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Abstract 

Given the growing threat of multidrug-resistant bacteria against conventional small 

molecule antibiotics, polymeric antimicrobial materials are postulated to be less susceptible to 

the redevelopment and regeneration of bacteria than antibiotics due to their unique physical 

antimicrobial mode of action. To explore the Coulombic interaction between the cationic 

polymer and the surface of bacterial membranes, different structural parameters were 

considered to systematically vary guanidinium salt functionalised aliphatic polycarbonates 

with different levels of molecular weights, charge densities, and amphiphilic balance through 

efficient post-synthesis modification via Cu(I)-catalysed azide-alkyne cycloaddition (CuAAC) 

click chemistry. In addition, a new synthetic strategy on modifying the distance between the 

polymer backbone and guanidine group was investigated. 

There are three main chapters in this thesis (Chapter 3-5), which explore the different 

structural effects of a polymer having both antimicrobial activity and toxicity. Prior to 

investigating the structural effects of the polymer, Chapter 3 demonstrates the synthesis and 

characterisation of cyclic monomers and ring-opening polymerisation (ROP) technique to 

precisely control the molecular weight of the polymers. Chapter 4 reports on the molecular 

weight and guanidine charge density effects of polycarbonate through efficient post-synthesis 

modification via CuAAC click chemistry. Guanidine azide was used as an antimicrobial agent 

and the concept of passive diluting group is first introduced, which modifies the cationic charge 

density of the polymer without changing its hydrophilicity, whilst retaining a similar molecular 

weight of the polymer. Chapter 5 focuses on the effects of amphiphilic balance and spacer arm 

length between guanidine moiety and polymer backbone on the antimicrobial activity and 

toxicity. Based on the bioactivity results from Chapter 4, we chose the polymer with the 

smallest degree of polymerisation (DP) that showed the best antimicrobial activity and least 

toxicity as a precursor polymer to synthesise a series of copolymers, terpolymers, and different 

spacer arm length guanidine polymers. 

The overall aims of this study were achieved by lowering the minimum inhibitory and 

lethal concentrations of guanidinylated polycarbonates for Gram-positive and Gram-negative 

bacteria, and fungus with low toxicity effects against the mammalian cells. 
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1  
Introduction 

 

1.1 Platforms for Polymeric Biocides Discovery 

The continual contamination of our environment and infections by microorganisms poses 

a great threat to human health, leading to an increasing demand for antimicrobial agents or 

materials in various application areas such as textiles, food packaging and storage, medical 

devices, hospitals, hygiene, and water purification systems, etc.1-7 Increasing bacterial 

resistance to antibiotics and other antimicrobials further complicates the situation.8,9 The 

development resistance to antimicrobials happens through both point mutations that alter the 

antibiotic target and by horizontal gene transfer, which results in antibiotic treatment becoming 

ineffective via antibiotic-degrading enzymes, antibiotic-altering enzymes, altered antibiotic 

targets, limited uptake, or enhanced drug efflux pumps (Figure 1.1).10-12  

 

 

 

Figure 1.1. Mechanisms of antibiotic resistance in bacteria taken from textbookofbacteriology.net/ 

resantimicrobial_3.html. 
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For instance, Staphylococcus aureus (S. aureus) has rapidly evolved resistance to the first 

antibiotic penicillin through the selection of strains with a gene for a beta lactamase enzyme 

that degrades penicillin. Beta lactamase insensitive derivatives of penicillin, an example of 

which is methicillin, were developed but methicillin-resistant S. aureus (MRSA), then evolved 

by acquiring a new gene for the antibiotic target that was unaffected by methicillin. MRSA has 

become a global outbreak, and a serious threat public health.13,14 Thereafter, a new drug with a 

different mode of action, vancomycin, was developed to treat MRSA, yet vancomycin-resistant 

S. aureus has now emerged. The story is not unique to S. aureus, but is common across all 

pathogens and other antibiotic-resistant microbes continue to appear, which puts an urgent need 

for new antimicrobial agents, which preferably do not promote the development of resistance 

to create these superbugs.15,16 

In addition, traditional antimicrobial agents of small molecules have limitations due to 

residual toxicity to humans and the environment, and short-term antimicrobial ability17, which 

narrow down the application in various fields. As a result, significant efforts have been devoted 

to developing new antimicrobial agents. 

Polymeric biocides have emerged as a promising candidate for antimicrobial agents and 

gained considerable interest in polymer research. Unlike small molecular antimicrobial agents, 

these antimicrobial polymers possess stable activity with less toxicity to both humans and 

environments. Moreover, resistance to antimicrobial polymers may be unlikely to develop 

because they are known to destroy cell membranes of the microorganisms via electrostatic 

interaction.18,19  

Typical antimicrobial polymers usually contain cationic functionalities which are able to 

interact with negatively charged components of microbial membranes and cause microbial 

membrane disruption via insertion of hydrophobic moiety of the polymer into the lipid bilayers. 

The key to their killing mechanism is based on the electrostatic interaction which could 

potentially overcome antibiotic resistance due to their novel mode of action.20-22 Antimicrobial 

polymers can also enhance the efficacy of existing low molecular weight antimicrobial agents 

by reducing the residual toxicity and environmental problems, increasing selectivity and 

prolonging the life time of antimicrobial agents. Moreover, these polymeric biocides are 

chemically stable, non-volatile and unlikely to penetrate through skin, which could reduce 

losses of efficacy resulting from photolytic decomposition, volatilisation, or transportation. As 
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a result, much attention is now being focused on the development of antimicrobial polymers 

that can effectively kill/inhibit the growth of harmful microorganisms. 

There are several classic polymerisation methods to synthesise functional polymers such 

as direct polymerisation of functional monomers, copolymerisation of functional monomer 

with other monomer, and post-polymerisation modification of polymers containing reactive 

groups. However, a broad range of functional groups still cannot be easily introduced onto the 

polymer through the direct polymerisation of functional monomers without applying additional 

steps of protection and deprotection on active groups. With an aim to overcome the limitation 

to functional group tolerance, the copolymerisation and post-polymerisation modification of 

polymers were more preferred to be utilised. Through post-polymerisation modification or 

copolymerisation, various functional polymers with different structural parameters can be 

quantitatively synthesised by using single reactive polymer precursor, which is an ideal 

antimicrobial platform to explore the structure-activity relationships (SARs) of polymeric 

biocides. 
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1.2 Thesis Objective and Structure 

1.2.1 Thesis objective 

In light of the current challenges mentioned before, the growing antimicrobial resistance 

to antibiotics and other biocides, this thesis is directed at the design and synthesis of promising 

polymeric biocides which are potent, efficient, low cost, and bio-friendly as well as having a 

broad-killing spectrum with low toxicity. In order to study the structure-activity relationships 

of polymers, various antimicrobial polycarbonates were synthesised by tuning several 

structural parameters and characterised. Consequently, the following research was undertaken: 

1. Two synthetic pathways of cyclic carbonate monomers were compared to find the most 

efficient synthetic method to obtain high yield of the monomer. 

2. Different molecular weight of polycarbonates were synthesised via ring-opening 

polymerisation (ROP) of functionalised cyclic carbonate monomers using co-catalyst 

TU/DBU. 

3. Copolymers with different levels of hydrophobicity were synthesised through ROP of 

two cyclic carbonate monomers using the single catalyst system of DBU. 

4. Biodegradability of polycarbonate was demonstrated under mild conditions and 

monitored by 1H NMR. 

5. Well known guanidine active group and passive diluting group, oligo(ethylene oxide) 

azide, were attached onto the polymer backbone via post-synthesis modification of 

alkyne containing polycarbonates using CuAAC click reaction to study molecular 

weight and charge density effects on the antimicrobial activity and selectivity. 

6. A series of guanidine copolymers and terpolymers containing hydrophobic groups were 

prepared and characterised. In addition, polymers with different spacer arm length 

between the guanidine moiety and polymer backbone were also synthesised. Overall 

amphiphilic balance effect on the antimicrobial activity and toxicity to RBCs were 

explored.  

7. The antimicrobial mechanism of polycarbonate was investigated by SEM. The possible 

formation of micelle structure of polymer in solution was demonstrated by measuring 

the diameter of micelle using DLS and TEM. 
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1.2.2 Thesis structure 

The following list provides a brief summary of the thesis content and structure by chapter. 

Chapter 1 – General introduction is discussed. 

Chapter 2 – Outlines the review on designing antimicrobial polymers. 

Chapter 3 – Presents the synthetic methods to produce functional aliphatic polycarbonates used 

in the following chapters. 

Chapter 4 – Describes the effect of molecular weight and charge density of the guanidinylated 

polycarbonates on antimicrobial activity and selectivity. 

Chapter 5 – Presents the hydrophobic group and spacer arm length effects of the guanidinylated 

polycarbonates on antimicrobial activity via micelle formation. 

Chapter 6 – Provides a broad summary of the work presented and the overall conclusion in this 

thesis. Future work is also discussed. 
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2  
A Literature Review on 

Designing Antimicrobial 

Polymers 

 

 

2.1 Antimicrobial Polymers 

2.1.1 Natural polymers containing nitrogen 

The amine group is one of the most significant components in biology as it provides a 

suitable position for modification and plays a key role in many biological activities. As a result, 

a lot of natural antimicrobial polymers or oligomers contain a variety of amine structures in 

their backbone, such as chitosan23,24, poly-ɛ-lysine25, polyethylenimine26,27, and 

polyguanidines28 (Table 2.1). These polymers normally exhibit broad-spectrum antimicrobial 

activities and the number of amine groups dramatically influence the physical, chemical, and 

biological properties of these macromolecular materials. 
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Table 2.1. Natural polymers with intrinsic antimicrobial activity 

Polymer Structure 

Chitosan 

 

Poly-ɛ-lysine 

 

Polyethylenimine 

 

Polyguanidines 

 

 

Another family of polymers containing nitrogen is a series of copolymers with various 

ammonium moieties including pyridine29,30 or imidazole31,32 derivatives. For these polymers, 

amine state (primary, secondary and tertiary) and substituent types are mostly tuned to tail their 

antimicrobial efficiency and the biocompatibility. Sambhy et al. synthesised a series of 

amphiphilic pyridinium-methacrylate copolymers with different positive charge and alkyl tail 

ratios on the polymer (Figure 2.1a).29 They found that tailoring structural parameters led to 

increased antimicrobial activity of the polymer. Anderson et al. designed imidazole derivatives 

and imidazolium-containing polymers which inhibited growth of Gram-positive and Gram-

negative bacteria and fungi (Figure 2.1b).31 
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Figure 2.1. Structure of (a) pyridinium-methacrylate and (b) imidazole.29,31 

 

2.1.2 Polymers mimic natural peptides 

Host defence natural antimicrobial peptides (AMPs) are new alternatives for antibiotics 

due to their excellent antimicrobial properties derived from their characteristic structural 

features. AMPs are small molecules (10-50 amino acids) that consist of a highly rigid backbone 

with amphiphilic composition of cationic and hydrophobic side groups.33 Cationic groups on 

the molecule attracted towards the negatively charged microbial cell walls and hydrophobic 

groups enables the whole backbone to pass through lipid membranes. This induces high 

disruption of the membrane by ripping it apart, leading to rapid cell death. In regard to these 

findings, many polymers mimicking antimicrobial peptides have been developed. For example, 

Dohm and Mowery synthesised amphiphilic nylon-3-based copolymers via ring-opening 

polymerisation of β-lactams which has a similar backbone to β-peptides (Figure 2.2a).34,35 

These polymers showed high antimicrobial activity and great selectivity. Tew et al. designed 

facially amphiphilic polymers with stiff backbones via hydrogen bonding which showed 

excellent antimicrobial activity (Figure 2.2b).36 

 

 

Figure 2.2. Polymers mimic peptides with antimicrobial properties.34-36  
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2.1.3 Polymers with common biocidal agents 

This section provides some major pendant groups attached onto the polymers which induce 

antimicrobial activity. 

2.1.3.1 Guanidine 

Guanidine groups are commonly employed as biocidal agents as their cationic side chain 

enables them to be highly water soluble and non-toxic. This mimics the amino acid arginine 

found in natural AMPs and numerous researchers have produced antimicrobial polymers 

through incorporation of this functional group in a single polymer. 

  

 

Figure 2.3. The multidentate binding properties of the guanidine group to negatively charged head groups of 

bacterial membrane.37  

 

As shown in the Figure 2.3, this nitrogen containing functional group can form 

multidentate bonds with the anionic phosphate head groups, resulting in a stronger electrostatic 

interaction with cell membrane than other positively charged groups such as amine, lysine, 

histidine etc.37 Locock et al. synthesised antimicrobial polymethacrylates using guanidine as a 

pendant group (Figure 2.4).38,39 Their polymer displayed higher antimicrobial potency against 

Gram-positive bacteria and fungus than Gram-negative bacteria. This is due to difficulty of 

disrupting the complicated cell membrane structure of Gram-negative bacteria.40  
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Figure 2.4. Antimicrobial polymethacrylate with guanidine side chain.38,39 

 

2.1.3.2 Quaternary ammonium 

One of the most well-known cationic functional group is the quaternary ammonium group. 

This group contains a permanently charged cationic nitrogen group attached to four different 

groups by covalent bonding. Chin et al. synthesised cationic polycarbonates with quaternary 

ammonium groups of various pendant structures (Figure 2.5).41 They demonstrated that by 

achieving the hydrophobic/hydrophilic balance via variation of the quaternary ammonium 

group structure along the polymeric chain had an influence on the antimicrobial activities. 

Furthermore, they found that antimicrobial activities of the polymer increased as the number 

of cationic functional groups increased, particularly towards both Gram-negative (E. coli) and 

Gram-positive bacteria (S. aureus). Positively charged quaternary ammonium compounds 

allow polymers to bind onto negatively charged cell membrane, leading to disruption and 

subsequent cell death. Another example is that of Sauvet et al. who synthesised cationic 

polysiloxanes with quaternary ammonium salt groups.42 These polysiloxanes were shown to 

be very active against both E. coli and S. aureus. This is because the polymer has high flexibility 

and amphiphilicity which improves the interaction between its quaternary groups and the 

microorganism. To summarise, a higher number of quaternary ammonium groups in the side 

chain increases the antimicrobial efficiency of polymers. 
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Figure 2.5. Quaternised antimicrobial polycarbonate.41 

 

2.1.3.3 N-halamine 

The N-halamine is another active pendant group that contains one or more nitrogen-

halogen covalent bonds that is normally formed by the halogenation of imide, amide, or amine 

groups. N-halamines are compounds that are widely used as industrial biocides due to their low 

cost, antibacterial and antiviral properties, safety to humans and environment, high potency 

with broad inhibitory activities such as effectiveness towards a broad spectrum of 

microorganisms, long-term stability in aqueous solutions and dry storage, and regenerability.  

As shown in Figure 2.6, Sun et al. investigated an N-halamine-based rechargeable 

antimicrobial and biofilm controlling polyurethane.43 After the N-halamine groups were 

covalently linked to the backbone of polymers, a chlorination treatment was carried out. This 

allowed for the retention of the antimicrobial properties of the N-halamine entities, thereby 

modifying the ordinary polymers to make them antimicrobial in nature.  

 

 

Figure 2.6. Covalently binding N-halamine onto PU surfaces.43 
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The antimicrobial action is caused through a halogen exchange reaction when the 

microorganisms come into contact with N-halamines as shown in the Figure 2.7. The oxidative 

reaction of Cl+ from N-halamines causes an expiration of the microbial cells. The antimicrobial 

activity of this polymer was observed to be very efficient and remained unchanged after the 

tests, indicating the robustness of the polymer. 

 

 

Figure 2.7. Contact biocidal-killing the approaching cells. 

 

2.1.3.4 Sulpho and phosphor 

Polymers containing quaternary phosphonium groups show similar antimicrobial 

mechanisms to polymers containing quaternary ammonium groups. However, it is found that 

phosphonium groups have more effective antimicrobial activity than quaternary ammonium 

groups.44 As shown in Figure 2.8, El-Newehy et al. compared the antimicrobial activity of 

synthesised haloacetylated chitosan with quaternary ammonium and phosphonium salts and 

found that chitosan with quaternary phosphonium salts displayed higher antimicrobial activity 

against bacteria and fungi than the chitosan with quaternary ammonium salt.45  
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Figure 2.8. Incorporation of ammonium and phosphonium salts onto haloacetylated chitosan.45 

  

Another example is reported by Anderson et al., who produced poly(styrene-4-sulfonate) 

as an inhibitor of sperm function, which can prevent the transmission of sexually transmitted 

diseases.46 These polymers showed great activity against viruses and pathogens at very low 

concentration. 

 

2.1.4 Polymers with antimicrobial inorganic compounds 

It is well-known that copper and silver are extremely toxic to a variety of microbes and 

have been widely used as efficient antimicrobial agents for centuries in many fields. 

Consequently, several metal complex or nanoparticles were incorporated or mixing into 

polymeric materials by diverse techniques. As examples, Sambhy et al. produced the cationic 

methoxysilane polymer containing Ag+ which extends the action distance to kill bacteria by 

continuous release of Ag+ and prevents biofilm formation at the same time (Figure 2.9).47 

Kamrupi and Dolui prepared copper-encapsulated polystyrene nanocomposites in situ by 

dispersion of Cu nanoparticles into the monomer during polymerisation.48 The Cu/PS 

nanocomposites showed antibacterial activity against a number of bacteria.  
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Figure 2.9. Synthesised AgBr surface coated methoxysilane.47 

 

Beside copper and silver metal derivatives, a series of photocatalytic materials have 

emerged as another promising antimicrobial agents which exhibit strong bioactivity against 

bacteria, fungi, viruses and yeasts. Titanium dioxide and Zinc oxide have been the most widely 

used compounds to insert into polymers to produce new biocide materials over the last decade. 

Kubacka et al. investigated the antimicrobial properties of ethylene-vinyl alcohol copolymer 

nanocomposite films containing TiO2 nanoparticles.49 As a result, the nanocomposites 

exhibited high antimicrobial activity against P. aeruginosa and E. faecalis with no release of 

TiO2 compared to Ag-based nanocomposites. Droval et al. incorporated ZnO nanoparticles into 

thermoplastic polymers of polyamide 6 and low density polyethylene.50 These polymers 

showed great antimicrobial activity with low ZnO content (1% w/w) and the activity enhanced 

upon increasing the amount of ZnO in the nanocomposite. 
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2.2 Antimicrobial Mechanism for Cationic Polymers 

Every polymeric biocide exhibits its own unique mechanism for antimicrobial activity to 

kill or inhibit the growth of harmful microorganisms. For cationic polymers, the antimicrobial 

activities are assumed to come from the interaction between the polymer and microbial 

membrane. Typical biological membranes consist of a phospholipid bilayer embedded with 

diverse functional proteins. Apart from morphology and functional differences, general 

biological bilayer membranes are constructed from a variety of phospholipid derivatives 

containing phosphatidyl choline (PC), phosphatidyl ethanolamine (PE), phosphatidyl glycerol 

(PG), phosphatidyl serine (PS), and sphingomyelin (SM) (Table 2.2).51 Acidic phospholipids 

of PS and PG consist of negatively charged ions, while zwitterionic phospholipids of PC, PE, 

and SM are overall neutral at physiological pH (Figure 2.10a).52 The origin of selectivity over 

different microbes depend on the phospholipids distribution in different cell types.53 

 

Table 2.2. Lipid distribution in different cell types51 

Cell type PC (%) PE (%) PG (%) PS (%) SM (%) CL (%) CH (%) 

E. coli (Gram -ve) - 80 20 - - 5 - 

S. aureus (Gram +ve) - - 57 - - 43 - 

RBC (outer leaflet) 33 9 - - 18 - 25 

RBC (inner leaflet) 10 25 - 10 5 - - 

 

Bacterial and fungal cell membranes consist of more negatively charged components 

which makes them more vulnerable and susceptible to cationic polymers (Figure 2.10b).54 The 

most Gram-negative bacteria have two lipid bilayer membranes: the inner cytoplasmic 

membrane and the outer membrane. The outer membrane consists of highly negatively charged 

lipopolysaccharides (LPS) with 15-20% of single peptidoglycan layer (~10 nm)51, 80% of PE 

in their zwitterionic lipid and 20% of negatively charged lipid PG. In contrast, Gram-positive 

bacteria just have one anionic membrane composed of anionic teichoic acid with 90% of thick 

peptidoglycan layer (20-80 nm), 57% of PG and 43% of cardiolipin (CL)55. The membrane of 

the fungus (e.g. yeast) is made from a thick layer of chitin and glucan (~140 nm) with a 

homogeneously dispersed glycoprotein outer layer.56,57 A coherent structure of the cell wall of 

the yeast made is by the ordered arrangement of protein, chitin, and glucan. These components 
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are linked by either covalent bonds or weak bonds such as hydrogen bonds, salt-type 

associations, hydrophilic or hydrophobic interactions.56 This composite provides more 

protection to the yeast cell than other bacteria, making it much harder to kill. The mammalian 

cells are fundamentally different from microbial cells in the lipid composition between two 

leaflets of the membrane bilayer. The zwitterionic outer membrane consists of 33% of PC, 9% 

of PE, 18% of SM, and 25% of cholesterol (CH), but without any of anionic phospholipids.58,59 

For the inner leaflet of the membrane, 10% of PC, 25% of PE, 10% of PS, and a trace amount 

of 5% SM are present.59,60 Based on the membrane structural diversity between microbial and 

mammalian cells, it is possible to design or find materials that can efficiently kill microbes and 

have less or no toxicity to humans at the same time. 
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Figure 2.10. (a) Phospholipid contents of biological bilayer membranes and (b) cell structure of mammalian and 

various microbial families.52 

 

 

Zwitterionic phospholipid (neutral)

Acidic phospholipid (negatively charged)

(b)
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Figure 2.11. Mechanisms of cell membrane disruption models.61  

 

Although an exact antimicrobial mode of action of macromolecular materials are still 

under debate, the most widely acceptable mechanism of bioactivity of the polymer is believed 

to mainly comes from the electrostatic interaction between the cationic group on the polymer 

and the anionic components in microbial membranes.18 Several disruption models have been 

proposed including “barrel-stave”, “toroidal”, “carpet”, and “detergent” models to explain how 

antimicrobial polymers can damage the microbial membrane (Figure 2.11).61,62 Barrel-stave 

and toroidal models utilise the pore-forming mechanism, while carpet and detergent models 

have exploited the non-pore forming mechanism. For either a barrel-stave model or toroidal 

model, the polymers insert perpendicularly into the bilayer of the microbial cell membrane by 

forming aqueous pores across the membrane. In the barrel-stave model, polymers aggregate 

together to induce a bundle in the membrane to form a transmembrane pore, where the 

hydrophobic polymer regions attach to the lipid core part of the bilayer membrane and the 

hydrophilic polymer region form the interior part of the pore (Figure 2.11a).63 In the toroidal 

model, antimicrobial polymers incorporate into the membrane and cause the lipid parts on two 

sides of membrane to bend and connect together to build a toroidal-like hole that has slightly 

larger aqueous channel-type pores (3-10 nm)64,65 than barrel-stave model pores (1-2 nm)66 

(Figure 2.11b). Both barrel-stave and toroidal models induce stable pores in the outer 

membrane of the cells that results in disturbing the homeostasis of the cell metabolism, 

eventually leading to cell death. 

(a) Barrel-stave model (b) Toroidal model

(c) Carpet model (d) Detergent model
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The carpet model engage in a non-pore forming mechanism where polymers interact on 

the surface of microbial cells to form a carpet on the bilayer surface and become active at a 

high polymer-to-lipid ratio.67 This model forms large defects on the membrane with pore sizes 

of >10 nm (Figure 2.11c). Another model which exhibits a non-pore forming mechanism is the 

detergent model. This model induces a massive collapse of the membrane integrity, resulting 

in large surface defects.62 This mechanism involves strong electrostatic interactions between 

the polymers and microbial cell membranes. These interactions cause the polymers to rupture 

the microbial cell membrane which leads to membrane instability (Figure 2.11d).68 

Besides the membrane-destabilising models mentioned above, interest still remains in 

investigating other possible polymer-microbial interactions. Werner and co-workers used 

Molecular Dynamic Simulation (MDS) to examine the behaviour of amphiphilic polymers 

diffusing through the cell membrane. They reported that polymers that are hydrophobic tend 

to turn into a globular shape and become trapped inside the hydrophobic core of the lipid bilayer 

in solution, whereas polymers that are hydrophilic formed random coils in solution and are 

repelled from the bilayer.69 In contrast, polymers with a partial amount of hydrophobicity, with 

the optimum amphiphilic balance, displayed the ability to translocate through the bilayer as 

well as increasing the local solvent permeability. In conclusion, the authors concluded that 

random copolymers with higher degrees of chemical heterogeneity, and ones which are 

partially hydrophobic results in ideal membrane permeability and pore formation by reducing 

the polymer translocation via the localisation effects at the membrane surface. 

A mechanistic comparison between AMPs and synthetic mimics of antimicrobial peptides 

(SMAMPs) of random copolymers with regard to the hydrophobic and cationic content was 

conducted by Hu and co-workers.70 AMPs and SMAMPs were found to form similar content 

of negative Gaussian curvatures (NGCs), but a higher amount of hydrophobic and cationic 

content was required by the SMAMPs for them to have the same levels of membrane 

deformation than AMPs. This is likely due to the composition of random copolymers consisting 

of random sequences and random coils. Lee and co-workers developed nylon-3-based 

polymers with a broad-spectrum of antimicrobial activity and good biocompatibility.71 In their 

study, they found two antimicrobial mechanisms of action at low concentrations: one, that 

polymers are able to permeate through bacterial membranes by generating NGCs, and two, a 

consequent binding to intracellular DNA to cause cell death. They summarised that nylon-3 

polymers exhibit mechanisms of antimicrobial activity depending on the polymer 

concentration. 
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In summary, the bioactivity for cationic polymers is triggered upon contact with the 

negatively charged cell wall of the microbes18, thus affecting the surface morphology of the 

polymers. This, in turn, destabilises the divalent cations present in the cell wall and increases 

the cell wall permeability and reduces barrier functionality.72 After then, the cationic polymers 

pass through the outer membrane and the peptidoglycan layer which then reach the cytoplasmic 

membrane and accumulate, permeate through, disintegrating the bilayers, and finally lead to 

membrane damage which is a lethal event for microbials.52,72  

According to the proposed membrane disruption mechanism discussed above, the key 

processes for microbial activity of synthetic cationic polymers involve (1) the polymer should 

have sufficient contact with microbe to initiate the absorption on microbial membrane surface; 

(2) the polymer should possess enough cationic density to attach to the surface of microbial 

cell membrane; (3) insert or diffuse through the cell wall; (4) interact with the cytoplasmic 

membrane to cause irreversible damage; and (5) result in the release of cytoplasmic membrane 

components such as K+ ions, DNA and RNA which led to cell death.72 As far as the recent 

progress in this area is concerned, there are many structural parameters of polymers that can 

significantly influence these processes above. Herein, further studies on polymer structural 

parameters are described below to rationally design the next generation of membrane active 

antimicrobial materials. 
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2.3 Structural Parameters of Polymers Effect on Antimicrobial 

Activity 

This section provides a detailed overview of the structural parameters of polymers 

affecting antimicrobial efficacy of polymers such as molecular weight, hydrophilic-

hydrophobic balance, biocidal agent grafting density, and side group alkyl chain length. The 

description of each factor is described below. 

 

2.3.1 Molecular weight 

Molecular weight is one of the most important factors affecting physical properties of 

polymers including antimicrobial properties. Engler et al. studied the molecular weight 

dependence of polypeptides with pendant amine groups (Figure 2.12).73 They reported that 

higher molecular weight primary amine polypeptide (degree of polymerisation (DP) = 140) 

showed the most activity against Gram-positive bacteria, S. aureus, with an MIC value between 

70.3-140.6 µg/mL, while no activity was shown with the lowest molecular weight polymer (DP 

= 30). This polymer also showed activity against Gram-negative bacteria, E. coli, with an MIC 

value between 562.5-1125 µg/mL, but the molecular weight dependence was not as clear with 

S. aureus.  Later on, Chin41 and Qiao74 observed the opposite result to Engler’s study where 

their quaternised polycarbonate showed greater activity against S. aureus with the lowest 

molecular weight. They explained that this is due to the “sieving effect” which was reported 

by Lienkamp et al.75 The dense outermost peptidoglycan layer of S. aureus will trap the higher 

molecular weight polymers, leading to decrease in bactericidal activity. Traditionally, 

polymers have higher antimicrobial activity against Gram-positive bacteria compared to Gram-

negative bacteria. This is because Gram-positive bacteria has a less complex outer membrane 

cell wall structure, allowing the polymer to easily diffuse through the cell wall. However, 

different findings were reported by different research groups, which indicates that the biocidal 

action is dependant on the lethal action of the cationic biocides such as diffusion efficiency 

through the cell membrane, disruption or leakage of the cytoplasmic membrane, adsorption 

onto the cytoplasmic membrane, and adsorption onto the surface of bacterial cell wall. 
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Figure 2.12. Bacteria growth inhibition for primary-amine functionalised polymers with different molecular 

weight. MIC against (a) S. aureus and (b) E. coli.73 

 

2.3.2 Amphiphilic balance 

Amphipathic balance is known as the balance between hydrophilic and hydrophobic 

properties of a compound. The impact of this factor on antimicrobial activity has been reported 

in many studies, where increasing hydrophobicity of functional groups on polymers led to 

enhanced biocidal activity towards microorganisms.73,76 This is because hydrophobic 

interactions with the lipid bilayer membranes of the bacteria occur as the hydrophobicity 

increases, leading to cell death. Ilker et al. synthesised water-soluble amphiphilic cationic 

polynorbornenes by alternating the content of hydrophobic groups (Figure 2.13).77 Small 

modifications to the hydrophobic character on the polymer showed huge change on 

antimicrobial and hemolytic activities. As a result, tuning the hydrophobic and hydrophilic 

balance on the polymer led to the preparation of antimicrobial, non-hemolytic, and highly 

selective polymers. 

 

 

 

Figure 2.13. Derivatives of amphiphilic polynorbornene.77  
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2.3.3 Charge density 

Charge density of the polymer improves electrostatic interactions between polymers and 

the cell wall of bacteria. Al-Badri and co-workers had prepared cationic polynorbornenes that 

carry one, two, and three charges per monomer repeat unit (Figure 2.14).78 Polymers with 

increasing number of amine groups showed higher antimicrobial activity against both Gram-

negative and Gram-positive bacteria with significant reduction in hemolytic activity. Another 

structure modification was carried out on chitosan by Takahashi et al., who increased the 

charge density of chitosan by increasing the deacetylation degree (DD).79 The researchers 

reported that MIC value for DD of 86% was 100 (mg-chitosan/mL-bacterial suspension) and 

MIC value for DD of 92% was 40 (mg-chitosan/mL-bacterial suspension) towards S. aureus. 

 

 

 

Figure 2.14. Antimicrobial polynorbornene with various amine groups.78  

 

2.3.4 Side group alkyl chain length 

Another major factor affecting antimicrobial activity is the side group alkyl chain length 

of the polymer.41,73,80-82 Palermo and co-workers synthesised cationic polymethacrylates with 

varying alkyl chain length (Figure 2.15).82 They observed that the antimicrobial activities of 

the polymers increased for both Gram-negative and Gram-positive bacteria as the length of the 

carbon side chain increased. Activity increased from 2000 µg/mL to 10 µg/mL and from 100 

µg/mL to 7.8 µg/mL towards Gram-negative bacteria and Gram-positive bacteria, respectively. 

This trend was also observed for quaternary amine containing polypeptides showing increasing 

biocidal activity against both S. aureus and E. coli with increasing alkyl chain length from 4 to 

12.73 A possible reason for increased antimicrobial activity of the polymer towards bacteria is 
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maybe due to the ability to penetrate membrane in depth with a longer chain length compared 

to shorter chain length.83  

 

 

 

Figure 2.15. Synthesis of cationic polymethacrylates with various cationic side chain lengths.82 
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2.4 Post-Polymerisation Modification Method on Antimicrobial 

Polymers: “Click” Chemistry 

Over the years, click chemistry become an attractive feature of post-polymerisation 

modification as a variety of functional groups are compatible with this reaction. The Cu(I)-

catalysed azide-alkyne cycloaddition (CuAAC) reaction is one of the most famous examples 

of click chemistry that has been extensively exploited and understood for post-polymerisation 

modification of polymers.84 CuAAC is a method to prepare 1,4-disubstituted 1,2,3-triazoles 

using Cu(I) salts as catalysts from a 1,3 dipolar cycloaddition of terminal alkynes with azide in 

many protic polar organic solvents (Scheme 2.1)85,  which was independently reported by 

Meldal and Sharpless in 2001.86  

 

 

 

Scheme 2.1. Cu(I)-catalysed azide-alkyne click chemistry (CuAAC) of an azide and alkyne.85  

 

Summary of the CuAAC catalytic cycle is shown in Scheme 2.2.87 Density functional 

theory (DFT) calculations suggested that the Cu(I) species and the terminal alkyne forms a 

copper acetylide by an initial pi-complex formation between the Cu(I) and the triple bond of 

the terminal alkyne (step A).88-91 In step B, the terminal hydrogen is deprotonated to give a Cu 

acetylide intermediate followed by the formation of a six-membered Cu(III) metallacycle after 

the azide displaces one ligand and binds to the copper via cyclisation reaction in step C. Then, 

in the presence of a base, protonation reaction takes place where the hydrogen is removed from 

the terminal acetylene. The ring contraction to a triazolyl-copper derivative undergoes 

protonolysis to form the final product of 1,2,3-triazole which ceases the catalytic cycle (step 

E). Not only does 1,2,3-triazole acts as a stabilising ligand to prevent the Cu(I) species being 

oxidised to the Cu(II), it also eliminates formation of side products from the disproportionation 

of Cu ion while maintaining its catalytic activity. Overall, the reaction is copper assisted, which 

lowers the pka of the terminal alkyne by up to 9.8 units when coordinated with the acetylide. 

This allows the attack onto the C-H bond which deprotonates and this reaction can be carried 
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out even in the absence of a base. However, in the uncatalysed reaction, the alkyne is a poor 

electrophile, which leads to a slow reaction rate due to high energy barriers.  

 

 

 

Scheme 2.2. The productive CuAAC catalytic cycle.87  

 

This “nearly perfect” CuAAC reaction is easy to operate and brings about high yield of 

product with little or no by product, which works well under many condition and is unimpaired 

by other substituents being connected to each other. As a result, this CuAAC reaction is widely 

used to synthesise polymers bearing pendant cationic salts. Riva et al. generated an azide 

containing polyester to attach to quaternary ammonium salts by click chemistry in order to 

impart an antimicrobial activity to the polymer.92  
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Scheme 2.3. Synthesis of an antimicrobial aliphatic polyester by azide-alkyne cycloaddition.92  

 

As shown in Scheme 2.3, the azide side group was produced by the reaction with pendant 

chlorides and sodium azide. Then, the cationic ammonium containing alkyne underwent click 

reaction and catalysed by CuBr under mild conditions to give antimicrobial properties to the 

biodegradable aliphatic polyester. As a result, this modified polyester showed a biocidal effect 

by contact against Gram-negative bacteria, E. coli. Biocidal activity was found to be high as 

the concentration of polymer was increased due the amount of active functional group grafting 

on polymer backbone also increasing. As this aliphatic polyester is well known for 

biodegradation, further investigation of this material is essential to developing a polymer which 

degrades after use, whilst exhibiting permanent biocidal activity during its usage. 

On the other hand, Budhathoki-Uprety et al. focused their studies on synthesising alkyne 

functionalised precursor polymers to attach azido guanidinium salt using click chemistry 

(Scheme 2.4).80  

 

 

 

Scheme 2.4. Synthesis of guanidinium functionalised polycarbodiimide via click chemistry.80  
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The side chain modified polymer bears multiple alkyne moieties where a number of azide 

guanidinium pendant groups can be attached covalently through a triazole linker. This click 

reaction was carried out at room temperature. Overall, synthesised guanidinium functionalised 

polymers showed antimicrobial activity against both Gram-positive and Gram-negative 

bacteria. However, this polymer showed hemoreactivity instantly which resulted in 

precipitation of red blood cells. The reason for this is possibly due to electrostatic complex 

causing cross-linking between the cells and the cationic polymer surface. Therefore, this limits 

the potential use of these polymers for in vivo administration. Optimisation of this polymer in 

the future can result in producing materials suitable for therapeutic applications. 

 

 

 

Scheme 2.5. Grafting of glucose onto a terminal alkyne containing copolymer via CuAAC.93  

 

In another example, post-polymerisation modification to attach various azide sugars such 

as glucose and mannose on alkyne containing copolymer using CuAAC have been 

demonstrated by Lecomte and co-workers.93 As shown in Scheme 2.5, glucose grafted 

copolymer was prepared by the ring-opening copolymerisation of 5-methyl-5-

propargyloxycarbonyl-1,3-dioxan-2-one and lactide which showed high binding affinity for 

lectins, giving the polymer the ability to target living cells. As a result, these copolymers can 

be used as a controlled drug delivery agent. 
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Overall, the CuAAC have drawn increasing attention to be a very promising 

functionalisation method for the development of new materials that can be used in a wide range 

of applications. 
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3  
Synthesis of Alkyne 

Functionalised 

Polycarbonate as a 

Platform 

 

 

This chapter describes the synthetic strategies used to produce aliphatic cyclic carbonate 

monomers and well-controlled ring-opening polymerisation (ROP) of alkyne functionalised 

polycarbonate as a platform to attach antimicrobial functional groups mentioned in Chapter 4 

and 5. 

 

3.1 Introduction 

Aliphatic polycarbonates (PC) are found to be an ideal biomaterial not only because of 

their high mechanical strength but also due to their low toxicity, degradability, and 

biocompatibility. Aliphatic PCs have received increasing attention for use in a variety of 

biomedical applications such as drug delivery, surgical materials, and therapeutics.94-97 These 

materials can be synthesised via polycondensation using either phosgenation or 

transesterification98 (Scheme 3.1a and b), copolymerisation of carbon dioxide (CO2) with 

epoxides (Scheme 3.1c)99, and ring-opening polymerisation of cyclic carbonates (Scheme 

3.1d).100,101  
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Scheme 3.1. Synthetic methods for the preparation of aliphatic polycarbonates.102, 103 

 

However, polycondensation and copolymerisation utilising CO2 require high catalyst 

loadings, and exhibit poor control over molecular parameters. The most efficient synthesis 

method is the ring-opening polymerisation (ROP) of cyclic carbonates as it provides an 

attractive and versatile methodology through the introduction of various pendant groups into 

the monomer to prepare a wide range of functional polycarbonates.  

 

3.1.1 Synthesis of aliphatic cyclic carbonates 

Synthesis of cyclic carbonates was firstly reported by Hill and Carothers104 in 1930s, and 

have received considerable attention over many years. Currently, there are two main synthetic 

pathways to achieve functional cyclic carbonates (Scheme 3.2). One is the addition of CO2 into 

three or four carbon cyclic ethers (Scheme 3.2a), which is the most convenient synthetic 

method for its high selectivity, low cost, and environmental-friendliness, but is not so effective 

for larger ring sizes (oxetanes, pyranes) of cyclic ethers.99 Another one is to form cyclic 
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carbonate from a 1,3-diol involving the use of phosgene derivatives105,106, bis(pentaflurophenyl) 

carbonate (PFC)107, or 1,1’-carbonyldiimidazole (CDI)108 as shown in Scheme 3.2b. 

 

 

 

Scheme 3.2. Synthesis of functional cyclic carbonates from (a) CO2 and (b) 1,3-diols using phosgene derivatives, 

1,1’-carbonyldiimidazole (CDI) or bis(pentafluorophenyl) carbonate (PFC) with an alcohol or amine (RXH).99,105-

108 

 

Functional cyclic carbonate monomers (MTC-XR) are widely used to prepare 

biocompatible materials and was first reported by Al-Azemi and Bisht.109 These monomers 

have a number of synthetic routes starting from 2,2-bis(hydroxymethyl)propionic acid (bis-

MPA) (Scheme 3.3). 

The common synthetic route to prepare monomers containing sensitive substituents 

requires extra protection and deprotection steps before the ring close reaction (Scheme 3.3, 

route A and route B).  In route A, the free carboxylic acid group in bis-MPA is protected by 

the introduction of a benzyl group, followed by cyclisation using phosgene derivatives which 

forms 5-methyl-5-benzyloxycarbonyl-1,3-dioxan-2-one (MBC). The acid functionality is then 

deprotected and activated by conversion to the acyl chloride or dicyclohexylcarbodiimide 

(DCC) to become available for the next step of the reaction with an alcohol or amine.100 

Alternatively, in route B, prior to the functionalisation of the carboxylic acid, the 1,3-diol is 

protected by acetonide, followed by deprotection and cyclisation to form the functional cyclic 

carbonate. Another possible synthetic pathway is a direct functionalisation of the carboxylic 

acid group in bis-MPA under acidic or basic conditions and cyclisation using ethyl 
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chloroformate and trimethylamine110,111 (Scheme 3.3, route C). Route D was recently 

demonstrated by Hedrick et al. where they provided an effective alternative to the use of 

phosgene derivatives. Bis(pentafluorophenyl) carbonate (PFC) was reacted with bis-MPA to 

transform the carboxylic acid into a pentafluorophenyl ester group because of the ring closure 

of the 1,3-diol. The active pentafluorophenyl ester group can be easily reacted with alcohols 

and amines to produce functionalised cyclic carbonates.107 Besides bis-MPA, functional cyclic 

carbonates can also be derived from glycerol112, trimethylolalkanes113, pentaerythritol114, 

amino acids115 or sugars116-118. 

 

 

 

Scheme 3.3. Reported synthetic pathways to functional cyclic carbonate monomers.119 

 

3.1.2 Ring-opening polymerisation 

Ring-opening polymerisation (ROP) is one of the most well-known and efficient routes to 

produce controlled and functional polycarbonates. Since the first homopolymer of the six-
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membered cyclic carbonate was reported by Hill and Carothers104 in the 1930s, many ROP 

have been developed. Based on their mechanism of polymerisation, ROPs are classified as 

radical, anionic, cationic, zwitterionic, coordination-insertion, and metathesis method. 

Regardless of the mechanism, ROP of cyclic carbonate monomers can be determined by 

thermodynamics and kinetics. A low temperature and high monomer concentration favours the 

polymerisation thermodynamic equilibrium. Kinetically, the use of catalyst can decrease the 

activation barrier and promote a specific mechanistic path. 

ROP has been achieved using different types of catalysts such as metal-based catalysts 

(MAO, IBAO, Sn(Oct)2, and Al(OiPr)3), metal-free organic catalysts, and enzyme catalysts. 

Metal based catalysts have a safety concern, especially for biomedical and environmental 

applications, due to difficulty in their complete removal. Enzyme catalysts are normally high 

in cost and have unstable activity so they do not fulfill the industrial requirements. Recently, 

green catalysts like metal-free organic catalysts have gained increasing attention on account of 

their commercial availability and efficient activity. There are a series of successful organic 

catalysts such as pyridine-based organocatalysts, phosphine catalysts, N-heterocyclic carbenes, 

H-bonding donor catalysts, amidine and guanidine-based catalysts, and bifunctional co-

catalysts system.101 Among them, 1,8-diazabicyclo[5.4.0]-undec-7-ene (DBU), 1,5,7-

triazabicyclo[4.4.0]dec-5-ene (TBD), and N-methyl TBD (MTBD)101,102, which are called 

“superbases”, are highly active nucleophile catalysts for ROP in non-polar solvents. The 

proposed mechanism initially involves the formation of a temporary amide bond between DBU 

and the monomer that is then cleaved upon the nucleophilic attack of the H-bonded initiator 

and monomer, followed by a ring-opening polymerisation (Scheme 3.4a).102 

Other catalysts of ureas and thioureas (TUs) behave like a proton donor by inducing double 

hydrogen-bond interactions to the C=O bond of the monomers, which triggers the ROP 

(Scheme 3.4b).120 While these catalysts exhibit a lower activity than other organocatalysts, they 

usually result in a nearly full conversion in non-polar solvent whilst maintaining precise control 

over the molecular weight, polydispersity (narrow) and chain-end fidelity of the polymer. 

Moreover, interestingly, the combination of superbasic DBU and TU catalysts lead to highly 

quantitative monomer conversion to polymer in shorter times at room temperature (Scheme 

3.4c).102 This bifunctional catalytic system has the advantage of activating both the monomer 

and the initiator and growing chain at the same time by forming a H-bond complex with two 

groups. Overall, it has been demonstrated that the presence of both electrophile and nucleophile 

activating catalysts in ROP lead to the best compromise of activity, control, and robustness. 
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Scheme 3.4. Proposed activation pathway for ROP of TMC using (a) base activation in the presence of TMC and 

DBU, initiated by alcohol, (b) TU catalyst, and (c) bifunctional activation of PC using hydrogen bonding from 

co-catalyst of TU and DBU.101,108  

 

In this chapter, two synthetic strategies of aliphatic cyclic carbonate monomers were 

investigated and homopolymers with different molecular weights and copolymers with 

different levels of hydrophobicity were synthesised. The degradation ability of polycarbonate 

was also demonstrated. 
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3.2 Experimental Section 

3.2.1 Materials and methods 

2,2-Bis(hydroxymethyl)propionic acid (bis-MPA), 4-methylbenzyl alcohol, and 1,8-

diazabicyclo[5.4.0]undec-7-ene (DBU) were purchased from Sigma-Aldrich. 1-(3,5-

Bis(trifluoromethyl)phenyl)-3-cyclohexylthiourea (TU)28 was synthesised according to 

literature protocols. The detailed 1H and 13C NMR spectra for TU, carbonate monomers, and 

homopolymers are provided in Appendix Figure A1–13 and for copolymers provided in Figure 

A46–49. Anhydrous tetrahydrofuran (THF) and dichloromethane (DCM) were used. All other 

reagents were available commercially from Sigma-Aldrich and used as received unless 

otherwise noted.  

 

Monomer and Polymer Characterisation. 

NMR spectra were obtained on a Bruker AvanceIII-400 instrument operated at 400 MHz 

using CDCl3 and DMSO solutions. All chemical shifts (δ) were reported according to the 

solvent residual peaks (CDCl3 δ = 7.26 ppm (1H) and 77.0 ppm (13C), DMSO δ = 2.50 ppm 

(1H) and 39.5 ppm (13C)) in parts per million (ppm).  

Gel permeation chromatography (GPC) was performed in THF with Waters GPC Breeze 

2 system attached with Styragel HR 4 and HR 4E (300 mm × 7.8 mm each) Waters columns. 

THF was used as an eluent and filtered through 0.22 µm PTFE filter with a flow rate of 1.0 

mL/min. The columns and RI detector were maintained at 35 °C. Narrow molecular weight 

polystyrene standards were used to plot a calibration curve. 

 

Degradation Study of PMPC-4k.  

The degradation study was monitored by 1H NMR spectroscopy in the presence of base.121 

10 µL of 0.01 M NaOH/D2O was added into 600 µL of PMPC-4k (10 mg, 2.5 µmol) DMSO-

d6 solution in a NMR tube, and proton NMR spectra were recorded immediately. Then, the 

tube was incubated in an oil bath at 50 °C and 1H NMR spectra were recorded at different time 

intervals. Upon heating, the polycarbonate backbone was hydrolysed and the polymer was 

fragmented to monomer. The degree of degradation at desired times (0 h, 8 h, 1 day, 2 days, 7 

https://www.sigmaaldrich.com/catalog/substance/18diazabicyclo540undec7ene15224667422211
https://www.sigmaaldrich.com/catalog/substance/18diazabicyclo540undec7ene15224667422211
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days, 9 days, and 10 days) was calculated from the relative integrals of the methyl peak of the 

polymer backbone (4.21 ppm) against the solvent peak (2.50 ppm, DMSO-d6). 

 

3.2.2 Synthetic procedures  

1-(3,5-bis(trifluoromethyl)phenyl)-3-cyclohexylthiourea (TU) 

 

 

Cyclohexylamine (1.1 g, 11 mmol) was added dropwise at room temperature to a solution 

of 3,5-bis(trifluoromethyl)phenyl isothiocyanate (3 g, 11 mmol) in THF (20 mL) and stirred 

for 4 h. After then, the solvent was removed and the white residue was recrystallised from 

toluene to give TU as a white powder (98% yield). 

1H NMR (CDCl3, 400 MHz): δ 7.75 (s, 2H), 7.70 (s, 1H), 6.09 (s, 1H), 4.19 (s, 1H), 2.09-1.17 

(m, 11H). 13C NMR (CDCl3, 400 MHz): δ 179.36, 138.98, 133.12, 124.00, 121.52, 119.54, 

54.21, 32.51, 25.42, 24.71. 

 

Benzyl 3-hydroxy-2-(hydroxymethyl)-2-methylpropanoate (1) 

 

 

A mixture of bis-MPA (16 g, 119 mmol) and potassium hydroxide (6.66 g, 119 mmol) was 

dissolved in 80 mL DMF and heated to 100 °C for 1 h. Benzyl bromide (24.3 g, 143 mmol) 

was added to the mixture and stirred overnight. The reaction was cooled to room temperature 

and the solvent was removed under vacuum. Water (100 mL) and ethyl acetate (200 mL) was 

added to the residue to extract the organic compound from water. Then the organic layer was 

washed with water (100 mL), dried overnight using Na2SO4, filtered and evaporated. The crude 
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yellow solid was recrystallised from toluene to give compound 1 as pure white crystals (63% 

yield).  

1H NMR (CDCl3, 400 MHz): δ 7.37-7.34 (m, 5H), 5.20 (s, 2H), 3.93-3.90 (d, 2H), 3.73-3.71 

(d, 2H), 1.08 (s, 3H). 13C NMR (CDCl3, 400 MHz): δ 175.84, 135.79, 128.76, 128.44, 127.98, 

68.37, 66.82, 49.39, 17.25. 

 

2,2-bis(hydroxyl methyl)propionate (2) 

 

 

Bis-MPA (20 g, 149.2 mmol) and KOH (8.9 g, 159.6 mmol) were dissolved in 100 mL 

DMF and stirred at 100 °C for 2 h. Then propargyl bromide (19 g, 159.6 mmol) was added 

dropwise to the reaction mixture over 30 min. After 72 h, the reaction mixture was filtered, the 

solvent removed under reduced pressure, and the residues dissolved in 100 mL saturated salt 

water (100 mL × 3) and extracted with DCM (200 mL × 3). The organic phase was collected 

and removed to yield the crude product, which was purified by recrystallisation (toluene:ethyl 

acetate) to give compound 2 as white crystals (87% yield).  

1H NMR (CDCl3, 400 MHz): δ 4.77-4.76 (d, 2H), 3.94-3.91 (d, 2H), 3.75-3.72 (d, 2H), 2.50-

2.49 (t, 1H), 1.10 (s, 3H). 13C NMR (CDCl3, 400 MHz): δ 175.17, 75.38, 67.96, 52.61, 49.47, 

17.12. 

 

5-methyl-5-benzyloxycarbonyl-1,3-dioxan-2-one (MBC) 
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Compound 1 (16.8 g, 75 mmol) was dissolved in DCM (200 mL) and pyridine (35.6 g, 

450 mmol) was added. Triphosgene (11.1 g, 75 mmol) in DCM was added dropwise over 1 h 

at 0 °C under N2. After then, the mixture was allowed to acclimatise to room temperature for 2 

h and saturated aqueous NH4Cl (100 mL) was added to quench the reaction. The organic layer 

was washed with 1M aq. HCl (3 × 150 mL) and NaHCO3 (1 × 150 mL) and then dried with 

Na2SO4 overnight. The Na2SO4 was filtered and evaporated to give crude MBC, which was 

then purified by recrystallisation (1:2 ethyl acetate/hexane) to afford pure product as white 

crystals (69% yield).  

1H NMR (CDCl3, 400 MHz): δ 7.39-7.32 (m, 5H), 5.22 (s, 2H), 4.72-4.69 (d, 2H), 4.22-4.19 

(d, 2H), 1.33 (s, 3H). 13C NMR (CDCl3, 400 MHz): δ 171.03, 147.51, 134.88, 128.87, 128.83, 

128.31, 73.05, 68.00, 40.35, 17.66. 

 

5-methyl-2-oxo-1,3-dioxane-5-carboxylic acid (3) 

 

 

MBC (6 g, 24 mmol) was dissolved in THF (100 mL) and Pd/C (0.5 g, 4.7 mmol) was 

added and stirred under H2 for 24 h. The mixture was filtered and THF was evaporated to give 

compound 3 as a white solid and used without further purification (91% yield).  

1H NMR (DMSO-d6, 400 MHz): δ 13.36 (s, 1H), 4.61-4.58 (d, 2H), 4.38-4.36 (d, 2H), 1.23 (s, 

3H). 13C NMR (DMSO-d6, 400 MHz): δ 171.46, 147.08, 72.39, 66.70, 16.35. 

 

5-methyl-5-propargyloxycarbonyl-1,3-dioxan-2-one (MPC) 
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Synthetic route 1 

Compound 3 (3.08 g, 19.3 mmol) was dissolved in THF (100 mL) with 3 drops of DMF 

followed by oxalyl chloride (2.44 g, 19.3 mmol). The mixture was stirred under N2 for 1 h, 

then the solvents were distilled to give acyl chloride as a white solid. The solid was redissolved 

in THF (50 mL) and propargyl alcohol (1.08 g, 19.3 mmol) to which trimethylamine (2.14 g, 

21 mmol) was added, causing white precipitate to form. The mixture was stirred for 3 h, filtered, 

and then evaporated to give crude yellow solids. This was purified by recrystallisation (1:1 

THF/diethyl ether) to give MPC as white crystals (43% yield).  

1H NMR (CDCl3, 400 MHz): δ 4.80 (d, 2H), 4.74-4.71 (d, 2H), 4.23-4.21 (d, 2H), 2.54-2.52 (t, 

1H), 1.37 (s, 3H). 13C NMR (CDCl3, 400 MHz): δ 170.49, 147.38, 76.11, 72.87, 53.64, 40.36, 

17.57. 

Synthetic route 2 

Compound 2 (2 g, 11.6 mmol) and ethyl chloroformate (2.21 g, 23.2 mmol) was dissolved 

in dry THF (100 mL) in a sealed vessel purged with N2, cooled in ice, and stirred for 1 h. After 

then, TEA (2.3 g, 23.2 mmol) was added dropwise over 30 min and the reaction was stirred for 

3 h to allow it to warm to room temperature and then left to stir overnight. The solution was 

filtered, evaporated and the crude product was precipitated in a mixture of ethyl acetate and 

diethyl ether (1:1) to obtain pure MPC as white crystals (54% yield). 

1H NMR (CDCl3, 400 MHz): δ 4.79 (d, 2H), 4.73-4.71 (d, 2H), 4.23-4.20 (d, 2H), 2.53-2.52 (t, 

1H), 1.37 (s, 3H). 

 

Preparation of polymer MPC via ring-opening polymerisation (PMPC) 

 

 

The ring-opening polymerisation of MPC was carried out using a nitrogen purged glove 

box. For the naming system of each polymer, please refer to Chapter 4.2.2.  
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Synthesis of PMPC-4k with the degree of polymerisation (DP) of 20 is described in 

Chapter 4.2.2. 

Synthesis of PMPC-8k with the degree of polymerisation (DP) of 40 is as follows: MPC 

(0.32 g, 1.61 mmol) was added to 4-methyl benzyl alcohol (0.005 g, 0.04 mmol) and TU (0.03 

g, 0.081 mmol), and dissolved in 2 mL of anhydrous DCM. Then DBU (2.4 µL, 0.016 mmol) 

was added and the mixture was left to stir at room temperature for 6 h. At the end of the reaction, 

benzoic acid (0.0065 g, 0.053 mmol) was added to quench the catalyst. The crude polymer in 

DCM was precipitated in cold methanol and dried. The polymer was redissolved in DCM and 

precipitated again in cold methanol to obtain pure polymer as a clear viscous oil (97% yield). 

1H NMR (CDCl3, 400 MHz): δ 4.73 (d, 2H, J = 2.5 Hz), 4.35-4.28 (m, 4H), 2.54 (t, 1H, J = 

2.5 Hz), 1.29 (s, 3H). GPC (THF, RI): Mn (PDI) = 8880 g mol-1 (1.20). 

Synthesis of PMPC-16k with the degree of polymerisation (DP) of 80 is as follows: MPC 

(0.32 g, 1.61 mmol) was added to 4-methyl benzyl alcohol (0.0025 g, 0.02 mmol) and TU (0.03 

g, 0.081 mmol), and dissolved in 2 mL of anhydrous DCM. Then DBU (2.4 µL, 0.016 mmol) 

was added and the mixture was left to stir at room temperature for 6 h. At the end of the reaction, 

benzoic acid (0.0032 g, 0.026 mmol) was added to quench the catalyst. The crude polymer was 

precipitated in cold methanol and dried to obtain pure polymer as a clear viscous oil (95% 

yield).  

1H NMR (CDCl3, 400 MHz): δ 4.73 (d, 2H, J = 2.5 Hz), 4.35-4.28 (m, 4H), 2.54 (t, 1H, J = 

2.5 Hz), 1.29 (s, 3H). GPC (THF, RI): Mn (PDI) = 13580 g mol-1 (1.20). 

 

Preparation of copolymer MPC and MBC via ring-opening polymerisation (2-5) 
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The ring-opening copolymerisation of MPC and MBC were carried out under the nitrogen 

purged reaction vessel. All polymers were synthesised with the degree of polymerisation (DP) 

of 20. For the naming system of each polymer, please refer to Chapter 5.3.1.  

Synthesis of copolymer 2 was described in Chapter 5.2.2. 

Synthesis of copolymer 3 is as follows: the reaction was initiated by the addition of initiator 

4-methyl benzyl alcohol (0.013 g, 0.11 mmol) into a mixture of MPC (0.30 g, 1.51 mmol), 

MBC (0.16 g, 0.65 mmol), and DBU (1.6 µL, 0.011 mmol) in 2 mL of dry DCM at room 

temperature. The reaction was left overnight and then quenched by addition of benzoic acid 

(0.017 g, 0.14 mmol). The crude polymer solution in DCM was precipitated in cold methanol 

and dried. Then the polymer was redissolved in DCM and precipitated again in methanol to 

yield the final product 3 as a clear colorless viscous oil (>98% yield).  

1H NMR (CDCl3, 400 MHz): δ 7.33 (s, 15H), 5.16 (s, 6H), 4.72 (s, 14H), 4.31 (s, 40H), 2.53 

(s, 7H), 1.27 (s, 30H). GPC (THF, RI): Mn (PDI) = 3690 g mol-1 (1.20).  

Synthesis of copolymer 4 is as follows: the reaction was initiated by the addition of initiator 

4-methyl benzyl alcohol (0.0093 g, 0.076 mmol) into a mixture of MPC (0.15 g, 0.76 mmol), 

MBC (0.19 g, 0.76 mmol), and DBU (1.1 µL, 0.0076 mmol) in 2 mL of dry DCM at room 

temperature. The reaction was left overnight and then quenched by addition of benzoic acid 

(0.012 g, 0.10 mmol). The crude polymer solution in DCM was precipitated in cold methanol 

and dried. Then the polymer was redissolved in DCM and precipitated again in methanol to 

yield the final product 4 as a clear colorless viscous oil (90% yield).  

1H NMR (CDCl3, 400 MHz): δ 7.32 (s, 25H), 5.15 (s, 10H), 4.71 (s, 10H), 4.30 (s, 40H), 2.51 

(s, 5H), 1.26 (s, 30H). GPC (THF, RI): Mn (PDI) = 3430 g mol-1 (1.20).  

Synthesis of copolymer 5 is as follows: the reaction was initiated by the addition of initiator 

4-methyl benzyl alcohol (0.0092 g, 0.075 mmol) into a mixture of MPC (0.06 g, 0.3 mmol), 

MBC (0.3 g, 1.2 mmol), and DBU (1.1 µL, 0.0075 mmol) in 2 mL of dry DCM at room 

temperature. The reaction was left overnight and then quenched by addition of benzoic acid 

(0.012 g, 0.098 mmol). The crude polymer solution in DCM was precipitated in cold methanol 

and dried. Then the polymer was redissolved in DCM and precipitated again in methanol to 

yield the final product 5 as a clear colorless viscous oil (98% yield).  
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1H NMR (CDCl3, 400 MHz): δ 7.31 (s, 40H), 5.14 (s, 16H), 4.69 (s, 4H), 4.27 (s, 40H), 2.48 

(s, 2H), 1.24 (s, 30H). GPC (THF, RI): Mn (PDI) = 3260 g mol-1 (1.20).  
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3.3 Results and Discussion 

3.3.1 Synthesis of alkyne monomer and characterisation 

 

 

Scheme 3.5. Synthetic method of cyclic carbonate monomers with alkyne functionality. (i) BnBr, KOH, DMF, 

100 °C, (ii) triphosgene, pyridine, DCM, (iii) Pd/C, THF, H2, RT, (iv) oxalyl chloride, (v) propargyl alcohol, TEA, 

THF, (vi) propargyl bromide, KOH, DMF, 100 °C, (vii) ethyl chloroformate, TEA, THF. 

 

The aliphatic cyclic carbonate monomer 5-methyl-5-propargyloxycarbonyl-1,3-dioxan-2-

one (MPC) was synthesised in two possible synthetic pathways as described in Chapter 3.1.1. 

including five consecutive steps and two direct steps (Scheme 3.5).100 For the five synthetic 

steps (Scheme 3.5, route 1), synthesis of the carbonate monomer derived from 2,2-

bis(hydroxymethyl)propionic acid (bis-MPA) initially required a protecting benzyl group for 

cyclisation to occur using triphosgene in the presence of pyridine in DCM to form a six 

membered carbonate ring. A deprotection reaction then takes place to remove the benzyl group 

to produce carboxylic acid, which can react with oxalyl chloride to convert it to acyl chloride. 

After then, propargyl alcohol can react in the presence of base via esterification to remove the 

chloride and produce the alkyne functionalised carbonate monomer (ca. 43%). The structure of 

each synthesised monomer was confirmed by 1H NMR spectroscopy (Appendix Figure A3–

12) and the characteristic peak of alkyne group on the carbonate monomer appeared at 2.50 

ppm. Every monomer was purified using recrystallisation from specific solvent ratios and no 

impurities were found in the purified monomer, showing only signals assigned to the monomer 

on 1H NMR. 
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The alternative synthetic route 2 in Scheme 3.5 involves two steps: functionalisation of the 

free carboxylic group with a propargyl group, followed by cyclisation using ethyl 

chloroformate and base TEA to produce the desired alkyne functionalised cyclic carbonate 

monomer (ca. 54%). Each step involved purification via a recrystallisation technique to yield 

the final product as white crystals. As shown in Appendix Figure A11, the characteristic alkyne 

proton peak appeared at 2.52-2.54 ppm upon reaction with the carboxylic acid group, and the 

cyclic carbonate ring proton peak appeared at 4.21-4.23 and 4.71-4.74 ppm. 

Introduction of the synthetic route 2 was to overcome several drawbacks observed from 

the synthetic route 1 including multiple synthetic steps, low yield, the use of explosive 

hydrogen gas and toxic triphosgene as a reactant for ring closure purposes. Purification of the 

crude product using the traditional column chromatography method (for monomers) proved 

difficult because both silica and aluminium oxide degraded the monomer due to strong 

interactions between the monomer and the solid phase. Therefore, recrystallisation was 

required to remove unwanted impurities, and this was shown to be effective. Route 2 is more 

favourable than route 1 since after ring closed reaction it only needs to recrystallise once which 

results in higher yield. 

On the other hand, when other functional groups that are more active than the alkyne group 

are attached onto the monomer, they may result in failure of cyclisation or reaction with 

hydroxyl groups of the compound. Therefore, it is necessary to use route 1 instead of route 2 

to protect the free carboxylic group on bis-MPA with benzyl bromide first and then perform 

cyclisation later. 
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3.3.2 Ring-opening polymerisation of alkyne functional monomer and 

characterisation 

 

 

Figure 3.1. Stacked 1H NMR spectra of (a) MPC, (b) PMPC-4k, and (c) copolymer 4 in CDCl3. 

 

ROP of MPC with [M]0/[I0] = 20 was carried out using the dual catalyst system of TU and 

DBU with benzyl alcohol as the initiator in DCM at 25 °C. One catalyst system using DBU 

was used for copolymerisation of MPC and MBC. Monomer conversion was determined using 

1H NMR spectroscopy by the disappearance of the methylene protons in the carbonate ring at 

4.21 and 4.71 ppm as a doublet (Figure 3.1a) and the appearance of the protons on the polymer 

backbone at 4.26-4.36 ppm as a multiplet (Figure 3.1b). For copolymer 4, two new peaks 
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appeared for -CH2- at 5.15 ppm and benzene ring peak at 7.32 ppm (Figure 3.1c). GPC analysis 

showed that the resultant homopolycarbonates (PMPC-4k, PMPC-8k, PMPC-16k) and 

copolycarbonates (2-5) revealed a monomodal polymer chain distributions with a narrow 

polydispersity index (PDI) of 1.20, which was in good agreement with those determined by 1H 

NMR end group analysis (PMPC: Appendix Figure A21–23 and Copolymers 2-5: Appendix 

Figure A46–49). Also, 1H NMR analysis showed the monomer to polymer conversion of >99%. 

After completion, polycarbonates were purified by precipitation into cold methanol to yield the 

final pure products. The combination of TU and DBU catalysts showed good control and 

reduced reaction times in the ROP of polycarbonates. 

 

3.3.3 Degradation study of polycarbonate 

 

 

 

Figure 3.2. 1H NMR spectra of PMPC-4k in 0.01M NaOH/D2O at 50 °C at various time intervals. 
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Biodegradable materials have drawn considerable attention due to environmental concerns 

as they have potential to be less toxic and can be easily excreted from the human body, which 

is ideal for medical applications. Cyclic polycarbonates, in particular, have unique 

biodegradable properties where the carbonate ester on the backbone is vulnerable to 

degradation by enzymes, microorganisms, and weak acid or base conditions.122,123 The 

degradation of polycarbonate was investigated previously by others using different pH 

conditions. Shih et al. demonstrated the effect of pH on degradation of polycarbonate, and 

results showed that higher pH led to faster degradation of the polymer.124 Cho et al. reported 

complete degradation of polycarbonate after 9 days under basic conditions.121 

Herein, degradation of PMPC-4k in aqueous base condition was monitored by 1H NMR 

in DMSO-d6 at 50 °C for various periods of time (Figure 3.2). The optimal temperature to 

accelerate the rate of degradation was determined to be 50 °C as a higher temperature (80 °C) 

caused the degradation to occur too fast and a lower temperature (25 °C) resulted in slow 

degradation. The intensity of peak 1 at 1.28 ppm, which was attributed to the methyl group of 

the polycarbonate backbone, showed significant reduction in intensity after 7 days and 

disappeared after 10 days. Following this, bis-MPA peak 5 appeared at 1.03 ppm. Peak 2 at 

4.26-4.36 ppm, which was assigned to the methylene groups of the polycarbonate backbone, 

and peak 3 at 4.73 ppm, showed significant reduction after 7 days and completely disappeared 

after 10 days. Upon degradation, the alkyne proton peak 4 at 2.54 ppm immediately 

disappeared. 

Overall, our results are in good agreement with other studies as the biodegradability of the 

polycarbonate was confirmed by degradation after 10 days under mild base conditions. The 

biodegradability of polycarbonate is also mentioned in Chapter 4.3.1. 
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3.4 Conclusions 

Detailed synthetic strategies of cyclic carbonate monomers and polymerisation techniques 

was discussed. MPC and MBC monomers for the preparation of aliphatic homopolycarbonate 

and copolycarbonate were successfully synthesised and characterised by 1H NMR and 13C 

NMR. After then, the polymerisation of MPC was well-controlled using dual catalysts of TU 

and DBU to synthesise homopolymers and DBU was used to copolymerise MPC and MBC, 

showing a narrow PDI value at mild conditions with high yield. In addition, based on the NMR 

data, degradability of polycarbonate was monitored and the results confirmed that more than 

97% of the polymer was degraded after 10 days under mild base conditions. In conclusion, 

functional polycarbonate platforms were successfully synthesised and used for attaching 

antimicrobial materials, which is covered in the subsequent chapters.  
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4  
Molecular Weight and 

Charge Density Effects of 

Guanidinylated 

Biodegradable 

Polycarbonates on 

Antimicrobial Activity and 

Selectivity 
 

 

The article entitled “Molecular weight and charge density effects of guanidinylated 

biodegradable polycarbonates on antimicrobial activity and selectivity” was published in the 

journal Biomacromolecules (impact factor of 5.246 in 2017). 
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4.1 Introduction 

Antimicrobial peptide (AMP) mimicking synthetic polymers have recently shown promise 

as an ideal platform to develop new pharmaceuticals active against the growing threat of 

antibiotic-resistant bacteria.35,38,54,77,125-127 An antimicrobial mechanism is proposed where 

these polymeric materials could disrupt the microorganism’s membrane structure by the 

Coulombic interaction between the positively charged polymer and the negatively charged sites 

on the cell surface.128,129 These polymeric antimicrobial materials have broad spectrum 

antimicrobial activities and are postulated to be less susceptible to the development of 

resistance than conventional antibiotics due to their unique physical antimicrobial mode of 

actions.130 Recent reports indicate that bacteria can develop resistance to AMPs and cationic 

charged polymers by mutating to neutralise their negatively charged cell envelope.54,131 

However, it has been proposed that the development of resistance can be delayed when cationic 

polymers are covalently coupled to various surfaces, such as polymer brush.132,133  Ji et al. 

successfully attached poly(quaternary ammonium) polymers onto human serum albumin 

(HSA) via atom transfer radical polymerisation (ATRP) which leads to reduce the onset of 

bacterial resistance.132 

In addition, grand challenges such as lowering biocidal dosage and their cytotoxicity, 

increasing selectivity and the targeting of certain microorganisms still remain for polymeric 

antimicrobial materials.52 Moreover, the backbone of most antimicrobial polymers are non-

biodegradable, which could limit their uses in vivo.134 With the aim to face these challenges 

and continuously develop new antimicrobial polymers, the relationship between the polymer 

structures and their antimicrobial properties should be extensively investigated. 

To date, various aspects of polymer structural parameters including amphiphilic balance, 

molecular weight and positive charge density have been investigated for their influence on 

biocidal activity and cytotoxicity.38,77,126 Locock et al. investigated molecular weight effect of 

guanidine functionalised polymethacrylates in the range of 3000 to 23400 g mol-1 prepared by 

RAFT polymerisation.38 These guanidine functionalised polymethacrylates showed high 

biocidal activity against Staphylococcus epidermidis and Staphylococcus aureus (MIC <100 

µg/mL), but mediocre activity against Escherichia coli (MIC >1500 µg/mL). Tew et al. 

published their study on the effect of charge density variation based on the 

poly(oxanorbornene) backbone with pendant alkyl amine side chains and suggested the 

existence of a minimum charge density requirement for the attachment of the polymer to the 
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bacterial membrane.126 Yang and Hedrick reported that further increment of cationic charge 

density above the threshold value did not affect the antimicrobial polymer’s potency.74 

Aliphatic polycarbonates are found to be an ideal biomaterial not only because of its facile 

and versatile synthetic capability but also its degradability and biocompatibility.135 

Traditionally, the organometallic catalysts such as Sn(OTf)2 were used for the ring-opening 

polymerisation (ROP) of cyclic carbonate monomers.101 Waymouth and Hedrick pioneered the 

metal-free organocatalytic ROP which greatly enabled the resulting polycarbonates for 

biomedical application.100,136 Yang et al. further synthesised many antimicrobial 

polycarbonates with different architectures and active pendant groups such as quaternary 

ammonium salt97,41 and mannose137.  

In this study, alkyne functionalised polycarbonate is adopted for post-polymerisation 

modification to incorporate guanidine pendant group through the elegant Cu(I)-catalysed 

azide-alkyne cycloaddition (CuAAC) reaction.86 The guanidine charge density was tailored 

through changing the ratios of guanidine azide to oligo(ethylene oxide) azide. Conventionally, 

the introduction of the charge diluting group will inevitably cause the hydrophilic/hydrophobic 

balance change. In order to solely concentrate on the guanidine charge variation study, the 

concept of a passive diluting group was introduced. The oligo(ethylene oxide) azide we chose 

has very similar size and molecular weight (Mw = 175.10 g mol-1) to the guanidine azide (Mw 

= 178.07 g mol-1) and is highly water-soluble with no antimicrobial property. Among many 

nitrogen containing antimicrobial compounds, the guanidine group was down selected as the 

cationic moiety due to its superior activity when compared to the well-known quaternary 

ammonium groups in synthetic polymeric biocides.77 Guanidine is capable of forming 

multidentate binding with the anionic phosphate head groups, resulting in stronger interaction 

with bacterial cell membranes and may possess the ability to permeate through the membrane 

upon charge neutralisation.8,138,139 Also, no study has been carried out on the antimicrobial 

capability of polycarbonates incorporating guanidine as an active pendant group, which has 

drawn our attention and interest. Structure-activity relationships (SARs) of polymers were 

investigated by controlling synthetic parameters including polycarbonate molecular weight and 

guanidine charge density. Six water-soluble guanidinylated aliphatic polycarbonates (three 

different molecular weights and three levels of charge densities) were successfully synthesised 

and tested in a variety of antimicrobial assays followed by hemolytic assays against mammalian 

sheep red blood cells (RBCs) to check the toxicity behavior. The nucleic acid release assay was 

conducted and the morphological changes on the live and dead bacteria membrane surfaces 
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were examined by scanning electron microscopy (SEM), which revealed the possibility of cell 

lysis through membrane activity caused by the polycarbonates in this work. 

 

  



55 

 

4.2 Experimental Section 

4.2.1 Materials and methods 

1-(3,5-Bis(trifluoromethyl)phenyl)-3-cyclohexylthiourea (TU),140 5-methyl-5-

propargyloxycarbonyl-1,3-dioxan-2-one (MPC) monomer,100 and azide-functionalised 

guanidine (1-(3-azidopropyl)-guanidine hydrochloride)125 were synthesised according to 

literature protocols. The detailed NMR spectra for MPC monomer, PMPC polycarbonate 

precursor, guanidinylated polycarbonates and azide guanidine are provided in Appendix 

(Figure A11–19). Anhydrous tetrahydrofuran (THF) and dichloromethane (DCM) were used. 

All other reagents were available commercially from Sigma-Aldrich and used as received 

unless otherwise noted. Difco Müller-Hinton Broth (MHB), Tryptic Soy Broth (TSB), and 

Difco agar granulated powder were purchased from Fort Richard Laboratories, Auckland, New 

Zealand. Phosphate buffered saline (PBS) was prepared from tablets purchased from Sigma-

Aldrich. All solutions were prepared according to the manufacturer’s instruction using Milli-

Q water. Prior to use, all solutions were autoclaved to ensure sterility. Four bacterial strains, 

Escherichia coli (ATCC 25922), Pseudomonas aeruginosa (ATCC 27853), Staphylococcus 

aureus (ATCC 6538), and Staphylococcus epidermidis (ATCC 14990) and one fungal strain, 

Candida albicans (ATCC 10231), were used for determination of minimum inhibitory and 

minimum lethal concentrations (MIC and MLC). The bioluminescent strains E. coli lux, ATCC 

25922 tagged with p16Slux141 and S. aureus XEN36142 were used for time to kill assays. Red 

blood cells were obtained from sheep and purchased from Fort Richard Laboratories. 

 

Monomer and Polymer Characterisation.  

1H and 13C NMR spectra were obtained on a Bruker AvanceIII-400 instrument operated at 

400 MHz using CDCl3, DMSO, and D2O solutions depending on the compound solubility. All 

chemical shifts (δ) were reported according to the solvent residual peaks (CDCl3 δ = 7.26 ppm 

(1H) and 77.0 ppm (13C), DMSO δ = 2.50 ppm (1H) and 39.5 ppm (13C), D2O δ = 4.79 ppm 

(1H)) in parts per million (ppm). 

Attenuated total reflectance-Fourier transform infrared (ATR-FTIR) spectra were obtained 

using a Thermo Scientific Nicolet iS50 FT-IR spectrometer. Spectra were recorded over the 

400–4000 cm-1 range by cumulating 32 scans at 4 cm-1 resolution and have been corrected for 

baseline. 
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Mass spectra were obtained by electrospray ionisation (ESI) using a Bruker micrOTOF-II 

mass spectrometer. 

Gel permeation chromatography (GPC) was performed with Waters GPC Breeze 2 system 

attached with Styragel HR 4 and HR 4E (300 mm × 7.8 mm each) Waters columns. THF was 

filtered through 0.22 µm PTFE filter and used as eluent with the flow rate of 1.0 mL/min. The 

columns and RI detector were maintained at 35 °C. Polystyrene standards were used to plot a 

calibration curve. 

Dynamic light scattering (DLS) was performed on a Zetasizer Nano ZS (Malvern 

Instruments Ltd.), which determines the hydrodynamic diameters (Dh) of polymer. Polymer 

solutions (0.1 mg/mL) were filtered and measured three times at 25 °C and an average value 

was observed from the three measurements. 

 

Minimum Inhibitory Concentration (MIC) and Minimum Lethal Concentration (MLC) 

Measurements.  

Inocula of E. coli, P. aeruginosa, S. aureus, S. epidermidis, and C. albicans were cultured 

in MHB at 37 °C under constant shaking of 200 rpm overnight. The MIC and MLC values of 

the polymers were determined using a standard broth microdilution method. Each polymer 

stock solutions were prepared in triplicates. The homogenised polymer solutions with an initial 

concentration of 2560 µg/mL were dispensed (100 µL) into the first row of wells of the 96-

well plate and serially diluted across the plate containing 50 µL of MHB medium base by a 

dilution factor of 2 achieving final concentration of 10 µg/mL. To all wells, microbial 

suspension with a concentration of 106 CFU/mL (50 µL) was added. The 96-well plate was 

then incubated at 37 °C under constant shaking of 200 rpm overnight. The MIC values were 

recorded by observing turbidity of the solutions with unaided eyes. Broth containing microbial 

suspension alone was used as negative control. Each test was repeated three times to ensure 

reproducibility of the experiments. The MIC is expressed as the median of median values from 

biological replicates. After MIC measurements, 20 µL of each well containing microbial 

combination were plated out in triplicates onto Tryptic soy agar plates and incubated at 37 °C 

overnight. The MLC values were determined at a concentration where no bacterial growth was 

observed after a period of 21 h. The MLC is expressed as the median of median values from 

biological replicates. 
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Time to Kill Assay.  

Bioluminescence from genetically modified bacteria carrying the bacterial lux genes was 

used as a real time, non-destructive surrogate measure for bacterial viability. The 

bioluminescence reaction requires reduced Flavin cofactors that are only present in living cells, 

and so only living cells will bioluminescence.143 Bioluminescent E. coli lux and S. aureus 

XEN36 at an initial concentration of 106 CFU/mL were prepared according to the procedure 

for MIC measurement described earlier. Six polycarbonate sample solutions (PG-8k-100, PG-

15k-100, PG-30k-100, PG-8k-7030, PG-8k-5050, and PG-8k-2080) were diluted across the 

96-well plate with starting concentration of 2560 µg/mL down to 10 µg/mL by doubling 

dilutions. The plate was incubated at 37 °C under constant shaking at 200 rpm. 

Bioluminescence of the plate was measured by a plate reader (PerkinElmer VICTOR multilabel 

plate reader) at regular time intervals (0, 0.5, 1, 2, 4, 6, and 21 h). A total of 20 µL of the 

microbial samples were taken after 21 h incubation and plated onto an agar plate and incubated 

overnight at 37 °C to confirm bacterial killing. Experiments were carried out three times in 

triplicates for each sample and data are expressed as the median of median values from 

biological replicates.  

 

Hemolysis and Hemagglutination Assays.  

Defibrinated sheep blood (3.75 mL) was collected and centrifuged at 5000 xg for 10 min 

at room temperature. The supernatant was decanted and cells were resuspended in PBS (2.5 

mL) and centrifuged again. The cells were rinsed two more times by centrifugation. The final 

rinsed red blood cells were diluted by 10-fold. The homogenised polycarbonate solutions with 

concentration of 2560 µg/mL were aliquoted in small microcentrifuge tubes (1 mL) and serially 

diluted along the tubes containing PBS (0.5 mL) by a dilution factor of 2. The resulting 

concentrations were ranging from 10 to 1280 µg/mL. Diluted blood cells (0.5 mL) was added 

to all of the tubes. The samples were then incubated at 37 °C under constant shaking of 200 

rpm for 1 h. After incubation, the samples were centrifuged at 5000 rcf for 10 min, and the 

resulting supernatant (100 µL) was transferred to a flat-bottom 96-well plate and measured at 

540 nm using a microplate reader (PerkinElmer 2300 multilabel reader) assuming minimum 

polymer absorbance. PBS solution alone was used as the negative control and Triton-X-100 

(2% v/v in water) was used as the positive control. Percentage of hemolysis was calculated as 

follows: 
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Hemolysis (%) = [
𝐴𝑠 – 𝐴𝑛

𝐴𝑝 – 𝐴𝑛
] × 100% 

As, An, and Ap stands for the absorbance of the sample, the absorbance of the negative 

control, and the absorbance of the positive control, respectively. 

Hemagglutination was determined from resuspension of contents in the original 

microcentrifuge tubes containing polycarbonate sample and blood in PBS. 100 µL of the 

suspension transferred into a new round-bottom 96-well plate and kept at room temperature 

overnight. The agglutination of blood was observed where negative results (no 

hemagglutination) appear as compact pellet in the center of the round-bottom plate and positive 

results (hemagglutination) appear as a diffuse pellet across the bottom of well. Concanavalin 

A (50 µg/mL) was used as the positive control and PBS solution was used as the negative 

control. Each assay was performed in triplicates and repeated three times for each 

polycarbonate and concentration. The data were expressed as medians of three replicates.  

Selectivity of the polymer samples to microorganisms described by using the selectivity 

index (SI), which was calculated as follows: 

Selectivity index =
HC50 (µg/mL)

MIC (µg/mL)
 

For the purpose of calculating SI,144,145 HC50 values greater than 1280 µg/mL were taken 

as being 1280 µg/mL. Larger SI values indicate greater cell selectivity.146  

 

Nucleic Acid Release Assay.  

To understand antimicrobial mechanism, cell damage was studied by measuring the 

release of intracellular nucleic acids using UV absorption at 260 nm. Tubes containing 1 mL 

of 109 CFU/mL of either E. coli or S. aureus were centrifuged at 13000 xg for 2 min, 

supernatant was removed, and cells resuspended in 1 mL H2O to remove residual media, 

centrifuged again and resuspended in 1 mL of H2O. The bacteria were treated with the polymer 

at 4 × MIC and incubated at 37 °C for 30 min, 1, 4, and 21 h. The sample was centrifuged to 

separate cells from the supernatant containing DNA, which was measured as absorbance at 260 

nm using a NanoDrop™ 2000 Spectrophotometer (Thermo Fisher). DNA released is presented 

as ng/µL as calculated by the NanoDrop, corrected for background absorbance from bacterial 
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cells incubated in water alone, and polymer in water alone. Each assay was performed in 

triplicate on three occasions. 

 

Field-Emission Scanning Electron Microscopy (FE-SEM).  

E. coli and S. aureus with an optical density of 0.3 were incubated in Müller-Hinton broth 

with glass slides (10 mm) for 3 h. Excess bacteria on the slides were removed by washing with 

0.01 M sodium phosphate buffer (pH 7.4) and then adhered bacteria were treated for 1 h with 

the respective polycarbonate dissolved in Müller-Hinton broth at 2 × MIC concentration. 

Excess polycarbonate was removed by washing with 0.01 M sodium phosphate buffer (pH 7.4) 

and then slides were fixed with 4% glutaraldehyde in 0.01 M sodium phosphate buffer (pH 7.4) 

for 1 h. The slides were washed with 0.01 M sodium phosphate buffer (pH 7.4) again and 

dehydrated using a series of graded ethanol solution (25–100%) before drying at 60 °C for 10 

min. The dehydrated samples were platinum-coated for 2 min at 20 mA for imaging under high 

vacuum using a FEI Quanta 200 FE-SEM microscope. 

 

4.2.2 Synthetic procedures 

Synthesis of 1-(3-azidopropyl)-guanidine hydrochloride. 

 

 

3-bromopropylamine hydrobromide (2.0 g, 9.14 mmol) was dissolved in a stirred solution 

of NaN3 (1.6 g, 24.7 mmol) in water (10 mL). The mixture was stirred at 80 °C for 16 h. After 

cooling to room temperature, NaOH was added to make the solution basic (pH>10). The 

product was extracted with DCM (20 mL) three times. The organic extracts were dried by the 

anhydrous Na2SO4, filtered, and the solvent was removed under reduced pressure to afford 3-

azidopropylamine as a yellow oil (95% yield).  

1H NMR (CDCl3, 400 MHz): δ 3.33-3.29 (t, 2H), 2.76-2.72 (t, 2H), 1.70-1.63 (m, 2H), 1.05 

(s, 2H). 13C NMR (CDCl3, 400 MHz): δ 49.14, 39.33, 32.49. 
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In the final step, 3-azidopropylamine (2.18 g, 22 mmol), amidinopyrazole hydrochloride 

(3.19 g, 22 mmol), and DIPEA (3.79 g, 22 mmol) were dissolved in ethanol (25 mL) and stirred 

at 55 °C for 12 h. After then, the solvent was removed under vacuum and washed with diethyl 

ether three times (10 mL) and dried in the oven to yield the final product 1-(3-azidopropyl)-

guanidine hydrochloride as a yellow viscous oil (92% yield).  

1H NMR (DMSO-d6, 400 MHz): δ 3.49-3.46 (t, 2H), 3.25-3.20 (m, 2H), 1.81-1.75 (m, 2H). 

13C NMR (DMSO-d6, 400 MHz): δ 157.10, 47.96, 38.03, 27.76. HR-MS (ESI) calcd. 143.07 

for C4H11N6, found 143.10 [M-Cl]- (Appendix Figure A20). 

 

Synthesis of Aliphatic Polycarbonate with “Clickable” Alkyne Pendant Group with 

Three Different Molecular Weights.  

 

 

The alkyne-functionalised aliphatic polycarbonates (PMPC) were prepared following the 

well-established procedure reported by Hedrick et al.100 The molecular weight was controlled 

by the feed ratio of monomer (MPC) to initiator ([M]0/[I]0), which gave the resulting polymers 

called PMPC-4k, PMPC-8k, and PMPC-16k with the DP of 20, 40, and 80, respectively. The 

molecular weight calculation was provided in Appendix (Figure A21–23). 

The typical procedure for the synthesis of PMPC-4k is as follows: To a monomer solution 

of 5-methyl-5-propargyloxycarbonyl-1,3-dioxan-2-one (MPC; 1 g, 5.04 mmol) in 2 mL of 

anhydrous DCM, TU (0.093 g, 0.25 mmol), and 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU; 

7.7 µL, 0.05 mmol) were added. Then the initiator 4-methyl benzyl alcohol (0.031 g, 0.25 

mmol) was added to initiate the polymerisation and the mixture was stirred at room temperature 

for 6 h. At the end of the reaction, benzoic acid (0.040 g, 0.33 mmol) was added to quench the 

reaction. The crude polymer solution in DCM was precipitated in methanol and dried. The 

polymer was redissolved in DCM and precipitated again in cold methanol to yield the final 

product PMPC-4k (>99% yield, clear viscous oil).  
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1H NMR (CDCl3, 400 MHz): δ 4.73 (d, 2H, J = 2.5 Hz), 4.36-4.26 (m, 4H), 2.54 (t, 1H, J = 

2.5 Hz), 1.28 (s, 3H). 13C NMR (CDCl3, 400 MHz): δ 171.49, 154.41, 77.16, 75.71, 68.58, 

53.02, 46.68, 17.50. GPC (THF, RI): Mn (PDI) = 5480 g mol-1 (1.20). 

 

Synthesis of Guanidinylated Polycarbonates through CuAAC Click Chemistry. 

  

 

Three guanidine functionalised polycarbonates were named as PG-8k-100, PG-15k-100, 

and PG-30k-100. PG stands for the polyguanidines synthesised in this work, the middle code 

stands for molecular weight and the end number refers to the guanidine molar content of 100%. 

The detailed synthesis procedure for PG-8k-100 is as follows: To the previous synthesised 

alkyne precursor polycarbonate, PMPC-4k (0.29 g, 1.5 mmol) in 4 mL of THF, a solution of 

copper(II) sulfate pentahydrate (0.11 g, 0.44 mmol), and sodium ascorbate (0.29 g, 1.5 mmol) 

in 4 mL of H2O were added and stirred at 50 °C for 10 min. Azide guanidine (0.53 g, 3 mmol) 

was then added, and the mixture was left to stir at 50 °C for 24 h. After that, the solvent was 

removed and the remaining solid was completely redissolved in a minimal amount of H2O (ca. 

2 mL).  To remove copper residual, roughly 1 equiv of Na2S (0.11 g, 0.44 mmol) was added. 

Upon addition of Na2S, the solution turned brown with a precipitate of copper sulfide. Lastly, 

the filtrate was added to the dialysis bag (3500 Da MWCO) for further purification for 6 h with 

constant replacement of fresh water. The final product (PG-8k-100) was obtained as a light 

brown solid after removal of water (64% yield).  

1H NMR (D2O, 400 MHz): δ 8.11 (s, 1H), 5.28 (s, 2H), 4.55 (s, 2H), 4.30 (s, 4H), 3.26 (s, 2H), 

2.24 (s, 2H), 1.23 (s, 3H). 13C NMR (D2O, 400 MHz): δ 172.89, 156.82, 154.32, 142.09, 125.45, 

68.93, 63.98, 47.76, 46.56, 38.15, 28.42, 16.60.  
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Synthesis of Guanidinylated Polycarbonates with Three Charge Density Variations. 

 

 

Four guanidine functionalised polycarbonate copolymers were named as PG-8k-7030, 

PG-8k-5050, PG-8k-2080, and PG-8k-0. PG stands for the polyguanidines, the middle code 

stands for the copolymer’s molecular weight and the end number refers to the guanidine and 

passive diluting group’s molar ratios. 

For example, the detailed procedure to prepare PG-8k-5050 is as follows: In a 25 mL 

three-neck round-bottom flask, the precursor polycarbonate PMPC-4k (0.4 g, 2 mmol) and the 

passive diluting group 2-[2-(2-azidoethoxy)ethoxy]ethanol (0.18 g, 1 mmol) were dissolved in 

2 mL of THF. Then a solution of copper(II) sulfate pentahydrate (0.076 g, 0.3 mmol) and 

sodium ascorbate (0.2 g, 1 mmol) in 2 mL of H2O were added to the flask. The reaction mixture 

was stirred at 50 °C for 4 h. After then, the second azide group, that is, azide guanidine (0.25 

g, 1.4 mmol) was added in a slightly excess amount to the reaction mixture and stirred at 50 °C 

overnight.  The solvent was removed and the remaining solid was completely redissolved in a 

minimal amount of H2O. To remove copper residual, roughly 1 equiv of Na2S (0.073 g, 0.3 

mmol) was added. Upon addition of Na2S, the solution turned brown with a precipitate of 

copper sulfide. Lastly, the filtrate was added to the dialysis bag (3500 Da MWCO) for further 

purification. The final product (PG-8k-5050) was obtained as a light brown solid after removal 

of water (40% yield).  

1H NMR (D2O, 400 MHz): δ 8.18 (s, 1H), 5.30 (s, 2H), 4.63-4.56 (m, 2H), 4.29 (s, 4H), 3.96 

(s, 2H), 3.69-3.63 (m, 4H), 3.25 (s, 2H), 2.23 (s, 2H), 1.19 (s, 3H).  
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4.3 Results and Discussion 

4.3.1 Antimicrobial polymer synthesis 

The overall design strategy of this work is the post-functionalisation of a series of 

“clickable” polycarbonates of different molecular weights with the pendant groups of 

guanidine and oligo(ethylene oxide) through the CuAAC click chemistry. The postsynthesis 

modification enjoys a much more convenient and quick route to obtain new polycarbonates 

polymer, as opposed to multistep new synthesis of cyclic carbonate monomer and ring-opening 

polymerisation (ROP) thereafter. In this work, the key cyclic carbonate monomer containing 

the alkyne group is 5-methyl-5-propargyloxycarbonyl-1,3-dioxan-2-one (MPC), which was 

first synthesised by Hedrick and co-workers.100 The monomer MPC can be polymerised to 

afford PMPC using the catalyst system of TU/DBU through organocatalytic mechanism 

(Figure 4.1). Previously, PMPC has been utilised as universal “clickable” backbone to attach 

functional groups such as photochromic compounds147 for control release, glucose,148 and 

proteins149 for target drug delivery and tissue engineering. Here, three alkyne-functionalised 

polycarbonate homopolymers (PMPC-4k, PMPC-8k, and PMPC-16k) were successfully 

prepared as precursor polymers for further post-functionalisation. By 1H NMR end group 

analysis and GPC measurements, the actual molecular weight of the polymers matched 

extremely well to the desired numbers and the polydispersity (Figure 4.1 and Figure A21–23 

in the Appendix for Mn calculation). The hydrolytic stability of the PMPC-4k was monitored 

by 1H NMR in DMSO-d6 at 50 °C.  Over 97% of the polymer was degraded after 10 days under 

mild base conditions (pH~12), which demonstrate this polymer has the biodegradability 

(Appendix Figure A38). 
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Figure 4.1. GPC traces and molecular weight characterisation of PMPC-4k, PMPC-8k, and PMPC-16k in THF. 

 

 

 

 

Scheme 4.1. Synthesis of guanidinylated aliphatic polycarbonates via post-synthesis modification using standard 

CuAAC click reaction. 
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Subsequently, to investigate the molecular weight effect, the precursor polymers (PMPC-

4k, PMPC-8k, and PMPC-16k) were reacted with azide guanidine to impart their 

antimicrobial activities via CuAAC “click” reaction (Scheme 4.1). An excess amount of azide 

guanidine (2 equiv) was used to ensure the full conversion of the alkyne groups in the 

backbones into triazole groups. The isolated yields were average to good, ca. 60%. The 

resulting polymers are labeled as PG-8k-100, PG-15k-100, and PG-30k-100 based on their 

theoretical Mn and the assumption of 100% click reaction efficiency. Many functional polymers 

obtained after the CuAAC reactions are known to be difficult to remove the entrapped copper 

residues.150,151 However, there are several research groups demonstrated that the use of sodium 

sulfide managed to remove the copper.152,153 Upon addition of sodium sulfide to the aqueous 

solution of copper contaminated polymer, the insoluble copper sulfide salt was formed 

immediately, which can be easily removed by filtration. The polymers (PG-8k-100, PG-15k-

100, and PG-30k-100) were further purified by dialysis to remove the other possible water-

soluble impurities remaining in the reaction solution. By ICP-MS analysis of polymer PG-8k-

100, the highest possible contamination of copper in the polymer was 0.75 µg/mL. In order to 

check that the biocide effect is not due to residual of the copper catalyst, the MIC of the copper 

against microbes were measured. The MIC of CuSO4 is 3000 µg/mL against E. coli, S. aureus 

and P. aeruginosa, 1500 µg/mL against S. epidermidis, and 6000 µg/mL against C. albicans. 

This confirmed that the antimicrobial activity of the polymer is not caused by residual copper 

contaminant.154,155 

After click reaction, the polycarbonates (PG-8k-100, PG-15k-100, and PG-30k-100) 

were no longer soluble in common organic solvents such as THF, chloroform, and DMF and 

only soluble in water as a result of the hydrophilic guanidine functional groups. The aqueous 

GPC analysis was attempted but showed unreliable results. This phenomenon was observed in 

the past as a result of the strong binding of the nitrogen-rich nature of polyguanidines to the 

porous fillers/gels inside GPC columns.80,125 Figure 4.2 compared the FTIR spectra of 

polycarbonates before and after click reaction. Evidently, both the characteristic alkyne group 

(≡C-H) stretching vibration at 3280 cm-1 and the azide (-N=N+=N-) absorbance band at 2100 

cm-1 disappeared with the concomitant raise of the characteristic triazole ring stretching 

vibrations at 1628 and 1465 cm-1. The carbonate group on the polymer backbone was stayed 

intact at 1735 cm-1. The attachment of guanidine groups onto the polycarbonate backbones has 

also been confirmed by 1H NMR (Figure 4.3). Despite the molecular weight difference, three 

polymers (PG-8k-100, PG-15k-100, and PG-30k-100) showed very similar spectra and all 
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peaks were clearly resolved and assigned accordingly. Specifically, the alkyne proton signals 

from the precursor polymer at 2.54 ppm disappeared and the new signal appearing at 8.11 ppm 

which was the evidence for the formation of the triazole unit.156  

 

Figure 4.2. ATR-FTIR spectra of (a) PMPC-4k, (b) guanidine azide, (c) PG-8k-100, and (d) PG-8k-5050. 
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Figure 4.3. Stacked 1H NMR spectra of (a) PMPC-4k in CDCl3, (b) PG-8k-100, (c) PG-15k-100, and (d) PG-

30k-100 in D2O. 
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Scheme 4.2. Synthesis of polycarbonate copolymers containing both the passive diluting group and guanidine 

functional group via post-synthesis modification using standard CuAAC click reaction. 

 

Scheme 4.2 shows the synthesis of three guanidinylated polycarbonate copolymers by the 

insertion of passive diluting groups. The guanidine contents in the original form of polymer 

(PG-8k-100) were diluted down to four levels at 70 mol %, 50 mol %, 20 mol %, and 0%. The 

passive diluting group was down selected based on the requirements of having no antimicrobial 

property, water-soluble, charge neutral, and most importantly, similar molar mass to guanidine. 

The polycarbonates with different charge densities were synthesised in one-pot but stepwise 

fashion. First, the passive diluting group with the designated percentage was “clicked” onto the 

polymer.  Prior to the addition of guanidine azide, the intermediate polymer was isolated for 

1H NMR characterisation. After the completion of the first step, the excess amount of guanidine 

azide (2 equiv) were followed to complete the consumption of all free alkynes. All polymers 

were purified using dialysis in the same way demonstrated in the molecular weight study. The 

intermediate polymer was still soluble in organic solvents and then became completely water-

soluble after “clicking” on the guanidine group. The theoretical molecular weight of final 

polymers was calculated. All copolymers gave similar number average molecular weights since 

the passive diluting group (Mw = 175.10 g mol-1) has similar molecular weight to the guanidine 

azide (Mw = 178.07 g mol-1), thus, both the molecular weight effect and amphiphilicity change 

were excluded. The resulting four polyguanidines were labeled as PG-8k-7030, PG-8k-5050, 

PG-8k-2080, and PG-8k-0 accordingly.  
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Figure 4.4. Stacked 1H NMR spectra of (a) intermediate polymer in DMSO-d6, (b) PG-8k-7030, (c) PG-8k-5050, 

(d) PG-8k-2080, (e) PG-8k-0, and (f) PG-8k-100 in D2O. 
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In Figure 4.4, the intermediate polymer exhibited both the new triazole proton peak at 8.10 

ppm and the unreacted free alkyne group peak appearing at 3.38 ppm available for later 

guanidine group attachment. The new peaks between 3.47–3.51 ppm were originated from the 

methylene units of the passive diluting group. Furthermore, for all copolymers (PG-8k-7030, 

PG-8k-5050, and PG-8k-2080), their 1H NMR spectra provided enough resolution for known 

methylene (-CH2-) proton signals from both the diluting group at 3.25 ppm and the guanidine 

group at 3.96 ppm to estimate the actual copolymer’s composition which agreed well with the 

feed ratio (Figure 4.4 and Figure A24–26 in Appendix for molar ratio calculation). In aqueous 

solution, these guanidinylated polycarbonates formed particles having hydrodynamic 

diameters (Dh) ranging from 186.1 to 238.9 nm with a broad size distribution measured by 

dynamic light scattering (DLS) (Appendix Figure A29–35).157 

 

4.3.2 Antimicrobial activity 

4.3.2.1 Molecular weight effect 

A study of the effect of molecular weight on antimicrobial activities was carried out with 

three guanidine-containing polycarbonates of different molecular weights (i.e., PG-8k-100, 

PG-15k-100, and PG-30k-100). Five representative clinically relevant microbes, E. coli and 

P. aeruginosa (Gram-negative), S. aureus and S. epidermidis (Gram-positive), and C. albicans 

(Fungus) were used for this assay. Table 4.1 summarised the MIC and MLC values of three 

polycarbonate samples with different molecular weights (MLC assay photos see Appendix 

Figure A27). First of all, polymers of different molecular weights were all showing high 

activity against Gram-negative bacteria exhibiting MIC and MLC values between 40–80 

µg/mL, while showing higher MIC and MLC value range of 80–320 µg/mL against Gram-

positive bacteria. The MLC values were close to the MIC values, indicating that MIC activity 

was due to the bactericidal effect of the polymers.39 Among the molecular weight range we 

tested, the lowest molecular weight polymer (PG-8k-100) showed the overall greater potency 

than the higher molecular weight ones (PG-15k-100 and PG-30k-100) against both Gram-

positive, Gram-negative bacteria and fungus. The low molecular weight guanidine polymer 

could possibly translocate quickly across cell membranes to cause inhibition and killing.158,159 

Surprisingly, all three guanidinylated polycarbonates appeared to perform significantly better 

than previously reported guanidine functionalised polymethacrylates with similar molecular 

weight range, which showed low activity against E. coli (MIC>1500 µg/mL).38 It is expected 
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that the cationic guanidine, which is hydrophilic in nature, can bind to the negatively charged 

bacterial cell membrane while the hydrophobic part may facilitate the insertion of guanidine 

polymer into the bacterial cell membrane. Therefore, the combination of aliphatic 

polycarbonate backbone and guanidines may have some synergistic effect. Only for the 

antifungal properties, the molecular weight effect on MIC and MLC values was pronounced 

(Figure 4.5a). The lowest molecular weight polymer (PG-8k-100) showed four times higher 

activity (80 µg/mL) against C. albicans than the highest molecular weight polymer (PG-30k-

100) with a MIC of 320 µg/mL. Overall, the molecular weight effect on the bioactivity is 

complex and depends on the composition of cationic biocides. The current antimicrobial 

mechanism is summarised as follows: (1) the polymer should have sufficient contact with 

microbe; (2) adsorption of the polymer onto the surface of microbial cell membrane; (3) insert 

or diffuse through the cell wall; (4) interact with the cytoplasmic membrane to cause 

irreversible damage; and (5) result in the release of cytoplasmic membrane components such 

as K+ ions, DNA and RNA, which led to cell death. Based on these mechanisms, higher 

molecular weight polymers contain more cationic groups than lower molecular weight 

polymers. Higher molecular weight polymers are ideal for the enhancement of steps 2, 4, and 

5, but they are not effective in penetrating through the bacterial cell membrane, i.e., step 3. 

Ikeda and co-workers synthesised polymethacarylate with biguanidine units and 

poly(vinylbenzyl ammonium chloride) and observed optimal molecular weight range for 

antimicrobial activity. They also summarised the two aspects of molecular weight effect on 

antimicrobial activity.160 Chen and co-workers synthesised a series of quaternary ammonium 

functionalised poly(propyleneimine) dendrimers and they found that within the molecular 

weight range of 1600-28000, higher molecular weight dendrimers (Mw = 27578) showed higher 

antimicrobial activity.161 Albert and co-workers also reported the molecular weight effect of 

oligoguanidines on biocidal activities and found an optimal molecular weight range of 800-

1300 Da to be more active against bacteria.162 
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Table 4.1. Antimicrobial (MIC and MLC) and hemolytic (HC50) activities of antimicrobial polycarbonates with 

varying molecular weights 

   MICb (µg/mL)   

 Theoretical E. coli P. aeruginosa S. aureus S. epidermidis C. albicans HC50
 

Polymer Mn
a (g mol-1) (G -ve) (G -ve) (G +ve) (G +ve) (Fungus) (µg/mL) 

PG-8k-100 7640 40 40 80 20 80 >1280 

PG-15k-100 15170 40 40 160 - 160 >1280 

PG-30k-100 30210 40 80 160 - 320 >1280 
   MLCc (µg/mL)   

  E. coli P. aeruginosa S. aureus S. epidermidis C. albicans HC50
 

  (G -ve) (G -ve) (G +ve) (G +ve) (Fungus) (µg/mL) 

PG-8k-100 7640 40 80 80 40 320 >1280 

PG-15k-100 15170 40 80 160 - 640 >1280 

PG-30k-100 30210 80 80 320 - 1280 >1280 
aTheoretical Mn = DP (Mm+Mg) + Mi (DP is the degree of polymerisation, Mm is the molecular weight of the monomer MPC, 

Mg is the molecular weight of guanidine group, and Mi is the molecular weight of the initiator). bMinimum inhibitory 

concentration (MIC; µg/mL). cMinimum lethal concentration (MLC; µg/mL). 

 

 

 

 

Figure 4.5. MLC plots of antimicrobial polycarbonates with various (a) molecular weights and (b) guanidine 

molar percentages against E. coli, P. aeruginosa, S. aureus, S. epidermidis, and C. albicans.  

 

4.3.2.2 Charge density effect 

To solely investigate the charge density effect and isolate the effect of 

hydrophobic/hydrophilic balance, the ethylene glycol trimer was selected as the passive 

diluting group. Four polycarbonate copolymers (PG-8k-0, PG-8k-2080, PG-8k-5050, and 

PG-8k-7030) were prepared with charge density variations of 0, 20, 50, and 70 mol %. The 

MIC and MLC values of all polycarbonate samples with different charge densities are 

summarised in Table 4.2 (MLC assay photos see Appendix Figure A28). PG-8k-7030 and PG-

8k-5050 showed similar antimicrobial activities compared to the non-diluted control sample 

PG-8k-100 against both Gram-negative and Gram-positive bacteria. Upon further dilution, 
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PG-8k-2080 gave the lowest antimicrobial activity. However, for fungus C. albicans, the 

charge dilution effect was more evident (Figure 4.5b). The MIC and MLC values were nicely 

correlated to the guanidine group density. Overall, this finding was consistent with the previous 

studies that homopolymer of polyguanidine was not required and part of the side groups on the 

polymer backbone could be utilised for the introduction of other functionalities for tuning 

amphiphilicity and targeting.74,126  

 

Table 4.2. Antimicrobial (MIC and MLC) and hemolytic (HC50) activities of polymer with varying guanidine 

charge densities 

  
 MIC (µg/mL)   

 Theoretical E. coli P. aeruginosa S. aureus S. epidermidis C. albicans HC50
 

Polymer Mn (g mol-1) (G -ve) (G -ve) (G +ve) (G +ve) (Fungus) (µg/mL) 

PG-8k-100 7640 40 40 80 20 80 >1280 

PG-8k-7030 7630 40 80 80 40 160 >1280 

PG-8k-5050 7620 80 80 160 40 160 >1280 

PG-8k-2080 7600 160 320 320 80 320 >1280 

PG-8k-0 7590 2560 2560 2560 1280 2560 - 

   MLC (µg/mL)   

  E. coli P. aeruginosa S. aureus S. epidermidis C. albicans HC50
 

  (G -ve) (G -ve) (G +ve) (G +ve) (Fungus) (µg/mL) 

PG-8k-100 7640 40 80 80 40 320 >1280 

PG-8k-7030 7630 80 80 160 40 640 >1280 

PG-8k-5050 7620 80 80 160 40 1280 >1280 

PG-8k-2080 7600 160 320 640 80 2560 >1280 

PG-8k-0 7590 2560 2560 2560 1280 2560 - 

 

 

4.3.3 Time to kill study 

4.3.3.1 Molecular weight effect 

The antimicrobial activities of PG-8k-100, PG-15k-100, and PG-30k-100 were further 

studied by time to kill experiment at 1 × MIC concentration where bioluminescence from E. 

coli lux and S. aureus XEN36 was measured by a plate reader at time intervals over a 21 h 

period. The enzymatic bioluminescence reaction requires live cells and is commonly used as a 

rapid and sensitive surrogate for cellular viability measurements.163 The samples were plated 

onto Tryptic soy agar plates to confirm that no viable bacteria remained when there was no 

light produced.  Figure 4.6a shows that more than 50% of E. coli were killed after exposure to 

the polymers at 1 × MIC for 1 h and the bioluminescence intensity decreased faster as the 
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molecular weight increased. Although the MIC for S. aureus (80–160 µg/mL) is larger than E. 

coli (40 µg/mL), the majority of S. aureus were killed much faster (under 30 min) and achieved 

killing efficiency of >99.99% within 1 h of treatment at 1 × MIC (Figure 4.6b). These results 

provide strong confirmation that the guanidine-functionalised polycarbonates are bactericidal 

in nature. 

 

4.3.3.2 Charge density effect 

Figure 4.6c, d showed the diluting group effect at the 1 × MIC and 4 × MIC concentration 

for PG-8k-2080, PG-8k-5050, PG-8k-7030, and PG-8k-100, respectively. For the diluted 

copolymer series, the killing kinetics were slightly slower compared to the PG-8k-100. All 

polycarbonates with different guanidine density achieved more than 99.9% killing efficiency 

within 4 h upon polymer treatments at 1 × MIC against E. coli. At a higher dosage of the 

polymer concentration (4 × MIC), all polycarbonates show a killing rate twice faster than the 

lower concentration (1 × MIC).  
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Figure 4.6. Bactericidal kinetics after 0, 0.5, 1, 2, 4, 6, and 21 h of incubation with different molecular weights 

(PG-8k-100, PG-15k-100, PG-30k-100) at MIC against (a) E. coli and (b) S. aureus, and with different guanidine 

charge densities (PG-8k-100, PG-8k-7030, PG-8k-5050, PG-8k-2080) at (c) MIC, and (d) 4 × MIC against E. 

coli. 

 

4.3.4 Hemolytic and hemagglutination activity 

In regards to the future healthcare applications for these polymers, preliminary 

biocompatibility studies were carried out by hemolysis and hemagglutination assays. It is 

generally accepted that the bioactivities of these antimicrobial polymers is due to the 

electrostatic interaction between cationic polymers and the negatively charged cell 

membrane.72 Toxicity may result as a consequence of a similar interaction with the erythrocyte 

membrane causing lysis, or the agglutination red blood cells (RBCs).164 Hemolysis is a standard 

technique to test the ability of polymers to lyse RBCs and the hemagglutination assay is used 

to assess the capability of the polymers to cause agglutination of RBCs. 



76 

 

4.3.4.1 Molecular weight effect 

The preliminary toxicity study for the six guanidinylated polycarbonates at the 

concentration ranging from 0 to 1280 µg/mL were examined by hemolysis assay using sheep 

red blood cells (RBCs). Figure 4.7a showed the results for the polycarbonates with different 

molecular weight (PG-8k-100, PG-15k-100, and PG-30k-100). As the polymer concentration 

increased, the percentage of hemolysis increased accordingly.38,97,165 Under the same polymer 

concentration, the lowest molecular weight polymer PG-8k-100 caused the least hemolytic 

activity. At the MIC of 40 µg/mL, PG-8k-100 only showed 0.6% hemolysis, which was 

noteworthy because PG-8k-100 also has the most potent antimicrobial activity. Furthermore, 

PG-8k-100 exhibited very low level of hemolysis (below 6%) even at the concentration of 

1280 µg/mL. In contrast, the guanidinylated polymethacrylates exhibited much higher 

hemolysis at the same level of polymer concentration.38 Overall, all three polycarbonates 

showed hemolytic activity less than 10% at their lowest MIC concentration against E. coli. 

Figure 4.8a gave the result for the hemagglutination assay. PG-8k-100 started 

hemagglutination at 80 µg/mL, which is right after its MIC concentration of 40 µg/mL.  

However, PG-15k-100 and PG-30k-100 caused hemagglutination behavior at 20 µg/mL. This 

indicates that the hemagglutination concentration does not correlate with the antimicrobial MIC 

value. 

 

 
 

Figure 4.7. Hemolysis of guanidine polycarbonates with different (a) molecular weights (PG-8k-100, PG-15k-

100, PG-30k-100) and (b) guanidine charge densities (PG-8k-100, PG-8k-7030, PG-8k-5050, PG-8k-2080) 

against polymer concentration (µg/mL). 
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4.3.4.2 Charge density effect 

Figure 4.7b showed the relationship between the polymer charge density and hemolysis 

for PG-8k-100, PG-8k-7030, PG-8k-5050, and PG-8k-2080. Interestingly, the highest charge 

density sample (PG-8k-100) and the lowest density sample (PG-8k-2080) showed the least 

degree of hemolysis. The other two middle density range samples (PG-8k-5050 and PG-8k-

7030) led to higher degree of hemolysis, which suggests that there is an optimum range of 

passive diluting group loading on RBC toxicity. 

Figure 4.8b clearly shows that guanidine charge density has a strong effect on 

hemagglutination. The lowest guanidine charge density polymer (PG-8k-2080) showed the 

least hemagglutination compared to the higher guanidine charge density polymers (PG-8k-

5050 and PG-8k-7030). 

 

 

Figure 4.8. Hemagglutination assay on a microtiter plate of dilutions of guanidine polycarbonates with different 

(a) molecular weights (PG-8k-100, PG-15k-100, PG-30k-100) and (b) guanidine charge densities (PG-8k-7030, 

PG-8k-5050, PG-8k-2080). For reference, the MIC of the polymer samples against E. coli indicated with red 

lines. 

 

4.3.5 Selectivity of guanidinylated polycarbonate 

An ideal antimicrobial polymer should possess both high antimicrobial activity (low MIC) 

and low hemolytic activity for medical applications. Generally, the polymers with high 

antimicrobial activity may exhibit high hemolytic activity or vice versa.35,76,166 However, the 

key polymer design criteria to overcome this activity/toxicity trade-off relationship are still not 

emerged.  
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Table 4.3. Selectivity index values for guanidinylated polycarbonates 

 
   Selectivity (HC50/MIC)  

 
 HC50

 E. coli P. aeruginosa S. aureus S. epidermidis C. albicans 

Polymer 
Guanidine 

mol % 
(µg/mL) (G -ve) (G -ve) (G +ve) (G +ve) (Fungus) 

PG-8k-100 100 >1280 >32 >32 >16 >64 >16 

PG-15k-100 100 >1280 >32 >32 >8 n/a >8 

PG-30k-100 100 >1280 >32 >16 >8 n/a >4 

PG-8k-7030 80 >1280 >32 >16 >16 >32 >8 

PG-8k-5050 50 >1280 >16 >16 >8 >32 >8 

PG-8k-2080 20 >1280 >8 >4 >4 >16 >4 

 

Table 4.3 shows that all six polymers had selectivity index ranging between 4 and 64 for 

different microorganisms. All polymers showed greater selectivity index values against Gram-

negative bacteria compared to Gram-positive bacteria and fungus. The selectivity index value 

decreased as the polymer molecular weight increased. On the other hand, polymer with the 

higher charge density is more selective than the lower charge density polymer. These findings 

are in agreement with other studies reported.35,38  

 

4.3.6 Antimicrobial mechanism 

The antimicrobial mechanism was investigated by measuring the amount of nucleic acids 

(NA) released from damaged cell.167 In Figure 4.9, the amount of NA released by bacteria after 

exposure to PG-8k-100 at 4 × MIC was plotted over time. We hypothesised that membrane 

damage will allow NA to leak from the cell and be detectable in the supernatant after 

centrifugation to remove intact cells.  An increase of NA release was observed for both Gram-

negative and Gram-positive bacteria at different time interval, with higher amount of NA 

released from E. coli than S. aureus. The release of the NA was found to be in the range from 

8.85 to 72 ng/µL against E. coli and 6.15 to 11.65 ng/µL against S. aureus. 
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Figure 4.9. Nucleic acid released from E. coli and S. aureus after 0.5, 1, 4, 6, and 21 h of treatment with PG-8k-

100 at 4 × MIC.  

 

The live and dead bacteria were further examined using field emission scanning electron 

microscopy (FE-SEM) through the visualisation of the bacteria cell wall morphological change 

upon the most potent PG-8k-100 treatment at 2 × MIC for 1 h. As shown in Figure 4.10, 

untreated E. coli were rod-shaped and S. aureus were spherical shaped showing smooth 

surfaces. Whereas, after treatment with PG-8k-100, E. coli cell membrane lysed and showed 

burst morphology and the dead S. aureus showed distorted cell surface with debris. This 

confirmed that these polymers killed bacteria via a membrane-lytic activity. Similar to the other 

polycationic polymers, mode of action for the guanidine polymer was based on the electrostatic 

attraction.162,168 Moreover, the guanidine azide (synthesised for this work for post-

polymerisation functionalisation) showed no biocidal effect up to 600 µg/mL (vs 40 µg/mL for 

E. coli for the PG-8k-100). This strongly suggested the “cluster” effect (i.e., the polymeric 

guanidine is more potent when it is chemically attached to the polymer backbone). The local 

guanidine concentration in its polymeric form, which is adhered to the bacteria cell membrane, 

is possibly significantly higher. 
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Figure 4.10. Field emission scanning electron microscopy (FE-SEM) images of E. coli (a, b) and S. aureus (c, d) 

before (a, c) and after (b, d) treatment with PG-8k-100 at 2 × MIC for 1 h. 
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4.4 Conclusions 

To improve the performance of cationic charge based antimicrobial polymers, a series of 

guanidine functionalised aliphatic biodegradable polycarbonates with varying molecular 

weights and charge densities were investigated via facile ROP of the alkyne containing cyclic 

carbonate monomers followed by post-polymerisation using CuAAC click chemistry. Overall, 

these guanidine polycarbonates exhibited strong biocidal activity against a broad range of 

microorganisms with low RBC toxicity. Polyguanidines clearly demonstrated the “charge 

cluster effect”, that is, the polymeric form of guanidine is more potent than the individual 

guanidine small molecule. The best performing sample is the PG-8k-100, which showed the 

best antimicrobial activity (MIC 40 µg/mL against E. coli and MIC 20 µg/mL against S. 

epidermidis) and low toxicity to RBCs (0.6% hemolysis at MIC). The low to medium dilution 

samples (PG-8k-7030 and PG-8k-5050) had no obvious loss in antimicrobial activities 

compared to the non-diluted control sample PG-8k-100. Therefore, other functionalities such 

as lipids group and receptor group could be introduced to the polymer backbone. Further 

evaluation of these series of polycarbonates and their copolymers embedded with other 

biological functionalities are currently undergoing. 
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5  
Hydrophobic Group and 

Spacer Arm Length 

Effects of Guanidinylated 

Biodegradable 

Polycarbonates on 

Antimicrobial Activity 
 

 

5.1 Introduction 

The increasing and emerging prevalence of drug-resistant bacteria present a serious threat 

to human health and these “superbugs”, including Gram-negative Escherichia coli (E. coli) and 

Gram-positive Staphylococcus aureus (S. aureus), show resistant to β-lactam antibiotics, which 

contains penicillin, methicillin and carbapenems.169 Furthermore, the fungus Candida albicans 

(C. albicans) known to cause invasive bloodstream infections, has developed resistance to 

fluconazole and echinocandins.170 Hence, the World Health Organisation (WHO) recognised 

the urgent need for new antimicrobial agents or materials to combat and/or eradicate these 

global healthcare issues.171,172 Recently, focus has been placed on natural antimicrobial 

peptides (AMPs) to be developed as a class of host defence antimicrobial agents which exhibit 

broad spectrum antimicrobial activity with no induce of bacterial resistance due to their unique 

physical disruption of the bacterial cell membrane.22,173 However, AMPs are expensive to 
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produce on a large scale, are chemically instable, and cytotoxic.33,174 To overcome these 

limitations, AMP-mimicking antimicrobial cationic polymers have become promising 

candidates with significant advantages such as stable activity with low toxicity, cost-

effectiveness, flexible platforms for structural modification, and unlikely to induce microbial 

drug resistance due to their unique electrostatic antimicrobial mechanisms.20-22 

Up to now, some structural parameters including molecular weight, charge density, 

amphiphilic balance, and side chain spacer length have been proved to influence antimicrobial 

activities.82,97,145,175 Palermo and Kuroda investigated the effect of the amphiphilic balance of 

random methacrylate copolymers by adjusting the ratio of cationic and hydrophobic repeating 

units with DP values of 6-11.176 They found that the copolymer containing 53% cationic 

aminoethyl methacrylate and 47% hydrophobic methyl methacrylate units showed high 

antimicrobial activity against E. coli (MIC = 16 µg/mL) with no hemolytic activity (HC50 

>2000 μg/mL). However, the polymers with more than 50% hydrophobic methyl methacrylate 

units showed an increase in hemolytic activity. Nimmagadda et al. also reported on the impact 

of hydrophobic and hydrophilic balance based on random copolycarbonates containing primary 

amino groups.95 Their results showed that the polymer containing more hydrophobic (20 units) 

and hydrophilic groups (20 units) displayed higher antimicrobial activity against different 

Gram-positive bacterial strains with the MIC ranging from 1.6-5.0 µg/mL. Engler et al. studied 

the effect of alkyl spacer arm length between the charged quaternary ammonium group and the 

polycarbonate backbone.97 They reported that the polymers with a longer spacer arm, OctCl 

homopolymers, showed potent antimicrobial activity against Gram-positive, Gram-negative, 

and fungus (MIC 4-125 µg/mL) as well as an increase in hemolytic activity (HC50 = 125-500 

µg/mL).  

In our recent studies, we synthesised a series of guanidine functionalised aliphatic 

biodegradable polycarbonates with varying molecular weights and charge densities via post 

modification of alkyne containing polycarbonates using Cu(I)-catalysed azide-alkyne 

cycloaddition (CuAAC) click reaction.177 By replacing guanidine groups with oligo(ethylene 

oxide) which has similar size and molecular weight to the guanidine azide, the guanidine charge 

density was tailored without any hydrophilic/hydrophobic balance change. We found the low 

molecular weight polymer (Mw = 7640 gmol-1) exhibited the highest antimicrobial activity, 

with the guanidine charge densities from 50 to 70% having no obvious loss in antimicrobial 

activities compared to the non-diluted control sample containing 100% guanidine group. 
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Previous research regarding antimicrobial and hemolytic properties of guanidinylated 

polycarbonates inspired us to undertake further studies to investigate other effects of structural 

parameters on the antimicrobial and hemolytic activities. In this study, structure-activity 

relationships (SARs) of polymers were investigated by tuning structural parameters, including 

the amphiphilic balance and cationic group spacer arm length using polycarbonate as a parent 

polymer. The amphiphilic copolymers constitute of binary and ternary forms, tuned with the 

ratio of cationic:hydrophobic groups for binary systems and cationic:hydrophobic:hydrophilic 

groups for ternary systems. For the binary system, a benzene containing carbonate monomer 

was copolymerised with an alkyne functionalised carbonate monomer to produce the parent 

copolymer platform for click reaction. For the ternary system, an oligo(ethylene oxide) group 

was introduced as a hydrophilic group into the copolymer containing both guanidine and 

hydrophobic groups. Unlike Engler et al., who used varying spacer arm lengths of quaternary 

ammonium group, we used guanidine as a cationic group to study and compare their effect on 

the bioactivity to the previously reported findings.  

Guanidinylated four copolymers (different levels of hydrophobicity), two terpolymers 

(different levels of hydrophobicity and hydrophilicity), and three different guanidine spacer 

arm length homopolymers were successfully synthesised and tested for antimicrobial and 

hemolytic activities. The size of polymers in solution were determined using dynamic light 

scattering (DLS) and transmission electron microscopy (TEM), which revealed possible 

aggregates formed by the polymers in solution. 
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5.2 Experimental Section 

5.2.1 Materials and methods 

1-(3,5-Bis(trifluoromethyl)phenyl)-3-cyclohexylthiourea (TU),140 5-methyl-5-

propargyloxycarbonyl-1,3-dioxan-2-one (MPC) and 5-Methyl-5-benzyloxycarbonyl-1,3-

dioxan-2-one (MBC) monomer100 were synthesised according to literature protocols. The 

detailed NMR spectra for azide functionalised guanidines, copolycarbonates and 

terpolycarbonates are provided in Appendix (Figure A41–55). Anhydrous dichloromethane 

(DCM), tetrahydrofuran (THF) and dimethylformamide (DMF) were used. All other reagents 

were available commercially from Sigma-Aldrich and used as received unless otherwise noted. 

Difco Müller-Hinton Broth (MHB) and Difco agar granulated powder were purchased from 

Fort Richard Laboratories, Auckland, New Zealand. Phosphate buffered saline (PBS) was 

prepared from tablets purchased from Sigma-Aldrich. All solutions were prepared according 

to the manufacturer’s instruction using Milli-Q water. Prior to use, all solutions were 

autoclaved to ensure sterility. Two bacterial strains, Escherichia coli (ATCC 25922), 

Staphylococcus aureus (ATCC 6538), and one fungal strain, Candida albicans (ATCC 10231), 

were used for determination of minimum inhibitory and minimum lethal concentrations (MIC 

and MLC). Red blood cells were obtained from sheep and purchased from Fort Richard 

Laboratories for hemolysis and hemagglutination assays. 

 

Monomer and Polymer Characterisation.  

1H and 13C NMR spectra were obtained on a Bruker AvanceIII-400 instrument operated at 

400 MHz using CDCl3, DMSO, MeOD and D2O solutions depending on the compound 

solubility. All chemical shifts (δ) were reported according to the solvent residual peaks (CDCl3 

δ = 7.26 ppm (1H) and 77.0 ppm (13C), DMSO δ = 2.50 ppm (1H) and 39.5 ppm (13C), MeOD 

δ = 3.31 ppm (1H) and 49.0 ppm (13C), D2O δ = 4.79 ppm (1H)) in parts per million (ppm). 

Mass spectra were obtained by electrospray ionisation (ESI) using a Bruker micrOTOF-II 

mass spectrometer. 

Gel permeation chromatography (GPC) was performed with Waters GPC Breeze 2 system 

attached with Styragel HR 4 and HR 4E (300 mm × 7.8 mm each) Waters columns. THF was 

used as an eluent and filtered through 0.22 µm PTFE filter with a flow rate of 1.0 mL/min. The 
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columns and RI detector were maintained at 35 °C. Polystyrene standards of narrow molecular 

weight were used to plot a calibration curve. 

 

Antimicrobial Activity.  

Inocula of E. coli, S. aureus, and C. albicans were cultured in MHB at 37 °C under constant 

shaking of 200 rpm overnight. Different methods were used to determine the minimum 

inhibitory concentration (MIC) and minimum lethal concentration (MLC) values for different 

polymers. For homopolymers, a standard broth microdilution method was used as mentioned 

in our previous study to prepare the stock solutions.177 Homopolymers were dissolved in 

deionised water and eight 2-fold serial dilutions of the stock solutions were prepared in MHB 

medium base in triplicates. For copolymers and terpolymers, a standard broth microdilution 

method recommended by the National Committee of Laboratory Safety and Standards 

(NCLSS), with suggested modifications by R.E.W. Hancock Laboratory was used.178 

Copolymers and terpolymers were dissolved in DMSO and eight 2-fold serial dilutions of the 

stock solutions were prepared in 0.01% acetic acid in triplicates. An overnight culture diluted 

with MHB gave the microbial suspension with a final concentration of 106 CFU/mL. The 

bacterial stock suspension (90 µL) was mixed with each of the polymer stock solution (10 µL) 

in each well of a 96-well sterile flat-bottomed polystyrene microplate. The 96-well plate was 

then incubated at 37 °C under constant shaking of 200 rpm overnight. The MIC values were 

recorded by observing turbidity of the solutions with unaided eyes relative to the negative 

growth control of MH broth only. A broth containing microbial suspension alone and 2-fold 

serial dilutions of the DMSO in 0.01% acetic acid without polymer were used as negative 

control. Even the highest DMSO concentration of 5% showed no inhibitory antimicrobial 

effects. Each test was repeated three times to ensure reproducibility of the experiments. The 

MIC is expressed as the median of median values from biological replicates. After MIC 

measurements, 20 µL of each well containing microbial combination were plated out in 

triplicates onto MH agar plates and incubated at 37 °C overnight. The MLC values were 

determined at a concentration where no bacterial growth was observed after a period of 21 h. 

The MLC is expressed as the median of median values from biological replicates. 
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Hemolysis and Hemagglutination Assays.  

Toxicity was assessed by a hemoglobin release assay using sheep red blood cells (RBCs). 

The same polymer dilutions prepared for the antimicrobial assay were used. Defibrinated RBCs 

(1 mL) were diluted into PBS (9 mL) and centrifuged at 5000 xg for 10 min at room temperature. 

The supernatant was carefully removed and cells were resuspended in PBS (9 mL) and 

centrifuged again. The cells were rinsed two more times by centrifugation. The final rinsed red 

blood cells (10% v/v RBC) were diluted by 3-fold in PBS (3.3% v/v RBC). The homogenised 

polymer dilutions (10 µL) with a concentration of 2560 µg/mL were mixed with the diluted 

blood cells (90 µL) in a centrifuge tube. The resulting concentrations were ranging from 20 to 

2560 µg/mL. The samples were then incubated at 37 °C under constant shaking of 200 rpm for 

1 h. After incubation, the samples were centrifuged at 5000 xg for 10 min, and the resulting 

supernatant (10 µL) was diluted in PBS (90 µL) onto a flat-bottom 96-well plate and measured 

at 540 nm using a microplate reader (PerkinElmer 2300 multilabel reader) assuming minimum 

polymer absorbance. PBS solution alone (10 µL) was used as the negative control and Triton-

X-100 (10 µL, 1% v/v in water) was used as the positive control. The percentage of hemolysis 

was calculated using the formula shown below: 

Hemolysis (%) = [
𝐴𝑠 – 𝐴𝑛

𝐴𝑝 – 𝐴𝑛
] × 100% 

As, An, and Ap stands for the absorbance of the sample, the absorbance of the negative 

control, and the absorbance of the positive control, respectively. Hemolysis was plotted as a 

function of polymer concentration and the HC50 was defined as the concentration that causes 

50% hemolysis of RBCs relative to the positive control.  

Hemagglutination was determined from resuspension of contents in the original 

microcentrifuge tubes containing polycarbonate samples and blood in PBS. 100 µL of the 

suspension was transferred into a new round-bottom 96-well plate and kept at room 

temperature overnight. The agglutination of blood was observed where negative results (no 

hemagglutination) appeared as compact pellet in the center of the round-bottom plate and 

positive results (hemagglutination) appeared as a diffuse pellet across the bottom of the well. 

Concanavalin A (90 µg/mL) was used as the positive control and PBS solution was used as the 

negative control. Each assay was performed in triplicates and repeated three times for each 

polycarbonate sample and concentration on different days. The data were expressed as medians 

of three replicates. 
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Dynamic Light Scattering (DLS).  

DLS was performed on a Zetasizer Nano ZS (Malvern Instruments Ltd.), which determines 

the hydrodynamic diameters (Dh) of polymer.  In order to monitor the real state of polymer 

when it contacts the microbes in solution, the lowest MIC value of polymers were chosen. For 

example, copolymer 6 was initially dissolved in DMSO to make 800 μg/mL and diluted 2-fold 

in 0.01% acetic acid (400 μg/mL). Then 10 μL of polymer stock solution was mixed with 90 

μL deionised water to make 40 μg/mL of final polymer solution. Preparation of other 

copolymer samples are shown in Table 5.1. Terpolymer samples were prepared in the same 

way as copolymers. For water soluble homopolymers (12-14), the polymers were directly 

dissolved in deionised water to make final polymer concentration (12 = 80 μg/mL, 13 = 40 

μg/mL, 14 = 20 μg/mL) solutions. All polymer solutions were filtered and measured three times 

at 25 °C and an average Dh value was observed from the three measurements. 

 

Table 5.1. Sample preparation parameters for DLS measurements 

Polymer Solvent Initial 

concentration 

(μg/mL) 

2-fold in acetic acid 

concentration 

(μg/mL) 

Final 

concentration 

(µg/mL) 

MIC (µg/mL)* 

6 DMSO 800 400 40 40 

7 DMSO 800 400 40 40 

8 DMSO 800 400 40 40 

9 DMSO 800 400 40 40 

10 DMSO 3200 1600 160 160 

11 DMSO 1600 800 80 80 

12 H2O 80 - 80 80 

13 H2O 40 - 40 40 

14 H2O 20 - 20 20 

* MIC values obtained from the antimicrobial testing. 

 

Transmission Electron Microscopy (TEM).  

TEM images were taken using a FEI Tecnai 12 instrument at 120 kV equipped with a 

Gatan Ultrascan 1000 4M pixel digital camera. Prior to sample preparation, copper grids were 

charged at 500 V to make the grid negatively charged to induce a hydrophilic surface. The 

same polymer solutions prepared for the DLS test were used, and 10 μL of polymer solution 
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was loaded onto a copper grid and dried in ambient environment. Uranyl acetate solution was 

dropped onto a parafilm (which has a hydrophobic surface) and the sample-loaded grids were 

laid upside down on the top of the uranyl acetate solution for 30 seconds. Any excess uranyl 

acetate solution was blotted up using filter paper.179 

 

5.2.2 Synthetic procedures 

Synthesis of Alkyne Functionalised Polycarbonate Parent Copolymers (2-5).  

 

 

All ring-opening copolymerisation of MPC and MBC were carried out under a nitrogen 

atmosphere. All polymers were synthesised with the degree of polymerisation (DP) of 20. A 

typical synthesis example of copolymer 2 is as follows: the reaction was initiated by the 

addition of initiator 4-methyl benzyl alcohol (0.01 g, 0.084 mmol) into a mixture of MPC (0.3 

g, 1.52 mmol), MBC (0.04 g, 0.17 mmol), and 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU; 1.3 

µL, 0.0084 mmol) in 2 mL of dry DCM at room temperature. The reaction was left overnight 

and then quenched by addition of benzoic acid (0.013 g, 0.11 mmol). The crude polymer 

solution in DCM was precipitated in cold methanol and dried. Then the polymer was 

redissolved in DCM and precipitated again in methanol to yield the final product 2 as a clear 

colorless viscous oil (90% yield).  

1H NMR (CDCl3, 400 MHz): δ 7.33 (s, 5H), 5.16 (s, 2H), 4.72 (s, 18H), 4.31 (s, 40H), 2.53 (s, 

9H), 1.29 (s, 30H). GPC (THF, RI): Mn (PDI) = 4160 g mol-1 (1.20).  

Synthesis of copolymers with other compositions (3-5) were prepared similarly based on this 

procedure. 
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Preparation of Guanidinylated Polycarbonate Child Copolymers (6-9).  

 

 

A typical synthesis example to prepare polymer 6 is as follows: the parent copolymer 2 

(0.28 g, 1.41 mmol) was dissolved in 5 mL of DMF and added to a solution of azide guanidine 

(0.38 g, 2.12 mmol), copper(II) sulfate pentahydrate (0.11 g, 0.42 mmol), and sodium ascorbate 

(0.28 g, 1.41 mmol) in 1 mL of H2O and stirred at 50 °C for 24 h under a nitrogen atmosphere. 

After then, 1 equiv of Na2S (0.11 g, 0.42 mmol) was added to the reaction mixture to remove 

copper residual by forming a precipitate of copper sulfide. The solids were filtered and the 

crude polymer in DMF was precipitated in cold methanol and dried. After that, the polymer 

was redissolved in DMF and precipitated again in methanol to yield the final product 6 as a 

light brown solid (65% yield).  

1H NMR (DMSO-d6, 400 MHz): δ 8.17 (s, 9H), 7.31 (s, 5H), 5.12 (m, 20H), 4.40 (s, 18H), 

4.20 (m, 40H), 3.07 (s, 18H), 2.00 (s, 18H), 1.13 (m, 30H). 

Synthesis of guanidinylated copolymers with other compositions (7-9) were prepared similarly 

based on this procedure. 

 

Synthesis of Guanidinylated Polycarbonate Child Terpolymers (10-11).  
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Two guanidine functionalised polycarbonate terpolymers were synthesised based on the 

corresponding parent polymer 2 and 3. For example, the detailed procedure to prepare polymer 

10 is as follows: in a 25 mL three-neck round-bottom flask, the parent copolymer 2 (0.26 g, 

1.15 mmol) and 2-[2-(2-azidoethoxy)ethoxy]ethanol (1 mL, 0.51 mmol) was dissolved in 5 mL 

of DMF. To this was added a solution of copper(II) sulfate pentahydrate (0.086 g, 0.34 mmol) 

and sodium ascorbate (0.23 g, 1.15 mmol) in 1 mL of H2O. The reaction mixture was stirred at 

50 °C for 3 h. After then, the azide guanidine (0.17 g, 0.96 mmol) was added and stirred at 50 

°C overnight. To remove copper residual, 1 equiv of Na2S (0.086 g, 0.34 mmol) was added to 

the reaction mixture by forming a precipitate of copper sulfide. The solids were filtered and the 

crude polymer was precipitated in cold methanol. The dried polymer was redissolved in DMF 

and precipitated in methanol to yield the final product 10 as a light brown solid (59% yield).  

1H NMR (DMSO-d6, 400 MHz): δ 8.09 (s, 9H), 7.32 (s, 5H), 5.17 (s, 12H), 4.51 (s, 10H), 4.20 

(s, 40H), 3.80 (m, 8H), 3.47 (m, 72H), 3.09 (s, 10H), 2.00 (s, 10H), 1.13 (s, 30H). 

Synthesis of polymer 11 was prepared similarly based on this procedure. 

 

Synthesis of Guanidinylated Polycarbonates with Series of Spacer Arm Length. 

Synthesis of 1-(2-azidoethyl)-guanidine hydrochloride. 

 

 

 

2-bromoethylamine hydrobromide (2.0 g, 9.76 mmol) was added to a stirred solution of 

NaN3 (1.9 g, 29.3 mmol) in water (10 mL). The mixture was stirred at 80 °C for 24 h. After 

cooling to room temperature, KOH was added at 0 °C and the product was extracted with 

diethyl ether (3 × 10 mL). The organic extracts were washed with brine (10 mL) and dried over 

Na2SO4, filtered, and the solvent removed under reduced pressure to afford 2-azidoethanamine 

as a colourless oil (50% yield).  

1H NMR (CDCl3, 400 MHz): δ 3.37-3.33 (t, 2H), 2.89-2.85 (t, 2H). 13C NMR (CDCl3, 400 

MHz): δ 54.83, 41.52. 
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In the final step, 2-azidoethanamine (0.18 g, 2.1 mmol), amidinopyrazole hydrochloride 

(0.31 g, 2.1 mmol), and DIPEA (0.27 g, 2.1 mmol) were dissolved in ethanol (3 mL) and stirred 

at 55 °C for 12 h. After then, the solvent was removed under vacuum and washed with diethyl 

ether (3 × 10 mL) and dried to yield the final product as a yellow viscous oil (70% yield). 

1H NMR (D2O, 400 MHz): δ 3.58-3.56 (t, 2H), 3.45-3.42 (t, 2H). 13C NMR (D2O, 400 MHz): 

δ 54.83, 41.52. HR-MS (ESI) calcd. 129.06 for C3H9N6, found 129.09 [M-Cl]-. 

 

Synthesis of 1-(3-azidopropyl)-guanidine hydrochloride. 

 

 

Synthesis procedure was reported in Chapter 4.2.2.  

 

Synthesis of 1-(6-azidohexyl)-guanidine hydrochloride. 

 

 

Azide-functionalised guanidine (1-(6-azidohexyl)-guanidine hydrochloride) was 

synthesised in three steps. Bromination take place in the first step with the addition of 6-

aminohexanol (0.5 g, 4.3 mmol) to 48% HBr solution (6 mL) at 0 °C. The reaction mixture 

was then stirred at 80 °C for 3 h. After cooling the solution to room temperature, 2M NaOH 

was added to make the solution basic (pH>10) and extracted with ethyl acetate (3 × 20 mL). 

The combined organic solution was washed with water (50 mL) and dried over Na2SO4, 
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filtered, and the solvent removed under reduced pressure to yield the desired product 6-

bromohexan-1-amine hydrochloride as a yellow viscous oil (yield 77%).  

1H NMR (MeOD, 400 MHz): δ 3.49-3.44 (q, 2H), 2.96-2.91 (q, 2H), 1.91-1.84 (m, 2H), 1.70-

1.65 (m, 2H), 1.51-1.44 (m, 4H). 13C NMR (MeOD, 400 MHz): δ 40.66, 34.22, 33.58, 28.58, 

28.33, 26.54.  

 

 

 

In the second step, 6-bromohexan-1-amine hydrochloride (0.85 g, 3.3 mmol) and NaN3 

(0.64 g, 9.8 mmol) were dissolved in 30 mL of H2O and stirred at 100 °C overnight. After 

cooling, 37% ammonia solution was added to make it base (pH>10) and extract with ether (3 

× 20 mL). The organic solutions were collected and dried over Na2SO4, filtered, and the solvent 

concentrated in vacuo to give 6-azidohexan-1-amine as a yellow oil (yield 68%).  

1H NMR (CDCl3, 400 MHz): δ 3.29-3.24 (t, 2H), 2.72-2.67 (t, 2H), 1.66-1.57 (m, 2H), 1.51-

1.35 (m, 6H). 13C NMR (CDCl3, 400 MHz): δ 51.92, 42.60, 34.12, 29.34, 27.12, 26.96. 

 

 

 

In the final step, to a stirring solution of 6-azidohexan-1-amine (0.32 g, 2.25 mmol) in 

ethanol (7 mL) was added amidinopyrazole hydrochloride (0.33 g, 2.25 mmol) and DIPEA 

(0.29 g, 2.25 mmol). The reaction mixture was stirred at 55 °C for 12 h. After then, 2M NaOH 

was added until a basic pH (pH>10) was reached, and then extracted with ether (3 × 20 mL). 

The solvent was concentrated in vacuo to give the final product as a yellow oil (97% yield).  

1H NMR (D2O, 400 MHz): δ 3.37-3.33 (m, 2H), 3.22-3.19 (m, 2H), 1.65-1.61 (m, 4H), 1.42-

1.41 (m, 4H). 13C NMR (D2O, 400 MHz): δ 156.73, 51.11, 41.05, 27.83, 27.72, 25.52, 25.34. 

HR-MS (ESI) calcd. 185.12 for C7H17N6, found 185.15 [M-Cl]-. 

 

 



94 

 

Synthesis of polymer 1.  

 

 

Synthesis procedure was reported in Chapter 3.2.2.  

 

Synthesis of C2-guanidinylated polycarbonate (12).  

 

 

To a solution of the previous synthesised alkyne parent homopolymer (1, 0.22 g, 1.1 mmol) 

in THF (3 mL), was added 1-(2-azidoethyl)-guanidine hydrochloride (0.23 g, 1.4 mmol), 

copper(II) sulfate pentahydrate (0.082 g, 0.33 mmol), and sodium ascorbate (0.22 g, 1.1 mmol) 

in 3 mL of water and stirred at 50 °C for 24 h. After the reaction, roughly 1 equiv of Na2S 

(0.082 g, 0.33 mmol) was added to the reaction mixture to remove copper residual and the 

solution turned to brown. Copper sulfide was filtered and the filtrate was added to the dialysis 

bag (3500 Da MWCO) for further purification for 6 h with constant replacement of fresh water 

every 30 min. The water was removed under vacuum to give a final product 12 as a light brown 

solid (89% yield).  

1H NMR (D2O, 400 MHz): δ 8.14 (s, 1H), 5.27 (s, 2H), 4.66 (s, 2H), 4.29 (s, 4H), 3.77 (s, 2H), 

1.18 (s, 3H). 
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Synthesis of C3-guanidinylated polycarbonate (13). 

Synthesis procedure was reported in our previous work.177 

 

Synthesis of C6-guanidinylated polycarbonate (14).  

 

 

The previous synthesised alkyne parent homopolymer (1; 0.2 g, 1.0 mmol) was dissolved 

in 3 mL of THF and added to a solution of 1-(6-azidohexyl)-guanidine hydrochloride (0.33 g, 

1.5 mmol), copper(II) sulfate pentahydrate (0.08 g, 0.3 mmol), and sodium ascorbate (0.2 g, 

1.0 mmol) in 3 mL of water and stirred at 50 °C for 24 h. After that, roughly 1 equiv of Na2S 

(0.08 g, 0.3 mmol) was added to remove copper residual and the solution turned brown with a 

precipitate of copper sulfide. Lastly, the filtrate was added to the dialysis bag (3500 Da 

MWCO) for further purification for 6 h with constant replacement of fresh water. The water 

was removed under vacuum to give a final product 14 as a light brown solid (76% yield).  

1H NMR (D2O, 400 MHz): δ 8.02 (s, 1H), 5.26 (s, 2H), 4.40-4.28 (m, 6H), 3.17 (s, 2H), 1.72-

1.21 (m, 11H). 
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5.3 Results and Discussion 

5.3.1 Synthesis of amphiphilic copolymers 

 

 

 

Scheme 5.1. Synthesis of (a) alkyne functionalised polycarbonate parent homopolymer (1), copolymers (2-5), and 

(b) guanidine polycarbonate child copolymers (6-9). 

 

A series of precursor random polycarbonate copolymers were synthesised by metal-free 

ring-opening polymerisation (ROP) of various functional cyclic carbonate monomers as shown 

in Scheme 1a. Prior to polymerisation, two cyclic carbonate monomers were synthesised 

including 5-Methyl-5-benzyloxycarbonyl-1,3-dioxane-2-one (MBC) and 5-methyl-5-

propargyloxycarbonyl-1,3-dioxan-2-one (MPC) via ring closure reaction according to the 

protocol reported by Hedrick et al.100 After then, MPC and MBC were polymerised with 4-

methylbenzyl alcohol as the initiator and the dual catalyst system of TU/DBU in a one-pot ROP 

technique (Scheme 5.1a). The random copolymer compositions were controlled by initial 

monomer:initiator feed ratios and confirmed by GPC (Table 5.2 and Appendix Figure A40). In 

this study, all copolymers for post-functionalisation were synthesised with a degree of 

polymerisation (DP) of 20, which was the molecular weight of the polymer that exhibited the 

best bioactivity in our previous study on guanidinylated polycarbonates.177 Herein, four alkyne-

functionalised polycarbonate copolymers (2-5) were successfully prepared as parent polymers 
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for further post-functionalisation. By 1H NMR analysis, the final polymer composition was 

closely matched to the desired feed ratio of the different MPC and MBC monomer numbers 

(Figure A46–49 in Appendix for Mn calculation). 

Consequently, to investigate the hydrophobic/hydrophilic balance effect, the precursor 

copolymers were reacted with azide guanidine via CuAAC “click” reaction to convey 

antimicrobial activities (Scheme 5.1b). An excess amount of azide guanidine (1.5 equiv) was 

used to ensure full conversion of the alkyne groups in the backbones into triazole groups. Four 

different levels of guanidine contents at 90 mol%, 70 mol%, 50 mol%, and 20 mol% were 

attached to the polymer backbone. The resulting copolymers (6-9) were synthesised with a 

yield of 65% (Figure A50–53 in Appendix for molar ratio calculation). Addition of sodium 

sulphide allowed for easy removal of the copper catalyst residue, by forming copper sulphide, 

through filtration. The successful removal of copper was proved in our previous work.177 The 

polymers were further purified by precipitation in cold methanol several times to remove 

remaining impurities. After the click reactions, the guanidine copolymers (6-9) showed poor 

solubility in common organic solvents such as chloroform, DCM, and THF – the same solvents 

in which the polymers used to be soluble in before undergoing click reactions. It was found 

these copolymers were now only soluble in DMF and DMSO. Figure 5.1 compared the 1H 

NMR spectra of polycarbonates before and after click reactions. The attachment of guanidine 

groups onto the polymer backbone was confirmed, with the new triazole unit signal appearing 

at 8.17 ppm and the benzene ring signal appearing at 7.31 ppm (Figure 5.1b). Also, other new 

signals appearing at 2.00, 3.07, and 4.40 ppm were originated from the methylene units of the 

guanidine group. 
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Figure 5.1. Stacked 1H NMR spectra of (a) polymer 4 in CDCl3 and (b) polymer 8 in DMSO-d6. 

 

5.3.2 Synthesis of amphiphilic terpolymers 

 

 

 

Scheme 5.2. Synthesis of guanidine polycarbonate child terpolymers. 
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Moreover, terpolymers were also prepared to study the amphiphilic balance effect by using 

a one-pot, but stepwise click reaction (Scheme 5.2). We selected parent copolymer 2 and 3 

which contains 90 and 70% of free alkyne groups, respectively, to attach two functional groups. 

This is because there are a greater amount of free alkyne groups available to attach distinct 

amount of hydrophilic passive diluting groups to hydrophobic groups after clicking 50% of 

guanidine groups. First, the passive diluting group of ethylene glycol was “clicked” onto the 

parent copolymer (2 and 3) and isolated for 1H NMR characterisation (Figure 5.2b). After then, 

the excess amount of azide guanidine was added to complete the consumption of all free alkyne 

groups in the backbone. The composition of polymers made was precisely set at 50:10:40 and 

50:30:20 molar ratio of cationic:hydrophobic:hydrophilic groups (Table 5.2). The resulting 

terpolymers (10 and 11) were synthesised with isolated yields of 60% and purified using the 

same purification method demonstrated in the copolymer synthesis section. Also, the solubility 

of the compounds changed upon click reactions and became only soluble in DMF and DMSO. 

In Figure 5.2a, a benzene ring signal is exhibited at 7.33 ppm and alkyne peak appearing at 

2.53 ppm. The intermediate polymer exhibited both the new triazole proton peak at 8.10 ppm 

and an unreacted free alkyne group peak at 3.55 ppm, which are available for guanidine group 

attachment (Figure 5.2b). The new methylene units of the passive diluting group peaks appear 

between 3.50 and 3.80 ppm. Figure 5.2c shows the new signal appearing at 2.00 and 3.09 ppm, 

which were originated from the methylene units of the guanidine group. 1H NMR spectra 

provided the actual terpolymers composition which agreed well with the feed ratio (Figure A54 

and 55 in Appendix for molar ratio calculation). 
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Figure 5.2. Stacked 1H NMR spectra of (a) polymer 3 in CDCl3, (b) intermediate polymer 11, and (c) polymer 11 

in DMSO-d6. 
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Table 5.2. Composition and properties of various parent and child polycarbonates  

     Guanidine       

 Polymer MPC 

% 

MBC 

% 

Passive 

diluting 

group % 

Spacer 2 

% 

Spacer 3 

% 

Spacer 6 

% 

Theoretical Mn 

(g mol-1) 

GPC Mn 

(g mol-1) 

TEM micelle 

diameter 

(nm) 

Z-average 

diameter 

(nm) 

Zeta 

potential 

(mV) 

Solubility 

P
ar

en
t 

p
o

ly
m

er
 

1 100 0 - - - - 4080 5480 - - - DCM/DMF/DMSO/

CHCl3/THF 

2 90 10 - - - - 4190 4160 - - - DCM/DMF/DMSO/

CHCl3/THF 

3 70 30 - - - - 4400 3690 - - - DCM/DMF/DMSO/

CHCl3/THF 

4 50 50 - - - - 4600 3430 - - - DCM/DMF/DMSO/

CHCl3/THF 

5 20 80 - - - - 4920 3260 - - - DCM/DMF/DMSO/

CHCl3/THF 

C
h

il
d
 p

o
ly

m
er

 

6 - 10 - - 90 - 7360 - 191 ± 0.87 261 ± 3.82 17.0 ± 0.64   DMF/DMSO 

7 - 30 - - 70 - 6890 - 169 ± 1.41 217 ± 4.24 20.2 ± 0.21 DMF/DMSO 

8 - 50 - - 50 - 6380 - 121 ± 0.71 165 ± 1.84 23.8 ± 1.70 DMF/DMSO 

9 - 80 - - 20 - 5630 - 72 ± 2.53 85 ± 1.49 30.4 ± 1.13 DMF/DMSO 

10 - 10 40 - 50 - 6570 - 89 ± 0.54 206 ± 11 9.10 ± 0.65 DMF/DMSO 

11 - 30 20 - 50 - 6880 - 82 ± 2.08  106 ± 11 18.4 ± 1.76 DMF/DMSO 

12 - 0 - 100 - - 7360 - 112 ± 1.53 167 ± 1.70 16.3 ± 0.23 H2O 

13* - 0 - - 100 - 7640 - 200 ± 4.24  210 ± 1.46 8.70 ± 0.62 H2O 

14 - 0 - - - 100 8490 - 227 ± 5.77 288 ± 2.19 6.50 ± 0.48  H2O 

*synthesised in previous work177



102 

 

5.3.3 Synthesis of homopolymers with different spacer arm length 

 

 

Scheme 5.3. Synthesis of guanidine polycarbonates with series of spacer arm length. 

 

Apart from amphiphilic balance effect, spacer arm length between the guanidine moiety 

and polymer backbone is another structural parameter known to influence the antimicrobial 

and hemolytic activities.82,97,180 In our previous study, guanidine homopolycarbonates with a 

three carbon alkyl chain length were synthesised, and in order to investigate the bioactivity 

effect further, another two guanidine polymers with different alkyl chain lengths were prepared 

(Scheme 5.3). Prior to post-functionalisation, two new guanidine salts were prepared and the 

final structures were confirmed by 1H NMR spectra and ESI mass spectrum (Appendix Figure 

A41–45). Post-functionalisation was carried out by the attachment of azide guanidine of two 

carbon and six carbon alkyl chain lengths onto the parent homopolymer (1) backbone via click 

reaction. The polymer was purified by dialysis to remove water-soluble impurities remaining 

in the reaction solution. These polymers became water soluble after attachment of the 

hydrophilic guanidine functional groups (Table 5.2). The attachment of various guanidine 

groups onto the polycarbonate backbone has been confirmed by 1H NMR (Figure 5.3). 

Specifically, as the spacer arm length of the guanidine group increases from three carbon to six 

carbon, the position of the methylene proton peak 6 shifted to the right-hand side of the 

spectrum, which indicated a clear change in structure of the different guanidine groups. All 

three guanidine homopolymers (12-14) exhibited the triazole peak at 8.01-8.17 ppm, which 

confirmed a successful click reaction. 
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Figure 5.3. Stacked 1H NMR spectra of (a) polymer 12, (b) polymer 13, and (c) polymer 14 in D2O. 

 

5.3.4 Antimicrobial and hemolytic activities 

Bioactivity of the cationic polymer mainly comes from the electrostatic interactions 

between the cationic group on the polymer and the anionic components in microbial 

membranes. Compared to mammalian cells, bacterial cells and fungal cells consist of more 

negatively charged components on their membrane, which makes them more vulnerable and 

susceptible to cationic polymers.54 The key processes for the microbial activity of synthetic 

cationic polymers involve: (1) that the polymer should possess enough cationic density to 

attach to the surface of microbial cell membrane; (2) insert or diffuse through the cell wall; and 

(3) interact with the cytoplasmic membrane to cause damage and lead to cell death.72 Up to 
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date, several structural parameters of the polymers were adjusted to enhance the bioactivity 

based on this antimicrobial model of action. In our previous work, we studied the molecular 

weight and guanidine charge density effects on bioactivity, and here, the amphiphilic balance 

and spacer arm length between the cationic pendant group and polymer backbone were 

investigated. Preliminary biocompatibility studies were carried out by hemolysis assay, which 

is used to test the ability of polymers to lyse RBCs for future healthcare applications. 

 

5.3.4.1 New and old antimicrobial and hemolysis method comparison 

Since a new MIC and hemolysis standard methods (10:90) were used to study this chapter, 

previously synthesised polymer samples from Chapter 4 were tested using the new methods 

and compared with the old methods. 

 

Table 5.3. Antimicrobial (MIC and MLC) activities of PG-8k-100 and PG-8k-2080 

  MIC (µg/mL) MLC (µg/mL) 

Sample Test method 

(Pv:Bv)* 

E. coli S. aureus C. albicans E. coli S. aureus C. albicans 

PG-8k-100 50:50 40 80 80 40 80 320 

 10:90 40 40 80 40 80 320 

PG-8k-2080 50:50 160 320 320 160 640 2560 

 10:90 160 320 320 160 640 1280 

* Polymer stock volume (Pv): Bacterial stock volume (Bv) 

  

As shown in Table 5.3, PG-8k-100 and PG-8k-2080 were tested against E. coli, S. aureus, 

and C. albicans. Both polymer samples showed almost the same MIC and MLC results for two 

different testing methods. In addition to the antimicrobial tests, hemolysis results for PG-8k-

2080 also showed very similar hemolysis percentages between two different methods (Figure 

5.4). From these results, it can be concluded that modified antimicrobial and hemolysis assays 

used in this chapter have no effect compared to the original standard methods used in Chapter 

4. 
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Figure 5.4. Hemolytic (HC50) Activities of PG-8k-2080 using different hemolysis method. 

 

5.3.4.2 The effect of amphiphilic copolymer composition 

A study of the effect of the amphiphilic balance on bioactivities were carried out using the 

binary system to synthesise four guanidine-containing copolymers of different levels of 

hydrophobicity (6-9). Three representative clinically relevant microbes, E. coli (Gram-

negative), S. aureus (Gram-positive), and C. albicans (Fungus) were used for this assay. Table 

5.4 summarises the MIC and MLC values of four guanidine copolymer samples, including one 

homopolymer from our previous work to compare hydrophobic effects. Guanidinylated 

copolymers with 10% (6) and 30% (7) of hydrophobic groups showed slight increase in MIC 

and MLC values between 40-80 μg/mL against E. coli and S. aureus compared to the 

homopolymer 13. Upon further increasing the hydrophobic content to over 50%, the polymer 

showed a huge decrease in activity against E. coli, S. aureus, and C. albicans with MIC/MLC 

≥2560 μg/mL. In addition, all four copolymers showed a decrease in activity against C. 

albicans. A potential effect of addition of hydrophobic groups onto the copolymer is the decline 

in cationic charge density on the overall copolymer, which leads to a decrease in the ability of 

polymer to attach to the surface of a microbial cell membrane. Furthermore, it also may cause 

aggregation of polymer chains in an aqueous solution that will reduce the number of polymers 

available to interact with the bacteria. Both effects can result in reduction of antimicrobial 

activity. The reduction in activity for all four copolymers against C. albicans could be due to 

the fungal cell structure being more vulnerable to cationic density on the polymer than Gram-

negative and Gram-positive bacteria.  

0%

5%

10%

15%

20%

25%

0 20 40 80 160 320 640 1280

%
 H

e
m

o
ly

s
is

Concentration (µg/mL)

50:50

10:90



106 

 

The toxicity study for the four guanidine amphiphilic copolymers (6-9) at the 

concentration ranging from 20 to 2560 μg/mL were examined by hemolysis assay using sheep 

red blood cells (RBCs). Figure 5.5 showed that with more than 30% of hydrophobic groups in 

the copolymer (7-9), the hemolysis profile of HC50 decreased dramatically from 2560 to 20 

μg/mL, which indicates an increment of toxicity to mammalian RBCs. Under the same polymer 

concentration, the copolymer with 10% hydrophobic group (6) showed the least hemolytic 

activity (HC50 = 2560 μg/mL), indicating that this polymer exhibited both high antimicrobial 

activity with low level of hemolysis compared to other copolymers. Figure 5.6a showed that 

hemagglutination started at 160 µg/mL for polymer 6, which is above the MIC value, while it 

started at 40 μg/mL for polymer 7, 40 μg/mL for polymer 8, and higher than 20 μg/mL for 

polymer 9, whose results are all below its MIC values. This indicates that the hemagglutination 

results are consistent with the hemolysis results that copolymers containing a higher number 

of hydrophobic groups showed higher toxicity level. 

Palermo and Kuroda synthesised a random copolymethacrylate containing a primary 

ammonium chloride functional group to study the amphiphilic balance effect.176 The study 

found that a copolymer consisting of 50% amine group and 47% hydrophobic methyl 

methacrylate showed the best antimicrobial activity (MIC = 16 µg/mL against E. coli) with no 

hemolytic activity (HC50>2000 µg/mL). Their polymer displayed better activity compared to 

our copolymers and this was because they used less hydrophobic groups than our hydrophobic 

benzene group. Similar results were reported by others where the less hydrophobic group 

showed higher activity than the highly hydrophobic functional groups.165,181,182 Although, the 

polymers exhibited an increase in both antimicrobial and hemolytic activities upon further 

increase in hydrophobicity of over 50%. It is well known that the hydrophobic part of a polymer 

can facilitate the macromolecules to penetrate through both bacterial and human cell 

membranes.127,165 Due to this, there is potential to increase the bioactivity of the polymer by 

incorporating more hydrophobic moieties into its backbone. On the other hand, it may have a 

risk in inducing more toxicity to human cells due to enhanced insertion of polymer through the 

cell membrane to promote interactions with the erythrocyte membrane, causing lysis 

RBCs.77,166,176,183 These assumptions are in agreement with our results (Table 5.4 and Figure 

5.5), which showed the same trend as Palermo and Kuroda’s findings.  
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Table 5.4. Antimicrobial (MIC and MLC) and hemolytic (HC50) activities of guanidinylated polycarbonate 

copolymers 

    MICa (µg/mL)  

Polymer Guanidine 

mol % 

Hydrophobic 

units (%) 

Hydrophilic 

units (%) 

E. coli 

(G -ve) 

S. aureus 

(G +ve) 

C. albicans 

(Fungus) 

HC50 

(µg/mL) 

13 100 0 0 40 80 80 >2560 

6 90 10 0 40 40 320 2560 

7 70 30 0 80 40 320 160 

8 50 50 0 >2560 2560 >2560 80 

9 20 80 0 >2560 2560 >2560 20 

    MLCb (µg/mL)  

Polymer Guanidine 

mol % 

Hydrophobic 

units (%) 

Hydrophilic 

units (%) 

E. coli 

(G -ve) 

S. aureus 

(G +ve) 

C. albicans 

(Fungus) 

HC50 

(µg/mL) 

13 100 0 0 40 80 320 >2560 

6 90 10 0 80 80 640 2560 

7 70 30 0 80 40 640 160 

8 50 50 0 >2560 >2560 >2560 80 

9 20 80 0 >2560 >2560 >2560 20 

aMinimum inhibitory concentration (MIC; μg/mL). bMinimum lethal concentration (MLC; μg/mL). 

 

 

 

Figure 5.5. MIC/HC50 plot of guanidine copolymers. 
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Figure 5.6. Hemagglutination assay on a microtiter plate of dilutions of guanidine (a) copolymers (6-9), (b) terpolymers (10, 11), and (c) homopolymers with different guanidine 

spacer arm length (12-14). For reference, the MIC of the polymer samples against E. coli indicated with red lines.

(c) 

(b) (a) 
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5.3.4.3 The effect of introduction of passive diluting group into the 

copolymer 

In order to overcome drawbacks of copolymers being cytotoxic, hydrophilic passive 

diluting group moieties of 20 and 40% were introduced back into copolymer to obtain 

terpolymers 10 and 11, respectively. Compared to copolymer 8 containing 50% guanidine and 

hydrophobic groups, these terpolymers maintained the same amount of cationic guanidine 

density (50%) with a decrease in amount of the hydrophobic benzene part. The MIC and MLC 

values are summarised in Table 5.5. Addition of hydrophilic passive diluting groups into the 

copolymer with hydrophobic groups showed a huge increase in antimicrobial activity against 

both bacteria and fungus. Amongst three polymers, terpolymer 11 exhibited the lowest MIC 

values (MIC 80 μg/mL against E. coli and S. aureus, MIC 320 μg/mL against C. albicans) with 

the ratio of 50% guanidine, 30% hydrophobic, and 20% hydrophilic groups. Interestingly, for 

terpolymers, the addition of hydrophilic groups resulted in a dramatic reduction in hemolytic 

activity from HC50 = 80 µg/mL to HC50 >2560 μg/mL. Figure 5.7 clearly shows a trend of 

overall results that terpolymers 10 and 11 exhibited both an increase in antimicrobial activity 

and reduction in hemolytic activity compared to copolymer 8. Figure 5.6b, clearly shows that 

the polymer with additional hydrophobic groups (11) has a greater effect on hemagglutination 

than polymer 10 which induces greater interactions with the RBCs that leads to aggregation of 

RBC. The result confirms our findings from copolymers reported in Chapter 5.3.4.2. 

Judzewitsch et al. recently reported that the incorporation of hydrophilic functionality can 

reduce toxicity towards mammalian cells while maintaining high antimicrobial activities.175 

They used the ternary system to fabricate the composition of polymers with 50% cationic 

group, 30% hydrophobic group, and 20% hydrophilic group based on DP = 20, which is the 

same composition as our terpolymer 11. Three acrylamide monomers containing cationic 

primary amine group, hydrophilic group, and hydrophobic group were polymerised. This 

terpolymer P3 showed decrease in MIC value from 128 to 64 µg/mL against E. coli and reduced 

hemolysis from 63% to 52% at 1000 µg/mL compared to copolymer P6. Overall, based on the 

same polymer composition with others, our results were in good agreement with their 

findings.175,184-186 

To summarise, the trade-off effect of the hydrophobic moiety of polymers should be 

carefully considered and the balance between hydrophilicity and hydrophobicity should be 

tuned to achieve an optimised ratio to design polymers with high antimicrobial activity and 
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minimal hemolytic activity. It should be noted that different kind of polymers have different 

leading ratio of amphiphilic balance. 

 

Table 5.5. Antimicrobial (MIC and MLC) and hemolytic (HC50) activities of guanidinylated polycarbonate 

terpolymers 

    MIC (µg/mL)  

Polymer Guanidine 

mol % 

Hydrophobic 

units (%) 

Hydrophilic 

units (%) 

E. coli 

(G -ve) 

S. aureus 

(G +ve) 

C. albicans 

(Fungus) 

HC50 

(µg/mL) 

8 50 50 0 >2560 2560 >2560 80 

10 50 10 40 160 160 640 >2560 

11 50 30 20 80 80 320 >2560 

    MLC (µg/mL)  

Polymer Guanidine 

mol % 

Hydrophobic 

units (%) 

Hydrophilic 

units (%) 

E. coli 

(G -ve) 

S. aureus 

(G +ve) 

C. albicans 

(Fungus) 

HC50 

(µg/mL) 

8 50 50 0 >2560 >2560 >2560 80 

10 50 10 40 160 320 1280 >2560 

11 50 30 20 160 160 640 >2560 

 

 

 

Figure 5.7. MIC/HC50 plot of guanidine terpolymers. 
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5.3.4.4 The effect of spacer arm length 

In light of our177 and previous research by Engler97 and Palermo82, we assume it is possible 

to tune the structure of the polymer without introducing any secondary hydrophobic structures 

whilst maintaining a broad-spectrum of antimicrobial activity with non-toxicity. In our last 

work, guanidine polycarbonate with three carbon alkyl chain length was synthesised, and 

demonstrated a broad-spectrum activity with low toxicity.177 To further study the effect of side 

chain spacer arm length of the polymers on bioactivities, one short alkyl chain guanidine and 

another one long alkyl chain guanidine were clicked onto the same molecular weight of parent 

homopolycarbonates (1; DP = 20) to obtain polymers 12 and 14. As shown in Table 5.6 and 

Figure 5.8, the spacer arm length between guanidine group and polymer backbone showed 

strong effects on the antimicrobial activity against S. aureus and C. albicans. The cationic 

homopolycarbonates with longer spacer arm length (14) showed slight increase in activity 

against E. coli (MIC = 40 μg/mL) and exhibited strong activity against S. aureus (MIC = 20 

μg/mL) and C. albicans (MIC = 40 μg/mL), whereas polymers 12 and 13 showed moderate 

antimicrobial activity. All three polymers were non-toxic at the tested concentration even up 

to 2.56 mg/mL. Also, hemagglutination started after MIC concentration of all three polymers 

(Figure 5.6c), indicating no cause of agglutination of RBCs. 

Engler et al. produced antimicrobial polycarbonates containing three, six, and eight carbon 

alkyl chain quaternary ammonium moiety with DP of 15, 30, and 60.97 As the cationic group 

spacer arm length increased from three to eight, the polymer showed an increase in 

antimicrobial activity (MIC = 31 µg/mL against E. coli, MIC = 4 µg/mL against S. aureus, and 

MIC = 125 µg/mL against C. albicans) and hemolytic activity (HC50 = 125-500 µg/mL). No 

significant difference in activity was seen between polymers with different DP. Surprisingly, 

it seems like under the same spacer arm length between the cationic group and the polymer 

backbone (six carbon) to the polymer synthesised by Engler et al. Guanidine polycarbonate 

(14) was more effective than quaternary ammonium polycarbonate (MIC = 125 µg/mL against 

E. coli, MIC = 31 µg/mL against S. aureus, and MIC = 250 µg/mL against C. albicans), which 

confirms that guanidine is a more potent group as an antimicrobial agent than the quaternary 

ammonium functional group. 

Palermo and co-workers synthesised a series of amphiphilic methacrylate random 

copolymers by adjusting cationic amino side chain spacer arms using ethylene, butylene, 

hexylene, and cyclohexylene.82 Copolymers with a hexylene side chain and hydrophobic 
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ethylmethacrylate in a 70/30 ratio displayed higher antimicrobial activity (MIC = 7.8 µg/mL 

against E. coli and S. aureus) and hemolysis (HC50 = 2.8 µg/mL) than copolymers with 

butylene and hydrophobic ethylmethacrylate (MIC = 21 µg/mL against E. coli and MIC = 63 

µg/mL against S. aureus; HC50 = 1300 µg/mL). Their results display that the antimicrobial 

activity and hemolysis of copolymers can be controlled by tuning the length of the cationic side 

chain spacer arms. Furthermore, they used the molecular dynamic simulation to study the 

interaction of copolymers with bacterial membranes. They proposed that the longer spacer arms 

provide more hydrophobicity and increase the distance between the cationic side chains and 

the hydrophobic polymer backbone to facilitate deeper membrane insertion and reduce the free 

energy barrier to membrane binding – leading to higher antimicrobial and hemolytic activities. 

Overall, our results are consistent with the previous studies that showed polymers with 

longer spacer groups display greater antimicrobial activity without incorporation of 

hydrophobic moiety.82,97,180 By considering the mechanism, elongation of the side group spacer 

arm length may facilitate the polymer to more deeply penetrate through the microbial cell 

membrane than shorter ones, which leads to higher antimicrobial activity.97 
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Table 5.6. Antimicrobial (MIC and MLC) and hemolytic (HC50) activities of guanidinylated polycarbonates with 

different spacer arm length 

   MIC (µg/mL)  

Polymer Theoretical Mn
 a 

(g mol-1) 

Guanidine 

mol % 

E. coli 

(G -ve) 

S. aureus 

(G +ve) 

C. albicans 

(Fungus) 

HC50 (µg/mL) 

12 7360 100 80 160 320 >2560 

13 7640 100 40 80 80 >2560 

14 8490 100 40 20 40 >2560 

   MLC (µg/mL)  

Polymer Theoretical Mn
 a 

(g mol-1) 

Guanidine 

mol % 

E. coli 

(G -ve) 

S. aureus 

(G +ve) 

C. albicans 

(Fungus) 

HC50 (µg/mL) 

12 7360 100 80 160 640 >2560 

13 7640 100 40 80 320 >2560 

14 8490 100 40 40 80 >2560 
aTheoretical Mn = DP (Mm + Mg) + Mi (DP is the degree of polymerisation, Mm is the molecular weight of the monomer MPC, 

Mg is the molecular weight of guanidine group, and Mi is the molecular weight of the initiator).  

 

 

 

Figure 5.8. MIC/HC50 plot of guanidine polycarbonates with different spacer arm length. 
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5.3.5 Polymer morphology in aqueous solution 

In some cases, amphiphilic polymers are able to form micelles in aqueous media.187,188 

Interestingly, our synthesised homopolymers, copolymers, and terpolymers were all found to 

fabricate micelle particles in aqueous environment. This self-assembly behaviour results from 

the tendency of the hydrophobic part to avoid contact with water, and the hydrophilic part to 

be strongly hydrated. Under the requirement of minimum free energy and maximal entropy of 

the system, the smallest spherical micelle of polymers was aggregated. The unique 

nanoparticles are assumed to influence the interaction with cell membranes and further play a 

critical role in the bioactivities of the polymer.95,179,189 Therefore, micelle formation is 

important to investigate as it may provide another aspect on SARs of the polymer. 

As shown in Table 5.2, transmission electron microscopy (TEM) and dynamic light 

scattering (DLS) techniques were conducted to measure the particle size in solution (DLS 

report see Appendix Figure A56–63). For DLS measurements, the average hydrodynamic 

diameter (Dh) of guanidine copolymers (6-9) showed a decrease in size from 261 to 85 nm (Z-

average) as the hydrophobic group content increased from 10 to 80% (Figure 5.9a). Also, this 

phenomenon was observed for terpolymer 11 with its 30% hydrophobic group resulting in a 

reduced particle size of 106 nm compared to terpolymer 10 with its 10% hydrophobic group 

giving a particle size of 206 nm. As shown in Figure 5.10, the typical morphology of particles 

displayed is of a spherical shape with a smooth surface. For copolymers, TEM showed a 

decrease in size from 191 to 72 nm as the hydrophobic group content increased from 10 to 80% 

(Figure 5.10a). Also, this phenomenon was observed for terpolymer 11 with 30% hydrophobic 

group having a smaller size with a diameter of 82 nm compared to terpolymer 10 with 10% 

hydrophobic group showing a diameter of 89 nm (Figure 5.10b). Our trend is similar to the 

work by Nimmagadda who demonstrated that increasing the hydrophobicity of random 

copolymers decreases particle size.95 We suspect that these findings could be due to that 

increasing the number of hydrophobic groups enables polymers to become highly entangled 

with each other, resulting in a more compact environment, and affording smaller particle sizes. 

Moreover, the particle size and morphology of three guanidine homopolymers with 

different spacer arm length was determined as well. As shown in Table 5.2 and Figure 5.9b, 

the longer guanidine spacer arm polymer 14 showed a size of 288 nm, which is larger than 

polymer 12 with a size of 167 nm. TEM showed the same trend where the size increased from 

112 nm to 227 nm for polymer 14 (Figure 5.10c). Our results were consistent with Engler et al. 
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work where they found that polymers with longer cationic spacer arm length showed increase 

in particle size.97 Overall, the DLS values of all nine polymers matched very well with TEM 

values and particle sizes are all above 80 nm, which is long enough to effectively cross a cell 

membrane and cell wall, whose thickness is in the range of 10-80 nm.190 

In addition to size measurements, a zeta potential was also measured which is defined as 

a measure of the colloidal stability of the solution. Particles with a zeta potential ≤15 mV or 

>15 mV are regarded as in stable form.191 In this study, zeta potential values showed a 

relationship to the size of the polymer where a decrease in DLS or TEM size of the polymer 

exhibited an increase in zeta potential value, indicating a more stable micelle form. Polymer 9 

has the highest zeta potential value of 30.4 mV when compared to copolymers 6-8, so it has a 

smaller particle size than these copolymers. This means that larger the zeta potential value, the 

smaller the particle size. Also, the smaller terpolymer with 30% hydrophobic group (11) has a 

higher zeta potential (18.4 mV) than the bigger terpolymer with 10% hydrophobic group (10; 

9.10 mV). For polymers 12-14, a decrease in zeta potential from 16.3 to 6.50 mV was noticed 

as the spacer arm length increases. Our results agree with the findings of Nimmagadda on zeta 

potential.95  

Although the physical and chemical characteristics of antimicrobial polymer micelles have 

been extensively studied for many years, the mechanism of the interaction between micelle and 

cell membrane is still obscure. Nimmagadda et al. proposed that when polymer micelles 

approach the bacterial membrane surface, the micelles lose their stability due to a change in 

the electrostatic interactions and disassemble into small nanoparticles, causing the polymer 

chains to become free.95 Thereafter, free nanoparticles would effectively bind and penetrate 

through the microbial membranes, causing disruption, which leads to cell death.  Built on this 

assumption, another aspect of the loss of antimicrobial activity of copolymers 8 and 9 (more 

than 50% hydrophobic groups) may result from the increase in hydrophobic groups on the 

polymer where they become more stable micelles (shown high zeta potential) and cannot 

quickly dissociate into smaller molecules or nanoparticles to interact and disrupt microbial 

membranes.95 In contrast, homopolymers that have formed large and unstable micelles 

dissociate into the free polymer chains much easier, which can lead to high antimicrobial 

activities. This may explain why the largest and most unstable polymer micelle 14 displayed 

the best antimicrobial activity. 
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Figure 5.9. Comparison of the particle size of guanidinylated (a) copolymers (6-9) and (b) homopolymers with 

various guanidine spacer arm length (12-14) by DLS. 

 

  

 

 

(a) 

(b) 
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Figure 5.10. Transmission electron microscopy (TEM) images of guanidinylated (a) copolymers (6-9), (b) 

terpolymers (10, 11), and (c) homopolymers with different guanidine spacer arm length (12-14). 

 

 

 

  

(a) Copolymers 

 

 

 

 

 

(b) Terpolymers  

 

 

 

 

 

(c) Polymers with different guanidine spacer arm length 
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5.4 Conclusions 

A series of guanidine functionalised polycarbonates with different levels of 

hydrophobicity and molar ratios of cationic:hydrophobic:hydrophilic groups were synthesised 

based on the DP of 20 to investigate the amphiphilic balance effect on the bioactivity. It was 

found that there is a trade-off effect to incorporate hydrophobic moiety into the polymer, which 

increases the antimicrobial activities of the polymer, but also disrupt the mammalian cell 

membrane, which leads to high toxicity to humans. Copolymer 7 containing 30% hydrophobic 

group showed an increase in antimicrobial activity against S. aureus (MIC = 40 μg/mL) as well 

as an increase in hemolytic activity (HC50 = 160 μg/mL). In addition, a greater ratio of 

hydrophobic moiety in polymers may can cause strong aggregation of polymer chains in 

aqueous solution, which reduces the number of polymers available to interact with bacteria, 

and, in turn, decrease the antimicrobial activity (polymers 8 and 9 showed MIC >2560 μg/mL 

against E. coli, S. aureus, and C. albicans). The extra incorporation of hydrophilic moiety into 

copolymers 2 and 3 to fabricate terpolymers 10 and 11 showed a reduction in toxicity 

(HC50>2560 μg/mL) and a rise in antimicrobial activities (MIC 80-640 μg/mL against three 

microbes), which could be a better synthetic strategy to prepare new antimicrobial polymers. 

Three homopolymers with different guanidine spacer arm lengths were synthesised to 

study their effect on bioactivity. Within different guanidine spacer arm length on the polymer, 

the six carbon spacer arms in guanidinylated polycarbonate (14) afforded the best antimicrobial 

activity (MIC = 40 μg/mL against E. coli, MIC = 20 μg/mL against S. aureus, MIC = 40 μg/mL 

against C. albicans) with no observable toxicity (HC50 >2560 μg/mL). In contrast, guanidine 

polycarbonate exhibited higher antimicrobial activity than Engler et al. quaternary ammonium 

polycarbonate at the same length of side group spacer arm. Hence, we propose the simple use 

of this type of linker to provide the best composition of the polymer to enhance activity profile 

without introduction of any secondary hydrophobic units. 

TEM and DLS data suggest that all synthesised cationic polymers have micelle 

conformation in aqueous solution with the size ranging from 72 to 288 nm, indicating they are 

long enough to penetrate through and cross a cell membrane and cell wall. The self-assembly 

micelles are assumed to influence the interaction with cell membranes and further play a critical 

role in the bioactivities of the polymer. But the mechanism of interaction between the micelle 

and cell membrane is still vague and needs to be further investigated and elucidated in order to 



119 

 

develop potent and highly selective antimicrobial materials through simple structural 

modification of polymers.  
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6  
Conclusions and Future 

Work 
 

 

6.1 Conclusions 

Towards the aim of developing novel polymeric biocides with broad-spectrum microbial 

killing and low toxicity to human cells, various guanidinylated polycarbonate structures were 

synthesised using post-modification method via CuAAC click reaction. To confirm the identity 

of the polymers produced, characterisation and analysis was performed using NMR, ATR-

FTIR, GPC, ESI-MS, and ICP-MS. Antimicrobial activity was measured using MIC and MLC 

values, and biocompatibility was monitored via hemolysis and hemagglutination assays against 

mammalian RBCs. 

In Chapter 3 (synthetic strategy), cyclic carbonate monomers were synthesised and then 

polymerised via facile ROP to afford precursor polycarbonate as a platform for post-

modification reaction to yield antimicrobial polycarbonates. The polymerisation of MPC was 

well-controlled using dual catalysts of TU and DBU, showing narrow PDI value (PDI = 1.20) 

at mild conditions, with a high percentage of yield. For copolymerisation of MPC and MBC, 

only DBU was used, and overall polymerisation was controlled precisely. In addition to 

synthesis, based on the NMR data, the degradability of polycarbonate was monitored and it 

was confirmed that more than 97% of the polymer degraded after 10 days under mild base 

conditions. 

Following the synthesis of alkyne functionalised polycarbonates, a series of guanidine 

aliphatic biodegradable polycarbonates with varying molecular weights and charge densities 

were synthesised to improve the performance on bioactivity (Chapter 4). Firstly, guanidine 
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functional groups were attached onto the alkyne containing polycarbonate using CuAAC click 

chemistry. All guanidine polycarbonates exhibited strong biocidal activity against a broad 

range of microorganisms with low toxicity against mammalian RBCs. The polymeric form of 

guanidine was more potent than the individual guanidine compound due to the charge cluster 

effect. The polymer with the lowest molecular weight, PG-8k-100, showed the best 

antimicrobial activity (MIC = 40 µg/mL against E. coli and MIC = 20 µg/mL against S. 

epidermidis) and low toxicity toward RBCs (0.6% hemolysis at MIC). The low to medium 

dilution samples (PG-8k-7030 and PG-8k-5050) had no obvious loss in antimicrobial 

activities compared to the non-diluted control sample PG-8k-100. Therefore, other 

functionalities such as lipid groups and receptor groups can be introduced to the polymer 

backbone. Further evaluation of these series of polycarbonates and their copolymers embedded 

with other biological functionalities are currently underway. 

In the last part of the work (Chapter 5), a series of guanidine functionalised polycarbonates 

were synthesised based on the precursor polymer 1, which showed the best bioactivity as it had 

the smallest DP of 20. Using MPC and MBC monomers, several copolymers and terpolymers 

were synthesised via ROP to investigate the hydrophilic and hydrophobic balance effect on 

antimicrobial and hemolytic activities. Results showed that the copolymer containing up to 30% 

hydrophobic groups (7) showed increase in antimicrobial activity against S. aureus (MIC = 40 

μg/mL) and also hemolysis level (HC50 = 160 μg/mL). There was a trade-off effect required 

for antimicrobial activity to human toxicity, as incorporation of hydrophobic moiety into the 

polymer increased the antimicrobial activities of the polymer but exhibited higher toxicity to 

human cells due to the disruption of the mammalian cell membrane. Another possible effect of 

increasing the hydrophobic moiety ratio in polymers may be a strong aggregation of polymer 

chains in aqueous solution, which in turn reduce the availability of antimicrobial groups on the 

polymer to interact with the bacteria, and result in an overall decrease in antimicrobial activity. 

Terpolymers 10 and 11 were produced by the incorporation of hydrophilic moiety into the 

copolymer to reduce the toxicity while maintaining antimicrobial activities. 

On the other hand, to promote interactions between the polymer and microbial cell 

membrane surface, spacers of two, three, and six carbon arms were introduced between 

guanidine group and the polymer backbone to study their effect on antimicrobial activity and 

toxicity. The six carbon spacer arm length in guanidinylated polycarbonate (14) imparted the 

best antimicrobial activity (MIC = 40 μg/mL against E. coli, MIC = 20 μg/mL against S. aureus, 

MIC = 40 μg/mL against C. albicans) with no toxicity (HC50 >2560 μg/mL) amongst all 



122 

 

synthesised polymers in this study. Hence, we found a simple and best composition of the 

polymer without introduction of any secondary hydrophobic units to enhance bioactivity 

performance. 

The physical nature of the synthetic cationic polymers was investigated using TEM and 

DLS, with data obtained (see sections) suggesting that all exist in a micelle conformation in 

aqueous solution, with the size ranging between 72 to 288 nm. The self-assembled polymer 

micelles may influence the interaction with cell membranes and further play a critical role in 

the bioactivities of the polymer. At present, the mechanism of interaction between the micelle 

and cell membrane is unclear and further investigation is an important research gap to now fill 

to elucidate the relationships between micelle formation, interaction with the microbial surface, 

antimicrobial activity and polymer structure in order to develop potent and highly selective 

antimicrobial materials through simple structural modification of polymers.  

Overall, most synthesised biodegradable antimicrobial polycarbonates possessed excellent 

bioactivity properties showing high antimicrobial activity with low toxicity (MIC below 80 

μg/mL and HC50>2560 μg/mL). A variety of structural parameters such as molecular weights, 

charge density, amphiphilic balance, and side chain spacer arm length proved direct evidence 

of the SARs. The successful approach that allows for the addition of biocidal and other 

functional groups to a polymer backbone, and the tuning aspects of functional groups, charge, 

spacer arm length have had considerable influence on the properties of the polymer (e.g. 

solubility, particle size, and zeta potential). Based on this, these polymers might now be used 

to develop new polymers with different biocidal groups. Additionally, these findings can lead 

to advancements in the field of antimicrobial polymeric biomaterials with new synthetic 

strategies for the development of the next generation of antimicrobial agents. For instance, 

these polymeric materials, with outstanding biodegradability and bioactivity, can be effectively 

utilised and processed into various forms to manufacture potent antimicrobial products for not 

only healthcare related applications, but with the potential to be employed in numerous other 

fields (e.g. paints, coatings, additives etc). 
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6.2 Future Work 

Given the findings of this study, tuning structural parameters are the most important part 

of polymer design for achieving highly potent and selective properties. To enhance the current 

performance of the polymer, further investigations may focus on the following directions: 

 

1) Study various hydrophobic subunit effect on the bioactivity  

 

 

 

Figure 6.1. The structures of cyclic carbonate monomers with different hydrophobic groups. 

 

In Chapter 5, we used MBC as a hydrophobic moiety to copolymerise with MPC and 

varied the ratio between hydrophobic and hydrophilic groups to study the amphiphilic balance 

effect. MBC is highly hydrophobic since it contains benzene ring as a side group. Many 

researchers also reported on different types of hydrophobic monomers that were used for 

designing antimicrobial polymers.165,176,181,182 As shown in Figure 6.1, a series of cyclic 

carbonate monomers (a-d) with different side groups possessing different hydrophobicity can 

be used to copolymerise with MPC to investigate whether there are any significant differences 

in bioactivity when compared to each other. Using each of these monomers, the amphiphilic 

balance effect can be studied again by varying the ratio between guanidine and hydrophobic 

groups. 
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2) Study effect of different composition of guanidine groups 

 

 

 

Scheme 6.1. Synthesis of guanidinylated polycarbonate with various composition of guanidine groups. 

 

A strategy to modulate the antimicrobial and hemolytic activities of guanidinylated 

homopolymers were studied by adjustment of the guanidine spacer arm length in Chapter 5 

using linear structures of guanidine compound. Other researchers reported the effect of 

structural differences and properties of spacer arms.82,97 Therefore, different compositions of 

guanidine salts can be synthesised and attached onto the polymer via CuAAC click reaction to 

study their effect on the bioactivity. Scheme 6.1 shows several guanidine salts with branched 

and cyclic alkyl structures that can be synthesised and used for post-modification on polymers 

with alkyne functional groups. 

 

3) Biguanidine approach 

 

 

Scheme 6.2. Synthesis of biguanidine functionalised polycarbonate.  
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In recent years, biguanidine functionalised polymers have grown in popularity due to their 

effective microbicidal activity and low cytotoxicity.192-194 For example, bisbiguanidine 

chlorhexidine is used for oral disinfectants, wounds, burns, and skin infections.8,195,196 Another 

example is polyhexamethylene biguanidine (PHMB), which is widely used in medicine, 

cosmetics, and as a water disinfectant.192,197,198 These biguanidine polymers have no bacterial 

resistance and are highly biocompatible as well due to the positively charged part on 

biguanidine interacting with the negatively charged phospholipids on the bacterial membrane. 

The positive group then penetrates the membrane barrier and interacts with the chromosomes, 

which causes disruption of the bacterial metabolism.194,199 Therefore, further studies can be 

conducted on synthesising new biguanidine functional groups and incorporating them onto the 

polymer to improve antimicrobial activity (Scheme 6.2). 

 

4) Azide functionalised targeting molecules 

 

Figure 6.2. Azide functionalised sugar molecules. 

 

Gene delivery systems that target drugs specifically to cancer cells and liver tissues have 

attracted attention for gene therapy related applications. Therefore, experiments were 

conducted to synthesise polymers functionalised with various sugar targeting molecules 

including galactose, glucose, and mannose.200-202 Also, these molecules containing azide 

groups were substituted to the polymer via CuAAC click reaction and showed low toxicity to 

cells and improved binding ability towards target cells.200,201 As shown in Figure 6.2, further 

studies can be undertaken on these sugar-grafted polymers using azide functionalised sugar 

molecules, which could then further be utilised as promising gene delivery vehicles in targeted 

drug delivery and tissue engineering. 

In addition to the structural modifications on polymers, the interaction between cationic 

polymers and the microbial cell membranes should also be further studied to explore the 
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antimicrobial mechanism in detail. These can be assessed using several techniques including 

membrane permeability assay, confocal microscopic study, and molecular dynamics 

simulation. Even though these polymers are assumed to be less susceptible to the 

redevelopment and regeneration of bacteria, few researchers provided prevailing evidence for 

it.11,12,54,203-206 Therefore, resistance studies between polymers and microbes need to be carried 

out. Moreover, how the formation of polymer micelle affects its antimicrobial activities is still 

unanswered. Besides the structural parameters mentioned in this study, evaluation of these 

series of guanidine polycarbonates embedded with other biological functionalities can be 

performed as well in future. 
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Appendix 

Chapter 3: 

 

Figure A1. 1H NMR of benzyl 1-(3,5-bis(trifluoromethyl)phenyl)-3-cyclohexylthiourea in CDCl3. 

 

 

Figure A2. 13C NMR of benzyl 1-(3,5-bis(trifluoromethyl)phenyl)-3-cyclohexylthiourea in CDCl3. 
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Chapter 4: 

 
Figure A3. 1H NMR of benzyl 3-hydroxy-2-(hydroxymethyl)-2-methylpropanoate in CDCl3. 

 

 

Figure A4. 13C NMR of benzyl 3-hydroxy-2-(hydroxymethyl)-2-methylpropanoate in CDCl3. 
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Figure A5. 1H NMR of 2,2-bis(hydroxyl methyl)propionate in CDCl3. 

 

 

Figure A6. 13C NMR of 2,2-bis(hydroxyl methyl)propionate in CDCl3. 
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Figure A7. 1H NMR of MBC in CDCl3. 

 

 

Figure A8. 13C NMR of MBC in CDCl3. 
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Figure A9. 1H NMR of 5-methyl-2-oxo-1,3-dioxane-5-carboxylic acid in DMSO-d6. 

 

 

Figure A10. 13C NMR of 5-methyl-2-oxo-1,3-dioxane-5-carboxylic acid in DMSO-d6. 
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Figure A11. 1H NMR of MPC in CDCl3. 

 

 

Figure A12. 13C NMR of MPC in CDCl3. 
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Figure A13. 13C NMR of PMPC-4k in CDCl3. 

 

 

Figure A14. 13C NMR of PG-8k-100 in D2O. 
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Figure A15. 13C NMR of PG-8k-5050 in D2O. 

 

 

Figure A16. 1H NMR of 3-azidopropan-1-amine in CDCl3. 
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Figure A17. 13C NMR of 3-azidopropan-1-amine in CDCl3. 

 

 
Figure A18. 1H NMR of 1-(3-azidopropyl)-guanidine hydrochloride in DMSO-d6. 
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Figure A19. 13C NMR of 1-(3-azidopropyl)-guanidine hydrochloride in DMSO-d6. 

 

 

 

 

Figure A20. ESI mass spectrum of 1-(3-azidopropyl)-guanidine hydrochloride. 
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Figure A21. 1H NMR of PMPC-4k in CDCl3. 

Calculation of Mn by NMR end group analysis.  

Step 1: Normalise the peak at 2.35 ppm as 3 protons, which was coming from the methyl (CH3-

) group of the initiator 

Step 2: Integrate the peak at 4.73 ppm, then calculate the DP with the following equation: 

𝐷𝑃 =
𝐼𝑝𝑒𝑎𝑘 3

2
 =  

39.64

2
 = 19.82 

Step 3: Calculate the number average molecular weight 

𝑀𝑛 = (𝐷𝑃 × 𝑀𝑚) + 𝑀𝑖 = (19.82 × 198.05) + 122.07 = 4050 𝑔 𝑚𝑜𝑙−1
 

MPC monomer molecular weight    Mm = 198.05 g mol-1 

The initiator molecular weight         Mi = 122.07 g mol-1 
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Figure A22. 1H NMR of PMPC-8k in CDCl3 – determination of Mn by NMR. 

 

Integrate the peak at 4.73 ppm, then calculate the DP with the following equation: 

𝐷𝑃 =
𝐼𝑝𝑒𝑎𝑘 3

2
 =  

80.23

2
 = 40.11 

𝑀𝑛 = (𝐷𝑃 × 𝑀𝑚) + 𝑀𝑖 = (40.11 × 198.05) + 122.07 = 8066 𝑔 𝑚𝑜𝑙−1
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Figure A23. 1H NMR of PMPC-16k in CDCl3 – determination of Mn by NMR. 

 

Integrate the peak at 4.73 ppm, then calculate the DP with the following equation: 

𝐷𝑃 =
𝐼𝑝𝑒𝑎𝑘 3

2
 =  

157.34

2
 = 78.67 

𝑀𝑛 = (𝐷𝑃 × 𝑀𝑚) + 𝑀𝑖 = (78.67 × 198.05) + 122.07 = 15703 𝑔 𝑚𝑜𝑙−1
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Figure A24. 1H NMR of PG-8k-7030 in D2O.  

Calculation of the guanidine to passive diluting group ratio by NMR. 

Step 1: Normalise the peak at 5.30 ppm as 2 protons, which was originated from the methylene 

group (-CH2O-). 

Step 2: Integrate the peak at 3.25 ppm, which was belong to the guanidine moiety. 

Step 3: Integrate the peak at 3.96 ppm, which was belong to the passive diluting group. 

Step 4: Calculate the molar ratio of guanidine to passive diluting group.  

 

𝑅𝑎𝑡𝑖𝑜 𝐺𝑢𝑎𝑛𝑖𝑑𝑖𝑛𝑒/𝑃𝑎𝑠𝑠𝑖𝑣𝑒 𝑑𝑖𝑙𝑢𝑡𝑖𝑛𝑔 𝑔𝑟𝑜𝑢𝑝  =  
𝐼𝑝𝑒𝑎𝑘 12

𝐼𝑝𝑒𝑎𝑘 10 + 𝐼𝑝𝑒𝑎𝑘 12
=

1.60

0.61 + 1.60
= 0.72 

 



141 

 

 

Figure A25. 1H NMR of PG-8k-5050 in D2O. 

 

𝑅𝑎𝑡𝑖𝑜 =  
𝐼𝑝𝑒𝑎𝑘 12

𝐼𝑝𝑒𝑎𝑘 10 + 𝐼𝑝𝑒𝑎𝑘 12
=

1.04

1.02 + 1.04
= 0.50 
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Figure A26. 1H NMR of PG-8k-2080 in D2O. 

 

𝑅𝑎𝑡𝑖𝑜 =  
𝐼𝑝𝑒𝑎𝑘 12

𝐼𝑝𝑒𝑎𝑘 10 + 𝐼𝑝𝑒𝑎𝑘 12
=

0.43

1.59 + 0.43
= 0.21 

 

  

 



143 

 

 

 
 

Figure A27. Plate photos for MLC assay of antimicrobial polycarbonates with varying molecular weights (PG-

8k-100, PG-15k-100, and PG-30k-100). 
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145 

 

 

 

Figure A28. Plate photos for MLC assay of antimicrobial polycarbonates with varying guanidine charge densities 

(PG-8k-100, PG-8k-7030, PG-8k-5050, PG-8k-2080, and PG-8k-0). 

 

 

 Average particle size 

Different molecular weight polymer (diameter, nm) 

PG-8k-100 210.2 

PG-15k-100 228.0 

PG-30k-100 238.9 

 Average particle size 

Different charge density polymer (diameter, nm) 

PG-8k-100 210.2 

PG-8k-7030 195.3 

PG-8k-5050 186.1 

PG-8k-2080 198.8 

 

Figure A29. Average particle size measured by DLS for six guanidinylated polycarbonates. 
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Figure A30. DLS report for PG-8k-100/polymer 13 showing average diameter and size distribution. 
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Figure A31. DLS report for PG-15k-100 showing average diameter and size distribution. 
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Figure A32. DLS report for PG-30k-100 showing average diameter and size distribution. 
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Figure A33. DLS report for PG-8k-7030 showing average diameter and size distribution. 
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Figure A34. DLS report for PG-8k-5050 showing average diameter and size distribution. 
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Figure A35. DLS report for PG-8k-2080 showing average diameter and size distribution. 
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Figure A36. 1H NMR of PMPC-4k before degradation. 

 

Figure A37. 1H NMR of PMPC-4k after 1-day degradation. 
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Calculation of the percentage of aliphatic polycarbonate degradation.  

Step 1: normalise the peak at 2.50 ppm as 1 proton, which was coming from the solvent peak 

(DMSO-d6) 

Step 2: Integrate the peak at 4.21 ppm at 0 time (𝐼𝑝𝑒𝑎𝑘 0), then calculate the % of degradation 

with the following equation: 

% 𝑑𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛 = (
𝐼𝑝𝑒𝑎𝑘 0 −  𝐼𝑝𝑒𝑎𝑘 𝑡

𝐼𝑝𝑒𝑎𝑘 0
) × 100 

e.g.  

Integration of peak at 4.21 ppm before degradation = 3.98 

Integration of peak at 4.21 ppm after 1-day (𝐼
𝑝𝑒𝑎𝑘 𝑡

) = 0.94 

% 𝑑𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛 = (
3.98 −  0.94

3.98
) × 100 = 76% 

 

 
 

Figure A38. The degradation (%) of PMPC-4k at different time interval in the solution of PMPC-4k in DMSO-

d6 (pH~12) at 50 °C. 
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(a) 

 

(b) 

 

 

Figure A39. Bactericidal kinetics raw data after 0, 0.5, 1, 2, 4, 6, and 21 h of incubation with different molecular 

weight guanidinylated polycarbonates (PG-8k-100, PG-15k-100, PG-30k-100) at MIC against (a) E. coli and (b) 

S. aureus. Measurements recorded as RLUs obtained for each replicate and % bioluminescence. 

 

 

RLU - MIC (E. coli )

PG-15k-100

Time (h) 1 2 3 1 2 3 1 2 3

0 1912 1910 1932 1820 1840 1920 1912 1914 1932

0.5 1264 1678 36 1524 1136 20 470 1214 14

1 542 1420 6 724 140 2 22 194 2

2 20 614 0 14 4 2 0 4 0

4 2 106 2 2 6 4 4 2 2

6 2 30 0 2 2 2 2 0 0

21 0 2 0 0 2 2 0 0 2

Time (h) PG-8k-100 PG-15k-100 PG-30k-100 Time (h) PG-8k-100 PG-15k-100 PG-30k-100

0 1912 1840 1914 0 100 100 100

0.5 1264 1136 470 0.5 66 62 25

1 542 140 22 1 28 8 1

2 20 4 0 2 1 0 0

4 2 4 2 4 0 0 0

6 2 2 0 6 0 0 0

21 0 2 0 21 0 0 0

PG-8k-100 PG-30k-100

% BioluminescenceMedian values (RLU)

RLU - MIC (S. aureus )

PG-15k-100

Time (h) 1 2 3 1 2 3 1 2 3

0 480 496 496 414 450 466 480 496 490

0.5 6 2 4 4 2 4 4 4 8

1 4 2 2 4 4 2 6 4 4

2 0 2 2 2 2 2 2 4 4

4 4 2 2 4 2 2 6 2 2

6 4 2 2 4 4 6 4 2 2

21 0 4 2 2 2 4 2 2 2

Time (h) PG-8k-100 PG-15k-100 PG-30k-100 Time (h) PG-8k-100 PG-15k-100 PG-30k-100

0 496 450 490 0 100 100 100

0.5 4 4 4 0.5 1 1 1

1 2 4 4 1 0 1 1

2 2 2 4 2 0 0 1

4 2 2 2 4 0 0 0

6 2 4 2 6 0 0 0

21 2 2 2 21 0 0 0

PG-8k-100 PG-30k-100

Median values (RLU) % Bioluminescence
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Chapter 5: 

 

Figure A40. GPC of random copolymers (2-5) in THF. 
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Figure A41. Characterisation of 2-azideoethanamine. 
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(c) ESI mass spectrum 

 

Figure A42. Characterisation of 1-(2-azidoethyl)-guanidine hydrochloride. 
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(a) 1H NMR in MeOD 

 

 

(b) 13C NMR in MeOD 

 

Figure A43. Characterisation of 6-bromohexan-1-amine hydrochloride.  
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Figure A44. Characterisation of 6-azidohexan-1-amine. 
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(c) ESI mass spectrum 

 

 

Figure A45. Characterisation of 1-(6-azidohexyl)-guanidine hydrochloride. 
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Figure A46. 1H NMR of polymer 2 in CDCl3.  

 

Calculation of the triple bond to hydrophobic group ratio by NMR. 

Step 1: Normalize the peak at 1.29 ppm as 3 protons, which was originated from the methyl 

group (CH3-). 

Step 2: Integrate the peak at 4.72 ppm, which was belong to the triple bond. 

Step 3: Integrate the peak at 5.17 ppm, which was belong to the hydrophobic group. 

Step 4: Calculate the molar ratio of triple bond to hydrophobic group.  

𝑅𝑎𝑡𝑖𝑜𝑇𝑟𝑖𝑝𝑙𝑒 𝑏𝑜𝑛𝑑/ℎ𝑦𝑑𝑟𝑜𝑝ℎ𝑜𝑏𝑖𝑐 𝑔𝑟𝑜𝑢𝑝 =
𝐼𝑝𝑒𝑎𝑘 3

𝐼𝑝𝑒𝑎𝑘 3 + 𝐼𝑝𝑒𝑎𝑘 5
=  

2.06

2.06 + 0.19
= 0.92 
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Figure A47. 1H NMR of polymer 3 in CDCl3.  

 

𝑅𝑎𝑡𝑖𝑜𝑇𝑟𝑖𝑝𝑙𝑒 𝑏𝑜𝑛𝑑/ℎ𝑦𝑑𝑟𝑜𝑝ℎ𝑜𝑏𝑖𝑐 𝑔𝑟𝑜𝑢𝑝 =
𝐼𝑝𝑒𝑎𝑘 3

𝐼𝑝𝑒𝑎𝑘 3 + 𝐼𝑝𝑒𝑎𝑘 5
=  

1.35

1.35 + 0.55
= 0.71 
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Figure A48. 1H NMR of polymer 4 in CDCl3.  

 

𝑅𝑎𝑡𝑖𝑜
𝑇𝑟𝑖𝑝𝑙𝑒

𝑏𝑜𝑛𝑑
ℎ𝑦𝑑𝑟𝑜𝑝ℎ𝑜𝑏𝑖𝑐

𝑔𝑟𝑜𝑢𝑝
=

𝐼𝑝𝑒𝑎𝑘 3

𝐼𝑝𝑒𝑎𝑘 3 + 𝐼𝑝𝑒𝑎𝑘 5
=  

1.06

1.06 + 1.02
= 0.51 
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Figure A49. 1H NMR of polymer 5 in CDCl3.  

 

𝑅𝑎𝑡𝑖𝑜𝑇𝑟𝑖𝑝𝑙𝑒 𝑏𝑜𝑛𝑑/ℎ𝑦𝑑𝑟𝑜𝑝ℎ𝑜𝑏𝑖𝑐 𝑔𝑟𝑜𝑢𝑝 =
𝐼𝑝𝑒𝑎𝑘 3

𝐼𝑝𝑒𝑎𝑘 3 + 𝐼𝑝𝑒𝑎𝑘 5
=  

0.46

0.46 + 1.54
= 0.23 

 



166 

 

 

Figure A50. 1H NMR of polymer 6 in DMSO-d6.  

 

Calculation of the guanidine group percentage by NMR. 

Step 1: Normalize the peak at 4.20 ppm as 4 protons, which was originated from the methylene 

group (-CH2O-). 

Step 2: Integrate the peak at 8.17 ppm, which was belong to the triazole ring. 

Step 3: Calculate the percentage of guanidine group attached to the polymer.  

𝐺𝑢𝑎𝑛𝑖𝑑𝑖𝑛𝑒 % =
𝐼𝑝𝑒𝑎𝑘 4

𝑛𝑜. 𝑜𝑓 𝑝𝑟𝑜𝑡𝑜𝑛
× 100 =  

0.91

1
× 100 = 91% 
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Figure A51. 1H NMR of polymer 7 in DMSO-d6.  

 

𝐺𝑢𝑎𝑛𝑖𝑑𝑖𝑛𝑒 % =
𝐼𝑝𝑒𝑎𝑘 4

𝑛𝑜. 𝑜𝑓 𝑝𝑟𝑜𝑡𝑜𝑛
× 100 =  

0.72

1
× 100 = 72% 
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Figure A52. 1H NMR of polymer 8 in DMSO-d6. 

  

𝐺𝑢𝑎𝑛𝑖𝑑𝑖𝑛𝑒 % =
𝐼𝑝𝑒𝑎𝑘 4

𝑛𝑜. 𝑜𝑓 𝑝𝑟𝑜𝑡𝑜𝑛
× 100 =  

0.52

1
× 100 = 52% 
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Figure A53. 1H NMR of polymer 9 in DMSO-d6.  

 

𝐺𝑢𝑎𝑛𝑖𝑑𝑖𝑛𝑒 % =
𝐼𝑝𝑒𝑎𝑘 4

𝑛𝑜. 𝑜𝑓 𝑝𝑟𝑜𝑡𝑜𝑛
× 100 =  

0.19

1
× 100 = 19% 
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Figure A54. 1H NMR of polymer 10 with DP = 20 in DMSO-d6.  

 

Calculation of the attached functional groups ratio by NMR. 

Step 1: Normalize the peak at 4.20 ppm as 4 protons, which was originated from the methylene 

group (-CH2O-). 

Step 2: Integrate the peak at 7.31 ppm, which was belong to the hydrophobic group (benzene 

ring). 

Step 3: Integrate the peak at 8.09 ppm, which was belong to the guanidine and hydrophilic 

group. 

Step 4: Calculate the percentage of guanidine, hydrophilic and hydrophobic group attached to 

the polymer. 

𝐺𝑢𝑎𝑑𝑛𝑖𝑑𝑖𝑛𝑒 𝑎𝑛𝑑 𝐻𝑦𝑑𝑟𝑜𝑝ℎ𝑖𝑙𝑖𝑐 𝑔𝑟𝑜𝑢𝑝 % =
𝐼𝑝𝑒𝑎𝑘 4

𝑛𝑜. 𝑜𝑓 𝑝𝑟𝑜𝑡𝑜𝑛
× 100 =  

0.87

1
× 100 = 87% 

𝐻𝑦𝑑𝑟𝑜𝑝ℎ𝑜𝑏𝑖𝑐 𝑔𝑟𝑜𝑢𝑝 % =
𝐼𝑝𝑒𝑎𝑘 14

𝑛𝑜. 𝑜𝑓 𝑝𝑟𝑜𝑡𝑜𝑛
× 100 =  

0.53

5
× 100 = 11% 
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Figure A55. 1H NMR of polymer 11 with DP = 20 in DMSO-d6.  

 

𝐺𝑢𝑎𝑑𝑛𝑖𝑑𝑖𝑛𝑒 𝑎𝑛𝑑 𝐻𝑦𝑑𝑟𝑜𝑝ℎ𝑖𝑙𝑖𝑐 𝑔𝑟𝑜𝑢𝑝 % =
𝐼𝑝𝑒𝑎𝑘 4

𝑛𝑜. 𝑜𝑓 𝑝𝑟𝑜𝑡𝑜𝑛
× 100 =  

0.67

1
× 100 = 67% 

𝐻𝑦𝑑𝑟𝑜𝑝ℎ𝑜𝑏𝑖𝑐 𝑔𝑟𝑜𝑢𝑝 % =
𝐼𝑝𝑒𝑎𝑘 14

𝑛𝑜. 𝑜𝑓 𝑝𝑟𝑜𝑡𝑜𝑛
× 100 =  

1.72

5
× 100 = 34% 
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Figure A56. DLS report for polymer 6 showing average diameter and size distribution. 
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Figure A57. DLS report for polymer 7 showing average diameter and size distribution. 
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Figure A58. DLS report for polymer 8 showing average diameter and size distribution. 
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Figure A59. DLS report for polymer 9 showing average diameter and size distribution. 
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Figure A60. DLS report for polymer 10 showing average diameter and size distribution. 
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Figure A61. DLS report for polymer 11 showing average diameter and size distribution. 
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Figure A62. DLS report for polymer 12 showing average diameter and size distribution. 

 



179 

 

 

 

Figure A63. DLS report for polymer 14 showing average diameter and size distribution. 
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