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Abstract 

 

With the occurrence of healthcare associated infections (HAIs), the development of novel 

antimicrobial materials has drawn significant research attention. However, developing an 

antimicrobial material that can be long-term effective and environmentally friendly without 

cytotoxicity is still a technical challenge and normally results in large production costs. In this 

thesis research, we fabricated, characterized and evaluated a polyethyleneimine/polyurethane 

(PEI/PU) colloidal film for antimicrobial coating applications.  Following the previous work in 

our group, the colloidal film was obtained by introducing polyethyleneimine into a waterborne 

polyurethane. This colloidal film was found having excellent mechanical properties. From tensile 

tests it was found that the PU/PEI composites displayed superior mechanical properties compared 

to pure PU with an ultimate tensile strength of 23 MPa compared to 18 MPa for pure PU. In 

addition to tensile tests, scratch tests were performed on the coatings. It was found that at 5 wt% 

PEI the coatings displayed the best abrasion resistance at 2000 g of applied force on the tip 

compared to 1200 g for pure PU. The antimicrobial activities were investigated in this work with 

the hypothesis of PU/PEI colloidal films being a dual-functional antibacterial material.  The ion-

releasing activity and contact-killing efficiency of PU/PEI colloidal films were tested separately. 

Though there have not been conclusive results showing the existence of ion-releasing antibacterial 

working principle, a high killing rate of contact-active antibacterial activity was observed. 

Furthermore, explorative evaluations were performed to check possible virucidal effect against 

baculovirus. 
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Chapter 1. Introduction 

 

Healthcare associated infections (HAI) have seen a significant increase along with the 

development of modern clinical treatments, including central line-associated bloodstream 

infections, catheter-associated urinary tract infections, and ventilator-associated pneumonia. Data 

from the HAI Hospital Prevalence Survey shows on any given day, about one in 31 hospital 

patients has at least one healthcare-associated infection. 687,000 HAIs in U.S. acute care hospitals 

in 2015, and about 72,000 hospital patients with HAIs died during their hospitalizations1. To 

prevent HAIs, the development of novel antimicrobial materials has drawn significant research 

attention. Antimicrobial materials contain antimicrobial agents, which have the ability to inhibit 

the growth or directly kill microorganisms so as to reduce the occurrence of HAIs. However, 

developing an antimicrobial material which can be long-term effective and environmentally 

friendly without cytotoxicity to human cells is still a technical challenge and normally results in 

large production costs. 

 

With the purpose of reducing the health threat from microbial contaminants, antimicrobial 

polymers have been substantially developed and used in varies application. Current antimicrobial 

polymers were roughly sorted into passive and active types based on their action against microbes. 

Furthermore, a category of their antimicrobial principles was proposed as repelling, ion-release 

and contact-active antimicrobial polymers. However, each of these antimicrobial principles has its 

inherent shortage respectively. Due to this, multifunctional antimicrobial surfaces have been 

developed and focused on in recent research since with only one antimicrobial principle, the 

effectiveness of antimicrobial materials is insufficient in practice because of the inherent 
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limitations of each principle2. A literature review was performed in Chapter 2 to provide context 

for the antimicrobial agent applied in this project and the study of its antimicrobial mechanisms.  

 

The objective of this project is to evaluate the antimicrobial properties including both ion-releasing 

and contact-active antibacterial activity as well as antiviral property of a recently-developed 

PU/PEI colloidal film. Previous research with this system by Si et al. found that PEI could be 

incorporated into polyurethane to form a colloidal film and it enhanced the material strength at 

low concentrations3. The PEI was bonded to the polyurethane in this system by both ionic 

interactions and hydrogen bonds4, and it was expected to maintain the surface charge density under 

leaching conditions. PEI contains primary, secondary and tertiary amine groups, which shall 

provide a certain antimicrobial activity. In addition to the antibacterial contact-killing activity of 

the bonded PEI in the system, there also existed some mobile PEI. These mobile molecules could 

migrate or leach out of the film and provide biocide releasing activity. In this study, multiple 

antimicrobial tests were performed on the surface to characterize the PU/PEI colloidal film’s 

antimicrobial activity without any surface modifications and gain insights into the antimicrobial 

mechanism. The details and results of antimicrobial and antiviral tests with this material are 

subsequently described in Chapter 3 and Chapter 4. Chapter 5 presents the conclusion and a 

discussion of future work. 
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Chapter 2. Literature Review 

 

2.1 Antimicrobial material  

 

Antimicrobial polymeric materials were first characterized in 1965 by Cornell and Donaruma 

claiming antibacterial activity of polymers and copolymers prepared from 2-

methacryloxytroponones5,6. In the 1970s researchers synthesized various antimicrobial polymeric 

molecules such as polymerized salicylic acid 7, polymers with quaternary ammonium groups8. 

Since then, a large number of polymeric structures with such actions have been discovered or 

synthesized and widely applied in both industrial and academic areas. Furthermore, with the 

development of FDA-approved disinfecting polymers, antimicrobial materials have attracted 

substantial attention in pharmaceutical, and household applications, where microbial contaminants 

could directly cause a serious threat to human health or indirectly by spreading contagion. Julieta 

et al. performed a comprehensive analysis of Google Patent Search database and found more than 

27,845 patents filed since 2013 relating to antimicrobial polymers9. 

 

 

 

Figure 1. Typical formations of biofilm:(a) biofilm of mold; (b) algae biofilm and (c) bacterial 

biofilm6. Reproduced from ref 6. Copyright held by original authors. 
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The way microbes contaminate a substance has been found to be through the adhesion of biofilms 

(Fig. 1) that microbe excrete to anchor themselves to the surface of the substance10,11. Under 

satisfactory growth conditions, microbial cells grow and aggregate while producing a biofilm (Fig. 

2) consisting of extracellular polymeric substance surrounding them10,11. Such extracellular 

polymeric substance is a polymeric conglomeration composed of polysaccharides, proteins, lipids 

and DNA10–12. Defective biofilms are not able to provide satisfactory growth conditions9. 

Therefore, some conventional antimicrobial materials were developed to prevent microbial 

adhesion or viability. Antibiotics, cytotoxic chemical composites, or metal particles were often 

contained in the material and gradually released into the microbial environment to disrupt the 

completion of the biofilm, leading to the inhibition of growth or death of microbes. For example, 

sulphonated poly (ether ether ketone) (SPEEK) significantly reduced the pH level of the surface 

environment, creating an acidic environment which reacted with the anionic membrane of the cells, 

remarkably inhibiting the growth of microbes13. 

 

 

 

Figure 2. Forming process and structure of biofilms14. Reproduced from ref 14. Copyright held 

by original author. 
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Biofilms functionally provide resistance and protection to microbes. However, the rise of biocide 

resistance in microbes, specifically infectious pathogens, presents a challenge for the selection of 

antimicrobial agents and mechanisms, which requires alternatives to antimicrobial agents. 

Therefore, while preventing the spread of infections, exhibiting superior efficiency, minimizing 

toxicity, environmental problems and production costs are also current criteria for antimicrobial 

material development. 

 

2.2 Mechanisms of antimicrobial activity 

 

With the dramatic development of disinfecting polymers, the mechanisms of their antimicrobial 

activity have drawn great attention in the research field. Though some of the discovered polymeric 

structures’ disinfecting mechanisms have not been fully understood, current work has divided them 

into two types: passive action-repelling and active action-killing (as shown in Fig. 3). 

 

 

 

Figure 3. General categories on mechanisms of antimicrobial polymers6. Reproduced from ref 6. 

Copyright held by original authors. 
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2.2.1 Passive antimicrobial action 

 

Due to the typical properties of microbial membrane of being hydrophobic and negatively charged, 

the surface of a polymer with passive antimicrobial action has a property, such as being 

hydrophilic, containing negative charges, or having a low surface free energy to prevent the 

adhesion from surroundings of planktonic microbes by reducing protein adsorption on it. 

Nevertheless, passive antimicrobial surfaces do not actively react with the microbial membrane or 

kill microbes, though repelling them15,16.  Passive polymers are typically designed with one of 3 

approaches, the first is a self-healing, slippery liquid-infused porous surface (SLIPS), most 

commonly this is made of microtextured poly(dimethyl siloxane). The second approach uses 

uncharged polymers, such as poly(2-methyl-2-oxazoline), polypeptoid, polypoly(n-vinyl-

pyrrolidone), poly(ethylene glycol) (PEG), and poly(dimethyl acrylamide). Finally the third 

approach consists of zwitterionic polymers and charged polyampholytes, examples of these 

polymers include phosphobetaine, sulfobetaine, and phospholipid polymers17,18. PEG (Fig. 4), as 

the most generally used passive antimicrobial polymer, has been well studied and has shown 

relatively wide-range targets of pathogens, including Staphylococcus aureus, Escherichia coli and 

Pseudomonas aeruginosa. Also it has demonstrated remarkable antimicrobial effects and 

antifouling ability with the polymer brush system19(Fig. 5). This behaviour is attributed to PEG’s 

high chain mobility, large exclusion volume (Fig. 5), and steric hindrance effect of the highly 

hydrated layer15 (as shown in Fig. 5) to prevent protein adsorption and bacterial adhesion19.  
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Figure 4. Chemical structure of poly(ethylene glycol) (PEG). 

 

 

 

Figure 5. Polymer brush system of poly(ethylene glycol) (PEG). 

 

2.2.2 Active antimicrobial action 

 

Broadly speaking, active antimicrobial actions can be classified as either biostatic or biocidal as 

seen in Fig 6. Biostatic action refers to a surface that keeps the organisms in the stationary non-
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reproducing phase. This contrasts with biocidal action, which actively kills microbes in addition 

to preventing growth. Of the two, biocidal activity is more desirable as it completely prevents the 

microbes from growing after leaving the surface by killing microbes on the surface. Depending on 

the situation, biostatic surfaces can be suitable for some applications such as coatings on certain 

medical instruments. An example of these coatings are plasma polymerized organic nitrites which 

can be produced from a variety of organic monomers containing at least 1 nitrite group, these 

coatings prevent colonization of bacteria on the coated surface20. 

 

 

 
 

Figure 6. Effects of incorporation of bacteriostatic agent versus bactericidal agent at t0 on the 

number of bacterial colony forming units. 

 

Antimicrobial polymers act differently from the passive ones, as they actively interact with 

microbes and kill any which adhere from surroundings onto the polymer surface. Such polymers 

normally are functionalized with biocidal agents, which are basically summarized into three types: 
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antibiotics, positively-charged biocides, or antimicrobial peptides that are able to damage the 

integrity of the microbial cell leading to the death of microbes21.  

 

Differentiating from biocides directly destroying and killing the living organisms, another active 

antimicrobial approach is limiting the growth of organisms by a biostatic agent. For example, 

bacteriostatic agents are known being able to interfere with intracellular metabolism, such as 

protein production or DNA replication of bacteria in order to keep the growth of bacteria in a 

stationary phase (as shown in Fig. 6). However, bacteria can regain the ability of proliferation once 

the bacteriostatic agents are removed. Hence, with the applications of bacteriostatic antibiotics in 

clinical practice, the duration of treatment must be sufficient to allow the host defense mechanisms 

of the immune system to eradicate the bacteria22. Nevertheless, there is not an absolute distinction 

between bacteriostatic agents and bactericidal agents. Some bacteriostatic agents show bactericidal 

activity against susceptible bacteria at high concentration. Macrolides are categorized as one of 

the most general bacteriostatic antibiotics, whereas clarithromycin, erythromycin, and 

azithromycin have been observed exhibiting bactericidal property to Streptococcus pneumoniae 

and Streptococcus pyogenes23–26. Similarly, some bactericidal agents can merely be bacteriostatic 

at low concentration. Furthermore, one type of antibiotic exhibits differently to different bacteria. 

Chloramphenicol is generally considered to be bactericidal against S. pneumoniae but is 

bacteriostatic to S. aureus and group B Streptococci27–30; Linezolid is known as a bacteriostatic 

antibiotic to treat staphylococci and enterococci infections but it shows bactericidal property when 

treating infections by streptococci, including S. pneumoniae31,32. Quinupristin-dalfopristin 

typically has bactericidal activity to most strains of staphylococci and streptococci but 

bacteriostatic action against Enterococcus faecium33,34. 
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The antimicrobial activities of polymers are based on their active biocidal agents. Antimicrobial 

polymers functionalized with positively-charged quaternary ammonium have been extensively 

studied and have been the most widely used. The positively-charged quaternary ammonium is a 

biocidal agent, which interacts with the microbial cell by the electrostatic interaction between the 

polymer and the cell membrane and damages the cytoplasmic membrane, the rupture of the 

membranes causes the leakage of intracellular components leading to the subsequent cell death21. 

In addition to positively-charged quaternary ammonium, other active antimicrobial polymers have 

been actively studied. Two examples of these compounds are polyguanidine, and N-halamine. 

Polyguanidine. As seen in Fig. 7 b), N-halamine inhibits or inactivates cells through the oxidative 

halogen present in the structure that attacks the amino or thio groups of cell receptors35. 

 

a)   

b)  

 

Figure 7. a) Chemicail structure of polyguanidine; b) Bacterial inactivation loop of N-halamine36. 

Reproduced from ref 36. Copyright held by original authors. 

 



11 

 

2.3 Antimicrobial polymers 

 

Comprehensive studies have classified current antimicrobial polymers into three main types: 

polymeric biocides, biocidal polymers, and biocide-releasing polymers6. As they are shown in Fig. 

8 a) polymeric biocides are formed by the interconnection of repeating active biocidal units16,37,38, 

which is not necessarily required in Fig. 8 b) biocidal polymers. Due to this, the antimicrobial 

activity of biocidal polymers includes the whole macromolecule with the biocidal group 

embedded.  Alternatively, Fig. 8 c) biocide releasing polymers normally are loaded with biocides 

and hence their biocidal activity is not performed due to the polymeric matrix. Instead, the matrix 

acts as a carrier of the biocidal agents and releases them to contact and attack the targeted 

organisms39–42. Additionally, these antimicrobial polymers can also be categorized into surface-

bound polymers or solution-based polymers based on their working principles. Generally, biocidal 

polymers are surface-bound with antimicrobial action occurring by surface contact, whereas 

biocide-releasing polymers are solution-based, performing antimicrobial activity in solutions. 

Besides, polymeric biocides can be either surface-bond or solution-based. It is determined by the 

antimicrobial repeating groups they contain. 

 

 
 

Figure 8. General classification of antimicrobial polymers: a) Polymeric biocides; b) biocidal 

polymers; c) Biocide releasing polymers6. Reproduced from ref 6. Copyright held by original 

authors. 
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2.3.1 Polymeric biocides 

 

Polymeric biocides are polymers are composed of active repeating antimicrobial units such as 

amino, carboxyl, or hydroxyl groups, covalently link to each other16,37,38 and the whole 

macromolecules act analogously to the monomers. Also included in this classification are 

polymers with side groups consisting of hydrophobic quaternary ammonium functional groups43. 

Compared to the active monomers, the antimicrobial effectiveness of the polymers should be lower 

due to the steric hindrance maintained by the polymer matrix. The polymerization of the 4-vinyl-

N-benzylpyridinium chloride-antimicrobial molecules is a respective example. The crosslinking 

process leads to a water-insoluble polymer which has no active biocidal property but has biostatic 

activity44. Another example of the effect of different linkages on the efficacy can be seen with the 

antibiotics Penicillin V and Cephradine. The resulting polymer of Cephradine does not display 

antimicrobial activity when stably bonded to PEG-Lysine [Fig. 9 a)]. However when the Penicillin 

V is bonded by an ester linkage to PEG-Lysine, it still exhibits antimicrobial behavior because the 

linkage can be hydrolyzed to release free Penicillin V 45 [as shown in Fig. 9 b)]. This demonstrates 

that the bonding method for polymeric biocides plays a major role in their activity. This behavior 

must be considered when designing polymeric biocides as it seriously impacts the activity of the 

final material.   
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Figure 9. a) Cephradine is stably bonded to PEG-Lysine; b) Penicillin V is bonded by an ester 

linkage to PEG-Lysine45. Reprinted (adapted) with permission from ref 45. Copyright 1993 

American Chemical Society. 

 

Other examples of polymeric biocides synthesised recently includes the copolymerization of 

methacrylate modified Norfloxacin and PEG-methacrylates46 and the copolymerization of 

modified Vancomycin and PEG-methacrylates47. Both these systems showed significant 

reduction in the efficacy of the biocidal units with activities up to 6-fold lower than unmodified 

antibiotics. This trend, while common, does not always hold true and penicillin functionalized 

polyacrylate nanoparticles showed increased efficacy when compared to unmodified biocides48. 

This indicates that the activity of these polymers is not determined by the monomer alone and 

another mechanism may be present. 
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2.3.2 Biocidal polymers 

 

In contrast with polymeric biocides, biocidal polymers do not necessarily require repeat active 

antimicrobial units. Instead, the antimicrobial activity of such polymers is generally exhibited by 

the whole macromolecule. Studies on microbial cell membranes have shown that the surfaces of 

cell membranes of both Gram-positive bacteria and Gram-negative bacteria (see Fig. 10) are 

normally negatively charged, as the cytoplasmic membrane of Gram-positive bacteria consists of 

membrane proteins and teichoic acids as well as phospholipids providing negative charges to the 

surface of Gram-negative bacteria49. Hence, biocidal polymers containing antimicrobial 

polycations have drawn great attention with their ability to electrostatically interact and disrupt the 

microbial cell membrane, completing an antimicrobial action and leading to the ultimate death of 

microbes50. Such functional groups include tertiary sulfonium51, phosphonium52,53, quaternary 

ammonium44, and guanidinium cation. While significant research has studied incorporating 

antimicrobial side groups on linear polymers, dendritic and hyperbranched polymers have also 

been studied for their antimicrobial properties. One commonly used example of these structures is 

quaternized hyperbranched PEI which displays strong antimicrobial properties54. Both commonly 

available as a water solution and a low cost n-alkylated material, quaternized polyethyleneimine 

nanoparticles have remarkable antimicrobial activity against both Gram-positive bacteria and 

Gram-negative bacteria based on the immobilized quaternary ammonium compound (QAC) 

embedded on the long polymeric chain and its hydrophobicity55.  
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Figure 10. Cell wall and membrane structure of Gram-positive versus Gram-negative bacteria. 

 

It is observed that if the polymer backbone is hydrophobic, bioactive repeating units are not 

required in this biocidal polymer. Furthermore, if the polymer backbone is hydrophilic, then this 

polymer needs hydrophobic side groups parallel to the backbone to form a hydrophobic 

surrounding area. The mechanism of antimicrobial peptides (AMP) has been discovered that 

follows the statement above. Examples include magainin and defensin56–60. These two peptides 

both contain highly stiff backbones, and there are side groups distributed in the way that one side 

of the backbones is hydrophobic and the other is positively charged (as shown in Fig. 11). Such a 

structure has a high effectiveness in antimicrobial activity by invading the microbial both outer 

and cytoplasmic membrane with the whole molecule and destroys the structural and functional 

integrity of the cell membrane, leading to the final death of the microbial cell61,62.  
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Figure 11. Structure of a rigid backbone, hydrophobic side and hydrophilic side with cations in 

magainin and defensin63. Reproduced with permission from ref 63. Copyright 2006 

Microbiology Society. 

 

Besides biocidal polymers with cationic groups being organized along the polymer backbone, 

polymers with only one antimicrobial end cap have also been found showing high antimicrobial 

efficiency. This type of biocidal polymer has mainly focused on the addition of a terminal endcap 

during ring-opening polymerization. Commonly a cationic surfactant is used for this purpose, and 

one example is the cation of 2-alkyl-1,3-oxazolines. By utilizing this technique, the polymer is 

only functionalized on one end with another group on the distal end. Within such a polymerization 

process, the introduction of specific different endcaps on either end of the polymers can be 

controlled and varied by utilizing the suitable initiator and terminator. From Waschinski et al. it 

can be seen that when the molecular weight of poly(2-methyl-1,3-oxazolines) (PMOx) and its 

ethyl-derivative (PEtOx) varied between 2k-10k g/mol there was no change in the efficacy of the 

antimicrobial endcap dimethyldodecylammonium bromide (DDA)64. Moreover, by changing the 

polymer backbone to polyethylene glycol (PEG), a 5 to 10 times reduction in antimicrobial activity 

was shown compared to the polyoxazolines. Furthermore, the antimicrobial efficiency could be 

tuned by the group distal to the biocide. This satellite group determines the molecule’s 
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antimicrobial activity within 3 orders of magnitude65. It is hypothesized the behavior is caused by 

the amphipathic nature of the macromolecules. When in solution they can form unimolecular 

micelles, that on contact with microbial cells, unfold and deliver the antimicrobial group as shown 

in Fig. 1265,66. The satellite group plays an important role in this process as it determines the micelle 

formation and aids in the penetration of the biocide through the membrane.  

 

 
 

Figure 12. Release of liposome-entrapped fluorescence dye in presence of PMOx-DDAs6. 

Reproduced from ref 6. Copyright held by original authors. 

 

2.3.3 Biocide-releasing polymers 

 
Biocide-releasing polymers are generally composed of biocides and a polymer matrix as the carrier 

for the biocidal agents. The antimicrobial activity of such polymers is embodied by releasing the 

antimicrobial compounds. Extensive studies have achieved the development of biocide-releasing 

polymers through either bonding the antimicrobial molecules to polymer matrix by polymerization 

or compounding antimicrobial molecules with the polymer. These polymers have been frequently 
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utilized as carriers for antibiotics in clinical trials with their ability to maintain a high local 

concentration of biocides and deliver their biocides quickly and comparably close to the targets39–

42. 

 

Rodriguez et al. designed a type of disinfecting cement with both sufficient antimicrobial 

efficiency and cement strength retention by incorporating chlorhexidine into acrylic bone cements. 

The system contains brushite as a calcium phosphate filler and chlorhexidine as the antimicrobial 

agent, which can release chlorhexidine cation to disrupt the microbial cell membrane67. 

Incorporation of brushite increased the porosity, enhancing the kinetics of chlorhexidine release 

from cements, leading to a higher antimicrobial effectiveness68. Alternatively, in other applications 

a similar delayed release can be achieved by modifying polymers with N-halamine groups attached 

to the backbone 69,70. This class of functionalized polymers can release chlorine or hypochlorite 

into the solution. The active chlorine can then oxidize the phospholipids of the microbial 

cytoplasmic membrane, resulting in the death of microbes71.  

 

While significant research has focused on the release of organic antimicrobial agents from a 

polymer matrix, another active area of research utilizes the release of metal ions for antimicrobial 

purposes. The antimicrobial properties varied with the type of metal. Silver has been well studied 

as the most commonly used metallic antibacterial agent with its significant antibacterial 

effectiveness against both Gram-positive and Gram-negative bacteria. The studies of the 

antibacterial mechanism of silver ions have shown that the ions interact with multiple membrane 

proteins, resulting in the disruption of the membrane and eventually cell death72. Additionally, it 

was also found that silver ions are capable of disrupting the DNA replication cycle73 and 
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interrupting the respiratory chain of bacteria74,75 (as shown in Fig. 13). Lyutakov et al. has 

developed light-activated antimicrobial materials against both Staphylococcus and Pseudomonas 

aeruginosa by doping porphyrin and silver nanoparticles in polymethylmethacrylate. Under 

illumination, porphyrin absorbs light and produces reactive oxygen, affecting the release of silver 

ions76. 

 

 

 
Figure 13. The antibacterial principles of silver ions (Ag+) and silver nanoparticles (AgNPs) 77. 

Reproduced from ref 77. Copyright held by Dove Medical Press Limited 

 

2.3.4 Contact-active antimicrobial polymers 

 

Within the discussion of surface-bonded and solution-based antimicrobial polymers, the non-

leaching polymeric biocides or biocidal polymers can obtain antimicrobial activity on the surface, 

disintegrating microbial cells’ structure and killing them by contact. Despite claims of contact-

killing surfaces, it is difficult to distinguish the mechanism from the biocide-releasing system just 

by general antimicrobial tests with indeterminacy of the bond between biocidal groups and 
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polymer matrix. In addition, if the concentration of the antimicrobial components is over the 

minimal inhibitory concentration (MIC) within 1 micrometer of the surface, the results indicate 

the possibility of contact-killing action. The most frequent and well-regarded method to prove this 

activity so far is by long-term leaching tests, constantly monitoring and comparing the 

antimicrobial performance of the concentrated washing solution with the polymer surface.  

 

As one of the earliest hypotheses, the polymeric spacer effect was proposed in 2001 (see Fig. 14) 

which assumes that when bacterial cells adhere on the polymer surface, the grafted antimicrobial 

polymer could penetrate the cell wall and break up the phospholipid bilayer of cytoplasmic 

membrane killing the microbial cells. This mechanism was further proved in their study by the 

observation that N-hexylated poly(4-vinylpyridine) in solution showed no antibacterial effect on 

Pseudomonas aeruginosa which was one of the targets of the surface modified with N-hexylated 

poly(4-vinylpyridine)78. Another strong evidence of the polymeric spacer effect was shown by 

grafted quarternized polyethyleneimine with a dependency of antimicrobial efficiency on its 

molecular weight79. 

 

 
 

Figure 14. The hypothesis of polymeric spacer effect on contact-active antibacterial activity80. 

Reproduced from ref 80. Copyright 2018 John Wiley and Sons. 
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The second possible mechanism of contact-killing, a phospholipid sponge effect, was proposed in 

2011, claiming that surfaces that are not biocidal groups grafted on polymeric spacers performed 

their antimicrobial activity through removal of negatively charged phospholipids from cell 

membranes (see Fig. 15). Bieser and Tiller have studied a variety of cellulose-derivative surfaces 

modified with different quaternary ammonium compounds and additional hydrophobic groups. 

The conclusion was made that the antibacterial action of such surfaces against S. aureus was 

mostly determined by the cationic/hydrophobic balance rather than by their charge density81. Also, 

by treating with negatively charged phospholipids, the antibacterial performance of all investigated 

surfaces was inhibited82. Both results supported the phospholipid sponge effect. While validity of 

this hypothesis has been approved by some studies, the way water-insoluble phospholipids 

approach the antimicrobial surface through the cell wall has not been clear.  

 

 
 

Figure 15. The hypothesis of phospholipid sponge effect for bacterial contact-killing 

mechanism81. Reproduced from ref 81. Copyright 2011 John Wiley and Sons. 
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2.3.5 Multifunctional antimicrobial surfaces 

 

With only one of the three mechanisms being discussed above – repelling, biocide-releasing and 

contact-active activities, antimicrobial polymers can not always work sufficiently for practical 

applications as each of them has its respective inherent defects2. Therefore, multifunctional 

antimicrobial surfaces have been developed to be more effective and practical in application.  

 

Surface modification on both biocide-releasing and contact-active polymers can repel the adhering 

microbe corpses killed by antimicrobial functional groups, providing a self-cleaning property to 

the resulting polymers. This technique specifically increases the effectiveness and longevity of 

water-soluble or hydrophilic antimicrobial polymers. For example, the antifouling paint frequently 

used on ship’s hulls is a hydrophobic coating of copper-based acrylate copolymers83. While 

releasing biocidal copper ions, the movement of the ship can shear the swollen layer with 

contamination off the hydrophobic coating, revealing self polishing84. Examples of combination 

repelling and contact-killing properties include the surface developed by Laloyaux et al., 

comprising surface attached magainin grafted with oligo(ethylene glycol) methacrylate. The 

contact-killing action of this surface is activated at room temperature with the polymer brushes 

stretched. It switches to repel microbes when the PEG brush structures collapse by increasing the 

temperature to over 35°C (Tcoll)85 (Fig. 16). 
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Figure 16. Antibacterial surface combines thermo-responsive repelling [T above the collapse 

temperature (Tcoll)] and contact-killing properties (T below Tcoll) 6. Reproduced from ref 6. 

Copyright held by original authors. 

 

The combination of biocide-releasing and contact-active approaches has been demonstrated to 

increase the antimicrobial efficiency and lifetime of antimicrobial activity of the entire system. 

Liang et al. combined N-halamine siloxane with quaternary ammonium salt siloxane to form a 

composite polyurethane coating. It was found that the coating displayed lasting antimicrobial 

activity due to the addition of the quaternary ammonium compounds. These contact killing QACs 

continued to provide antimicrobial action after the hypochlorite release system ceased to function, 

giving the coating long term functionality86. A similar behaviour could be achieved by the coating 

approach Li et al. developed based on a layer-by-layer assembled antibacterial coating with 

immobilized quaternary ammonium salts and releasable silver ions on a polystyrene surface (as 

seen in Fig. 17). The antimicrobial efficiency of silver ion-releasing was accompanied by the 

contact-killing activity from the layer of quaternary ammonium compounds87.  
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Figure 17. Layer-by-layer assembled antibacterial surface comprising both contact-killing and 

release-killing antibacterial properties87. Reproduced (adapted) with permission from ref 87. 

Copyright 2006 American Chemical Society. 

 

2.4 Polyethyleneimine (PEI) 

 

Polyethyleneimine (PEI), also called polyaziridine is known as a polymeric molecule comprising 

repeating amine units and ethylene spacers. Generally, linear-formed and branch-formed PEI have 

been classified by their structural architectures.  All amine units in linear PEI (LPEI) are secondary 

amino groups (the primary amino groups at the ends are neglected since there are only 2 of them), 

but branched PEI (BPEI) is composed of primary, secondary, and tertiary amino groups [as shown 

in Fig. 18 a)] with a ratio of 1:2:188. As shown in Fig. 19 a), the general synthesis of LPEI is 

achieved through hydrolysis of poly(2-ethyl-2-oxazoline)89, while BPEI is available via the open-

ring polymerization of aziridine90[see Fig. 19 b)]. LPEI and BPEI (see Fig. 20) have fundamental 

differences in properties as independent of molecular weight.  For example, BPEI is a liquid at 

room temperature while LPEI is a solid with a melting point around 73–75 °C91. In addition, the 

solid LPEI is insoluble in cold water, acetone, benzene and ethyl ether but soluble in hot water at 

low pH and ethanol, chloroform, methanol92.  
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a)  

b)  
 

Figure 18. a) Scheme of ammonia, primary amine, secondary amine and tertiary amine93 

Reproduced with permission from ref 93. Copyright 2021 Course Hero Inc.; b) Schemes of 

primary, secondary, tertiary and quaternary ammonium cations94. Reproduced with permission 

from ref 94. Copyright 2021 Master Organic Chemistry. 

 

 
Figure 19. General synthesis approaches of (a) linear polyethyleneimine (LPEI), (b) branched 

polyethyleneimine (BPEI) 79. Reproduced from ref 79. Copyright held by original authors. 
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Figure 20. Cationic amphiphilic structures of (A) Branched PEI (BPEI) and (B) Linear PEI 

(LPEI) 95. Reproduced from ref 94. Copyright 2012 John Wiley and Sons. 

 

2.4.1 Polyethyleneimine (PEI) and quaternized PEI (QA-PEI) 

 

With the amino groups, PEI can be quaternized to obtain quaternized PEI (QA-PEI) consisting of 

quaternary nitrogen cations88. As a polycation with quaternary ammonium compounds (QACs), 

QA-PEI is known to have remarkable antimicrobial activity against a broad spectrum of 

organisms95–99 with selective cytotoxicity only towards pathogens but not mammalian cells100–103. 

QACs are salts of quaternary ammonium cations (quats). As seen in Fig. 18 b), the structure of 

quats is NR4
+ with four alkyl groups or aryl groups104. Additionally, QACs permanently contain 

their positive charges, whereas the charges in primary, secondary, and tertiary ammonium cations 

are dependent on their solution pH. The antibacterial mechanism of mobilized QA-PEI molecules 

includes disrupting the lipid bilayers of the cytoplasmic membrane and additionally the outer-

membrane of Gram-negative bacteria through the electrolyte attraction between positively charged 

ammonium groups with the negatively charged bacterial surface and the replacement of divalent 

cations, calcium ions (Ca 2+) and magnesium ions (Mg 2+) from the cytoplasmic membrane105. 

Further damage of the cytoplasmic membrane occurs when the hydrophobic alkyl chain 

interdigitates into the hydrophobic bacterial membrane leading to the loss of the proton motive 

force, leakage of intracellular fluid and ultimate death of the bacterial cell106–108. In addition, 
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compared to the QA-LPEI, the primary amino groups in QA-BPEI provide stronger tensile 

strength and the formed three-dimensional network of QA-BPEI while tethering onto polymeric 

matrix has been reported to exhibit contact-active antimicrobial activity through the polymeric 

spacer effect6 in addition to the biocide-release antimicrobial action. Thus, to approach the same 

killing efficiency, lower concentration of QA-PEI is required in the entire polymeric 

macromolecule, resulting in less release of the QACs in environment, minimizing the potential 

impacts of QACs to aquatic systems and microbial drug-resistant mutation98. 

 

2.4.2 Factors impact the antimicrobial activity of PEI 

 

Polyethyleneimine (PEI) as an antimicrobial polycation has been stated with advantages of being 

non-volatile and being long-term antimicrobial comparing to small-molecule antimicrobial agents. 

The higher chemical stability reduces the possibility of antimicrobial agents permeating through 

human skin, risking human health consequently109–111. Owing to these advantages of polycations, 

the factors that impact their antimicrobial effect have also been specifically focused on in relevant 

studies. Antimicrobial polycations are antimicrobial cationic polymers. Cationic groups and 

hydrophobic groups are the two essential functional components in these polymers. Generally, the 

antimicrobial activity of polycations starts with electrostatic adsorption between the cationic 

groups and microbial membrane. Then it follows with an insertion of the microbial membrane by 

the hydrophobic groups, leading to the disruption of the membrane and death of the microbial 

cells.  

 

PEI derives its antimicrobial activity from the primary, secondary and tertiary amine groups within 

its chain. With protonation of the respective amines, the primary, secondary and tertiary 
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ammonium groups can become cationic. These cationic ammonium groups are commonly used to 

make antimicrobial polycations. Note that studies have shown that when compared to 

antimicrobial cationic polymer with quaternary ammonium compounds (QACs), antimicrobial 

polycations containing primary, secondary, or tertiary ammino groups display significant 

antimicrobial potency while still showing lower hemolytic activity than QACs. Additionally, when 

incorporated into a copolymer, polycations with primary and tertiary amine groups (see Fig. 21) 

can be used to tune the bactericidal activity while minimizing the risk of hemolysis. Of the different 

amine groups present in the copolymers, it was found that primary amino groups displayed the 

best biocidal performance compared to other amino groups while also being highly selective with 

negligeable damage to red blood cells at physiologically relevant concentrations112. 

 

 

 
Figure 21. Design scheme of polymethacrylate with different cationic ammonium groups112. 

Reprinted (adapted) with permission from ref 112. Copyright 2009 American Chemical Society. 

 

Other than the cationic groups, the length of the hydrophobic alkyl chains also impacts the 

antimicrobial effectiveness of antimicrobial polycations. For instance, n-

Alkyltrimethylammonium bromides (CnTAB) have been synthesized with a series of n-alkyl chain 

lengths (C5 - C22) by Gilbert et al. to study the effect of the n-alkyl chain lengths on antibacterial 



29 

 

performance. The results have shown a disproportional increase in inhibitory performance up to 

2-3 orders of magnitude of CnTAB when the n-alkyl chain lengths increased from C10 to C12. A 

hypothesis was proposed that the antimicrobial mechanism might differ with a long alkyl chain 

from with a short alkyl chain due to the presence of 2 distinct binding sites with each having an 

affinity for either the long or short alkyl chains113. The other possibility is the formation of dimers 

or aggregates of the longer alkyl chains below the critical micelle concentration that then interact 

with the microbial cell membrane, while this phenomenon does not occur in short alkyl chains due 

to their proximity to the quaternized nitrogen114. The correlation of the substituted alkyl chain 

length and antibacterial activity has also been reported by the investigation of dental resin 

comprising a group of quaternary ammonium methacrylate monomers (QAM) with lengths from 

C10 to C18 of the substituted alkyl chain. It was found that the copolymer with longer alkyl chain 

of QAM displayed a higher antibacterial effectiveness. QAM with a longer alkyl chain (n=16 and 

n=18) showed optimal inhibition on both newly-formed biofilm and mature biofilm, while QAM 

with alkyl chain of 11 carbons and 12 carbons could only inhibit newly-formed biofilm, and neither 

of these biofilms were sensitive to the QAM containing 10 carbons115.  

 

2.4.3 Antivirus activities of QA-PEI and PEI 

 

As discussed above, quaternized PEI has many potential antimicrobial applications as a 

hydrophobic QACs polycation, and it is also additionally applied as an antiviral agent inhibiting 

enveloped viruses, such as hepatitis B virus (HBV), hepatitis C virus (HCV), human 

immunodeficiency virus (HIV), and influenza viruses. Also disinfectants containing QACs have 

been recommended to be employed to inactivate SARS-CoV-2 (COVID-19) virus by U.S. 

Environmental Protection Agency (EPA)116. Haldar et al. have tested glass slides coated with linear 
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or branched N, N-dodecyl methyl-polyethyleneimines (PEIs) and the results showed a 100% 

inactivation efficiency of those hydrophobic PEI derivatives against influenza virus (minimal 

reduction was up to 4 orders of magnitude in the viral titer within minutes)117. Notably the reason 

that QACs are effective against these viruses is that enveloped viruses have a similar membrane 

structure to that of bacterial cells, constituting bilayers of phospholipid due to their  infection and 

replication approaches118 (as shown in Fig. 22).  

 

 

 

Figure 22. Comparing the membrane structure of viral envelopes of SARA-CoV-2 and influenza 

virus to bacterial membranes118. Reprinted (adapted) with permission from ref 118. Copyright 

2020 American Chemical Society.  

 

Schrank et al. have reviewed and summarized a series of QACs against different coronaviruses 

(enveloped) as seen in Table 1118. It was found that the QACs had significant differences in their 

efficacy against different coronaviruses with no QAC providing comprehensive sterilization 

against all members of the Coronaviridae family. While the QACs did provide some killing 

efficacy, many were unable to significantly damage the cell monolayer alone. For example while 

BAC at 1% w/v reduced the replication of SARS-CoV after 5 min exposure, it was unable to 
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eradicate traces of the SARS-CoV RNA on the surface after 3 min of exposure119. In addition to 

the antiviral activity of QACs against enveloped viruses, Tuladhar et al. have also tested and 

reported no virucidal effect of QACs on poliovirus120. 

 

Table 1. Summary of QACs inactivate different coronaviruses (enveloped) 118. Reprinted 

(adapted) with permission from ref 118. Copyright 2020 American Chemical Society. 

 

 

 

However, branched PEI without quaternization does not contain QACs. Studies have been 

performed on overall protonation level of high MW PEI (1616k D) and it was found that the PEI 

acts as a proton sponge with protonation highly dependant on the solution pH. When the pH of 

the solution was 7 the overall protonation of the PEI was found to be 20% compared to 45% at a 

pH of 5. Due to this, in a neutral solution PEI with positive charges is more likely to act as a 

vector of gene delivery rather than antiviral agent. It can potentially prevent DNA degradation 

with its lysosomal buffering capacity121–123. 
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Chapter 3. Antibacterial activity of PU/PEI based on release-killing and 

contact-killing mechanisms 

 

3.1 Synthesis of polyethylenimine/polyurethane (PU/PEI) colloidal film 

 

Polyurethane systems are polymers containing multiple urethane units in the molecular backbone. 

These urethane groups are generally obtained from bonding of alcohol group (–OH) and isocyanate 

(NCO) (see Fig. 23) with additional activation from either catalysts or ultraviolet light. Waterborne 

PUs (WPUs) are known as environmentally friendly materials, differing from other general types 

of polyurethane that normally consist of a large portion of volatile organic compounds 

(VOCs)124,125.  

 

 
 

Figure 23. General synthesis approach of polyurethane126. Reproduced from ref 126. Copyright 

2016 Royal Society of Chemistry 

 

Polyurethanes have been widely used in a variety of applications due to its excellent mechanical 

properties, such as high tensile strength, resistance of abrasion and tear propagation. Such excellent 
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mechanical properties are offered by the alternate linkages of hard segments and soft segments in 

the polymer. The immobile hard segments constitute isocyanate and chain extenders, whereas the 

mobile soft segments are composed of polyols126.  

 

In this project, the resulting PU/PEI elastomeric networks containing three types of dynamic non-

covalent interactions. As shown in Figure. 24, hydrogen bonds, ionic bonds and polymer 

entanglement interactions are all included. Note the PEI is a branched polyethyleneimine 

containing primary, secondary and ternary amino group but there is no quaternary amino group as 

incorrectly indicated by the schematic. During the coating procedure the water in the emulsion 

slowly evaporates at room temperature causing the PU micelles to slowly approach each other and 

entangle together. These actions are main factors for the resulting PU film to reach a high 

mechanical strength. Furthermore, both hydrogen bonds and ionic bonds improve the mechanical 

properties of the whole PU/PEI system because both hydrogen and ionic bonds can be simply 

broken then rebuilt, when the elastomeric PU/PEI film is stretched, the breaking and rebuilding 

process of these bonds can dissipate energy at high stress areas. This allows for relaxation of the 

polymer chains and maintains the mechanical integrity of the network. Hydrogen bonds exist 

between urethane groups and urea groups, and PEI groups are incorporated into PU colloidal 

system through additional ionic bonds. However, when the amount of PEI incorporated into the 

PU colloidal system is too high, an over-crosslinked PU/PEI network can be formed from the high 

ion concentration. This over-crosslinked network tends to inhibit the polymer entanglement of PU 

matrix and results in a reduction of mechanical properties. Hence the number of ionic bonds 

referring to the concentration of PEI is critical to the overall PU/PEI network3,4. 



34 

 

 

 

Figure 24. Crosslinked network in PU and PU/PEI colloidal film4. Reproduced from ref 4. 

Copyright 2020 Royal Society of Chemistry. 

 

3.1.1 Materials and instruments 

 

3.1.1.1 Materials 

 
All chemicals used were of analytical reagent grade unless otherwise stated. The following 

chemicals were purchased from Sigma Aldrich. Isophorone diisocyanate (IPDI); polypropylene 

glycol-2000 (PPG-2000); dimethylolpropanic acid (DMPA); Ethylenediamine (EDA); 

Triethylamine (TEA); branched polyethyleneimine (PEI) (average Mw ~25000); Acetone(Plc);  

Ammonium hydroxide, ACS reagent (28-30% solution) was purchased from ACROS Organics. 
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3.1.1.2 Instruments 

 
A mechanical stirrer and vacuum oven were used in the synthesis of the waterborne polyurethane 

dispersions.  A Thinky Planetary mixer and environment chamber were applied in the process of 

coating PU and PU/PEI colloidal films. The compounds of the polymer films were tested by 

Fourier-transform infrared spectroscopy (FTIR) to confirm that the PU/PEI composites were 

successfully synthesized. Universal Macro-Tribometer (UMT) (T1377, Centre for Tribology Inc.) 

was used for testing the tensile strength of different ratios of PU/PEI polymer films.  The cation 

concentration of the water solution used to soak the polymer films was measured by a conductivity 

meter . The morphology changes of PU/PEI film after treatment with DI water, PBS buffer and 

UV Ozone PSDP-UVT (benchtop UV cleaner from Novascan) for 1 h were observed by Scanning 

Electron microscopy (SEM). 

 

3.1.2 Synthesis of PU emulsions 

 

To synthesize the PU emulsion (see Fig. 25), PPG-2000 (50 g) and DMPA (3.4 g) were dried at 

110oC under nitrogen before they were mixed with IPDI (16 mL) in a 250 mL three-necked flask. 

The flask was set up on a hot plate with a mechanical stirrer, thermometer and nitrogen inlet. The 

reaction mixture was kept at 110oC for about 5 h, the mixture was cooled down to 40oC after. Then 

38 mL reagent acetone was added into the reaction while stirring. Meanwhile, a 110 mL acetone 

solution mixed with 5.35 mL EDA and 13.95 mL TEA was prepared then this mixed solution was 

dropped into the reaction to adjust the viscosity of the prepolymers with high shear rate agitation 

throughout the dispersion process. The viscosity is dependent on the rate of the above-mentioned 

acetone solution being added to the PU prepolymer. When the rate of addition is too high, the PU 
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prepolymer could significantly increase in viscosity and climb up the mechanical stirrer. If this 

occurred, the addition rate of the acetone solution was reduced, along with the addition of 1 mL of 

DI water if needed. During the process of adding the mixture of EDA and TEA, the formation of 

the PU emulsion can be observed by the change of solution from translucent to opaque, resulting 

in a creamy white emulsion. Acetone was removed in a vacuum oven with no heat under low 

vacuum for 20 minutes from these PU dispersions and consequently the final PU dispersions had 

30% solids content3. 

 

 

 

Figure 25. Synthesis process of waterborne polyurethane3. Reproduced from ref 3. Copyright 

2020 University of Waterloo. 

 

3.1.3 Coating PU/PEI films 

 

PEI (10 g) was dissolved in 90 mL deionized water to get a solution of 10wt% concentration. 

Before mixing this PEI solution with PU dispersions, 1 mL 30wt% ammonium hydroxide solution 

(28-30%) was added to prevent the PU/PEI colloidal solution from aggregating. Six different 

concentrations of PU/PEI colloidal solution were prepared as such PU, PU/2wt% PEI, PU/5wt% 

PEI, PU/10wt% PEI, PU/15wt% PEI, PU/20wt% PEI. The measurement of the water content of 

PU emulsion was determined to be 70wt%. For each sample in petri dish (60 mm diameters), 2.5 

grams of PU emulsion was added, the weight of polyurethane in this emulsion was 30wt% of the 



37 

 

PU emulsion, which means there is 0.75 grams of polyurethane in each sample. The weight of PEI 

introduced for each concentration is following the equation below: 

𝑥 𝑤𝑡% 𝑃𝐸𝐼 =
𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑃𝐸𝐼

𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑃𝐸𝐼 + 0.75 𝑔𝑟𝑎𝑚𝑠
 

 

For example, to prepare the PU/2wt% PEI, 0.155 mL of 10wt% PEI water solution was added to 

2.5 mL of 30wt% PU emulsion that was previously mixed with 1mL 30wt% ammonium 

hydroxide. 

 

2 𝑤𝑡% 𝑃𝐸𝐼 =
0.155 𝑚𝐿(𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑃𝐸𝐼 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛) ∗

0.1𝑔
𝑚𝐿 (𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑃𝐸𝐼 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛)

(0.155 𝑚𝐿 ∗
0.1𝑔
𝑚𝐿 ) + 0.75𝑔(𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑃𝑈 𝑖𝑛 2.5 𝑚𝐿 𝑃𝑈 𝑒𝑚𝑢𝑙𝑠𝑖𝑜𝑛)

 

2 𝑤𝑡% 𝑃𝐸𝐼 =
0.0155𝑔

0.7655𝑔
 

 

Each solution was intensely mixed at 2000 rpm with 5 min mixing and 2 min defoaming at 2200 

rpm in the Thinky Planetary mixer to avoid the appearance of bubbles during coating. The PU and 

PU/PEI film samples were made by evaporating the well-mixed solution at room temperature 

(20°C) with 50% humidity in petri dishes in the environment chamber. 

 

3.1.4 Results and discussion 

 

With concentrations lower than 15wt% of PEI, the PU/PEI films formed completely in the petri 

dish during the coating process. PU film with 15wt% PEI started to partially show cracks on the 

surface due to the internal stresses that form during unidirectional drying. As the top layer fully 
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dried the shrinking of the material underneath pulled it apart. This can be mitigated through 

controlled drying. Due to this phenomenon the samples were dried in a humidity chamber at 20°C 

and 50% humidity. By increasing the humidity, the drying rate was reduced, and the top layer 

remained more ductile. This technique reduced the likelihood of lower wt% PEI films cracking 

during drying and minimized the cracking seen in the 15wt% PEI samples [see Fig. 26 e)] with 

cracks only occurring on the exterior edge where the thickness increased due to the meniscus. It 

was hypothesized that the increased content of PEI increases the crosslinking seen in the PU 

network, and this in turn makes the composite stiffer. While this property is desirable in some 

cases, the increased stiffness reduces the compliance of the top layer during coating leading to 

cracks forming. As shown in Fig. 26 f), in films with 20wt% PEI, the cracks were exhibited all 

over the surface. Pure PU does not have this issue as the linear chains interact through 

entanglement and can unravel to relieve these stresses. 

 

 

 
 

Figure 26. Coatings of a) PU and PU with b) 2wt%; c) 5wt%; d) 10wt%; e) 15wt% and f) 20wt% 

PEI. 
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3.1.4.1 Fourier-transform infrared spectroscopy (FTIR) 

 

In this study, the carbamate group in polyurethane was prepared by the reaction of the hydroxyl 

group from dimethylolpropanic acid (DMPA) and cyanate group from isophorone diisocyanate 

(IPDI). As shown in Fig. 27, the peak at around 3340 cm−1 of DMPA shows O-H stretching and 

the significant absorption peak in the range of 2275-2250 cm−1 indicates N=C=O stretching in 

IPDI. The peak at 1100 cm−1 of PPG-2000, which is the polymer chain extender in the reaction, 

shows C-O stretching, while the smaller peak at 1370 cm−1 indicates C-H.  Comparing the FTIR 

spectra of these three with the spectrum of PU, the disappearance of the hydroxyl bonds at 3350 

cm−1 and cyanate bonds in 2275-2250 cm−1, the appearance of new bands at around 1200,1700 

cm−1, which were assigned to the C-N and C=O of the carbamate groups respectively, confirmed 

that the carbonate groups were completely converted into carbamate groups. The introduction of 

PEI into the polyurethanes backbone mainly occurred through the direct reaction of isocyanate 

with amine groups of PEI forming urea bonds. As seen in Fig. 27, the broad absorption peaks at 

about 2800-3500 cm−1 show the overlapped absorptions of primary and secondary amine groups, 

and amine salt. Absorbance bands due to the ester and carbamate groups of PU/PEI (10wt%) were 

overlapped in the spectra. Therefore, FTIR results confirmed the formation of a polyurethane 

network and successful introduction of PEI. 
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Figure 27. FTIR measurements of PEI, IPDI, DMPA, PPG-2000, PU and PU/10wt% PEI. 

 

3.1.4.2 Conductivity 

 

In this project, branched polyethyleneimine was introduced into the PU/PEI system as the 

polycation to provide antibacterial properties, which has a cation nitrogen in each repeating group. 

From the mechanism of antibacterial activity of antimicrobial polycation, the concentration of PEI 

was expected having direct impact on the antimicrobial effectiveness of the PU/PEI system127. 

Therefore, knowing either the amount of PEI leached out of the PU/PEI film or the amount left 

within the polymer matrix significantly helps to prove the existence of both ion-releasing and 

contact-killing antimicrobial actions in this system. However, it is difficult to directly detect either 

of these amounts of PEI. Conductivity measurements have been significantly studied and used as 
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a reliable indirect method to determine the ion concentration in a solution. Therefore, a 

conductivity test was applied in this project to confirm the rate of mobile and immobile cationic 

PEI molecules in the PU/PEI colloidal system. 

 

The conductivity of the PU/PEI solution in this project was measured by a conductivity meter. As 

seen in Fig. 28 a), the increase in conductivity of DI water with PU/PEI samples soaked in 

indicated that there were PEI cations leached out from sample films. This indicates that the PU/PEI 

collodial films likely have ion-releasing antibacterial activity. Sample solutions with PU/2wt% 

PEI and PU/5wt% PEI soaked in showed very minor conductivity due to the low concertration of 

PEI. Since conductivity meters become unreliable at low conductivities, these results could either 

be due to errors within the meter or the PEI preventing conductive small molecules from leaving 

the PU. At concentrations below 7wt% the PEI appears to be fully bound to the PU with little free 

PEI able to leave the sample. This can be seen in the 2wt% having the lowest conductivity of all 

the samples, while 5wt% is slightly higher with some PEI releasing into solution and both having 

lower conductivities than pure PU. Conversely, with higer wt%  PEI, the solutions showed 

significant increase in conductivity. As seen in Figure. 28 b), the conductivity results showed 

highest rate of release compaired to other leaching periods in the first 20min of leaching for 

PU/2wt%-20wt% PEI samples. As the soaking time was increased above 1 hour, the conductivity 

curves of all PU/PEI samples in the test tend to reach equilibrium.  
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a)  

b)  

 

Figure 28. Conductivity of leaching solution after soaking PU/PEI composites at various time 

points over 1 week. a) Conductivity vs. Time (log); b) Conductivity vs. Time (linear). 

 

Due to the complexity of conductivity conversion, a series of PEI solutions were made to calibrate 

the conductivity of each concentration for comparison with the conductivity of solutions with film 
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samples soaked in them for different time periods (Fig. 29). With the equation from the this 

calibration curve, we were able to convert the conductivity value into concentration of PEI in each 

leaching solution as shown in Fig. 30. This indicates the existence of mobile PEI molecules exist 

in the washing solution, which would provide ion-release activity of PU/PEI colloidal films. From 

Fig. 30, we can get the final PEI concentrations in each washing solution and convert it into the 

amount of PEI leached out following the calculation steps stated below.  

 

 

 

Figure 29. PEI Concentration (mg/mL) vs. Conductivity, Calibration curve of polyethyleneimine 

concentration. 
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Figure 30. Converted concentration of PEI in leaching solutions vs. leaching time. 

 

The amount of PEI in each piece of PU/PEI sample film (1 cm * 1 cm) can be found following the 

equation below: assuming the thickness of coating in petri dish is even. 

 

𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑃𝐸𝐼 𝑖𝑛 𝑒𝑎𝑐ℎ 𝑠𝑎𝑚𝑝𝑙𝑒 =
1 𝑐𝑚 ∗ 1 cm

(6/2)²𝜋
∗ 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑃𝐸𝐼 𝑖𝑛 𝑒𝑎𝑐ℎ 𝑝𝑒𝑡𝑟𝑖 𝑑𝑖𝑠ℎ 

 

And the amount of PEI in each washing solution can be fund with an equation as: 

𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑃𝐸𝐼 𝑖𝑛 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛𝑠 = 𝑃𝐸𝐼 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 ∗ 10 𝑚𝐿(𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛) 

 

Comparing these two values of PEI weight, the difference can be an evidence that immobilized 

PEI existing in this PU/PEI system, supporting the existence of a contact-killing ability. However, 

the released PEI calculated does not match the calculated PEI in the sample. The ion-releasing 



45 

 

measurements for PEI containing samples were normalized by subtracting the calculated ion 

release of PU, to account for ions present in PU that were not PEI. It was found that the 2wt% and 

5wt% samples showed a lower ion release rate than PU leading to the calculation of negative 

concentration values in the solution after normalizing the measurements compaired to PU. This 

was hypothesized to be due to the bound charged PEI in the PU attracting the unreacted DMPA or 

DMPA containing oligomers already present in the PU preventing its release into the solution. 

This behavior was inverted when the PU contained free PEI for 10, 15 and 20wt% samples with 

the PEI pulling unreacted DMPA or DMPA containing oligomers out of the PU film as it released. 

The calculated release was greater than the PEI present in the film. Since the ion releasing was 

calculated by the conductivity, the presence of unreacted DMPA or DMPA containing oligimers 

would significantly increase the conductivity of resulting solution. For this reason since the DMPA 

release cannot be determined, the calibration curve generated for this data was unsuitable for 

accurately measureing the release of PEI, but it can be used to measure the relative release of each 

composite relative to eachother. From the ion releasing measurements, we can see that 2wt% and 

5wt% tend to reduce the release characteristics when compaired to neat PU. This behavior reaches 

a critical point at 10wt% when the conductivity is greater than neat PU, this is likely indicative of 

a structural change of the composite where above this point there is free PEI in the dried film and 

emulsion. 
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3.1.4.3 Water contact angle 

 

 

 
 

 

 

 

Figure 31. Top: Contact angle measurements of a) PU film; b) PU/2wt% PEI; c) PU/5wt% PEI; 

d) PU/7wt% PEI; e) PU/10wt% PEI; f) PU/12wt% PEI; g) PU/15wt% PEI. 
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The introduction of PEI into PU system slightly reduced the hydrophobicity compared to the 

polyurethane film seen in Fig. 31. However, with the highest concentration of PEI in these 

experiments (15wt%), the contact angle was still over 90°, indicating a hydrophobic surface. As 

the concentration of PEI increased, the film tended to become slightly more hydrophilic. As the 

PEI concentration is increased significantly there is not a significant reduction in contact angle 

indicating the PEI molecules are uniformly dispersed through the PU and do not segregate to the 

surface. These results indicate the PEI is contained mainly to the bulk of the material as expected 

from the hypothesized structure. It can also be hypothesized from these results that the composites 

show some degree of shielding of the PEI groups, where the hydrophobic portions of the PU 

molecule are segregated to the surface, with the charged PU sections and PEI remaining below the 

surface. This behavior could explain the increase in hydrophilicity at 2wt-5wt% PEI then increase 

in hydrophobicity at 7wt-10wt% PEI and finally a decrease as the PEI concentration increases over 

12wt%. At low concentrations, the charges present are not high enough to drive significant 

segregation during drying leading to the presence of PEI on the surface. As the concentration 

increases the ionic interactions increase leading to less PEI present on the surface due to the 

increase in the segregation phenomenon. Finally, when the PEI concentration increases above a 

critical point the charged sections of the PU are saturated and can no longer bind the excess PEI 

leading to an increase in PEI on the surface.  
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3.1.4.4 Scanning electron microscope (SEM)  

 

Fig. 32 shows SEM images of PU/15%wt PEI film surface and surfaces with treatment of DI water 

for 1 hour, 0.01M PBS buffer (pH 7.4 at 25°C) for 1 hour and UV Ozone (PSDP-UVT cleaner) at 

25°C for 1 hour. From these images we can see soaking in DI water, soaking in PBS buffer and 

exposure under UV light for 1 hour did not affect the surface morphology of PU/PEI films. In the 

untreated samples, cracks can be seen throughout the surface. These cracks visible in Fig. 32 a) 

and b) are present in the DI water soaked samples [Fig. 32 c) and d)], the PBS buffer soaked 

samples [Fig. 32 e) and f)], and the UV treated samples [Fig. 32 g) and h)]. When performing 

SEM, the cracks were specifically focused on to see if there was propagation during the treatment. 

Of the different treatments, the UV exposure does not significantly change the surface morphology 

when compared to the untreated sample. Interestingly, the cracks present in the DI water and PBS 

treated samples have reduced in magnitude compared to both the untreated and UV exposed 

samples. This behavior is likely related to the self healing properties seen in PU/PEI composites4. 

When the water swelled the crack parts of it were able to contact and bond reducing the size of 

surface cracks. Based on this, UV treatment was chosen as the sterilization method for both 

antibacterial and antivirus testing. In addition, soaking the PU/PEI films in DI water was done for 

ion leaching purposes, and bacterial cells suspension in PBS buffer was utilized to contact with 

the PU/PEI sample films during the antibacterial testing. 
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Figure 32. SEM of PU and PU/15wt% PEI films with a, b) no treatment; c, d) treatment of DI 

water; e, f) treatment of PBS buffer; and g, h) treatment of UV for 1 hour. 
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3.1.4.5 Dynamic light scattering (DLS) & Zeta-potential 

 
 
 

 
 

Figure 33. DLS measurements of PU/PEI emulsions. 

 

The diagram of DLS (Fig. 33) shows with lower concentration of PEI, as 0%, 2wt% and 5wt%, 

the diameter of micro-emulsion particle is around 20 nm. With higher PEI concentrations the size 

of micro-emulsion particles increases, as 7wt%, 10wt%, 12wt% and 15wt% showing a 50 nm to 

60 nm diameter. With the data shown by Zeta-potential, the results state the PU/PEI colloid system 

is stable. These results are also in line with the results seen in the contact angle measurements. At 

lower concentrations (2-4%) the PEI is more evenly dispersed through the system and do not show 

an increase in aggregation of the PU colloids. As the PEI concentration increases, the PU colloids 

increase to more than double in size. This sudden increase from 5-7% is hypothesised to be due to 

the switch of the PU colloids from micelles to liposomes. These liposomes likely contain high 

concentrations of PEI and would cause a change in the structure of the films produced by drying 

the resulting emulsions. 
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Table 2. Zeta potential of the prepared PU/PEI emulsions. 

 

Samples Zeta-potential (mV)  

PU -41.3 

PU-2wt%PEI -50.7 

PU-5wt%PEI -50.9 

PU-7wt%PEI -44.7 

PU-10wt%PEI -59.0 

PU-12wt%PEI -55.3 

PU-15wt%PEI -56.3 

 

The zeta potential for the PU/PEI colloids showed relatively high charges (see Table 2), with a 

general trend of increasing as the PEI wt% is increased. As seen in the DLS results the 7wt% PEI 

shows a reduction in the zeta potential before an increase for higher wt%. This further indicates a 

change in the colloid morphology. Furthermore all the zeta potentials are near or below -50 mV, 

this indicates that the emulsion is stable and will not agglomerate over time128.  
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3.1.4.6 Tensile test 

 

To investigate the effect of different concentration of PEI into PU system on the mechanical 

strength of PU/PEI colloidal films, tensile tests were conducted on sample films of PU, PU/2wt% 

PEI, PU/5wt% PEI, PU/7wt% PEI, PU/12wt% PEI and PU/15wt% PEI (Fig. 34).  

 

 
 

Figure 34. Stress-strain curves of various PU/PEI colloidal films. 

 

When the PU/PEI composites were tested by UMT, the ultimate tensile strength compared to PU 

was generally increased through the addition of PEI. From fig.34 we can see the 5, 7 and 12 wt% 

PEI films all showed improved ultimate tensile strength compared to neat PU. Furthermore, the 

young’s modulus of the higher wt% PU/PEI composites displayed a stiffening in the initial elastic 

region. Interestingly, the 2wt% PU displayed significantly lower mechanical properties compared 

to the PU. The reason for this was likely due to issues with the sample preparation. Due to the 

elasticity of the PU composites the tensile specimens had to be cut by hand to measure the 

elongation at break. Of the cutting dies that were available, the throat regions of the samples were 

too long and lead to the z axis travel of the UMT maxing out during elongation. It is likely that the 
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2wt% specimens had damage along the throat region of the sample or in the neck region where the 

width was reduced. This damage would likely cause the behavior that was shown in the 2wt% 

sample. This hypothesis was bolstered by the shape of the curve at ~200% elongation where other 

samples show a reduction in the slope while 2wt% does not. When comparing the other PU/PEI 

blends, it was found that 5wt% showed the greatest strength and strain at break compared to all 

the other samples. This behavior was likely due to the phenomena observed earlier in the DLS 

measurements and contact angle. Since the mechanism for the PEI strengthening of PU relates to 

the breaking and reforming of ionic bonds between the DMPA groups in the PU and PEI groups 

present in the PEI, it is likely that the nonhomogeneous dispersion of the PEI within the higher 

wt% PEI/PU composites leads to a reduction in overall strength. The homogeneous dispersion of 

the PEI in the 5wt% sample is likely what allowed it to have a significantly longer strain at break 

compared to other PU/PEI composites as well as a measurable longer strain at break compared to 

the neat PU. While there are strength differences between the various PU/PEI blends, at 5wt% and 

above the strength of the film is greater than neat PU and the main goal of this research is to 

optimize the antimicrobial activity of the resultant PU/PEI film. For this reason, from the tensile 

test, we can conclude that any film between 5wt% and 12% is suitable for coating dependant on 

their respective antimicrobial activity, as above that point cracking during drying becomes an issue 

and the strength is degraded. 
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Figure 35. Stress-strain curve of different sample preparation methods of PU/2wt% PEI 

compared to PU. 

 

With the assumption that the PU/2wt% PEI film showed incorrect measurements due to the hand-

cut sample, a new PU/2wt% PEI sample cut with an ASTM die was prepared. Due to the 

limitations in available dies, the length of the sample was too long to reach its failure strain with 

the UMT reaching the end of Z-axis travel before this point. The result of tensile test is shown in 

Fig. 35. From this figure it can be seen that the die-cut PU/2wt% PEI sample had a higher stiffness 

than the hand-cut sample showing a slightly higher stiffness than PU. This is expected as the 

addition of charged molecules to allow for ionic crosslinking should increase the stiffness of the 

sample. It is expected that PU/2wt% PEI should show a stress-strain curve similar to PU with a 

slightly higher ultimate tensile strength if it was able to be fully extended.  

 

 



55 

 

3.1.4.7 Scratch test  

 
To investigate the strength of the PU/PEI composite as a coating compared to the layer-by-layer 

process, a series of scratch tests were performed on each of the different formulations as seen in 

Fig. 36. When comparing each of the photos of the scratch [right side of Fig 36. a)-g)] all of the 

coatings showed spallation failure by buckling and wedging. The failure point of each of the 

coatings was determined by the point the coefficient of friction started to show vibrations that were 

mirrored by the Fz. This indicated that buckling or wedging was occurring as the tip would pass 

over a raised part of the coating and move into a trough, lowering both the Fx and the Fz read by 

the UMT.  From the PU scratch test in Fig. 36 a), we can see the failure occurs around 1200 g with 

the characteristic oscillations associated with wedging with total failure of the coating occurring 

at around 4100 g. This behavior is similar to the PU/2wt% PEI seen in Fig. 36 b) with the beginning 

of buckling occurring around 1171 g with total failure occurring around 3500 g which was lower 

than the PU. This indicates that low wt% of PEI might cause a decrease in the strength of the 

coating, something that was noticed in the tensile tests, with additional measurements being 

performed to confirm the issue. Like the results found from the tensile strength retest, the initial 

strength of the PU/2wt% PEI coating was like that of the PU as the young’s modulus of the two 

are quite similar. At high loads the coating failed earlier than the neat PU something that was seen 

in the initial tensile test measurements. Moving on to PU/5wt% PEI as seen in Fig. 36 c), initial 

buckling of the coating was seen at around 2000 g, these results mimic those seen in the tensile 

tests with 5wt% showing the greatest tensile strength and elongation at break of all the 

measurements. The 5wt% sample also showed total failure of the coating around 4000 g. As the 

PEI wt% was increased to 7% [Fig.36 d)] we see a decrease in the strength of the coating, like the 

tensile tests with initial failure occurring at 1545 g and total failure occurring at around 3500 g as 
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expected. This again was similar to tensile test results with the 7wt% showing weakening as the 

loading of PEI was over the capacity the PU could ionically bond to. The sample also displayed a 

delayed increase in force in the X and Z direction due to the meniscus that formed during drying 

in the Petri dish. Since the measurement was performed too close to the edge, the starting point of 

the probe was at a higher level than the majority of the sample. This led to the delayed increase of 

the values as the probe did not contact the sample for the first 3 mm of travel. For PU/10wt% PEI 

an initial failure of the coating was seen at 1400 g with total failure occurring at 3000 g as seen in 

Fig. 36 e). For PU/12wt% PEI an initial failure of the coating was seen at 1171 g with total failure 

occurring at 2800 g as seen in Fig. 36 f). Finally for the PU/15wt% PEI initial failure was seen 

around 1500 g and total failure seen at around 3000 g. From analysing the data as a set, it was 

found that the PEI could increase the strength of the PU composite coating significantly when 

added at 5wt%, but as more PEI is added the mechanical strength of the coating suffered. It was 

hypothesised that the excess PEI was interfering with the bonding between the polystyrene plate 

that allowed for delamination to occur sooner than coatings with just PU. This behaviour could be 

desirable for other surfaces though that are hydrophilic as the interactions between the PEI in the 

PU and the charged surface could increase the strength of the coating. While this is currently 

unknown it could be the subject of further research. 
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Figure 36. Force vs. Distance on a) PU; b) PU/2wt% PEI; c) PU/5wt% PEI; d) PU/7wt% PEI; e) 

PU/10wt% PEI; f) PU/12wt% PEI and g) PU/15wt% PEI coatings. 

 

3.2 Ion-releasing killing activity of PU/PEI film  

 

The antibacterial mechanism of mobile QA-PEI as polycations has been proved in previous work 

including disruption of the lipid bilayers of the cytoplasmic membrane. Additionally the outer-

membrane of Gram-negative bacteria can also be broken through the electrolyte attraction between 

positively charged ammonium groups with the negatively charged bacterial surface and the 

replacement of divalent cations, calcium ions and magnesium ions from the cytoplasmic 

membrane105, as shown in Fig. 37. A further damage of the bacterial cytoplasmic membrane can 

be caused by the interdigitation of the hydrophobic alkyl chain of QA-PEI molecules with the 

hydrophobic bacterial membrane leading to the loss of the proton motive force, leakage of 
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intracellular fluid and ultimate death of the bacterial cell106–108. While the mechanism of 

unquaternized PEI is not known, it is known that branched PEI has a propensity to protonate under 

neutral or acidic conditions to form a polycation. This behavior is expected to provide an 

antimicrobial activity similar to that of QA-PEI. 

 

 

 

Figure 37. Antibacterial working principle of mobile QAC molecules127. Reproduced (adapted) 

with permission from ref 127. Copyright 2015 American Chemical Society. 

 

As discussed in the section of WPUs synthesis in this project, the PU/PEI system contains three 

different dynamic non-covalent bonds. The PEI is introduced into PU matrix through ionic bonds. 

And these ionic bonds can be easily broken and rebuilt to distribute energy, offering the elongation 

property while the elastomeric film is stretched. When the ionic bonds break, the PU/PEI elastomer 

can partially release PEI molecules into the surroundings, leading to the occurrence of an 

antibacterial activity. However, an over-crosslinked PU/PEI network can be achieved from 

incorporation of excess PEI into the PU system based on the high ionic concentration. Due to the 

ionic interaction between the PEI and the PU, the PEI remains in the film for long periods of time. 
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While some can be released through the breaking of ionic bonds and diffusion of unbound PEI, 

the majority remains bound to the film due to the multiple tertiary amine groups present in the PEI 

requiring multiple ionic bonds to break to allow the release of bound PEI.  

 

3.2.1 Materials and instruments 

 

3.2.1.1 Materials 

 
Escherichia coli (E. coli) was as the main bacteria for the antibacterial activity tests in this project. 

Lauryl sulfate broth purchased from Sigma Aldrich was used as the cultivation broth for E. coli.  

Agar plates were made of plate count agar from Difco. Phosphate buffered saline (0.01M) from 

Sigma Aldrich was used as buffer during the tests. 

 

3.2.1.2 Instruments 

 

All glassware used in this experiment was sterilized in an autoclave at 121°C. A mini centrifuge 

(from ARgosflexifuge) and Analog Vortex Mixer (from VWR) were used in the preparation of E. 

coli PBS suspension. The concentration of E. coli suspension was determined by diode array 

spectrophotometer (from Hewlett Packard) in this test. The bacterial broth and E. coli on agar 

plates were cultivated in the Isotemp incubator from Fisher Scientific. Sample solutions was 

sterilized in an auto clave. 
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3.2.2 Experiments of PU/PEI ion-releasing antibacterial activity 

 

3.2.2.1 Preparation of bacteria 

 

Cultivating E.coli in LSB (Lauryl sulfate Broth) at 37°C for 12 h-24 h, centrifuge 4 mL bacterial 

solution and suspend it in PBS buffer. 2-3 times of the suspension in PBS buffer was applied to 

confirm there is only negligible amount of LSB broth left in the PBS suspension. The OD (optical 

density) at 670 nm was utilized to determine the concentration of biomass (108 cells/mL) in the 

PBS buffer (OD670 = 0.03586). Then the E.coli PBS suspension was diluted 5 orders of 

magnification to 103 cells/mL which is the countable value on counting agar plates. 

 

3.2.2.2 Antibacterial experiment of sample solutions 

 

Every 12 mL DI water with one piece of PU/PEI sample films (0.5 inch * 0.5 inch) soaked in for 

1 hour, 24 hours and over a week were kept in glass vials. After taking out the soaked sample 

films, the left solution in glass vials were sterilized in auto clave with a control vial of only 1 mL 

DI water in. Then 100 µL 103 cells/mL bacterial PBS buffer suspension was added into 100 µL of 

each sample solution in sterile 1.5 mL centrifuge tubes with acute mixing then for 2-3 minutes. 

Then all centrifuge tubes have the mixed solution in were left to set to give an adequate contact of 

the bacteria and sample solutions. After 1 hour of contacting, 100 µL mixture was taken from each 

tube after intense shaking by hands before applying the mixtures individually on agar plates since 

the final volume of final mixture of bacterial PBS suspension and each sample solution was 200 

µL, but only 100 µL mixture was taken to incubate, even an acute mixing was applied, the 1hour 
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setting could have separated the homogenous suspension. These plates were cultivated in the 

biological incubator overnight at 37°C. 

3.2.2.3 Absorption test of sample films 

 

1 cm * 1 cm sample films of PU, PU/5wt% PEI, PU/10wt% PEI and PU/15wt% PEI were prepared. 

The thickness and weight of each sample film were recorded. After that, 12 mL DI water with each 

piece of the sample films soaked in for 1 hour, 24 hours and over a week were kept in glass vials 

at room temperature. Then the thickness and weight after absorption were recorded to compare 

with the values before soaking. Notably, while measuring the samples after absorption, the left 

water on surface of the samples needs to be gently wiped off without taking moisture out of the 

films, leading to a smaller change of absorption value. 

 

3.2.3 Results and discussion 

 

3.2.3.1 Ion-releasing antibacterial activity of PU/PEI films 

 

From the results of counting agar plates, the control group of 10wt% PEI solution showed 0 colony 

which indicates that PEI molecules are significantly effective antibacterial agents. As stated in the 

experimental method of the antibacterial test, the final volume of the mixture of bacterial 

suspension and sample solution was 200 µL, the concentration of this 100 µL bacterial suspension 

was supposed to be diluted into a half of the initial concentration. Hence, the colony unit number 

of 50 µL bacterial PBS suspension was assumed as a more accurate result for the bacterial control 

group. In addition, the DI water control groups showed 8 colonies which is very close to the colony 

numbers from 50 µL bacterial control group (7 colonies). This also indicated the result of the 
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bacterial control group should be 7-8 colony units instead of 16 colony units shown from 100 µL 

bacterial PBS suspension.  

Table 3. CFUs of washing solutions with PU and PU/5wt%, 10wt% and 15wt% PEI soaked in 

for 1h, 24h and 1 week. 

 
Control groups Colony forming units (cells) 

50 µL bacterial PBS suspension 7 

100 µL bacterial PBS suspension 16 

1ml DI water 8 

10wt% PEI solution 0 

 

Samples 

 

Colony units 

(cells) 

Samples 

 

Colony units 

(cells) 

Samples 

 

Colony units 

(cells) 

PU 1h 5 PU 24h 15 PU 1week 6 

 5% 1h 4 5% 24h 8 5% 1week 7 

10% 1h 4 10% 24h 7 10% 1week 11 

15% 1h 2 15% 24h 11 15% 1week 9 

 

 
 

Figure 38. CFUs of washing solutions with PU and PU/5wt%, 10wt% and 15wt% PEI soaked in 

for 1h, 24h and 1 week. 
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The colony unit numbers from the sample solutions (see Table 3 and Fig. 38), the ones with PU/PEI 

films soaked in for 1hour showed the most effectiveness than the ones with films soaked for longer. 

Relevantly, the conductivity diagram discussed above shows the highest slope of conductivity of 

samples with 10wt%-20wt% PEI concentration within the first 20 minutes of leaching which 

indicates that most ion releasing occurred in this period. In addition, we noticed that with 1hour 

leaching, samples with concentrations from 5wt% to 10wt% of showed negligible difference in 

the resulting colony unit numbers, sample with 15wt% PEI shows stronger antibacterial efficiency 

which indicates that the killing efficiency is not linearly related to the concentration of PEI in the 

samples. After 24 hours of soaking, the samples showed an increase in the CFUs. This behaviour 

currently cannot be explained by our understanding of the system. It is likely that some compound 

is released from the polyurethane that either reduces the efficacy of antimicrobial compounds 

present in the solution or aids in the growth of the bacterial colonies. Interestingly, in all samples 

but 10% the colony counts reduce after 1 week of soaking. This could either be due to the 

degradation or reabsorption of the compound causing this behavior. Currently, there is no 

conclusive explanation for this behaviour and due to the magnitude of difference it could also be 

due to the variations of a biological system. Based on the assumption on reabsorption of these 

samples, an absorption test on sample films of PU, PU/5wt% PEI, PU/10wt% PEI and PU/15wt% 

PEI was applied to confirm the amount of absorption over 1 week of soaking. Additionally, it 

should be noted that multiple sets of this experiment were performed, but only the one was shown 

due to the O.D. measurements only being accurate to 1 order of magnitude of bacterial 

concentration. This led to significant variation when a new bacterial stock was used. 
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3.2.3.2 Absorption test 

 

 

 

Figure 39. Visual change in PU/15wt% PEI film with soaking in DI water over 1 week. 

 

Table 4. Thickness and weight changes of PU and PU/5wt%, 10wt%, 15wt% PEI soaking in DI 

water over 1 week. (N=3 replicates) 

 
Sample films Thickness change 

(%) 

after soaking for 7days 

Weight change 

(%) 

after soaking for 7days 

Weight loss  

(%) 

after drying out 

PU 14.14±3.55 26.18±0.56 0.1127±0.53 

PU/5wt%PEI 23.06±5.81 28.77±3.25 0.6229±0.13 

PU/10wt%PEI 15.03±1.60 27.92±5.36 0.3924±0.06 

PU/15wt%PEI 29.47±5.71 31.35±2.38 0.7092±0.50 
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𝑇ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 𝑐ℎ𝑎𝑛𝑔𝑒 (%) =
𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 𝑎𝑓𝑡𝑒𝑟 𝑠𝑜𝑎𝑘𝑖𝑛𝑔 𝑓𝑜𝑟 7 𝑑𝑎𝑦𝑠 − 𝑜𝑟𝑖𝑔𝑖𝑛𝑎𝑙 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠

𝑜𝑟𝑖𝑔𝑖𝑛𝑎𝑙 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠
 

𝑊𝑒𝑖𝑔ℎ𝑡 𝑐ℎ𝑎𝑛𝑔𝑒 (%) =
𝑤𝑒𝑖𝑔ℎ𝑡 𝑎𝑓𝑡𝑒𝑟 𝑠𝑜𝑎𝑘𝑖𝑛𝑔 𝑓𝑜𝑟 7 𝑑𝑎𝑦𝑠 − 𝑜𝑟𝑖𝑔𝑖𝑛𝑎𝑙 𝑤𝑒𝑖𝑔ℎ𝑡

𝑜𝑟𝑖𝑔𝑖𝑛𝑎𝑙 𝑤𝑒𝑖𝑔ℎ𝑡
 

𝑊𝑒𝑖𝑔ℎ𝑡 𝑙𝑜𝑠𝑠 (%) =
𝑜𝑟𝑖𝑔𝑖𝑛𝑎𝑙 𝑤𝑒𝑖𝑔ℎ𝑡 − 𝑤𝑒𝑖𝑔ℎ𝑡 𝑎𝑓𝑡𝑒𝑟 𝑑𝑟𝑖𝑛𝑔 𝑜𝑢𝑡

𝑜𝑟𝑖𝑔𝑖𝑛𝑎𝑙 𝑤𝑒𝑖𝑔ℎ𝑡
 

 

Fig. 39 shows the change in morphology of PU/15wt% PEI film after soaking in water over 1 

week. This film changed from translucent to opaque with absorption of water, films with other 

concentration of PEI and PU film are not shown in figure but had the same phenomenon. This is 

the due to the refraction of light in the water PU matrix caused by the differences in the refractive 

index of water and PU. 

 

From the results shown in Table. 4 above, the sample film with 15wt% PEI shows the most 

significant increase (47.09%) in thickness, PU sample shows the least change (15.53%) in 

thickness. From PU to PU/15wt% PEI, we can see the change in thickness is correlated to the 

increase in the concentration of PEI in the films. From the weight measurements we can see that 

the PU has the greatest increase in weight. This could be due to the PU without PEI not having 

significant ionic crosslinking allowing the chains to further extend and absorb more water. While 

the PEI containing PU composites showed greater thickness increase, but not a corresponding 

weight increase. This indicates the PEI containing samples are reducing in density and expanding, 

but not absorbing as much water as the neat PU. 
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3.3 Contact-killing antibacterial activity of PU/PEI colloid films 

 

Despite claims and hypothesis of contact-killing surfaces discussed in Chapter 1, currently there 

is not an approval test can provide a direct investigation of contact-active antibacterial action. The 

most reliable and well-regarded method to prove this activity so far is by long-term leaching tests, 

constantly monitoring and comparing the antimicrobial performance of the concentrated washing 

solution with the polymer surface.  

 

In addition, due to the high absorption of PU/PEI colloidal films, it was determined that agar plate 

counts were unreliable. This was due to the sample absorbing varying amounts of the bacterial 

solution leading to an unknown concentration of the bacterial solution removed from the sample 

and applied to the agar plate. Hence, a live-dead assay was applied in this project to more directly 

investigate the killing rate of bacterial cells on the sample surfaces.  

 

3.3.1 Materials and instruments 

 

3.3.1.1 Materials 

 
Escherichia coli (E. coli) was used as the main bacteria for the antibacterial activity tests in this 

project. Lauryl sulfate broth purchased from Sigma Aldrich was used as the cultivation broth for 

E. coli. Agar plates were made of plate count agar from Difco. Phosphate buffered saline (0.01M) 

from Sigma Aldrich was used as buffer during the tests. Live/dead BacLight Bacterial Viability 

Kit (for microscopy & quantitative assays) from Thermo Fisher Scientific was used as fluorescent 

dye in this test. 
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3.3.1.2 Instruments 

 
All glassware used in this experiment was sterilized in an auto clave. The bacterial broth was 

cultivated in a biological incubator. The mini centrifuge was used in the bacterial preparation step. 

The contacting steps of E. coli and sample films as well as the dying steps of the sample films after 

contact were completed in 24-well plate from Thermo Fisher Scientific. The concentration of E. 

coli suspension was determined by UV-Visible spectrophotometers in this test. Nikon Ti2 confocal 

microscope was used to observe the live-dead assay of E. coli. 

 

3.3.2 Contact-active antibacterial activity of PU/PEI colloidal films  

 

3.3.2.1 Fluorescent imaging 

 

0.5 inch * 0.5 inch PU/PEI films with a PEI concentration of 0, 2, 5, 10, 12 and 15 wt% were 

soaked in DI water for 0, 1 h, 24 h, 48 h and over 1 week, and PDMS film with the same size as 

the control group were prepared as well. Each sample was placed in a cell of 24-well plate 

individually with a rubber ring pressed on the top of sample film as shown in Fig. 40 to ensure that 

the bacterial suspension only contact one surface (top surface) of the sample films and prevent the 

films from floating on the solution droplets, maximizing the contact area. Then 100 µL 108 cell/mL 

bacterial PBS suspension was applied to each cell into the rubber rings. A 1-hour contact of the 

bacterial suspension with the surfaces was provided after that. Next, the sample films were gently 

rinsed with PBS buffer to remove the excess bacterial cells which were not adhered on the surfaces 

to avoid the appearance of multilayers of cells under microscopic imaging. In addition, since the 

excess cells could pile up on the cells adhered on surfaces, they had no chance to contact the 
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surface, counting those number into the killing rate could show a significant error. After 

contacting, a LIVE/DEAD Bacterial Viability Kit was used for fluorescent imaging process. 

Following the instructions of the kit, 3 µL of compound A (SYTO9 and 3 µL of compound B 

(Propidium Iodide) were diluted in 1 mL PBS buffer, 100 µL dilution was then applied onto surface 

of each sample. The 24-well plate with samples being stained in were kept in the dark with the 

cover on to reduce the evaporation of solution within the plate for around 30 minutes. A rinse-off 

step was applied by PBS buffer in the end to remove the extra dye. Notably if the imaging is not 

implemented immediately, the stained samples need to be preserved at 4°C and wrapped with 

tinfoil to prevent light exposure.  

 

 

 

Figure 40. 24-well plate used in antibacterial live/dead assay. 

 

The fluorescent images were taken by Nikon Ti2 confocal microscope with 40X magnification. 

This magnification was determined with laser off under optical mode of the microscope. To 

capture the live fluorescent images the light source was 488 nm and the measured wavelength 

was 520.5 nm.  To capture the dead fluorescent images the light source used was 730 nm and the 

measured wavelength was 809.5 nm. 
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3.3.2.2 Image analysis 

 

The images were analysed with Image J to find the total number of pixels that belong to live cells 

and the total that belong to dead cells. To generate this table, first each live or dead fluorescent 

image was filtered using the threshold function to get a black and white image where cells were 

black and the background was white. Once the live and dead images for a certain leaching time 

and PEI concentration were filtered, the 2 images were merged using the merge channel function 

with the live image representing the green channel and the dead image the red channel. Then to 

estimate the cells on the surface, the image was processed using the analyze particles function, 

since cells can agglomerate and this function would only count multiple cells as 1, the summed 

area of detected particles was used. This was performed twice, once with a red threshold for 

detection and once with a green threshold to detect live and dead cells independently. Once the 

number of pixels for the live and dead portions of the image were measured independently, they 

were plotted against each other for an estimate of the ratio of live to dead cells on the surface. 
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3.3.3 Results and discussions 
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Figure 41. E. coli dead (red) and alive (green) on a) PDMS surface; b) PU surface; c) 

PU/2wt%PEI surface; d) PU/5wt%PEI surface; e) PU/10wt%PEI surface; f) PU/12wt%PEI 

surface; g) PU/15wt%PEI surface; h) Killing rate of PDMS control surface and PU surface. 

 

From the images shown above, the original PU film shows mostly green spots which is a similar 

result in antibacterial activity as the PDMS control surface shows. The table of killing efficiency 

further proved that both original PU film and PDMS control surface have negligible antibacterial 

activity with less than 10% killing rate. Conversely, the previous discussion of that the 

incorporation of even small amount of PEI can show significant antimicrobial activities has been 

proved in Fig. 41 c) and d), where with 2wt% and 5wt% PEI, the PU/PEI films barely have green 

spots on the surfaces. From the diagrams of killing rate, we can see that PU/2wt% PEI exhibited 

over 95% killing efficiency and over 80% killing efficiency was shown from PU/5wt% PEI of E. 

coli. From Fig. 41 e)-g), we see no appreciable increase in the rate of red spots over green spots. 

The diagrams of killing rate (as shown in Fig. 44-46) provided a more direct display of the killing 

efficiency. Around 90% killing rate of film with 10wt% PEI, 80% killing rate of PU/12wt% PEI 

and over 95% killing efficiency shown from PU/15wt% PEI. Respectively, comparing to films 

with low concentration (2wt% and 5wt%) of PEI, films with high PEI concentration did not shown 
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an apparent increase in bacterial killing efficiency. Therefore, for freshly prepared PU/PEI films, 

the killing efficiency is relatively consistent across the concentration range used in this work. 

 

 

 
 

Figure 42. E. coli dead (red) and alive (green). Killing rate of PU/2wt% PEI surface with (left to 

right) 0, 1, 24 h and over 1 week leaching treatment. 

 



74 

 

 
 

Figure 43. E. coli dead (red) and alive (green). Killing rate of PU/5wt% PEI surface with (left to 

right) 0, 1, 24 h and over 1 week leaching treatment. 

 
 

Figure 44. E. coli dead (red) and alive (green). Killing rate of PU/10wt% PEI surface with (left to 

right) 0, 1, 24 h and over 1 week leaching treatment. 
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Figure 45. E. coli dead (red) and alive (green). Killing rate of PU/12wt% PEI surface with (left to 

right) 0, 1, 24 h and over 1 week leaching treatment. 

 

 
 

Figure 46. E. coli dead (red) and alive (green). Killing rate of PU/)15wt% PEI surface with (left 

to right) 0, 1, 24 h and over 1 week leaching treatment. 
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After comparing the bacterial killing rate with the increase on PEI in PU/PEI sample films. The 

influence from leaching time was also investigated. As seen in Fig. 42-46, we can see the general 

trends in the PU/PEI films as they are exposed to leaching for increasing periods of time. With 

concentration of 2wt%, 5wt% and 10wt% the killing efficiency tends to reduce around 10% with 

the washing time going from 0 hour to 24 hours. Over 24-hour leaching, the results of live/dead 

rate for 1-week leaching varied, but we noticed that the total amount of spots which refers to the 

number of cells on the surfaces reduced significantly comparing to the amount on sample surfaces 

with less leaching time. Therefore, the images were analysed with image j to find the total number 

of pixels that on each sample surface including all live cells and dead cells. As seen in Table. 5, 

over one week of soaking, the sum of cells on the surfaces of PU with 2wt%-10wt% PEI 

dramatically decreased comparing to the total pixel numbers on surfaces with shorter time of 

leaching, the greatest reduction of each concentration was up to around 1 order of magnitude. 

Based on this, we suspected that as the leaching time increased from 0 hour to 7 days, the adhesion 

of the surface was reduced with fewer spots seen in the fluorescent images and less pixels captured 

by the image analysis program. Interestingly, the exceptions were found of PU with 12wt% and 

15wt% PEI, investigation from the number of pixels in Table. 5, the significant decrease did not 

occur in either PU/12wt% PEI or PU/15wt% PEI, which indicates the adhesion of PU films with 

12wt% and 15wt% of PEI do not reduce after an extended leaching time. This was hypothesised 

to be due to the higher PEI concentration which allowed the surface to maintain its surface charge 

after extended contact with water. It is unlikely that leaching times in excess of 1 week would 

cause these surfaces to lose adhesion, as the ion-releasing results (Fig. 28) show a tapering off of 

release after 48 hours. Additionally, during the measurement of the fluorescent images, replicates 

were performed, but due to limitations with image processing they could not be included. The PU 
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film tended to be very absorbent, this was an issue analysing the images as some had stains of the 

fluorescent dye due to the “coffee ring effect” which were falsely identified as cells skewing 

results. Additionally, it appeared as though cells were absorbed into the sample as for certain 

samples it was impossible to focus on all the cells visible. It appeared as they resided on different 

focal planes leading to blurry cells not being identified during image analysis. For this reason, 

images that had these issues were excluded as they could not provide an accurate measure of the 

surface’s properties. However, the changes of cell numbers found in the performed images were 

large enough to be conclusive without a “T test”. 

 

Table 5. The sum of pixels on PU/PEI surface image. 

 
 0h 1h 24h 1 week 

PU/2wt%PEI 22015 43928 13224 1631 

PU/5wt%PEI 11770 14191 8812 2636 

PU/10wt%PEI 26681 50322 13922 4119 

PU/12wt%PEI 6721 15484 16747 14403 

PU/15wt%PEI 26140 20860 22491 13728 
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Chapter 4. Antiviral property of the PU/PEI colloidal film. 

 

4.1 Introduction 

 

Quaternized PEI (QA-PEI) as a QACs polycation has been demonstrated to have antiviral activities 

against enveloped viruses, such as hepatitis B virus (HBV), hepatitis C virus (HCV), human 

immunodeficiency virus (HIV), and influenza viruses, since those viruses have a similar 

membrane structure to that of bacterial cells, constituting bilayers of phospholipid due to their  

infection and replication approaches118. As seen in Figure. 47, the antiviral working principle of 

QACs is supposed to follow the same route as its antibacterial action, disrupting the phospholipid 

bilayer of the viral membrane. 

 

 

 

Figure 47. Concept of QACs’ antibacterial and antiviral working principle118. Reproduced 

(adapted) with permission from ref 118. Copyright 2020 American Chemical Society. 

 

In this project, baculovirus was used as the antiviral activity testing material of PU/PEI colloidal 

film because of its low cytotoxicity and biosafety as baculovirus are insect-specific viruses but not 

pathogenic to humans129 with extra evidence provided by its incapability of replication within 

mammalian cells130. In addition, baculovirus was chosen in this work since it included a viral 
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envelope (as seen in Fig. 48) which could be targeted by QACs. However, the branched PEI used 

in this project was not quaternized. While it does not include quats, depending on conditions the 

tertiary amino groups in PEI can protonate. For this reason, we wanted to test the samples to see 

if the PEI could act as a pseudo QAC against enveloped viruses when immobilized within PU.  

 

 

 

Figure 48. Structures of two virion phenotypes of baculovirus131. Reproduced with permission 

from ref 131. Copyright 2018 Microbiology Society. 

 

4.2 Materials and instruments 

 

4.2.1 Materials 

 
Baculovirus (Autographa californica multiple nucleopolyhedrovirus) (AcMNPV) vector (from 

Applied Virus and Complex Biologics Bioprocessing Research Lab) was used as testing virus in 

this work. mKOκ (a red fluorescent protein) was used to measure expression of the baculovirus. 

Sf-9 (ATCC CRL-1711) insect cells were applied as the viral hosts in end-point dilution assays, 

and the cell growth medium was Sf-900 III SFM purchased from Thermo Fisher Scientific. 
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4.2.2 Instruments 

 

Sample surfaces were sterilized by UV-C irradiation.  A 6-well plate was used while applying the 

virus suspension onto surfaces, and a 96-well plate (96 F plate) from VWR was used for the end-

point dilution assay. A fluorescent microscope from Zeiss Axiovert 200 with HBO 50 and HAL 

100 was applied to observe the quantity of virus as determined by the red fluorescent protein. 

 

4.3 Antiviral experiments of PU/PEI colloidal films 

 

PU and PU/15wt% PEI sample films were sterilized by UV-C irradiation for 1 minute with a dose 

of approximately 10 mJ/cm2.   

 

In the preliminary test, a plastic control, a control surface of PU film and testing surface of 

PU/12wt% PEI were prepared. Then 25 µL of the cultured virus suspension (was applied to each 

surface in a 6-well plate. The viral droplets were left on the surfaces for approximately 2 hours 

with the plates being covered to prevent the droplets being dried out. After that, the virus droplets 

were resuspended in the inset cell growth medium Sf-900 III SFM. Notably, only one time point 

was performed for the testing surface of PU/12wt% PEI as an exploratory experiment to see if any 

effect was visible before the comprehensive test was performed.  

 

In the comprehensive test, a plastic control, a control surface of PU film and testing surface of 

PU/15wt% PEI were prepared. Similarly, 25 µL of the cultured virus suspension same initial 

concentration as used in the preliminary test) was applied to each surface. To optimize the testing 

method, the droplets were allowed to dry at ambient conditions. In addition, virus droplets tended 
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to dry out after approximately 1.5 hours. The samples were covered up after drying and let sit at 

room temperature for 8 hours. Then 250 µL of DI water was then repeatedly pipetted on to the 

area where the virus solution had dried and then drawn back into the micropipette. Due to the 1 in 

10 dilution that occurred the assay numbers found during quantification were multiplied by a factor 

of 10. 

 

In both preliminary and comprehensive tests, baculovirus were quantified by an end-point dilution 

assay on confluent monolayers of Spodoptera frugiperda insect cells [Sf9 (ATCC CRL-1711)] in 

a 96-well plate. Wells were scored as positive or negative for virus by the presence or absence of 

red fluorescence when observed under a fluorescent microscope with excitation wavelength 

around 520 nm and emission wavelength around 570 nm. 

 

4.4 Results and discussion  

 

 
 

Figure 49. Preliminary end-point dilution assay results of PU/12wt% PEI. 
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The antiviral results of PU/PEI films in the preliminary test, as shown in Fig. 49. The reduction in 

virus titer was shown in the group of surface control (neat PU films) comparing to the virus control, 

which is expected, and it normally occurs. In addition, it is positive that there is no significant 

difference showing in the virus titer results between the group of surface control (neat PU) and the 

plastic control surfaces, which means it is expected to be easy to resuspend the virus from the 

sample surfaces after the step of contact. However, the results seen in Fig. 49 of PU/12wt% PEI 

films varied between two replicates. The value of virus titer in one of the duplicates showed 

approximately the same as the results of control surfaces while the other duplicate appeared to 

have about a 1-log reduction in viral titer. Hence, the replicate showed reduction in viral titer result 

was suspected to be an outlier. Additionally, it was also hypothesized that it was due to the minor 

contact of the virus and sample surface (PU/12wt% PEI film). Since the size and weight of virus 

were tiny, when the viral droplet was applied onto the sample surface, the virus in the droplet did 

not contact the surface sufficiently as they could not settle out of the solution and allow for the PEI 

to damage their membrane on contact. Based on these hypotheses, the testing method was 

optimized with the viral droplet was allowed to dry out on the surface during the contact time. 
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Figure 50. Comprehensive end-point dilution assay results of PU/15wt% PEI. 

 

As seen in Fig. 50, the viral titer of plastic controls lost about 1-log virus titer comparing to the 

virus control in Fig. 49, which is expected with the viral droplets being dried out on the surfaces. 

(Since the initial concentration was the same in both the exploratory experiment and the 

comprehensive test, the results of virus control are supposed to show same value in viral titer.) In 

addition, as our expectation, similar virus recovery showed in the control group of plastic surfaces 

and the group of surface control (neat PU films). The resulting virus titer of PU/15wt% PEI sample 

surfaces is slightly lower than it of the plastic control and neat PU surface control with a reduction 
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of less than 0.5-log. However, an inactivation over 1-log in virus titer is typically conclusive in 

virucidal effects, the PU/15wt% PEI sample surfaces did not show sufficient evidence to conclude 

its antiviral property. It is unclear why the PU/PEI composites did not show significant killing 

efficiency. One hypothesis is the structure of the baculovirus. There are two phenotypes of 

baculovirus as shown in Fig. 48, occlusion-derived virus (ODV form) and budded virus (BV form). 

The envelope structure of phospholipid bilayer exists in both phenotypes. However, the 

composition of envelope structure varies in these two forms such as phosphatidylserine is 

contained in BV’s envelope while phosphatidylcholine is the composition of ODV’s envelope 

structure132. The effects of these differences on virucidal activity requires further studies. More 

likely as we discussed above, within a neutral solution PEI with positive charges is more likely to 

act as a vector of gene delivery with its lysosomal buffering capacity121–123rather than antiviral 

agent.  
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Chapter 5. Conclusions and future work 

 

5.1 Conclusions 

 

The main goal of this project is to evaluate the antimicrobial activities including multifunctional 

antibacterial activity with both ion-releasing and contact-active working principles, and antiviral 

activity of the PU/PEI colloidal film. After the successful synthesis of waterborne PU and 

incorporation of PEI into PU emulsion was confirmed by the FTIR results, the results of DLS and 

Zeta-potential stated the stability of this PU/PEI emulsion. In addition, tensile test and contact 

angle measurements proved that the incorporation PEI into PU colloidal system did not 

significantly affect its mechanical property. Based on the understanding of PU/PEI crosslinked 

network (as shown in Fig. 25), it was suspected that the highest wt% of PEI introduced in PU in 

this project (15wt%) was not excess the threshold of ion concentration to over-crosslink the 

PU/PEI network, leading to a reduction in mechanical properties. Furthermore, PU/PEI colloidal 

films showed significant abrasion resistance during the scratch test. Overall, mechanical tests 

concluded excellent mechanical properties of this PU/PEI colloidal film and the best mechanical 

properties shown in both scratch test and tensile test at 5wt%. 

 

Results shown in the ion-releasing antibacterial experiment within 24 hours followed the same 

trend as the conductivity test of PEI cations’ leaching. However, the increase of CFUs after 24h 

could not be proved by changes of the conductivity curve. This was hypothesized due to some 

unclear compounds leaching out from PU films interfered the antibacterial activity of PEI in 
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solution. The reduction of colony unit forms after 1 week also cannot be explained. Additionally, 

the change of colony unit forms with the increase of PEI concentration was not as expected 

showing linear relation, this was also found in the contact-active antibacterial experiment. 

Significant antibacterial activity of PU/PEI films was noticed in contact-active antibacterial test 

with over 80% killing rate showing in all sample films. Meanwhile, it was found that with low 

wt% PEI (2-10wt%), the adhesion of bacterial cells reduced over 1-week leaching time, but this 

behavior did not occur in PU with high wt% PEI (12wt%-15wt%). Though minor decrease of the 

virus titer was found in the antiviral test of PU/PEI films, with a less than 0.5-log reduction, the 

virucidal property of such material cannot be concluded. 

 

5.2 Future work 

 

To further build on the work presented above, future work should focus on further characterization 

of the PU/PEI composites investigated. One important area to focus on is the leaching behaviour 

of the PU/PEI samples. It is likely unknown compounds in the leaching solution interfered with 

the ion-releasing antibacterial results. In addition, an optimal experimental method for 

conductivity test could better support the existence of the ion-releasing antibacterial activity of 

PU/PEI colloidal films. The optimization can be achieved by improving the PEI calibration curve, 

such as instead of using DI water, making PEI calibration in DI water with PU films soaked in 

with the consideration of the leaching of other unknown molecules. 

 

More fundamentally, it is currently unclear of the details of how the PU/PEI composites are 

structured and a further characterization of the ionic interaction of PU and PEI would be helpful 

to determine the method of bonding in between these two components. Additionally, it would be 



87 

 

useful to investigate the composition of the surface through atomic force microscopy to determine 

if higher PEI wt% samples have homogeneously or heterogeneously dispersed PEI, this could be 

done with a functionalized probe to detect the charges in PEI. 

 

To improve the antibacterial tests, more replicates should be included to remove variation of the 

biological system, providing more analytical results. Additionally, an additional PEI solution 

control group can also be added into antiviral experiments to test the virucidal effect of PEI 

polycation on baculovirus. Also, more types of enveloped virus should be tested with PU/PEI 

films, especially ones that have been used in previous QACs virucidal activity studies, such as 

influenza viruses. Furthermore, adding a quaternization step of PEI to form QA-PEI might improve 

its antibacterial and antiviral activities but it is not clear how it could affect the formation of 

PU/PEI colloidal film. Future investigations are needed.  
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