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ABSTRACT 
 

 

Bacterial biofilms present significant global health concerns, due to their ability to tolerate 

antibiotics, host defence systems and other external stresses. These traits lead to the ability to 

cause persistent chronic infections, of which 80% of human infections are associated. Biofilms 

are adhered microbial communities, which colonise and proliferate on various surfaces, including 

medical implants such as sutures, catheters, and dental implants. Establishment is achieved by 

self-excreted extracellular polymeric substances, that aids permanent adherence which can only 

be treated by biofilm degradation. Anti-biofilm materials offer a possible method of preventing 

the formation of bacterial biofilm development and reduce the prevalence of surface cross-

contamination.  

This thesis investigates the engineered antibacterial capacity of material at a surface-interaction 

level. Our research aims to address three main pillars: 1. The quantification of antibacterial 

properties of engineered surfaces, 2. Application of the optimised quantification protocol and 3. 

The development of engineered solid-support arrays, forming symmetrical assemblies for surface 

functionalisation.  

Initial evaluation of standardised antibacterial surface testing highlights the variation currently 

experience in the global research community, from applied method to results obtained. Through 

critical appraisal and experimental analysis of the ISO 22196:2011, we provide an effective, 

optimised protocol, that enables manageable, low-cost alterations to increase test reliability and 

reproducibility (Chapter 3).   

Chapter 4 discusses the above protocol applied for the assessment of antibacterial surfaces 

developed through the inverse-vulcanisation of sulfur polymers. The techniques used in this 

chapter were a collaborative partnership between the Department of Chemistry and the Surface 

Science Research Centre, focusing on cell viability at a surface interaction level.  

Chapter 5 presents synthetic engineered bacterial S-layers as self-assembled functionalised 

surface scaffolds. We focused on using molecular biology to exploit the periodicity of the self-

assembled monolayers as solid supports for the addition of various additives i.e. antibacterial 

peptides.  
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“For nothing contributes so much to tranquillise the 
mind as a steady purpose, —a point on which the soul 
may fix its intellectual eye.” 

- Mary Shelley  
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CHAPTER 1 - INTRODUCTION  
 

1.1 GLOBAL ISSUE: ANTIMICROBIAL RESISTANCE   
 

Recently, scientific, and industrial interests have grown in relation to antimicrobial surfaces 

primarily due to the persistence and prevalence of microbial contamination throughout industrial 

and medical surfaces. Current statistics suggest that by 2050, 10 million deaths will be associated 

with drug-resistance (1). Building up to the present day, however, antibiotics had a prevalent role 

in population health, stemming infections and diseases. However, overuse and incorrect dosage 

has led to widespread resistance. Hospitalised admissions with infections caused by drug-resistant 

bacteria are more likely to present with worse clinical outcomes and increased mortality. The 

level of drug-resistant microorganisms is increasing (2). Globally, we are now seeing a concerning 

increase in patients presenting with methicillin-resistant Staphylococcus aureus (MRSA), 

vancomycin-resistant Staphylococcus aureus (VRSA), multidrug-resistant Pseudomonas 

aeruginosa, drug-resistant nontyphoidal Salmonella, drug-resistant tuberculosis (3).  

Instead of treating an infected patient and taking a reactive approach, proactive methods that break 

the chain of transmission/infection have the ability to sustainably reduce the need for drugs. In 

this regard, surfaces present highly transmittable routes for tactile contamination. Surfaces 

contain many different properties and physical characteristics such as porosity that enable bacteria 

to thrive and form microcosms (4) (Figure 1.1). A traditional approach to decontaminate surface 

would involve bactericidal compounds and detergents. However, exposing bacteria to sub-lethal 

concentrations has been a major driving force in the emergence of AMR (5).  

A critical concern from a public health perspective is the dissemination of bacteria across biotic 

and abiotic interfaces, from surface contact-contact material interaction. The ability of bacteria to 

colonise presents a major problem for both pathogenicity and unwanted bacterial proliferation, 

resulting in an increased risk to human health and industrial processes, respectively. Bacterial 

survival on inanimate surfaces has often been described as a prominent source of nosocomial 

infections. Bacterial survival on surfaces is influenced by a variety of environmental factors such 

as material composition, humidity, exposure to UV light, temperature, nutrient availability etc. A 

study in 2006 by Kramer et al  (6) reviewed the duration of persistence surrounding various 

bacterial species. Kramer et al highlighted that E. coli and S. aureus have a persistence range on 

different surfaces from 1.5 hours – 16 months and 7 days – 7 months, respectively. In hospital 
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settings, surfaces that experience a high level of hand contact are often contaminated with 

nosocomial pathogens and may serve as routes for cross-transmission. A single hand contact with 

a contaminated surface results in a variable degree of pathogen transfer. As described by Stephens 

et al (7) the mean survival time of Pseudomonas aeruginosa on laminate, glass, and stainless-

steel surfaces was 3.75 h, 5.75 h, and 6.75 h, respectively. Moore et al, 2013 (8) assessed MRSA 

transmission between different gloves materials worn by health care workers and inanimate 

surfaces. Their study demonstrated that bacterial transfer ranged from ~ 0 to ~ 20% and differed 

depending on glove material composition and material hydrophobicity. The addition of adsorbed 

bodily fluids increased bacterial transfer and additionally made transfer more uniform across 

glove materials. In the United Kingdom, hospital-acquired infection costs the National Health 

Service (NHS) £1bn a year, affects 1 in 10 patients, and is accountable for ~5,000 deaths annually. 

In this chapter, an introduction to bacterial biofilms and the respective growth cycle is presented. 

This is followed by a review of scientific literature surrounding various antimicrobial surface 

techniques, both active and passive for the control of AMR. This thesis focuses on the bacterial-

surface interaction from an antimicrobial surface evaluation perspective. We aim to address the 

issue of antibacterial capacity quantification and develop scaffold for future research.  

 

Figure 1.1 A brief representation of the impact physical surface characteristics 

have on the ability to disinfect surfaces. On porous surfaces bacteria can inhabit 

materials, providing a protective environment. This increases the difficulty of 

disinfecting the surface.  
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1.2 BACTERIAL BIOFILMS  
 
Biofilms are surface-adhered communities of microbial cells that are encapsulated in a self-

produced extracellular polymeric substance (EPS) and are highly resilient to antimicrobial agents. 

A distinctive feature of bacterial biofilms is the production of an EPS. The EPS is composed of 

polysaccharides, proteins and DNA and the production is mainly triggered by environmental 

signals (9). Biofilms can adhere to a variety of surfaces, including metals, plastics, plants and 

body tissue, and medical devices. Biofilm formation on implanted medical devices such as heart 

valves, vascular grafts, catheters, as well external materials such as contact lenses poses a critical 

problem of infection. The use of intravascular catheters for patient care can give rise to central 

line-associated blood stream infection, and approximately 250,000 cases of primary blood stream 

infections are reported each year in the USA (10). The bacterial species most commonly 

associated with healthcare-associated infections include Staphylococcus aureus, Staphylococcus 

epidermidis, Enterococcus faecalis, Escherichia coli, Klebsiella pneumoniae, Proteus 

mirabilis, Pseudomonas aeruginosa and Acinetobacter spp (11). 

Increasing scientific fields are focusing their attention to bacterial biofilms (12). Not only sectors 

of microbiology, but also chemistry, physics, engineering etc. Biofilms contain 

populations/communities of bacteria, where quorum sensing (bacterial communication) allows 

for the development of protected, diverse microcosms (13). Bacterial cells benefit from being 

housed in biofilms for several reasons, such as stability, protection, nutrient sources, cellular 

communication, resistance to drugs and surface adhesion (14) (Figure 1.2).  

Biofilm formation occurs from the preference of microorganisms living on a surface collectively, 

rather than as planktonic cells in a liquid phase (15). Microbial cells have a predilection to biofilm 

formation, as the protected environment provides a valuable benefit for cellular growth and 

survival, along with greater access to limited nutrient sources. The definition of a biofilm, is the 

cohabitation of single or multiple species of microorganism that adhere to an abiotic or biotic 

surface and are encapsulated by the protective EPS (16). The initiation of biofilm development, 

is thought to occur in response to environmental cues, such as nutrient obtainability, temperature, 

iron, oxygen concentration and osmolarity (15). The physical structure of the biofilm has been 

shown to increase the tolerance to UV light exposure, increase the rates of genetic exchange, 

stimulate biodegradation (17), increase tolerance to biocides/antibiotics and enable the 

development of persister cells (18). These encapsulated biological systems represent organised 

bacterial communities, that are highly structured and functionally communicative.  
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Figure 1.2 The developmental cycle of a biofilm. The initial stage of the cycle (1) is the attachment of 

a cell to the surface, this is known as the substratum. Often this process is achieved by a motile, 

flagellated bacterial cell. During the second stage, the adhered cells are then fixed and irreversibly 

attached through the secretion of EPS (2). The third stage depicts the maturation of the cells into 

colonies, where the growth rate is proportional to the nutrients available on or surrounding the surface. 

Maturation of the biofilm, where the heterogeneous biomass is encased by a rigid structure resulting 

from the EPS and cell-cell interaction. In the final stage (4), when nutrients are lacking, or other 

environmental conditions threaten the biomass, the biofilm will degrade, releasing a large mass of cells, 

each capable forming another biofilm.  
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Emerging research has focused on combining the passive-defence and active-response elements 

of traditional antibacterial surfaces, in an attempt to overcome their individual disadvantages. 

Passive-defence and active-response surfaces currently fall short of practical applications due to 

their inherent limitations. Passive-defence surfaces lack bactericidal capabilities, therefore once 

bacteria adhere, a biofilm will form, and their properties are ineffective. Active-response surface 

incur pitfalls with the accumulation of dead bacteria. The dead bacteria obstruct the surface 

functional groups (19), decreasing the bactericidal effect, and effectively provide a nutrient rich 

surface for further bacterial adhesion.  

Current research focuses on using a dual function approach, where the surface has bactericidal 

and bacterial resistant functionality. The main limitation is that bactericidal surfaces generally 

attract and bind bacteria, whereas anti-fouling surfaces repel bacteria, reducing the effectiveness 

of both surfaces if combined. Therefore, the ideal mechanism would incorporate the two 

functionalities, while separating their activity (smart materials), known as a kill-release strategy 

(20). 

 

 

 

 

 

 

 

 

 

 

 

 

 



6 
 

1.3 STAGES OF BACTERIAL BIOFILM FORMATION  
 

The stages of bacterial biofilm formation can be subdivided into four steps: Attachment, 

Proliferation, Maturation and Biofilm degradation/dispersal. Although this is a highly complex 

system, an overview below describes the key processes. Each stage presents different 

opportunities where the biofilm can be targeted by interventions. Most commonly used methods 

focus on the surface interface, where adhesion can be prevented, subsequently inhibiting the 

initial formation stage.  

 

1.3.1 Attachment  
 

When bacterial cells in a heterogenous liquid environment move from a planktonic form to 

interact with a physical surface, either through flagella motility or kinetic forces, conditioning of 

the surface begins (21). The attachment of bacterial cells to biomaterials can be aided by factors 

such as bacterial motility, increased shear forces, and hydrodynamic/electrostatic interactions at 

a microorganism-surface level (22). The attachment of bacterial cells to biomaterials through cell-

surface interactions is facilitated by multiple factors, such as cell surface proteins, capsular 

polysaccharide/adhesin, EPS and protein autolysin (9). Staphylococcal species display cell-

surface proteins - surface protein-1/2 (SSP1 and SSP2), which are required for adhesion of S. 

epidermidis. Biofilm formation in Staphylococci species is complex, and the ability to generate a 

biofilm enables the strains to have a much stronger capacity to survive in the generally hostile 

environment of human tissue and blood. Bacterial biofilm formation is potentially a survival 

strategy that is upregulated when environmental conditions become threatening i.e. oxygen and 

iron molecules become limited, sublethal concentrations of certain antibiotics are present, and 

other stress such as pH (23). Once attached to surfaces, the bacterial cells will proliferate, 

aggregate, and differentiate into biofilm structures.  

 

1.3.2 Proliferation  
 

Bacteria that were unable to attach to the initial adhesion site, begin to adhere to the first layer of 

colonised cells with irreversible attachments via specific adhesion-receptor interactions (4). The 

bacteria then multiply and form microcolonies embedded in the EPS. This is the first stage of 
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bacterial networks that are interactions through beneficial physical structure, but also protected 

quorum sensing communication networks.  

 

1.3.3 Maturation  
 

The colonised bacteria become established and cells divide rapidly. Cell division and recruitment 

of new bacteria also allows the diversity of the bacterial population to increase. At this stage 

changes in gene expression and advancement of the EPS are active. This leads to increased 

resistance to bactericidal compounds. Throughout the biofilm are structures with fluid-filled 

channels which act as a circulatory system for the exchange of nutrients and waste products with 

the liquid environment (24). The internal environment of the biofilm differs with respect to pH, 

oxygen concentration, nutrient availability, and cell density. This results in a vast variation of the 

heterogeneity of cell growth stages in different parts of the biofilm, and specie variation (25). 

Metabolically inactive cells located in the interior of the biofilm can be resistant to antibacterial 

compounds that target metabolically active growing cells (26).  

 

1.3.4 Dispersal  
 

The final stage of the biofilm is the degradation and dispersal of highly concentrated bacterial 

communities (Figure 1.2). The bacterial cells return to a planktonic state. What tiggers the 

degradation of the EPS has not been fully characterised, however it is believed a reduction in 

nutrient supply and quorum sensing has a central role (27). Biofilms also present continued 

concerns, as the bacterial cells have the potential to be exposed to sub-lethal concentrations of 

bactericidal compounds (28). Once dispersed from the biofilm, mutations in the bacterial genomes 

have the potential to release highly resistant cells into the environment, whether that is a human’s 

circulatory system or public setting i.e., hospital surfaces.  
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 1.4 CHEMICALLY RESISTANT BIOFILMS  
 

A concerning feature of biofilm-based infections is the increased tolerance of biofilm 

encapsulated cells to bactericidal compounds compared to planktonic bacteria. Increased drug 

resilience in biofilms could be attributed to plasmids containing genes for multidrug resistance, 

as the biofilms form an ideal niche for plasmid exchange (29). The mechanisms by which biofilms 

display increased drug resistance also include a reduced or incomplete penetration of bactericidal 

agents through the EPS (18).  The development of dormant cells in a non-dividing state, slow 

growth rates of cells within the biofilm, reducing the number of available targets for antibacterial 

molecules (26). In addition to the difficulty in diminishing biofilms with conventional 

antibacterial treatments, the strategy is further hindered by increased antibiotic resistance, as 

bacterial cells acquire resistance under antibiotic selective pressure. It is estimated that microbial 

cells contained within biofilms have demonstrated to show up to 1,000 times more antibiotic 

resistance than the planktonic cells (30). For example, it has been reported that more than 70% of 

hospital isolates of S. epidermidis are methicillin resistant and ~80% of chronic and recurrent 

microbial infections in the human body are due to bacterial biofilms (18) (Figure1.3). Thus, there 

is a high demand for alternative strategies to control biofilm-based infections other than antibiotic 

therapy. 

Figure 1.3 Polymicrobial biofilms detected on orthodontic appliances visualised by 

scanning electron microscopy (SEM). The SEM images reveal the presence of different 

microbial groups, including bacteria and fungi, and an extracellular matrix (arrows). Bars, 

5 µm. 

Image taken from: Dos Santos ALS, Galdino ACM, de Mello TP, Ramos L de S, Branquinha MH, Bolognese 

AM, Neto JC, Roudbary M. 2018. What are the advantages of living in a community? A microbial biofilm 

perspective! Mem Inst Oswaldo Cruz 113:1–7. 
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1.5 ENGINEERED ANTIBACTERIAL/ANTI-FOULING 
SURFACES  
 

Bacterial adhesion and biofilm formation pose an increasing threat to public health, specifically 

in biomedical applications. In the present day, the majority of surface chemical modifications 

include hydrogels or poly (ethylene glycol) (PEG) to repel approaching microbes, metals (in 

particular, silver and copper), antimicrobial peptides (AMPs), quaternary ammonium compounds 

(QACs), and nanoparticles for the active killing or displacement of cells at the surface level 

(Table 1.1). 

Antibacterial surface coatings are rapidly expanding as a leading factor in the global mitigation 

approach of bacterial pathogenic transmission (31). Polymers are versatile materials that can be 

modified to present additional properties/characteristics for various applications (32). Through 

chemical engineering polymers can present antibacterial properties. A wide range of polymers 

either natural or synthetic can be modified and the method of application on surfaces can include 

deposition, sputtering, functionalisation, and implantation (31). Polymers do not have intrinsic 

antibacterial properties, however the inherent biocompatibility of the scaffolds and the capability 

to chemically modify polymers makes them a desirable material for generating antibacterial 

 
Table 1.1 Strategies for the management of bacterial biofilms.  
 
Table adapted from Subhadra B, Kim DH, Woo K, Surendran S, Choi CH. 2018. Control of biofilm formation in 
healthcare: Recent advances exploiting quorum-sensing interference strategies and multidrug efflux pump 
inhibitors. Materials (Basel). 
Approach Method Example 

Inhibition of biofilm formation on 
surfaces. 

Engineering characteristics 
of biomaterials. 

Biocides, hydrophilic or 
hydrophobic polymers/coatings. 

Changing properties of 
biomaterials.  

Removal of established biofilms. Surfactants Sodium dodecyl sulphate (SDS), 
Tween 20/80 and Triton X-100. 

Biofilm inhibition through 
quenching of quorum-sensing 
signal. 

Degradation of quorum-
sensing (QS) signals. 

Lactonases, acylases and 
oxidoreductases. 

Interference of QS signal 
synthesis. 

Acetyl homoserine lactone (AHL) 
synthesis inhibitors such as nickel 
and cadmium. 
AHL analogues. 
Copper or silver nanoparticles. 
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matrices. The challenges involved with the use of current/traditional antibacterial agents can be 

reduced by the use of antimicrobial polymers (37). The concerns over the spread of severe 

infections like MSRA, which originated from contaminated surfaces, can be alleviated through 

solid–air interface coatings on surfaces such as tables, door handles, healthcare units. 

Additionally, antibacterial surfaces coatings may be advantageous on solid-liquid interfaces i.e. 

showers, drains, taps, where biofilms often develop.  

An example of a company that has developed antimicrobial surface coatings and are now being 

used in ‘real-life’ situations is PREXELENT. Their technology is an effective antimicrobial agent 

that can be applied as a film - covering counters, touch screens, or push buttons. The active 

compound can be incorporated into plastics present on shopping trolley handles, handrails or 

fabrics. The material's composition is modified so that the active agent (Rosin) migrates to the 

material's surface at a chemically controlled rate. Their results demonstrated ~2 log reduction (38) 

in MRSA survival after 6h exposure following the ISO 22196:2011 protocol. Further examples 

of antibacterial surface coatings currently being developed in academia are described in Table 
1.2.  

Although these surface coatings provide promising solutions to combat AMR, their application 

on surfaces may present some difficulties. Currently, these coatings are applied to small surface 

samples due to the process involved in surface coating i.e. sputter coatings, plasma 

  
Table1.2 A brief review of antibacterial surface coatings and their impact on bacterial survival. 
 

Reference Surface coating Bacterial 
species Bacterial reduction 

 Exposure 
time and 
temperature 

(33) 

Triclosan-loaded antifouling 
nanogel coating (Tertiary 
amine-functionalized 
nanogel network that could 
be successfully deposited as 
a surface coating). 

S. aureus 97% 

 

24 h at 37 °C. 

(34) 
Melimine antimicrobial 
peptide coating on the 
silicone hydrogel lens. 

P. aeruginosa 
S. aureus 

1.2 - 2.3 log inhibition 
0.9 - 2.7 log inhibition 

 
18 h at 37 °C 

(35) 

Aerosol assisted chemical 
vapour deposition copper 
coating to ultra-high 
molecular weight 
polyethylene. 

S. aureus 
E. coli 

4.55 log reduction 
4.81 log reduction 

 
15 minutes, 
temperature 
not stated. 

(36) 
Iron-based nanopillar arrays 
(FeOOH and Fe2O3) capable 
of growth on various 
surfaces. 

S. aureus 
E. coli 

~6 log reduction 
~6 log reduction 

 

24 h at 35 °C 
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environments etc. Therefore, coating large surfaces i.e. doors, public interface devices, handles 

etc may present as a barrier for widespread application. 

Discussed below are selected examples of surface modifications, either (1) passive-defence 

surfaces, that contain anti-fouling properties - zwitterionic polymers, and (2) active-response 

surfaces, that incorporate synthetic or natural bactericidal compounds to kill surface adhered 

bacteria. 

 

1.5.1 Zwitterionic Polymers  
 

Zwitterionic polymers structurally contain equal amounts of anion and cation groups, resulting in 

hydrophilic and anti-fouling properties, through the formation of a hydration shell. The structural 

composition enables the resistance to non-specific protein absorption, microbial adhesion and 

subsequently biofilm formation (Figure 1.4I) Among other, Wang et al., 2017 (39), recently 

designed a 2-methacryloyloxyethyl phosphorylchorine-based antimicrobial coating, through 

reversible addition-fragmentation chain transfer. RAFT is a novel technique to control the 

molecular weight and distribution of a free radical polymerisation. It enables the preparation of 

polymers with well-defined polymer architecture (40). This research identified anti-fouling, 

bacterial killing, and the ability to detach dead bacteria. The brush modified surface exhibited 

anti-fouling activity against S. aureus, identified through live/dead staining, and biofilm inhibition 

up to 72 hours (Figure 1.4II). pH had varying effects on the hydration properties of the polymers. 

The low cytotoxicity revealed a possible application in the biomedical industry.   

 

 

1.5.2 Light Activated Antibacterial Surfaces  
 

Smart materials capable of light responses have advantages due to their non-invasiveness and 

temporal control, specifically in drug delivery systems. Increasing awareness and understanding 

of ‘active surfaces’ has brought greater attention to smart antibacterial surfaces. Recent 

advancements have meant enzyme activity can be controlled by light, through altering their 

conformation. Photo-isomerisable groups like azobenzene (Azo) can be incorporated into 

antibacterial surfaces and controlled by light-induced enzyme inactivation. Wang, Coffinier., et 

al, 2016 (41) produced o-nitrobenzyl containing ligands modified with boron-doped diamond 
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nanowires (BDDNWs) through a covalent grafting method capable of degrading biofilms and 

resulting in the release of enzymes such as lysozyme and horseradish peroxide (HRP) from 

bacteria. An amino acid analogue, developed by Babii., et al., 2014 (42) using a reversible photo-

isomerisable diarylethene scaffold, was incorporated into the backbone of the antimicrobial 

peptide – gramicidin S, resulting in a strong antibacterial activity against S. aureus, S. epidermidis 

and Staphylococcus xylosus (S. xylosus).  

Figure 1.4 An example of a zwitterionic polymer showing the impact on bacterial adhesion and 

survival. (I) A schematic illustration of a zwitterionic hydrogel containing water molecules. (II) 

Fluorescent microscopy images of live/dead staining of S. aureus. (A) Pristine PDMS, (B) p 

(DMAEMA+), (C) p (DMAEMA+ -co-0.10 MPC), (D) p (DMAEMA+ -co-0.25 MPC), and (E) p 

(DMAEMA+ -co-0.50 MPC)-modified PDMS at 72 hours. The green colour indicates live bacteria, 

and the red colour indicates dead bacteria, under fluorescence microscopy (the magnification is 10×). 

(F) Adherence of the live/dead bacteria cell density on the surfaces. This study showed that an 

increase of MPC leads to increased cell death, but also a reduction in cell surface coverage.  

Image taken from: (39).  

 

I 

II 
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In recent years, responsive light-induced materials have been synthesised. Zhan, Wenjun., et al, 

2017 (43) developed a photo-switchable responsive surface, capable of controlled antimicrobial 

activity. Trans-Azo has the capacity to access the hydrophobic cavities of cyclodextrin (CD) via 

hydrophobic and Van der Waal interactions to construct inclusion complexes. The contrasting 

isomerism cis-Azo is repelled from the hydrophobic cavity. The CD-Azo complex has been 

utilised in responsive surfaces to integrate an antibacterial capability. In the trans conformation, 

the surface immobilized Azo groups were able to interact with the CD-QAS (quaternary 

ammonium salt), resulting in a >90% antibacterial activity on adhered bacteria (44), which 

subsequently release the dead bacteria via the dissociation of the Azo-CD-QAS complex. The 

regeneration/activation of the antibacterial responsive surface, is achieved by exposure to visible 

light wavelength.  

 

1.5.3 Temperature Responsive Surfaces  
 

This approach relies on the surface ability to transition from a hydrophobic effect at higher 

temperatures, to a hydrophilic effect at lower temperatures, to facilitate the release of bacteria. 

Wang, Yan., et al. 2017 (45), synthesised Si-g-PSBMA-b-p(NIPAM-co-Van), a 

Figure 1.5 Schematic diagram of the temperature responsive hierarchical antibacterial surface.  

Image taken from: Wang X, Yan S, Song L, Shi H, Yang H, Luan S, Huang Y, Yin J, Khan AF, Zhao J. 

2017. Temperature-Responsive Hierarchical Polymer Brushes Switching from Bactericidal to Cell 

Repellency. ACS Appl Mater Interfaces 9:40930–40939. 
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vancomycin(Van)-modified poly(N-isopropylacrylamide) (PNIPAM) upper layer and a 

poly(sulfobetaine methacrylate) (PSBMA) bottom layer, to have bactericidal activity at room 

temperature (25 °C), and bacterial repelling capability at physiological temperature (37 °C) 

(Figure 1.5 and Figure 1.6). This provides a potential solution for preparing infection-resistant 

medical devices. Their research showed a remarkable change, by a temperature switch regulation. 

At 25 °C, Si-g-PSBMA-b-p(NIPAM-co-Van) displayed a bactericidal effect of ~88.6 %,  

although at 37 °C displayed a bactericidal effect of 0.8 % against S. aureus, however exhibited a 

release efficiency of ~72.5 % adhered dead bacteria (Figure 1.6) (45).  

Although smart materials have huge potential and have undergone substantial development in the 

past decade, there are still major limitations to their effective application for antimicrobial 

surfaces. The premise of the kill-release mechanism is based on a functional switching method, 

that is triggered by an external stimulus (temperature, light, pH etc). Some of these triggers are 

not applicable for use in a biomedical environment. Possible solutions for medical applications 

would be to engineer the stimuli to include endogenous compounds, such as enzymes.  

Another pitfall is the long-term stability of the engineered surfaces, and the effective activity. 

Many studies focus on the initial bactericidal effect over 48 hours, but for these surfaces to be 

effective, they need to be stable and self-maintained. Finally, much of the research currently 

Figure1.6 Killing efficiencies after 6 h of incubation in S. aureus suspension at 25 and 37 °C: (a) 

Si, (b) Si-g-P(NIPAM-co-Van), (c) Sig-PSBMA-b-P(NIPAM-co-Van), and (d) Si-g-PSBMA. 

Significant difference (*p < 0.05, **p < 0.01, and ***p < 0.001). (Error bars: standard deviation, n 

= 3.) 

Image taken from: Wang X, Yan S, Song L, Shi H, Yang H, Luan S, Huang Y, Yin J, Khan AF, Zhao J. 2017. 

Temperature-Responsive Hierarchical Polymer Brushes Switching from Bactericidal to Cell Repellency. ACS 

Appl Mater Interfaces 9:40930–40939. 
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underway is solely proof of concept, where they are synthesised in controlled, ideal laboratory 

environments, with little ‘real-life’ application. Overcoming these issues will require the 

collaborative work of microbiologists, material scientists/chemists and bioengineers (19).  

 

1.5.4 Genetically Engineered Synthetic Surfaces  
 

Bacteriophages are among one of the most copious biological particles on the plant. There 

characteristics make them highly versatile and relevant for a great number of applications. 

bacteriophages are viruses that infect bacterial cells. Their self-replication is dependent on the 

infection of a bacterial host. Amongst their applications in treating targeted diseases in human 

and veterinary health, bacteriophages have been adapted for use in materials science, where they 

have been used to build novel nanostructured materials.  

Figure 1.7 Synthesis of phage-based fibres/coatings with antibacterial properties.  

(A) Schematic depiction of single M13 bacteriophage with DNA sequence engineered (gVIII, 

orange) to express three negatively charged glutamates on the body coat proteins (pVIII, 

orange ovals). This E3 sequence can electrostatically attract Agþ. In this study, phage were 

glutaraldehyde-crosslinked upon extrusion to produce fibers comprising (B) pVIII-altered E3 

and (C) wildtype M13 phage that attract Agþ to a lesser degree. (D) Kevlar fibers were also 

coated with crosslinked E3 phage. On all fibres, bound Agþ were reduced to metallic particles 

in situ via sodium borohydride. 

Figure taken from: Mao JY, Belcher AM, Van Vliet KJ. 2010. Genetically engineered phage fibers and 

coatings for antibacterial applications. Adv Funct Mater 20:209–214. 
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In a study by Mao., et al, 2010 (46) they synthesised phage-based fibres/coatings with 

antibacterial properties. This was achieved by engineering phage M13 to express negatively 

charged glutamic acid peptides on the coat protein (Figure 1.7). These phage fibres were then 

silver coated by the electrostatic binding of silver ions, which have antibacterial properties. In 

vitro investigations showed that these engineered bacteriophages exhibited bactericidal activity 

against Staphylococcus epidermidis and Escherichia coli. Visualisation was achieved by 

fluorescence-based live-dead staining and zones of inhibition. These engineered bacteriophages 

may therefore present initial studies into anti-infective materials.  

Genetically engineered M13 bacteriophages have also been used to develop novel tissue-

regenerating materials. In a study by Merzlyak., et al, 2009 (47), the group engineered the M13 

bacteriophage to exhibit cell signalling motifs (amino acids - RGD and IKVAV) at the N-terminus 

of the protein coat. These bacteriophage building blocks self-assembled into structurally aligned, 

periodic liquid crystalline-like matrices. The scaffold structure could then maintain the viability 

and differentiation of hippocampal neural progenitor cells, while controlling their directional 

growth. Merzlyak., et al, 2009 (47) also demonstrated the use of engineered M13 bacteriophages 

to fabricate directionally organized 2D and 3D bacteriophage-based scaffolds. These scaffolds 

displayed cytocompatibility and supported the directional growth of fibroblast cells. This insight 

highlighted the potential use of engineered bacteriophages for surface-scaffolds in the 

development of antibacterial peptide attachment displaying periodicity.  
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1.6 ANTIBACTERIAL SURFACE ASSESSMENT PROTOCOLS  
 

International standards are technical benchmarks developed by global organisations, used to 

regulate protocol parameters. The use of standards was developed to overcome technical barriers 

in international commerce caused by variations among technical regulations, where baseline 

methodology was developed independently and separately by each facility/company. Technical 

barriers arise when different research groups present data that is mutually cohesive, but 

incomparable. The Establishment of international standards is a solution in preventing or 

overcoming this problem. The testing protocol most commonly applied within industry and 

academia for the evaluation of antibacterial surfaces is the International Standard ISO 22196 titled 

“Plastics–Measurement of antibacterial activity on plastics surfaces”(48). This protocol is widely 

used by manufacturers as it artificially optimises the antibacterial assessment through surface-

liquid culture contact, leading to acceptable results for commercialisation. However, Ojeil.,et al, 

2013 (49) reported this protocol as inappropriate to test antimicrobial surfaces, due to the artificial 

experimental conditions (37 °C, high relative humidity >90%, and direct surface-liquid culture). 

A further industry standard is the American Society of the International Association for Testing 

and Materials (ASTM) E2149 protocol - “Standard Test Method for Determining the 

Antimicrobial Activity of Antimicrobial Agents Under Dynamic Contact Conditions.” Contained 

within this protocol, test surfaces are agitated in an inoculum for the duration of the experiment 

at 37 °C. Neither of these testing conditions reflect the conditions found in practice. Therefore, 

the results of an ISO 22196 and ASTM E31249 evaluation do not generally reflect the activity of 

these surfaces in “real-life” settings. Table 1.3 is a collection of antimicrobial surface testing 

protocols describing their application.  
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Table 1.3 The most widely used international test methods for the evaluation of antibacterial properties of varying materials. 
 
Antimicrobial 
surface testing 

Title Description Reference 

ISO 22196:2011 Measurement of antibacterial activity on 
plastics and other non-porous surfaces 
 

Method for determining the antibacterial activity of plastics and other non-porous 
materials. This protocol is specific for materials with antibacterial treatment. The 
protocol does evaluate secondary effects of antibacterial treatments, such as the 
prevention of odour formation or biodeterioration. 

(48) 

JIS Z 2801:2010 Assessment of antimicrobial activity of hard 
non-porous surfaces 
 

This protocol assesses the ability of plastics, metals, ceramics, and other antimicrobial 
surfaces to inhibit the growth of microorganisms or kill them. 

(50) 

ISO 846:2019 Plastics — Evaluation of the action of 
microorganisms 
 

This protocol is used for determining the deterioration of plastics due to the action of 
fungi and bacteria and soil microorganisms. The aim is not to determine the 
biodegradability of plastics or the deterioration of natural fibre composites. 

(51) 

ASTM E3031 - 15 Standard Practice for Determination of 
Antibacterial Activity on Ceramic Surfaces 
 

This protocol is designed to quantitatively evaluate the antibacterial activity of glazed 
ceramic surfaces that have been designed to incorporate an antibacterial treatment as part 
of the glaze. 

(52) 

ASTM E2149 - 
13a 

Standard Test Method for Determining the 
Antimicrobial Activity of Antimicrobial 
Agents Under Dynamic Contact Conditions 
 

Standard Test Method for Determining the Antimicrobial Activity of Antimicrobial 
Agents Under Dynamic Contact Conditions 

(53) 

ASTM E2180-18 Standard Test Method for Determining the 
Activity of Incorporated Antimicrobial 
Agent(s) In Polymeric or Hydrophobic 
Materials 
 

This test protocol is designed to assess (quantitatively) the antimicrobial effectiveness of 
agents incorporated or bound to mainly flat (two dimensional) hydrophobic or polymeric 
surfaces. The protocol primarily evaluates the antibacterial activity; however, other 
microorganisms such as yeast and fungi 

(54) 
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1.7 THESIS RESEARCH HYPOTHESIS AND AIMS  
 

This research aims to firstly conduct an extensive literature review surrounding the methodology 

employed to evaluate engineered antibacterial surface capacity. The purpose is to explore the 

standardisation within research. Secondly, the study looks at how effective the current ISO 22196 

protocol is at delivering reliable quantification of materials proposed to have a bactericidal effect. 

From this appraisal, we suggest a new methodology for the reliable and reproducible assessment 

of antibacterial material capacity. We applied this optimised methodology to evaluate the 

antibacterial effect of bulk inverse-vulcanised sulfur polymers. The improved experimental 

approach to antibacterial surface testing, has enabled the development of a more sensitive test.  

Finally, we focused on the development of engineered synthetic biological scaffolds for the 

attachment of highly ordered periodic surface arrays. This was achieved through synthetic biology 

to produce large quantities of bacterial S-layer proteins. These arrays can then be decorated with 

a variety of additives, such as antibacterial peptides, for use as functionalised materials.  
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1.8 THESIS OUTLINE  
 

This thesis comprises six chapters. The outlines of each chapter have been specified as follows: 

The introductory chapter (Chapter 1) showcases the emerging research focused on engineered 

antibacterial surfaces in an attempt to prevent the development of antimicrobial resistance. The 

experimentally applied methodology is described in Chapter 2. The focus of the initial literature 

review then led onto the apparent huge variation in the application of a standard antibacterial 

surface quantification protocol – ISO 22196:2011 (Chapter 3). This chapter comprises an 

extensive evaluation of the variation that research institutes are forced to undertake to generate 

meaningful results. In addition, we addressed all these identified “pitfalls” and experimentally 

Figure 1.8 A diagrammatic representation of the thesis chapters in a timeline format.  
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evaluated their impact on the test results, and as a solution provided low-cost, manageable 

alterations. This improved, optimised and experimentally evaluated protocol was then applied to 

novel crosslinked inversed vulcanised sulfur polymers to assess their antibacterial activity 

(Chapter 4). In the final experimental chapter, we developed our own surfaces arrays through the 

exploitation of bacterial S-layers (Chapter 5). When purified, these S-layer proteins have the 

potential to act as bio-scaffolds for functionalised peptide attachment.  
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CHAPTER 2 - APPLIED METHODOLOGY AND 
MATERIALS 
 

 

2.1 CHARACTERISATION OF BACTERIAL CELLS ON 
SURFACES 

 

2.1.1 Confocal Laser Scanning Microscopy  
 

Confocal Microscopy (CM) is a technique where greater image resolution is achieved by an 

optical setup, where the illuminator and detection points are arranged in the same focal plane 

using a pinhole (55). A pinhole defines a small aperture that is present after the illuminator, but 

in front of the detector. The aperture enables the light source to be focused, changing the size and 

shape of the light pathway. The advantage of the pinhole allows for unfocused light to be excluded 

from the optical apparatus, enabling greater optical definition. This principle, where the three-

dimensional light focal spot at the focal plane is referred to as the point spread function (PSF) 

(56). Generally, when the conditions are optimised, the greatest spatial resolution can be ∼0.8 μm 

in the axial direction and ∼0.3 μm in the lateral direction (57). In contrast to phase contrast 

microscopy, CM produces superior depth wise plane capability and is therefore capable of 

providing high-resolution 3-D images. CM imaging depth is limited to the layer of the sample 

(approximately 100–200 μm) (57). Determining factors are the sample transparency and the 

wavelength of illumination. Current CM techniques mostly rely on the scanning of the laser beam 

and have been widely employed for live imaging of cells and tissues.  

The experimental step-up is described in detail in 4.5.2.  

 

2.1.2 Fluorescence Microscopy 
 

Fluorescence microscopy is a technique that uses as a probe to label aspects of biological systems 

(58). The large spectral diversity of fluorophores has enabled simultaneous imaging of living 

system cellular physiology at sub-cellular resolutions. This allows direct visualisation of the inner 



23 
 

workings of physiological processes at a systems level context in a living cell. In addition, the 

intergenic incorporation of fluorescent gene products, most notably green fluorescent protein 

(GFP) and its variants, has enabled molecular biologists to genetically tag proteins and genes of 

living systems (59). This led to the understanding of diverse processes including protein location 

and associations, motility, and other events such as ion transport and metabolism (60). In the 

context of this thesis, the nucleic acid stains – SYTO9 and propidium iodide (PI) are used as a 

microbiological tool to assess bacterial cell viability.   

The underpinning process of fluorescence microscopy involves the absorption of a photon by an 

indicator followed, by the emission of a proportion of light energy, in the form of another photon 

nanoseconds later (61). Because some energy is lost in this process, the emitted photon has less 

energy than the absorbed photon. Light with a short wavelength (blue) has higher energy than 

light with a long wavelength (red). As a result, light emitted from an indicator generally has a 

longer wavelength than that of the excitation light. This change in energy is called the Stokes shift 

(61). This is depicted in Figure 2.1. 

The experimental step-up is described in detail in 4.5.2.  

Figure 2.1 A schematic of (A) Confocal Laster Scanning Microscope, (B) Fluorescent 

Microscope.   

Image taken from: (a) https://www.laser2000.co.uk/applications/confocal-microscopy, (b) Gregersen S. 

2014. Fluorescent peptide-stabilized silver-nanoclusters: a solid-phase approach for high-throughput 

ligand discovery: PhD thesis. 

A B 
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2.1.3 Bacterial Live/Dead Staining  
 

The staining of bacterial cells with Live/Dead BacLight viability kit is a widely used method for 

determining the viable status of cells (62) (Figure 2.2). The kit is composed of two stains: SYTO9 

(live cells – green) and propidium iodide (PI) dead cells – red). The method of action surrounds 

the ability for the stains to penetrate the bacterial membrane. SYTO9 penetrates all bacterial 

membrane in the sample population. However, PI can only penetrate membrane compromised 

cells. PI strongly intercalates the DNA bases, displacing the SYTO9 stain (63). The use of a 

Live/Dead staining kit can provide both quantitative and qualitative information of a bacterial 

population, however the experimental setup needs to be considered. Due to the strong 

intercalation, inclusion of the stain prevents further metabolic activity and renders the cells 

inactive. Therefore, the stain can only be included at the end of an experiment. The optimal ratio 

of stain depends on the bacterial species, population concentration and test conditions, however 

a general guide is provided in the manufacturer’s instructions. The excitation wavelengths of 

SYTO9 and PI differ when interacting with DNA bases. SYTO9 and PI display an 

excitation/emission wavelength of 480/500 nm and 490/635 nm, respectively (64). The benefit of 

the Live/Dead staining, is the little to no background fluorescence, providing clear and specific 

staining. However, surface autofluorescence can be an issue.  

Figure 2.2 Representative merged channel fluorescent micrographs showing the attachment 

of E. coli (DSM 1576) using confocal scanning laser microscopy image using Live/Dead 

Baclight viability kit (ThermoFisher Scientific L7007). Cells were stained with Syto 9 (green) 

and propidium iodide (red), detecting live and dead cells, respectively. Observation was 

achieved using a 100x objective lens. polycarbonate control after 24 h incubation. 

Image taken from: Smith JA, Mulhall R, Goodman S, Fleming G, Allison H, Raval R, Hasell T. 2020. 

Investigating the Antibacterial Properties of Inverse Vulcanized Sulfur Polymers. 
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Although the Live/Dead kit is a good general visual indication of cell viability, membrane 

permeability can change, and cells can uptake small amounts of PI. Therefore, this method in 

combination will other quantifiable methods provide a complementary data set.  

The experimental step-up is described in detail in 4.5.2.  

 

2.1.4 Image Processing  
 

The application of CM has a wide range of uses, due to the various excitation wavelengths that 

can be applied. The significance of CM is not only limited to the increased image resolution, but 

the quantitative analysis that can be conducted. Excitation wavelengths produced by various 

channels, enable information to be generated in separate images. ImageJ is an image analysis 

software that has a wide range of functions for micrograph evaluation (65). When viewing 

Live/Dead (green/red) cells using CM, the excitation channels are imaged individually and then 

superimposed. When the channels are split, the cells can be converted into a binary function, 

where the background is removed, and the cells present as clearly defined regions. These regions 

can then be quantified as units and generate a numerical value. This can be achieved for both 

‘live’ and ‘dead’ cells.  

 

2.1.5 Scanning Electron Microscopy 
 

Scanning Electron Microscope (SEM) scans a focused electron beam over a surface to create an 

image. The electrons in the beam interact with the sample, producing various signals that can be 

used to obtain information about the surface topography and composition (66). The electron 

microscope was developed when the wavelength became the limiting factor in light microscopes 

(67). Electrons have much shorter wavelengths, enabling better resolution. Electrons are produced 

at the top of the column, accelerated down and passed through a combination of lenses and 

apertures to produce a focused beam of electrons which hits the surface of the sample. The sample 

is mounted on a stage in the chamber area and, unless the microscope is designed to operate at 

low vacuums, both the column and the chamber are evacuated by a combination of pumps (68). 

The level of the vacuum will depend on the design of the microscope. 

The SEM produces images by scanning the sample with a high-energy beam of electrons. As the 

electrons interact with the sample, they produce secondary electrons, backscattered electrons, and 

characteristic X-rays (69). These signals are collected by one or more detectors to form images 
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which are then displayed on the computer. When the electron beam hits the surface of the sample, 

it penetrates the sample to a depth of a few microns, depending on the accelerating voltage and 

the density of the sample. Many signals, like secondary electrons and X-rays, are produced as a 

result of this interaction inside the sample (Figure 2.3).  

The experimental step-up is described in detail in 4.5.6. 

 

 

 

 

 

 

 

Figure 2.3 A schematic of a scanning electron microscope. 

Image taken from: Inkson BJ. 2016. Scanning Electron Microscopy (SEM) and Transmission Electron 

Microscopy (TEM) for Materials Characterization Materials Characterization Using Nondestructive 

Evaluation (NDE) Methods. Elsevier Ltd. 
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2.2 MOLECULAR BIOLOGICAL TECHNIQUES  
 

2.2.1 Polymerase Chain Reaction   
 

Polymerase Chain Reaction (PCR) is a revolutionary method developed by Kary Mullis in the 

1980s (70). The method of PCR is based on using the ability of DNA polymerase to synthesise 

new strands of DNA complementary to the template strand. As DNA polymerase can only add a 

nucleotide to a pre-existing 3'-OH group, the synthesis requires a primer to which it can add the 

first nucleotide (71). This requirement makes it possible to target a specific region of a template 

sequence for amplification. At the end of the PCR reaction, the specific sequence will be 

accumulated in orders of magnitude - amplicons (Figure 2.4). 

The experimental step-up is described in detail in 5.4.8.1 – 5.4.8.2. 

 

 

 

 

Figure 2.4 Representative PCR diagram, showing the amplification of a specified DNA 

fragment.  

Image taken from: Dehar N, Singh H. 2006. Polymerase chain reaction. Asian J Chem 18:3437–3441. 
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2.2.2 Molecular Cloning  
 

Molecular cloning refers to a method of identifying an isolated section of a DNA sequence and 

amplifying this to obtain multiple copies using a host organism. Of common interest during 

cloning is the amplification of genes, however cloning can be used to propagate promoters, 

exogenously synthesised oligonucleotides, and non-coding sequences (72). For amplification in 

a host organism, the DNA sequence of interest needs to be linked to a host sequence that can 

direct replication. In general, the host sequences are modifiable plasmids (Figure 2.5). These 

plasmids have an origin of replication and a selectable marker (i.e. an antibiotic resistant gene). 

Various other features can be incorporated into the plasmid backbone such as nucleotides that 

enable protein expression, tagging and visual markers. The classical method of cloning involves 

the use of a restriction-ligation approach. This method generally involves four steps: DNA 

fragmentation with restriction enzymes, ligation of the DNA sequence of interest, transformation, 

and screening on selective media.  

The experimental step-up is described in detail in 5.4.13 – 5.4.16.  

 

 

 

 

Figure 2.5 Diagrammatic representation of molecular cloning.  
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2.2.3  Recombinant Protein Expression  
 

Recombinant production of proteins involves transfecting cells with a gene of interest into a DNA 

vector. Through regulated inducible expression, the gene then translates into a protein using host 

organisms’ cellular machinery. The expressed proteins can then be extracted by cell lysis and 

subsequently purified. Each expression system is chosen based on the type of protein, function, 

and desired protein yield. Other factors may need to be considered such as protein localisation 

and structural aspects. Bacterial hosts such as E. coli enable large scale production of 

recombinant proteins in a short time (doubling time of E. coli is 20 minutes) (73). This system 

requires relatively simple culture conditions (media, inducer molecules and selective pressure), 

which are scalable and low cost. If a protein is expressed in high quantities over a short period of 

time, they can form inclusion bodies – aggregation of an insoluble protein mass (74). Other factors 

such as protein degradation from accumulative of host proteases can damage the final protein 

function. However, many of these concerns can be overcome by changing the culturing conditions 

and inducible signal, both concentration and exposure.  

 

2.2.4 Controlled Gene Expression from an Arabinose-Inducible 
Promoter 

 

The pBAD plasmid derived expression vectors are designed for regulated, dose-dependent 

recombinant protein expression and purification in E. coli (75). Transcription initiation of the 

pBAD promoter occurs in the presence of high L-(+)arabinose, in relation to 

low glucose concentrations (76). When L-(+)arabinose binds to AraC, the N-terminal arm of 

AraC is released from its DNA binding domain. This enables AraC to dimerise and bind the 

I1 and I2 operators. The AraC-arabinose dimer permits activation of the pBAD promoter. 

Simultaneously, CAP binds to two CAP binding sites upstream of I1 and I2 operators and aids 

the activation the pBAD promoter (77) (Figure 2.6). However, in the presence of both high L-

(+)arabinose and high glucose concentrations (low cAMP levels), CAP is prevented from 

activating the pBAD promoter.  

In the absence of L-(+)arabinose the pBAD promoters are repressed by AraC. The N-terminal 

arm of AraC binds to the DNA binding domain, enabling two AraC proteins to bind to the O2 and 

I1 operator sites. The two bound AraC proteins dimerise and cause looping of the DNA. The 

looping prevents binding of CAP and RNA Polymerase, which normally activate the transcription 

of pBAD (77).  
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The experimental step-up is described in detail in 5.4.17. 

 

 

 

 

 

 

 

 

Figure 2.6 Schematic representation of the transcriptional induction of the L-(+)-arabinose operon. (A) 

uninduced promoter, (B) induced promoter. When arabinose is absent, regulatory protein AraC binds O 

and I1 sites upstream of pBad, blocking transcription. The addition of arabinose causes AraC to bind I1 

and I2 sites, allowing transcription to begin.  

A 

B 
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2.3 BIOCHEMICAL TECHNIQUES  
 

2.3.1 SDS-PAGE  
 

Sodium Dodecyl Sulphate–Polyacrylamide Gel Electrophoresis (SDS-PAGE) is an analytical 

method to separate proteins both native and recombinant based on their molecular weight (78). 

Proteins that are separated by electrophoresis through an acrylamide gel matrix exhibit a physical 

effect where smaller proteins migrate faster due to less resistance from the gel matrix. Other 

influences on the rate of migration through the gel matrix include the tertiary structure and charge 

of the proteins. 

In SDS-PAGE, the use of sodium dodecyl sulphate (SDS) and polyacrylamide gel largely 

eliminates the influence of the structure and charge, through degradation of the disulphide bonds 

(Figure 2.7). This leads to proteins being separated based on polypeptide chain length. SDS is a 

detergent with a strong protein-denaturing effect and binds to the protein backbone at a constant 

molar ratio (78). Polymerised acrylamide (polyacrylamide) forms a mesh-like matrix for the 

separation of proteins of typical size. The concentration of the gel allows for separation of various 

protein molecular weights. Although SDS-PAGE mainly distinguishes proteins by molecular 

weight, tags and overall charge can cause discrepancies in expect protein migration through the 

gel.  

The experimental step-up is described in detail in 5.4.18. 

 

Figure 2.7 Effect of SDS on the conformation and charge of a protein.  

Image taken from: Laboratories Bio-Rad. 2012. A Guide to Polyacrylamide Gel Electrophoresis 
and Detection. Bio-Rad 47. 
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2.3.2 Western Blot  
 

Western Blot is a commonly applied analytical technique used to detect target proteins with 

high specificity. The methodology initially follows the same principles of SDS-PAGE, where 

proteins are separated based on their molecular weight (79). The separated proteins are then 

transferred onto a nitrocellulose membrane using low voltage, where they incubated in blocking 

solution and then tagged with antibodies specific to the target protein i.e., Anti-histidine 

antibody (80). A secondary antibody is then added (unless a conjugate is used) and the detected 

chemiluminescent signal can be visualised (Figure 2.8). Due to the sensitivity of a western blot 

analysis, target proteins as low as 1ng can be detected. The benefit of using a western blot in 

addition to SDS-PAGE is the detection sensitivity. It is common for proteins to not be visible 

during SDS-PAGE due to background noise and the requirement for high protein expression 

yields (81).  

The experimental step-up is described in detail in 5.4.20. 

Figure 2.8 A schematic of the process involved in Western Blot analysis.  
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2.3.3 Protein Purification  
 

The purification of recombinant proteins is a prerequisite for many downstream applications such 

as functional and structural research. Recombinant proteins are frequently expressed with an 

affinity tag fused to the N- or C-terminus to enable purification and detection (82). One of the 

most widely used fusion tags within recombinant protein expression/purification is the histidine 

tag (His-tag), which contains six consecutive histidine residues. Due to the relatively small size 

(0.84 kDa in the case of a hexahistidine tag) and the uncharged nature at physiological pH, the 

His-tag does not usually interfere with the structure or function of the protein (83).  

Purification of His-tagged proteins by IMAC is based on the affinity of histidine residues for 

immobilized metal ions (e.g. Ni2+ or Cu2+) (84). The metal ions are immobilised on 

chromatographic matrices by a chelating ligand, most commonly nitrilotriacetic acid (NTA). 

NTA contains four metal chelating sites and therefore binds the metal ions in a more stable 

manner. Elution conditions for NTA-Ni of His-tagged proteins are mild and flexible (100–

500 mM imidazole, pH 5.9–4.5, or EDTA) (85) (Figure 2.9).  

Due to the affinity of the His-tag toward the Ni-NTA depending only on its primary structure, 

His-tagged proteins can be purified under native or denaturing. Depending on the recombinant 

proteins characteristic many can be produced in a soluble form in E. coli. However, some proteins 

aggregate into insoluble inclusion bodies when expressed at high levels and can be efficiently 

purified only using denaturing purification conditions (86). Strong denaturants such as 8 M urea 

or 6 M guanidinium hydrochloride are usually used to dissolve protein aggregates for NI-NTA 

purification. In general, binding of His-tagged proteins to the Ni-NTA column improves under 

denaturing conditions, as the His-tag is fully exposed (84). 

The experimental step-up is described in detail in 5.4.20. 
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Figure 2.9 A schematic representation of the purification of recombinant His-

tagged proteins. During step 1, cells are lysed in either native or denaturing 

conditions. During step 2, the histidine tag is removed.  
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2.3.4 Recombinant Protein His-tag Cleavage  
 

Recombinant tag removal can be an essential step for further downstream applications. The N-

terminal His-tag can be cleaved from a protein of interest by Enterokinase. This enzyme 

specifically recognises the sequence Asp-Asp-Asp-Asp-Lys and cleaves after the lysine (87).  

The cleaved tag can be removed from suspension, using an EK Away Resin. The resin is 

conjugated with soybean trypsin inhibitor, which has a high affinity and binding capacity for 

Enterokinase. The enzyme catalytic site binds this agarose-based resin for simple batch or 

column-bound removal of Enterokinase preparations. The sample is centrifuged, and the 

supernatant contains tag-free recombinant protein. 

The experimental step-up is described in detail in 5.4.20.3.  
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2.4 STANDARDISED ANTIBACTERIAL SURFACE TESTING  
 

2.4.1 ISO 22196:2011 
 

The ISO 22196 standard is a method for measuring the antibacterial activity of non-porous 

materials. This methodology is described in Appendix II. The protocol has been applied and 

optimised (Chapter 3) these modifications have been stated.  

 

2.5 CHEMICAL CHARACTERISATION OF SURFACES  
        (Work conducted by Dr Jessica Smith, University of Liverpool) 

 

2.5.1 Differential Scanning Calorimetry  
 

Differential Scanning Calorimetry (DSC) is a non-perturbing technique primarily used to 

determine the energetics of phase transitions and conformational changes and allows 

quantification of their temperature dependence (88). First developed in the early 1960s, technical 

advancement over time has resulted in high sensitivity instruments, enabling DSC capable of 

investigating the thermodynamic properties of various biological samples, such as, biopolymers, 

proteins, peptides, and lipid carriers (89). 

 

2.5.2 Powder X-Ray Diffraction   
 

Due to the charcteristic properties that most materials have unique diffraction patterns, 

compounds can be identified by using a database of diffraction patterns (90). The purity of a 

sample can also be determined from its diffraction pattern, as well as the composition of any 

impurities that are present. The defined diffraction patterns can also be used to determine and 

refine the lattice parameters of a crystal structure. 
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Figure 2.10 A schematic of Powder X-Ray Diffraction.  

Image taken from: Kuhlmann K. 2018. Development and Commissioning of a Prototype Neutron 

Backscattering Spectrometer with an Energy Resolution Enhanced by an Order of Magnitude using 

GaAs Single Crystals 1–89. 
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2.6 MATERIALS  
2.6.1 Bacterial Strains, Plasmids, and Media  

2.6.1.1 Bacterial Strains and Plasmids  
 
The bacterial strains and plasmids used in this study are detailed in Table 2.1.  

 

 

 

 

 

 

 

Table 2.1 List of bacterial species, strains and plasmids.  
 
Bacterial Strains Useful Phenotype  Source 
Escherichia coli strains  
DSM 1576 ISO 22196:2011 test strain  DSMZ 

TOP10  Cloning strain  ThermoFisher 
Scientific  

Staphylococcus aureus  
DSMZ 

DSM 346 ISO 22196:2011 test strain 
Bacillus stearothermophilus  

DSMZ 
DSM 22 Bacterial S-layer strain  
Aeromonas salmonicida  

DSMZ 
DSM 46293 Bacterial S-layer strain  
Caulobacter crescentus  

DSMZ 
ATCC BAA-2331 Bacterial S-layer strain  
Lysinibacillus sphaericus  

ATCC 
ATCC 21964 Bacterial S-layer strain  
Aeromonas hydrophila  

ATCC 
DSM 30016 Bacterial S-layer strain  
Lactobacillus acidophilus   

DSMZ 
DSM 9126 Bacterial S-layer strain  
Plasmids Useful Phenotype  
pBAD-His A Protein expression and tagging ThermoFisher 

Scientific Blunt PCR TOPO II Cloning vector 
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2.6.1.2 Growth media, Supplements and Buffers 
 

Composition and sources of media and buffer used in this study are listed in Table 2.2. Lysogeny 

Broth (LB) and LB agar were prepared according to the manufacturers (Merck) guidelines. The 

remaining media were prepared according to the ISO 22196:2011 protocol.   

 

Table 2.2 List of the media and composition.  
 

Media Composition (final concentration) 

Lysogeny broth (LB) 10g L-1 NaCl, 10g L-1 tryptone, 5g L-1 yeast extract 
(Sigma-Aldrich), agar 12g L-1, pH 7 ± 0.2 

LB agar  10g L-1 NaCl, 10g L-1 tryptone, 5g L-1 yeast extract 
(Sigma-Aldrich), pH 7 ± 0.2.  

SOC media  5g L-1 yeast extract (Sigma-Aldrich), 20 g L-1 tryptone, 
0.58 g L-1 NaCl, 0.18 g L-1 KCL, 2.5 g L-1 MgSO4.    

Nutrient broth  
5 g L-1 meat extract (Sigma-Aldrich), 10 g L-1 peptone 
(enzymatic digest of casein), 5 g L-1 sodium chloride and 
15 g L-1 agar at pH 7 ± 0.2 

Diluted nutrient broth  

5 g L-1 meat extract (Sigma-Aldrich), 10 g L-1 peptone 
(enzymatic digest of casein), 5 g L-1 sodium chloride at 
pH 7 ± 0.2. A dilution factor of 1:100 and 1:500 was 
used.   

Nutrient agar  
10 g L-1 peptone, 5 g L-1 NaCl, 2 g L-1 yeast extract 
(Sigma-Aldrich), 5 g L-1 meat extract (Sigma-Aldrich), 
15 g L-1 agar at pH 7.1 ± 0.1 

Soybean casein digest broth with 
lecithin and polyoxyethylene sorbitan 
monooleate (SCDLP broth) 

17 g L-1 casein peptone, 3 g L-1 soybean peptone, 5 g L-1 

sodium chloride, 2.5 g L-1 disodium hydrogen phosphate, 
2.5 g L-1 glucose, 1 g L-1 lecithin and 7 g L-1 non-ionic 
surfactant (Tween 80) in distilled water at between pH 
6.8 and 7.2). 

 

 

Table 2.3 List of media supplements. 
 
Media Supplements Composition 

Ampicillin 100 µg mL-1 ampicillin sodium salt (Melford, UK) 

Kanamycin 50 µg mL-1 kanamycin monosulfate (Melford, UK) 

X-gal 40 µg mL-1 X-gal (Melford, UK) 

IPTG 100 mM IPTG (Melford, UK) 

Arabinose 0.5% (w/v) – 10% (w/v) L-(+)arabinose (Sigma, UK) 

Glucose Glucose 0.125% (w/v) (Thermo Fisher Scientific, UK) 
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Table 2.4 List of buffers and composition. 
 

Buffers Composition (final concentration) 

Phosphate-Buffered Physiological 
Saline  

8.5 g L-1 of sodium chloride in 1,000 mL of distilled 
water. Dilute phosphate buffer solution prepared with 
the physiological saline to an 800-fold volume. 

Phosphate Buffer Solution  

34 g L-1 of potassium dihydrogen phosphate in 500 mL 
of deionized water, adjusted to pH 7 ±0.2 at 25 °C with 
sodium hydroxide. Distilled water was added to make 
up to 1,000 mL. 

TAE 25 mM Tris (to pH 7.5 with acetic acid); 10 mM 
EDTA 

Restriction Enzyme Buffer  
10 mM Tris-HCl (pH 7.5); 100 mM KCl; 1 mM 
EDTA; 1 mM DTT; 50% (v/v) glycerol; 0.2 mg mL-1 
BSA. 

Native Lysis Buffer 50 mM NaH2PO4, 300 mM NaCl, 10 mM Imidazole, 
pH 8.  

Native Wash Buffer  50 mM NaH2PO4, 300 mM NaCl, 20 mM Imidazole, 
pH 8. 

Native Elution Buffer  50 mM NaH2PO4, 300 mM NaCl, 250 mM Imidazole, 
pH 8. 

Denaturing Lysis Buffer 100 mM NaH2PO4, 10 mM Tris.Cl, 6M GuHCl, pH 8. 

Denaturing Wash Buffer 100 mM NaH2PO4, 10 mM Tris.Cl, 8M Urea, pH 6.3. 

Denaturing Elution Buffer -1  100 mM NaH2PO4, 10 mM Tris.Cl, 8M Urea, pH 5.9. 

Denaturing Elution Buffer - 2 100 mM NaH2PO4 , 10 mM Tris.Cl, 8M Urea, pH 4.5. 

TEV Buffer 25 mM Tris-HCl, pH 8.0, 250 mM NaCl, 14 mM β-
mercaptoethanol.  

Enterokinase Buffer  20 mM Tris-HCl, 50 mM NaCl, 2 mM CaCl2, pH 8.0. 

Ek Away Stripping Buffer  100 mM NaCl, 100 mM Formic Acid, pH 3. 

Ek Away Binding Buffer 500 mM NaCl, 50 mM Potassium Phosphate, pH 8. 
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Table 2.5 List of enzymes used.  
 

Enzyme Company Units used per reaction 

XhoI New England Biolabs 10 units  

HindIII New England Biolabs 10 units  

KpnI New England Biolabs 10 units  

Enterokinase, light chain New England Biolabs 4 and 14 units  

Table 2.6 Components of Q5 PCR Mastermix.  
 

Component Working concentration 

Nuclease free H2O Variable 
5X Q5 
Reaction Buffer 1X 

Q5 High-Fidelity DNA Polymerase (New England Biolabs) 0.02 U/µl 
DNTPs 10 mM 
Forward primer (20 µM) 0.5 µM 
Reverse primer (20µM) 0.5 µM 
Template DNA < 1,000 ng 
  

Table 2.7 Molecular biology kits 
  

Kits  Source  

QIAprep Spin Miniprep Kit Qiagen  

Qiagen DNeasy Blood & Tissue Kits 
 Qiagen 

Zymoclean Gel DNA Recovery Kit (D4001) Zymo Research 

Qubit dsDNA BR Assay Kit Thermo Fisher  
LIVE/DEAD™ BacLight™ Bacterial Viability Kit, for 
microscopy Thermo Fisher 

Qiagen Penta-His HRP Conjugate Kit  Qiagen 
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Figure 2.11 A schematic to show the features of the pBAD/His vector. 

Image taken from: Manual U (Invitrogen). 2010. pBAD / His A , B , and C pBAD / Myc -His A , B , 
and C Vectors for Dose-Dependent Expression of Recombinant Proteins Containing N- or C- Terminal 
6xHis Tags in E. coli 1–30. 
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CHAPTER 3 - STANDARDISING THE EVALUATION 
OF ANTIBACTERIAL ACTIVITY AT SURFACES 
 

3.1 INTRODUCTION 
 

The past several years have witnessed a substantial increase in peer-reviewed literature reporting 

new antibacterial/antimicrobial surface chemistries. These advances are welcomed contributions 

in aiding the fight against AMR, and the declining effectiveness of current antibacterial 

substances such as antibiotics. These contributions will help address the growing demand for 

controlling pathogenic biofilms, in environments such a medicine, density and public interfaces 

i.e. touch screens (91). Currently, anti-biofilm elements present in surfaces, encompass synthetics 

(92), plant-derived compounds (93), antimicrobial peptides (94), and active surface chemistry 

(95). The wide-ranging approaches taken to address AMR present exciting possibilities. However, 

questions need to be asked, such as - which is the most effective approach? Where should our 

research interests be focused? How do we compare and evaluate these approaches reliability? 

(Figure 3.1). By establishing a robust and well-optimised in-vitro protocol, the questions above 

can be successfully answered. There are few standardised methods for evaluating antibacterial 

surface capacity. One of the protocols – ISO 22196:2011 (48) has presented many pitfalls, which 

were only evident from extensive research both experimentally and through literature reviews. 

From our analysis, it is apparent how the supposed ‘standard method’ differs throughout the 

literature, in an attempt by researchers to generate reliable data. 

For a methodology to be reproducible, consideration needs to be given to experimental parameters 

such as appropriate controls, the bacterial strains/concentration and the test environment. The 

species and strains of bacteria used in the test can affect the claims made by a surface assessment 

i.e. whether it is antibacterial/antimicrobial. Several standardised tests have been developed by 

organisations such as the International Organisation for Standardisation (ISO) and the American 

Society for Testing and Materials (ASTM). For the testing of non-porous materials (plastic, metal, 

glass) the Japanese Industrial Standard JIS Z 2801 is the most commonly adopted protocol used 
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by industry. This method was developed by a collection of research institutions, universities, and 

manufacturers of antibacterial products. This protocol formed the basis for the ISO 22196 (the 

International Standard for the Measurement of Antibacterial Activity on Non-Porous Surfaces). 

The evolution of the test into the current ISO 22196:2011 follows the same premise, where a 

droplet of bacterial suspension (E. coli or S. aureus) is directly placed on the test surface. A cover 

film is placed on the droplet to maximise surface contact and reduce evaporation. After 24 h 

incubation at 37 ± 1 °C the bacterial suspension is washed from the surface with a neutralising 

solution and bacterial survival determined. The protocol suffers some substantial drawbacks. This 

experimental methodology does not mimic real-life scenarios and assesses antibacterial capacity 

as a ‘best-case’ scenario. The quantification ability of the test is not completely addressed. Due 

to the excretion of EPS, it is possible bacterial colonies are adhered to the cover film. There is 

also no visual indication of bacterial removal i.e. fluorescent Live/Dead Baclight staining. All the 

above would help provide a greater overall assessment. 

 

 

Antibacterial 
surfaces 

ISO 22196: 
2011 

Modifications 
found in 
literature

Does this 
impact the 

reliability of 
the results?

Could this 
methodology 
be improved?

Is there a growing 
need for an updated 
antibacterial surface 

testing standard?

Figure 3.1 A representation of questions that arise from the current ISO 22196:2011 

protocol in relation to a growing demand to address antimicrobial resistance, and the lack of 

a reliable methodology.  

 

1. Review  

3. Assess 

4. Apply  

5. Optimise  

2. Evaluate  
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3.2 BACKGROUND 
 

Material Science has endeavoured to use multidisciplinary strategies to develop materials or 

coatings with innate or engineered antibacterial activity (96). For these surfaces to be 

universally adopted, their antibacterial efficacy and effectiveness needs to be evaluated. To 

attain this, industry and academia, as previously described, use an international standard 

measure to quantify antibacterial activity – ISO 22196:2011 (Appendix II), which will now be 

referred to herein as ISO 22196 for simplicity.  

This research identified within the literature key areas where the ISO 22196 has been adapted 

(Figure 3.2 & Table 3.1) and suggests microbiological optimisation of the protocol for improved 

experimental antibacterial surface quantification. Our research into the foundations unpinning the 

assessment of antibacterial surfaces, was conducted to obtain higher quality data. These 

improvements were necessary to quantify the antibacterial effects of polymeric sulfur compounds 

– Appendix I (97). Without a robust test, data derived from antibacterial surface analysis is 

subjective. There is increasing research interest in the development of novel antibacterial surfaces. 

Surfaces that are exposed to bacteria are prone to bacterial colonisation, through methods 

described in Chapter 1. This is especially of concern in the medical sector. Antibacterial surfaces 

generally either incorporate anti-adhesive functions (98) or bactericidal compounds (99). These 

passive or active approaches require effective antibacterial capacity quantification. Therefore, we 

report techniques that are more reliable, reproducible, and accommodating for the universal 

assessment of antibacterial surfaces. The aim is to stimulate a discussion to implement/update a 

protocol that is not currently capable of delivering reproducible data.  

A detailed study by Wiegand., et al, 2018 (100) conducted a round robin test to evaluate whether 

there was consistency across laboratories stating the use of the ISO 22196 protocol for 

antibacterial testing. Data derived from this assay revealed that when the laboratories were 

presented with the aim of antibacterial testing, >85% of the laboratories involved chose to use the 

ISO 22196. However, a variability in the results was observed across all laboratories. This study 

then led us to identify deficiencies in the protocol that causes the variability and state low-cost, 

manageable improvements to yield increased reproducibility. By doing so, we have developed an 

improved methodology to increase the repeatability across test centres. Prior to our investigation 

into the ISO 22196 protocol, there were clear discrepancies in the use of the methodology. We 

identified that it is customary to heavily modify this ISO 22196, which means it is not fit for 

purpose and does not allow laboratories across the world to utilise a standard protocol that can be  
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Figure 3.2 Key elements of the ISO 22196:2011 
protocol.  

(A) A graphical representation of ISO 22196:2011. 

(a) bacteria inoculated on slant culture media from 

stock culture @ 35 ± 1°C for 16 h to 24 h. (b) 

bacteria sub-cultured from (a) on to fresh slant 

culture media and incubated @ 37 ± 1°C for 16 h 

to 20 h. (c) cells from the previous step are 

suspended in diluted nutrient broth, adjusted to 

desired OD600 and used as the test inoculum. (d) In 

a sterile petri dish containing a moist sponge, the 

inoculum is applied to the surface in the range of 

100-400 µL and polyethylene cover film applied. 

(e) Inoculated surfaces are incubated @ 37 ± 1 °C 

at a relative humidity of ≥90% for 24 ± 1 h. (f) 

Surfaces are washed with 10 mL soybean casein 

digest broth with lecithin and Tween 80 

(polyoxyethylene sorbitan monooleate) - SCDLP. 

 

A 

B 

(g) from the SCDLP wash, 10-fold serial dilutions are performed in phosphate-buffered physiological solution. 

(h) 1 mL of the dilution is mixed with 15 mL plate count agar. The petri dishes were then inverted and incubated 

@ 37 ± 1 °C for 40 h to 48 h at a relative humidity of ≥90 %. (B) A schematic to demonstrate the variability in 

research from a literature review of ISO 22196:2011. The diagram is based on Table 3.2. 
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replicated easily by everyone. Our research highlighted why these discrepancies are occurring 

and the steps that can be taken to alleviate the variability.  

 

3.3 RESEARCH HYPOTHESIS AND AIMS  
 

Our analysis of published peer-reviewed papers identified the lack of consensus across research 

using the ISO 22196. We aim to show that many publications use the ISO 22196 as a 

framework for their investigations, though they extensively modify and adapt the protocol to 

their particular needs. The ISO 22196 is dependent on research groups performing the assay in a 

consistent manner. Without a standard universal assay, the ability to compare data from global 

institutes is impacted. The purpose of this study is to suggest experimental modifications and 

optimisations to the current ISO 22196 protocol for increased reliability and repeatability in the 

delivery of data. The objective is to provide an improved and validated methodology for 

investigating the antibacterial capacity of non-porous surfaces.  
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Table 3.1 A literature review of research papers that have published according to ISO 22196:2011, identifying materials and methods used. 

The table identifies the various alterations in research both within industry and academia. Units shaded in green signify the protocol has been followed according to ISO. Red shaded 

units indicate deviation from the protocol. Yellow shaded units highlight either the method was not stated in the paper or there is insufficient detail to decide either way if the category is 

accordance with the ISO. 

Reference Microorganism Plating Media Cell Count 
Inoculum 
Volume 

Suspension Media Cover Film 
Incubation 
Conditions 

Cell Recovery 
media/volume 

 

(ISO 22196:2011)(48) 

Staphylococcus aureus ATCC 6538P, CIP 53.156, 

DSM 346, NBRC 12732, NCIB 8625. 

Escherichia coli ATCC 8739, CIP 53.126, DSM 

1576, NBRC 3972, NCIB 8545.  

Plate Count 

Agar 
2.5 – 10 x 105 CFU/mL 100 – 400 μl 1:500 diluted nutrient broth 

polyethylene, 

polypropylene or polyester 

[poly(ethylene 

terephthalate)] 

35 ± 1 °C/ 24 ± 1 h SCDLP/10 mL 

 

(101) 
Escherichia coli NCTC 10538, Staphylococcus 

aureus ATCC 6538 
 106 CFU  Nutrient broth Glass cover slip 

37 °C/1, 2, 4, 6, 24 

and 48 h 

Dey-Engley broth/ 5 

mL 

(102) Staphylococcus aureus ATCC 33591 

Columbia sheep 

blood agar 

(COS) 

5 x 105 CFU/mL 400 μl 0.85% NaCl solution Stomacher bag film 35 °C/24 h 
TSB with LTHTh 

373r-20p 

(103) 
Listeria innocua, Escherichia coli, Staphylococcus 

aureus 
Nutrient agar 

Varied concentrations 

from 100 to 105 CFU/mL 
1000 μl Tryptic soy broth (TSB)  37 °C/24 h 

Covered with 15 mL 

nutrient agar 

(104) 

Escherichia coli ATCC 8739, Pseudomonas 

aeruginosa ATCC 9027, Staphylococcus aureus 

ATCC 6538P 

Serial dilutions 

plated on 1.5% 

LB agar 

2.6 x 105 -6.6 x 106 150 μl 

TSB overnight culture, then 

5mL into fresh TSB and 

grown overnight (O.D. = 

0.07) 

 37 °C/- 
TSB or YMB/14.85 

mL 

(105) Escherichia coli 
Tryptone soya 

agar 
2.5 – 10 x 105 CFU/mL 400 μl TSB  35 ± 1 °C/ 24 ± 1 h 

Direct extraction 

from initial inoculum 

(106) 
Escherichia coli ATCC 25922, Staphylococcus 

aureus ATCC 25923 
Plate count agar 2 x 106 CFU/mL 400 μl  Polyethylene film 37 °C/24 h PBS/10 mL 

(107) 

Staphylococcus aureus CECT 86, Mycobacterium 

smegmatis CECT 3020, Escherichia coli CECT 

516, Pseudomonas aeruginosa PAO1 CECT 4122, 

LB agar 6.2 – 25 x 103 CFU/mL  1:500 diluted nutrient broth No cover film  37 °C/24 h PBS/1mL 
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Staphylococcus epidermidis CECT 232, Bacillus 

subtilis subsp. Subtilis CECT 39, Streptococcus 

dysgalactiae subsp. Equisimilis CECT 926. 

Equisimilis, Streptococcus pyogenes CECT 985, 

Staphylococcus aureus 61115, 61286, 61314 

(108) 
Escherichia coli ATCC 8739, Staphylococcus 

aureus ATCC 6538P 

Mannitol salt 

agar plates 

4.06 x 107 – 7.6 x 108 

CFU/mL, E. coli and S. 

aureus, respectively 

300 μl 

Nutrient agar (NA) and 

brain heart infusion (BHI) 

broth 

Glass slide 37 °C/24 h PBS 

(109) 

Escherichia coli CCL410, Staphylococcus aureus 

NCIMB 9518, Listeria monocytogenes EGDe 

ATCC 

 5 x 105 CFU/mL 16 μl BHI broth  37 °C/24 h  

(110) 
Escherichia coli ATCC 8739, Staphylococcus 

aureus ATCC 6538P 
     35 °C/48 h  

(111) 

Acinetobacter baumannii, 

Acinetobacter pittii, 

Acinetobacter lwoffii 

Solid MHA 
Density 0.5 McFarland 

standard 
100 μl 

First in Muller-Hinton agar 

and then diluted into TSB 
 

0, 60, 120, 180, 24, 

300 min at 49icyclo. 

22 °C (room temp) 

TSB and glass beads 

(112) 
Staphylococcus aureus ATCC 6538P, Escherichia 

coli ATCC 8739 
Plate count agar 7.5 x 105 CFU/mL  

NA, then diluted in 1:500 

nutrient broth 
Glass slide 35 °C/24 h SCDLP/10 mL 

(113) Staphylococcus aureus 
Agar (not 

specified) 
5 x 105 CFU/mL    35 °C/24 h  

(114) 

Escherichia coli NRBC 3972, Staphylococcus 

aureus NRBC 12732, Methicillin resistant 

Staphylococcus aureus UOEH6 

Standard agar 

plates 
2.5-10 x 105 400 μl 1:500 diluted nutrient broth Polyethylene film 35 °C/24 h SCDLP/10 mL 

(115) Escherichia coli ATCC 8739, Bacillus subtilis 168 LB agar plates 2-4 x 106 CFU/mL 200 μl 
Overnight culture seeded 

into fresh LB broth 
Polyethylene film 37 °C/24 h 

1:500 LB/20 mL 

with glass beads 

(4mm) 

(116) 
Escherichia coli CCM 4517 and Staphylococcus 

aureus CCM 4516 
 

1 x 106 – 1.5 x 107, E. coli 

and S. aureus respectively   

CFU/mL 

  Polyethylene film 24 h  

(117) Staphylococcus aureus ATCC 43300 

Selective 

mannitol salt 

agar plate 

Optical density 0.001 at 

600 nm, corresponding to 

1 × 105 cells/mL 

100 µL 

10 mL LB incubated @ 37 

°C (120 rpm) for 18 h, then 

diluted in fresh LB 

Polyethylene film 35 °C/24 h SCDLP broth/5 mL 
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3.4 EXPERIMENTAL DETAILS  
 

 3.4.1 Study Design  
 

The aim of this study was to critically appraise the ISO 22196 protocol. To achieve this, an 

extensive literature review was used to assess the use of the protocol within industry and academia. 

Key aspects of the methodology were reviewed, including microorganisms, plating media, cell 

count inoculum, inoculum volume, suspension media, cover film, incubation temperature/time and 

extraction media/volume. Peer-reviewed papers were examined to determine whether 

modifications to the ISO 22196 had been implemented in their experiments, and if so, had they 

been clearly stated. This investigation assessed of over 60 peer-reviewed papers stating the use of 

ISO 22196, of which 17 papers were analysed in-depth (Figure 3.2B) ranging in publication date 

from 2010 – 2020. The metanalysis used the search term ‘ISO 22196’ in Google Scholar to identify 

associated peer-reviewed research papers. The 17 papers were randomly selected for analysis in 

Figure 3.2 and Table 3.1. 

To address the growing need for a robust and reliable antibacterial surface test, we reviewed these 

modifications that research institutes made. Using an experimental approach, we addressed these 

weaknesses in the protocol and derived a methodology that addresses these pitfalls, producing an 

optimised protocol that is capable of delivering consistent and reliable results.  

 

3.4.2 Bacterial Strains  
 

Two bacterial strains listed in the ISO 22196 were used Escherichia coli - DSM 1576, purified 

from human faeces and Staphylococcus aureus - DSM 346, a coagulase positive, beta-lactamase 

negative strain used in the assay of antibiotics and in media and sterility testing. These were 

sourced from the Leibniz Institute, DSMZ-German Collection of Microorganisms and Cell 

Cultures GmbH.  
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3.4.3 Calibration Curve 
 

Frozen bacterial stocks of E. coli and S. aureus were inoculated on nutrient agar plates at 37 ± 1 

°C for 16 – 20 h. Bacterial cells were scraped from the agar and suspended in 1:500 and 1:100 

diluted nutrient broth for E. coli and S. aureus, respectively. Dilutions of the suspensions were 

conducted ranging from 0.02 – 0.2 OD600 to generate and identify a range of bacterial suspension 

concentrations. These dilutions were further serially diluted to 10-6 in phosphate buffer solution 

(PBS). 10 μL of the dilutions was then plated on nutrient agar (in triplicate) and incubated at 37 

± 1 °C for 16 – 20 h. Colony forming units (CFU)/mL was calculated using the equation: (colony 

forming units x dilution factor)/volume plated). 

 

3.4.4 Bacterial Preparation  
 

Bacterial stocks were maintained by storage on appropriate medium (nutrient agar containing: 10 

g L-1 peptone, 5 g L-1 NaCl, 2 g L-1 yeast extract, 5 g L-1 meat extract, 15 g L-1 agar at pH 7.1 ± 

0.1) at 4 °C, with transfers to fresh storage medium every week (or prior to the start of any testing). 

The bacterial strains were prepared for testing by incubating on nutrient agar at 37 ± 1 °C for 16 

h to 24 h. This process was repeated on fresh nutrient agar and incubated at 37 ± 1 °C for 16 h to 

20 h. The test inoculum was prepared by suspending a scrape of bacterial cells in nutrient broth 

(containing: 5 g L-1 meat extract, 10 g L-1 peptone (enzymatic digest of casein), 5 g L-1 sodium 

chloride at pH 7 ± 0.2.) at a dilution of 1:500 and 1:100 for E. coli and S. aureus, respectively. 

The bacterial cells were homogenously suspended by vortexing for 10 seconds and water bath 

sonication for 10 seconds at 50kHz (Grant Ultrasonic XB3). Bacterial enumeration was conducted 

using a calibration curve from CFU/mL correlated to spectrophotometer value (OD600). The 

bacterial suspension was then adjusted to the desired optical density to achieve a target 

concentration of 3 x 106 CFU/mL.  

 

3.4.5 Surface Preparation  
 

Polycarbonate substrates (30 mm x 30 mm) were sterilised by submersion in 70% ethanol for 10 

minutes, followed by submersion in ABS ethanol for 10 seconds. The substrates were then stored 

in an aseptic environment. Cover films were cut from polyethylene film (cling film) (20 mm x 20 



52 
 

mm) and sterilised under ultraviolet (UV-C) light (250–270 nm) for 15 minutes. Cellulose 

sponges were prepared to a size of 20 mm x 20 mm and autoclaved. 

Note: all testing was conducted on polycarbonate surface. When surfaces are referred to as 

‘controls’ they follow the ISO 22196 protocol. When referred to as ‘test’ they follow our 

optimszed methods. All bacterial assessment was conducted in triplicate. 

 

 

3.4.6 Effect of Storage Conditions on Bacterial Viability  
 

E. coli was inoculated on storage agar (nutrient agar containing: 10 g L-1 peptone, 5 g L-1 NaCl, 

2 g L-1 yeast extract, 5 g L-1 meat extract, 15 g L-1 agar at pH 7.1 ± 0.1) and incubated at 37 ± 1 

°C for 16 h to 20 h. The inoculated agar plate was then stored at 4 °C for 35 days. Bacterial cell 

viability was assessed by preparing an inoculum in nutrient broth (containing: 5 g L-1 meat extract, 

10 g L-1 peptone (enzymatic digest of casein), 5 g L-1 sodium chloride at pH 7 ± 0.2.) at a dilution 

of 1:500. A 100 μL inoculum was then placed on a polycarbonate surfaces and incubated at 37 ± 

1 °C (relative humidity 90%) for 24 h. Quantification was assessed by washing the surface with 

10 mL SCDLP (containing: 17 g L-1 casein peptone, 3 g L-1 soybean peptone, 5 g L-1 sodium 

chloride, 2.5 g L-1 disodium hydrogen phosphate, 2.5 g L-1 glucose, 1 g L-1 lecithin and 7 g L-1 

non-ionic surfactant (Tween 80- Polyoxyethylene sorbitan monooleate) in distilled water at 

between pH 6.8 and 7.2) and serially diluting to 10-6 in phosphate buffered saline (PBS). Miles 

Misra method (118) was then used to gain respective CFU/mL values. This value was compared 

to a control plate inoculated with E. coli from a -80 °C freezer stock and prepared as above without 

storage at 4 ± 1 °C.  

 

3.4.7 Effect of Diluted Nutrient Broth Concentration (1:100 vs 1:500) 

on Cell Viability 
 

The bacterial inoculums of E. coli and S. aureus were prepared in both 1:500 and 1:100 diluted 

nutrient broth, respectively. 100 μL of the inoculum (106 CFU/mL), were placed on polycarbonate 

surfaces and covered with a polyethylene film. The surfaces were placed in a sterile petri dish 

with a cellulose sponge containing 3 mL sterile distilled water and incubated at 37 ± 1 °C for 24 

h in a humidity chamber (relative humidity >90%). Humidity was achieved by suspending the 

petri dishes in a sealed plastic container with 2 inches of water below (without physical contact), 
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as shown in Figure 3.2A. Serially dilutions to 10-6 in PBS were performed. The Miles and Misra 

method was then used to gain respective CFU/mL values.  

 

3.4.8 Effect of Diluted Nutrient Broth Storage Duration on Cell 

Inoculum Survival  
 

Nutrient broth (containing: 5 g L-1 meat extract, 10 g L-1 peptone (enzymatic digest of casein), 5 

g L-1 sodium chloride at pH 7 ± 0.2.) at a dilution of 1:500. The diluted nutrient broth was stored 

at 4 °C for 12 days. Using a control composed of nutrient broth (containing: 5 g L-1 meat extract, 

10 g L-1 peptone (enzymatic digest of casein), 5 g L-1 sodium chloride and at pH 7 ± 0.2.) at a 

dilution of 1:500 prepared on the same day. A test inoculum and control inoculum was prepared 

using E. coli (106 CFU/mL) at a volume of 100 μL and then placed on polycarbonate surfaces and 

incubated at 37 ± 1 °C (relative humidity 90%) for 24 h. Quantification was assessed by washing 

the surface with 10 mL SCDLP (containing: 17 g L-1 casein peptone, 3 g L-1 soybean peptone, 5 

g L-1 sodium chloride, 2.5 g L-1 disodium hydrogen phosphate, 2.5 g L-1 glucose, 1 g L-1 lecithin 

and 7 g L-1 non-ionic surfactant (Tween 80) in distilled water at between pH 6.8 and 7.2) and 

serially diluting to 10-6 in PBS. Miles and Misra method were then used to gain respective 

CFU/mL values.  

 

3.4.9 Effect of Inoculum Volume on Cell Viability 
 

The control surface was prepared with 100 μL of the inoculum (106 CFU/mL) as mentioned in 

3.4.4, placed on the polycarbonate surface and covered with a polyethylene film. The surfaces 

were placed in a sterile petri dish with a cellulose sponge containing 3 mL sterile distilled water 

and incubated at 37 ± 1 °C for 24 h in a humidity chamber (>90% humidity). The test surface was 

prepared as above but with 400 μL of the inoculum (106 CFU/mL – concentration adjusted). 

Serially dilutions to 10-6 in PBS were performed. The Miles and Misra method was then used to 

gain respective CFU/mL values.  

 

 

 



54 
 

3.3.10 Impact of Environmental Humidity on Cell Survival 
 

The bacterial inoculums were prepared as stated in 3.4.4. E. coli and S. aureus were prepared in 

both 100 μL and 400 μL volumes (106 CFU/mL – concentration adjusted). The inoculated 

surfaces were incubated in petri dish environments that had the present and absence of a sponge 

containing 3 mL sterile distilled water. The petri dishes that had the sponge present were then 

incubated in a humidity chamber at relive humidity of >90%. All were incubated at 37 ± 1 °C for 

24 h.  

3.4.11 Assessment of Polycarbonate as an Inert Control Surface 
 

E. coli was inoculated on storage agar (nutrient agar containing: 10 g L-1 peptone, 5 g L-1 NaCl, 

2 g L-1 yeast extract, 5 g L-1 meat extract, 15 g L-1 agar at pH 7.1 ± 0.1) and incubated at 37 ± 1 

°C for 24 h. An inoculum was prepared in nutrient broth (containing: 5 g L-1 meat extract, 10 g L-

1 peptone (enzymatic digest of casein), 5 g L-1 sodium chloride at pH 7 ± 0.2.) at a dilution of 

1:500. Antibacterial effect was evaluated by placing a 100 μL inoculum on a polycarbonate, 

copper and stainless-steel surfaces, and incubated at 37 ± 1 °C (relative humidity 90%) for 24 h. 

Quantification was assessed by washing the surface with 10 mL SCDLP and serially diluting to 

10-6 in PBS. Miles and Misra method was then used to gain respective CFU/mL values. 

 

3.4.12 Non-Ionic Surfactant Antibacterial Assessment  
 

 Bacterial inoculums incubated on polycarbonate surfaces (as prepared in 3.4.4) were washed with 

SCDLP solution (17 g L-1 casein peptone, 3 g L-1 soybean peptone, 5 g L-1 sodium chloride, 2,5 g 

L-1 disodium hydrogen phosphate, 2,5 g L-1 glucose, 1 g L-1 lecithin and 7 g L-1 non-ionic 

 

Table 3.2 Non-ionic surfactant concentration assessed in the neutralising solution - SCDLP, in 

accordance with the ISO 22196. 

 

Non-ionic surfactant Concentration 

Tween80 (Sigma Aldrich) 0.7% 

Lauryl dimethylamine oxide (Mistral 

Industrial Chemicals) 
0.7% 

Triton X-100 (Sigma Aldrich) 0.7% 
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surfactant in distilled water at pH 6.8 and 7.2). The solution was assessed with various non-ionic 

surfactants added to the SCDLP solution (Table 3.2) and incubated in the solutions for 30 

minutes. The solution was then serially diluted and CFU/mL quantified. All non-ionic surfactants 

were tested at a concentration of 7 g L-1 in accordance with the ISO 22196 protocol.  

 

3.4.13 Surface Washing Technique for Optimal Bacterial Recovery 
 

The bacterial suspensions were set up as in 3.4.4. The surfaces were submerged in 10 mL SCDLP 

(containing: 17 g L-1 casein peptone, 3 g L-1 soybean peptone, 5 g L-1 sodium chloride, 2,5 g L-1 

disodium hydrogen phosphate, 2.5 g L-1 glucose, 1 g L-1 lecithin and 7 g L-1 non-ionic surfactant 

(Tween 80) in distilled water at between pH 6.8 and 7.2). The control surface was washed by the 

uptake and expulsion of 1,000 μL of SCDLP four times using a single-channel pipette. The test 

surface was washed by the uptake and expulsion of 10 mL SCDLP ten times using an automatic 

serological pipette, followed by agitation on a laboratory shaker. The subsequent washes were 

then serially diluted to 10-6 and plated on plate count agar – PCA (containing: 2.5 g L-1 yeast 

extract, 5 g tryptone L-1 , 1 g glucose L-1 , 15 g agar L-1 at pH 7.1 ± 0.1) and incubated at 37 ± 1°C 

for 24h.  

The pipettes used in this assessment and throughout the experiments were 100 – 1000 µL 

STARLAB ErgoOne Single-Channel Pipette and STARLAB ErgoOne FAST Pipette Controller 

(with 10 mL serological pipettes). 

 

3.4.14 Effect of Sonication on Cell Survival 
 

Bacterial suspensions were prepared as in 3.4.4 at a concentration of 106 CFU/mL and 

polycarbonate surfaces incubated accordingly. The surfaces were washed with 10 mL SCDLP 

(containing: 17 g L-1 casein peptone, 3 g L-1 soybean peptone, 5 g L-1 sodium chloride, 2.5 g L-1 

disodium hydrogen phosphate, 2.5 g L-1 glucose, 1 g L-1 lecithin and 7 g L-1 non-ionic surfactant 

(Tween 80) in distilled water at between pH 6.8 and 7.2). The wash, along with the surface was 

placed in a glass beaker, which was then placed in a sonicating water bath (Grant Ultrasonic XB3) 

and exposed to 50kHz for 2 minutes (Figure 3.3). The subsequent suspension was then serially 

diluted in PBS to 10-6 and CFU/mL quantified using the Miles and Misra method. The plates were 

incubated for 24 h at 37 ± 1 °C.  A visual assessment of the effect of sonication was achieved with 

EVOS FL Cell Imaging System bright-field microscopy (X40 lens). 
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3.4.15 Assessment of Industry Supplied Antibacterial Surfaces  
 

Stainless-Steel, High-activity (HA), Medium-activity (MA) surfaces (30 mm x 30 mm) and cover 

films cut from polyethylene film (20 mm x 20 mm) were sterilised under ultraviolet (UV-C) light 

(250–270 nm) for 15 minutes. The surfaces were then stored in an aseptic environment. Bacterial 

inoculums of E. coli were prepared in nutrient broth (containing: 5 g L-1 meat extract, 10 g L-1 

peptone (enzymatic digest of casein), 5 g L-1 sodium chloride at pH 7 ± 0.2.) at a dilution of 1:500. 

100 μL of the inoculum (106 CFU/mL), was placed on the stainless-steel surface (control), HA, 

and MA surfaces and covered with a polyethylene film. The surfaces were individually placed in 

a sterile petri dish with a cellulose sponge containing 3 mL sterile distilled water and incubated 

at 37 ± 1 °C for 24 h in a humidity chamber (relative humidity >90%). After incubation, the 

surfaces were washed with 10 mL SCDLP (ten times) and subsequently serially diluted to 10-6 in 

PBS. Miles and Misra quantification method was then used to gain respective CFU/mL values.  

 

3.4.16 Surface Sterilisation Methods  
 

To assess the impact of solvent sterilisation, the above procedure (3.4.15) was repeated, with the 

following alteration. After the initial testing, the surfaces were sterilised by submersion in 70% 

ethanol for 10 minutes, followed by submersion in ABS ethanol for 10 seconds. The antibacterial 

testing was then repeated as above.  

Figure 3.3 A graphical representation of the sonication methodology. (1) a petri 

dish containing a sterile damp sponge and a polyethylene surface inoculated with 

either 100 μL of E. coli or S. aureus. (2) The surface is placed in a glass beaker, 

washed, and submerged in SCDLP. The beaker is then placed in a a sonicating water 

bath (Grant Ultrasonic XB3) and exposed to 50 kHz for a specified duration.  

Created with BioRender. 
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3.5 RESULTS AND DISCUSSION  
 

3.5.1 An Investigation of the Viability of ISO 22196:2011 Methods in 

Peer-Review Journals  
 

The analysis of 17 peer-reviewed papers that utilised the ISO 22196 methodology (Table 3.1) 

revealed in a high proportion of cases, the methods had been changed to either accommodate the 

test material or to enable quantifiable antibacterial assessment results to be attained. In either case, 

the protocol is insufficient. This initial review of the ISO 22196 reveals the lack of consensus 

from research institutions. The review covers parameters stated within the ISO 22196 protocol, 

such as bacterial strains, incubation conditions/time, growth media composition and bacterial 

enumeration techniques. 

The first aspect of concern within the ISO 22196 protocol from a microbiological perspective was 

bacterial maintenance. The ISO 22196 states bacterial maintenance is attained by storing the 

strains at 5 – 10 °C, with transfers to fresh storage medium every month. This process is permitted 

to be repeated up to 5 times, effectively allowing 5 months of bacterial storage through sub-

culturing in 5 -10 °C conditions. From a preservation perspective this is concerning, as these cells 

will be in a weakened physiological state. Storage at in 5 -10 °C will reduce bacterial metabolic 

activity, however these strains are not inactive and therefore have the potential to mutate. If a 

sample containing multiple colonies is inoculated on fresh storage medium, this will result in 

amplification of various progeny that potentially harbour detrimental mutations (119). 

Consistency is vital when preparing an inoculum. When the bacterial cells are scraped from the 

agar medium and suspended in diluted nutrient broth, the assessment of the ‘proposed 

antibacterial surface’ is conducted at a cell-surface interaction level. Any bacterial mutations 

could interfere with the effectiveness of the antibacterial assessment and lead to differential 

results. Genetic variability across bacterial species can result in different cell surface properties, 

these can include protein production, enzyme secretion and resistance markers (120) (121). The 

outcome can result in bias when evaluating an antibacterial surface. Without the global adoption 

of standardised strains, comparison of antibacterial surface data becomes very difficult. As shown 

in Table 3.1, the majority of publications reviewed have not used the strains stipulated in the ISO 

22196 protocol. A more reliable method for inoculum preparation is conducted from a frozen 

glycerol stock stored at -80 °C that are streaked onto agar media. From agar streak plates a single 

colony can be used to inoculate a starter culture (LB broth – in triplicate) at 37 ± 1 °C for 12 – 15 

h in a shaking incubator.To ensure that experiments are run with metabolically active, growing 
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cells, cultures can then be sub-cultured 1:100 into 10 mL of fresh LB broth and allowed to grow 

for 3-5 h until a reading of OD600 0.5 is achieved. From this a dilution in sterile suspension media 

can be conducted to achieve a desired inoculum concentration.  

 

3.5.2 Material Sterilisation 
 

Material sterilisation is vital in preserving consistency and delivering quantifiable results. Ethanol 

is lethal to bacteria through degradation of the cell membrane. The time required to have a 

significant bactericidal effect is >15 seconds (121). This duration also varies depending on 

whether the bacterium of concern is Gram-positive or Gram-negative. To ensure consistency and 

avoid variability, material cross contamination must be considered for surface sterilisation prior 

to testing. Based on the current ISO 22196 method, ‘wiping’ the surface would be an insufficient 

contact time. The material used to ‘wipe’ the surface would in itself need to be assessed for any 

antibacterial effect. This is neither stated nor suggested in the protocol. This is further echoed 

with the lack of information on cover film sterilisation.  

From a material science perspective, the use of solvents on a surface to sterilise is not 

recommended. Solvent based solutions have the potential to remove the active antibacterial 

component or interfere with the engineered propensity to be antibacterial i.e. a change in water 

contact angle due to removal of surface-active hydrophobic compounds. The use of solvents is 

not recommended, however if they are used, sterilisation control surfaces will need to be 

implemented within the test. To ensure consistency, we suggest an improved universal approach 

to material sterilisation is UV-C light (122) for 15 minutes each side of the test surface. From 

Table 3.1, it can be observed that many research groups do not follow the ISO 22196 for the 

suggested cover film material. For a protocol to quantify a surfaces antibacterial capacity, the 

sensitivity of the testing must be able to confidently distinguish between surface antibacterial 

effectiveness, for example a 1-log10 reduction compared to a 2-log10 reduction. By using materials 

that have not been tested and proven to be inert i.e. cover films or surface wiping materials, the 

test is potentially susceptible to false-positive results. This can be avoided by using non-contact 

sterilisation methods such as UV-C light. 
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3.5.3 Evaluation of Polycarbonate as an Inert Test Surface 
 

Polycarbonate, stainless-steel, and copper were evaluated for their antibacterial effects on E. coli 

after 24 h exposure (Figure 3.4A). As expected, copper displayed high antibacterial activity 

against E. coli cells, presenting a >6 log reduction after 24 h, as compared to the 0 h control. 

Stainless steel showed a ≤ 1 log increase in E. coli viability after 24 h exposure. Polycarbonate 

showed a <1.3 log reduction after 24 h, with the least variation (as evident by the standard 

deviation).  

The ISO 22196 antibacterial assessment uses a diluted nutrient broth as a bacterial suspension 

media. The aim of this is to support bacterial cell survival, but not encourage growth. It is essential 

for a control surface to not influence cell survival. The polycarbonate surface showed a <1.3 log 

reduction after 24 h, resulting in an inoculum survival after 24 h of >5 log10. This provides 

sufficient sensitivity in the testing to confidently distinguish between surface antibacterial 

effectiveness, as described in 3.4.4. 

 

3.5.4 Effect of Long-Term Bacterial Storage on Agar  
 

In the previous section we demonstrated a baseline method of surface sterilisation to ensure 

consistency. Here, we assess the impact of E. coli storage duration on agar media. Results indicate 

a reduced viability after prolonged storage. Figure 3.4B demonstrates the significant reduction in 

viable E. coli cells. A 40% reduction in viable cells was observed after storage for 35 days at ~4 

°C. These results further emphasise the importance of standardising the approach to surface 

testing, by removing the variability of prolong bacterial storage of metabolically active cells. Time 

points within an antibacterial surface evaluation are critical. Within each aspect of the test, the 

variability needs to be minimised, by clearly stating how test elements are managed.  
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Figure 3.4 Assessing surface material for antibacterial 

capacity and the effect of media on bacterial cell 

viability. (A) The antibacterial assessment E. coli on 

polycarbonate, copper, and stainless steel, to evaluate 

polycarbonate against a known antibacterial substrate 

(copper). (B) The assessment of E. coli cell viability 

stored on nutrient agar for 35 days prior to inoculum 

testing. (C) The evaluation of E. coli cell viability after 

24 h inoculated in 1:500 diluted nutrient broth 

prepared 12 days prior. * (p-value <0.05), ** (p-value 

<0.01), *** (p-value <0.001). Error bars represent 

standard deviation. 
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3.5.5 Effect of Diluted Nutrient Broth Age on Supporting Bacterial 

Survival  
 

We investigated whether the age of diluted nutrient broth had a significant impact on the ability 

to support bacterial cell survival over 24 h (Figure 3.4C). The broth was aged for 12 days in ~4 

°C conditions. The results indicated that there was no significant difference in cell viability 

compared to the control. These results suggest that the diluted nutrient concentration within the 

broth does not degrade over a short period of time and is capable of supporting E. coli survival.  

 

3.5.6 Effect of Inoculum Nutrient Concentration on Cell Viability  
 

In Figure 3.5, the effect of nutrient broth concentration was investigated to determine if there was 

a variability in bacterial cell survival. Over a 24 h incubation period, the difference between E. 

coli cells suspended in 1:500 compared to 1:100 diluted nutrient broth showed a > 1.9 log10 

reduction in cell survival. Over the same period, the difference between S. aureus cells suspended 

in 1:500 compared to 1:100 diluted nutrient broth showed a > 2.7 log10 reduction in cell survival.  
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Figure 3.5 The impact of nutrient concentration on bacterial cell viability. The effect of varying nutrient 

broth concentration on cell survival over 24 h in 100 μL volume. * (p-value <0.05), ** (p-value <0.01), 

*** (p-value <0.001). Error bars represent standard deviation. 
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When assessing the incubation conditions of the current ISO 22196 protocol, one of the first 

inquiries was to whether the suspension media (1:500 diluted nutrient broth) had an impact on 

cell viability. Currently the ISO 22196 states the bacterial inoculum is prepared by suspending a 

scrape of cells from the slant medium in 1:500 diluted nutrient broth for both Gram – positive and 

Gram – negative species – S. aureus and E. coli, respectively. The extracellular environment of 

the bacteria influences the viability. Bacterial strains both Gram-positive and Gram-negative 

require different media resources and quantities. To sustain bacterial viability, strain requirements 

have to be considered. E. coli and S. aureus necessitate independent environmental conditions to 

deliver effective and reliable data. This can be optimised by testing and controlling the nutrient 

broth concentration. As identified by this study, using a 1:500 diluted nutrient broth for Gram-

positive bacteria increases inconsistency. S. aurues has enormous intracellular pressure, ranging 

from 10-25 atm (123), compaered to E. coli of between 2-6 atm (124). When exposed to 

significant changes in osmostic pressure, induced through exposure to the 1:500 diluted nutrient 

broth, the cell becomes stressed. As a result, when testing on ‘proposed antibacterial’ surfaces, 

the concluding results are likely to be inaccurate as cell death has been influenced by the inoculum 

suspension environment. A paper by Watson., et al, 1998  (125), described the survival response 

of S. aurues in a limited nutrient environment. They showed over a period of 24 h a >4.5 log10 

reduction from a starting concentration of 5 x 106 CFU mL-1. The large decline in viable  S. aurues 

cells was also demonstrated by our data, showing a >2.7 log10 reduction after 24 h incubation in 

1:500 diluted nutrient broth and increased variaiblity. We would therefore recommend that the 

diluted nutrient broth concentration is kept at 1:500 for E. coli, however is adjusted to 1:100 for 

S. aurues. 

  

3.5.7 Effect of Inoculum Volume on Cell Viability  
 

To test the effect of bacterial survival we varied the inoculum volume. This was achieved by 

incubating the bacterial strains in 100 μL and 400 μL volumes (Figure 3.6). E. coli and S. aureus 

showed a > 0.5 log10 and >1.3 log10 reduction in cell viability, respectively when present in 100 

μL. This demonstrates the use of 100 μL as an inoculum volume has a significant effect on cell 

viability, compared to a larger volume of 400 μL. Both E. coli and S. aureus demonstrated greater 

cell death in 100 μL inoculum, as compared to 400 μL. Suspension enviornment has a significant 

effect on Gram-positive cell surival, therefore as stated previously a ‘one size fits all’ universal 

approach cannot be taken for different bacterial species. 

When a protocol does not define a fixed inoculum volume, and permits for a bacterial 
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concentration to be altered accordingly, variability in the protocol and accumulated data between 

laboratories will ensue. The ISO 22196 allows for an inoculation volume from 100-400 μL. What 

the protocol does not account for is an alteration in the diluted nutrient broth concentration. When 

there is an increase in inoculum volume by up to 4 times, but the cellular concentration is 

maintained (106 CFU/mL-1), there is a further deficit of nutrients. 

 

3.5.8 Influence of Humidity on Bacterial Cell Viability  
 

The results of the humidity investigation into E. coli cell survival showed a > 5 log10  and > 6 log10  

reduction in cell survival for inoculum volumes of 100 μL and 400 μL, respectively (Figure 3.7). 

The investigation also looked at whether increasing inoculation volume provided a greater 

nutrient availability to the E. coli cells. Figure 3.7 demonstrates over a 24 h period in the presence 

of humidity, a 0.7 log10 reduction was observed between 100 μL and 400 μL. The evaporative 

effects of the bacterial inoculum volume had signifcant implications on rate of cell surivial. We 

assessed whether variability in evaporation was significant on cell survival in varying volumes. 
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Figure 3.6 The impact of inoculum volume on bacterial cell viability. The effect of inoculation volume 

on cell survival over 24 h. E. coli was cultured in a 1:500 nutrient broth, S. aureus was cultured in a 1:100 

nutrient broth. * (p-value <0.05), ** (p-value <0.01), *** (p-value <0.001). Error bars represent standard 

deviation. 
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We identified that a reduced volume incurred reduced cell viability. The ISO 22196 indicates that 

the petri containing the surface should be incubated in a relative humidity not less than 90% for 

24 ± 1 h. An aspect that is not considered is the environment within the petri dish. When using 

low inoculation volumes such as 100 μL the consideration for evaporation in paramount. A 

standard petri dish (100 mm x 15 mm) has a volume of 1.18 x 105 mm3, therefore the chance of 

evaporation inside the petri dish is significant and was demonstrated in Figures 3.6 & 3.7. This 

can be controlled by standardising the volume to 400 μL and by placing a sterilised moist sponge 

inside the enclosed petri dish environment. 

 

3.5.9 Non-Ionic Surfactant Antibacterial Assessment 
 

The impact of non-ionic surfactants was assessed for their effect on bacterial survival. The 

bacterial cells were exposed to a neutralising solution containing 0.7% non-ionic surfactant 
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Figure 3.7 The impact of humidity on bacterial cell 

survival. The effect of humidity on E. coli survival 

over 24 h in a 100 μL and 400 μL cell suspension. Cell 

concentration ~3 x 10
6 

CFU/mL. Statistical analysis 

was carried on the log transformed data. * (p-value 

<0.05), ** (p-value <0.01), *** (p-value <0.001). 

Error bars represent standard deviation. 
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(SCDLP) (Figure 3.8). The results indicate that non-ionic surfactants have varying implications 

on cell viability. A significant reduction of >3 log10 was seen for lauryl dimethylamine oxide 

(LDO). Tween 80 and Triton X-100 both displayed a reduction in cell survival compared to the 

control; however, the reduction was consistent across both. This assessment was used to simulate 

the potential exposure duration and concentration the bacterial cells would experience, as a result 

of the SCDLP surface washing method.  

Non-ionic surfactants are characterised as amphiphilic molecules that have both a hydrophobic 

alkyl chain connected to hydrophilic poly(ethylene oxide) chain (126). Non-ionic surfactants are 

primarily used for their wetting agents, emulsifying, dispersal/foaming agents and in the case of 

neutralising solutions are used to help encourage the removal of adhered bacterial cells from 

surfaces. Cationic surfactants are used as biocides. However, there are not binary boundaries 

between various surfactants, and it is possible for non-ionic surfactants to exhibit biocidal activity, 

as evident by our investigation into LDO. Due to their amphipathic nature, non-ionic surfactants 

assemble at the air-water/oil-water interface, where they align so that the hydrophilic group is in 

the water faction(127). The mode of action is based on disruption of the surface tension force. 

The intramolecular interaction between the surfactant and water molecules is lower than between 
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two water molecules, resulting in a decrease in surface tension. This interaction stabilises the 

surface interface. We investigated whether short exposure to various non-ionic surfactants have 

an antibacterial effect. We demonstrated that both Tween80 and Triton X-100 displayed slight 

antibacterial effect, compared to the control of ~0.5 log10 reduction in cell survival for a 30-minute 

exposure duration. However, this difference was consistent across both surfactants. We also 

assessed LDO, which displayed highly potent biocidal properties. The ISO 22916 uses the non-

ionic surfactant as a wetting agent to aid in the removal of bacterial cells from the surface. We 

assessed whether an inert control – PBS would be a sufficient alternative in removing bacterial 

cells from a surface. The aim of the investigation was to demonstrate that there is a trade off when 

using surfactants in antibacterial testing. As shown in Figure 3.8 both Tween80 and triton X-100 

produced similar cell removal efficiencies, however when compared to PBS there was no 

significant difference in removed bacterial cells. As demonstrated in a previous study (97), there 

is no evidence of a progressed biofilm over 24 h. Therefore, there is little need for a surfactant in 

the neutralising solution. PBS would suffice as neutralising solution, that would be inert for a 24 

h assessment period.  

 

 3.5.10 Influence of Bacterial Removal Method from Surfaces  
 

The method of surface washing following the incubation period was investigated. After 24 h, E. 

coli and S. aureus cells were removed from the surface using a 1,000 μL single-channel pipette 

and a 10 mL automatic serological pipette. The results showed a > 0.3 log10 and > 0.8 log10 

difference in recovery using the two washing methods for E. coli and S. aureus, respectively 

(Figure 3.8 & Figure 3.9). To further evaluate the effect of various surface washing techniques, 

bright-field microscopy was employed (Figure 3.10). The results indicate that the use of a 10 mL 

automatic serological pipette (Figure 3.8 and Figure 3.9) is the most effective bacterial removal 

method.   

The antibacterial assessment follows quantitative and qualitative analysis. Quantification is 

achieved by washing the surface after 24 h incubation. The ISO 22196 states 10 mL of SCDLP is 

applied to the surface, collected, and expelled at least four times using a 1,000 μL pipette tip. We 

assessed the above washing method, to the use of a 10 mL automatic serological pipette, where 

the SCDLP was collected and expelled onto the surface at least 10 times. The washed surface was 

then placed on a laboratory shaker. Following this the 10 mL of SCDLP was recovered. Figure 
3.8 identifies that the use of differing pipettes has an impact on bacterial recovery from a surface 

after 24 h. Although the greatest difference of 1 log10 reduction can be seen for S. aureus, the 



 
 

67 
 

67 

67 

large standard deviation on E. coli (single-channel pipette) demonstrates the inconsistency and 

unreliability using this method. As the bacterial cells move from a planktonic state to a sessile 

surface adhered phenotype, the cellular characteristics will change. These changes include an 

increase in localised nutrients close to the surface, enabling access to essential metabolites and 

co-factors directly from the surfaces to which they adhere (4). Due to the cells being suspended 

in a diluted nutrient broth this will induce cell stress. As a result, an extracellular matrix between  
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Figure 3.9 The impact of surface washing methods on bacterial cell survival. The effect of various 

methods used to wash the surface after exposure to a 100 μl bacterial suspension for 24 h. E. coli was 

cultured in a 1:500 nutrient broth, S. aureus was cultured in a 1:100 nutrient broth. Statistical analysis 

was carried on the log transformed data. * (p-value <0.05), ** (p-value <0.01), *** (p-value <0.001). 
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Figure 3.10. Bright-field micrographs (X40) depicting the effect of S. aureus bacterial cell 

detachment using various techniques.  (A, Ai) Control – no bacterial removal. (B, Bi) remaining 

bacterial attachment after washing the surface according to the ISO 22196:2011 protocol (four 

times with a 1000 μL single-channel pipette). (C) Remaining bacterial attachment after 2 mins 

water bath sonication (Grant Ultrasonic XB3) and exposed to 50 kHz. (Ci) Remaining bacterial 

attachment after 10 mins water bath sonication (50 kHz) (bacterial cells appear to be surround by 

water marks. (D,Di) Remaining bacterial attachment after pipetting 10 mL SCDLP onto the 

surface ten times.  

A Ai 

B Bi 

C Ci 
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the cells may form to create microcolonies, to act as a protective measure. This proteinaceous 

sub-structure will aid in the adherence to the substrate. This is the pre-stage to a biofilm formation 

(128). It is therefore essential complete cell removal is achieved. As previously stated, the use of 

chemical surfactants is not required, however mechanical force is advantageous.  

The data presented here highlights small deficits in the protocol that have a significant impact on 

the integrity of the ISO 22196 results. These deficits must be addressed to aid in gaining high 

quality data from research into novel antibacterial materials.  

 

3.5.11 Effect of Sonication on Cell Survival 
 

E. coli and S. aureus suspensions were subjected to ultrasonic frequencies 50 kHz for 2 minutes.  

We investigated whether this exposure had an impact on cell survival. In comparison to the 

control, E. coli showed minimum difference in cell viability. However, S. aureus displayed a 

significant increase in bacterial quantification. Figure 3.11 shows that there was a >0.5 log10  

increase in S. aureus cells. To evaluate whether duration of sonication exposure had a significant 

effect, bright-field microscopy was used to determine surface adherence at a cellular level. From 

Figure 3.10C it is apparent that there is a higher concentration of bacterial adherence on the 

polycarbonate surface after 2 mins exposure, compared to 10 minutes exposure (Figure 3.10Ci).  

A literature review of bacterial preparation and removal from surfaces highlighted the use of 

sonication within some research (129) (130). There is a contested debate as to whether sonication 

is detrimental or advantageous to bacterial growth. Ultrasonic frequencies are known to disrupt 

cell walls through acoustic cavitation (131). This phenomenon results in the expansion and 

collapse of cavitation bubbles that results in varied pressure gradients. There is also the possible 

development of free radicals that interfere with the structure of the cell wall (131). A study by 

Dehghani., et al, 2005 (132) demonstrated the bactericidal effect 42 kHz sonication had on E. coli 

(132). Exposure to 1 minute of sonication had no bactericidal effect, however, after 15 minutes, 

a 78% destruction of E. coli was observed. In comparison to our data, 2 minutes had no effect on 

bacterial viability. The effect of ultrasonic frequencies on S. aureus, presented the opposite effect, 

where there was an increase in quantifiable CFU/mL. This effect could possibly be explained by 

deagglomeration – a process of breaking up cocci clusters into individual cells (133). It has been 

widely stated in research that the use of low ultrasonic acoustic frequencies influence the size and 

formation of caviation bubbles. These low frequencies create large caviation bubbles, that 

collapse and generate high energy (134). High frequencies, however generate shorter acoustic 
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cycles and less caviation. It is possible that the short exposure of 2 minutes, to a slightly higher 

frequency of 50 kHz is enough to cause deagglomeration but is an insufficnet time for the 

cavitation to cause mechanical and thermal stress on the cells. Therefore the 3-fold increase in S. 

aureus CFU/mL after sonication, could be explained by this phenomenom. To understand the 

effect of sonication at a cellular level, S. aureus was incubated on polycarbonate surfaces for 24 

h. The surfaces were washed and exposed to 2 and 10 minutes 50 kHz ultrasonic frequencies. 

After 10 minutes, there was significantly reduced bacterial cells visibly present on the surface. 

This may be explained by an increased surface detachment effect of sessile bacterial cells, or a 

deterimental effect to the cell, leading to lysis. Overall, from Figure 3.11 it is apparent the use of 

sonication for a duration of 2 minutes is beneficial in recovering a more accurate colony forming 

unit. However, duration is of concern, as over expsoure to ultrasonic frequencies could lead to 

cell death and therefore as a method of cell-surface detachment it is not reccommended.  

 

Figure 3.11 The impact of sonication on bacterial cell 

survival. The effect of sonication on E. coli and S. 

aureus for 2 minutes 50 kHz for the use as a method 

for the removal of adhered bacteria on surfaces after 

24 h incubation. Statistical analysis was carried on the 

log transformed data. * (p-value <0.05), ** (p-value 

<0.01), *** (p-value <0.001). Error bars represent 

standard deviation. 
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3.5.12 Effective Surface Sterilisation – Application in Industry  
 

We investigated the antibacterial capacity of industry supplied surfaces using E. coli with our 

optimised ISO 22196 methodology (Figure 3.12A). The results indicated that both Medium 

activity – MA and High activity – HA surfaces exhibited high bactericidal effects against Gram-

negative bacteria. Initial antibacterial testing was conducted by sterilising the surface using UV-

C light (Figure 12Ai). However, to assess surface durability and whether the antibacterial effect 

was maintained, we subsequently sterilised the initially tested surfaces in ethanol (as described in 

3.4.16) for additional antibacterial surface testing (Figure 3.12Aii). It was observed that although 

the control surface experienced an increase in bacterial growth, the active surfaces maintained 

their antibacterial effect. The observed increase in bacterial growth on the control may be due to 

bacterial adherence as a result of a surface morphological effect. Prior to the initial antibacterial 

testing the surfaces had a highly mirror purple reflective coating. After the first round of 

antibacterial assessment, the surface appearance changed, and transfer of the surface coating can 

be seen on the cover film (Figure 3.12C). Observation also identified a change in the contact 

angle of the HA surface (Figure 3.12Biii). This may be an indication of a change in the surface 

hydrophobicity and possible active surface chemistry degradation, leading to a loss of 

antibacterial effect overtime. 

 

 3.5.13 Overview of the Optimisation Steps Suggested for ISO 

22196:2011 
 

Table 3.3 is an overview of the implemented optimisation steps that we have experimentally 

evaluated and shown to improve reproducibility and reduce variability in test results. These key 

aspects of the test need to be standardised across research groups to provide reliable and 

comparable data.  
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Figure 3.12 Antibacterial testing of 

industry supplied surfaces. (A) 

Testing was conducted with E. coli 

exposure on control (Stainless 

steel) and medium-activity (MA) 

and high-activity (HA) surfaces. 

Surfaces were tested twice, each 

time using a different surface 

sterilisation method. (B) Contact 

angle visualisation. A change in 
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hydrophobicity is observed when the surfaces were sterilised with ethanol. 

Industry surfaces with bacterial cell suspension applied. (i) Control, (ii) 

MA, (iii) HA surface. (C) HA surface after 24 h exposure to E. coli. Surface 

appears to show transfer of material from the surface to the cling film 

(polyethylene). All antibacterial assessment was conducted from 

biological and technical replicates. Percentage bacterial survival can be 

compared to the control (24 h). * (p-value <0.05), ** (p-value <0.01), *** 

(p-value <0.001). Error bars represent standard deviation.  
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Table 3.3 A description of the ISO 22196:2011 protocol and how optimisations have been implemented to improve 
reliability and reproducibility when assessing antibacterial surface capacity.  
  

  

Aspect  
ISO 
22196:2011 
Section 

ISO 22196 Protocol Optimised Protocol  Justification for the Optimisation  
 

Nutrient Broth 
Concentration  4.2.3.2  1:500 diluted nutrient broth for E. coli 

and S. aureus cell suspensions.  
1:500 and 1:100 diluted nutrient broth for E. coli 
and S. aureus, respectively. 

Accommodate for the difference in 
physiological requirements Gram-positive 
and Gram-negative bacterial cells need to 
survive. This diluted nutrient broth is used 
to maintain cell concentration, without 
causing growth or death.  

 

Bacterial 
Storage and 
Maintenance  

6.4 and 7.1 

Stock cultures stored at 5 – 10 °C on 
appropriate media and transferred 
monthly. Five transfers permitted.  
Transfer bacteria from stock culture to 
slant media and incubate at 35 °C for 16 
– 20 h, this step is then repeated.  

Glycerol freezer stocks streaked onto 
appropriate agar media and incubated for 16 h at 
37 °C. Prior to the beginning of any testing, this 
process must be conducted.  

Continuous subculturing of cells has the 
potential to cause mutations. Preparing 
streak plates for inoculum suspensions prior 
to testing antibacterial surfaces avoids this 
concern.    

 

Inoculum 
Volume 7.4 

0.4 mL of test inoculum is prepared in 
accordance with 7.4. When reducing the 
inoculum volume, do not use less than 
0.1 mL. When the volume of the test 
inoculum is decreased, the concentration 
of the bacterial cells in the inoculum 
shall be increased to correspond to the 
0.4 mL concentration.  

Standardise all test inoculum volume to 0.1 mL. 
If the inoculum volume is changed, there needs 
to be consideration for the concentration of 
nutrient availability from the diluted nutrient 
broth to the bacterial cells.  

According to the ISO 22196, inoculum 
volume can range from 0.1 mL – 0.4 mL. 
Although the protocol adjusts the bacterial 
concentration, there is no consideration for 
the varying amount of diluted nutrients 
available to the cells.  

 

Surface 
Washing 
Technique  

7.6 

Process test specimens by adding 10 mL 
of SCDLP to the Petri dish. Using a 
pipette, collect and release the SCDLP 
broth at least four times using a 1,000 μL 
pipette tip.  

Process test specimens by adding 10 mL of 
SCDLP to the Petri dish. Using an automatic 10 
mL serological  pipette, collect and release the 
SCDLP broth at least ten times, followed by 
agitation on a laboratory shaker. 

The protocol does not have any visual 
evaluation of whether the bacterial cells 
have been removed from the surface i.e. 
microscopy. To ensure the cells are removed 
by the washing step, mechanical force is 
needed. Using a serological pipette provides 
far greater shear force on the surface.  
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Surface 
Sterilisation  7.2  Wiping surface with 70 % ethanol.  

Submerge surfaces in 70 % ethanol for 10 
minutes, followed by submersion in ABS 
ethanol for 10 seconds. Dry and store in an 
aseptic environment.  

Wiping a surface with 70% ethanol is 
insufficient to sterilise a surface. There is 
also no consideration for the material used 
to ‘wipe’ the surface. 
Submersion in 70% ethanol for 10 minutes 
ensures the surfaces are sterile for testing.  

 

Humidity  7.5  
Incubate in Petri dish at 35 ± 1 °C and a 
relative humidify of no less than 90% for 
24 ± 1 h. 

Stabilise the humidity within the petri dish by 
including an autoclave moist cellulose sponge. 
In a sealable container with water present, 
suspend Petri dish above the water line.  
Incubate at 37 ± 1 °C for 24 ± 1 h.  

Although the ISO 22196 considers the 
external environment of the Petri dish, there 
is no consideration for an evaporative effect 
inside the Petri dish. A 100 mm x 15 mm 
Petri dish has a volume of 1.18 x 105 mm3. 
When using a 100 μL inoculum there is 
potential for differential evaporation. 
Stabilising the Petri dish environment with a 
moist sponge prevents this evaporation. 

 

Cover Film  7.4 

Cover the test inoculum with a piece of 
polyehtlyne, polypropylene or polyester 
poly(ethylene terephthalate). Film is 
0.05 mm – 0.10 mm thick.  

Sterilise cover film with UV light for 15 minutes 
each side. Cover test inoculum with 
polyethylene cover film.  

The ISO 22196 does not state how the cover 
film is sterilised. This opens the protocol to 
interpretation and reduces the 
standardisation of testing. Inadequate 
sterilisation can present contamination 
issues and prevent accurate analysis of the 
surface antibacterial capacity.  
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3.6 CONCLUSION 
 

In summary, we showed that the current ISO 22196 protocol for the antibacterial assessment of 

innate or engineered surfaces is insufficient. We present optimisations and manageable tested 

cost-effective improvements that will deliver reliable, consistent, and reproducible results (Table 

3.3). This study aims to stimulate a change in the current assessment protocol for quantifying 

antibacterial surface activity. We also aim to bring to the attention of researchers the huge 

disparity between institutions conducting the testing and data presented. In the long-term, this 

data will aid the reliable testing of novel antibacterial surfaces to combat AMR growth.  

Application of antibacterial materials and/or engineered coatings requires the proof of their 

effectivity/efficacy. The ISO 22196 standard is a method for measuring the antibacterial activity 

of non-porous materials. The incentive of this study was the establishment of a critical evaluation 

of antibacterial biomaterials using the ISO 22196. To our knowledge, this is the first appraisal on 

such an endeavour. As the test currently stands, it could be shown that there is a considerable 

variability within the protocol. Five critical factors influencing the outcome of antibacterial 

testing could be identified in the series of experiments: (1) incubation environment, (2) starting 

concentration of the bacteria, as well as (3) physiological state of the bacteria (stationary or 

exponential phase of growth), (4) concentration of the nutrients and (5) bacterial cell removal. 

Other factors that need to be assessed and the have potential to impart variability in the results 

obtained are the described in Table 3.1. It became apparent that all the changes in the protocol 

need to be listed meticulously to enable evaluation of the results obtained. In addition to the 

critical factors, there have been no discussions surrounding the defined threshold of the term’s 

‘antibacterial efficacy’ and ‘bactericidal action’. This could be observed in the various 

descriptions of the results ranging from stating the R value or log-reduction to statements of 

inhibition in [%], amount of live or dead bacteria given in [%] and their subsequent different 

assessment. Most researchers accept >2 log10 as an acceptable reduction, however this is 

inconclusive. Uniform and robust definitions should be agreed upon and defined in the ISO 22196 

standard to simplify not only communication of results but also regulate expectations concerning 

antimicrobial tests, outcomes, and materials.  

Future research may focus on testing and evaluating the impact different bacterial strains, plating 

media, inoculum cell count, cover film material and incubation temperatures (detailed in Table 

3.1) have on reproducibility of the ISO 22196 test.   
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CHAPTER 4 – ANTIBACTERIAL 
CHARACTERISATION OF INVERSE-VULCANISED 
SULFUR CO-POLYMERS  
 

4.1 INTRODUCTION 
 

With the increasing threat of AMR presenting at a global population level, researchers are 

focusing on novel solutions to combat one of the biggest challenges in the 21st century. One 

solution to address this problem is antimicrobial/antibacterial surfaces that can potentially reduce 

microbial attachment, possess antimicrobial effects, and prevent biofilm, microcosm 

development. The urgent need for a solution to AMR, is apparent by research in 2016 that 

highlighted there was a 1 in 15 chance that a person could contract an infection through being a 

patient in hospital (135). When bacteria attach to a surface, they form biofilms, communities of 

bacteria that protect themselves from biocides. This method of colonisation can lead to systemic 

infections in medical devices i.e. catheter-associated urinary tract infection (E. coli and Proteus 

mirabilis) (136) and water-borne Pseudomonas and Legionella contamination (137), as well as S. 

aureus and S. epidermidis, which account for nearly 65% of prosthetic joint infections (138). 

Additional concerns are biofilm development on high-contact surfaces in hospital settings (139). 

Once the biofilm has matured, containing high concentrations of pathogenic bacteria, they are 

released, leading to the potential overwhelming of the hosts immune system.  

One-way antibacterial surfaces can aid is by preventing the initial attachment and biofilm 

formation. Antibacterial surface methods can include functional chemical addition or physically 

altering a surface morphology. Antibacterial surfaces are not only needed in hospitals, but also 

high-traffic public interfaces, such as GP touch screens, train ticket stations and chip and pin 

devices. Although the development of antibacterial surfaces will not solve AMR alone, it is 

apparent that a multidisciplinary approach is required to address contributing factors leading to 

the rise in AMR.  

The production of synthetic polymers has enabled the expansive development of diverse materials 

for varying applications. However, the production cost associated is high and the fabrication is 

detrimental to the environment (140). The rapid use and discard of packaging and other short-

lived uses of plastic that contain hydrocarbons is not sustainable (141). A key research aim in 
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material chemistry is the development of sustainable monomers to build materials (142). One area 

of interest is the use of elemental sulfur as a component of material composition. Sulfur 

constitutes a considerable by-product of the petrochemical industry from hydrodesulfurisation. In 

this process, crude oil is removed (143), and sulfur dioxide is produced, a chemical responsible 

for acid rain (144). The sulfur by-product accounts for >60 million tonnes of unutilised and 

discarded material. Elemental sulfur naturally occurs as an S8 structure – a small cyclic molecule 

that forms a brittle, crystalline powder at room temperature. When sulfur is heated, the molten 

characteristics cause the sulfur to polymerise and form a linear atomic chain. Once cooled, the 

polymer solidifies, however the material is not stable and will actively depolymerise back to the 

elemental S8 structure at room temperature. This is evident in sulfur-co-diisopropenyl benzene 
(S-DIB) polymers stored for prolonged periods of time, where there is evidence of sulfur bloom 

– a phenomenon where there is migration of sulfur (S8) to the surface of the polymer (145).  A 

method to stabilise the polymer and prevent depolymerisation is inverse vulcanisation. This 

method has been shown to enable polymers to possess sulfur contents of up to 90 wt % (145). 

Therefore, this presents an opportunity for the development of stable high sulfur polymers (146).  

During the process of inverse vulcanisation, molten sulfur acts as both a solvent and a monomer, 

removing the need for any additional solvents or hazardous initiators in the traditional 

polymerization process. In comparison to a standard carbon backbone, the subsequent polymer 

has a high content sulfur backbone. This method has therefore attracted attention in a variety of 

applications, such as lithium− sulfur batteries (147), heavy-metal capture (148), oil and water 

separation (149), and imaging camera lenses (150). Another application, and one of interest here, 

is the development of antibacterial high content sulfur polymers. Throughout history, sulfur has 

been recognised as a potent bactericidal agent (151). For example, sulfur has been used to address 

oral infections and used cutaneously as bactericidal and fungicidal agents. Although the precise 

mechanism of antibacterial action surrounding elemental sulfur has not been yet clarified, several 

possible antimicrobial mechanisms of sulfur have been suggested. These include interactions with 

bacterial cell surface proteins resulting in membrane rupture and lysis of the cell membrane. 

Additionally, the production of toxic H2S gas may interact with the thiol groups of proteins and 

lipids, resulting in denaturation of bacterial DNA and cell death(152).  

A key element of antibacterial surfaces is the prevention of biofilm formation. Despite expansion 

in antibacterial material science, there has been little experimental focus on the antibacterial 

capacity of high-sulfur polymers.  
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4.2 BACKGROUND  
 

Recently, a group have studied the antibacterial surface properties of an inverse vulcanised sulfur 

polymer (153). Their research focused on thin polymer coatings and only one species of bacteria 

– Gram-negative E. coli. They demonstrated 50 wt% sulfur-coated polymer surfaces killed 72% 

of E. coli. These findings suggested that the use of S-DIB as a crosslinker is not optimal for 

antibacterial capacity. Nevertheless, this is a promising study into antibacterial surface 

development. Their study focused on thin polymer film coatings, applied by spraying and 

assessed against only one species of bacteria for a short exposure duration (5 minutes – 4 h).  

The goal of our study is to validate the exposure of E. coli and S. aureus to differentially 

crosslinked high-sulfur bulk polymers. It is important to assess the antibacterial effects on both 

Gram-positive and Gram-negative species, as these are the cause of a variety of nosocomial 

infections (154). The comparison between the effectiveness of the two polymers compared in this 

study begins to shed light on the structure-property relationships and how the structure of the 

polymer may have a direct effect on the antibacterial activity. The understanding of different 

potential pathways in which antibacterial activity may occur could aid future research and 

development of antibacterial materials.   

As previously mentioned, it has been known that elemental sulfur has antibacterial properties. 

However, currently there is no useful application of elemental sulfur polymers, as they rapidly 

depolymerise and thus are structurally unstable. Elemental sulfur – S8 structure opens into a 

polymeric structure at 135 °C. However, once cooled the structure is not stable and reverts back 

into the elemental S8 form (Figure 4.1). To investigate the antibacterial activity, two polymers 

Raw Rubber Vulcanised Rubber 

 

Example of crosslinking  

Figure 4.1 An example of conventional vulcanisation. 
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exhibiting different structural properties were fabricated: S-DIB and sulfur dicyclopentadiene (S-

DCPD) using inverse vulcanisation, these sulfur co-polymers were developed by Dr Jesscia 

Smith, University of Liverpool (Hasell group). The addition of the crosslinkers stabilise the sulfur 

polymer and act as the solvent and monomer, removing the need for potentially harmful initiators 

such as AZO compounds, that present a potential explosive hazard.  

Crosslinking, also known as vulcanisation, is the process of adding chemical elements to 

elastomers to develop beneficial properties i.e. strength, durability, structural stability. The 

joining of these polymer chains generates a three-dimensional network. Sulfur is the most widely 

used crosslinking agent in rubber (155). The development of inverse vulcanisation for high 

content sulfur polymers has enabled an efficient, eco-friendly process, broadening the 

fundamental chemistry leading to the novel materials with broad applications.  

Conventional vulcanisation occurs through hydrogen abstraction of the α-position relative to the 

double bond, leading to a combination of crosslinking by proton substitution and addition across 

the double bonds, the substitutions of hydrogen for sulfur being the dominant factor(156). 

Inverse-vulcanisation is a relatively new process and the focus of increasing research interest 

(157). Most of the existing discussion describes inverse vulcanization as being bulk free radical 

co-polymerisation of unsaturated co-monomers in liquid sulfur and invokes addition across the 

double bonds being either the only, or dominant feature (156). It is likely that radical addition to 

the double bond and hydrogen substitution, occur in both vulcanisation and inverse vulcanisation 

(156). However, the key determinants are likely ratio dependent on the temperature and 

percentage of sulfur. Inverse vulcanisation enables the fabrication of >50% wt sulfur backbone 

polymers with carbon crosslinkers. The advantages of inverse vulcanisation are the bonding 

strength of the material produced. C-C bonds are very strong and stable, whereas S-S bonds are 

reversible and break easily, readily exposing the reactive oxygen species (ROS). This could be 

the first indication of the method in which antibacterial activity occurs.  

In this study, we compare the antibacterial activity of two different types of inverse vulcanised 

sulfur polymers as novel, structurally stable, homogeneous, bulk solids rather than thin-film spin-

coatings, as described by Deng, Z., et al, 2018 (153). These thin films are prone to imperfections 

and damage, alluding to their ineffective capacity to act as durable surface coatings. Inverse 

vulcanised S-DCPD and S-DIB polymers were successfully prepared at a ratio of 50 wt % sulfur 

content, similarly to previously published inverse vulcanization reactions (Figure 4.2). The below 

details provide chemical polymer composition and methods. These methods were conducted by 

Dr Jessica Smith and Dr George Flemming (Department of Chemistry, University of Liverpool)  
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(145) (97). The details in this section are required to understand the structure-function 

relationship, leading to the evaluated antibacterial capacity and their mode of action.  
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Figure 4.2 Polymerisation of elemental sulfur. S8 structure forming linear chains (A-B). 

Elemental sulfur cross-linked with S-DIB through inverse vulcanisation (C). Fabrication of both 

S-DCPD and S-DIB cross-linked sulfur polymers (Ci & ii). Images in (D) were taken by Dr 

Jessica Smith.  
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4.3 EXPERIMENTAL SURFACE COMPOSITION  
 

4.3.1 MATERIALS 
 

1,3-Diisopropenyl benzene (DIB) and dicyclopentadiene (DCPD) were purchased from Tokyo 

Chemicals Industry. Sulfur was purchased as 25 kg sacks from Brenntag.  

4.3.1.1 POLYMER COMPOSITION 
 

Sulfur (10 g) was added to a 40 mL glass universal bottle equipped with a magnetic stirrer bar 

and heated on a hot plated to 165 °C. Molten sulfur (transparent, yellow solution) was combined 

with 1, 3-diisopropylenebenzene (DIB)/ dicyclopentadiene (DCPD) (10 g) using a pipette (Table 

4.1). The reaction mixture was heated at 165 °C until homogenous (15-20 minutes). The product 

was then immediately transferred from the universal into a silicone mould of dimensions of 30 

mm x 30 mm x 3 mm. This was then cured at 130 °C for 14-16 hours. 

 

 

4.3.2 CHARACTERISATION 
 

4.3.2.1 Differential Scanning Calorimetry (DSC) 

 

DSC was carried out using Q2000 DSC (TA instruments). The method was a heat – cool - heat 

process for three cycles, heating to 150 °C and cooling to −80 °C at a heating rate of 5 °C/minute 

with Tzero Hermetic pans. This method was used to understand the thermal transition of the 

polymers, specifically the glass transition temperature (figure 4.3A&B). The results show that  

Table 4.1 The sample compositions for the reactions carried out following general procedure.  

Reaction composition (wt.% 

DCPD) 
Mass of S8 (g) Mass of DCPD (g) 

30 7.0 3.0 

50 2.5 2.5 
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Figure 4.3 Surface characterisation of S-DIB and S-DCPD. (A) Representative differential 

scanning calorimetry traces. Shown is 50 wt. % S8, 50 wt. % DIB copolymer that has not been 

exposed to bacteria (blue), S-DIB after E. coli exposure (red) and S-DIB after S. aureus exposure. 

(B) Representative differential scanning calorimetry (DSC) traces. Shown is 50 wt. % S8, 50 wt. 

% DCPD copolymer that has not been exposed to bacteria (blue), S-DCPD after E. coli exposure 

(black) and S-DCPD after S. aureus exposure (red). Powder X-Ray Diffraction (PXRD) pattern 

for samples of (C) S-DIB and (D) S-DCPD polymeric materials containing 50 wt. % sulfur. 

Contributed by Dr Jessica Smith.   
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for the S-DCPD sample exposed to E. coli there appears to be a second glass transition (Tg) but 

no sulfur melting transitions (Tm) at 110 °C and 120 °C. Therefore, this suggests after bacterial 

exposure the polymer still retains amorphous character. 

 

4.3.2.2 Powder X-Ray Diffraction  
 

Powder X-Ray Diffraction (PXRD) patterns were carried out on samples using a PAN analytical 

X’pert powder diffractometer using Cu Kα radiation. This method was used to analyse the atomic 

and molecular structure through diffraction patterns caused by the crystalline structure. The 

results indicated the absence of diffraction peaks, signifying sulfur was not crystallised in both 

polymers (Figure 4.3C&D). This revealed an amorphous stable structure that did not undergo 

depolymerisation after exposure to bacterial species.  

 

4.3.2.3 Scanning Electron Microscopy  
 

Scanning Electron Microscopy (SEM) was performed using a Hitachi S-4800 cold-field emission 

scanning electron microscope (FE-SEM) (Figure 4.4). Samples were prepared by affixing them 

to the SEM stub using conductive silver adhesive paint. The sample was then coated with chrome 

using a current of 120 mA for 15 seconds to give approximately 15 nm chrome coatings using a 

Quorum S150T ES sputter coater. Imaging was conducted at a working distance of between 7.9 

and 8.5 mm at an accelerating voltage of 1.5 kV. 

Here we looked at the antibacterial properties on the two sulfur co-polymers S-DIB and S-DCPD 

through exposure to two different species of bacteria – E. coli and S. aureus. The antibacterial 

effect of these polymers, alongside their extremely low cost and ease of production, gives great 

potential for widespread practical applications in stemming AMR.  
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Figure 4.4 Scanning electron micrographs of E. coli and S. aureus after 25 h 

incubation on Control (polycarbonate), S-DCPD and S-DIB surfaces. Contributed 

by Dr Jessica Smith and Dr George Fleming.  
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4.4 RESEARCH HYPOTHESIS AND AIMS 
 

The aim of the work reported in this chapter was to assess the antibacterial capacity of sulfur 

cross-linked bulk polymers developed through inverse vulcanisation, applying the improved and 

optimised ISO 22196:2011 protocol (Chapter 3). The surface size was changed to 30 mm x 30 

mm to aid material fabrication. The data reported in this chapter evaluated the hypothesis that the 

elemental sulfur has high antibacterial effects and is not the result of depolymerisation, rather a 

direct surface-active effect.  
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4.5 EXPERIMENTAL DETAILS   
 

4.5.1 Bacterial Preparation 
 

Two bacterial strains E. coli (DSM 1576), purified from human faeces and S. aureus (DSM 

346) a coagulase positive, beta-lactamase negative strain were used in the assay of antibiotics 

and in media and sterility testing. These were sourced from the Leibniz Institute DSMZ-German 

Collection of Microorganisms and Cell Cultures GmbH. Bacterial strains were stored in glycerol 

stocks at -80 °C.  

Bacterial strains were stored on nutrient agar containing: 10 g L-1 peptone, 5 g L-1 NaCl, 2 g L-1 

yeast extract, 5 g L-1 meat extract, 15 g L-1 agar at pH 7.1 ± 0.1. A scrape of bacteria was 

transferred to fresh nutrient agar and incubated for 37 ± 1 °C for 18 h, this was then 

subsequently repeated. A loopful of agar-grown bacteria was transferred to nutrient broth (1:500 

dilution for E. coli and 1:100 dilution for S. aureus) containing: 5 g L-1 meat extract, 10 g L-1 

peptone (enzymatic digest of casein), 5 g L-1 sodium chloride and 15 g L-1 agar at pH 7 ± 0.2. 

The bacterial cells were homogeneously suspended by vortexing 10 seconds and water bath 

sonication 10 seconds 50kHz (Grant Ultrasonic XB3). Bacterial enumeration was conducted 

using a calibration curve from spectrophotometer value. The bacterial suspension was then 

adjusted to the desired optical density to achieve a target concentration of 3 x 106 cells CFU/mL-

1.  

4.5.2 Fluorescence Imaging   
 

Testing was conducted on the control (polycarbonate), SDIB50:50 and SDCPD50:50 surfaces 

(30 mm x 30 mm) and sterilised by submersion in 70% ethanol for 5 minutes, then ABS ethanol 

10 seconds. E. coli was grown overnight in LB Broth (15 mL), then subcultured into fresh LB 

and grown until an OD600 0.4 was achieved. 10 mL of this subculture was centrifuged at 5,000g, 

5 min. The supernatant was discarded, and the pellet resuspended in 30 mL 1:500 diluted LB 

Broth at a concentration of approximately 107 CFU/mL-1. The surface was submerged in the cell 

suspension for 24 h. After incubation, the cell suspension was removed, and the surface gently 

washed with 0.85% sodium chloride (25 mL) three times. Live/Dead Baclight Bacterial 

Viability Kit L7007 was prepared by placing 1.5 μL of SYTO9 and 1.5 μL of propidium iodide 

in 1 mL 0.85% sodium chloride. The minimum required amount of SYTO9 and propidium 

iodide was optimised for efficient staining of E. coli an S. aureus cells.  From this prepared 

stain, 1 mL was placed directly onto the surface and incubated in darkness for 15 minutes 
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(according to manufactures guidelines). The surface was washed with 25 mL 0.85% sodium 

chloride and then imaged using a Ziess Plan Apochromat 40x/1.0 DIC VIS-IR objective (Zeiss 

Axio Imager 2 microscope). 

 

4.5.3 Assessment of Sulfur Leaching 
 

Both bacterial strains were inoculated in nutrient broth at a concentration of 105 CFU/mL and a 

final volume of 30 mL. Surfaces (control, S-DIB and S-DCPD) were added to the broth and 

incubated at 37 ± 1 °C for 24 h. The growth was monitored by taking absorbance at 600 nm and 

an aliquot of 200 μL was serially diluted and plated on nutrient agar using Miles and Misra 

method for enumeration of colony forming units (CFU/mL).  

 

4.5.4 Surface Preparation and Antibacterial Surface Testing 
 

Testing was conducted on the control (polycarbonate), S-DIB 50:50 and S-DCPD 50:50 

surfaces (30 mm x 30 mm) and sterilised by submersion in 70% ethanol for 5 minutes, then 

ABS ethanol for 10 seconds. The surfaces were subsequently dried in the sterile environment 

using aseptic technique. The test surface was placed in a petri dish, with an autoclaved sponge 

(20 mm x 20 mm) containing 3 mL sterilised distilled water. 100 μL of the bacterial suspension 

(3 x 106 cell mL-1) was then placed on the test surface and covered with a polyethylene film (20 

mm x 20 mm). The petri dish was placed in a humidity chamber for 24 h. The surface was 

washed using a serological pipette; up taking and releasing Soybean casein digest broth with 

lecithin and polyoxyethylene sorbitan monooleate (SCDLP broth – 10 mL) on the surface ten 

times. The resulting wash was the ten-fold serially diluted to 10-6 using sterile phosphate buffer 

solution. 1 mL of the dilutions was added to 15 mL plate count agar containing: 2.5 g L-1 yeast 

extract, 5 g tryptone L-1 , 1 g glucose L-1 , 15 g agar L-1 at pH 7.1 ± 0.1 and incubated at (35 ± 1) 

°C for 40 h to 48 h, according to ISO 22196.  
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4.5.5 Bacterial Enumeration and Statistical Analysis 
 

For each dilution series, colony number was recorded and converted to recovered bacteria using 

the formula:  

N = (100 x C x D x V)/A 

N = Number of viable cells recovered per cm2 of test surface  

C = Average plate count for the duplicate plates  

D = Dilution factor for the plates counted  

V = Volume in mL of SCDLP added to test surface  

A = Surface area in mm2 of the cover film  

 

4.5.6 Fixation of Bacterial Cells for SEM Analysis 
 

Surfaces were prepared as in ‘Surface preparation and ISO standard testing’ 4.5.4, and then 

washed with PBS 3 times. The bacteria on the surface were then fixed with 2.5% glutaraldehyde 

solution in sterile PBS for 4 hrs. The bacteria were then dehydrated in increasing concentrations 

of ethanol (30, 50, 75,90, 95 and 100 v/v %) by soaking for 5 minutes in each ethanol 

concentration (method adapted from (158)). The samples were dried in air and stored at 4 °C 

before SEM imaging.  
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4.6 RESULTS AND DISCUSSION 
 

4.6.1 Antibacterial Activity Against Planktonic Bacteria  
 

To evaluate the antibacterial effect of S-DIB and S-DCPD co-polymers against bacteria, we 

determined the concentration of viable cells in broth media over a 24 h period. Figure 4.5 shows 

the planktonic colony forming unit concentrations of E. coli for the two sulfur co-polymers, 

respective to their control. No significant difference in recovered colony forming units was 

observed between the presence of the control (1.8 x 108 ± 8.2 x 107) , S-DIB (1.6 x 108 ± 4.6 x 

107), or S-DCPD (1.4 x 108 ± 1.1 x 108) surfaces in the planktonic phase. The difference in the 

cell viability between the samples is smaller than the standard deviations; this indicates that the 

release (leaching) of any active sulfur-containing material into the liquid phase was negligible 

and did not affect cell viability. 

 

Figure 4.5 Assessment of antibacterial effects on E. coli 

from substrate leaching, based on bulk substrate 

submersion in a broth culture. Cellular growth quantified 

by colony-forming units (CFU)/mL of broth culture after 

24 h. Data have been normalized. NB Error bars 

represent standard deviations from three independent 

replicates. NS (not significant p- value ≥ 0.05).   
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4.6.2 Antibacterial Effect of Surface Attached Bacteria  
 

In the above section, we demonstrated that there was no significant release/leaching of active 

sulfur from the co-polymers into the liquid media over a 24 h period. However, surface-attached 

bacteria that excrete EPS display a more resilient nature to bactericidal compounds(159). 

Therefore, we evaluated the viability and density of bacterial cells at the surface using the 

optimised ISO 22196:2011 experimental conditions (stated in chapter 3), fluorescence and 

scanning electron microscopy.  

The initial assessment using Live/dead viability staining of Gram-negative bacteria (E. coli) 

showed a reduction in viable bacteria on both S-DIB and S-DCPD, respective to their controls 

(Figure 4.8). The distribution of E. coli showed single-cell attachment, indicating no biofilm was 

formed over a 24 h period. Numerical evaluation of the bactericidal activity was determined by 

dividing the dead cells (red) by the total amount of cells attached to the surface. The evaluation 

indicated the Control, S-DIB and S-DCPD had an 84.7%, 29.9% and 49.6% live cell percentage, 

respectively (Figure 4.8). To ensure the initial cell coverage was comparable across all three 

surfaces, the total cell coverage (cells/cm2) after 24 h was assessed. From Figure 4.6 it is apparent 

the amount of cell coverage on the surfaces was comparable. To further investigate the 

antibacterial effect at the cellular level, we employed SEM. This analysis further supported the  

Figure 4.6 The total E. coli cell coverage of sulfur 

copolymer surfaces after 24 h, in comparison to the 

control, as measured by fluorescence microscopy using 

Baclight Live/Dead staining. Statistical analysis was 

carried out on the normalised data. * (p-value <0.05) ** 

(p-value <0.01) *** (p-value <0.001) 
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Figure 4.7 The antibacterial surface effect after 24 h and 48 h, in comparison to the 

control, as measured by the growth of surface adhered bacteria removed from the 

surface of the substrate using a neutralising solution (SCDLP). Data has been 

normalised against the 24 h and 48 h control, respectively. Statistical analysis was 

carried on the log transformed data. * (p-value <0.05), ** (p-value <0.01), *** (p-

value <0.001), NS (not significant). Error bars represent standard deviation.  
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hypothesis that there was no biofilm formation, for either Gram-positive or Gram-negative 

bacterial species. The SEM imaging revealed the morphology of the bacterial communities and 

the reduced amount of visualised bacterial cells. Of the cells that could be seen, there is evidence 

of cell membrane rupture (Figure 4.4). SEM imaging was conducted by Dr Jessica Smith and Dr 

George Fleming.  

As a method of quantification, we employed an industry methodology (ISO 22196:2011 with the 

experimental optimised modifications stated in Chapter 3) for the assessment of the antibacterial 

properties of the sulfur co-polymers. E. coli and S. aureus bacterial cells were exposed to S-DIB 

and S-DCPD polymer surfaces and the number of viable cells recoverable from the polymers was 

measured. The number of cells of both E. coli (>99.9% reduction, ~3 log) and S. aureus (99.999% 

reduction, ~log 4.9) was significantly reduced by the S-DIB surface over a 24 h period. When 

assessed over a 48 h period, the antibacterial activity was maintained and no growth of bacterial 

cells was detected on the surface (Table 4.ST1, Figure 4.7). S-DCPD over a 24 h period showed 

a 1.6 log (97.5%) and 0.38 log (58.3%) reduction for E. coli and S. aureus, respectively. When 

the antibacterial activity was evaluated over a 48 h period a 1.37 log (95.7%) and 0.43 log (62.8%) 

reduction in E. coli and S. aureus was observed (Figure 4.7). All data was normalised against the 

respective 24 h/48 h control.  As previously stated, SEM imaging of the polymer surfaces, after 

exposure to the bacteria species in equivalent conditions, does not show any significant bacterial 

surface adhesion or growth. Therefore, this is a conclusive indicator that no biofilm was 

established over the evaluation period. Although the surface microscopy analysis and antibacterial 

capacity quantification methods support each other, they are distinct individual assessments and 

thus are not directly comparable. The fluorescent microscopy and leaching data are experimental 

comparable and so both methods conclude the sulfur is imparting a direct surface antibacterial 

effect. This aids in the hypothesis that the development of these polymers, forms a strong 

advancement for sustainable bactericidal surfaces. 

The structure-function relationship may provide a possible explanation to the bactericidal effects 

observed. S-DIB presents a higher antibacterial capacity than S-DCPD. We hypothesise it is 

possible that due to the polymer being less highly crosslinked, the exposure of reactive oxygen 

species (ROS) has a direct killing effect. The mechanism in which sulfur exhibits antibacterial 

activity is not yet definitively understood; however, several mechanisms are suggested throughout 

literature. On comparison of antibacterial activity, S-DIB exhibits a greater antibacterial effect for 

both bacteria. Potential explanations for both polymers exhibiting different degrees of 

antibacterial activity could be due to the degree of crosslinking and the molar ratio of sulfur: 

crosslinker. It has been reported that polysulfides ("#!", % ≥ 3) are toxic against bacteria, fungi,  
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and some types of mammalian cells, although reasons behind this are relatively unknown(160). 

The central S-S bond in a polysulfide ("#%", % ≥ 4)	 is structurally weak in comparison to 

terminal S-S bonds, with bond dissociation of alkyltetrasulfides and disulfides being 146 kJ mol-

1 and 293 kJ mol-1 respectively (161). DCDP has a lower molecular mass than DIB, (132 g/mol 

vs. 162 g/mol), for the same number of reactive double bonds. Therefore, S-DIB has longer S-S 

chains ("#!", % ≥ 2) between each carbon crosslink. The longer the polysulfide chains, the 

weaker the central structural S-S bond dissociation, and the more likely that homolytic S-S bond 

cleavage will occur (161) (162) (163). This weaker bonding structure can result in nucleophilic 

attack. This is primarily due to the Lewis character of the divalent sulfur forming radicals. 

Figure 4.8. Fluorescent micrographs showing attachment of E. coli (DSM 1576). Cells were stained with 

SYTO9 (green) and propidium iodide (red), detecting live and dead cells, respectively. Observation was 

achieved using a 100x objective lens. (ai) polycarbonate control after 24 h incubation. (aii) S-DCPD after 

24 h incubation, (aiii) S-DIB after 24 h incubation. Scale bars represent 40 µm. Control, S-DIB and S-

DCPD are shown as three replicates.  

A Ai Aii 

Live: 84.7%  Live: 49.6%  Live: 29.9%  

Control S-DIB S-DCPD 
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Literature has demonstrated this interaction to have great biological importance when killing 

bacteria, although specific reaction pathways are still unknown (161) (163). It is possible the 

polysulfides interact with the intercellular thiols i.e. cysteine ("′SH	) and form a mixed disulfide 

("##"′). These disulfides are strong reducing agents that can form ROS.  

The solubility and glass transition temperature of the polymer indicates that the structure contains 

less crosslinking. For catalytic inverse vulcanisation we tentatively suggest the pathway shown 

in Figure 4.2. Although being a common method applied, the underlying mechanism of 

conventional vulcanisation has still not been fully characterised, due to the complexity. 

Conventional vulcanisation has been associated with either radical or ionic pathways (homolytic, 

or heterolytic fission) of S8 rings, however the most commonly accepted pathway is hydrogen 

abstraction of the α-position relative to the double bond, leading to crosslinking by proton 

substitution (164). Inverse vulcanisation is a relatively new method, which has not been widely 

researched. Of the little research that has been conducted, inverse vulcanisation is characterised 

as being bulk free radical copolymerisation of  co-monomers in liquid sulfur (147).  

From the above data it is apparent that polysulfides are able to reduce the survival of both Gram-

positive and Gram-negative bacterial cells on their surface. Although not fully understood, a 

possible explanation as to why S-DCPD is shown to have a higher bacterial survival, could be 

due to the exposure of the cells to sub-lethal sulfide levels. It has been shown that exposure of S. 

aureus to low concentrations of sulfides, can possibly provide some protection (165). The most 

plausible explanation to the mechanisms in which bactericidal activity occurs, is homolytic S-S 

bond cleavage. Other mechanisms, such as thiolation or hydrophobic interactions which involve 

leaching can be disregarded, as it has been demonstrated that the sulfur co-polymers maintain 

their amorphous structure. The identification of the amporhous structure maintenance is a 

significant advancement, as surfaces associated with leaching or product release have a fixed 

lifetime based on the finite number of antibacterial compounds.  
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4.7 CONCLUSION  
 
This research was a collaborative project between the Department of Chemistry (Hasell group) 

and the Open innovation Hub (Raval group). In this work, we created highly cross-linked sulfur 

co-polymers through inverse vulcanisation. Polymer stability was assessed through powder X-

Ray diffraction and differential scanning calorimetry. The antibacterial effect of the co-polymers 

was evaluated using imaging techniques, including fluorescence, and scanning electron 

microscopy. Quantification of the antibacterial effect was determined using an optimised ISO 

2216:2011 protocol developed by the Raval and Allison (Institute of Veterinary and Ecological 

Sciences) groups.  

 

The antibacterial capacity of the co-polymers was assessed against Gram-negative (E. coli) and 

Gram-positive (S. aureus) bacterial species. Using both qualitative and quantitative analysis, we 

have shown sulfur co-polymer S-DIB is an effective biocidal agent. The discovery of this novel 

antibacterial surface composition precedes the possible further incorporation into medical and 

food industry environments. Future work may focus to understand how the bacteria is being 

killed, studies such as cell metabolic activity could be investigated. Assays such as alamar blue, 

could be utilised to investigate the effects the sulfur has on living systems. The application of 

monolayers could provide seminal investigations on the cytotoxicity and biocompatibility. A 

further, and more in-depth assay may focus on using RNAseq to understand the impact these 

surfaces have on the cells. By assessing the impact over time and sequencing the exposed cell 

genomes, an evaluation of the mRNA to a control genome sequence could be conducted. This 

would provide detail about which genes are actively expressed or repressed, enabling a library of 

mutants to be developed. These mutants would provide a unique insight between antibacterial 

surfaces and bacteria at the cellular level. By doing so, a detection of the toxic threshold could be 

quantified, enabling a lower percentage of sulfur to be used in the production process. 

Investigations into the biocompatibility, will enable comprehension on whether the polymers have 

any adverse effects on mammalian cells. This will determine the cytotoxicity and possible use in 

medical instrumentation.  

 

This research provides a greater insight into the antibacterial capacity of 50%wt differentially 

cross-linked sulfur polymers. Enabling an important progression in the development of low-cost, 

sustainable, and stable antibacterial surfaces to aid in the fight against AMR. Bacterial resistance 

to these surfaces over time could be a further aspect of future research. Additionally, it will be 



96 
 

critical to understand the polymers durability over time and whether cleaning method can prolong 

their antibacterial activity.  

 

4.8 SUPPLEMENTARY  
 

 

Table 4.ST1 Viability of E. coli and S. aureus cells after exposure to sulfur co-polymers. The table shows 

the antibacterial effect evaluated using the ISO 22196:2011 (optimised) protocol.  

 
E. coli  E. coli 

24h  48h 

Surface Log 
value 

% 
Reduction 

Log 
reduction 

 Surface Log 
value 

% 
Reduction 

Log 
reduction 

Control 2.92 -   Control 3.7 -  
S-DIB 0 99.9% 2.92  S-DIB 0 99.99% 3.7 
Control 2.99 -   Control 3.7 -  
S-DCPD 1.39 97.5% 1.6  S-DCPD 2.33 95.7% 1.37 

         
S. aureus   S. aureus  

24h  48h 

Surface 
Log 

value  
%  

Reduction   
Log 

reduction   Surface 
Log 

value  
%  

Reduction   
Log 

reduction  
Control 4.85 -   Control 3.76 -  
S-DIB 0 99.999% 4.85  S-DIB 0 99.99% 3.76 
Control  2.23 -   Control 3.76 -  
S-DCPD 1.85 58.3% 0.38  S-DCPD 3.33 62.8% 0.43 
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Figure 4.S1 The antibacterial surface effect after 24 h, in comparison to the 

control, as measured by the log growth of surface adhered bacteria removed from 

the surface of the substrate using a neutralising solution - SCDLP. Statistical 

analysis was carried on the log transformed data. * (p-value <0.05), ** (p-value 

<0.01), *** (p-value <0.001).  
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CHAPTER 5 - RECOMBINANT BACTERIAL S-
LAYER PROTEIN PRODUCTION FOR USE AS 
PEPTIDE SCAFFOLDS  
 

5.1 INTRODUCTION  
 

Prokaryotic surface layers (S-layers) are the outer proteinaceous coating of a bacterial cell. They 

are present in both Gram-positive and Gram-negative bacterial cells, where they function as a 

protective barrier (166). S-layers account for approximately ten percent of cellular proteins in 

bacteria (167). Due to the enormous presence of bacteria on the planet, S-layers represent the 

most abundant biopolymers (168). The S-layer is considered one of the simplest protein 

First evidence of a 
monomolecular 
formation in a 
bacterial cell wall 

Evidence monomolecular 
formation occurs on the surface of 
the cell envelope of Gram-positive 
and Gram-negative bacteria using 
freeze-etching techniques 

First atomistic structures 
of archaeal and bacterial 
S-layer protein domains 
obtained from X-ray 
studies 

1953 2008 1968 

1969 

1971 

1975 

1976 

1986 

1989 

1994 

1997 

2002 

Description of in-
vitro assembly of 
S-layer proteins 

First evidence of a 
function: S-layer as 
protective coat against 
bacterial parasites 

Studies on the self-
assembly and 
reattachment of S-
layer proteins on cell 
envelopes of Gram-
positive bacteria 

Evidence for 
glycosylation of 
bacterial S-layer 
proteins 

First nanobiotechnological 
application of S-layer 
proteins – Ultrafiltration 
membranes 

First sequenced 
S-layer protein 

S-layers as carrier for 
conjugated vaccines 

Proposing S-layer-
induced nanopatterned 
fluidity in lipid films 

First approach to 
copying the 
supramolecular 
building principle of 
cell envelopes to 
generate (functional) 
phospho- and ether 
lipid membranes 

First monomeric and 
oligomeric functional S-
layer fusion proteins 
capable to assemble into 
an ordered formation 

Figure 5.1. Timeline of the research surrounding bacterial surface layers.  

Figure adapted from: Sleytr UB, Schuster B, Egelseer EM, Pum D. 2014. S-layers: Principles and applications. FEMS 

Microbiol Rev 38:823–864. 
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membranes observed during evolution, however due to them being some of the most abundant 

proteins in the cell, their formation consumes considerable metabolic resources – a direct 

indication of their structural and functional importance (169). S-layers were first identified around 

the 1950’s (167), leading to decades of structural biological research (Figure 5.1). These studies 

revealed diversity in the formation of the S-layers.  

 

5.1.1 S-Layer Structure  
 

The initial formation of S-layers structures are generally two-dimensional crystalline arrays 

displaying periodicity (170). The structural subunit formation is entropy driven and emanates 

from a nucleation site. The subunits self-assemble into monomolecular units, displaying a 

characteristic morphology symmetry of oblique (p1, p2), square (p4) or hexagonal (p3, p6) 

(Figure 5.2) and vary in size from 40 to 200 kDa.  

The self-assembled structure can exhibit various dimensions, from mono- to multi-layered 

structures up to several μm2. Due to the structural variation, within  individual S-layers there can 

be anisotropic charges, which lead to differences in surface topology (171). These structural 

variations are formed in suspension, on solid material supports, liquid-air interfaces, liposomes 

or lipids (167). Due to the varying degree of two-dimensional structures, this leads to a variability 

in the spacing (pores) between the subunits from 3 – 35 nm (172) (173). This unique aspect has 

been a focus of material research for many years, especially the sector of nanobiotechnology as 

these characteristics can be exploited from the perspective of surface attachment and array 

formation (174).  

S-layer proteins undergo a phase transition from aqueous to solid characteristic as an aspect of 

their structure-function relationship (167). Since their discovery in the 1950s, bacterial S-layers 

have provided a wealth of information, leading to their potential application in various sectors of 

research. As mentioned before, S-layers are periodic in structure and present identical sub-

nanometre physiochemical properties. The periodic pore structure allow for the potential chemical 

modification and genetic engineering of the structures (167).  
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Figure 5.2. Bacterial S-layer subunit confirmations. (i) A schematic illustration of the varying S-

layer lattice formations (Oblique – p1, p2. Square – p4. Hexagonal – p3, p6). (ii) Electron 

micrographs of freeze-etched preparations of intact cells from (a) Geobacillus stearothermophilus 

PV72/p2 exhibiting oblique (p1), Bar, 50 nm, (b) Lysinibacillus sphaericus CCM 2177 showing a 

square (p4), Bar, 150 nm, and (c) Thermoanaerobacter thermohydrosulfuricus L111-69 showing 

hexagonal (p6), Bar, 100 nm.  

(ii) Image taken from: Ilk N, Egelseer EM, Sleytr UB. 2011. S-layer fusion proteins-construction principles 

and applications. Curr Opin Biotechnol 22:824–831. 
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5.1.2  S-layer Occurrence and Function  
 

The secretion of bacterial S-layers to the exterior of the cell, involves a complex translocation of 

proteins across the cell envelope. The complexity is exacerbated by the scale and speed at which 

the S-layers need to self-assemble. It is estimated that the Clostridioides difficile S-layer contains 

up to 500,000 subunits that are required to be secreted at a rate of 140 subunits per second (169). 

Among the many other metabolically intense processes, all this must be completed within the 

exponential growth phase.  

The S-layer secretion system, responsible for the transport of bacterial protein across the 

cytoplasmic membrane is composed of a signal peptide/Sec-dependent secretory pathway or Type 

II secretion system. Gram-negative species rely on a secretion system that comprises an inner 

membrane ATP-binding cassette transporter and an outer membrane pore (169). The secretion of 

the S-layer precursor is dependent on the accessory Sec secretion system. Interestingly, there is a 

striking degree of genetic linkage between the genes that encode S-layer proteins and their 

dedicated secretion systems (175). Mutagenesis of this pathway results in the loss of efficient 

bacterial S-layer production. S-layer proteins are anchored to the cell surface through non-

covalent interactions with cell surface structures - lipopolysaccharides in Gram-negative bacteria 

and the cell wall peptidoglycan in Gram-positive bacteria (169). Generally, there are two types of 

anchoring domains - SLH domain and CWB2 domain (176). A bacterial S-layer is a 2D periodic 

array of proteins that have two main domains. These include the anchoring domain (SLH or 

CWB2) that enables attachment to the underlying cell wall and a crystallisation domain. A 

seminal paper by Baranova., et al, 2012 (177) describes one of the first crystalline structure of 

SbsB, an S-layer from Bacillus stearothermophilus.  

Proteins that constitute the secretome, are embedded in the membrane, bind to the cell wall, or 

localise in the periplasmic space and then on to the extracellular environment. Several bacterial 

pathways have evolved to translocate proteins across the cytoplasmic membrane including the 

Tat system and the type I-VI systems. The Sec secretion system translocate proteins via two 

distinct pathways. Membrane proteins utilise the co-translational pathway, where nascent proteins 

emerging from a ribosome are targeted to the SecYEG channel and translocated whilst still being 

synthesised. Other proteins are translocated post-translationally, where their conformation 

maintains in an unfolded state by a chaperone and targeted to the SecYEG channel by their N-

terminal signal peptide (Figure 5.3B) (178).  

As the S-layers form periodic arrays coating the cell, it is speculated that its formation acts as a 

molecular sieve, essentially enabling the select ability for size exclusion. The atomic structure of 
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the SbsC S-layer revealed pores no larger than 30Å (169). This could potentially prevent some 

bacteriophages and large globular enzymes (lysozymes) from interacting with the cell wall. The 

S-layer may, therefore, provide protection to environmental stresses. Publications surrounding 

pore sizes of S-layers vary significantly, and so further investigation into the atomic structure may 

shed light into S-layer barrier function.  

 

5.1.3 S-layers in Pathogenesis   
 

As the S-layer coats the cell surface, it is unsurprising that in many bacteria it has been associated 

with a role in pathogenesis. The predominant outer surface component is likely involved in 

pathogen–host interactions. It has been shown that the S-layer proteins could mediate the binding 

to both the intestinal epithelial cells and other components of their extracellular matrix fibres, 

contributing to tissue damage. It was demonstrated the ability of C. difficile S-layer proteins to 

Membrane 
lipids 

S-layer (glyco)protein 
Lipid 

Glycan 

Gram-Positive Gram-negative 

Lipopolysaccharide 

Peptidoglycan 
Peptidoglycan 
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Figure 5.3. Bacterial S-layers in Gram-positive and 

Gram-negative bacteria and the corresponding 

secretion pathway. (A) A schematic representation of 

the S-layer protein configuration adhering to the Gram-

positive (left) and Gram-negative (right) cell envelope. 

(B) The Secretion pathway of bacterial S-layer 

proteins. VapA is used an example of the 

transmembrane secretion pathway involved in S-layer 

formation. 
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modulate the function of human monocytes and dendritic cells and to induce inflammatory and 

regulatory cytokines (167)  

Although there is not one definitive function of bacterial S-layers, it is apparent from their wide 

conservation in bacterial species and the enormous metabolic load that is required to produce and 

maintain these structures, that they present an important role in the bacterium that produce them. 

Growing interest and advancing high-resolution techniques, such as atomic force microscopy 

(AFM) and electron crystallography, are being used to study S-layer structural morphology and 

symmetry. In turn, these techniques will complement current structural information from X-ray 

crystallography or nuclear magnetic resonance (NMR) spectroscopy to generate high-resolution 

atomic models of the complete S-layer from various bacterial species.  
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5.2 BACKGROUND 
 

Our research has focused on exploiting bacterial S-layers as surface structures for antimicrobial 

peptide (AMP) attachment. AMPs are a promising alternative approach to antibiotics and may 

hold the key to slowing down the rise in bacterial resistance. AMPs mode of action is different to 

small molecules, such as antibiotics. AMPs function by interacting with the bacterial membrane, 

that play a role in the phenotypes of the cell, where disruption of this would likely be detrimental 

to cell survival. This mode of action is less likely to enable resistance, as the antibacterial effect 

is not gradient dependent and subject to possible sub-lethal concentrations. AMPs are relatively 

short peptides ~50 amino acids. There are already a large collection of naturally occurring 

antimicrobial peptides ~2,000, however their genetic sequence and conformation differ 

significantly, making a prediction on antibacterial effect difficult to determine (179). AMPs can 

also undergo conformation changes upon interacting with the bacterial membrane (180). This 

interaction can enable a structure-function relationship, where the antibacterial function is only 

active upon binding.  

An important aspect of bacterial S-layers is their ability to form crystalline arrays on interfaces. 

These interfaces include mica, silicon nitride, silicon oxide, glass, noble metals (platinum, gold, 

titanium, stainless steel), but also many polymers, like cellulose, polyester, polystyrene. 

Additionally, commercially relevant materials, including graphene, indium tin oxide, and highly 

oriented pyrolytic graphite (181). To visualise these interactions, the most appropriate 

instrumentation is SEM or transmission electron microscopy (TEM). Crystallisation occurs 

naturally at nucleation points and continues across a plane, until the domains meet forming a 

closed, uniform array. The reassembly of these S-layers at the liquid-air interface allows for 

deliberate structural modifications of the solid support. The S-layer protein SbpA from Bacillus 

stearothermophilus (182), one of the most broadly researched S-layers forms monolayers at ~9 

nm high on hydrophobic interfaces (181). Whereas, the same S-layer protein on hydrophilic 

interfaces forms a double layer structure at a height of ~15 nm (181). The self-assembly speed is 

also driven by the quantity of nucleation sites. Hydrophobic surfaces assemble far faster, due to 

the degree of nucleation.  

The interest of ‘bottom-up’ surface strategies is not only their capacity to assemble into uniform 

nanostructures, but also the ability to genetically exploit these structures at the meso- to the 

macroscopic functionalised surface scale. The cloning and characterisation of genes encoding 

bacterial S-layer proteins allows new sectors for applied S-layer research, as the utilisation of 
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single or multifunctional domains is now feasible without the loss of their self-assembly 

capability (183). Nevertheless, as S-layers significantly differ in their inner and outer surfaces 

regarding their topography and physicochemical properties, oriented recrystallisation of S-layer 

proteins on solid supports are vital in order to exploit S-layer characteristics (Figure 5.4).  

 

 

 

 

 

 

 

Figure 5.4. A schematic depiction of the auto self-assembly antimicrobial peptide functionalised 

bacterial S-layer surface. The schematic represents the p6 hexagonal lattice confirmation.  
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5.3 RESEARCH HYPOTHESIS AND AIMS  
 

The aim of the work reported in this chapter was to successfully isolate and amplify bacterial S-

layer proteins for surface attachment. These surface-attached proteins could then act as bio-

scaffolds for antimicrobial peptides. The data reported in this chapter evaluates the hypothesis 

that bacterial S-layers could be amplified, transformed and recombinantly expressed in bacterial 

cultures for large-scale protein production.   
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5.4 EXPERIMENTAL DETAILS  
 

5.4.1 Bacterial Strains 
 

All bacterial strains are referenced in Table 5.1. These were sourced from the Leibniz Institute 

DSMZ-German Collection of Microorganisms and Cell Cultures GmbH. The strains were chosen 

based on their known ability to produce S-layers with differential self-assembled conformations 

(i.e., hexagonal, oblique etc) (167) (184). Bacterial strains were stored in glycerol stocks at -80 

°C.  

 

5.4.2 Bacteria Culture Conditions  
 

Specific bacterial culturing conditions are described in Table 5.1. In brief, the glycerol stocks 

were spread plated onto appropriate agar and incubated at the duration and temperature stated in 

Table 5.1. A colony was scraped from the agar and inoculated into appropriate broth for the 

duration and temperature described. 

 

5.4.3 Harvesting of Bacteria from Broth Cultures  
 

Bacterial cultures between 2 mL and 100 mL were harvested by centrifugation at 7,500 rpm for 

10 minutes. Cultures ≤1.5ml were harvested in a bench top microcentrifuge at 13,000 rpm for 5 

minutes. 

 

5.4.4 Preparation of Chemically Competent Cells  

 

This method was prepared according to the protocol by Hogune., et al, 2011 (185). The bacterial 

strain E. coli (TOP10) was cultivated in 20 mL of LB broth media at 37 ± 1 °C with shaking (220 

rpm) for 24 h. The overnight culture (2 mL) was added to 200 mL of pre-warmed LB broth and 

incubated at 37 ± 1 °C under shaking conditions (220 rpm) until OD600 ~ 0.4-0.5. Bacterial culture 

samples were placed on ice for 15 minutes. Centrifugation was conducted at 4 ± 1 °C for 10 
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Table 5.1 Bacterial strains, culture conditions and associated S-layer proteins. 
 

Bacterial Species Storage 
media 

Growth 
medium 

Incubation 
temperature 

Incubation 
time S-layer 

protein 
Length of 
gene (Amino 
acid) 

Crystalline 
structure Protein ID 

E. coli TOPO10 
Luria broth 
agar (LB 
agar) 

Luria broth 
(LB) 37 ± 1 °C 16 h (200 rpm) 

Bacillus stearothermophilus 
 

Nutrient 
agar (NA) 

Nutrient 
broth (NB) 55 ± 1 °C 24 h (220 rpm) 

SbsA 1,228 Hexagonal P35825.1 
SbsB 920 - CAA66724.1 
SbsC 1,099 - AAC12757.1 
SbsD 903 - AAF34763.2 
SgsE 903 - AAL46630.1 

Aeromonas salmonicida Tryptic soy 
agar (TSA) 

Tryptic soy 
broth (TSB) 20 ± 1 °C 48 h (see-shaw 

rocker) VapA 502 Tetragonal SUU72124.1 

Caulobacter crescentus 
Peptone 
yeast extract 
(PYE) agar 

Peptone 
yeast extract 
(PYE) broth 

30 ± 1 °C 24-48 h (220 
rpm) rsaA 1,026 - YP_002516432.2 

Lysinibacillus sphaericus 
 

Nutrient 
agar (NA) 

Nutrient 
broth (NB) 37 ± 1 °C 16 h (220 rpm) SbpA 1,268 - AAF22978.1 

Aeromonas hydrophila Tryptic soy 
agar (TSA) 

Tryptic soy 
broth (TSB) 30 ± 1 °C 24-48 h (220 

rpm) ahs 472 Tetragonal AAA67043.1 

Lactobacillus acidophilus MRS Agar MRS broth  37 ± 1 °C 16 h (220 rpm) slpA 446 - WP_125977721.1 
slpB 440 - AAY41916.1 
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minutes at 5,000 rpm. The supernatant was discarded and 20 mL of ice cold 50 mM CaCl2 was 

added to the cells, resuspended, and placed on ice for 20 minutes followed by another 

centrifugation step. The wash step was repeated and subsequently centrifuged. The supernatant 

was discarded and ice-cold 50 mM CaCl2, supplemented with 20% Glycerol was added to the 

cells. The cells were divided into 50 µL aliquots, and then flash froze in liquid nitrogen and stored 

at -80 °C until needed.  

 

5.4.5 Genomic DNA Extraction  
 

Gram-negative genomic DNA was isolated using Qiagen DNeasy Blood & Tissue Kits using the 

following method. 10 mL of overnight culture was harvested via centrifugation (10 minutes, 7,500 

rpm) and resuspended in 180 μL Tris-HCL supplemented with 20 μL, lysis buffer [20 mM Tris 

pH 8, 2 mM sodium EDTA, 1% Triton X-100], followed by incubation at 37 ± 1 °C for 30 

minutes. 25 µL proteinase K and 200 µL buffer AL (without ethanol) was added and vortexed, 

followed by incubation at 56 ± 1 °C for 30 minutes. 200 µL ethanol ABS was added and vortexed. 

The sample was added to the DNeasy mini spin column and centrifuge for 1 minute, 8,000 rpm. 

The column was placed into a new tube and 500 µL AW1 buffer added, followed by centrifugation 

for 1 minute, 8,000 rpm. 500 µL of AW2 was added and centrifuged for 3 minutes, 14,000 rpm. 

The column was placed in a new collection tube. 200 µL buffer AE was added to the membrane 

and incubated at room temperature for 1 minute, followed by centrifugation 1 minute, 8,000 rpm.  

Gram-positive genomic DNA was isolated using the method above, with the following steps 

conducted prior. Bead beating: 10 mL cultured cells were harvested by centrifugation at 7,500 

rpm for 10 minutes. The supernatant was then discarded. The pellet was then resuspended in 1 

mL LB broth. To the 1 mL, 300 µL of 100 µm glass beads were added to the microfuge tubes. 

The sample was then ribolysed at 13,000 rpm for 10 seconds and then placed on ice. The process 

was repeated 4 times.  

 

5.4.6 Amplification and Isolation of Plasmid DNA  
 

Glycerol stocked, chemically competent cells (50 μL aliquot) were thawed on ice for 30 minutes, 

before the addition of plasmid DNA (pBAD-HisA and Zero Blunt Topo, respectively). The 

sample was incubated on ice for 30 minutes followed by a heat shock reaction at (42 ± 1 °C/45 

seconds) then placed on ice for 2 minutes. Pre-warmed (37 ± 1 °C) 1 mL SOC media [Contents: 
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Yeast extract (5 g-1), Tryptone (20 g-1), Glucose (20 g-1), NaCl (0.58 g-1), KCl (0.19 g-1), MgSO4 

(2.4 g-1)] was added to the sample. The sample was incubated at 37 ± 1 °C under shaking 

conditions (220 rpm) for 45 minutes. 50 μL and 200 μL was spread on pre-warmed LB plates + 

(50 μg/mL Kanamycin, X-gal (20 mg/mL) and IPTG 100 mM) [or] 100 μg/mL Ampicillin using 

a sterile glass spreader followed by incubation at 37 ± 1 °C for 24 h. Plasmid DNA (pBAD-HisA 

and Zero Blunt Topo) was isolated from 100 mL of overnight culture using QIAprep Spin 

Miniprep Kit described by the manufacturer’s guidelines. Briefly, the bacterial culture was 

harvested and lysed by high alkaline conditions. The plasmid DNA was then adsorbed on a 

QIAprep membrane column, washed, and then eluted with nuclease free water. 

 

5.4.7 Oligonucleotides  
 

All oligonucleotides used in this study were synthesised by Invitrogen and resuspended in 

nuclease free H2O to a concentration of 100 pmol µL -1. Table 5.2 highlights the gene of interest 

and the sequence design for each oligonucleotide. Primers for general PCR were between 18 

and 25 nucleotides. 

 

5.4.8 Polymerase Chain Reaction 
 

5.4.8.1 PCR Mastermix 
 

2X OneTaq polymerase (New England BioLabs) was used for PCRs, where high fidelity was not 

required, including colony PCRs and initial PCR optimisation for Q5 high fidelity polymerase 

(New England BioLabs), according to the manufacturer’s instructions. Initial denaturation was 

carried out at 94 °C for 30 seconds followed by 30 cycles of denaturation at 94 °C for 30 seconds. 

The annealing temperature is stated in Table 5.2 and extension was conducted at 68 °C for 30 

seconds per kb of DNA fragments, with a final extension performed at 68 °C for 5 minutes.  
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Table 5.2 Primer sequences.  
Restriction enzymes are highlighted in red. Primers were designed using the Eurofins primer design tool.  
 

 

Oligonucleoide 
name Direction 

Restriction 
enzyme  
(in red) 

Sequence (5’ -> 3’) GC 
content 

Target 
gene 

Annealing 
temperature 
(Ta) 

DNA polymerase 

SbsAfw Fw XhoI TATTATCTCGAGGCTACAGATGTAGCAAC 41.4% SbsA 
43.5 °C Q5 High-Fidelity DNA Polymerase 

SbsArev Rev KpnI TATTATGGTACCCAAACACCTAGCCCAGA 44.8% SbsA 

SbsBfw Fw XhoI TATTATCTCGAGGCAAGCTTCACAGATG 42.9% SbsB   

SbsBrev Rev EcoRI TATTATGAATTCAGAGACCGAACCTCAAAA 33.3% SbsB   

SbsCfw Fw XhoI TATTATCTCGAGGCAACGGACGTGGAGA 53.6% SbsC 
53 °C Q5 High-Fidelity DNA Polymerase 

SbsCrev Rev KpnI TATTATGGTACCATCAGGAAATCATCCA 35.7% SbsC 

SbsD Fw XhoI TATTATCTCGAGGCAACGGACGTGGCGACG 56.7% SbsD   

SbsD Rev HindIII TATTATAAGCTTGCTATACACTCCAGCC 39.3% sbsD   

VapAfw Fw XhoI TATTATCTCGAGGATGTCGTGATTAGC 40.7% VapA 
44 °C Q5 High-Fidelity DNA Polymerase 

VapArev Rev HindIII TATTATAAGCTTTATCGACTAGATTCG 29.6% VapA 

rsaA Fw BgIII TATTATAGATCTGCCTATACGACGG 40% rsaA   

rsaA Rev HindIII TATTATAAGCTTGAGGATCAGACGTTCGC 41.4% rsaA   

sbpA Fw XhoI TATTATCTCGAGGCGCAAGTAAACGAC 44.4% sbpA   

sbpA Rev KpnI TATTATGGTACCAATGCTAGAAGTATTC 32.1% sbpA   

sgsE Fw EcoRI TATTATGAATTCGCAACGGACGTGGCGA 46.4% sgsE   

sgsE Rev HindIII TATTATAAGCTTTGCTATACACTCCATCC 34.5% sgsE   

ahs Fw XhoI TATTATCTCGAGGTTAATCTGGACAC 38.5% ahs   

ahs Rev EcoRI TATTATGAATTCCTCGACGCTTTGG 40% ahs   

slpA Fw XhoI TATTATCTCGAGAGTTCATCAGCAATCA 35.7% slpA   

slpA Rev HindIII TATTATAAGCTTGCGTTAGTGCTACGACTTA 35.5% slpA   

slpB Fw XhoI TATTATCTCGAGGCCGCTGTTAATGCTA 42.9% slpB   

slpB Rev KpnI TATTATGGTACCGTTAGTGCTACGACTTA 37.9% slpB   
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5.4.8.2 High fidelity PCR 

 

High fidelity PCR was conducted in a two-step touchdown method, initial denaturation was 

carried out at 94 °C for 5 minutes followed by 10 cycles of denaturation at 98 °C for 15 seconds. 

The annealing temperature was 34 °C for 20 seconds, and extension at 72 °C for 2 minutes. This 

process was repeated for a further 30 cycles using the following conditions: denaturation at 98 °C 

for 15 seconds, annealing temperature stated in Table 5.2 for 30 seconds, and extension at 72 °C 

for 2 minutes.  PCR reactions were performed using a T100 Thermo Cycler (BIORAD). At lower 

annealing temperatures, the primers bind less specifically. This was used to aid the primers in the 

initial annealing to the DNA. The temperature was subsequently increased to the optimal specific 

annealing temperature to fully bind to the DNA for amplification.  

The leader peptide generally functions to infer protein folding for transportation to the outer 

membrane in the native cellular environment. To ensure the recombinantly expressed proteins did 

not exhibit any tertiary protein folding and eliminate any possible protein crystallisation concerns, 

the bacterial S-layer genes were amplified without the inclusion of the leader peptide sequence.   

 

5.4.9 Agarose Gel Electrophoresis  

 

 The identification of DNA samples was evaluated by performing agarose gel electrophoresis. A 

0.75% agarose gel was prepared by dissolving 0.75 g of agarose powder in 100 mL of 1x TAE 

buffer (pH 8.0); [Formula / L: 50 x TAE buffer: Tris base; 242.0g, Glacial acetic acid (Sigma 

Aldrich); 57.1 mL, 0.5 M EDTA (Sigma Aldrich) pH 8.0; 100 mL] in a microwave oven. The 

x10 
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6. 
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8. Time 1. Time 2. 
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Time 
7. 

Time 
8. 

x30 

Figure 5.5 PCR Schematic showing a two-step touchdown method. The blue 

highlighted section shows the PCR Mastermix cycle. 



 
 

113 
 

113 

113 

melted gel was left to cool until approximately 50 °C before adding 10 μL of Midori green per 

100 mL agarose gel. The molten gel was poured into a gel tray containing an appropriate gel comb 

and left to set. The gel tray was submerged with 1x TAE buffer. The DNA marker (Bioline 1 Kb 

ladder) and samples (mixed with Bioline 5X DNA Loading Dye; according to manufacturers’ 

instructions) were loaded into the gel wells and run for 45 minutes at 120 volts, 240 A. DNA 

fragments were visualized on a Gene Genius Bioimaging System. 

 

5.4.10 Concentration of PCR Products  

 

Concentration of genomic and plasmid DNA (186) was performed using ethanol precipitation as 

follows: 1:10 volume of 3M sodium acetate (pH 5.2) and 2X volume of ethanol (ABS) was added 

to the DNA sample before placing the sample at -20 °C overnight. The sample was centrifuged at 

13,000 rpm for 10 minutes and the supernatant was discarded.  The pellet was washed with 100 

μL ethanol (70%) and the sample was centrifuged as previously mentioned. The supernatant was 

discarded, and the pellet resuspended in 20-30 μL of nuclease-free H20.  

 

5.4.11 PCR Product Purification  

 

Agarose gels were visualised under UV light at 365 nm and the bands of interest excised from the 

gel using a sterile scalpel. The gel band was then processed using Zymoclean Gel DNA Recovery 

Kit (D4001), as described by the manufacturer.  

 

5.4.12 Quantification of DNA 

 

A Qubit Fluorometer and Qubit dsDNA BR Assay Kit (Invitrogen) was used to quantify DNA 

yield from genomic DNA extraction and PCR amplification. The quantification was conducted 

according to the manufacture’s guidelines. Briefly, a mastermix was prepared using 6 μL reagent 

and 594 μL buffer. The standards were set up as follows. To tube 1, 190 μL of the mastermix was 

added to 10 μL standard 1. To tube 2, 190 μL of the mastermix was added to 10 μL of standard 
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2. Tube 3 contained 195 μL of the mastermix with 5 μL of DNA of interest. The samples were 

gently vortexed and incubated at room temperature for 2 minutes.  

 

5.4.13 Restriction Endonuclease Digestion of DNA  

 

5.4.13.1 Enzymatic Digestion  

 

Enzymatic digestion of DNA (genomic DNA/plasmid DNA) was performed using the restriction 

enzymes highlighted in Table 2.6.  

Enzymatic Digestion using XhoI and HindIII: Enzymatic digestion was performed in 1.5 mL 

sterilized Eppendorf tubes. The reaction mixture contained: sterilised deionised distilled water (to 

50 μL), 10 X 2.1 Buffer (1/10th total volume), DNA sample (genomic/plasmid) (1 μg) and HindIII 

(1 μL). The samples were mixed for a few seconds then incubated at 37 ± 1 °C for 1 h. The 

digestion reaction was terminated by heat inactivating the enzyme activity by placing samples in 

a heat block (80 °C) for 10 minutes. XhoI (1 μL) was added to the sample and incubated at 37 ± 

1 °C for 1 h. The digestion reaction was terminated by heat inactivating the enzyme activity by 

placing samples in a heat block (65 °C) for 10 minutes. DNA samples were stored at -20 °C until 

needed. 

 

5.4.13.2 Enzymatic Digestion using XhoI and KpnI 
 

Enzymatic digestion was performed in 1.5 mL sterilized Eppendorf tubes. The reaction mixture 

contained: sterilised deionised distilled water (to 50 μL), 10 X 2.1 Buffer (1/10th total volume), 

DNA sample (genomic/plasmid) (1 μg) and XhoI (1 μL). The samples were mixed for a few 

seconds then incubated at 37 °C for 1 h. The digestion reaction was terminated by heat inactivating 

the enzyme activity by placing samples in a heat block (65 °C) for 10 minutes. KpnI (1 μL) was 

added to the sample and incubated at 37 °C for 1 h. The digestion reaction was terminated by 

phenol-chloroform extraction. An equal volume of phenol-chloroform was added to the sample, 

vortexed for 10 seconds and left to settle for 2 minutes. The phase separated lower layer was 

removed and discarded. 2 X volume of ethanol ABS was added. The sample was centrifuged at 

14,000 g for 30 minutes and the supernatant discarded. The pellet was resuspended in 70% 
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Ethanol and centrifuged at 14,000 g for 15 minutes.  The supernatant was removed. The pellet 

was resuspended in 25 μL of sterile distilled water. DNA samples were stored at -20 °C until 

needed. 

 

5.4.14 Ligation of DNA  

 

Ligation of DNA samples was performed by using Thermo Scientific T4 DNA Ligase (5 Weiss 

U/µL) and 10 X T4 DNA Ligase Buffer, performed in 1.5 mL sterile Eppendorf tubes. The 

ligation mixture contained the following: digested insert to vector DNA (1:3, 1:1, 3:1), digested 

vector DNA, sterilised deionised distilled water (to 20 μL), T4 DNA ligase buffer (2 μL) and T4 

DNA ligase (1 μL). The samples were mixed for few seconds followed by incubation at 16 °C for 

24 h. The ligation reaction was terminated by heat inactivation (65 °C/10 minutes) or phenol-

chloroform. All DNA samples were stored at -20 °C until needed. The vectors were chosen based 

Figure 5.6. A schematic representation of the cloning and ligated vectors. 
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on the ability to selectively induce the expression of insert DNA (pBAD – explained further in 

2.2.4) and storage of amplified DNA (PCR Blunt II-TOPO).  

 

5.4.15 DNA Transformation  

 

5.4.15.1 Transformation of E. coli  

 

Glycerol stocked, chemically prepared, competent cells (50 μL aliquot) were thawed on ice for 

30 minutes, before the addition of 4 µL ligation mixture (1:3, 1:1, 3:1). The sample was incubated 

on ice for 30 minutes followed by a heat shock reaction at (42 ± 1 °C /45 seconds) then placed on 

ice for 2 minutes. Pre-warmed (37 ± 1 °C) 1 mL SOC media [Contents: Yeast extract (5 g-1), 

Tryptone (20 g-1), Glucose (20 g-1), NaCl (0.58 g-1), KCl (0.19 g-1), MgSO4 (2.4 g-1)] was added 

to the sample. The sample was incubated at 37 ± 1 °C under shaking conditions (220 rpm) for 45 

minutes. 50 μL and 200 μL was spread on pre-warmed LB plates + (50 μg/mL Kanamycin, X-gal 

(20 mg/mL) and IPTG 100 mM) [or] 100 μg/mL Ampicillin using a sterile glass spreader followed 

by incubation at 37 ± 1 °C for 24 h.  

 

 

5.4.16 Screening for Transformed DNA  

 

5.4.16.1 Colony Cracking  

 

The colony cracking gel protocol (187) was prepared as follows: 1N NaOH, 10% SDS, 0.5 M 

EDTA, 25 mg bromo-phenol blue, 20% glucose in 50 mL sterile distilled water. 30 μL cracking 

gel was added to each tube. One colony was then touched on an agar plate and then the remaining 

suspended in the cracking gel. The samples were incubated at 37 ± 1 °C for 15 minutes. samples 

Table 5.3 Bacterial culture antibiotic concentration. 

Antibiotic Solvent Concentration (μg/mL) 

Ampicillin Water 100 

Kanamycin Water 50 
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were centrifuged at 15,000 rpm for 15 minutes at 4 ± 1 °C. 15-20 μL of the supernatant was ran 

on a 0.75% agarose gel containing Midori green (as described previously).  

 

5.4.16.2 Colony PCR 

 

E. coli transformed with the pBAD/His A plasmid was screened on LB agar containing 100 μg/mL 

Ampicillin. The colonies were screened for successful insert ligation using the technique 

described in Figure 5.S6. E. coli transformed with the PCR Blunt II TOPO vector was screened 

on LB agar containing 50 μg/mL Kanamycin, X-gal (20 mg/mL) and IPTG 100 mM for 

blue/white colony screening. Preparation for colony PCR was achieved by suspending the cell[s] 

in 20 μL of nuclease-free water and heating at 99 ± 1 °C for 10 minutes. The sample was then 

prepared for PCR using a sample of the 20 μL suspension as DNA.  

 

5.4.16 Sequencing  

 

Sequencing (Eurofins) was performed on pBAD-VapA plasmid isolated from E. coli TOP10. The 

pBAD primers were constructed as described in pBAD/His A, B, and C pBAD/Myc-His A, B, 

and C User Guide, and shown in Table 5.4. The primers were diluted to a concentration of 5 μM. 

5 μL of plasmid DNA was added to 5 μL forward primer and 5 μL reverse primer. Analysis of 

the sequence was conducted using NCBI BLAST. 

 

 

 

 

 

Table 5.4 pBAD forward and reverse sequencing primers to sequence insert containing gene of interest 

in pBAD/His A. 

Primer Sequence 

pBAD forward primer 5’- ATGCCATAGCATTTTTATCC -3’ 

primer pBAD reverse primer 5’- GATTTAATCTGTATCAGG -3’ 
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5.4.17 Recombinant Protein Expression  

 

5.4.17.1 Small-Scale Expression Assay  

 

LB agar plates (100 μg/mL ampicillin) were streaked with E. coli pBAD-His-VapA colonies and 

incubated overnight at 37 ± 1 °C. Selected individual colonies were suspended in 40 μL sterile 

H2O. 10 μL of the suspension was added to 10 mL LB containing 150 μg/mL Ampicillin. Starter 

cultures were grown at 37 ± 1 °C (shaking 220 rpm) and 22 °C (water bath shaking 120 rpm). 

After overnight incubation, 40 μL of culture was centrifuged at 10,000g for 5 minutes. The cells 

were resuspended in 40 μL sterile H2O and heated to 99 ± 1 °C for 5 minutes. 8 μL of the boiled 

suspension was added to the PCR mastermix as described in 5.5.7.1. PCR positive cultures were 

pooled and inoculated into 100 mL fresh LB containing 150 μg/mL ampicillin. The cultures were 

grown to OD 0.5 and induced with 0.4% arabinose. The cultures were induced at both 37 ± 1 °C 

for 1, 3, 4 and 16 h and 22 ± 1 °C for 16 h. 

 

5.4.17.2 Large-Scale Expression Assay 

 

LB agar plates (100 μg/mL ampicillin) were streaked with E. coli pBAD-His-VapA colonies and 

incubated overnight at 37 ± 1 °C. 10 cells underwent colony PCR (as described above) to confirm 

insert. These confirmed cells were pooled and added to a starter culture of 50 mL LB containing 

150 μg/mL Ampicillin. The culture was grown for 16 h at 22 ± 1 °C. 40 μL of the starter culture 

was centrifuged at 10,000g for 5 minutes. The cells were resuspended in 40 μL sterile H2O and 

heated to 99 ± 1 °C for 5 minutes. The sample was then confirmed by PCR for plasmid - insert 

stability. 10 mL starter culture was added to 750 mL LB containing 150 μg/mL Ampicillin and 

incubated at 37 ± 1 °C until the OD reached 0.5. An additional 50 μg/mL Ampicillin was added 

prior to induction. 0.4% L-(+)-arabinose was added to the culture and incubated in a shaking 

water bath (120 rpm) at 22 ± 1 °C for 16 h. Cells were centrifuged at 8,000 g for 10 minutes and 

the supernatant removed. 
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5.4.18 Cell Lysis   

 

5.4.18.1 Native Conditions  

 

Cells expressing recombinant protein were suspended in native lysis buffer containing: 50 mM 

NaH2PO4, 300 mM NaCl, 10 mM Imidazole, pH 8 at a ratio of 1 mL per 100 mL initial culture 

volume (188). Protease inhibitor cocktail (Sigma, UK) was added at 1:100 ratio. The suspension 

was then incubated on ice for 30 minutes. The cell suspension was sonicated using a microtip 

probe on ice – six 10 second bursts at an amplitude of 20 with a 10 second cooling interval period. 

The cell suspension was centrifuged at 10,000 g for 25 minutes at 4 ± 1 °C. 15 μL of the 

supernatant was added to 5 μL 4X SDS-PAGE sample buffer (containing: 50 mM Tris-HCL pH 

6.8, 2% SDS, 10% glycerol, 1% 2-mercaptoethanol, 12.5 mM EDTA and 0.02% bromophenol 

blue) and stored at -20°C. 

 

5.4.18.2 Denaturing Conditions 

 

The centrifuged cell pellet (described above) was resuspended in 5 mL lysis buffer containing: 

100 mM NaH2PO4, 10 mM Tris-Cl, 8 M urea, pH 8. Cells were lysed at room temperature for 60 

minutes on a rocking platform. 15 μL of the cell lysate was added to 5 μL 4X SDS-PAGE sample 

buffer and stored at -20 °C.  

 

5.4.19 Acrylamide Gel Analysis  

 

The samples were thawed and then boiled at 99 ± 1 °C for 5-10 minutes. 10 μL of the sample and 

protein ladder was loaded onto 10% Mini-PROTEAN TGX Precast Acrylamide Gels (BIO-RAD, 

UK). Electrophoresis was conducted for 40 minutes at 130 V. The gel was removed from the cast 

and washed twice in distilled H2O. The gel was submerged in Coomassie blue dye (Thermo 

Fisher) and microwaved for 30 seconds (until solution boils). This method of staining decreases 

time required to visualise bands. The gel was left to stain on a rocking platform for 10 minutes. 

The gel was removed and washed twice in distilled H2O and then boiled three times in distilled 
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H2O (microwave, 30 seconds). The gel was then submerged in de-staining solution (containing: 

5% methanol and 7% acetic acid) and left overnight.   

 

5.4.20 Protein Purification  

 

5.4.20.1 Ni-NTA Column – Sample Purification  

 

Ni-NTA agarose was added to the native supernatant at a ratio of 1:4 lysis buffer volume. 

The suspension was then added to the column and placed on a rocking platform at 4 ± 1 

°C for 60 minutes. The column was then fixed in a support and the flow through collected. The 

column was washed twice with 4 mL wash buffer (containing: 50 mM NaH2PO4, 300 mM NaCl, 

20 mM Imidazole (manufacturers guidelines), pH 8. The tagged protein was then eluted five times 

with 500 μL elution buffer (containing: 50 mM NaH2PO4, 300 mM NaCl, 20 mM Imidazole, pH 

8). A 15 μL sample of each eluate was prepared for SDS-PAGE as described above. The elutions 

with the protein present were combined.  

 

5.4.20.2 Buffer Dialysis  

 

The elutions containing the protein was placed in dialysis tubing (Sigma Aldrich) with a 

molecular weight cut off (MWCO) of 12kDa. The tubing was sealed and placed in dialysis buffer 

(lysis buffer described above) at 4 ± 1 °C for 16 h.  

 

5.4.20.3 Enterokinase His-Tag Cleavage  
 

Protein concentration was determined on a NanoDrop Microvolume Spectrophotometer. The 

sample was removed from the dialysis tubing and Enterokinase (New England Biolabs) added at 

an enzyme to target protein ratio of 1 unit per 25 μg of target protein. A control was prepared 

without the addition of Enterokinase. The samples were then incubated at room temperature and 

30 ± 1 °C for 1, 2 and 24 h. Following western blot analysis (below), the conditions were 

optimised. Enterokinase added at an enzyme to target of 1 unit and 0.3 unit per 7 μg of target 
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protein. A control was prepared without the addition of Enterokinase. The samples were then 

incubated at 30 ± 1 °C for 4 h.  

 

5.4.20.4 His-tag removal – Western Blot  
 

The protein exposure time and temperature to Enterokinase described above were analysed for 

effective His-tag removal (189). 15 μL of the sample was combined with 4X SDS-PAGE 

sample buffer (containing: 50 mM Tris-HCL pH 6.8, 2% SDS, 10% glycerol, 1% 2-

mercaptoethanol, 12.5 mM EDTA and 0.02% bromophenol blue). The samples were heated to 

99 ± 1 °C for 5 minutes. 5 μL PageRuler Plus Pre-stained Protein Ladder, 10 to 250 kDa and 15 

μL of each sample were loaded onto a 10% Mini-PROTEAN TGX Precast Acrylamide Gel 

(BIO-RAD, UK). The gel was run at 130V for 40 minutes (Bio-Rad running buffer). The gel, 

filter paper and nitrocellulose membrane (Thermo Fisher) were then incubated in transfer buffer 

(containing: 25 mM Tris, 190 mM glycine, 20% methanol, 0.1% SDS and 0.1% Tween20) for 

30 minutes. The stack setup was as follows, from bottom to top: filter paper, nitrocellulose 

membrane, gel, filter paper. The stack was then placed in a BIO-RAD Trans-Blot SD Semi-Dry 

Transfer Cell and electrophoresed at 125 mA for 90 minutes. The nitrocellulose membrane was 

then removed and washed in TBST for 10 minutes, twice. The nitrocellulose membrane was 

then blocked in 5% milk overnight at 4 ± 1 °C. The membrane was then washed in TBST 

(containing: 20 mM Tris - pH 7.5, 150 mM NaCl, 0.1% Tween 80) for 10 minutes, twice. Using 

the QIAexpress Anti-His HRP Conjugate Kit (Qiagen), a 1:1000 dilution of Penta-His HRP 

Conjugate in H2O. The membrane was incubated on a rocking platform at room temperature for 

1 h. The membrane was washed in TSBT for 10 minutes, twice. Chemiluminescence detection 

was performed on an ImageQuant LAS 4000.  
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5.5 RESULTS AND DISCUSSION  
 

5.5.1 Sequence Analysis of Bacterial S-Layer: VapA 

 

The monomolecular arrays of protein subunits forming surface S-layers are one of the most 

frequently observed bacterial cell envelope components. These proteins are produced in large 

quantities within the cell and self-assemble into a paracrystalline surface layer. The bacterial 

species studied were chosen based on the various self-assembled conformations they exhibited 

and the various native environments they inhabited. Primers were designed for amplification of 

vapA without the leader peptide to prevent the exportation to the outer membrane of E. coli. 

The primers were constructed so the coding sequence was aligned with promoter in the pBAD 

plasmid for expression. Figure 5.7 illustrates the differences between the present and absence of 

a leader peptide. The primer design was conducted on the sequence downstream of the leader 

peptide. The leader peptide identifies and translocate the protein to the periplasmic space and 

outer membrane, where the leader peptide is cleaved and degraded (190). The recombinant 

protein was designed to exclude the leader peptide to enable further processing in downstream 

applications. The insertion of the recombinant protein DNA into pBAD-His A enables the 

inclusion and expression of a histidine tag. Without engineering the S-layer protein to exclude 

the leader peptide, the protein would be translocated, and the N-terminal regions (including the 

His-tag) would be cleaved (Figure 5.7). In addition it has been suggested that the inclusion of 

the leader peptide is toxic to E. coli (191). Figure 5.8 is the amino acid and nucleotide sequence 

of VapA. The 5’ primer sequence binds after the signal peptide.  

 

Figure 5. 7 A schematic representation of the native post-translocational cleavage of the leader 

peptide. (A) native S-layer protein with leader peptide. (B) Engineered S-layer with the addition 

of a His-tag on the N-terminus of the leader peptide. (C) Engineered S-layer protein to exclude 

the leader peptide and include the addition of a His-tag.  
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Figure 5.8 Nucleic acid and amino acid sequence of the S-layer protein VapA (AAA21941.1) 

from Aeromonas salmonicida. A450 – GenBank: M64655.1 

Signal peptide sequence highlighted in blue. The primer binding sequence is highlighted in 

green (forward) and orange (reverse).  
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 5.5.2 Recombinant S-Layer Insertion in Host Strain 

 

Recombinant protein expression was achieved using the pBAD/His-A plasmid. The expression 

system required various optimisations to efficiently synthesise the Aeromonas salmonicida S-

layer protein VapA. The vector has an antibiotic marker present, however there is no capacity 

for visual verification of a successful ligation - insert event i.e., blue/white screening. As a 

result, the conformation of a successful insert was only verifiable by colony PCR. This required 

extensive screening of bacterial colonies (as shown in Figure 5.9IA) The colony that showed a 

successful VapA insert (colony 15 and 29) were spread plated to propagate the cells prior to 

colony PCR. The subsequent plated colonies were screened again for the VapA insert (as shown 

in Figure 5.9IB). SbsC from Bacillus stearothermophilus showed no successful ligation into the 

pBAD/His A plasmid. As a result, the PCR Blunt II TOPO vector was used for the efficient 

uptake of larger inserts. Figure 5.9IIA shows colony PCR screening of blue/white colonies for 

identification of the SbsC insert (Figure 5.S2). Although all these colonies presented with a 

white pigment, indicative of disruption of the β-galactosidase enzyme through α-

complementation, only colony 18 (Figure 5.9IIA) displayed a band at the correct size marker. 

Using the same approach above, the colony was propagated, and colony PCR used to confirm a 

successful E. coli TOPO-SbsC transformation.  

The successful amplification of the S-layer genes was achieved by initially using a broad range 

PCR Mastermix (2X OneTaq), followed by a high-fidelity polymerase (Q5). The more difficult 

larger S-layer – SbsC required gradient PCR using a high-fidelity polymerase. This was due to 

the degree of annealing temperature sensitivity. The more difficult PCR reactions also involved 

touchdown PCR, to generate low-specificity reactions to enhance annealing and subsequent 

amplification at higher temperatures. The approach to screening E. coli transformed with the 

plasmid containing the VapA S-layer DNA insert is depicted in Figure 5.S7 – Method 1). 

However, when inoculating fresh agar to propagate the transformed cells, the insert was lost, due 

to the overwhelming division of progeny that did not contain the insert. It is likely there was 

proportionally more cells containing the plasmid with no successful ligation. This method was 

optimised, and a more lengthened protocol enabled identification of a successful individual 

colony (Figure 5.S7 – Method 2). The additional S-layer proteins listed in Table 5.2 were 

unsuccessfully amplified by initial PCR attempts, however these conditions have not yet been 

optimised.  

 



 
 

125 
 

125 

125 

 

Figure 5.9. Agarose gel electrophoresis analysis 

on of VapA and SbsC inserts in pBAD/His and 

TOPO vectors. (IA) The screening of 

transformed E. coli colonies for the presence of 

the pBAD/His A vector containing the VapA 

insert. Colonies 15 and 29 show the presence of 

a 1,500bp band. (IB) Colonies 29 from panel a 

was spread plated to create identical progeny. 

A 

B 
B
b 

A 

I II 

Colony PCR was conducted on eight colonies. L – ladder (1kb Bioline). (IIA) E. coli cells transformed 

with the Blunt II TOPO PCR vector containing the SbsC insert were screened using colony PCR. Colony 

18 contained the successful ligation of SbsC into the Blunt II TOPO vector. This colony was spread plated, 

and the progeny were assessed again using colony PCR (IIB). In panel B – SbsC1 and 2, there appears to 

be some non-specific amplification below 1kb.  
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Recent studies have shown the regeneration capability of bacterial S-layers in vitro(192). This 

signifies that compromised S-layer structures are replaced, further demonstrating that S-layers are 

integral to the structure of the bacterial cell. This conserved repair process, shows the importance 

of structural integrity and that the periodic array is tightly maintained. Through the development 

of this evolutionary conservation, research is able to investigate the possible use of S-layers for 

surface coated structural attachment that can be applied in industry. The application benefits of 

utilising biological molecules, capable of self-assembling into ordered structures is clearly 

expanding. From the context of surface layer proteins derived from different bacterial 

populations, these show promise as an immobilisation matrix for binding various biomolecules. 

The various lattice conformational states the S-layers can assemble into, provides an endogenous 

flexibility for molecule attachment.  

 

5.5.3 Small Scale Production of S-layer Recombinant Protein 

 

The E. coli pBAD-VapA cells were induced with the addition of L-(+)-Arabinose at a 

concentration of 0.4% for ~16 h. The two-step temperature growth cycle and Ampicillin 

addition (5.5.17.1) was required to maintain plasmid stability and maintain selective pressure. 

During small-scale expression experiments overnight starter cultures displayed loss of the VapA 

insert when grown at 37 ± 1 °C, however maintained antibiotic resistance. The induction 

temperature could have led to cell stress, due to the metabolic load the recombinant S-layer 

protein expression presented.  It is also possible over-expression of the bacterial S-layer might 

be lethal to the E. coli host cell. This could possibly explain the need to explore a range of 

induction conditions and the need for a sensitive inducible promoter (arabinose pBAD 

promoter). Another hypothesis is Ampicillin degradation overnight led to the decline of cells 

containing the VapA insert. This resulted in propagation of plasmid-only cells. To address this, 

the overnight culture temperature was lowered to 22 ± 1 °C and the antibiotic concentration 

increased to 150 μg/mL. This resulted in a clear expression band ~55 kDa (Figure 5.10A – 

0.5%, 4h). It is possible that using a lower expression temperature helps to alleviate cell stress 

and the potential toxicity the recombinant S-layers synthesis imparts on E. coli.  

The expression system was then analysed to determine if the expressed recombinant protein was 

present in the native supernatant or denatured cell pellet. Figure 5.10B demonstrates a faint 

band present in lane 4, 5, 8 and 9. As the band is present in lanes 4 and 5, it can be deduced the 

protein is in the native supernatant fraction. Often proteins that are being expressed in high 

quantities, have the possibility of forming inclusion bodies – aggregated protein. Reducing the  
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8 9 5 4 

Supernatant Whole cell lysate 

7 

Figure 5.10 SDS-PAGE analysis of the optimised induction conditions. (A). Determination of S-

layer protein expression in native (supernatant 2-5) or (B) denatured (cell pellet 6-9) fraction.  (L) 

PageRuler Plus Ladder. (2) E. coli TOP10 pBAD-VapA uninduced. (3) E. coli TOP10 with no pBAD-

VapA. (4) Sample 1 - E. coli pBAD-VapA native supernatant. (5) Sample 2 - E. coli pBAD-VapA 

native supernatant. (6) E. coli  pBAD-VapA uninduced cell pellet. (7) E. coli TOP10 with no pBAD-

VapA cell pellet. (8) Sample 1 - E. coli  pBA-VapA denatured pellet. (9) Sample 2 - E. coli pBAD -

VapA denatured pellet. The percentages represent the concentration of arabinose used for induction. 

The lanes with Asterix indicate a possible VapA band at ~50 kDa,  
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temperature of the bacterial growth conditions, to encourage expression over a greater time-

period can aid in preventing inclusion bodies. As there are bands present in both the supernatant 

and whole cell lysate, it is possible some of the VapA protein has aggregated. The recombinant 

expression of Vapa without the leader peptide, resulted in majority of the protein being in the 

supernatant of the sample, following cell lysis under native conditions.  

 

5.5.4 Large Scale Production of S-layer Recombinant Protein  

 

In addition to the previously mentioned experimental set up (5.6.3) the subculture steps were 

divided. Firstly, the overnight culture was inoculated into fresh broth (150 μg/mL Ampicillin) 

and grown until O.D 0.5 at 37 ± 1 °C. The culture was then inoculated with an additional 50 

μg/mL Ampicillin and 0.4% L-(+)-arabinose and grown overnight at 22 ± 1 °C. The additional 

antibiotic replaced degraded Ampicillin and enabled plasmid stability. The lower temperature 

enabled a slower growth rate, and reduced cell stress. To ensure the VapA protein was being 

sufficiently expressed, an uninduced cell culture and a 0.4% L-(+)arabinose induced cell culture 

was grown overnight and purified on a Ni-NTA column. Figure 5.11 shows the eluates of both 

cell cultures. It is apparent that the addition of L-(+) arabinose in the culture, leads to the 

expression of a variety of cellular protein, however the band ~50 kDa is still present. In an 

attempt to elute the non-recombinant proteins, the Ni-NTA column was subjected to an 

increasing concentration of imidazole. Figure 5.12A shows varying elutions of all proteins 

between 20 mM – 100 mM imidazole. Figure 5.11B depicts 3 bands (1,2,3). These bands were 

analysed by mass spectrometry and the results are described in Appendix IV. Band 2 has been 

identified as VapA. 

 

5.5.5 His-Tag Cleavage  

 

Following purification on a Ni-NTA column, the VapA protein was exposed to Enterokinase for 

His-tag cleavage. Recombinantly expressed proteins are often tagged for downstream 

processing, such as purification. Frequently these tags are not removed as they present no cause 

for concern in the protein’s application. However, in the case of the S-layer where structure and 

function are highly relevant, we hypothesise the His-tag would have implications on the folding 

and crystallisation of the protein on solid supports. Figure 5.12B is a western blot analysis of 

the VapA protein exposed to various temperatures, durations, and concentrations of  
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FT W1  W2  E1 E2 E3 E4 E5 

 
FT W1  W2  E1 E2 E3 E4 

Figure 5.11 SDS-PAGE analysis of Ni-NTA purified VapA.  (A) uninduced E. coli 

pBAD-VapA cells purified on a Ni-NTA column. (B) L-(+)-arabinose (0.4%) 

induced E. coli pBAD-VapA cells purified on a Ni-NTA column. 1,2,3 represent 

the bands that were sequence in Appendix IV. The wash (W) used 20 mM imidazole 

and the elutions (E) 250 mM imidazole.  
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Enterokinase. The Penta-His HRP conjugate antibody binds specifically to 6 X His-tagged 

proteins. The Penta-His HRP Conjugate Kit (QIAGEN) is used for sensitive detection of 

recombinant proteins carrying His-tags without the need for secondary antibodies. This kit 

eliminates the need for secondary antibodies. Chemiluminescence imaging of a protein 

transferred nitrocellulose membrane exposed to the antibody. It is apparent that a temperature of 

30 ± 1 °C for 2h (Figure 5.12B) provides efficient conditions for enzymatic cleavage of the His-

tag. To optimise this step further, the VapA protein was exposed to two different Enterokinase 

concentrations at 30 ± 1 °C for 4 h. Figure 5.12C shows a faint band when compared to the 

control for 4 units, however when exposed to 14 units, the band disappeared. These results 

demonstrate the partial removal of the His-tag at 4 units and complete removal of the tag at 14 

units.  
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Figure 5.12 Optimisation of 

imidazole elution concentration 

and His-tag cleavage using 

Enterokinase. (A) SDS-PAGE 

analysis of imidazole elution 

concentration efficient for His-tag 

protein removal from the Ni-NTA  
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column. (L) Ladder, (FT) Flow through, (W) Wash. (B) Western Blot analysis on Ni NTA purified 

VapA bacterial S-layer protein exposed to Enterokinase (C – control, no Enterokinase and S – 

sample, incubated with Enterokinase).). VapA (25μg) incubated with 14.4 units of Enterokinase in 

various temperatures at 3 time points.  (C) VapA (7μg) was incubated in 4 and 14 units for 4 h. The 

control was incubated in the same conditions minus the Enterokinase.  
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5.6 CONCLUSION  
 

The aim of this research is to develop antibacterial surfaces capable of reducing the growing 

presence of AMR. By doing so, we as humans will rely less on the need for antibiotics to combat 

infection, as bacterial colonisation on previously contaminated surfaces will be significantly 

reduced. It is estimated that 80% of microbial infections are the result of biofilms formation (193).  

To our knowledge, this is the first attempt to recombinantly express bacterial S-layer VapA and 

remove the His-tag for surface arrays. As previously mentioned, optimisation is a key aspect of 

efficiently expressing these proteins in the E. coli host system. The need for optimisation steps 

of antibiotic concentration is apparent in Figure 5.S8, where there is clear evidence of satellite 

colonies – wild type colonies capable of growing on Ampicillin agar. This is due to antibiotic 

degradation from E.coli β-lactam release (194). We have successfully demonstrated 

transformation and relatively high-level expression of VAPA in E. coli (Figure 5.12). The other 

S-layer proteins mentioned in Table 5.2 were unsuccessfully amplified in initial PCR attempts. 

Although a PCR product was not visualised, future optimisation of the PCR conditions could 

potentially provide further recombinant S-layer proteins to study. 

It is evident that material science will play a key role in stemming bacterial biofilm formation and 

reducing the reliance on antibiotics, which are declining in efficacy to therapeutically threat 

infections. A promising research field into preventing microbial infections without the use of 

antibiotics is quorum sensing inhibitors. These molecules block the chemical signal from bacterial 

cells that enable the cells to sense their environment and adjust their cell-density and biomass 

accordingly. Once the bacterial biomass reaches a critical threshold, they release their toxic 

compounds that can overwhelm the host. An example of quorum sensing in P. aeruginosa is 

facilitated through the LasI/LasR and RhlI/RhlR proteins that secrete and detect the signal 

molecules 3-oxo-C12-homoserine lactone (HSL) and C4-homoserine lactone (C4-HSL) (195). 

Bacterial signalling inhibitor strategies are extremely promising; however, they still focus on the 

individual being infected in the first instance (196). Research is currently ongoing to embed 

quorum sensing inhibitors into materials to help prevent biofilm formation. Our development of 

a functionalised surface scaffold array for the uniform addition of molecules to a material, may 

provide an attractive opportunity for this form of anti-biofilm approach.  

Over the past few decades, researchers have demonstrated the cloning and sequencing of S-

layer genes, however there is very limited data surrounding the structural and functional 

relationships. This is likely due to the difficulties S-layer cloning presents, when attempting to 

create stable, high-expression in a host bacterium. The cause of the instability is the result of 
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various processes. These range from direct repeats, proteolytic degradation, or the formation of 

inclusion bodies (197), resulting in an irregular S-layer structure. Kuen., et al, 1996 (191) 

suggested attempts to clone S-layer gene constructs from a variety of bacterial species into E. 

coli are unstable. Research groups have focused on both recombinant expression (197) (198) 

(199), and chemical removal of native S-layer proteins from the host bacterial cell (200). In 

2002, Moll, et al (201) designed building blocks and patterned elements for nanobiotechnology 

by fusing streptavidin (used to detect proteins, nucleic acid and lipids) to an S-layer protein, 

with the aim of forming chimeric S-layers. The expression vector pET-28a(+) (Novagen) was 

designed by inserting PCR fragments of streptavidin and SbsB into the construct. This 

Streptavidin fused S-layer proteins would then be able to self-assemble in a two-dimensional 

crystalline order. The fusion proteins were experimentally designed so that self-assembly of the 

S-layer protein SbsB was not inhibited, and streptavidin was accessible and functional in the 

chimeric S-layer lattice. 

Our research forms the underpinning for the use of recombinant bacterial S-layer expression 

without the inclusion of a leader peptide and a cleavable his-tag in E. coli, as a method for up-

scaling the production. By doing so, we intend to produce modifiable surface arrays capable of 

self-assembly with regular periodicity for peptide attachment such as cecropin. The leader 

peptide enables the protein conformation to remain closed, until it reaches the extracellular 

environment. However, in recombinant protein expression, the leader peptide hinders the ability 

to self-assembly. Experimentally, this could be determined with a recombinant S-layer protein 

that contains the leader peptide. Further improvements could be implemented, such as plasmid 

variety. Plasmids that possess at least two selective markers, present stronger selection 

capabilities. Additional studies that could follow our research is the further application of 

chemical and biological engineering. Bacteriophage research surrounding antibacterial 

capabilities mentioned in 1.5.4, present a possibility for surface attachment. Through genetic 

engineering, functional groups such as the amino acids tyrosine, serine or threonine, could be 

expressed in both the bacterial S-layer proteins and bacteriophages, providing free -OH groups. 

By then treating surface materials i.e. silicone, mica etc with N-hydroxysuccinimide, surface 

functionality could be achieved through attachment by covalent crossing to the free -OH groups.   
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5.7 SUPPLEMENTARY  

Figure 5.S1. Amino acid analysis of both SbsC (A) and VapA (B) for identification of 

signal peptide.  

A 
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Figure 5.S2. Gradient PCR optimisation of VapA, SbsB, SbsC and SbsD. (Ai) Gradient PCR of S-

layer VapA (1,500 bp) from 30 °C - 50 °C. (Aii) PCR of bacterial S-layer VapA optimised at 44 °C. 

(Bi) Gradient PCR of bacterial S-layers SbsB, SbsC, and SbsD. (Bii) Schematic of the gradient PCR 

cycle.  
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Figure 5.S3. Gradient PCR of bacterial S-layer gene rsaA from 

Caulobacter cresentus from an annealing temperature between 50 

°C - 60 °C. 

 

Figure 5.S4. Gradient PCR amplification of bacterial S-layer gene 

SbsA from Bacillus stearothermophilus. (A) Annealing 

temperature between 35 °C - 55 °C. (B) Gradient PCR of bacterial 

S-layer gene SbsA from Bacillus stearothermophilus from an 

annealing temperature between 46 °C - 48 °C using MyTaq 

polymerase.  
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Figure 5.S5 Transformed E. coli screening for successful DNA inserts. (A) E. coli TOP10 colonies 

containing the pBAD His A plasmid with the SbsC insert. (B) E. coli TOP10 colonies containing the 

PCR Blunt II TOPO vector with the SbsC insert. The blue colonies signify a break in the lacZα gene 

and a possible successful ligation.  

 

A B 

Figure 5.S6 PCR amplification of bacterial S-layer gene SbsA from Bacillus 

stearothermophilus using high-fidelity Q5 polymerase. (A) annealing temperature of 

48 °C. (B) annealing temperature of 43.5 °C. 

 

A B 
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Figure 5.S7. A depiction of the process involved in colony screening for insert identification. (Method 1) 1. 

Bacteria are transformed and plated on LB agar containing ampicillin. 2. 5-10 colonies are suspended in H20. 

3. The sample of the suspension is spread plated and then boiled. 4. PCR is conducted on the sample. 5. The 

sample is then ran on an agarose gel. This process is repeated multiple times to screen large numbers of 

colonies. (Method 2) 1. Bacteria are transformed and plated on LB agar containing ampicillin. 2. A colony 

is touched with an inoculating loop and then touched on a numbered grid LB agar plate containing ampicillin. 

3. 5 colonies are added to a single PCR tube and resuspended in H2O and boiled. 4. PCR sis conducted on 

the sample=. 5. The sample is then ran on an agarose gel. This is repeated multiple times. The tube containing 

the successful colony is then screened further. 6. Individual colonies are added to a PCR tube, suspended in 

H2O and boiled. 7. PCR is conducted on the sample. 8. The successful colony is identified and can then be 

sub-cultured.  

Image created using Biorender.com 
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Figure 5.S8 A photograph of transformed E. coli TOP10 cells containing the 

pBAD-HIS plasmid with VapA insert. The image is used to highlight the satellite 

colonies present.  
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CHAPTER 6 – FINAL CONCLUSIONS 
 

The outcomes of this thesis further advance and aid the testing of novel antibacterial surfaces. The 

urgent need for a reproducible antibacterial surface test that can be easily standardised for acceptance 

across research is vital. Currently, the variability in antibacterial surface testing results reported in 

peer-reviewed papers allows for potential misinterpretation/unreliability of data. Increasing research 

focusing on antibacterial polymer science to fight AMR, mean it is a necessity that a protocol fit for 

purpose is developed to reliably assess antibacterial surface capacity. The findings in this thesis have 

enabled alterations of the current ISO 22196 protocol to create a tool that can be easily applied and 

repeated by global research facilities, anywhere. These alterations include surface preparation, 

bacterial storage, nutrient broth concentration, inoculum volume, humidity, and surface washing 

technique. In this time of increasing AMR, this tool is needed to robustly determine the efficacy of 

new materials, coatings, and surfaces in the fight against AMR. Studying biofilm formation and the 

inhibition of its formation on biotic and abiotic surfaces is fundamental to our ability to control and 

limit the spread of global microbial infections. The global population is now more connected than 

ever, and infections can spread on a mass population level. The necessity for the control of microbial 

pathogens has never been more critical.  

This thesis seeks to approach the combating of biofilm formation on surfaces from a bottom-up 

approach. In Chapter 3 we have developed an improved methodology for the reliable quantification 

of antibacterial capacity, by making various improvements such as the detection sensitivity and 

survival of bacteria on surfaces by preventing dehydration. An in-depth analysis of the ISO 

22196:2011 protocol revealed an urgent need for an improved robust protocol, where the 

optimisations would be accessible to global laboratories. This essential work derived an 

understanding of how varying experimental parameters impacts test result viability. Having optimised 

this protocol, we applied it to test antibacterial surfaces developed at the University of Liverpool 

(Chapter 4). The advances in material science have enabled the engineering of polymers to possess 

antibacterial properties. Major sources of bacterial transmission, leading to pathogenic infections 

originate from contaminate surfaces. The assessment of bacterial survival on inverse vulcanised sulfur 

bulk polymers, demonstrated a significant bactericidal effect over 24 h period (S-DIB showed a 

99.9% and 99.999% reduction from E. coli and S. aureus, respectively. S-DCDP showed a 97.5% and 

58.3% reduction from E. coli and S. aureus, respectively). The potential application of these stable 

antibacterial polymers could be advantageous in high-contact interfaces such as elevators/train 

buttons, door handles, handrails etc.  
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Chapter 5 investigates a relatively new field of research surrounding the ability to biologically 

engineer, self-assembling, crystalline protein scaffolds. We expressed and purified bacterial proteins 

for self-assembled surface arrays. Through applying the advances in genetic engineering, it has been 

possible to recombinantly synthesise protein surface scaffolds from the microorganisms that cause 

the infections. Research groups that have attempted to use recombinant S-layer proteins for 

spontaneous surface re-crystallisation have done so with the affinity tag attached. We suggest that tag 

removal will aid the structural studies of these proteins ability to self-assemble and crystallise on solid 

support interfaces. We have demonstrated in our research that it is possible to engineer the proteins 

with a cleavable affinity tag. This research provides the initial proof of concept to aid the development 

surface attached S-layer proteins for the development of biopolymers to prevent biofilm formation. 

Further steps could focus on applying the S-layer proteins to various solid surfaces for re-

crystallisation. These highly symmetrical crystallised solid supports will functionalise surfaces, 

enabling them to be decorated with various additives i.e. antibacterial peptides.  

 

The public health threat faced by increasing AMR has the possibility to significantly impact the 
scientific progression of controlling microbial infections. As therapeutic options become less 
effective, preventing infection from the primary source, could present an effective solution. 
Surfaces with innate antimicrobial properties such as copper provide easy application, however 
these materials are expensive and do not currently address the more protected microorganisms 
encapsulated through biofilm formation. For surfaces to be effective in the public domain, such as 
touch screens/high contact areas, these materials need to be “smart”. Surfaces such as the ones 
mentioned in Chapter 1, where synthetic biology has been exploited to engineered beneficial 
surface characteristics provide an elegant prospect for further interdisciplinary surface science 
research. Our investigation into the use of scaffolds derived from bacterial proteins, forms the 
foundations to build upon.  
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APPENDIX I - INVESTIGATING THE ANTIBACTERIAL 

PROPERTIES OF INVERSE VULCANISED SULFUR 

POLYMERS 
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APPENDIX II - ISO 22196: 2011 PROTOCOL   
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APPENDIX IIII – PLASMID SEQUENCING RESULTS 
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APPENDIX IV – PROTEIN IDENTIFICATION RESULTS 
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APPENDIX V – STANDARDIZING THE EVALUATION OF 

ANTIBACTERIAL ACTIVITY AT SURFACES: TOWARDS 

IMPROVED REPRODUCIBILITY OF DATA 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

193 
 

193 

193 

Standardizing the evaluation of antibacterial activity at surfaces: Towards improved 

reproducibility of data 

Ross Mulhall 1, Sean H. Goodman 1, Heather E. Allison 2, * and Rasmita Raval 1, * 

1 Open Innovation Hub for Antimicrobial Surfaces, Surface Science Research Centre, 

Department of Chemistry, University of Liverpool, Oxford Street, Liverpool, L69 3BX, United 

Kingdom 

2 Institute of Integrative Biology, Biosciences Building, University of Liverpool, Crown 

Street, Liverpool, L69 7ZB 

* Correspondence: Raval@liverpool.ac.uk; Tel.: (+44 0151 794 3541) (R.R.) 

hallison@liverpool.ac.uk; Tel.: (+44 0151 795 4571) (H.E.A.)

Abstract: 

The ISO 22196:2011 (ISO 22196) protocol is the current registered, international standard 

operating protocol for the measurement of antibacterial activity on plastics and other non-porous 

surfaces. Our analysis of published peer-reviewed papers identified the lack of consensus across 

research using the ISO 22196. Results showed that many publications use the ISO 22196 as a 

framework for their investigations, though they extensively modify and adapt the protocol to their 

particular needs. The ISO 22196 is dependent on research groups performing the assay in a 

consistent manner. Without a standard universal assay, the ability to compare data from global 

institutes is impacted. This study suggests experimental modifications and optimizations to the 

current ISO 22196 protocol for increased reliability and repeatability in the delivery of data, and 

we present an improved and validated methodology for investigating the antibacterial capacity of 

a non-porous surface.  

Importance 

The results of this study highlight the inconsistently the current ISO 22196 entails and demonstrates 

the need for a reliable antibacterial assessment protocol for surface evaluation. These finding have 

enabled alterations of the protocol to create a tool that can be easily applied and repeated by global 
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research facilities. In this time of increasing antimicrobial resistance (AMR), this tool is needed to 

robustly determine the efficacy of new materials, coatings, and surfaces in the fight against AMR. 

 

Keywords: ISO 22196:2011; antimicrobial surface testing; Escherichia coli; Staphylococcus 

aureus, antimicrobial surface 

1. Introduction 

The age of bacterial pathogens possessing multiple antibiotic resistances threatens our ability to 

control and treat infectious diseases, worldwide. Our current toolbox of drugs is no longer adequate 

to control and prevent infections(1). The challenges brought about by these times have led to the 

use of multidisciplinary strategies to combat microbes. One avenue is to develop novel materials 

or coatings that possess innate or engineered antibacterial activity. Antibacterial surfaces generally 

either incorporate anti-adhesive functions or bactericidal compounds(3). For these surfaces to be 

universally adopted, their antibacterial efficacy and effectiveness needs to be evaluated. To attain 

this, industry and academia use an international standard measure to quantify antibacterial activity 

– ISO 22196:2011, which will now be referred to as ISO 22196(4). From a critical evaluation on 

the methodology of the ISO 22196 (Fig. 1B) within peer-reviewed journals, we identified extensive 

experimental method variation. Alterations in the testing protocol have an impact on the ability to 

quantify antibacterial activity in a defendable and repeatable way. Sometimes, even the ability to 

identify a material’s antibacterial potential can be obscured when tested differently. A detailed 

study by Wiegand et al.(5) conducted a round robin test to evaluate whether there was consistency 

across laboratories stating the use of the ISO 22196 for antibacterial testing. Data derived from this 

assay revealed that >85% of the laboratories involved chose to use the ISO 22196, however a 

variability in the results was observed across all laboratories(5). This study led us to identify 

deficiencies in the protocol that causes the variability and state low-cost, manageable improvements 

to yield increased reproducibility. By doing so, we have developed an improved methodology to 

increase the repeatability across test centers.  
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This paper identifies key factors within the literature where the ISO 22196 was used to validate the 

antibacterial properties of a surface (Figure 2 & Table 1) and suggests microbiological optimization 

of the protocol for improved experimental antibacterial surface quantification. Figure 1 graphically 

represents the key parameters encompassed within the ISO 22196, and codes them according to a 

traffic light system. This is further expanded in Table 1. Our research tested the ISO 22196 protocol 

to quantify the antibacterial effects of polymeric sulfur compounds(6). Herein, we report techniques 

that are more reliable, reproducible, and accommodating for the assessment of antibacterial 

surfaces. This was achieved by evaluating the key parameters individually to optimize their 

function. The aim of this study is to stimulate a discussion to implement/update a protocol that is 

capable of delivering reproducible assessment of novel antibacterial surfaces.  

 
2. Results  

Analysis revealed vast variation in the ISO 22196 method occurs across research papers, as further 

demonstrated in Table 1. Significant deviations from the standardized ISO 22196 method are 

highlighted with a traffic light system. The high ration of red and yellow visually demonstrates 

inconsistency across research groups. In this study the impact of variation in the parameters of ISO 

22196 (Fig. 2) were investigated. 

In Figure 2B, the effect of nutrient broth concentration was investigated to determine if there was 

a variability in bacterial cell survival. Over a 24 h incubation period, the difference between E. coli 

cells suspended in 1:500 compared to 1:100 diluted nutrient broth showed a > 1.9 log10 reduction 

in cell survival. Over the same period, the difference between S. aureus cells suspended in 1:500 

compared to 1:100 diluted nutrient broth showed a > 2.7 log10 reduction in cell survival.  
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To evaluate the effect of nutrient availability on bacterial survival we varied the inoculum volume. 

This was achieved by incubating the bacterial strains in 100 μL and 400 μL volumes (Figure 2C). 

E. coli and S. aureus showed a > 0.5 log10 and >1.3 log10 reduction in cell viability, respectively 

when present in 100 μL. This demonstrates the use of 100 μL as an inoculum volume has a 

significant effect on cell viability, compared to a larger volume of 400 μL. Both E. coli and S. 

aureus demonstrated greater cell death in 100 μL inoculum, as compared to 400 μL.  

 

The results of the humidity investigation into E. coli cell survival showed a > 5 log10  and > 6 log10  

reduction in cell survival in the absence of a controlled humid environment for inoculum volumes 

of 100 μL and 400 μL, respectively (Figure 2A). The investigation also looked at whether 

increasing inoculation volume provided a greater nutrient availability to the E. coli cells and 

reduced susceptibility to evaporation. Figure 2A demonstrates over a 24 h period in the present of 

humidity, a 0.7 log10 reduction was observed between 100 μL and 400 μL. The evaporative effects 

of the bacterial inoculum volume has signifcant implications on rate of cell surivial.  

 

The method of surface washing following the incubation period were investigated. After 24 h, E. 

coli and S. aureus cells were removed from the surface using a 1,000 μL single-channel pipette and 

a 10 mL automatic serological pipette. The results showed a > 0.3 log10 and > 0.8 log10 difference 

in recovery using the two washing methods for E. coli and S. aureus, respectively (Figure 2D).  
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3. Discussion  

3.1 An investigation of the variability of ISO 22196:2011 methods in peer-review journals  

To investigate the underpinning methodology of the ISO 22196 protocol, assessment of over 60 

peer-reviewed papers was conducted stating the use of ISO 22196, of which 17 papers were 

analysed in-depth (Fig 1B) ranging in publication date from 2010 – 2020. This study then focused 

on the development and optimization of the ISO 22196 protocol for improved repeatability of the 

results obtained. The research was the result of difficulty in applying and gaining reliable and 

reproducible results when accessing antibacterial surface properties. The work presented here 

firstly examined data and methodology in the published literature, with critical focus on how the 

ISO 22196 protocol was applied in academia and industry to validate antibacterial surface capacity. 

This was subsequently investigated by experimental testing of the protocols, revealing problematic 

areas of the methodology. The papers analysed in this study were sourced through a Google Scholar 

- ISO 22196 search, and are an example of, but not solely inclusive of the modifications that are 

made within the literature (Table 1). Modifications cited in the paper are used as an example of 

where the ISO 22196 needs to be more stringent for publication and is not used to question 

respective research. As part of our evaluation of the current ISO 22196, we examined the main 

criterion defined in the protocol. These included: bacterial strains, incubation conditions/time, 

growth media composition and bacterial enumeration techniques. The ISO 22196 protocol 

inadequately describes respective methods and so by being vague, the test incurs variability. This 

is apparent from the literature review, where researchers have modified the methodology to acquire 

results. The suggested optimizations were the result of research that was interdisciplinary between 

surface scientists and microbiologists.  

Initially, concerns from a microbiological perspective on the ISO 22196 protocol focused on 

bacterial maintenance. The ISO 22196 states maintenance is achieved by storing the strains at 5 – 

10 °C, with transfers to fresh storage medium every month. This process is permitted to be repeated 

up to 5 times, effectively allowing 5 months of bacterial storage through sub-culturing in 5 -10 °C 
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conditions. This is concerning from a preservation perspective, as these cells will be in a weakened 

physiological state. Although bacterial metabolic activity will be reduced, these strains are not 

inactive and therefore have the potential to mutate. If a sample containing multiple colonies is 

inoculated on fresh storage medium, this will result in amplification of various progeny that 

potentially harbor detrimental mutations(7). When preparing an inoculum, careful consideration 

needs to be taken to ensure consistency. When these bacterial cells are scraped from the agar 

medium and suspended in diluted nutrient broth, the assessment of the ‘proposed antibacterial 

surface’ is conducted at a cell-surface interaction level. Any bacterial mutations could interfere 

with the effectiveness of the antibacterial assessment and lead to differential results. Genetic 

variability across bacterial species can result in different cell surface properties, this can include 

protein production, enzyme secretion and resistance markers(8,9). The outcome can result in bias 

when evaluating an antibacterial surface. Without the global adoption of standardized strains, 

comparison of antibacterial surface data becomes very difficult.  

 

A more reliable method for inoculum preparation is conducted from a frozen glycerol stocks stored 

at -80 °C that are streaked onto agar media. From agar streak plates a single colony can be used to 

inoculate 10 mL LB broth (in triplicate) at 37 °C for 12 - 15 h in a shaking incubator. To ensure 

that experiments are run with metabolically active, growing cells, cultures can then be sub-cultured 

1:100 into 10 mL of fresh LB broth and allowed to grow for 3-5 h until a reading of OD600 0.5 is 

achieved. From this a dilution in sterile suspension media can be conducted to achieve a desired 

inoculum concentration.  

 

A further aspect of concern within the protocol surrounds material sterilization. This step is vital in 

preserving consistency and delivering quantifiable results. Ethanol is lethal to bacteria through 

degradation of the cell membrane(8). The time required to have a significant bactericidal effect is 

>15 seconds(9). This duration also varies depending on whether the bacteria of concern is Gram-

positive or Gram-negative. To ensure consistency and avoid variability, material cross 
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contamination must be considered for surface sterilization prior to testing. Based on the current ISO 

22196 method, it is suggested that ‘wiping’ the substrate with 70% ethanol, this is an insufficient 

contact time. The material used to ‘wipe’ the substrate would in itself need to be assessed for any 

antibacterial effect. This is neither stated nor suggested in the protocol. This is further echoed with 

the lack of information on cover film sterilization. From a material science perspective, the use of 

solvents on a substrate for sterilization is not recommended. Alcohol based solutions have the 

potential to remove the active antibacterial components or interfere with the engineered propensity 

to be antibacterial i.e. a change in water contact angle due to removal of surface-active hydrophobic 

compounds.  

The use of solvents is not recommended, however if they are used, sterilization control substrates 

will need to be implemented within the test. A improved universal approach to material sterilization 

is UV-C light (10) for 15 min each side of the test substrate. From Table 1, 

it can be observed that many research groups do not follow the ISO 22196 for the suggested cover 

film material. The cover film material stated in the ISO 22196 protocol is polyethylene i.e. cling 

film. This material is very difficult to manipulate and handle. In our research, we implemented UV-

C light for effective sterilization. For a protocol to quantify a surfaces antibacterial capacity, the 

sensitivity of the testing must be able to confidently distinguish between surface antibacterial 

effectiveness, for example a 1 log10 reduction compared to a 2 log10 reduction. By using materials 

that have not been tested and proven to be inert i.e. cover films or surface wiping materials, the test 

is susceptible to false-positive results. This can be avoided by using non-contact sterilization 

methods such as UV-C light.  

 

3.2 Impact of nutrient broth concentration on cell viability  

The effect of nutrient broth concentration was investigated (Fig. 2B) to determine the impact on 

bacterial cell survival. For S. aureus, the higher dilution of nutrient broth also led to an increase in 

variability after 24 h incubation, evident by the error bars (Fig. 2B).  
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This investigation was used to determine whether the cell suspension media (1:500 diluted nutrient 

broth) had an impact on cell viability. The ISO 22196 protocol uses a nutrient broth that has been 

vastly diluted. The purpose of the broth is not to support growth, but rather prevent cell death, 

therefore this is not truly nutrient broth, but rather a cell suspension media.  

Currently the ISO 22196 states the bacterial inoculum is prepared by suspending a scrape of cells 

from the agar slants in 1:500 diluted nutrient broth for both bacterial Gram – positive and Gram – 

negative species (S. aureus and E. coli, respectively). The extracellular environment of the bacteria 

influences the viability. Bacterial strains for both Gram-positive and Gram-negative bacteria 

require different media resources and quantities. To sustain bacterial viability, strain requirements 

have to be considered. E. coli and S. aureus necessitate independent environmental conditions to 

deliver effective and reliable data. This can be optimised by testing and controlling the composition 

of the cell suspension media. As identified by this study, using a 1:500 diluted nurtient broth for 

Gram-positive bacteria increases inconsistency. S. aurues has enormous intracellular pressure, 

ranging from 10-20 atm(28). When exposed to significant changes in osmostic pressure, induced 

through exposure to the 1:500 diluted nuritenrt broth, the cell becomes stressed. As a result, when 

testing on a ‘proposed antibacterial’ surfaces, the concluding results are likely to be inacurate as 

cell death has been influenced by the inoculum suspension environment. A paper by Watson et 

al(29), described the survival response of S. aurues in a limited nutrient environment. They showed 

over a period of 24 h a >4.5 log10 reduction from a starting concentration of 5 x 106 CFU mL-1. 

Suspension enviornment has a significant effect on Gram-positive cell surival, therefore as stated 

before a ‘one size fits all’ universal approach cannot be taken for different bacterial species. When 

a protocol does not define a fixed inoculum volume, and permits for a bacterial concentration to be 

altered accordingly, variability in protocols and accumulated data between labs will ensue.  

 

3.3 Impact of inoculum volume on cell viability  
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Our investigations into varying inoculum volumes for both E. coli and S. aureus identified the use 

of 100 μL as an inoculum volume has a significant effect on cell viability, compared to a larger 

volume of 400 μL. Both E. coli and S. aureus demonstrated greater cell death in 100 μL inoculum, 

as compared to 400 μL after 24 h. The ISO 22196 allows for an inoculation volume from 100-400 

μL. What the protocol does not account for is an alteration in the diluted nutrient broth 

concentration. When there is an increase in inoculum volume by up to 4X, but the cellular 

concentration is maintained (106 CFU/mL-1), there is a deficit of nutrients and moisture. This has a 

direct impact on cell survival.  

 

3.4 Effect of humidity on bacterial cell viability  

In the absence of a humid environment, E. coli showed a reduction in cell survival for both 100 μL 

and 400 μL inoculation volumes, respectively (Fig. 2A). Our investigation (Fig. 2C) echoes these 

results, demonstrating that an increase in volume reduces the extent of evaporation and may also 

increase the stability of cell maintenance due to a slightly higher nutrient supply. This is also 

apparent from Figure 2A where over a 24 h period in the presence of humidity, a 0.7 log10 reduction 

was observed between 100 μL and 400 μL. 

The above assessed whether variability in evaporation was significant on cell survival in varying 

volumes. We identified that a reduced volume incurred increased cell death. The ISO 22196 

indicates that the petri containing the substrate should be incubated in a relative humidity not less 

than 90% for 24 ± 1 h. An area that is not considered is the environment within the petri dish. When 

using low inoculation volumes such as 100 μL the consideration for evaporation in paramount. A 

standard petri dish (100mm x 15mm) has a volume of 1.18 x 105 mm2, therefore the probability of 

evaporation inside the petri dish is significant (Fig. 2a and 2c). This can be controlled by 

standardizing the volume to 400 μL and by placing a sterilized moist sponge inside the petri dish 

(further details in 4.3 and 4.4). 
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3.5 Evaluation of bacterial removal method from substrates  

The method of bacterial removal from the substrate following the incubation period was 

investigated. After 24 h, E. coli and S. aureus were removed from the substrate using a 1000 μL 

single-channel pipette and a 10 mL automatic serological pipette. The results showed a difference 

in recovery using the two washing methods for E. coli and S. aureus, respectively, in comparison 

to the 0 h control (Fig. 2D). There was also increased variability with a single-channel pipette.  

Our antibacterial assessment follows quantitative and qualitative analysis. Quantification is 

achieved by washing the substrate surface after 24 h incubation. The ISO 22196 states 10 mL of 

Soybean casein digest broth with lecithin and polyoxyethylene sorbitan monooleate (SCDLP) is 

applied to the surface, collected and expelled at least four times using a 1000 μL pipette tip. We 

assessed the above washing method, to the use of a 10 mL automatic serological pipette where the 

SCDLP was collected and expelled onto the substrate at least 10 times. The washed substrate was 

then placed on a laboratory shaker. Following this the 10 mL of SCDLP was recovered. The use of 

differing pipettes (Fig. 2D) has an impact on bacterial recovery from a substrate after 24 h. 

Although the greatest difference of 1 log10 reduction can be seen for S. aureus, the large standard 

deviation on E. coli (single-channel pipette) demonstrates the inconsistency and unreliability using 

this method. As the bacterial cells move from a planktonic state to a sessile surface adhered 

phenotype, the cellular characteristics will change. These changes include an increase in localized 

nutrients close to the surface and accessing essential metabolites and co-factors directly from the 

surfaces to which they adhere(30). Due to the cells being suspended in a diluted nutrient broth this 

will induce cell stress. As a result, an extracellular matrix between the cells may form to create 

microcolonies, to act as a protective measure. This proteinaceous sub-structure will aid in the 

adherence to the substrate. This is the pre-stage to a biofilm formation(31). It is therefore essential 

complete cell removal is achieved.  

The data presented here highlights small deficits in the protocol that have a significant impact on 

the integrity of the ISO 22196 results. These deficits must be addressed to aid in gaining high 

quality data from research into novel antibacterial materials.  
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4. Conclusions 

In summary, we showed that the current ISO 22196 protocol for the antibacterial assessment of 

innate or engineered surfaces is insufficient. We present optimizations and manageable verified 

improvements that will deliver reliable, consistent, and reproducible results These include 

improved: cell management, strains tested, cell growth state, inoculations, surface sterilization, 

surface cell inoculation and surface cell recovery. This study aims to stimulate a change in the 

current assessment protocol for quantifying antibacterial surface activity. We also aim to bring to 

the attention of researchers, the huge disparity between institutions conducting the testing and data 

presented.  

 

5. Materials and Methods 

5.1 Bacterial strains  

Two bacterial strains listed in the ISO 22196 were used Escherichia coli C (DSM 1576), purified 

from human faeces and Staphylococcus aureus (DSM 346) a coagulase positive, beta-lactamose 

negative strain used in the assay of antibiotics and in media and sterility testing. These were sourced 

from the Leibniz Institute, DSMZ-German Collection of Microorganisms and Cell Cultures GmbH. 

 

5.2 Preparation of bacterial inoculum  

Bacterial strains were stored in glycerol stocks at -80 °C.  

As described in the ISO 22196 protocol(4) the bacterial stocks were maintained by storage on 

appropriate medium (nutrient agar containing: 10 g L-1 peptone, 5 g L-1 NaCl, 2 g L-1 yeast extract, 

5 g L-1 meat extract, 15 g L-1 agar at pH 7.1 ± 0.1) at 5 – 10 °C, with transfers to fresh storage 

medium every month. The strains were prepared for testing by incubating on slant culture media at 
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35 ± 1 °C for 16 h to 24 h. This process was repeated on fresh slant culture media and incubated at 

35 ± 1 °C for 16 h to 20 h. The test inoculum was prepared by suspending a scrape of bacterial cells 

in 1:500 and 1:100 nutrient broth (containing: 5 g L-1 meat extract, 10 g L-1 peptone (enzymatic 

digest of casein), 5 g L-1 sodium chloride and 15 g L-1 agar at pH 7 ± 0.2.) for Escherichia coli and 

Staphylococcus aureus, respectively. The bacterial cells were homogenously suspended by 

vortexing 10 seconds and water bath sonication 10 seconds 50kHz (Grant Ultrasonic XB3). 

Bacterial enumeration was conducted using a calibration curve from CFU/mL correlated to 

spectrophotometer value (OD600). The bacterial suspension was then adjusted to the desired optical 

density to achieve a target concentration of 3 x 106 cfu/mL.  

 

5.3 Preparation of substrates/materials  

Polycarbonate substrates (30 mm x 30 mm) were sterilized by submersion in 70% ethanol for 10 

minutes, followed by submersion in ABS ethanol for 10 seconds. The substrates were then stored 

in an aseptic environment. Cover films were cut from polyethylene film (20 mm x 20 mm) and 

sterilized under ultraviolet (UV-C) light (250–270 nm) for 15 minutes. Cellulose sponges were 

prepared to a size of 20 mm x 20 mm and autoclaved. 

Note: all testing was conducted on polycarbonate surface. When substrates are referred to as 

‘controls’ they follow the ISO 22196 protocol. When referred to as ‘test’ they follow our optimized 

methodology 

 

5.4 Incubation conditions  

5.4.1 Assessment of inoculum volume impact for bacterial cell viability  

The control substrate was prepared with 100 μL of the inoculum (106 cfu/ mL-1) mentioned in 4.2, 

placed on the polycarbonate substrate and covered with a polyethylene film. The surfaces were 

placed in a sterile petri dish with a cellulose sponge containing 3 mL H2O and incubated at 37 °C 
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for 24 h in a humidity chamber (>90% humidity). The test substrate was prepared as above but with 

400 μL of the inoculum (106 cfu mL-1 – concentration adjusted).  

 

5.4.2 Assessment of nutrient broth concentration on bacterial cell viability 

The bacterial inoculums of Escherichia coli and Staphylococcus aureus were prepared in both 

1:100 and 1:500 diluted nutrient broth. 100 μL of the inoculum (106 cfu mL-1), was placed on the 

polycarbonate substrates and covered with a polyethylene film. The surfaces were placed in a sterile 

petri dish with a cellulose sponge containing 3 mL H2O and incubated at 37 °C for 24 h in a 

humidity chamber (relative humidity >90%).  

 

5.4.3 Assessment of humidity on bacterial cell viability  

The bacterial inoculums were prepared as stated in 4.2. Escherichia coli and Staphylococcus aureus 

were prepared in both 100 μL and 400 μL volumes (106 cfu/mL – concentration adjusted). The 

inoculated surfaces were incubated in petri dish environments that had the present and absent a 

sponge containing 3 mL H2O. The petri dishes that had the sponge present were then incubated in 

a humidity chamber. These were incubated at 37 °C for 24 h.  

 

5.4.4 Assessment of the method of bacterial removal from the substrates  

The substrates were submerged in 10 mL soybean casein digest broth with lecithin and 

polyoxyethylene sorbitan monooleate – SCDLP (containing: 17 g L-1 casein peptone, 3 g L-1 

soybean peptone, 5 g L-1 sodium chloride, 2,5 g L-1 disodium hydrogen phosphate, 2,5 g L-1 glucose, 

1 g L-1 lecithin and 7 g L-1 nonionic surfactant (Tween 80) in distilled water at pH 6,8 and 7,2). The 

control substrate was washed by the uptake and release of 1000 μL SCDLP four times using a 

single-channel pipette. The test substrate was washed by the uptake and release of 10 mL 

SCDLP ten times using an automatic serological pipette, followed by agitation on a laboratory 



206 
 

shaker. The subsequent washes were then serially diluted to 10-6 and plated on plate count agar – 

PCA (containing: : 2.5 g L-1 yeast extract, 5 g tryptone L-1 , 1 g glucose L-1 , 15 g agar L-1 at pH 7.1 

± 0.1) and incubated at 35 ± 1 °C for 40 h to 48 h.  

The pipettes used in this assessment and throughout the experiments were 100 – 1000 µL 

STARLAB ErgoOne Single-Channel Pipette and STARLAB ErgoOne FAST Pipette Controller 

(with 10 mL serological pipettes). 
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Figure 1. Key elements of the ISO 22196:2011 protocol.  

(A) A graphical representation of ISO 22196:2011. 1) bacteria inoculated on slant 

culture media from stock culture @ 35 ± 1°C for 16 h to 24 h. 2) bacteria sub-cultured 

from (1) on to fresh slant culture media and incubated @ 35 ± 1°C for 16 h to 20 h. 

3) cells from the previous step are suspended in diluted nutrient broth, adjusted to 

desired OD600 and used as the test inoculum. 4) In a sterile petri dish containing a 

moist sponge, the inoculum is applied to the surface in the range of 100-400 µL and 

polyethylene cover film applied. 5) Inoculated surfaces are incubated @ 35 ± 1 °C at 

a relative humidity of ≥90% for 24 ± 1 h. 6) Surfaces are washed with 10 mL soybean 

casein digest broth with lecithin and Tween 80 (polyoxyethylene sorbitan 

monooleate) - SCDLP. 7) from the SCDLP wash, 10-fold serial dilutions are 

performed in phosphate-buffered physiological solution. 8) 1 mL of the dilution is 

mixed with 15 mL plate count agar. The petri dishes were then inverted and incubated 

@ 35 ± 1 °C for 40 h to 48 h at a relative humidity of ≥90%. 

(B) A schematic to demonstrate the variability in research from a literature review of 

ISO 22196:2011. The diagram is based on Table 1. 
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Figure 2. Experimental factors assessed for their impact on variability and used to 

identify a more reliable method.  

(a) Humidity - The effect of humidity on Escherichia coli survival over 24 h in a 100 μL and 

400 μL cell suspension. Cell concentration ~3 x 106 CFU/mL. (b)The effect of varying 

nutrient broth concentration on cell survival over 24 h in 100 μL volume. (c) The effect of 

inoculation volume on cell survival over 24 h. E. coli was cultured in a 1:500 nutrient broth, 

S. aureus was cultured in a 1:100 nutrient broth. (d) The effect of various methods used to 

wash the substrate after exposure to a 100 μL bacterial suspension for 24 h. E. coli was 

cultured in a 1:500 nutrient broth, S. aureus was cultured in a 1:100 nutrient broth. Statistical 

analysis was carried on the log transformed data. * (p-value <0.05), ** (p-value <0.01), *** 

(p-value <0.001). Error bars represent standard deviation. 
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Table 1. A literature review of research papers that have utilized ISO 22196:2011, identifying materials and methods used. 
The table identifies the various alterations in research both within industry and academia. Units shaded in green signify the protocol has been followed according to ISO 22196. Red 
shaded units indicate deviation from the protocol. Yellow shaded units highlight either the method was not stated in the peer-reviewed papers or there is insufficient detail to decide either 
way if the category is accordance with the ISO 22196. The first row highlighted in green, is the standard ISO 22196:2011 protocol and is used as the reference for all comparison. 

 

Reference Microorganism Plating Media Cell Count Inoculum 
Volume Suspension Media Cover Film Incubation Conditions 

 
(ISO 22196:2011(“ISO 22196, 

Plastics—Measurement of 
Antibacterial Activity on 

Plastics Surfaces. International 
Organization for 

Standardization.,” 2011) 

Staphylococcus aureus ATCC 6538P, 
Escherichia coli ATCC 8739 

Plate Count 
Agar 2.5 – 10 x 105 CFU/mL 100 - 400 μL 1:500 diluted nutrient broth 

polyethylene, 
polypropylene or 

polyester 
[poly(ethylene 
terephthalate)] 

35 ± 1 °C/ 24 ± 1 h 

 

(Raja et al., 2019) Escherichia coli NCTC 10538, 
Staphylococcus aureus ATCC 6538  106 CFU  Nutrient broth Glass cover slip 37 °C/1, 2, 4, 6, 24 and 

48 h 

(Knobloch et al., 2017) Staphylococcus aureus ATCC 33591 
Columbia sheep 

blood agar 
(COS) 

5 x 105 CFU/mL 400 μL 0.85% NaCl solution Stomacher bag 
film 35 °C/24 h 

(Koklic et al., 2018) Listeria innocua, Escherichia coli, 
Staphylococcus aureus Nutrient agar Varied concentrations from 

100 to 105 CFU/mL 1000 μL Tryptic soy broth (TSB)  37 °C/24 h 

(Yi et al., 2018) 
Escherichia coli ATCC 8739, 

Pseudomonas aeruginosa ATCC 9027, 
Staphylococcus aureus ATCC 6538P 

Serial dilutions 
plated on 1.5% 

LB agar 
2.6 x 105 -6.6 x 106 150 μL 

TSB overnight culture, 
then 5mL into fresh TSB 

and grown overnight (O.D. 
= 0.07) 

 37 °C/- 

(Wang et al., 2017) Escherichia coli Tryptone soya 
agar 2.5 - 10 x 105 CFU/mL 400 μL TSB  35 ± 1 °C/ 24 ± 1 h 

(Arriagada et al., 2018) Escherichia coli ATCC 25922, 
Staphylococcus aureus ATCC 25923 Plate count agar 2 x 106 CFU/mL 400 μL  Polyethylene film 37 °C/24 h 

(Dinjaski et al., 2014) 

Staphylococcus aureus CECT 86, 
Mycobacterium smegmatis CECT 3020, 

Escherichia coli CECT 516, Pseudomonas 
aeruginosa PAO1 CECT 4122, 

Staphylococcus epidermidis CECT 232, 
Bacillus subtilis subsp. subtilis CECT 39, 

LB agar 6.2 - 25 x 103 CFU/mL  1:500 diluted nutrient broth No cover film 37 °C/24 h 
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Streptococcus dysgalactiae subsp. 
equisimilis CECT 926. Equisimilis, 
Streptococcus pyogenes CECT 985, 

Staphylococcus aureus 61115, 61286, 
61314 

(Qureshi et al., 2014) Escherichia coli ATCC 8739, 
Staphylococcus aureus ATCC 6538 

Mannitol salt 
agar plates 

4.06 x 107 – 7.6 x 108 
CFU/mL, E. coli and S. 

aureus, respectively 
300 μL 

Nutrient agar (NA) and 
brain heart infusion (BHI) 

broth 
Glass slide 37 °C/24 h 

(Roca et al., 2015) 
Escherichia coli CCL410, Staphylococcus 

aureus NCIMB 9518, Listeria 
monocytogenes EGDe ATCC 

 5 x 105 CFU/mL 16 μL BHI broth  37 °C/24 h 

(Bazant et al., 2018) Escherichia coli ATCC 8739, 
Staphylococcus aureus ATCC 6538P      35 °C/48 h 

(Różańska et al., 2018) 
Acinetobacter baumannii, 

Acinetobacter pittii, 
Acinetobacter lwoffii 

Solid MHA Density 0.5 McFarland 
standard 100 μL First in Muller-Hinton agar 

and then diluted into TSB  
0, 60, 120, 180, 24, 300 

min at approx. 22 °C 
(room temp) 

(Gibas and Richert, 2018) Staphylococcus aureus ATCC 6538P, 
Escherichia coli ATCC 8739 Plate count agar 7.5 x 105 CFU/mL  NA, then diluted in 1:500 

nutrient broth Glass slide 35 °C/24 h 

(Stich et al., 2018) Staphylococcus aureus Agar (not 
specified) 5 x 105 CFU/mL    35 °C/24 h 

(Ando et al., 2010) 

Escherichia coli NRBC3972, 
Staphylococcus aureus NRBC12732, 
Methicillin resistant Staphylococcus 

aureus UOEH6 

Standard agar 
plates 2.5-10 x 105 400 μL 1:500 diluted nutrient broth Polyethylene film 35 °C/24 h 

(Vreuls et al., 2010) Escherichia coli ATCC 8739, Bacillus 
subtilis 168 LB agar plates 2-4 x 106 CFU/mL 200 μL Overnight culture seeded 

into fresh LB broth Polyethylene film 37 °C/24 h 

(Amini Moghaddam et al., 
2019) 

Escherichia coli CCM 4517 and 
Staphylococcus aureus CCM 4516  

1 x 106 – 1.5 x 107, E. coli 
and S. aureus respectively   

CFU/mL 
  Polyethylene film 24 h 

(Cochis et al., 2020) Staphylococcus aureus ATCC 43300 
Selective 

mannitol salt 
agar plate 

Optical density 0.001 at 
600 nm, corresponding to 1 

× 105 cells/mL 
100 µL 

10 mL LB incubated @ 37 
°C (120 rpm) for 18 h, then 

diluted in fresh LB 
Polyethylene film 35 °C/24 h 
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