antimicrobial activity. The inefficient antimicrobial activity 

of the polymer coated surfaces may be associated with the positioning of the quaternary 

ammonium group within the polymer chains on the surface coatings, as the polymer chains 

exhibit limited degrees of freedoms compared to classic quaternary ammonium groups on 

polymers (see earlier chapters).  Similarly, the polymer proved not to be hemolytic (Figure 

6.14). 

 

Figure 6.13. Images of bacterial colonies of E. coli after incubation on polymer coated glass 

coverslips. The bacteria that adhered on the coverslips were resuspended and serially diluted 

and plated on agar plate.  
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Figure 6.14. Hemolysis activity of the quaternized EA-TB polymer coatings towards 

defibrinated sheep blood. The percentage of leaked hemoglobin (% hemolysis) was measured 

relative to a positive control (Triton X-100 (1% v/v) defined as giving 100% lysis of red blood 

cells). The error bars are standard deviation of the mean (n = 3). 

6.5. Conclusion and Future Work  

In conclusion, this project aimed to quaternize a specific Tröger's base polymer (EA-TB) with 

various alkylbromides or methyl iodide for potential use as a novel antimicrobial surface 

coating. Despite encountering challenges related to solubility and stability of quaternized EA-

TB polymers, optimization efforts led to the successful formation of stable coatings on glass 

surfaces using a limited number of polymers (methyl iodide quaternized EA-TBs). However, 

these coatings demonstrated no antimicrobial activity against E. coli bacteria. 

Moving forward, future research should focus on exploring alternative Tröger's base polymers 

and investigating the feasibility of blending quaternized EA-TB with other polymers to develop 

more robust coatings capable of adhering to a wider range of surfaces, including plastics 

commonly found in medical devices like catheters. These endeavors hold promise for 

advancing the development of effective antimicrobial coatings for various applications. 
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Chapter 7 

Conclusion and Future Outlook 

In this thesis, a focused library of homopolymers derived from five distinct monomers having 

quaternary ammonium groups were successfully synthesized, each approximately around 20 

kDa in size, utilizing RAFT polymerization. Subsequent evaluation of the antimicrobial efficacy 

of these polymers against both Gram-positive and Gram-negative bacteria prompted a 

focused examination on three selected polymers (PDADMAC, PVMBT, and PMETACl) and 

unveiled an association between molecular weight and antimicrobial efficacy. The results of 

antibacterial susceptibility tests and cell viability assays showed a clear correlation between 

the MIC values and cytotoxicity, and the average molecular weight of the polymer chain. 

Polymers with higher molecular weights (40 kDa) showed a positive correlation with 

increased antimicrobial activity against bacterial strains, as confirmed by dye-based assays 

and SEM imaging. However, this enhancement in molecular weight also corresponded to 

elevated toxicity towards mammalian cells, underscoring a delicate balance between efficacy 

and safety. PDADMAC-20 (20 kDa) exhibited the most potent antibacterial activity (MICs 4-32 

mg/mL) for M. smeagmatis, Gram-postive and Gram-negative bacteria, while PMETACl-40 (40 

kDa) (MICs 8-64 mg/mL) emerged as the preferred option for biomedical applications due to 

its low mammalian cell toxicity. Analysis conducted on fungal strains revealed varying 

antifungal effects. PDADMACs, PVMBTs and PMETACls showed a fungistatic mechanism of 

action against C. albicans, C. auris and M. furfur, while PDADMAC-40 and PDADMAC-20 

displayed fungicidal activity against M. furfur and led to a 1.5-log reduction in fungal 

containing biofilms. 
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A new methacrylamide monomer containing a pyrrolidinium side-group ((R)-( ) pyrrolidin-3-

yl) methacrylamide) was successfully synthesized. The homopolymers of this monomer with 

three different molecular weights (10 kDa, 20 kDa and 40 kDa) were synthesized through free 

radical polymerization and the antibacterial properties of them were evaluated against both 

Gram-negative and Gram-positive bacteria. The results showed that as the molecular weight 

of the homopolymers increased, their antimicrobial efficacy also increased, which was 

confirmed by dye-based assays and SEM imaging. It is worth noting that these newly 

methacrylamide homopolymers were highly effective against Gram-positive bacteria. 

In the last project, the development of antimicrobial surface coatings from quaternized 

Tröger's base polymer (EA-TB) with various alkylbromides or methyl iodide was studied. There 

were challenges in solubility and stability of polymers of the resulting coatings, but the methyl 

iodide quaternized EA-TBs, remained stable on the surface, but showed no antimicrobial 

activity against Gram-negative bacteria (E. coli). 

In the future, the scope of antimicrobial effectiveness of the homopolymers could be 

expanded and tested against clinically isolated microorganisms and multidrug-resistant 

strains to ascertain their safety for diverse biological applications. Additionally, exploring their 

potential against bacterial biofilms holds promise. Investigating the potential cytotoxic effects 

of homopolymers on different cell types, including those of the skin, could lead to their use 

in cosmetics. These efforts have the potential to broaden the range of practical applications 

for these antimicrobial polymers. 
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The synthesized novel monomer presents an appealing alternative to diallylammonium 

chloride, boasting a wide array of applications and facilitating an easier, more controlable 

polymerization. Consequently, its utilization in copolymer synthesis, in conjunction with other 

monomers, holds promise, potentially serving as a cationic block within antimicrobial 

copolymers tailored specifically for biomedical applications. 

To enhance the stability of quaternized Tröger's base polymer on the surface and develop a 

new antimicrobial coating, blending it with another polymer such as poly(lactic acid) or 

polystyrene could be explored. 
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Chapter 8 

Experimental 

8.1. Materials  

All monomers, sodium hydroxide (pellets), and common chemical reagents: 2,2-azobis(2-

methylpropionamidine)dihydrochloride (AAPH, 97%), potassium ethyl xanthogenate (96%), 

bromoacetic acid (97%), 4,4′-azobis(4-cyanopentanoic acid) (ACVA), 4-cyano-4-

[(dodecylsulfanylthiocarbonyl)sulfanyl]pentanoic acid (CTA1), 4-cyano-4-

(phenylcarbonothioylthio)pentanoic acid (CTA2), anhydrous acetonitrile, ethanol, acetone, 

hexane, deuterated solvents (D2O, CDCl3) were purchased from Sigma Aldrich, Fluorochem, 

Fisher Scientific or Alfa Easer and used as received unless otherwise noted. Except for 

diallyldimethylammonium chloride (65% wt. in H2O), all monomers were passed through a 

basic alumina column to remove inhibitors before polymerization reactions. Chain transfer 

agent, S-Ethoxythiocarbonyl mercaptoacetic acid (CTA3) was synthesized according to the 

literature 65. Deionized (DI) water was from a Milli-Q system. Dulbecco’s Modified Eagle 

Medium (DMEM), Opti-MEM (OMEM), 0.25% trypsin−EDTA, fetal bovine serum (FBS), and 

streptomycin (5000 μg/mL)/penicillin (5000 U/mL) were obtained from ThermoFisher 

Scientific, UK. 3-[4,5-Dimethylthiazol-2-yl]-2,5 diphenyltetrazolium bromide was purchased 

from Alfa Easer. Phosphate buffer solution (PBS) were prepared from PBS tablets (Oxoid Ltd, 

ThermoFisher Scientific, UK). Sheep blood defibrinated (SB054-100 Ml) was provided from 

TCS Biosciences. Live/Dead™ BacLight™ Bacterial Viability Kit, for microscopy was purchased 

from Sigma-Aldrich. Calcein-AM was purchased from Sigma-Aldrich. 1-N-phenyl-
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naphthylamine (98%) were purchased from Thermo Scientific Acros. Escherichia coli (DH5α 

Competent Cells- catalog number 18265017), Salmonella typhimurium SLI344, Micrococcus 

luteus (ATCC 4698) and Bacillus subtilis (ATCC 6051) were used as Gram-positive and Gram-

negative test strains. Microbial culture broths and agar medium (Invitrogen, UK, Fisher 

Scientific UK and Merck, UK), buffers and water were sterilized by autoclaving before use. 

Polymers were filter-sterilized (0.22 µ, Millipore Inc, USA) before use.  

8.2. Methods 

8.2.1. Synthesis of the Homopolymers via Reversible Addition Fragmentation 

Polymerization  

Monomers were subjected to free radical polymerization to determine reaction conditions 

and understand the compatibility of monomer, initiator, and solvent. Subsequently, all 

monomers were subjected to RAFT polymerization with a suitable chain transfer agent under 

the same conditions. During the polymerization reactions, aliquots were taken to follow 

monomer conversion (by 1H NMR spectroscopy in D2O or CDCl3). Experimental molecular 

weights of the polymers were calculated based on the integration of the disappearing of the 

vinyl protons of the responsible monomer and  appearance of the methylene peak of the 

generated polymer in the 1H NMR, while the theoretical molecular weights were calculated 

based on the formula below, where [M]0, [CTA]0 are the initial concentrations of monomer, 

chain transfer agent; p is the monomer conversion, and MwM and MwCTA are the molar masses 

of the monomer and chain transfer agent, respectively.  

𝐌𝐧,𝐭𝐡 = (
[𝐌]𝟎 𝒑 𝐌𝐰𝐌

[𝐂𝐓𝐀]𝟎
 ) + 𝐌𝐰𝐂𝐓𝐀 
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The monomer DADMAC was polymerized using the initiator, 2,2′-azobis(2-

methylpropionamidine) dihydrochloride (AAPH) and the xanthate-type chain transfer agent, 

S-Ethoxythiocarbonyl mercaptoacetic acid (CTA3) at 60oC. The other monomers were 

polymerized using the initiator, 4-azobis(4-cyanovaleric acid) (ACVA), and either 4-cyano-4-

(phenylcarbonothioylthio) pentanoic acid (CTA2) or 4-cyano-4-[(dodecyl sulfanyl 

thiocarbonyl)sulfanyl]pentanoic acid) (CTA1) at 70oC as the chain transfer agents. In order to 

synthesize the desired different molecular weights of the polymers (PDADMAC, PMETACl and 

PVMBT), the chain transfer and initiator concentrations in the reaction were tuned while 

monomer concentrations were kept constant. 

RAFT Polymerization of Poly(2-(dimethylamino)ethyl methacrylate) 

 

2-(Dimethylamino)ethyl methacrylate (5 mL), radical initiator, 4,4′-azobis(4-cyanopentanoic 

acid) (ACVA), (0.0084 g), chain transfer agent CTA2 (0.0726 g) and ethanol (10 mL) were mixed 

in a microwave tube. The solution was degassed by argon bubbling for 30 minutes. The 

polymerization was carried out at 70°C for 24 hours. The polymer was purified by removal of 

the ethanol, redissolution in THF, and precipitated using hexane. The polymer was dried 

under vacuum at 40°C for 2 days to give a yellow-coloured polymer. 



142 

 

1H NMR (500 MHz, CDCl3) δH (ppm) 4.06 (s, br, (A), -CH2-O), 2.56 (s, br, (B),-CH2-N), 2.34-2.25 

(s, br, (C), -N-(CH3)2, 2.0-1.85 (m, br, (D), -CH2-CH3), 0.88 (m, br, (E) -C-CH3). 

RAFT Polymerization of Poly([2-(methacryloyloxy)ethyl]trimethylammonium chloride) 

 

[2-(Methacryloyloxy)ethyl]trimethylammonium chloride) (6 g, 75% wt in H2O), initiator, 4,4-

azobis (4-cyanovaleric acid (8 mg), chain transfer agent CTA1  (40 mg) and water (17.9  mL) 

were mixed in a 50 mL  round bottom flask and the reaction solution was purged with nitrogen 

for 30 mins. The polymerization reaction was carried out at 70oC for 24 hours. Aliquots were 

taken at different time intervals to check monomer to polymer conversion by 1H NMR 

analysis. The resulting polymer was purified by precipitation using acetone, redissolving in 

methanol and again precipitated using acetone, and dried under vacuum at 40oC to give a 

salmon-coloured polymer. This polymer was synthesized in three different molecular weights 

(10 kDa,20 kDa and 40 kDa) by changing the [CTA1]0/[I]0 ratio. 

1H NMR (500 MHz, D2O) δH (ppm) 4.34 (s, br, (A), -CH2-O), 3.86 (s, br, (B), -CH2-N), 2.34-2.25 

(s, b, (C), -N-(CH3)2), 2.35-1.98 (m, br, (D), -CH2-CH3), 0.88 (m, br, (E) –C-CH3). 
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RAFT Polymerization of Poly[3-(methacryloylamino)propyl]trimethylammonium chloride 

 

[3-(Methacryloylamino)propyl]trimethylammonium chloride (13 g 50% wt in H2O), initiator, 

4,4-azobis(4-cyanovaleric acid (8 mg), CTA1 (40 mg) and water (17.5  mL) were mixed in a 100 

mL round bottom flask and the reaction solution was purged with nitrogen for 30 min. It was 

then placed into a preheated oil bath at 70oC for 24 hours. The resulting polymer was purified 

by precipitation with excess acetone, redissolved in methanol and precipitated with acetone, 

and dried under vacuum at 40oC. 

1H NMR (500 MHz, D2O) δH (ppm) 3.37-331 (s, br, (A), -CH2-N), 3.25 (s, br, (C), -N+-(CH3)3-), 

2.25 (s, br, (B), -CH2-), 2.05-1.65 (m, br, (D), CH3), 1.20-0.88 (m, br, (E) –C-CH3). 

RAFT Polymerization of Poly(vinylbenzyl trimethylammonium chloride) 
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Monomer (4 g), 4,4-azobis(4-cyanovaleric acid) (ACVA) as initiator (7.84 mg), CTA1 (28 mg) 

and water (25 mL) were mixed in a 50 mL  Schlenk flask and purged with nitrogen  for 30 min. 

The polymerization reaction was carried out at 70oC for 24 hours. The resulting polymer was 

purified by precipitation using THF and dried under vacuum at 40oC. This polymer was 

synthesized in three different molecular weights (10 kDa,20 kDa and 40 kDa) by changing the 

[CTA1]0/[I]0 ratio. 

1H NMR (500 MHz, D2O) δH (ppm) 7.5-6.5 (m, br, (A), -CH2-N), 4.35 (s, br, (B), -CH2-N-), 3.0 (s, 

br, (C), -N+-(CH3)3-), 2.05-0.88 (br, (D, E), -CH2-CH2-). 

RAFT Polymerization of Poly(diallydimethyl ammonium chloride) 

 

Polymerization of diallyldimethyl ammonium chloride was carried out by the protocol of 

Demarteau 85. Diallyldimethyl ammonium chloride (10 mL, 65% wt in H2O), initiator 2,2′-

azobis(2-methylpropionamidine)dihydrochloride (AAPH) ( 0.019 g), CTA3 (0.041 g), and water 

(8 mL) were mixed in a 50 mL Schlenk tube. Then, the reaction mixture was degassed by 

bubbling with argon for 30 min and placed in preheated oil bath at 60oC for 24 hours. The 

resulting polymer was precipitated in a mixture of acetone/ethanol (1:1) three times and 

dried under vacuum at 40oC. This polymer was synthesized in three different molecular 

weights (10 kDa,20 kDa and 40 kDa) by changing the [CTA1]0/[I]0 ratio. 
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1H NMR (500 MHz, D2O) δH (ppm) 4.0-3.8(m, b, (A), -CH2-N), 3.4-3.2 (m, b, (B), -N+-(CH3)2- ), 

2.8 (s, b, (C), -N-CH-CH2-), 1.6-1.2 (b, (D), -CH-CH2-CH2-). 

 

8.2.2. Synthesis of Chain Transfer Agents  

3-benzylsulfanylthiocarbonylsufanyl propionic acid 

 

3-benzylsulfanylthiocarbonylsufanyl propionic acid was synthesized by following a published 

protocol 192.  3-Mercaptopropionic acid (2 mL, 0.23 mmol) was added dropwise to a solution 

of KOH (2.6 g, 0.48 mmol dissolved in 25 mL water). Then, CS2 (3 mL, 0.31 mmol) was added 

to mixture with stirring for 5 h to form an orange solution. After that, benzyl bromide (3.96g, 

0.23 mmol) was added to the mixture and the reaction was stirred for 12 h reflux at 80ºC. 

After cooling, chloroform was added, and the reaction was acidified with concentrated 

hydrochloric acid until the organic layer was yellow.  The water phase was extracted twice, 

and the organic layer was washed with saturated sodium chloride solution and with water 

(2x50 mL). The organic layer was dried over sodium sulphate and purified with column 

chromatography with 3:1 n-hexane and ethyl acetate.  

1H NMR (500 MHz- CDCl3) δH (ppm) 10.38 (s, 1H (g)-OH), 7.39 – 7.29 (m, 5H, (a) Ph), 4.65 (s, 

2H, (b) CH2-Ph), 3.65 (t, 2H, (d) CH2-S, J =7.17 Hz), 2.88 (t, 2H, (e) CH2-C=O, J = 7.17 Hz), 13C 

NMR (125 MHz,) δC (ppm) 222.79, 177.72, 134.83, 129.29, 128.77, 127.87, 41.58, 33.00, 
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30.89. (d).). LC-MS (ESI) for C5H8O3S2: [M-NH4
+]:  calcd.: 290.3; found 290. Data agreed with 

the literature 192. 

S-Ethoxythiocarbonyl Mercaptoacetic Acid (CTA3) 

 

Water-soluble xanthate type chain transfer agent, CTA3 was synthesized according to the 

protocol of Cao 65. Sodium hydroxide (1.25 g, 62.4 mmol) was dissolved in chilled water (50 

mL) and then bromoacetic acid (1 eq, 4.37 g, 62.4 mmol) was added until a clear solution was 

obtained. Potassium ethyl xanthogenate (1 eq, 5 g, 62.4 mmol) was added to the mixture over 

30 min. The solution was stirred at room temperature for 24 hours, then acidified with 4 M 

HCl. The resulting mixture was extracted with chloroform (3x50 mL). The organic extracts 

were dried over anhydrous magnesium sulfate, filtered, and concentrated under vacuum. The 

solid was washed with hexane and dried under the vacuum to give white crystals.  

1H NMR (500 MHz, D2O) δH (ppm) 4.63 (q, J = 7.1 Hz, 2H, (b), -CH2-O), 3.93 (s, 2H, (c), -CH2-), 

1.34 (t, J = 7.1 Hz, 3H, (a), -CH3). 13C NMR (126 MHz, D2O) δC (ppm) (e), 213.95, (d) 172.80, (c) 

71.72, (b) 37.32, (a) 12.79.) LC-MS (ESI) for C5H8O3S2: [M-H+]:  calcd.: 179.1.; found: 179.1. 

Data agreed with the literature 65. 
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8.2.3. Synthesis of (R)-(1-tertbutoxycarbonyl) pyrrolidin-3-yl) methacrylamide 

 

(R)-1-N-Boc-3-aminopyrrolidine (5.3 mmol, 1 eq, 0.91 g) and triethylamine (5.85 mmol, 1.2 

eq, 0.82 mL) in were dissolved in anhydrous dichloromethane (10 mL). Methacrylic anhydride 

(1.1 eq. ,5.37 mmol, 0.8 mL) in anhydrous dichloromethane (3.5 mL) was added to the mixture 

under cooling in an ice bath (0ºC). After the complete addition of the methacrylic anhydride, 

the ice bath was removed; and the reaction mixture was left overnight at room temperature. 

The reaction was monitored using TLC (100% ethyl acetate). The sample in the reaction 

mixture was extracted with three times with citric acid (5% w/v), NaOH (5% w/v) and lastly 

brine, orderly. The organic phase was dried over sodium sulfate (Na2SO4) and filtered and the 

solvent removed in rotavap to give a residue that was recrystallized using a 

hexane/dichloromethane (DCM) (9:1).  

1H NMR (500 MHz, DMSO) δH (ppm) 8.00 (d, J = 6.7 Hz, 1H-a), 5.66 (t, J = 1.3 Hz, 1H-b), 5.34 

(p, J = 1.6 Hz, 1H-b’), 4.27 (h, J = 6.6 Hz, 1H-d), 3.48 (ddd, J = 18.6, 10.8, 6.8 Hz, 1H-g), 3.42 – 

3.31 (m, 1H-g’), 3.27 – 3.20 (m, 1H-f), 3.10 (ddd, J = 13.2, 10.7, 5.4 Hz, 1H-f’), 2.02 (dp, J = 13.3, 

7.0 Hz, 1H-e), 1.85 (t, J = 1.4 Hz, 3H-c), 1.80 (dt, J = 14.2, 7.2 Hz, 1H-e’), 1.40 (s, 9H-h). 
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13C NMR (125 MHz, DMSO) δC (ppm) 168.27 (-NH-C=O), 153.95 (-O-C=O), 140.23 (-C=CH2), 

119.71 (-C=CH2), 78.73 (-O-C-(CH3)3), 51.10, 50.76, 49.54, 48.79, 44.57, 44.31, 31.28, 30.33 

(pyrrolidinyl ring), 28.65 (C-(CH3)3), 19.12 (-H2C=C-CH3). 

Due to the rotation of the molecule in DMSO, the  peaks of the pyrrolidinyl ring are detected 

as two peaks for each carbon. 

LC-MS (ESI) for C13H22N2O3: [M-HCOO-]:  calcd.:300; found: 299.3. 

8.2.4. Polymerization of (R)-(1-tertbutoxycarbonyl) pyrrolidin-3-yl) methacrylamide 

The monomer, (R)-(1-tert-butoxycarbonyl) pyrrolidin-3-yl) methacrylamide (1 g), and the 

initiator, AIBN (11 mg), were dissolved in THF (10 mL), and the reaction mixture was degassed 

by bubbling with nitrogen for 20 minutes at 10ºC. The reaction mixture was then placed into 

an oil bath at 70°C and left for 24 hours. The polymer was precipitated by cold hexane, 

collected and dried in an oven at 45ºC overnight. 

 

1H NMR (500 MHz, DMSO) δH (ppm) 7.33 (br, 1H, -NH-(A), 4.15 (br, 1H, -CH-NH-(B), 3.5-2,7 

(br, 6H, pyrollidine ring-(C), 1.91 (br, 2H, -CH2-C-(E), 1.40 (br, 9H, O-(CH3)3- (F), 0.82 (br, 3H, -

C-CH3-(D). 
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13C NMR (125 MHz, DMSO) δC (ppm) 176.52, 167.31, 152.94, 139.24, 118.74, 77.63, 48.57, 

47.83, 43.97, 27.66, 18.14. 

The removal of the protection group from polymers was carried out using trifluoroacetic acid 

(TFA) in dichloromethane (DCM) (20% v/v TFA in DCM -10 equivalents based on the repeating 

unit TFA was added). The volatiles were evaporated using a rotary evaporator (with NaHCO3) 

in the receiver, and the residue was redissolved in methanol and the solvent was removed. 

This step was repeated 2-3 times. Finally, the polymer was precipitated with diethyl ether 

after dissolving in methanol and then precipitated again using diethyl ether. The dried 

polymer was lyophilized.  

 

1H NMR (500 MHz, D2O) δ 4.50 (b, s, 1H-CH-A), 3.68 –3.30 (b, m, 4H-C), 2.42 (b, s, 2H-B), 2.19 

-1.84 (b, m, 2H- E), 1.14-0.8 (b, t, 3H-D).  

Although attempts were made to collect 13C NMR data overnight, useful data was not 

obtained within the investigated timescales due to the extended acquisition times. 
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8.3 Characterization of Polymers 

8.3.1. Nuclear Magnetic Resonance 

All monomers, polymers, and chian transfer agents were analysed on a Bruker AVA500 

spectrometer in CDCl3 or D2O at either 500 MHz (H1 NMR) or 125 MHz (C13). 

8.3.2. Molecular Weight Determination of Polymers by GPC analysis 

Aqueous-based GPC analysis of the polymers was carried out on an Agilent Technologies 1100 

series HPLC system, 8 μm Agilent PL Aquagel-OH 30, and 8 μm Agilent PL Aquagel-OH 40 

columns with an RI detector. The eluent was 0.50 M acetic acid, 0.30 M NaH2PO4 at pH 2.5 

with a flow rate of 1.0 ml min−1 at 25oC. Calibration was achieved using InfinityLab EasiVial 

poly(ethylene oxide) standards with Mn values ranging from 1.1 to 905 kDa.  

GPC analysis of poly(2-(dimethylamino)ethyl methacrylate) (PDMAEMA) was carried out on 

an Agilent 1260 Infinity series HPLC system on two PL-GEL mixed-c columns (5 μm) with both 

UV and RI detectors. The eluent used was THF at a flow rate of 1.0 ml min−1 at 35oC. Molecular 

weights were obtained relative to poly(methyl methacrylate) standards. 

GPC analysis of poly((R)-(1-tert-butoxycarbonyl) pyrrolidin-3-yl)methacrylamides were 

carried out with the same instrument mentioned above (Agilent 1260 Infinity series). The 

samples were dissolved in a solution of DMF with 0.1% LiBr and then subjected to GPC analysis 

using the same eluent solvent mixture at a temperature of 60oC. Molecular weights were 

determined by comparing them to reference poly(methyl methacrylate)s.  
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8.4. Antimicrobial Activity of the Polymers 

8.4.1. Determination of Minimum Inhibitory Concentration 

Antibacterial activity was assessed using a resazurin colorimetric assay 193. Five µL of 

cryopreserved glycerol stocks of bacterial cultures (Escherichia coli DH5α, Salmonella 

typhimurium, Micrococcus luteus and Bacillus subtilis) were streaked onto Luria Bertani, 

nutrient agar, tryptic soy agar and nutrient agar plates respectively. A single bacterial colony 

was transferred to 5 mL of the respective broth media and incubated for 10 h at 37oC and 

grown until mid-log phase. The culture was diluted, and the concentration adjusted to 0.5 

McFarland Standard with sterile Mueller Hinton broth (2x107 CFU/mL). The resazurin solution 

was prepared in a brown glass vial by dissolving 34 mg of resazurin in sterile distilled water (5 

ml) with vortexing for 1h to ensure homogeneity. A single 96-well microtiter plate (Corning, 

black 96 well flat-bottomed plates) was dedicated to each bacterial species to prevent 

contamination. The design of the assay was prepared with two rows and two columns from 

each end filled with sterile water to avoid edge effects. The assay was adapted from 

previously reported protocols 193. Two columns of broth sterility controls, 1 column of a 

growth control, 2 columns of polymer sterility controls (one polymer in each well), 1 column 

of a positive antibiotic control and lastly, 2 columns of polymer test samples (bacteria with 

one polymer in each well) were used. All wells were filled with 100 µL Mueller-Hinton broth. 

The broth sterility and growth control columns contained 100 µL of sterile water, the polymer 

sterility control and test wells contained 100 µL of polymers (final concentration 128 µg/mL) 

in the designated wells. Antibiotic wells all at 64 µg/mL contained chloramphenicol (for S. 

typhimurium), gentamicin (for E. coli and M. luteus) and clindamycin for B. subtilis. Five μL of 
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the diluted bacterial suspension 2x107 CFU/mL was added into all wells (except the broth 

sterility and polymer sterility control columns) and mixed thoroughly. After an overnight 

incubation at 37 oC, resazurin solution (5 μL, 6.75 mg/mL) was added to all wells and incubated 

at 37oC for another 4 h. Changes of colour from blue (resazurin, no bacterial growth) to pink 

(resorufin, bacterial growth) were recorded at 595 nm on a microplate reader (BioTek Synergy 

HT). The lowest concentration that did not show colour change was considered as the 

Minimum Inhibitory Concentration (MIC). Each assay was performed in triplicate, and 

consistent results were obtained on each occasion. Therefore, it has been noted that the MIC 

values did not exhibit any standard deviation. 

 

In order to determine the effect of molecular weight on antibacterial activity, three different 

sized polymers were synthesized for PDADMAC, PMETACl and PVBMT. The concentrations 

tested were based on the MIC values for these three polymers against the target microbes 

determined in the previous assay. Each assay was performed in triplicate, and consistent 

results were obtained on each occasion. Therefore, it has been noted that the MIC values 

(mg/mL) did not exhibit any standard deviation. 

MICs of poly((R)-(1-tert-butoxycarbonyl)pyrrolidin-3-yl)metharyclamide)s were determined 

with the assay mentioned above starting from 2048 µg/mL  to the final concentration 1 

µg/mL. Consistent results were obtained in each of the three replicates for every assay, and 

no standard deviation was observed in the MIC values (mg/mL). 
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8.4.2. Zone diffusion Assays and Growth Kinetics 

Agar plates were coated with bacteria (100 µL at 1x106 CFU/mL), 1 cm diameter wells were 

punched into the agar and 100 µL of polymer solutions (at 2xMIC) were added into the wells 

and the zone of inhibition was measured after 8 hours.  

8.4.3. Live/Dead Assay 

Bacterial cultures (5 mL) grown to late log phase were harvested by centrifugation. The cell 

pellet was resuspended in 5 mL 0.85% NaCl, aliquoted (each aliquot was 1 mL) and incubated 

with 4xMIC concentrations of the selected polymers for 4 hours at 37oC. The live cell control 

consisted of an aliquot incubated with just 0.85% NaCl. After incubation, all samples were 

washed with 0.85% NaCl twice. A Live/Dead BacLight bacterial viability kit (Invitrogen) was 

used to check cell viability. The assay was performed according to the instructions in the kit. 

Component A (1.5 µL of SYTO 9 dye, 200 µL of a 3.34 mM solution in DMSO) was mixed in 

equal proportions with Component B (1.5 µL of PI dye, 200 µL of a 20 mM solution in DMSO). 

3 μL of this dye mixtures were added to 1 mL of all bacterial samples before incubation for 30 

min in the dark. Samples were analyzed using an AxioVert 200M inverted fluorescent 

microscope to analyse for green (λex 488 nm λem 520 nm) and red (λex 561 nm, λem 646 nm) 

fluorescence.  
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8.4.4. Bacterial Membrane Integrity Assays 

Outer membrane permeabilization assay 

The method for determination of outer membrane depolarization assay was adapted from 

the literature 194. 1-N-phenyl-1-naphthylamine was dissolved in acetone (3 mM). Gram -ve 

bacteria E. coli were grown to 1.0 OD. Cells were harvested by centrifugation, washed and 

resuspended at 0.1 OD in 5 mM HEPES buffer with 5 mM glucose at pH 7.2. 10 µL of NPN stock 

was added to each 1 mL of cells to give a concentration of NPN of 30 µM. 200 µl of bacterial 

suspension was added to each well of a 96 well plate as five replicates at 37oC and followed 

by analysis on a fluorescent microplate spectrometer (BioTek Synergy H1) over 30 min (every 

1 min) (λex 350 nm λem 429 nm). Then 10 µl of polymers solutions (4xMIC for quaternary 

homopolymers and 2Xmic for Boc-protected polymers) were added to each well. Triton X-100 

(1% v/v) was used as positive control while a bacteria suspension without polymer was used 

as a negative control. The increase in fluorescence of NPN was monitored and the final 

fluorescence values after 30 minutes (taken at 5-minute intervals) were plotted.  All 

experiments were repeated three times independently. 

Cytoplasmic depolarization assay 

The method for determination of inner membrane depolarization assay was adapted from 

the literature 195.  A stock solution of Calcein-AM was prepared in DMSO (1 mM) and stored 

in the dark at -20oC. B. subtilis was cultured in media overnight and centrifuged (3000 g- 5 

min) to obtain a pellet. The pellet was washed with PBS and resuspended to a 0D600 of 1.0 

with PBS containing 10% (v/v) broth. The bacteria were incubated at 3 µM Calcein-AM for 1 
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h at 37 °C. The dye loaded cells were centrifuged (3000 g - 5 min) and suspended to 0.1 OD in 

PBS. 200 µl of bacterial suspension was added into sterile black-wall 96 well plates (three 

replicates) and monitored for 30 min at (λex 485 nm, λem 515 nm) on a fluorescence plate 

reader. Bacteria without polymers were used negative control while Triton X-100 (1% v/v) 

used as positive control. The final fluorescence values after a time of 30 minutes (taken at 5-

minute intervals) were plotted as a column graph.  All experiments were repeated three times 

independently. 

8.4.5. Scanning Electron Microscopy 

Aliquots (10 mL of OD 0.5) of Gram-positive (M. luteus) and Gram-negative (E. coli) bacteria 

were incubated with 0.85% NaCl (control) and the polymers (PDAMAC-20, PVMBT-40, 

PMETACl-40, P-10, P-20 and P-40-all 2xMIC) for two hours. After pelleting, the bacteria were 

fixed in a solution of 3% glutaraldehyde in 0.1 M sodium cacodylate buffer (pH 7.3) for 2 hours, 

washed (3x10 minute changes of 0.1 M sodium cacodylate buffer).  Samples were then post-

fixed in 1% osmium tetroxide (in 0.1 M sodium cacodylate buffer) for 45 minutes, before 

further 3x10 min washes were performed in 0.1 M sodium cacodylate buffer. Dehydration in 

graded concentrations of acetone (50%, 70%, 90%, and 3x100% - each for 10 minutes) was 

followed by critical point drying using liquid carbon dioxide. After mounting on aluminium 

stubs with carbon tabs attached, the specimens were sputter coated with 20 nm thickness of 

gold-palladium and viewed using a Hitachi S-4700 scanning electron microscope.   
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8.4.6. Cytotoxicity and Cytocompatibility of the Antimicrobial Polymers 

MTT assay 

In vitro cytotoxicity tests were carried out using an MTT assay on HeLa cells based on a 

previously published protocol with some modification197. Cells were grown in complete 

medium (Dulbecco's Modified Eagle Medium, DMEM, Gibco) supplemented with 2 mM L-

glutamine, 10% fetal bovine serum and 1% antibiotics (penicillin 100 U/mL and streptomycin 

100 μg/mL) until sub-confluent at 37ºC and 5% CO2 in a cell incubator (HERAcell ®150, Kendro, 

Hereaeus Group, Germany). HeLa cells were used at passage numbers below 15 and tested 

for mycoplasma contamination regularly. For cytotoxicity tests, cells were seeded in a 96-well 

plate at the density of 1x104 cells per well and cultured in a 100 μL of growth medium. After 

24 hours, culture media was replaced with polymer solutions (50 µL) prepared in growth 

media at increasing concentrations from 1.25 µM to 1.28 mM.  The cells were further 

incubated for 24 hours under the same conditions. After incubation of cells with polymers 

containing media, all the solutions were carefully removed from the wells and 100 µL MTT 

solution (5 mg of MTT dissolved in 1 mL PBS and 9 mL serum-free DMEM without phenol-red) 

was added to each well in a light-protected environment. After 4 h, unreacted dye was 

removed by aspiration. Cells were carefully washed with PBS twice. 100 μL of solubilizing 

solution (mixture of 2-propanol and dimethyl sulfoxide in 1:1 volume ratio) was added to each 

well to dissolve formed formazan crystals.  The solution was shaken for at least 30 min to 

ensure dissolution of all crystals before measuring the absorbance at 570 nm on a BioTek 

Synergy H1 plate reader. Cells treated with complete medium only were taken as a positive 

control (100% viability) and cells treated with DMSO (100%) were taken as a negative control. 
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All tests were repeated three times. The relative cell viability (%) with respect to the control 

was determined using the formula below: 

 𝐂𝐞𝐥𝐥 𝐯𝐢𝐚𝐛𝐢𝐥𝐢𝐭𝐲 (%) = (
𝐎𝐃𝐬𝐚𝐦𝐩𝐥𝐞 − 𝐎𝐃𝐧𝐞𝐠𝐚𝐭𝐢𝐯𝐞 𝐜𝐨𝐧𝐭𝐫𝐨𝐥

𝐎𝐃𝐩𝐨𝐬𝐢𝐭𝐢𝐯𝐞 𝐜𝐨𝐧𝐭𝐫𝐨𝐥 − 𝐎𝐃𝐧𝐞𝐠𝐚𝐭𝐢𝐯𝐞 𝐜𝐨𝐧𝐭𝐫𝐨𝐥
) 𝐱𝟏𝟎𝟎 

where OD is optical density at 570 nm.  

The same protocol was performed for the MTT assay of poly ((R)-(1-

tertbutoxycarbonyl)pyrrolidin-3-yl)methacrylamides in a concentration range of the polymers 

from 1024 to 1 µg/mL. 

Hemolysis Assays of Antimicrobial Polymers 

Hemolysis assay was carried out following a previously published protocol 198. Sheep red 

blood cells (RBCs) were diluted 1:20 in PBS (pH 7.4), pelleted by centrifugation (1000 g, 10 

min)., and washed three times in PBS (20 mL). The RBCs were then resuspended to 5% (v/v) 

in PBS. Different concentrations of the PDADMAC-20, PMETACl-40 and PVMBT-40 (150 µL, in 

the range 1.25 µM-1.28 mM) and were prepared, followed by the addition of the 5% RBC 

suspension (150 µL). PBS buffer was used as a negative control, and Triton X-100 (1% v/v in 

PBS) was used as a positive haemolysis control. Samples were incubated at 37oC for 1 h with 

300 rpm shaking in an incubator and then centrifuged (2000g, 4 min), 100 μL aliquots of 

supernatants were transferred into a 96-well microplate where absorbance values were read 

at 405 nm using a plate reader. Haemolysis percentage was calculated using the absorbance 

values and the formula below: 
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𝐇𝐞𝐦𝐨𝐥𝐲𝐬𝐢𝐬 (%) = (
𝐀𝐩𝐨𝐥𝐲𝐦𝐞𝐫 − 𝐀𝐧𝐞𝐠𝐚𝐭𝐢𝐯𝐞

𝐀𝐩𝐨𝐬𝐢𝐭𝐢𝐯𝐞 − 𝐀𝐧𝐞𝐠𝐚𝐭𝐢𝐯𝐞
 ) 𝐱𝟏𝟎0 

where Apolymer is the absorbance of the polymer treated cells’ supernatant, Apositive is the 

absorbance of the positive control (1% v/v Triton X-100 treated cells’ supernatant) and Anegative 

is the absorbance of the negative control (PBS treated cells’ supernatant). All experiments 

were performed as independent triplicates, each consisting of triplicates. 

The same protocol was performed for the hemolysis assay of poly((R)-(1-

tertbutoxycarbonyl)pyrrolidin-3-yl)methacrylamides in a concentration range of the polymers 

from 2048 to 1 µg/mL. 

8.5. Antifungal Assays 

8.5.1. Microbial Growth Conditions  

All strains were maintained at -80oC in Microbank™ vials (Pro-Lab Diagnostics, Birkenhead, 

UK) before being cultured on Sabouraud dextrose agar at 30oC for 24-48 hours to achieve 

colonies with a diameter of approximately 1 mm. Subsequently, the plates were stored at 4°C. 

A single colony of fungi was selected, inoculated in 10 mL of yeast peptone dextrose (1% w/v 

yeast extract, 2% w/v peptone, 2% w/v dextrose, 1.5% agar [Sigma-Aldrich, UK]), and 

incubated for 18 hours at 30°C for C. albicans and C. auris, and at 37°C for M. furfur with 

shaking at 180 rpm. The cells were then centrifuged at 3000 rpm for 5 minutes, and the 

collected pellets were resuspended in PBS, washed twice, and diluted 100 times by adding 10 

µL of the cell suspension to 990 µL of PBS in a sterile Eppendorf tube. Cell counts were 
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determined using a Neubauer haemocytometer (cell count × dilution factor × volume of 

square = colony forming unit [CFU/mL]). 

8.5.2. Planktonic Minimum Inhibition Concentration  

The determination of Planktonic Minimum Inhibitory Concentration (pMIC) followed the 

broth microdilution method outlined in the M27-A3 standard for fungi 145 by the Clinical and 

Laboratory Standards Institute (CLSI). Following overnight fungal growth, cells were adjusted 

to 2x104 cells/mL in Roswell Park Memorial Institute media from Sigma–Aldrich, Dorset, UK. 

Polymer concentrations were set at 1 mM. In 96-well round bottom microtiter plates, 100 µL 

of standardized microorganisms (2x104 cells/mL) were mixed with 100 µL of serially diluted 

polymer solutions. The plates were then incubated in 5% CO2 at 37oC for 24 hours. After this 

incubation period, pMIC concentrations were identified as the lowest concentration for each 

treatment that inhibited visible colony formation at the well bottoms. The experiments were 

conducted in duplicate, with each well being repeated in triplicate for accuracy. The MIC 

values (mg/mL) were consistent and did not exhibit any standard deviation. 

8.5.3. Fungicidal Minimum Inhibition Concentration 

10 µL of solution from the wells where no visible growth seen with naked eye was taken and 

put into agar plates. The plates were incubated for 24 hours to detect any colony formation.  
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8.5.4. Measurement of metabolic activity of Fungi  

XTT assay 

The XTT metabolic assay is a widely used technique for assessing the viability of different cell 

types, including C. albicans. This method is known for its speed and cost-effectiveness and is 

often used to measure the effectiveness of various treatments. C. albicans were first diluted 

to 1 × 106 CFU/mL and 200 µL cell solution was added to 96-well plates as 2 replicates to grow 

biofilms for 24 hours at 30oC. Next day, media was removed and 200 µL polymer solutions 

(PDADMACs and PMETACls) starting from 1000 µM to 1.9 µm were added to each well and 

incubated for another 24 hours. Following incubation, the spent supernatant was discarded 

and biofilms washed with PBS to remove any non-adhered cells.   To assess cell viability, XTT 

(2,3-bis-[2-methoxy-4-nitro-5-sulfophenyl]-2H-tetrazolium-5-carboxanilide) reduction assay, 

coupled with the electron-coupling agent menadione, was employed in accordance with the 

methodology previously outlined 199 . Initially, a solution of 0.25 g/L XTT was prepared by 

dissolving it in distilled water, followed by filter sterilization using a 0.22-µm-pore size filter 

unit. This solution was then stored at -80oC. Simultaneously, a stock solution of 10 mM 

menadione (2-methyl-1,4-naphthoquinone, also recognized as vitamin K3 from Sigma-

Aldrich, Dorset, UK) was created in 100% acetone and maintained at -20oC. Before 

application, the XTT solution underwent thawing, and menadione was introduced to attain a 

final concentration of 1 µM. Subsequently, a 250 µL portion of the XTT/menadione solution 

was administered to each pre-washed biofilm and control well, followed by a 2-hour 

incubation in darkness at 37oC within the LEEC Classic incubator (UK). Following the 

incubation period, 100 µL of the XTT-derived formazan salt from each well was transferred to 
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a new 96-well flat-bottom plate (Costar®, Corning Incorporated, NY, USA) for absorbance 

readings. Absorbance measurements were conducted at a wavelength of 492 nm using a 

microtiter plate reader (Sunrise, TECAN, Theale, UK). 

Biofilm Compositional Analysis Using Quantitative Polymerase Chain Reaction (qPCR) 

In order to ascertain the proportional composition of the biofilms, a real-time quantitative 

PCR was carried out.  500 µL (1x106 CFU/mL ) three  fungi  species  (C. albicans, C. auris and 

M. furfur) was grown in 24-well microtiter plates on Nunc™ Thermanox™ Coverslips  (24x30 

mm) for 24 hours at 37oC (except for M.furfur was 72 hours at 30oC). Next day, all media was 

removed and washed with PBS (500 µL). Then, biofilms were treated with polymers solutions 

(PDADMAC-20 (15 µM) and PMETACl-20 (1280 µM)) and incubated for another 24 hours. 

After incubations, supernatants were removed and coverslips were washed with PBS.  

Coverslips were sonicated in 1 mL of PBS at 35 kHz in an ultrasonic water-bath (Fisher 

Scientific, Paisley, UK) for 10 min to mechanically disrupt the biomass.  Each sonicated sample 

was equally split when only one sample treated with propidium monoazide (PMA) (5 μL/mL 

of 50 μM) -a DNA-intercalating dye, to differentiate biofilm viable and dead microorganisms. 

When exposed to bright light, PMA binds covalently to the DNA of cells with compromised 

membranes, such as dead cells or cells with damaged membranes. Thus, only alive cells can 

be detected. Treated samples and control samples were kept in dark 10 min then exposed to 

UV-light (PMA-Lite device-LET photolysis device) for 5 min to covalently bind DNA to PMA. 

DNA was then extracted from the obtained samples using the QIAamp DNA mini kit (Qiagen, 

Crawley, UK) based on manufacturer’s instructions. PCR was carried out as previously 

described protocol 200 with Step-One plus real time PCR machine and StepOne software V2.3 
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(Life Technologies, Paisley, UK). In brief, fungi (C. albicans, C. auris or M. furfur) DNA was 

introduced into a PCR master mix containing Fast SYBR® Green (Thermo Fisher Scientific, 

Paisley, UK), along with specific forward and reverse primers, all dissolved in irradiated RNase-

free water. Simultaneously, serial dilutions of fungal DNA that were extracted from a 

concentration of 1×108 cells/mL were prepared to establish a standard curve for each species. 

The process of thermal cycling involved an initial step at 50oC for 2 minutes, followed by 95oC 

for 2 minutes. This was followed by 40 cycles, alternating between 95oC for 3 seconds and 

60oC for 30 seconds. The calculation of colony-forming equivalents (CFE) was performed by 

referring to the standard curve for each respective species. 

8.6. Quaternization of Trӧger's Base Polymer 

The tertiary amino groups of the TB polymer (EA-TB) were quaternized with an excess of alkyl 

bromides (methyl iodide, 1-bromobutane, 1-bromohexane, 1-bromooctane, 1-

bromododecane or benzylbromide). The quaternization reactions were carried out with 1, 3, 

and 6 equivalents based on the repeating unit. For each reaction, 500 mg polymers (1 eq, 1.66 

mmol-repeating units) were added to a microwave vial and dissolved with chloroform/DMSO 

mixture (1:9 ratio – total 10 mL) overnight and then the relevant alkyl bromide  was added 

dropwise as 6 eq, 3 eq or 1eq compared to repeating units. The reactions were stirred for 24 

hours, followed by pouring into a large amount of deionized water and subsequent filtration. 

The resulting mixture was washed with methanol multiple times to remove any unreacted 

alkyl bromides, then filtered and dried under vacuum at 45oC.  

Yields: EA-TB-1 (83 %), EA-TB-1.3 (99 %), EA-TB-6.1 (45%), EA-TB-6.3 (84 %), EA-TB-Bn.1 (67 

%), EA-TB-Bn.3 (99 %).  
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EA-TB:  1H NMR (500 MHz, CDCl3): δH (ppm) 6.94 (m, br, 4H, Ar-H), 4.64 (s, br, 2H, N+-CH2-N), 

4.05 (s, br, 4H, 2 N-CH2-Ar), 1.81-0.9 (br, m, 10 H, 2-CH3, 2-CH2). 

EA-TB-1: 1H NMR (500 MHz, DMSO): δH (ppm) 7.82 (s, br, 1H, Ar-H), 7.14 (m, br, 3H, Ar-H), 

5.5-4.5 (m, br, 2H, N+-CH2-N, 2H, N-CH2-Ar), 3.86 (m, br, 1H, N-CH2-Ar), 3.65 (m, br, 3H, N+-

CH3), 2.1-0.9 (m, br, 2H, CH2, 6H, 2 Ar-CH3), 0.86 (s, br, 1H, N+-CH2-N). 

EA-TB-6: 1H NMR (500 MHz, DMSO): δH (ppm) 7.6-6.0 (m, br, 4H, Ar-H), 3.5-3.0 (m, br, 1H, N+-

CH2-N, 4H, N-CH2-Ar), 2.01-0.8 (m, br, 24H, 1H, N+-CH2-N, 2H N+-CH2, 4H, Ar-CH2, 6H, 2 Ar-CH3, 

11H -N+-CH2-C5H11) 

EA-TB-Bn: 1H NMR (500 MHz, DMSO): δH (ppm) 8.00-6.5 (m, br, 9H), 6.0-4.0 (m, br, 2H, N+-

CH2-N, 4H, 2 N-CH2-Ar, 2 N-CH2-Ar), 2.1-0.9 (m, br,6H, 2 Ar CH3, 4H, 2 -Ar-CH2). 

The NMR analysis of quaternized Trӧger's base polymers was challenging and that overnight 

data collection was required to collect the 1H NMR spectra. While the collection of 13C NMR 

data was attempted, due to the long acquisition times useful data was not obtained on the 

timescales investigated. 

8.6.1 Spin Coating of Quaternization of Trӧger's Base Polymers 

To ensure a uniform and thin film on 19 mm glass coverslips (no. 1 thickness), the following 

protocol was followed: The circular coverslips underwent a thorough cleaning process, 

starting with a 15-minute ultrasonic bath in methanol, followed by a15-minute bath in 

acetone. Subsequently, each coverslip was dried using nitrogen, and a visual inspection was 

conducted to verify the absence of any debris or imperfections. Immediately before the spin-

coating procedure, the coverslips underwent a 10-minute etching in an oxygen plasma 
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cleaner. The spin coating was carried out using 5% w/v polymer solution in a 1:1 mixture of 

HIFP/1-butanol. 

8.6.2. Stability of Trӧger's Base Polymers Coated Coverslips - Contact-Angle Measurements 

The polymer-coated coverslips underwent a 2-day incubation at 37oC in phosphate-buffered 

saline (PBS), pH 7.4. After this incubation period, the surface of each spin-coated sample was 

visually inspected by naked eye. Only methyl iodide (1 eq and 3 eq) quaternized polymers 

remained stable on the surface. 

Subsequently, the static contact angles of deionized water on both the stable surface coatings 

(uncoated and methyl iodide-coated coverslips) were measured. This was done using a Drop 

Shape Analyser model DSA25 from KRUSS and the results were analyzed with DSA1 software. 

For each measurement, 10 μL of deionized water was deposited on the surface, and the 

contact angles were immediately measured over a 120-second period at 25oC.  

8.6.3. Surface Thickness Measurement of the Polymer Coatings 

A Hitachi S-4700 scanning electron microscope was used to measure surface thickness of the 

polymers and analyse surface morphology of the coatings.  

8.7. Antimicrobial Activity of the TB Polymer Coatings 

8.7.1 Live/Dead Assay of Polymer Coatings 

A live/dead assay 201 was performed to evaluate bacterial viability and population post-

interaction with TB polymer coatings. Individual 19 mm circular glass coverslip-coated 

samples were positioned in a 12-well plate, with each well receiving 500 µL of a bacterial 
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suspension (E. coli-1 x 106 CFU/mL) and 500 µL of Mueller-Hinton broth (MHB). Following a 6-

hour incubation at 37oC, the coatings were rinsed three rinses with sterile water and were 

then stained with a 200 µL mixture of propidium iodide (PI) and SYTO 9 for 15 minutes in the 

dark. Subsequently, the samples were washed with sterile water to eliminate excess dye 

solution, and the stained samples were sandwiched between a slide and a coverslip. The 

samples were then observed under a fluorescence microscope (Zeiss Axio Imager2). 

8.7.2. Bactericidal Plating Assay 

The assay was adapted and modified from previously reported protocols 201 . The bactericidal 

activities of polymeric coatings were assessed using an overnight broth culture of bacteria (E. 

coli) adjusted to approximately 1×106 CFU/mL. Polymer-coated coverslips were placed in a 

12-well plate, and 2 mL of bacterial broth was added to each well. The plate was then kept in 

the incubator at 37oC for 6 hours. Following incubation, 1 mL of the bacterial solution was 

collected from each well, serially diluted in sterile LB broth at pH 7.4, and spread onto LB agar 

plates. These plates were subsequently incubated at 37oC to determine the number of colony-

forming units (CFUs). All determinations, including the growth controls, were performed in 

triplicate to ensure reliability. 

8.7.3. Biocompatibility of Polymer Coatings 

The hemolysis assay for polymer-coated coverslips was conducted with a slight modification 

to a previously utilized published protocol 196. In all experiments, defibrinated sheep blood 

was employed, and it underwent an extensive washing process involving six rinses with 150 

mM NaCl in phosphate-buffered saline (PBS) at a pH of 7.4. The washing was achieved through 
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centrifugation at 500 g. Following the washing steps, the blood was diluted at a 1:50 ratio in 

PBS to create the working solution for red blood cells (RBCs). The hemolysis assay was 

executed by introducing polymer-coated coverslips into 12-well plates and inoculating them 

with 2 mL of RBC solution at 37oC for 2 hours. To assess cell lysis by measuring the release of 

hemoglobin, the supernatant RBC solutions were centrifuged at 500g for 10 minutes, and the 

absorbance was quantified at 405 nm. These results were then compared with controls, which 

included uncoated glasses as a negative control (0%) and Triton X-100 treated glasses as a 

positive control (100%). Each determination was repeated in triplicate. Hemolysis percentage 

was calculated using the absorbance values and the formula given above (see section 7.4.6). 
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