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Abstract 

It is estimated that over 4 million patients in the EU acquire a healthcare-associated 
infection every year, resulting in approximately 37,000 deaths annually and 
significant financial burden on the healthcare systems. Due to their large surface 
area, hospital textiles can provide an ideal substrate for microorganisms to grow and 
may act as vehicles for the transmission of pathogens. The antimicrobial 
functionalisation of healthcare textiles using nanomaterials offers an alternative 
approach for infection control. In this study, selenium nanoparticles (SeNPs) were 
investigated as promising novel antimicrobial agents to functionalise cellulose-based 
textiles. Additionally, silver nanoparticles (AgNPs) were employed since they are 
among the most extensively studied and applied antimicrobial inorganic 
nanoparticles. In the first stage of the study, the nanoparticles were prepared in 
aqueous suspensions to investigate the influence of synthetic conditions of the 
nanoparticles on their antimicrobial performance. Based on the literature and 
findings from this study, it was hypothesised that the presence of chemical stabilisers 
(polymers, surfactants, etc.) on the surface could hinder the antimicrobial activity of 
SeNPs against some bacterial species. Therefore, in the second stage, a new method 
was developed to prepare inorganic nanoparticles in situ on the surface of cationized 
cellulose without the addition of any stabiliser. The method is simple, rapid and 
environmentally friendly with the employment of ascorbic acid as the mild reducing 
agent and microwave irradiation as a green and effective source of energy. The 
results demonstrated that both Se and AgNPs were successfully prepared on the 
cationized cellulose fabrics and exhibited excellent laundry durability. The 
antibacterial tests revealed that the cationic groups and the nanoparticles showed 
combined effects against the bacteria. The presence of Se or AgNPs clearly 
improved the antibacterial performance of the cationized cellulose. The nanoparticle-
functionalised cationic cellulose fabrics demonstrated strong antibacterial activity 
against all the bacterial species tested (Staphylococcus aureus, Klebsiella 
pneumoniae, and Escherichia coli), almost no viable bacteria were detected after 24-
h contact when tested using the Absorption Method described by ISO 20743:2013. 
LIVE/DEAD staining and scanning electron microscopy analysis indicated that 
bacterial cells were visually damaged through contact with the nanoparticle-
functionalised cationic cellulose fabrics. SeNPs prepared in situ showed comparable 
antimicrobial performance to the AgNPs, indicating its potential as an antimicrobial 
agent to functionalise cellulose materials. Furthermore, the functionalised fabrics 
showed low cytotoxicity towards human cells when tested in vitro using an indirect 
contact method. In conclusion, this study provides a novel approach to prepare 
cationic cellulose fabrics functionalised with inorganic nanoparticles. The 
functionalised cellulose fabrics have excellent antimicrobial performance, low 
cytotoxicity and good laundry durability, demonstrating great potential to serve as an 
anti-infective material, especially in healthcare settings. 
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Thesis structure 

A description of each chapter of the thesis is presented as follows: 

Chapter 1 Introduction: This chapter explained the background and discussed the 

need to develop novel nanoparticle-based antimicrobial textiles that exhibit excellent 

antimicrobial performance, good laundry durability, and low toxicity to humans. 

Selenium nanoparticles (SeNPs) were identified as a promising but understudied 

antimicrobial agent for the surface functionalisation of biomedical materials and 

therefore were chosen as the focus of the study; silver nanoparticles (AgNPs) were 

chosen to serve as a well-known antimicrobial agent and studied as a comparison. 

Chapter 2 Preparation and characterisation of silver and selenium 

nanoparticles: This chapter focused on the preparation of colloidal SeNPs and 

AgNPs with controlled sizes. Surface condition (i.e. surface charge and the presence 

of stabiliser) was hypothesised to be a critical factor influencing the antimicrobial 

performance of SeNPs and, therefore, a few stabilising agents were chosen for the 

SeNPs preparation in this study. This was done based on (1) SeNPs have been 

successfully prepared with the assistance of these stabilisers by the previous studies, 

and (2) the absence of study or the differing results on the antimicrobial performance 

of the SeNPs stabilised by these agents from the literature. The physico-chemical 

properties of the prepared SeNPs and AgNPs were characterised by various 

techniques. 

Chapter 3 Antibacterial activity of colloidal silver and selenium nanoparticles: 

The antibacterial activities of the SeNPs and AgNPs with different stabilising agents 

against several Gram-positive and Gram-negative bacterial strains were 

systematically compared. The following questions were considered: (1) whether the 

antibacterial performance of SeNPs is related to the Gram-reaction of the bacteria; 

(2) could the lack of antibacterial activity of the SeNPs against E. coli reported by 

some studies be due to the test methods and conditions; and (3) if the stabilising 

agent influences on the antibacterial performance of the SeNPs. The feasibility and 

limitations of the different antibacterial evaluation methods for the study of the 

nanoparticles were also discussed.  
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Chapter 4 Functionalisation of cellulose-based textiles by silver or selenium 

nanoparticles: Based on the findings from the previous chapters and the literature, a 

new method to functionalise cellulose-based textiles with covalently fixed cationic 

groups and in situ prepared SeNPs or AgNPs was described for the first time in this 

chapter. The physico-chemical properties of the functionalised textiles and their 

laundry durability in terms of the loss of nanoparticles after repeated washing were 

characterised. The results showed that this method can be used to produce uniform 

inorganic nanoparticles that are securely attached to cellulose surfaces without the 

aid of stabilising or binding agents. 

Chapter 5 Antibacterial evaluation of the functionalised textile materials: The 

antibacterial activities of the novel functionalised textiles against S. aureus, E. coli 

and K. pneumoniae were evaluated using several different methods, including a 

challenge test method recommended by industry standards, a qualitative test based 

on chromogenic agar, in situ observation of bacteria using Live/dead staining and 

confocal microscopy, and scanning electron microscopy. The antibacterial 

performance of the fabric samples after repeated washing was also evaluated using 

the challenge test method. 

Chapter 6 Cytotoxicity evaluation of the functionalised textile materials: The in 

vitro cytotoxicity of the functionalised textiles towards a human keratinocyte cell 

line (HaCaT) and a human bronchial epithelial cell line (16HBE14o-) was tested 

using an indirect contact method. The cell activity was determined by measuring the 

adenosine triphosphate (ATP) and lactate dehydrogenase (LDH) levels of the cells. 

The influences of the different sample preparation conditions used in the indirect 

contact method on the test results were discussed.  

Chapter 7: Conclusions and future work: This chapter summarised the 

conclusions arising from the results and discussions from each chapter. The main 

contributions to knowledge of this study and possible future work were explained.  
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Chapter 1 Introduction   

1.1 Background 

The prevention or reduction of infections is an important subject of biomedical 

research, particularly with the emergence of antimicrobial resistance (AMR). As 

many strains of microorganisms have become resistant to nearly all of the current 

antibiotics, antibiotic resistance is now considered to be one of the major global 

threats to public health.1 It is of the utmost importance to address the ways of 

preventing infections as well as the development of new antimicrobial agents. In 

hospitals, patients with impaired immune systems are more vulnerable to pathogens 

and are more likely to develop further infections and complications.2 It is estimated 

that over 4 million patients are affected by at least one healthcare-associated 

infection (HCAI) every year in Europe.3 A report from the National Audit Office in 

2000 showed that HCAIs can cost the NHS in the region of £1 billion annually.4 

Moreover, reports from various European and North American countries indicated 

that the incidence rates have been increasing in the past two decades.5  

Indirect contact is one of the major routes for the spread of infections within hospital 

environments; for example, it can occur when an infected patient touches and 

contaminates a surface, and the contaminated surface is touched by a second person6. 

Hospital soft surfaces such as curtains, beddings and staff uniforms have been 

reported as possible reservoirs of HCAI pathogens and play an important role in the 

acquisition and transmission of pathogens in healthcare settings.7 Textiles can 

provide ideal substrates for microorganisms to grow on due to their large surface 

area and the ability to retain oxygen, nutrients, moisture and warmth, especially in 

contact with the human body.8 Many published studies have reported that, in 

healthcare settings, bacterial or fungal organisms are frequently isolated from 

healthcare textiles. Ohl et al.9 found that over 90% of the hospital privacy curtains in 

intensive care units and general wards were contaminated within one week with 

potentially pathogenic bacteria such as methicillin-resistant Staphylococcus aureus 

(MRSA) and vancomycin-resistant Enterococcus (VRE). A study conducted at a 

hospital reported that 60% of physician and nurse clothing carried pathogenic 
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bacteria, including MRSA.10 In one study, the survival of Staphylococcus aureus, 

Enterococcus faecium, and Pseudomonas aeruginosa on cotton textiles was studied 

for up to 21 days; the results revealed that at room temperature (25 °C), both E. 

faecium and S. aureus survived up to 21 days, and all the challenge bacteria survived 

for at least 3 days at all the temperatures evaluated (5 °C, 25 °C, and 50 °C).11 

Moreover, unlike some of the environmental textiles such as curtains which remain 

localised, uniforms worn in healthcare environments move around in the facility 

quickly and remain in close proximity to human bodies, making them even better 

substrates for microorganisms to grow on, facilitating spread. The survival of 

microorganisms on hospital-use fabrics and the transfer between patients and 

healthcare workers is a possible cause of infections.7,12  

Healthcare-associated infections and the resulting economic burden could be 

significantly reduced if the presence of pathogens can be eliminated, or at least 

controlled, in association with textiles in healthcare settings.13 The chains of 

infection can potentially be broken with the presence of antimicrobial textiles. 

Marcus et al.14 conducted a crossover, double-blind controlled study with patients in 

two chronic ventilator-dependent wards over a 7-month period; copper oxide-

impregnated linens, patient uniforms and towels were used in place of non-treated 

textiles in the care units and the results indicated that use of copper-impregnated 

textiles significantly reduced HCAI indicators, including antibiotic treatment 

initiation events, fever days, and antibiotic usage. Another study conducted in six 

hospitals in the US involving 1019 beds also supported the notion that the copper 

oxide-impregnated hospital textiles may help with the reduction of HCAIs.15 These 

findings demonstrated the great potential of antimicrobial textiles as a measure 

aimed to reduce HCAIs in healthcare settings. Although, the number of studies on 

the clinical use of antimicrobial textiles for the purpose of HCAI control is still very 

limited and the large-scale applications of these textile products in healthcare 

facilities need further investigation. For example, there are concerns about the 

damage to normal skin flora by antimicrobial textiles; so far, there is no evidence 

that they show significant adverse effects on the ecology of healthy skin.16,17 

The development of antimicrobial textiles can also address the environmental issues 

caused by disposable hospital textiles. Currently, hospitals are using large amounts 
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of disposable textiles including disposable curtains, drapes and uniforms, to reduce 

the risk of cross-infections. These textiles have to be discarded as bio-hazardous 

materials immediately after use, which generates an overwhelming amount of waste 

and environmental concerns.18 A study conducted in a 2000-bed hospital showed the 

use of reusable gowns could lead to a waste reduction of approximately 115 tonnes 

per year, as well as a cost saving of $360,000 (£230,000) annually.19 Reusable 

surgical textiles offer substantial sustainability benefits over the same disposable 

product in energy (200%–300%), water (250%–330%), carbon footprint (200%–

300%), volatile organics, and solid wastes (750%).20 Some of the disposable textiles 

can potentially be replaced by reusable antimicrobial textiles that exhibit a much 

longer lifetime as well as better protection from pathogens. Therefore, developing 

reusable antimicrobial textiles would be of considerable benefit to the population, 

economy and environment. 

With the growing concerns regarding antibiotic resistant microorganisms, a great 

number of antimicrobial materials have been developed and commercialised. 

However, many conventional antimicrobial agents on the market suffer from certain 

disadvantages, including weak antimicrobial potency, potential risk of developing 

resistance, and potential harmful or toxic effects to the human body and 

environment.21 The development of nanotechnology has enabled new approaches in 

the fight against pathogenic microorganisms.22 These approaches generally involve 

the use of nanoparticles (NPs). Nanoparticles are routinely defined as particles in 

which one dimension is between approximately 1 and 100 nm that show unique 

properties that are not found in bulk materials due to their exceedingly large specific 

surface area.23 The use of nanoparticles as novel antimicrobial agents has been 

attracting considerable attention. Thanks to their complex modes of action, it is 

believed that the chance of developing resistance towards nanoparticles is very 

low.24,25 Moreover, while hospitals have long been considered as a major source and 

reservoir of resistant bacteria,26 extensive evidence has shown that inorganic 

antimicrobial nanoparticles can be effective against antibiotic-resistant 

bacteria.21,27,28 For this reason, nanoparticles provide great potential to serve as an 

alternative antimicrobial agent and reduce the spread of antibiotic resistance, 

especially in healthcare settings. In this chapter, the possibilities of developing novel 
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nanoparticle-based antimicrobial textiles that are effective and long-lasting against 

pathogens, and safe to use will be explored. 

 

1.2 Bacteria 

There are various types of microorganisms, including bacteria, fungi, parasites and 

viruses. This thesis will focus on bacteria as they play a central role in infections and 

infectious diseases. Bacteria constitute a large domain of prokaryotic 

microorganisms and play a vital role in the environment and biosphere. They can be 

found in almost every habitat on earth, and they establish associations with higher 

organisms including humans.29 Most bacteria are harmless or even helpful, but some 

are pathogenic, causing diseases in humans and other animals; some bacteria that 

consistently inhabit the bodies of healthy animals are also opportunistic pathogens 

that can cause infections when suitable conditions arise.30  

Bacterial cells display a wide variety of shapes and sizes. The most common shapes 

of bacterial cells include sphere (coccus) and rod (bacillus). A typical bacterial cell is 

a few micrometres in size. The typical cell structures associated with prokaryotic 

cells, including bacteria, are depicted in Figure 1.1. 

 
Figure 1.1  Typical cell structures of prokaryotic cells. Image taken from OpenStax 

Microbiology.  

Original in colour 

https://openstax.org/details/books/microbiology
https://openstax.org/details/books/microbiology
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The outer layer of a bacterial cell normally consists of a cell wall and plasma 

membrane. The semi-rigid cell wall is vital to provide overall strength to the cell and 

protect the cell from environmental changes. Inside the cell wall, the plasma 

membrane surrounding the essential components of a bacterial cell exhibits selective 

permeability, allowing the selective passage of some molecules. Some bacteria also 

have extra layers such as cell capsules or slime layers external to the cell wall, which 

help the bacterial cells to adhere to surfaces. These structures enclose the cytoplasm 

and internal cell components and are known collectively as the cell envelope. The 

structures inside the cells are analogues to the organs inside a human body, serving 

specific functions. For example, ribosomes are responsible for protein synthesis, 

inclusions are able to store extra nutrients, and plasmids carry extrachromosomal 

genetic materials (deoxyribonucleic acid or DNA). Unlike eukaryotes, the DNA in 

bacteria and other prokaryotes lack complex nuclear membranes and are localised in 

an irregular-shaped region known as the nucleoid.29 Compared with other 

microorganisms such as fungi and viruses, bacterial cells provide a greater variety of 

unique targets for selective toxicity due to these cell structures. 

 

1.2.1 Gram-positive and Gram-negative bacteria 

Bacteria have conventionally been categorised into two main groups, differentiated 

by their reaction to a procedure. In 1884, the Danish scientist Hans Christian Gram 

discovered that certain bacteria retain crystal violet dye when washed with alcohol, 

whilst in others the dye was washed away.31 The two types of bacteria are now 

referred to as Gram-positive and Gram-negative bacteria respectively. The different 

reactions towards the Gram-staining procedure were due to the different cell wall 

structures of the two types of bacteria, as shown in Figure 1.2. 
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Figure 1.2  Bacterial cell wall structures of Gram-positive (left) and Gram-negative 

(right) bacteria. Image taken from OpenStax Microbiology.  

 

Gram-positive bacteria have a relatively thick cell wall, which is commonly between 

30 nm to 100 nm in thickness. The cell wall is composed of a multilayer of 

peptidoglycan which protects the plasma membrane located on the inside. The 

peptidoglycan, which consists of crosslinked polymer network of carbohydrates (N-

acetylglucosamine and N-acetylmuramic disaccharide) and peptides, forms a tough, 

elastic structure which is able to withstand hydrostatic and osmotic pressure 

differences.32 In the thick cell walls other cell wall polymers, such as the teichoic 

acids and polysaccharides, are covalently attached to the peptidoglycan.33  

The Gram-negative cell wall has a more complex structure than the Gram-positive 

cell wall. The peptidoglycan layer in Gram-negative bacteria is about only 5 to 10 

nm thick. External to this is an outer membrane consisting of proteins, 

lipopolysaccharides and phospholipids (about 7.5 to 10 nm). For both Gram-positive 

and Gram-negative bacteria, it is essentially the biomolecules on the cell wall which 

determine the surface properties of the bacteria, and thus the interactions of the 

bacterium with the environment.32  

Due to the different cell wall structure, Gram-positive and Gram-negative bacteria 

often react differently to antibacterial agents. For example, it is believed that 

although Gram-negative bacteria have a thinner cell wall, the double layer structure 

and defences such as efflux pumps make it generally more difficult for drugs to 

Original in colour 

https://openstax.org/details/books/microbiology
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penetrate.34 Interestingly, silver-based antimicrobial agents have been found to work 

better on Gram-negative bacteria. It is believed that the impermeability and clearance 

ability of the Gram-negative bacterial cell wall can prevent some entry of antibiotics 

but cannot stop small metal ions effectively, while the peptidoglycan on the thick 

cell wall of Gram-positive bacteria can successfully limit the penetration of silver 

ions.35–38 Therefore, when studying the performance of an antibacterial agent, it is 

important to investigate both types of the bacteria. 

 

1.2.2 Common bacterial species responsible for HCAIs 

The most common bacteria that are monitored by most European HCAIs and/or 

AMR surveillance systems include Gram-positive bacteria Staphylococcus aureus 

and Streptococcus pneumoniae, and Gram-negative bacteria Escherichia coli, 

Klebsiella pneumoniae, Acinetobacter baumannii, and Pseudomonas aeruginosa.39 

Staphylococcus aureus is a Gram-positive coccus (spherical cell) that are up to 1 µm 

in diameter and appear as grape-like clusters when viewed using a microscope. S. 

aureus is a member of the normal flora. About 20% of the human population are 

long-term carriers of S. aureus, and a large proportion of individuals (approximately 

60%) carry S. aureus intermittently.40 It is also an opportunistic pathogen and is a 

leading cause of bacterial infections in humans. It can cause infections of the skin, 

heart, lungs and brain. Strains of S. aureus have developed resistance to antibiotics 

such as methicillin and other beta-lactam antibiotics.41 Methicillin-resistant strains 

(MRSA) present very challenging problems for treatment, and have been isolated 

from various surfaces within a hospital environment including floors, air vents, 

tourniquets, furniture, beddings, and gowns to name but a few.41,42 MRSA is the 

leading cause of skin and soft tissue infection in patients reporting to the emergency 

department, with a rising rate in primary care clinics and intensive care units.43 In 

recent years, MRSA has moved outside the hospital and become a major 

community-acquired pathogen that has enhanced virulence and transmission 

characteristics.44  
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Another common Gram-positive coccus responsible for HCAIs is Streptococcus 

pneumoniae. They colonise the mucosal surfaces of the human upper respiratory 

tract. The carriage rates of S. pneumoniae can be up to 27% - 65% in children and 

10% in adults. It is an opportunistic pathogen that can cause a wide range of 

infections, including pneumonia, otitis media, sepsis and meningitis.45 

Escherichia coli is a Gram-negative bacillus measuring approximately 0.5 µm in 

width and 2 µm in length. They belong to the family Enterobacteriaceae and 

commonly present in the intestines of humans and animals. It is used in water 

bacteriology as a useful indicator of faecal pollution and thus has become an 

important marker in food and water hygiene. Most E. coli stains are non-pathogenic, 

but some serotypes are harmful. Multidrug-resistant E. coli strains are causing 

serious HCAIs, including gastroenteritis, urinary tract infections, bloodstream 

infections, and neonatal meningitis, through direct transmission person to person, 

environmental contamination, and via vehicles such as contaminated water or food.46  

Klebsiella pneumoniae, another important member of the family Enterobacteriaceae, 

is also a major cause of HCAIs. Klebsiella pneumoniae exists in the normal flora of 

the intestines, mouth, and skin. However, it is one of the most common hospital-

acquired pathogens, causing urinary tract infections, nosocomial pneumonia, and 

intra-abdominal infections.47 Klebsiella pneumoniae has been identified as a key 

source for antibiotic resistance; the non-susceptibility rates for the third generation 

antibiotics including cephalosporins, fluoroquinolones and aminoglycosides can be 

over 50% to 60% in some European countries.48 

Pseudomonas aeruginosa is also a Gram-negative rod-shaped bacterium. It is an 

opportunistic pathogen that plays a leading role in HCAIs caused by Gram-negative 

rods, responsible for approximately 10% of all HCAIs globally.49 It can cause 

various acute infections, including ventilator-associated pneumonia, meningitis, soft 

tissue infections, urinary tract infections and catheter associated infections. In the 

United States, P. aeruginosa causes about 51,000 HCAIs every year, of which about 

6000 (13%) are caused by multidrug-resistant P. aeruginosa.49 

Acinetobacter baumannii is a Gram-negative coccobacillus (very short rod) that are 

becoming increasingly important in HCAIs. It is an opportunistic pathogen that 
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primarily infects critically ill patients with compromised immune systems. A. 

baumannii is responsible for approximately 2% HCAIs in the United States and 

Europe.50 Alarmingly, it has been found that approximately 45% of all A. baumannii 

isolates are considered multidrug resistant worldwide, and the rates can be as high as 

70% in some parts of the world including Latin American and the Middle East.51 

 

1.2.3 Antimicrobial agents and antimicrobial resistance 

The control of microorganisms can be achieved by physical methods including heat, 

radiation, and filtration, or chemical methods where antimicrobial agents are 

involved. An antimicrobial agent is a substance that acts against microorganisms. 

They can either kill the target organisms, being ‘-cidal’ (e.g. bactericidal and 

fungicidal); or they can inhibit the microbial growth, being ‘-static’ (e.g. 

bacteriostatic and fungistatic).52 Antimicrobial agents have different modes of action 

and may target different sites of a microbial cell. They may act through oxidations, 

cross-linking, chemical reactions, or electrostatic interactions with the biomolecules 

of the microbial cell. Some agents can attack the bacterial cell wall and compromise 

cell integrity, some can change the permeability or damage the cell membranes, 

some inhibit the synthesis of proteins, and some have effects on DNA by 

intercalation or DNA strand breakage.53 More examples and details will be discussed 

in the following sections.  

In recent decades, the emergence of antimicrobial resistance, especially bacterial 

resistance to antibiotics, has become a serious threat to public health globally. It is 

known that any use of antimicrobials contributes to the development of resistance, 

while the misuse and unnecessary use greatly facilitates the progress.54 Apart from 

limiting the inappropriate uses of antimicrobial agents, it is also important to develop 

novel antimicrobials and alternative means to combat the pathogens. It is believed 

that multiple modes of action that target different biological pathways in the 

microbial cells can make it increasingly difficult for microorganisms to develop 

resistance to the agents as it will require simultaneous mutations to occur.24  
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1.3 Antimicrobial functionalisation of textiles 

1.3.1 Requirements for antimicrobial functionalisation of textiles 

As mentioned in Section 1.1, antimicrobial textiles can play an important role in 

maintaining hygienic standards and breaking the chains of infection in healthcare 

settings.7,13 The application or incorporation of antimicrobial agents can introduce 

antimicrobial properties to textile materials. Ideal antimicrobial functionalisation of 

textiles needs to satisfy the following requirements in order to achieve the greatest 

benefit:55 

(1) effective against a broad range of microbial species; 

(2) non-toxic to the consumers, not causing toxicity, allergy or irritation; 

(3) durable to laundering and cleaning; 

(4) cost-effective, safe and environmental-friendly in terms of manufacturing 

process; 

(5) compatible with other textile finishing processes, with no adverse effects on 

the quality or appearance of the textile. 

 

1.3.2 Antimicrobial agents for textile functionalisation 

Various antimicrobial agents with different modes of action have been applied in the 

textile industry. Most of the commercially available antimicrobial agents for textiles 

are organic, including triclosan, polyhexamethylene biguanide hydrochloride 

(PHMB), and quaternary ammonium compounds (QAC).55 In recent years, inorganic 

or metal based antimicrobial agents, especially silver, are also attracting increasing 

attention.55,56 Some commercially available antimicrobial agents for textiles or 

antimicrobial fibres are listed in Table 1.1.  
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Table 1.1 List of some commercially available antimicrobial agents and fibres.  

Product name Company Description 

AEGIS Microbe 

Shield® 

Microban Finishing agent based on quaternary ammonium compound (QAC) 64 

Agion® Agion Silver-zeolite-based additive65 

AmicorTM Acordis Acrylic fibres containing triclosan or combination of triclosan and tolnaftate66 

Bactekiller® Fuji Chemical Industries Silver-based antimicrobial additive67 

Bioactive® Trevira Polyester fibres containing silver68 

BioCote® BioCote A range of antimicrobial additives based on metal ions/compounds (e.g. silver, zinc, or 

copper) or QAC69 

BiofreshTM Sterling Fibers Acrylic fibres containing triclosan70 

Chitopoly® Fuji-Spinning Fibre made by kneading chitosan into polynosic fibre71 

Crabyon® SWICOFIL AG Composite fibre of chitin/chitosan and cellulose viscose72 



 12 

Product name Company Description 

Cupron® Cupron Copper particles incorporated into polymeric fibres73 

FeelFresh® Toyobo Acrylic fibres endowed with antibacterial silver ions74 

Shieldex® Statex Fabrics coated with metal (e.g. silver, copper, nickel or tin)75 

Reputex 20® Lonza Finishing agent based on polyhexamethylene biguanide (PHMB)62 

Sanigard-Ag LN Chemicals Finishing agent based on nano-silver76 

Sanigard-KC LN Chemicals Finishing agent based on QAC with various alkyl chain lengths76 

Sanigard-nano ZN LN Chemicals Finishing agent based on nano-zinc oxide76 

Silvadur TM Dow Chemicals Polymer fabrics delivering silver ions as the antimicrobial agent77 

Silvershield® Microban Silver chloride-based textile finishing agent78 

Swicosilver Swicofil Plasma deposited silver coating on filaments79 

ZPTech® Microban Antimicrobial additive to polymer based on zinc pyrithione78 
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1.3.2.1 Triclosan 

Triclosan (2,4,4’-trichloro-2’-hydroxydiphenyl ether, structure shown in Figure 1.3) 

is a synthetic non-ionic halogenated phenol that is widely used in many professional 

and consumer products such as personal-care products, detergent, plastics and 

textiles, as an antimicrobial agent. It is effective against a broad range of 

microorganisms by blocking lipid biosynthesis.  

 

Figure 1.3 Structure of triclosan. 

As a small molecule, triclosan has been applied onto commercial textile products at 

the finishing stage or incorporated into synthetic fibres during manufacturing.55 

However, due to the specific mode of action and widespread use, bacterial resistance 

to triclosan has been reported.57 Concerns have also been raised over the 

accumulation of triclosan in the ecosystem and the related food and water safety 

issues due to the widespread use of triclosan.58 Moreover, when exposed to sunlight, 

triclosan can break down into 2,8-dichlorodibenzo-p-dioxin, which raises concerns 

about toxic polychlorinated dioxins.59 Due to these environmental and safety issues, 

the unnecessary use of triclosan in textiles and some other products have been 

banned in some countries and areas (not including the UK). A number of companies 

previously claimed to have used triclosan as the antimicrobial agent to produce 

antimicrobial fibres (e.g. AmicorTM and BiofreshTM). However, this information is 

no longer to be found on their official website.  

 

1.3.2.2 Polyhexamethylene biguanide hydrochloride 

Polyhexamethylene biguanide (PHMB) is a polymer that includes biguanide repeat 

units separated by hydrocarbon chain linkers (Figure 1.4). PHMB is a potent 

antimicrobial agent from the polybiguanides family that has over 10 biguanide units 

and exhibits stronger antimicrobial activity than the corresponding monomer or 
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dimer. PHMB can damage the cytoplasmic membranes of bacterial cells and cause 

leakage of low molecular weight components; it can also bind to DNA and interfere 

with DNA functioning.60 Due to the low toxicity to humans, PHMB is widely used 

in antiseptics, hygiene products, the food industry, and the textile industry.61  

The attachment of PHMB to textiles is mainly through electrostatic and hydrogen 

bonding and therefore the durability of the PHMB finishing is a challenge. The 

attachment can be improved by creating or introducing more anionic groups on the 

fabric surface. For example, Reputex 20® (20% w/w PHMB) developed by Lonza 

(formerly Arch Chemicals) has an average of 16 biguanide units and is thought to 

present strong binding ability to the fibre surface due to the long polymer chain.62 

More negatively charged groups on the fabric surface introduced by negatively 

charged reactive dyes is also thought to be useful for improved binding ability. 

However, the strong ionic interaction that is useful for improvement of durability of 

the functionalisation may decrease the antimicrobial efficacy of PHMB.55,63  

 

Figure 1.4 Structure of PHMB.  

 

1.3.2.3 Quaternary ammonium compounds 

Quaternary ammonium compounds (QACs) are another important group of cationic 

antimicrobial agents. These compounds have a positive charge at the NR4+ structure, 

R being an alkyl group or an aryl group. QACs can have two types of major 

interactions with the bacterial cells: the polar interaction between the cationic group 

and the negatively charged cell membranes, and the non-polar interaction between 

the hydrocarbon chain on the QAC and the fatty components of the cell 

membranes.80 The hydrocarbon chain allows the molecule to penetrate through and 

rupture the cell membranes to compromise the cell integrity, and the ammonium 

group causes interruption of the essential functions of the cell.81 QACs can also 
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affect the DNA, interfering with the replication process.82 The antimicrobial activity 

of QACs depends on the number of cationic ammonium groups and the length of the 

alkyl chain, as well as the presence of the perfluorinated group. Typically, 

antimicrobial QACs have a chain length of approximately 12-18 carbon atoms. 

Figure 1.5 shows the structure of cetrimonium chloride, a typical QAC.  

 

Figure 1.5 Structure of cetrimonium chloride.  

 

QACs have been applied onto textiles as finishing agents to impart antimicrobial 

properties.63 One of the issues with QACs is that the attachment onto the fibres is 

generally through electrostatic interactions, which results in poor durability of the 

coating, similarly to PHMBs.81 Different methods have been developed to improve 

the attachment, including the synthesis of QACs with functional groups to covalently 

graft the compound to the fibres, and anchoring the QACs onto the backbone of 

polymers to make polycationic structures, especially polysiloxanes.83 The company 

Microban offers a textile finishing agent called AEGIS Microbe Shield® and claims 

that the agent can “molecularly bond” to the treated surface and form a protective 

layer. The active ingredient of the product is 3-

trimethoxysilylpropyldimethyloctadecyl ammonium chloride, which is a non-volatile 

silane that can form covalent bonds with the fabrics, offering great durability to the 

finishing.64 Unfortunately, although the resistance towards this particular substance 

has not been reported, the bacterial resistance to QACs has been reported widely.84,85 

 

1.3.2.4 Chitosan 

Chitosan is made by the deacetylation of chitin, the second most abundant natural 

polysaccharide after cellulose (shown in Figure 1.6). Chitin exists in the cell wall of 

some fungi as well as the exoskeleton of insects and crustaceans such as crabs and 

shrimps. Chitosan is a linear polysaccharide composed of two monomer units, D-

Glucosamine and N-acetyl-D-glucosamine, linked by a β(1–4)-glycosidic bond.86  
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Figure 1.6 Preparation of chitosan from chitin.  

 

Due to good biocompatibility, biodegradability, and antimicrobial activity, chitosan 

has been widely studied for biomedical applications and textile functionalisation.63,81 

As a natural cationic polymer, chitosan exhibits antimicrobial action against various 

bacteria and fungi.87 The antimicrobial activity of chitosan is influenced by several 

factors including the molecular weight (Mw), polymerisation degree, and degree of 

deacetylation (DA), as well as the pH of the surrounding environment.63 The first 

step of the antimicrobial action is through the electrostatic interaction between the 

positively charged primary amine and the negatively charged microbial cell wall. For 

the low Mw water-soluble chitosan, the polymer chain can penetrate through the cell 

wall, combine with DNA, and prevent protein synthesis. High Mw chitosan presents 

a higher density of positive amine groups, which may have an impact on the cell 

membranes, resulting in increased permeability and the leakage of some intracellular 

substances; or it can form an impermeable layer around the cell, which blocks the 

transport of substances essential for the cellular activities.87 The company Swicofil 

produced fibre product call Crabyon, which is a blend of chitosan/chitin and 

cellulose viscose with permanent antimicrobial property.72   
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One of the main disadvantages of chitosan as an antimicrobial agent is the 

performance dependence on environmental pH and temperature. Chitosan is only 

soluble in an acidic medium and it becomes polycationic when the pH is below the 

pKa (6.3-6.5), which means the antimicrobial activity of chitosan is highly pH-

dependent.88 Moreover, the properties of chitosan such as Mw and viscosity can alter 

during the storage and handling of the polymer, which further influence the 

antimicrobial activity.89 Another disadvantage is the poor durability of chitosan 

finishing on textiles. To solve this problem, crosslinking agents such as 

polycarboxylic acids and derivates of imidazolidinone have been applied to increase 

the adherence to the fibres.63  

 

1.3.2.5 Metal-based antimicrobial agents 

Many heavy metals, including silver, copper, zinc, and cobalt, are toxic to 

microorganisms. There are several possible modes of action of the antimicrobial 

activity of metals. They commonly bind to proteins and inactivate them to interfere 

with the cellular functions of the microorganisms;90 due to their reduction potential, 

the redox-active metal species can act as catalytic cofactors in cell enzymes to 

generate or catalyse reactive oxygen species that damage the biomolecules of the 

cells.63  

Among all the antimicrobial metals, silver is the most widely used in the textiles 

industry due to its broad antimicrobial spectrum and non-toxicity to humans at 

biocidal concentrations.55 Moreover, it is becoming increasingly popular among all 

the antimicrobial agents; in 2004, the market share of silver as an antimicrobial agent 

for textile treatment was estimated to be 9%, while the number increased to 25% in 

2011, indicating that silver is replacing the organic compounds for antimicrobial 

treatment of textiles.56 There are different forms of silver used to functionalise 

textiles, including metallic silver, silver ion exchangers (e.g. silver zeolites and silver 

glass), and silver salts.56 Metallic silver traditionally mainly includes electrolytically 

deposited silver on fibre surfaces (e.g. Shieldex®75 and Swicosilver79). In recent 

years, the use of nano-sized silver (including metallic silver and silver salts) in the 

textile industry is also emerging, which will be discussed in detail in Section 1.4.  
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Silver has been used to prevent diseases and food spoilage for thousands of years; 

the antibacterial property of silver was recognised as early as when bacteria were 

identified as pathogens, and silver nitrate was used for treatment of infectious 

diseases such as skin ulcers and suppurating wounds.91 Silver ions are believed to 

ultimately provide the antimicrobial actions.56 Silver ions react with the thiol groups 

of proteins, resulting in cellular dysfunction, damage of the cell wall and change in 

permeability of cell membranes; they can also impair DNA replication by disruption 

of adenosine triphosphate (ATP) production.36,38,92 Feng et al.38 studied the effects of 

silver ions on E. coli and S. aureus using AgNO3. Observations using transmission 

electron microscopy (TEM) revealed the morphological changes caused by silver 

ions in both E. coli and S. aureus. The cell wall became detached from the plasma 

membrane, and they were both damaged. Unfortunately, on the other hand, due to 

the extensive usage of silver-based antimicrobial agents in commercial products, 

there have been concerns regarding the development of bacterial resistance to silver 

compounds.91 The first silver-ion resistant bacterium was isolated from a burn 

wound that was treated with silver nitrate in the 1960s,93 after which silver resistant 

microorganisms have been found in many different clinical environments and silver-

containing devices, including burn wounds, dental restorations and silver-coated 

polymer catheters.94–96  

The metal particles, metal salts or metal-organic complexes can be incorporated into 

synthetic fibres before fibre extrusion and then diffuse to the fibre surface during 

use. The main advantage of this method is the simplicity of applying the agents 

during the manufacturing process; however, the antimicrobial performance can be 

very limited due to the restricted release of the antimicrobial agent through the 

polymer matrix as they are trapped inside the fibres and lack interaction with 

microorganisms.63 Another approach is to apply the antimicrobial agent at the 

finishing stage to coat the fibres. For natural plant (e.g. cotton) or protein fibres (e.g. 

wool), the functionalisation can only be achieved through this method. Pre-treatment 

of the textiles to create functional groups on the fibre surfaces can be an effective 

way to increase the uptake and chelating capability towards metal salts.63 The 

treatment can be achieved through either chemical (e.g. NaOH97 and succinic acid98) 

or physical methods (e.g. plasma treatment99). For example, Nakashima and 

coworkers98 treated cellulosic fabrics with succinic acid to produce carboxyl groups 
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on the cellulose, which clearly increased the capability of the fabrics to adsorb metal 

salts (CuSO4 and ZnSO4). When the metal ions are adsorbed to the fabric surface, 

metal particles, including nanoparticles, can be subsequently synthesised in situ on 

the fabric surface. Sometimes the functional groups created by the pre-treatment are 

also used to directly attract metal nanoparticles. This will be discussed in detail later 

in this chapter. 

 

1.3.2.6 Current problems of antimicrobial textiles 

There are several major challenges for the antimicrobial functionalisation of textiles. 

The first is the antimicrobial performance and the concerns of resistance. Some of 

the antimicrobial agents available for textile functionalisation, including triclosan, 

QACs and silver compounds, have been used in a wide range of applications for 

decades. The emergence of bacterial resistance to these agents has been reported.96 

Therefore, it is of value to develop and study novel antimicrobial agents that exhibit 

complex modes of actions to curb this trend. Another issue is the durability of the 

functionalisation. Reusable textiles are subject to repeated washing during daily use. 

When applying the antimicrobial agents at the finishing stage, it is important to make 

sure that the agents are securely attached to the fabric surfaces because the release of 

these agents results in the reduction of antimicrobial performance and potential 

health and environmental impact.  

 

1.4 Antimicrobial inorganic nanoparticles 

With the emergence of nanotechnology, many efforts have been made to produce 

nanoparticles for multiple purposes including antimicrobial applications. Nano-sized 

materials have unique optical, physicochemical, and biological properties which 

differ from their corresponding bulk materials due to the extremely large specific 

surface area. As the material size decreases to the atomic level, the percentage of 

atoms on the surface increases, resulting in amplified activities and many special 

properties.100 Additionally, as biological processes happen on the nanoscale, 
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nanomaterials have great potential in biomedical applications by their direct 

involvement in these processes.101–103 These interesting properties make 

nanomaterials extremely useful in the areas of biology and biomedicine, where 

applications include: antimicrobial treatment, anticancer treatment, drug and gene 

delivery, biosensors, separation of biomolecules and cells, tissue engineering, and 

bio-imaging.102  

Many different kinds of nanoparticles have been used as antimicrobial agents. Some 

have intrinsic antimicrobial properties, while others are made into hybrids and 

nanocomposites that exhibit synergistic effects or serve as carriers of antimicrobial 

drugs. Here in this thesis the focus is mainly on inorganic nanoparticles that show 

inherent antimicrobial properties. As mentioned in Section 1.3.2, many metals and 

their salts/compounds are toxic to microorganisms. With the development of 

nanomaterials, their nanoparticles (e.g. Ag, Cu/CuO, ZnO, and TiO2) are also found 

to be potent antimicrobial agents. Silver nanoparticles (AgNPs), as the most widely 

studied and used antimicrobial nanoparticles, have been found to be effective against 

a broad range of micro-organisms, including both Gram-positive104 and Gram-

negative bacteria,105 fungi,24 and viruses.106 Thanks to their broad-spectrum 

antimicrobial properties, silver nanoparticles have great potential in a wide range of 

applications including textile modification, biomedical applications, water and air 

purification, food production and packaging, and cosmetics; many products have 

been commercialised and even applied in clinical settings.107  

 

1.4.1 Modes of action of antimicrobial metal nanoparticles 

Although the exact mechanism by which nanoparticles inhibit or kill microbes is still 

not fully understood, it is believed that multiple modes of action are involved, which 

may reduce the risk of developing resistance.24 Figure 1.7 provides a summary of the 

possible modes of action by which metal nanoparticles inhibit or kill bacteria.  
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Figure 1.7 A summary of the possible mechanisms associated with the antimicrobial 

behaviour of metal and metal oxide nanoparticles. 

 

First of all, due to the large surface area, nanoparticles can dissolve faster than larger 

particles and therefore release an increased quantity of ions. Taking silver 

nanoparticles as an example, they release silver ions that are toxic to microbial cells, 

as previously explained in Section 1.3.2.5. Copper nanoparticles and copper ions 

have been found to show similar toxic effects to that of silver.108 Secondly, the 

nanoparticles can physically attach to and damage the microbial cell wall, resulting 

in membrane disruption and the leakage of intracellular constituents.105,109 For 

example, Sondi and Salopek-Sondi105 prepared surfactant-stabilised AgNPs and 

investigated their antibacterial activity against E. coli; the results of electron 

microscopy and X-ray microanalysis showed that the AgNPs entered the bacterial 

cells and accumulated in the cell membranes, and the leakage of cell components 

coagulated with the AgNPs was also observed. Additionally, studies have shown that 

some metal/metal oxide nanoparticles have catalytic properties to generate reactive 

oxygen species (ROS).110–112 The nanoparticles of some photocatalytic metal oxides 

such as ZnO and TiO2 are well known for such effects.113–115 Silver and copper 

nanoparticles have also been found to induce the generation of ROS.116,117 The ROS 

can oxidise and damage various biomolecules including DNA and the cell membrane 

and, therefore, is considered as an effective determinant for antimicrobial potency; 

ROS causes cell death at high concentrations and leads to severe DNA damage and 

mutation at low concentrations.118,119 It is believed that since these nanoparticles 

impact bacteria in so many different ways that it is difficult for bacteria to evolve 
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resistance to them. Although, laboratory-induced AgNP resistance in E. coli after 

225 generations of exposure has been reported,120 which indicated that care should 

also be taken when developing products based on AgNPs and excessive use of 

AgNPs should be avoided. The study of novel nanoparticles that exhibit different 

antimicrobial actions is of value in this regard.  

 

1.4.2 Selenium nanoparticles as novel antimicrobial agents 

Apart from the metal and metal oxides, some new inorganic nanoparticles also show 

promising results in recent research. For example, selenium nanoparticles (SeNPs) 

have been found to inhibit the growth of several bacterial and fungal species and 

show low cytotoxicity to mammalian cells.121–123 Selenium is a trace element and an 

important micronutrient for animal and human bodies. The normal level of selenium 

found in adults is approximately 10-20 mg and the daily intake is about 40 μg.124 

However, an excess amount of selenium causes toxicity in humans.125 Selenium is 

present in biological systems in amino acids, such as selenocysteine and 

selenomethionine, usually as part of proteins. The selenoproteins such as glutathione 

peroxidase are well known for the regulation of redox reactions. The reduction of 

reactive oxygen metabolites by glutathione peroxidase can help to maintain 

membrane integrity and reduce the oxidative damage to lipids, lipoproteins, and 

DNA.126 Due to the unique role of selenium in biological systems, selenium 

compounds and elemental SeNPs have been found to be promising antioxidants127–

129 and anticancer agents.130,131  

Recently, the antimicrobial properties of selenium, especially elemental selenium 

nanoparticles, have also been investigated. Tran and Webster132 reported the strong 

inhibition of S. aureus by SeNPs in 2011; subsequently, the antibacterial and 

antibiofilm activities were reported for different bacterial species including 

Escherichia coli, Pseudomonas aeruginosa, Proteus mirabilis, Streptococcus 

pyogenes, and Staphylococcus epidermidis.133–137 SeNPs have been coated on the 

surfaces of polymeric medical devices,138 hydroxyapatite pegs,134 paper towels,139 

and textiles,140 showing great potential for the development of antimicrobial 

materials to reduce the incidence of infections. However, it is noticeable that there 
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are some seemingly conflicting results on the antimicrobial properties of SeNPs in 

the literature. For example, in some studies, little or no inhibitory effect of selenium 

nanoparticles was found against some bacterial strai ns such as E. coli and 

Salmonella species.122,133,141 The conflicting findings could be due to the different 

synthetic routes and the resulting difference in morphology, physicochemical and 

biological properties of the nanoparticles. There are various factors that may 

influence the antimicrobial performance of nanoparticles, including the particle size, 

shape, and surface conditions. This will be discussed in Section 1.4.4. 

Selenium nanoparticles have been found to exhibit low cytotoxicity towards 

mammalian cells, making them a unique candidate for biomedical applications.122 

Biswas et al.142 carried out a comparative study of selenium and silver nanoparticles 

prepared in situ on polymeric porous scaffolds (chitosan/polyvinyl alcohol). The 

study found that the extracts from AgNP-loaded scaffolds reduced bacterial viability 

significantly when assessed by a colony counting method, while they also exhibited 

high cytotoxicity towards fibroblast cells; on the other hand, extracts from SeNP-

loaded scaffolds resulted in the damage of bacterial cell membranes, and they were 

non-toxic to fibroblasts. This study demonstrated the good biocompatibility of 

SeNPs compared with AgNPs, and the potential to be used as antimicrobial agents.  

The antimicrobial mechanism of SeNPs has not been extensively studied yet. 

Although elemental selenium is not normally considered to be soluble in aqueous 

environments,143 it is believed that the SeNPs can be transformed into organic forms 

(e.g. seleno amino acids and selenoproteins) through the interactions with 

microorganisms.122,144 Due to the chemical similarity, selenium may be able to 

displace the sulphur for sulphur-containing amino acids such as cysteine and 

methionine.145 Excessive amount of selenoproteins can lead to the generation of 

ROS, causing DNA damage, structural changes of proteins and enzyme 

dysfunction.146 Stolzoff et al.147 treated S. aureus with SeNPs and used glutathione, 

an antioxidant, to “rescue” the bacterial cells. The results showed the addition of 

antioxidant decreased the antibacterial activity of SeNPs, supporting the hypothesis 

that ROS might have played a role in the antibacterial actions. Huang et al.148 

investigated the potential antimicrobial mechanisms of SeNPs and detected 

promoted ROS production in the S. aureus cells treated with SeNPs compared to the 
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control cells without SeNPs, which provided evidence for the hypothesis. 

Additionally, they found that the S. aureus treated with SeNPs suffered from 

depletion of ATP. The depolarisation of bacterial membranes and altered cell 

morphology (i.e. wrinkled cell wall) were also observed in the study. These findings 

indicated the SeNPs exhibited multiple modes of action against S. aureus, making it 

more difficult for the bacteria to develop resistance towards the nanoparticles. 

Moreover, the production of ROS related with SeNPs takes place when the SeNPs 

are in contact with the bacterial cells and involved in biochemical reactions. 

Compared with photocatalytic nanoparticles (e.g. TiO2), which induce ROS 

production with the presence of light, the use of SeNPs may be safer thanks to the 

target specificity.  

 

1.4.3 Synthetic Routes to Inorganic Nanoparticles 

In recent years, “green” synthesis of nanoparticles has attracted increasing attention 

to avoid the use of substrates that are hazardous to the human body and environment. 

Various methods, including chemical reduction with benign reducing agents, 

physical methods, radiation-chemical reduction and sono-chemical reduction, and 

even biological synthesis, have been applied to produce inorganic nanoparticles.149–

153 Chemical reduction of silver salt solution by a reducing agent is most commonly 

used to synthesise AgNPs.154 Naturally occurring compounds such as ascorbic acid 

and glucose have been popular reducing agents to produce inorganic nanoparticles. 

Panáček et al.104 studied the reduction of silver salt to AgNPs by using two 

monosaccharides (glucose and galactose) and two disaccharides (maltose and 

lactose). It was found that different saccharides showed different reducing abilities 

towards silver. By controlling the concentrations of reactants and pH conditions, a 

wide range of particle sizes (25-450 nm) were obtained. Zhang et al.155 synthesised 

SeNPs using ascorbic acid and a natural hyperbranched polysaccharide as the 

reducing agent and stabilising agent respectively. The abundant –OH groups on the 

polysaccharide had a strong physical adsorption on the Se surface, leading to a well-

dispersed, stable particle suspension in water. Amino acids and antioxidant peptides 

were also used as reducing agents for nanoparticle synthesis. Li et al.156 used L-

cysteine as both a reducing and stabilizing agent to prepare SeNPs in aqueous 
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solution, and the particle size could be adjusted by changing cysteine concentrations. 

Glutathione, a peptide with antioxidant properties, has been used to prepare various 

inorganic nanoparticles, including silver,157 gold,158 and selenium.138,142 

To develop eco-friendly techniques for the production of nanoparticles, various 

organisms including microbes, marine organisms and plants have been 

employed.159,160 Living organisms such as fungi, bacteria, and algae can serve as 

biofactories to produce or treat inorganic nanoparticles. For example, it was reported 

that the fungus Fusarium oxysporum was used to uptake and reduce Ag ions, 

producing spherical AgNPs with size of 1.6 nm; these AgNPs were then loaded onto 

cotton fabrics, showing significant antibacterial effect against S. aureus.149 Apart 

from living biofactories, the use of plant extracts is considered to be a promising 

approach to synthesise metal nanoparticles. Various plants including Aloe vera, 

Camellia sinensis (green tea), Coriandrum sativum (coriander), and Medicago sativa 

(alfalfa) have been utilised to produce metal nanoparticles with various sizes and 

shapes.160,161 Compared with living organisms, plant extracts are more suitable and 

cost-effective for mass production of nanoparticles. The rate and stability of 

biosynthesis by plants are also better than in the case of microorganisms. Plant 

extracts contain various bioactive compounds that can act as reducing agents or 

capping agents, or even both at the same time.160 The limitations of biosynthesis 

using microorganisms and plant extracts include time-consuming processes, 

difficulty in the precise control of particle properties, and poor reproducibility.161,162 

Current research is focusing on the investigation of the mechanisms and enzymatic 

processes that are involved in the biosynthesis to better control and optimise the 

reaction conditions. 

 

1.4.4 Factors Influencing the Antimicrobial Performance of Nanoparticles  

The intrinsic properties of the nanoparticle, such as size, shape, and capping agent, 

play important roles in determining the antimicrobial activity. It has been found that 

generally the antimicrobial efficiency of nanoparticles increases with a decrease in 

size.104,163 This could be due to the larger specific surface areas of small 

nanoparticles, which have more active atoms on the surface. A smaller size also 
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allows particles to penetrate into bacterial cells more easily.164 The generation of 

ROS has also been found to be size-dependent with smaller nanoparticles inducing 

higher level of ROS when interacting with microbial cells.165 

Many studies have investigated the shape-dependent antimicrobial behaviour of 

nanoparticles. For example, the nanospheres of ZnO appeared to induce more ROS 

production than nano-sheets at concentrations of 10 μg/ml and above.166 It was also 

reported that truncated triangular silver nanoplates were found to exhibit stronger 

bactericidal activity against bacteria compared with nanospheres, nanocubes and 

nanorods.167,168 Helmlinger et al.167 studied the antimicrobial properties of different 

shaped AgNPs and found that the AgNPs with higher specific surface area dissolved 

faster and showed higher antimicrobial activity. 

The condition of the surface is another important factor that can significantly 

influence the antimicrobial activity of nanoparticles. Since bacterial cells are overall 

negatively charged on the surface, a strong negative charge on the surface of 

nanoparticles may lead to repulsive effects between the particles and bacteria.122 

Therefore, creating a positive charge on the nanoparticle surface can be a useful way 

to enhance the electrostatic interaction between particles and bacterial cells and thus 

improve the antimicrobial activity of nanoparticles.167,169,170 Apart from surface 

charge, the presence of some bioactive molecules on the particle surface can also 

greatly influence the antimicrobial activity of the nanoparticles. Piacenza et al.134 

compared the antibacterial efficacy of chemically prepared and biologically 

synthesised selenium nanoparticles and found that the biogenic SeNPs had better 

antibacterial performance than the ones prepared by chemical reduction. The authors 

suggested that the enhanced antibacterial performance of biogenic SeNPs might be 

due to the biomolecules (e.g. proteins and lipids) on the particle surfaces resulting 

from the biosynthesis which facilitated the interaction between the SeNPs and 

bacterial cells. Moreover, as mentioned in Section 1.4.2, there are some differing 

results from the literature regarding the antimicrobial performance of SeNPs. For 

example, Guisbiers et al.171 prepared colloidal SeNPs using a laser ablation method 

without the help of any stabiliser and found antibacterial activity of the SeNPs 

against E. coli. However, it was also reported that the colloidal SeNPs stabilised by 

polyvinyl alcohol122 or polysorbate 20133 effectively inhibited the growth of S. 
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aureus but did not inhibit the growth of E. coli. It was hypothesised by Guisbiers et 

al.171 that the antibacterial activity of SeNPs against some bacterial species can be 

hindered by the presence of some chemical contaminants on the particle surface (e.g. 

polymer and surfactant stabilisers). Therefore, it is of value to investigate the 

influences of different stabilisers on the particle surface so that full antimicrobial 

potential of the nanoparticles can be achieved. 

As discussed in Section 1.4.3, during the synthesis process, a variety of parameters 

including temperature, heating methods, pH conditions, concentrations of reactants 

and stabilising agents, can significantly change the properties of particle products as 

they influence the nucleation and particle growth. Since properties such as size and 

shape can hugely influence the antimicrobial efficacy and other activities of 

nanoparticles, the synthetic routes should be carefully designed to prepare 

nanoparticles with the desired properties.  

 

1.4.5 Methods of applying inorganic nanoparticles onto fabric surfaces 

Many textile products available on the market claim to contain nano-sized metals 

(e.g. nano-silver, nano-ZnO); however, the technical details and product information 

provided are often very vague. The methods discussed in this section are based on 

the literature. There are mainly two ways to apply the nanoparticles onto the textiles: 

(1) ex situ synthesis of nanoparticles followed by impregnation of the prepared 

nanoparticles onto the fabric, and (2) in situ synthesis of nanoparticles on the fabric 

surface directly. 

For ex situ prepared nanoparticles, conventional textile finishing methods such as 

exhaustion and pad-dry-cure processes can be used to apply the particles onto the 

textile surface. Cross-linking or binding agents can be used to increase the 

attachment of the nanoparticles. Hebeish et al.172 prepared silver nanoparticles (6-8 

nm) with hydroxypropyl starch as both the reducing and stabilising agent, and then 

applied them onto cotton fabrics in the presence/absence of extra binder using the 

pad-dry-cure method. The results showed that even with the lowest concentration of 

AgNPs used (50 ppm), the finished textiles showed excellent antibacterial 
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performance against both E. coli and S. aureus; the presence of binder significantly 

increased the washing durability of the fabrics, with great performance even after 20 

washing cycles. In another study, the cotton fabrics were pre-treated with a cation-

generating agent first to impart cationic quaternary ammonium groups onto the 

surface, and then the ex situ formed AgNPs were adsorbed onto the surface by the 

conventional exhaustion method; the pre-treated cationic cotton adsorbed more 

AgNPs than unmodified normal cotton and showed stronger antibacterial activity 

against E. coli compared with the normal cotton treated with AgNPs with the same 

procedures.173 One of the advantages of ex situ preparation is that the properties of 

nanoparticles such as size and shape can be better tailored and controlled before 

applying onto the textiles. For example, as mentioned in Section 1.4.4, different 

shapes of nano-silver (e.g. silver nanoplates) have been found to have higher 

antibacterial efficacy than the traditional quasi-spherical silver nanoparticles.168 Tang 

et al.174 coated silk fibres with preformed silver nanoparticles and nanoplates, and 

the treated fibres showed vibrant colours and significant antibacterial abilities against 

E. coli. However, the authors did not make a comparison on the antibacterial 

performance of the samples functionalised with silver-nanoplates and the ones with 

regular quasi-spherical AgNPs. Whether the silver-nanoplates still show superior 

antimicrobial property when fixed onto a surface remains unclear as they will lose 

approximately half of the specific surface area. 

The typical procedure of in situ preparation involves the adsorption of the precursor 

ions onto the fabric surface which are then reduced by wet chemical reducing agents 

or other methods such as photo-chemical or sono-chemical reduction. In situ 

synthetic methods provide excellent durability as the particles formed on the fibre 

surface fit the natural morphology of the fibres, and therefore are lodged on the 

fibres physically.175,176 Perera et al.177 used both ex situ (pad-dry-cure) and in situ 

(UV reduction) approaches to functionalise cotton fabrics with silver nanoparticles 

and compared the products. The characterisation of the treated fabrics showed that 

the samples prepared by the in situ reduction method had better silver uptake, more 

uniform particle distribution, stronger antibacterial activity and better washing 

durability. Moreover, in situ synthesis of nanoparticles can be more environmentally 

friendly due to the simple and facile finishing process, reduced chemical usage and 

fewer nanoparticles detaching from the fabric.  
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To the best of our knowledge, so far there are very few published studies using 

SeNPs as the antimicrobial agents to functionalise textile materials, and an ex situ 

approach was used in those studies. Yip and co-workers140 prepared colloidal SeNPs 

with a polysaccharide-protein complex extracted from mushrooms as the stabiliser, 

and then applied the SeNPs onto polyester fabrics using pad-dry-cure method. The 

authors tested the antifungal activity of the functionalised fabrics and the results 

showed that the modified fabrics effectively inhibited the growth of Trichophyton 

rubrum in a 7-day period; unfortunately, due to the unsatisfying antibacterial 

performance of the colloidal SeNPs against S. aureus, the authors did not conduct 

the antibacterial test on the functionalised fabrics. These results may be in 

accordance with the hypothesis mentioned in Section 1.4.4 that some stabilisers may 

hinder the antimicrobial activity of SeNPs, which highlighted the need to study the 

influence of the stabiliser on the antimicrobial activity of SeNPs so that the SeNP-

based antimicrobial materials can be better designed. 

 

1.4.6 Health and environmental concerns surrounding the use of nanoparticles 

The incorporation of nanomaterials in productive sectors is growing dramatically. 

According to the Nanotechnology Consumer Products Inventory, more than 1800 

commercial products are claimed to contain or use nanomaterials.178 The total of 

over 1800 products in the inventory in 2015 represents a thirty-fold increase over the 

54 products originally listed in 2005 (the inventory has stopped updating). The 

Health and Fitness category (including personal care products such as toothbrush and 

lotions) accounts for 42% of the total, and nano-silver is the most frequently used 

nanomaterial, comprising 24% of the total. Nanoparticles have also been used in 

cosmetics, sunscreens and other personal care products. However, there have been 

concerns about the potential health and environmental risks associated with 

nanomaterials. Although some believe that the nanoparticles will soon aggregate or 

dissolve and subsequently lose the nano size, the fate and impacts of these 

nanomaterials in natural environments are still poorly understood.179,180 For the 

development of nanoparticle-functionalised materials, it is of value to restrict the 

release of nanoparticles as much as possible in order to avoid the potential hazards. 
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1.4.6.1 Exposure of the human body to nanoparticles  

The main exposure routes of nanoparticles to the human body are dermal, 

respiratory, and oral.181 The application of nanoparticles on textiles leads to a direct 

contact through skin. The primary possible effects of nanoparticles on the skin 

include local irritation, sensitisation, and skin disease, which can be caused by 

abrasion resulting from the nanoparticles and the release of irritable ionic species 

from the nanoparticles.182 Furthermore, one of the main functions of the skin is to 

provide protection to the underlying organs. Although theories of transdermal drug 

delivery suggest that only molecules that are smaller than 600 Da can easily 

penetrate the skin passively, some studies have investigated the penetration of nano-

sized particles into the skin. Larase et al.183 studied the penetration of silver 

nanoparticles (25 nm) through both intact and damaged full-thickness human skin in 

vitro and found that the penetration occurred at a very low level but was detectable 

after 24 h exposure. In another study, TiO2 nanoparticles with a range of different 

sizes (4 nm to 90 nm) were applied onto an in vitro porcine skin model as well as 

live animals in vivo.184  In the in vitro experiments, the TiO2 nanoparticles were only 

deposited on the outermost surface of the stratum corneum after 24 h exposure. On 

the other hand, in vivo studies demonstrated that the dermal exposure of live hairless 

mice for 8 weeks resulted in dermal toxicity, accumulated titanium, and pathological 

lesions in the major organs. The results also suggested that the penetration of 

nanoparticles through skin was time and size dependent. Generally, nanoparticles 

smaller than 4 nm can penetrate and permeate the intact skin; when the size is 

between 4 – 20 nm, the particles can potentially penetrate and permeate intact and 

damaged skin; nanoparticles sized 21 – 45 nm can penetrate and permeate damaged 

skin; for particles larger than 45 nm, no penetration is expected to happen unless the 

skin is severely damaged.185 Therefore, although smaller sized nanoparticles can 

exhibit stronger antibacterial performance, the risks to human body also need to be 

considered as long-term exposure to nanoparticles can lead to absorption of 

nanoparticles into the skin. 

Inhalation of nanoparticles is also possible in the presence of nanoparticle-

incorporating products (including textiles) when the particles are not securely fixed 
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and become airborne. The human respiratory tract has complicated airways, massive 

internal surface area, and very thin air-blood tissue interfaces facilitating gas 

exchange and blood oxygenation functions. Although the respiratory system has a 

series of structural and functional barriers to deal with the inhaled particulate 

matters, the prevention system cannot always address the issue adequately.186 The 

respiratory tract consists of three sequential regions that assist the filtration effect, 

including the nasopharyngeal, tracheobronchial and alveolar regions. Depending on 

the size of the particles, they can be stopped at the different regions. Micron-sized 

particles can be trapped in the nasopharyngeal and tracheobronchial regions, which 

can be then removed by mucociliary clearance. However, sub-micron particles and 

nanoparticles can penetrate deeply into the alveolar region and are difficult to 

remove, which can lead to inflammation, injury, and other adverse biological 

responses.187,188 Moreover, the small particles are able to travel through the blood-air 

tissue barrier and enter into the blood stream to reach other organs.189 Gliga et al. 

studied the cytotoxic effects of various AgNPs, with different stabilisers and sizes, 

on human lung cells.190 The study suggested that the smallest AgNPs tested (10 nm) 

showed significant cytotoxicity regardless of the stabiliser; 24 h exposure to the 

AgNPs (10 nm to 75 nm) resulted in DNA damage in the lung cells; the cytotoxicity 

was mainly induced by the uptake of nanoparticles and intracellular release of ions.  

Considering the penetrating ability and cytotoxicity effects of small nanoparticles 

(e.g. < 45 nm), although they have stronger antimicrobial performance, it might be 

worthwhile to avoid the use of these small nanoparticles to reduce the potential 

harmful effects on human body. Many commercial textile products claimed to have 

nano-sized silver as an antimicrobial agent; however, the particle characterisation of 

the nano-silver is poorly documented or reported. From the published scientific 

studies, the sizes of the nanoparticles used for textile functionalisation range from 

several nanometres to several hundred nanometres. The release of nanoparticles from 

the functionalised fabrics and the subsequent effects on animal or human body are 

rarely reported at the moment. 
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1.4.6.2 Impact of nanoparticles on the environment 

As mentioned earlier, large quantities of products containing nanomaterials are now 

available on the market, which is likely to result in the release of nanomaterials into 

the environmenta.191 There are concerns about the environmental impacts caused by 

engineered and manufactured nanomaterials; however, reports on the damage to 

animal health, ecological risk and food chain risks for humans are still limited. The 

nanomaterials that enter natural water systems can be harmful to many organisms 

such as phytoplankton and fish.192 In one study, the effects of metallic nanoparticles 

(silver, copper, aluminium, nickel, and cobalt) on aquatic organisms including 

zebrafish, daphnids, and an algal species were studied.193 The results suggested that 

silver and copper nanoparticles caused toxicity in all the organisms tested, with 48 h 

median lethal concentrations as low as 40 and 60 μg/L respectively. The toxicity was 

dependent on the metal type, the transformation of particles by aggregation and 

dissolution, as well as the organism species. Reed et al.194 studied the release of 

silver from nano-silver treated textiles during washing and found that the toxicity of 

the effluent to zebrafish embryos was negligible unless the silver content reached 

1 mg/L, which was the highest level of silver detected. However, the study suggested 

that the silver is likely to continue leaching from the fabrics after disposal in the 

landfill which may cause other problems. 

In conclusion, when developing NP-based antimicrobial materials, including textiles, 

not only the antimicrobial performance but also the potential hazards need to be 

considered. Although smaller particles have higher antimicrobial efficacy compared 

to larger ones, the toxicity to humans and other organisms is also higher as the size 

decreases. It may be worthwhile avoiding small nanoparticles (e.g. < 45 nm) to 

reduce the potential risks. The release of nanoparticles from the functionalised 

textiles should also be minimised by secure attachment to the textile substrate. 
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1.5 Aims and Objectives 

The current antimicrobial functionalisation of textiles has the limitations of 

insufficient antimicrobial performance, poor durability, potential harmful effects to 

humans and the environment, as well as the possibility of resistance to them 

developing. In order to address these issues, inorganic nanoparticles have been 

employed to functionalise textile materials. Some inorganic NPs have been found to 

exhibit excellent antimicrobial activity and multiple modes of action, which makes it 

very difficult for the microorganisms to develop resistance. With suitable methods, 

the NPs can be securely attached to the textile surface, resulting in good laundry 

durability. The overall aim of this thesis is to develop novel NP-based antimicrobial 

textile materials to address the shortcomings.  

Selenium nanoparticles (SeNPs) have recently been identified as a promising 

antimicrobial agent that exhibits relatively low toxicity to humans, making them a 

unique candidate for the development of novel antimicrobial materials, especially in 

healthcare settings.122 This study aims to develop antimicrobial healthcare textiles 

using SeNPs as a novel antimicrobial agent. Since SeNPs are a relatively new 

antimicrobial agent that has not been extensively studied, there are some seemingly 

conflicting results on the antimicrobial performance of SeNPs from the literature. 

For example, in some studies, the SeNPs effectively inhibited the growth of some 

bacterial species (e.g. E. coli),171 whereas there are also some reports showing the 

SeNPs did not affect the growth of these bacteria.122,133 As we know, the 

antimicrobial performance of nanoparticles is largely dependent on the particle 

properties such as size, shape, and surface conditions. It is important to understand 

what factors led to the different results from different studies, so that the 

antimicrobial textile materials based on SeNPs and the preparation method thereof 

can be better designed. It has been hypothesised that the presence of some stabilisers 

may adversely affect the antimicrobial performance of the SeNPs.163 However, there 

had not been a systematic study to investigate the influences of different stabilisers 

on the antimicrobial performance of SeNPs (by the time this work was conducted). 

Moreover, very few studies have been reported using SeNPs as the antimicrobial 

agent for textile functionalisation. Yip et al.140 used a natural protein-polysaccharide 

complex as the stabiliser to prepared SeNPs ex situ and then padded the SeNPs onto 
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the fabrics; the functionalised fabrics showed good antifungal activity; however, the 

authors did not conduct the antibacterial test on the functionalised fabrics due to the 

unsatisfying results on the ex situ prepared colloidal SeNPs. There are many 

different ways to immobilise NPs onto textile materials, and in order to obtain the 

desired performance, the methods need to be carefully designed based on the 

understanding of the NPs. Therefore, the thesis can be mainly divided into two parts, 

of which the first one was focused on colloidal nanoparticles and the second one was 

to immobilise nanoparticles onto textile surfaces and characterise the functionalised 

materials. Silver nanoparticles, being the most extensively studied and used 

antimicrobial inorganic nanoparticles, were studied in parallel as a comparison for 

the less-studied SeNPs. 

The major objectives are as follows: 

• To study the feasibility of using SeNPs as a novel antimicrobial agent for the 

functionalisation of healthcare textiles by conducting a systematic 

comparison of the antibacterial activities of the colloidal SeNPs with 

different types of stabilisers, addressing the confounding results from the 

literature.  

• To employ AgNPs as a type of widely investigated antimicrobial inorganic 

nanoparticle in comparison with SeNPs to aid the study. 

• To develop a rapid, simple and eco-friendly method to functionalise the 

textile materials with antimicrobial inorganic nanoparticles (SeNPs and 

AgNPs).  

• To evaluate the antimicrobial performance, the durability to repeated 

washing, and the toxicity to mammalian cells of the functionalised textiles. 

 

 



 

 35 

Chapter 2 Preparation and Characterisation of 

Silver and Selenium Nanoparticles  

2.1 Introduction 

In order to develop nanoparticle-based antimicrobial textile materials, the first part of 

this study aimed to prepare nanoparticles using methods that are simple, controllable 

and environmentally friendly. Although biosynthesis, which involves the use of 

living micro-organisms or plant extracts, has been receiving increasing attention in 

recent years, there are currently some major challenges in this field, including the 

time-consuming process, difficulty in the precise control of particle properties and 

poor reproducibility.162,195 In this thesis, conventional wet chemical approaches were 

the focus, where the precursor salt is reduced into elemental nanoparticles by a 

reducing agent chemically. In order to avoid harsh chemicals and toxic products, 

environmentally safe reducing agents that work in aqueous solution are favourable in 

the process. 

As mentioned in Chapter 1, selenium nanoparticles (SeNPs) were identified as a 

novel antimicrobial agent that requires further exploration, while silver 

nanoparticles, (AgNPs) as the most extensively studied inorganic nanoparticles, 

would be used as a comparison. A goal of this chapter was to prepare SeNPs and 

AgNPs with similar methods so that they could be used for antimicrobial tests in the 

following chapters. Selenous acid (H2SeO3) and sodium selenite (Na2SeO3) are the 

most frequently used precursors; several reducing agents including ascorbic 

acid,122,155,196–198 glutathione,141,142 and sodium thiosulphate199,200 have been used, 

among which ascorbic acid is probably the most widely used one because it is easily 

accessible, inexpensive, and environmentally benign. As a naturally occurring 

organic compound, it has also been identified as one of the reducing agents in the 

biosynthesis of various inorganic nanoparticles using plant extracts.201,202 Ascorbic 

acid is a highly water soluble vinylogous carboxylic acid in which the electrons in 

the double bond, the hydroxyl group lone pair, and the lactone ring carbonyl double 

bond form a conjugated system. It serves as an electron and proton donor and is 

converted into dehydroascorbic acid when oxidised, as shown in Figure 2.1.  
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Figure 2.1 Conversion between ascorbic acid and dehydroascorbic acid203 

 

Ascorbic acid (C6H8O6) and dehydroascorbic acid (C6H6O6) together constitute a 

redox system. The reduction of selenite or silver ions by ascorbic acid can be 

described by the following reactions: 

SeO32- + 2H+ + 2C6H8O6 = Se + 3H2O + 2C6H6O6                                 Equation 2.1 

2Ag+ + 2OH- + C6H8O6 = 2Ag + 2H2O + C6H6O6                                  Equation 2.2 

 

It is known that the characteristics of nanoparticles, including the size, shape and 

surface conditions, can significantly influence the properties of the nanoparticles. 

Individual studies have shown some seemingly confounding results on the 

antimicrobial performance of SeNPs with different stabilisers; however, there had 

not been a reported study that investigated the influences of different stabilisers on 

the antimicrobial performance of the SeNPs when this work was conducted. Tran et 

al.122 reported an antibacterial study on polyvinyl alcohol (PVA) stabilised SeNPs 

and found that the nanoparticles inhibited the growth of Staphylococcus aureus at a 

very low concentration (2 ppm) but showed no effect on E. coli at any of the 

concentrations tested (up to 64 ppm). The authors speculated that the differing 

results could be due to the different repulsive forces between the negatively charged 

(C6H6O6) 

(C6H8O6) 
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SeNPs and Gram-positive and Gram-negative bacteria, as Gram-negative bacteria 

usually have stronger negative surface charge. Bartůněk et al.133 prepared 

polysorbate 20 (PS20) stabilised SeNPs and carried out a disk diffusion study of the 

SeNPs on different bacterial strains. They also observed that SeNPs inhibited the 

growth of Gram-positive bacteria (Staphylococcus epidermidis and S. aureus) but 

not Gram-negative bacteria (E. coli); however, only one concentration (2 ppm) was 

tested. In contrast, several other reports have demonstrated that the SeNPs produced 

by different methods successfully inhibited the growth of Gram-negative species 

including E. coli and P. aeruginosa.136,137,171,204 For example, bare SeNPs prepared 

by the laser ablation method were found to effectively inhibit the growth of E. coli at 

50 ppm.171 Such varied findings could be due to the different surface conditions of 

the nanoparticles prepared by different synthetic routes. Guisbiers et al.171 

hypothesised that the presence of chemical contaminants (e.g. polymer or surfactant 

stabilisers) might hinder the antimicrobial property of SeNPs. It is also noticeable 

that the test strains of bacteria, for example strains of E. coli or S. aureus, used in 

these published studies are different. Different strains of the same species may react 

differently to antimicrobial agents as well. Therefore, it is of value to systematically 

investigate and compare the antibacterial performance of SeNPs with different 

stabilising agents using the same test strains and testing methods, which had not 

been reported by the time this work was conducted.  

Four different stabilisers, including PVA, PS20, chitosan, and potassium iodide (KI), 

were chosen to prepare SeNPs in this thesis. SeNPs stabilised by PVA and PS20 

were prepared using sodium selenite and ascorbic acid as it was in the original 

reports by Tran et al.122 and Bartůněk et al.133 to rule out the possibility that the lack 

of antimicrobial action against E. coli mentioned above was due to low test 

concentrations or the test methods. Additionally, since bacterial cells normally have 

negative net charges on the surface, it is believed that a positive charge on the 

nanoparticle surface can enhance the physical interactions between the particles and 

bacteria,170 and thus a cationic polymer of natural origin, chitosan, was employed as 

a stabiliser to prepare SeNPs in this chapter as well. Several studies have prepared 

and studied chitosan-stabilised SeNPs;127,198,205 however, the antimicrobial 

evaluation of these nanoparticles was rarely reported. Moreover, attempts were made 

to prepare bare SeNPs stabilised by purely electrostatic forces without steric 
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stabilisation to test the hypothesis that the steric hindrance might have negative 

effects on the antibacterial performance of SeNPs against some bacterial strains. It 

has been reported that potassium iodide (KI) can be used as an electrostatic stabiliser 

for the synthesis of SeNPs with ascorbic acid and sodium selenite; no antimicrobial 

study was performed on these SeNPs stabilised by KI.  

The aim of this chapter was to synthesise SeNPs and AgNPs using suitable methods 

for subsequent assessment of their antimicrobial properties (Chapter 3). To address 

the question raised from the seemingly conflicting results on the antibacterial 

performance of SeNPs reported by different studies, the focus was placed on SeNPs 

with different stabilisers which determines the presence of steric stabilisation and 

particle surface charge; the sizes of these nanoparticles should be similar considering 

the fact that size is also a critical factor that influences the antimicrobial property of 

the nanoparticles. The research questions are: 

(1) Is it possible to prepare SeNPs with different stabilisers (i.e. PVA, PS20, 

chitosan and KI) and similar sizes using Na2SeO3 as the precursor and 

ascorbic acid as the reducing agent? 

(2) Is it possible to prepare AgNPs that have controllable sizes to match with the 

SeNPs using ascorbic acid as the reducing agent? 

 

2.2 Materials 

Sodium selenite (Na2SeO3, ≥98%), silver nitrate (AgNO3, ≥99%), trisodium citrate 

dihydrate (C6H5O7Na3.2H2O, TSC, ≥99%), L-ascorbic acid (C6H8O6, ≥99%), 

polyvinyl alcohol (PVA, Mowiol® 18-88), Tween® 20 (polysorbate 20) and 

chitosan (medium molecular weight) were purchased from Sigma Aldrich (UK). 

Potassium iodide (KI, ≥99%), sodium hydroxide (NaOH, analytical grade), and 

acetic acid (CH3COOH, pure) were purchased from Thermo Fisher Scientific (UK). 

Reverse osmosis (RO water) with a resistance of 18 mΩ was used in all the 

experiments. All glassware was cleaned with aqua regia (HCl:HNO3 in a 3:1 ratio by 

volume) and rinsed thoroughly with RO water prior to the experiments.  
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2.3 Methods  

2.3.1 Preparation of Nanoparticles  

2.3.1.1 Preparation of Chemical Solutions 

All nanoparticles were prepared in aqueous solutions. Chemicals were dissolved in 

RO water to prepare stock solutions with concentrations described in the following 

sections. Ascorbic acid solutions were prepared freshly prior to use. Chitosan stock 

solution (1% w/v) was prepared by dissolving chitosan in 1% (v/v) acetic acid and 

left for 3 days at room temperature to allow to fully dissolve. The chitosan stock 

solution was then diluted in RO water where necessary and filtered with filter paper 

(Whatman, Grade 1) before being used. 

 

2.3.1.2 Preparation of Selenium nanoparticles (SeNPs) 

Sodium selenite (100 mM, 0.2 mL) was added to 8.8 mL of aqueous solution 

containing one of the several different kinds of stabilising agent: 8 mM KI, 0.2% 

PVA, 0.25% polysorbate 20, or 0.05% chitosan (w/v), after which 1 mL of ascorbic 

acid (100 mM) was injected at room temperature (about 20 °C), with vigorous 

stirring. After several minutes, the solution turned to yellowish-orange, indicating 

the formation of SeNPs. The reaction finished in approximately 2 h, after which the 

colour of the suspension no longer changed. The products were named KI-SeNPs, 

PVA-SeNPs, PS20-SeNPs and CS-SeNPs respectively. 

 

2.3.1.3 Preparation of Silver Nanoparticles (AgNPs) 

For the preparation of AgNPs, the method was modified according to a previous 

report by Qin et al.206 In a typical procedure, at room temperature (about 20 °C), 

ascorbic acid (100 mM, 0.1 mL) and TSC (100 mM, 0.3 mL) were added to 9.5 mL 

RO water, and the pH was adjusted to the alkaline range (pH 9.5, 10.2 and 10.8) by 

the addition of NaOH (1 M) with constant magnetic stirring. Silver nitrate (100 mM, 

0.1 mL) was then added to the solution, by either rapid injection or dropwise. The 
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solution immediately changed from colourless to yellowish-brown with the addition 

of silver salt, indicating the formation of silver nanoparticles. The total reaction time 

was approximately 3 mins.  

Subsequently, the nanoparticles were aged in a water bath at 100 °C for 2 h in order 

to improve the particle uniformity. The TSC stabilised nanoparticles were named 

TSC-AgNPs. A range of TSC-AgNPs with different sizes were obtained by varying 

the synthetic conditions as described above and they were labelled as sample A-E 

(Table 2.1). 

 

Table 2.1 TSC-AgNPs sample names and synthetic conditions 

Sample name Synthetic condition* 

TSC-AgNPs-A pH 10.8, AgNO3 added by quick drop 

TSC-AgNPs-B pH 10.2, AgNO3 added by quick drop 

TSC-AgNPs-C pH 9.5, AgNO3 added by rapid injection 

TSC-AgNPs-D pH 9.5, AgNO3 added by quick drop 

TSC-AgNPs-E pH 9.5, AgNO3 added by slow drop 

* Quick drop = 1 drop/second, slow drop = 1 drop/5 seconds. 

 

2.3.2 Characterisation of Nanoparticles 

Prior to characterisation, nanoparticles were washed by centrifugation to remove the 

residues of reactants and stabilising agent. The centrifuge was chilled to 4 °C prior to 

the procedure considering the fact that the nanoparticles can be sensitive to heat. The 

centrifugal conditions were optimised for each type of the nanoparticles with 

repeated attempts to suit their size, weight and continuous phase. The resulting pellet 

was dispersed in RO water thoroughly for washing. AgNPs were treated in an ultra-

sonication bath (Fisher Scientific, 40 kHz) for approximately 1 min to break any 

agglomeration; SeNPs were vortexed vigorously for thorough dispersion because 
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sonication treatment was found to induce the irreversible aggregation of SeNPs. The 

process was repeated three times to remove the reactant residues and loose 

stabilisers. The nanoparticles were stored in RO water at 4 °C for future applications. 

Centrifugation conditions are listed in Table 2.2.  

 

Table 2.2 Centrifugal conditions to wash the nanoparticles 

Nanoparticles Centrifugal force (g) Time (min) 

PVA-SeNPs 10000 45 

PS20-SeNPs 10000 15 

CS-SeNPs 10000 60 

TSC-AgNPs-A&B 15000 30 

TSC-AgNPs-C&D 11000 30 

TSC-AgNPs-E 8000 15 

 

2.3.2.1 UV-vis Spectrophotometer 

UV-vis absorption spectra of nanoparticle suspensions between 350 nm – 700 nm 

were determined by UV-vis spectrophotometer (Jenway 7315) with disposable semi-

micro polystyrene cuvettes (Fisher Scientific). 

 

2.3.2.2 Hydrodynamic Particle Size and Zeta Potential 

The hydrodynamic particle size and zeta potential of the nanoparticles were 

measured using a Zetasizer Nano-ZS90 instrument (Malvern, UK) using dynamic 

light scattering (DLS) technique. Disposable cuvettes (Fisher Scientific) and 

disposable surface zeta potential cells (Malvern, UK) were used for the 

measurements. 
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2.3.2.3 Transmission Electron Microscopy (TEM) 

A JEOL JEM1400-Plau (120kV, LaB6) equipped with a Gatan OneView 4k camera 

was used to observe the nanoparticles. Samples were prepared by dropping 10 μL of 

nanoparticle colloids onto 300-mesh copper grids covered with carbon film (Agar 

Scientific) and air-drying in a fume hood. The sizes of the nanoparticles were 

measured manually with ImageJ software package. At least 100 particles from 5 

images were analysed for each type of nanoparticle.  

 

2.4 Results and Discussion 

2.4.1 Preparation and Characterisation of Selenium Nanoparticles 

Four stabilisers were employed in this chapter, including potassium iodide, PVA, 

polysorbate 20 and chitosan. They were expected to create the following surface 

conditions: 

(1) Potassium iodide: salt providing solely electrostatic repulsions with negative 

surface charge; the nanoparticles with solely electrostatic stabilisation (i.e. 

without steric hindrance) will be called bare nanoparticles in the following 

discussion. 

(2) PVA: polymer stabiliser providing steric hindrance and electrostatic 

repulsions with negative surface charge; 

(3) Polysorbate 20: surfactant stabiliser providing steric hindrance and 

electrostatic repulsions with negative surface charge; 

(4) Chitosan: polymer stabiliser providing steric hindrance and electrostatic 

repulsions with positive surface charge; 

 

2.4.2.1 The stability of Bare Selenium Nanoparticles in Suspension 

Selenium is a non-metal element, and sometimes considered as metalloid. Elemental 

selenium has three allotropes: red amorphous selenium, red monoclinic selenium and 

black/grey trigonal selenium. Spherical selenium nanoparticles can be either 
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amorphous (a-Se) or monoclinic, which have an orange/red colour in colloids 

depending on the size of the nanoparticles (shown in Figure 2.2). Trigonal nano-

selenium (t-Se) usually has a 2-dimentional structure, i.e. nanorods and nanowires. 

Trigonal selenium is the most thermodynamically stable form of selenium but is 

often considered a bioinert material.198,205,207 Most of the research on the biological 

application of nano-selenium used red selenium, while the antibacterial aspects of 

black/grey nano-selenium are rarely reported.  

 

Figure 2.2 Aqueous suspensions of KI-SeNPs indicating that the colour is dependent 

upon nanoparticle size; the sizes of the SeNPs are (A) 50 nm and (B) 220 nm 

(determined by DLS technique). 

 

To prepare bare selenium nanoparticles, potassium iodide was used as a stabiliser. It 

is believed that the I- ions can be adsorbed onto particle surface and form a double 

layer with Na+ and K+ ions, which provide electrostatic stabilisation.208 Initially, the 

synthesis protocol reported by Ng and Fan208 was followed. However, the 

concentration of SeNPs prepared using this protocol is very low (0.3 mM according 

to the amounts of reactants used). For future studies, the nanoparticles will need to 

be concentrated. The most commonly used method to increase the concentration of 

nanoparticles in suspension is by centrifugation and resuspending in a smaller 

volume. It was observed in this study that the bare SeNPs stabilised by KI tended to 

stick to the wall of the centrifuge tubes. Several different types of tubes, including 

different brands of microcentrifuge tubes, 15 mL and 50 mL centrifuge tubes, were 

trialled. The particles attached to all the tubes and even in the tubes where the least 

(A)            (B)  

Original in colour 
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attachment occurred, only a very small portion of the nanoparticles could be 

collected from the pellets, resulting in very low product yield and further disposal of 

potentially hazardous substances.  

The clustering of nanoparticles is a common problem when dealing with colloidal 

nanoparticles. The two terms, agglomeration and aggregation, both refer to the 

clustering of nanoparticles and the difference is that the first one is reversible and the 

other is irreversible. A common way to disperse and homogenise metal nanoparticles 

is by ultra-sonication treatment. However, as selenium is a non-metal material, it 

responds differently to metal nanoparticles when subject to sonication treatment. 

Many reports have discussed the changes to morphology and structure of SeNPs 

caused by sonication.208–211 In sonochemistry, the sound waves migrate through a 

medium, inducing pressure variations and cavitation, and transforming the sound 

waves into mechanical energy. Cavitation is referred to as the formation, growth and 

subsequent implosion of microbubbles during sonication. It gives rise to acoustic 

streaming and turbulent fluid movement in the medium, causing high local 

temperatures in the hot-spot interfacial regions.212 For metal nanoparticles, the 

energy brought by ultrasonic waves can be used to break the agglomerated particles 

apart and loosen particles adhering to surfaces. However, selenium is a non-metal 

material with low phase transformation energy (6.63 kJ/mol);211 the ultra-sonication 

can induce aggregation and recrystallization of SeNPs. Figure 2.3 demonstrates the 

change that occurs as a result of sonication treatment. Dimers and trimers were 

formed after 10 s of sonication in an ultrasonic bath (40 kHz), which is in accordance 

with the observation reported by Ng and Fan.208 If the ultra-sonic treatment was 

prolonged, the selenium nanoparticles could recrystallize and grow into 2-

dimentional nanorods or nanowires of t-Se.  
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Figure 2.3 TEM images of (A) crude and well dispersed KI-SeNPs and (B) the small 

aggregations formed after being treated in an ultra-sonic bath for 10s (TEM samples 

prepared immediately after sonication). 

 

Efforts were made to adjust and increase the concentrations of reactants, in order to 

(1) improve product yield and (2) make it easier to prepare moderate concentrations 

of SeNPs. Multiple reaction conditions were trialled, but because of the weak 

stabilisation capability of KI, the reaction often resulted in visible red precipitated 

aggregations of selenium (Figure 2.4 A) and a stable and homogeneous suspension 

could not be formed.  

When the initial concentration of Na2SeO3 was 2 mM as described in Section 

2.3.1.2, during the synthesis process, it was observed that the colour first changed to 

light orange within a couple of minutes, and then gradually became darker and 

stopped changing after approximately 1 h (Figure 2.4 B). After 1 h reaction, some 

visible red solids were precipitated into the suspension. A TEM image of the 

resulting cloudy suspension obtained after an hour is shown in Figure 2.4 C. It can 

be seen large aggregations of Se with irregular morphologies were formed. TEM 

images showing very similar irregular selenium structures were reported by Kong et 

al.197 when the authors prepared SeNPs using H2SeO3 and ascorbic acid with the 

absence of a- stabiliser. It seemed that with the limited stabilising ability of 

potassium iodide, stable monodispersed SeNPs could only be obtained at low 

concentration of Se. Selected area electron diffraction (SAED) technique was used to 

A                                                                B 
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determine the crystallinity of the SeNPs. When the sample has a crystal structure, the 

atoms act as a diffraction grating and the high speed electrons pass through will be 

diffracted, forming a series of bright spots constituting a diffraction pattern. The 

SAED pattern of the SeNPs (Figure 2.4 D) shows that the SAED image of the 

reduced selenium only had diffused halo rings but no patterned bright spot, 

indicating it was of amorphous nature. 

 

 

Figure 2.4 (A) Large aggregations of selenium formed during synthesis due to the 

lack of sufficient stabilisation; (B) change in appearance of KI-SeNP suspension (2 

mM) during synthesis (from 3 min to 60 min); (C) TEM image of aggregations 

formed after an hour of reaction (sample from the last vial in image B, crude); (D) 

SAED pattern confirming the amorphous nature of the nano-selenium. 

 

 

 

A B 

C D 

Original in colour 
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Another issue with SeNPs is that they tend to aggregate irreversibly over time 

without sufficient stabilisation. When evaluating the stability of colloidal 

suspensions, zeta potential as a function of the surface charge of the particles is often 

measured. Suspensions with zeta potential values of 0 ± 10 mV, ± 10-20 mV, ± 20-

30 mV, and > ± 30 mV are usually considered as unstable, relatively stable, 

moderately stable, and highly stable respectively.213,214 Nanoparticles with a zeta 

potential between 0 ± 10 mV are considered approximately neutral, and the particles 

tend to agglomerate. With highly negative or positive values (more than +30 mV or 

less than -30mV), particles in dispersion tend to repel each other which makes the 

suspension stable. The zeta potential of crude KI-SeNPs was -27.7 ± 0.2 mV, which 

should be moderately stable. The KI-SeNPs can stay stable at low concentration (0.3 

mM) without washing for a week. However, when concentrated by centrifugation, 

the particles tend to aggregate quickly. An easy way to tell if the SeNPs are 

aggregated is looking at the transparency of the suspension. Suspensions of freshly 

prepared SeNPs (less than 100 nm) are clear and orange in colour. The 

corresponding TEM image is shown in Figure 2.3 A, where well dispersed spherical 

SeNPs can be seen. As time goes by, the suspension becomes cloudy, layered, and 

finally red solids are precipitated in the vial. The speed of this process differs with 

different stability and concentration of the suspension. Figure 2.5 is the TEM image 

of the aggregated KI-SeNPs exhibiting cloudiness after a week. It can clearly be seen 

that the particles deformed, and boundaries of particles almost disappeared, 

indicating that the particles were fusing or merging into each other irreversibly and 

large clusters of micro-sized selenium were formed. In the paper by Guisbiers et 

al.171 where bare SeNPs were prepared by laser ablation technique from bulk 

selenium pallets, no stabiliser was employed and the zeta potential was as low as -

45.6 mV, indicating the high stability of the colloidal SeNPs. However, the 

concentration of the SeNPs was low (50 ppm or 0.633 mM). The authors did not 

describe any long-term storage and centrifugation for further use. Instead of 

concentrating the SeNPs and finding the actual minimal inhibition concentration 

(MIC) of the SeNPs against the bacteria, the MIC was estimated by plotting a SeNPs 

concentration – inhibition rate curve using the data obtained at low concentrations. It 

is possible that the same stability problem would occur with the bare SeNPs prepared 

by laser ablation even though the zeta potential was very negative.  
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Figure 2.5 A TEM image of the aggregations of SeNPs from a suspension that 

appeared to be cloudy after 1 week of storage at room temperature. 

 

In summary, there are two issues leading to failure to prepare bare KI-SeNPs for the 

future antibacterial tests: (1) difficulties in scaling up the preparation process to 

obtain sufficient quantity and concentration of KI-SeNPs; (2) KI-SeNPs in aqueous 

suspensions are very unstable. Centrifugation or ultrasonic treatment can quickly 

lead to the irreversible aggregation of the bare SeNPs. These behaviours indicate that 

bare SeNPs are not suitable for further investigation in the colloidal state. Therefore, 

stabilisers with better performance are needed to study colloidal nano-selenium. 
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2.4.2.2 Selenium Nanoparticles Stabilised by Different Capping Agents 

As mentioned in Chapter 1, particle size is one of the important factors which 

determines the antimicrobial performance of the nanoparticles. Therefore, when 

comparing the effects of different stabilisers, it is important to keep the particle size 

the same or as similar as possible. When the influence of different stabilisers on the 

antimicrobial performance of AgNPs was investigated by Kvítek et al.,215 the AgNPs 

were prepared with only electrostatic stabilisation at first, and then coated with 

different stabilisers. This is probably the ideal approach since it made sure that the 

only difference between each group was the stabilising agent, and the nanoparticle 

cores were identical. However, as discussed above, KI could not provide sufficient 

stabilisation for the synthesis of SeNPs with sufficient amount and concentration for 

further antimicrobial investigation. The method used by Kvítek et al.214 could not be 

applied to SeNPs successfully. Therefore, efforts were made to prepare different 

SeNPs with similar sizes by altering the concentration of the different stabilising 

agents.  

When talking about the size of inorganic nanoparticles, there are a few different 

measurements that need clarification before further discussion. One of the most 

commonly used and direct method is with microscope, for example, TEM, as shown 

previously in Figure 2.3 – 2.5. TEM images reveal the actual sizes of the 

nanoparticles. When an inorganic nanoparticle is coated by a polymer, normally it is 

difficult to see the polymer layer in TEM images due to the lack of contrast and 

sensitivity of the polymer.216 It means that usually only the contrast related to the 

inorganic core can be observed, and the size determined through TEM images are 

considered the actual size of the nanoparticle. On the other hand, dynamic light 

scattering (DLS) analysis is a technique commonly used for the analysis of 

nanoparticles which reveals the hydrodynamic particle size. The hydrodynamic size 

reported by DLS analysis is determined through the measurement of Brownian 

motion of the particles and is defined as “the size of a hypothetical hard sphere that 

diffuses in the same fashion as that of the particle being measured”.217 The average 

sizes calculated by TEM analysis are normally smaller than those reported by DLS 

analysis, which is due to the fact that DLS technique determines the hydrodynamic 

size that includes the particle itself as well as the surrounding diffusive layer. The 

electric double layers surrounding the charged particles in an aqueous solution affect 
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the diffusion speed of the particles and consequently affect the hydrodynamic sizes 

determined by DLS.218 Moreover, the DLS technique also gives the polydispersity 

index (PDI) of a sample, which indicates the width of the particle size distribution. 

When the PDI is lower than 0.1, the sample can be considered a highly monodisperse 

sample with a very narrow size distrubtion.219 The z-average size reported from DLS 

cumulant analysis is an intensity-weighted average size, which should not be 

confused with number mean value produced by TEM analysis. It means the DLS 

technique can be sensitive to the presence of large nanoparticles that have stronger 

scattering intensity and give more weight to the calculation.217 

Based on the data from the literature, some preliminary experiments were performed 

to optimise the concentrations of the stabilisers. For example, Bartůněk et al.133 

reported that the size of SeNPs increased as the concentration of polysorbate 20 

increased; the average sizes of the SeNPs prepared with 0.17% and 0.4% of 

polysorbate 20 were 48 nm and 59 nm (by DLS) respectively. In order to prepare 

PS20-SeNPs with average sizes of approximately 50 nm, 0.25% was chosen as the 

concentration of polysorbate 20. It is worth noting that with the surfactant as the 

stabiliser, the sizes of SeNPs increased as the concentration of surfactant increased, 

which is a unique observation. Normally when using polymer or surfactant as 

stabilisers, the sizes of metal NPs decrease as the concentration of the stabiliser 

increases, which leads to stronger steric hindrance and prevents the particle growth. 

Bartůněk et al.133 explained the unique phenomenon by the shift of reaction kinetics 

that the higher concentration of surfactant slowed down the reaction. At the initial 

stage, fewer particles were formed, but as the particle grew, the stabilisation was not 

strong enough to stop the growth, resulting in fewer and larger particles. Bartůněk et 

al.220 later also conducted the study on the synthesis of SeNPs using anionic 

surfactant sodium dodecyl sulphate (SDS) as the stabiliser. Similar observations that 

the size of SeNPs increased as the concentration of SDS increased were reported. For 

the PVA-SeNPs and CS-SeNPs, the suitable concentrations of the polymer stabiliser 

were also determined according to the literature.122,196,205  
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TEM images and size distribution of the SeNPs are shown in Figure 2.6. Table 2.3 

summarises the DLS analysis results for selenium nanoparticles synthesised in the 

presence of PVA, polysorbate 20, and chitosan. The obtained SeNPs with different 

stabilisers were all approximately 50 nm in size, which was similar to those 

synthesised in the other studies.122,127,133 As can be seen from the table, both PVA 

and polysorbate 20 capped selenium nanoparticles were highly monodispersed, with 

PDI values of 0.09 and 0.04 which fall below the 0.1 threshold. However, the SeNPs 

prepared with chitosan as the stabiliser had a higher PDI of 0.22. This may be a 

result of the heterogeneous nature of chitosan which leads to heterogeneous 

nucleation and growth of nanoparticles. On the other hand, the DLS z-average size 

of PS20-SeNPs were similar to the size obtained by TEM analysis, while the sizes 

determined by TEM were much smaller than DLS z-average sizes for PVA-SeNPs 

and CS-SeNPs. This can be attributed to the presence of polymer on the surface of 

the nanoparticles, which significantly increased the hydrodynamic size of the 

nanoparticles but were invisible in the TEM images with the resolution used. The 

actual average sizes of the selenium nanoparticles obtained from TEM analysis were 

very similar. Since many reports have discussed the influence of particle size on the 

properties of nanoparticles, similar sizes (i.e. the actual size of the SeNPs determined 

by TEM) are favourable for future study when comparing the different coatings.    
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Figure 2.6 TEM images and size distributions of (A) PVA-SeNPs; (B) PS20-SeNPs; 

and (C) CS-SeNPs and corresponding histograms of size distribution (a, b, c). 

a A 

b B 

c C 
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Table 2.3 DLS analysis results for selenium nanoparticles synthesised in the 

presence of PVA, polysorbate 20, and chitosan.  

Nanoparticles DLS z-average size (nm) PDI Size by TEM (nm) 

PVA-SeNPs 119 ± 7 0.09±0.04 45 ± 6 

PS20-SeNPs 56 ± 1 0.04±0.01 48 ± 5 

CS-SeNPs 150 ± 4 0.22±0.02 50 ± 9 

* Data presented as mean ± SD, n=3. 

 

The zeta potential values of the SeNPs with different capping agents are shown in 

Table 2.4. The zeta potential of PVA-SeNPs described here is lower than the value 

reported by Tran et al.122 It is possibly due to the different degree of hydrolysis of 

the PVA used, as details of the polymer were not provided by Tran et al. Since the 

zeta potential of PVA-SeNPs was only around -8.2 mV, the nanoparticles were 

mainly stabilised by the steric hindrance provided by the polymer. Both polysorbate 

20 and chitosan coated nanoparticles have moderate electrostatic repulsion as well as 

steric hindrance. It does not necessarily mean that polysorbate 20 and chitosan have 

better stabilisation ability than PVA, since the PVA used here has a much larger 

molecular weight and the steric hindrance may be stronger. Actually, all of these 

three types of SeNPs can stay stable for several weeks at room temperature with a 

clear transparent look without showing cloudiness. 

 

Table 2.4 Zeta potential of SeNPs stabilised by different capping agents.  

Nanoparticles Zeta potential (mV) 

PVA-SeNPs -8.2 ± 2.5 

PS20-SeNPs -24.6 ± 4.6 

CS-SeNPs +23.8 ± 3.7 

* Data presented as mean ± SD, n=3. 
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2.4.2 Preparation and Characterisation of silver nanoparticles 

At the initial stage of this study, attempts were made to prepare different shapes of 

AgNPs, as studies have indicated that the antimicrobial activity of colloidal AgNPs 

is influenced by the particle shape; for example, silver nanoprisms (triangular 

nanoplates) were found to have better antimicrobial performance than conventional 

AgNPs.167 However, it is unclear if this difference remains when the nano-silver is 

fixed onto a surface. Therefore, one of the original goals of this study was to prepare 

different shaped nano-silver ex situ and then fix them onto fabric surface. 

Unfortunately, from the preliminary studies, it was found that the reproducibility of 

the shaped nano-silver was poor. The properties of the products varied between 

different batches. More importantly, the shaped nano-silver lost their special shape 

easily with external stimuli such as heat and electrostatic disturbance, which is not 

desirable for applying them onto fabrics. Subsequently, the experiment was 

terminated. The details of the preparation and characterisation of the silver 

nanoprisms can be found in the Appendix A. 

Subsequently, silver nanoparticles, as a type of well-studied antimicrobial 

nanoparticles, were investigated as a comparison for SeNPs. Studies have shown that 

the presence of polymer or surfactant stabilisers on the particle surface generally has 

no significant adverse effect on the antimicrobial properties of AgNPs.215,221 

Therefore, the aim here was to produce AgNPs with comparable sizes to that of 

SeNPs other than creating different surface conditions for the AgNPs. A method 

reported by Qin et al.206 was followed to prepare quasi-spherical silver nanoparticles 

with controlled sizes using ascorbic acid as the reducing agent; in the original report, 

the authors discussed the influences of pH on the reaction and the AgNP products. In 

this thesis, poor reproducibility was a major problem when the method was followed 

initially. After repeated trials, factors other than the temperature, reactant 

concentrations, and pH of the reaction system were identified to be crucial to the 

synthesis as well since the synthesis is highly sensitive to the reaction conditions. 

For example, when mixing the precursor salt with the reducing agent and stabiliser, 

it is often described simply as “added to” or “by dropwise” in many reports, while it 

is actually a critical condition that affects the nanoparticle synthesis. It is rarely 

mentioned in published studies that other factors such as the size and shape of the 
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reaction vessels and magnetic stir bars also play their roles in the process, and 

therefore need to be controlled to improve the repeatability of the reactions.222 In this 

section, apart from the pH values which were discussed as a critical condition in the 

original report, the mixing of reactants (e.g. by drop wise or injection) is also studied 

as a supplement to the synthetic method.  

 

2.4.2.1 Influence of the pH of the Reaction System on the Silver Nanoparticle 

Products 

The AgNPs prepared at different pH possess distinct colours as shown in Figure 2.7. 

In metal nanoparticles such as silver, electrons move freely, which gives rise to a 

surface plasmon resonance (SPR) absorption band. This band occurs when the 

frequency of the electromagnetic field of an incoming light wave becomes resonant 

with the coherent electron motion, which is the origin of the observed colour and the 

absorption peak on the UV-vis spectrum.  

 

Figure 2.7 Silver nanoparticle colloids prepared with different pH: (A) pH 10.8, (B) 

pH 10.2, and (C) pH 9.5. 

 

The absorption peak strongly depends on the particle size, shape and dielectric 

medium. In a UV-Vis spectrum of AgNPs, the average particle size is associated 

with the maximum absorption wavelength, while the particle size distribution is 

related to the full width at half maximum (FWHM).223 The UV-vis spectra of the 

TSC-AgNPs prepared at different pH are shown in Figure 2.8 (correlated to Figure 

2.7). The as-prepared fresh silver nanoparticles synthesised at pH of 9.5, 10.2, and 

(A)           (B)           (C) 

Original in colour 
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10.8 presented absorption peaks at 454, 404, and 396 nm respectively. The 

absorption peak red shifted as the pH value decreased, indicating larger particle sizes 

were generated as the pH value decreased. This was because the reactivity of 

ascorbic acid as a reducing agent was increased with the increase of pH and, 

consequently, the number of nuclei formed at the initial stage was higher, which 

resulted in a smaller amount of silver ions for particle growth and smaller particle 

sizes.206 The values of FWHM for these samples were 55, 64, and 224 nm 

respectively. It is noticeable that all of the peaks became narrower and sharper after 

ripening. The FWHM values decreased to 50, 57, 96 nm respectively, indicating an 

improvement of size distribution.  

 

Figure 2.8 UV-vis spectra of the AgNPs synthesised at pH 9.5, 10.2, and 10.8 by 

adding silver nitrate dropwise (1 drop/sec). 

 

The results obtained from DLS analysis are summarised in Table 2.5. There is a clear 

trend that the average particle size increased with the decrease of pH value of the 

system before the addition of silver salt, which is in accordance with the UV-vis 

spectra results. Additionally, the decrease of pH value resulted in a lower PDI value, 

which indicates better uniformity of particle size. This can be explained by the 

different reactivity of the reducing agent as well. For example, at pH 9.5, the 

reactivity of ascorbic acid was not as high as at pH 10.8, which gave time for the 

silver ions to be homogenised by the magnetic stirrer when added to the reaction 

Original in colour 
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system before being reduced to metallic silver. On the other hand, when the 

reactivity of the reducing agent was very high at a higher pH value, there was little 

time for the silver ions to be properly dispersed in the reaction system, resulting in a 

heterogeneous growth of particles. From the DLS analysis it can also be seen that the 

ripening process effectively improved the monodispersity, while slightly increasing 

the average hydrodynamic sizes. This might be due to the intraparticle ripening 

accelerated by the high temperature of the ripening process. After all the monomers 

are consumed, nanoparticles will undergo intraparticle ripening, where the 

aggregations of nuclei become more spherical-like.206 The irregular shapes of the 

particles might have been an additional contribution to the hydrodynamic size 

measurements by DLS. Therefore, during the ripening process, the small particles 

were consumed, and the irregular shapes of particles disappeared, which led to a 

better size distribution. This can be evidenced by Figure 2.9, an example size 

distribution graph of AgNPs synthesised at pH 10.2 obtained from DLS analysis. 

After the ripening process, the peak of small particles with sizes around 10 nm 

disappeared, and the main peak became taller and shifted to a slightly smaller size, 

from 79 nm to 68 nm.  

 

Table 2.5 DLS analysis results for TSC-AgNPs synthesised at different pH 

conditions, silver nitrate added by quick drop (1 drop/sec).  

pH condition Fresh or 

ripened 

DLS z-average 

(nm) 

PDI Size by TEM 

(nm) 

10.8 Fresh 33 ± 3 0.47 ± 0.03 14 ± 5 

10.8 Ripened 39 ± 4 0.18 ± 0.03 13 ± 5 

10.2 Fresh 47 ± 4 0.53 ± 0.07 32 ± 11 

10.2 Ripened 57 ± 1 0.31 ± 0.01 31 ± 7 

9.5 Fresh 86 ± 2 0.30 ± 0.01 53 ± 21 

9.5 Ripened 96 ± 3 0.29 ± 0.01 55 ± 17 

* Data represent mean ± SD, n=3. 
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Figure 2.9 Size distribution by intensity obtained by DLS analysis before and after 

accelerated ripening, sample prepared at pH 10.2. 

 

The analysis above can be further confirmed by the TEM images of the silver 

nanoparticles (Figure 2.10 – 2.12). As can be seen, the size of nanoparticles 

increased significantly as the pH value decreased, which was consistent with the 

results from the UV-vis spectra and DLS analysis. No major differences in the sizes 

before and after the ripening process can be seen, but it is noted that the 

morphologies of the particles become more smooth and spherical-like after the 

ripening process. The average sizes obtained from TEM image analysis for the 

AgNPs prepared at pH 10.8, 10.2 and 9.5 are 13 ± 5 nm, 31 ± 7 nm, and 55 ± 17 nm 

respectively. These sizes are smaller than those determined by DLS. As mentioned 

earlier, the hydrodynamic size is usually larger than the actual particle size because it 

includes the diffusive layer around the particles. The size distribution of ripened 

nanoparticles determined by TEM images are also shown in Figure 2.10. It can be 

seen that size distributions of all the samples, especially at pH 10.2 and 9.5, were 

clearly improved after the accelerated ripening process and became single-peaked 

with the peak value close to the calculated mean size. 
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Figure 2.10 TEM images of AgNPs synthesised at pH 10.8: (A) freshly prepared 

and (B) ripened in 100 °C water bath for 2 h, and the corresponding particle size 

distribution. 

 

 

 

 

 

 

 

A                                                       
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Figure 2.11 TEM images of AgNPs synthesised at pH 10.2: (A) freshly prepared 

and (B) ripened in 100 °C water bath for 2 h, and the corresponding particle size 

distribution. 
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Figure 2.12 TEM images of AgNPs synthesised at pH 9.5: (A) freshly prepared and 

(B) Ripened in 100 °C water bath for 2 h, and the corresponding particle size 

distribution. 
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2.4.2.2 Influence of the Precursor Addition Speed on the Silver Nanoparticle 

Products 

As discussed earlier, there are many factors in the synthetic conditions that can 

influence the properties of the nanoparticle product. Apart from the pH value of the 

reaction system, another factor is how the reactants are mixed. This information is 

often omitted from published reports. When mixing the precursor salt with the 

reducing agent and stabiliser, “added to” or “added by dropwise” is often given in 

the methodology section; however, the speed of addition can also make a significant 

difference to the product. In order to study the influence caused by the different ways 

to mix reactants, in this section, the silver nitrate was added to the system by rapid 

injection, quick drop (1 drop/sec), or slow drop (1 drop/5 secs). The pH of the 

system was fixed at 9.5 for this investigation because the AgNPs synthesised at pH 

10.2 and 10.8 by quick drop were already very small. 

Figure 2.13 shows the UV-vis spectra of the silver nanoparticles synthesised by 

different mixing speed of reactants at pH 9.5. Table 2.6 is the summary of DLS 

analysis on the particles. TEM images and size distribution of the AgNPs are shown 

in Figure 2.12, Figure 2.14 and Figure 2.15. Some findings are similar with the study 

on the effects of pH. It can be seen that the increase of mixing speed caused similar 

changes on the nanoparticles as the increase of pH (i.e. reducing agent reactivity). 

When the silver salt was rapidly injected to the system, the nanoparticles obtained 

were even smaller than those nanoparticles synthesised at pH 10.2 and the addition 

of silver salt by dropwise. This was because when the silver precursor was injected 

rapidly into the reaction system, a large number of nuclei were formed immediately, 

and the monomers remaining for particle growth were limited. On the contrary, when 

AgNO3 was added slowly, the number of nuclei formed at the initial stage was 

limited and therefore there were more monomers added later for the particles to grow 

larger. It is also noticeable that the AgNPs prepared by rapid injection of silver 

precursor have the narrowest size distribution. When the AgNO3 was injected into 

the reaction system, the silver ions could be more easily and rapidly homogenised, 

and thus the formation of nuclei and nanoparticles could be more uniform across the 

reaction system.  
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Figure 2.13 UV-vis spectra of the AgNPs synthesised by adding silver nitrate by 

rapid injection, quick drop (1 drop/sec), or slow drop (1 drop/5 secs) at pH 9.5. 

 

Table 2.6 DLS analysis results for TSC-AgNPs synthesised at pH 9.5.  

Addition of 

AgNO3 

Fresh or 

ripened 

DLS z-average 

(nm) 

PDI Size by TEM 

(nm) 

Rapid injection Fresh 43 ± 2  0.19 ± 0.02 37 ± 6 

Rapid injection Ripened 49 ± 3 0.11 ± 0.01 42 ± 5 

Quick drop Fresh 86 ± 2 0.30 ± 0.01 53 ± 21 

Quick drop Ripened 96 ± 3 0.29 ± 0.01 55 ± 17 

Slow drop Fresh 123 ± 6 0.24 ± 0.01 90 ± 36 

Slow drop Ripened 127 ± 6 0.22 ± 0.02 100 ± 26 

* Data represent mean ± SD, n=3. 
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Figure 2.14 TEM images of AgNPs synthesised at pH 9.5 by rapid injection of 

silver salt: (A) freshly prepared and (B) ripened in 100 °C water bath for 2 h and the 

corresponding particle size distribution. 
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Figure 2.15 TEM images of AgNPs synthesised at pH 9.5 by slow drop of silver 

salt: (A) freshly prepared and (B) ripened in 100 °C water bath for 2 h and the 

corresponding particle size distribution. 

 

The average sizes of AgNPs determined by TEM for the three different samples are 

42 ± 5 nm, 55 ± 17 nm, and 100 ± 26 nm respectively (Table 2.6). The average sizes 

by TEM analysis are smaller than the results reported by DLS technique as expected, 

due to the reasons previously discussed. It is worth noticing that the average sizes of 

the AgNPs prepared by rapid injection of silver salt obtained from the two different 

techniques are quite close, with 49 nm and 42 nm from DLS and TEM respectively, 

while this sample also has significantly lower PDI compared with other samples. 

A                                                      

 

 

 

 

 

 

B 



 

 66 

This could lead to the observation that when the nanoparticles have a narrow size 

distribution, the z-average size calculated by DLS is closer to the actual average size. 

As mentioned previously, z-average size is sensitive to the presence of large 

nanoparticles which contribute more weight to the calculation due to the stronger 

scattering intensity. Therefore, the more uniform the nanoparticles are, the more 

accurate the z-average size can be.  

 

Table 2.7 Zeta potential of silver nanoparticles prepared at different conditions.  

Nanoparticle synthetic condition Zeta potential (mV) 

pH 10.8, quick drop -47.5±1.3 

pH 10.2, quick drop -52.3±0.1 

pH 9.5, quick drop -49.1±0.6 

pH 9.5, rapid injection -56.9±1.0 

pH 9.5, slow drop -52.3±0.7 

* Data represent mean ± SD, n=3. 

 

Table 2.7 summarises the zeta potentials of TSC stabilised silver nanoparticles. The 

zeta potential values for all the silver nanoparticles were at around -50 mV. Neither 

the different pH conditions nor reagent mixing speeds had a major influence on the 

zeta potential and the stability of the AgNP suspensions. These results indicated 

highly stable electrostatic stabilisation for the AgNPs, which is favourable for the 

storage and further evaluation of the nanoparticles. 

 

2.5 Chapter summary 

In this chapter, both selenium and silver nanoparticles were successfully prepared by 

a facile chemical reduction method at room temperature. Ascorbic acid was 
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employed as a nontoxic and mild reducing agent to achieve environmentally friendly 

synthesis. The sizes and surface conditions of the nanoparticles were controlled and 

characterised as these properties are known to influence the antimicrobial 

performance of the nanoparticles. 

Spherical selenium nanoparticles with similar sizes but different stabilisers were 

successfully prepared using the same method. Since the aim here was to investigate 

the influences of stabilisers on the antimicrobial performance of SeNPs, the sizes of 

the different SeNPs should be similar. The electrostatic stabilisation with KI alone 

failed to provide stable suspensions of SeNPs. The monodispersed bare selenium 

nanoparticles could be prepared at low concentration (approximately 0.5 mM) but 

the process could not be scaled up to obtain stable nanoparticle suspension with 

sufficient quantity of nanoparticles for future application in antibacterial assessment. 

When increasing the concentration of selenium, the nanoparticles tended to 

aggregate irreversibly. The SeNPs with different stabilisers, including PVA, 

polysorbate 20, and chitosan all had excellent stability and similar sizes (40 – 50 

nm), which are favourable for the investigation to be conducted in the next chapter. 

For quasi-spherical silver nanoparticles, a synthetic method based on Qin and 

colleagues’ report206 was employed, and AgNPs with a range of diameters were 

obtained by altering the pH of the synthesis reaction and the mixing speed of the 

reactants. It was found that increased pH value could lead to increased reactivity of 

ascorbic acid as a reducing agent, and thus smaller AgNPs with narrower size 

distribution could be obtained, which is in accordance with the original report. Apart 

from the pH value, how the reactants are mixed was identified in this thesis as 

another factor that can greatly affect the synthesis reaction. It was found that mixing 

the reactants quickly, i.e. adding AgNO3 by rapid injection, could result in smaller 

particles sizes and improved size distribution comparing with adding the silver 

precursor drop by drop. With the controlled synthetic conditions, silver nanoparticles 

with averages sizes from approximately 10 to 100 nm were obtained. These results 

also demonstrated that the properties of nanoparticles were sensitive to the 

conditions during the synthesis process, thus great care needs to be taken when 

preparing nanoparticles.  
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Chapter 3 Antibacterial Activity of Colloidal Silver 

and Selenium Nanoparticles 

3.1 Introduction 

The overall aim of this chapter was to test the antibacterial performance of the 

different nanoparticles prepared in Chapter 2, which could provide valuable insights 

for the development of nanoparticle-based antimicrobial textiles. Numerous methods 

have been developed to evaluate the antibacterial performance of nanoparticles in 

suspension, however many are flawed and as yet there is no standard method for the 

antibacterial assessment of nanoparticles. When applying the antimicrobial 

susceptibility test methods of antibiotics to nanoparticles, modification is often 

needed since nanoparticles, as nano-scale solid materials, act differently from soluble 

antibiotic compounds, thus more than one method is often necessary.224 Some 

commonly used antibacterial assessment methods for colloidal nanoparticles are 

summarised Table 3.1. 

Disk diffusion is one of the oldest methods for antimicrobial susceptibility testing 

and still remains one of the most widely used standardised methods now due to its 

simplicity and good applicability to a wide range of microorganisms.225 This method 

involves inoculating the whole surface of agar plates to achieve confluent bacterial 

growth, and then disks impregnated with antimicrobials are plated onto the surface. 

With the diffusion of antibiotic from the disk, a clear zone without bacterial growth 

can be observed after incubation. By comparing the zone of inhibition (ZoI) formed 

with a database, the extent to which microbes are affected by the antimicrobial agent 

can be determined.  
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Table 3.1 Commonly used antibacterial assessment methods for nanoparticles.  

Method Advantages  Disadvantages References 

Agar diffusion method (disk 

diffusion or well diffusion) 

Simple qualitative/semi-

quantitative method 

Not applicable for many nanoparticles that do not diffuse on agar 

plates; cannot distinguish bactericidal and bacteriostatic effects 

163,226,227  

Optical density reading Simple Low accuracy; the presence of nanoparticles interfering with the 

optical density 

105,163,168,228 

Viable counts on agar plates No special reagent and 

equipment required 

Determines colony forming unit (CFU) but not total cell population; 

time consuming; large amount of disposable materials needed 

229–231 

Colorimetric viability assays 

such as MTS/MTT/XTT 

and AlamarBlue 

Applicable to both 

planktonic cells and cells 

on surfaces 

Costly reagents; quantifies metabolic activity rather than viable cell 

population; uncertainty of the interaction between reagents and 

nanomaterials 

114,232,233 

Live/dead staining Accuracy; visualisation 

of sample 

Costly reagents; special equipment needed 122,234 
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Conventionally, the antimicrobial agents, including antibiotics and antimicrobial 

plant/microorganism extracts, are normally soluble and therefore can diffuse in the 

agar. However, for nanoparticles, the size of nanoparticles may not allow them to 

diffuse in the semi-solid agar. Agnihotri et al.163 prepared a range of silver 

nanoparticles with different sizes (from 5 nm – 100 nm) and performed the disk 

diffusion test against E. coli. The results showed that only particles smaller than 15 

nm formed ZoI on the nutrient agar plates and the ZoI decreased with increased size 

of nanoparticles. For larger nanoparticles, no ZoI was observed, showing inferior 

antibacterial efficacy compared with tests carried out in liquid culture. There are two 

possible reasons that could explain the difference between the small (<15 nm) and 

large nanoparticles. Firstly, the mobility of nanoparticles might be strictly related to 

the size of the nanoparticles. Small particles might be able to penetrate through the 

agar, but larger ones may not. Secondly, it is believed that the release of silver ions is 

one of the main mechanisms of antibacterial activity of AgNPs. The release of silver 

ions from large nanoparticles is slower than smaller ones due to the larger specific 

surface area of the latter.235 

Due to the limited applicability of disc diffusion method for nanoparticles, the well 

diffusion method has also been commonly used to test the antibacterial efficacy of 

metal nanoparticles. It is a modification of the disk diffusion method, and the 

procedure is similar but instead of using an impregnated disk, a well is cut out of the 

agar plate and the liquid antibacterial agent is placed directly into the well. The 

presence of liquid may facilitate the release of ions and therefore could be applicable 

to a wider range of particle sizes. Dong et al.226 used the well diffusion method to 

test the antibacterial performance of nano-silver against E. coli. AgNPs with average 

sizes of 4 nm, 21 nm, and 40 nm, and silver nano-prisms (triangular plates) with a 

wide size distribution (from 25 nm to 400 nm) were tested. In this study, even the 

largest AgNPs (40 nm) formed a clear ZoI. Surprisingly, it was found that the ZoI of 

silver nano-prisms was even larger than the smallest AgNPs (4 nm). From the 

perspective of size, the nano-prisms would not be able to diffuse better in the agar 

than the smallest AgNPs. Therefore, the increased antibacterial efficacy might have 

resulted from the distinct crystal structure and altered ability to release silver ions. 

However, as discussed in Section 1.4, different nanoparticles have different 

antimicrobial modes of action. For those nanoparticles whose main mechanism is not 
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the release of toxic ions but requiring direct contact with the cells, the agar diffusion 

method may not be suitable. Moreover, this method cannot distinguish whether the 

effect is bactericidal or bacteriostatic.  

The monitoring of turbidity/optical density is a commonly used method to estimate 

the density and proliferation of planktonic bacterial cells. Bacterial cells block and 

scatter light just like other particles do. Within a suitable range, the absorbance 

reading is proportional to the number of cells present in the suspension. The 

advantage of this technique is the simplicity. Once a standard curve of optical 

density – cell density is established, the bacterial viability can be estimated by 

measuring the turbidity of the test suspension. The method is also used to determine 

the effect of nanoparticles on the bacterial growth. However, one complication 

associated with this technique is that nanoparticles also contribute to the optical 

density reading of the sample which may interfere with the optical density reading. 

Moreover, when in contact with the culture media, biomolecules and bacterial cells, 

the nanoparticles may agglomerate/aggregate and the optical properties of the 

nanoparticles may change significantly. The change is not necessarily the same as 

when nanoparticles are suspended in culture media alone and thus it is difficult to 

prepare a control of the turbidity contributed by the nanoparticles. Therefore, the 

accuracy of this method is questionable.224 

The viability of bacteria after exposure to nanoparticles can also be determined by 

spreading the bacterial suspension on agar plates and performing colony counts. 

When comparing the viable counts from control groups incubated without 

nanoparticles, the reduction rate of colony forming units (CFU) can be determined. 

This method is cheap and easy to perform; however, it is also time consuming and 

labour-intensive. One intrinsic limitation of this method is that a colony on an agar 

plate may have arisen from a single bacterium or from a large cluster of many 

bacteria.224 Additionally, the present of viable but non-culturable (VBNC) cells may 

increase the uncertainty of the results. VBNC cells have intact membranes and 

genomic materials, but they are in a state of very low metabolic activity and cannot 

grow on standard media. Some bacterial cells can enter this state when under stress, 

including exposure to an antimicrobial agent.236 When assessing the performance of 

an antimicrobial agent using a plate count method, the inactivation or removal of the 
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agent from the suspension is normally carried out by adding an inactivation agent or 

by filtration, to ensure that there is no carryover of the antimicrobial agent onto the 

agar plate which could impede the growth of the test microorganism, so that the 

killing efficacy can be determined. However, there is no effective method to 

inactivate or remove the nanoparticles from the mixture so far. It is possible that the 

nanoparticles adhere to the bacteria and thus continuously inhibit the growth of the 

bacteria preventing them from developing into a visible colony on the agar plates. 

This can increase the uncertainty of the experimental results. 

A variety of colorimetric or fluorometric assays estimate the cell viability through 

the measurement of a biochemical marker that is related to cell metabolic activity. 

Examples of this type of assay include tetrazolium salt-based assay (e.g. MTT and 

XTT), resazurin salt-based assay (e.g. AlamarBlue) and ATP assay. These assays are 

easy to use and are applicable for both planktonic cells and cells attached to a 

surface. However, the cell metabolic activity may not always accurately represent 

the cell viability. For example, as discussed above, bacterial cells may enter a state 

of low metabolism but remain viable under stress; bacterial cells in a biofilm may 

also have reduced metabolic activity, resulting in artificially low numbers of viable 

cells.237 Similar to the optical density reading method, the presence of NPs in the 

suspension may also cause interference of the colorimetric reading. Another dye-

based assay is Live/Dead staining, which can offer better accuracy and more detailed 

analysis when determining the cell viability. The assay uses a combination of two 

fluorescent nucleic acid dyes, of which one (SYTO 9) stains all cells living or dead, 

and the other (propidium iodide) stains dead or dying cells with compromised 

membranes. When used together, red propidium iodide causes reduced fluorescence 

of green SYTO 9 when both dyes are present such that the dead cells would present 

as red in colour. The assay results can be analysed by fluorescent plate reader or flow 

cytometry or visualised by confocal microscopy. The limitations of Live/Dead 

staining include the need of special equipment and costly reagents.  

When assessing the performance of an antimicrobial agent, in particular 

antimicrobial nanoparticles, the methods should be carefully selected according to 

the characteristics and applications of the test material. More than one assay may be 

required to avoid skewed results. Bankier et al.234 compared three different methods, 

including plate count, flow cytometry Live/Dead staining assay and quantitative 
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polymerase chain reaction (qPCR), to evaluate the antibacterial performance of 

metal NPs in suspension. The results indicated that the plate count method and 

Live/Dead staining assay provided consistent results; however, the viability qPCR 

analysis seemed to be hindered by the NPs as they bind to the DNA and interfere 

with the qPCR amplification. An increasing number of studies have also generated 

confounding or even conflicting data when evaluating the toxicity of NPs. The 

unique physicochemical properties of nanoparticles may interfere with assay 

components, biomarkers or detection systems, introducing artefacts into the studies. 

Therefore, it is of value to evaluate the antimicrobial property of nanoparticles using 

more than one method to avoid distorting and misleading results. 

In this chapter, both qualitative and quantitative methods were employed to study the 

antibacterial performance of the nanoparticles prepared in Chapter 2. It is believed 

that the surface charge and the presence of polymer or other capping agents can 

significantly influence the activity of nanoparticles.170 For selenium nanoparticles, 

the antibacterial ability remains controversial. For example, some studies have 

suggested that the SeNPs showed no effect on Gram-negative strains such as E. 

coli,122,133 while other reports showed good antibacterial effect of the SeNPs on E. 

coli.171,204 This might be due to the different surface properties of the SeNPs. 

Guisbiers et al.171 prepared bare SeNPs using a laser ablation method and reported 

inhibition of E. coli by the bare SeNPs; the authors also hypothesised that the 

seemingly conflicting results were due to the presence of chemical contaminants 

(e.g. polymer or surfactant stabiliser) on the SeNPs. The influences of stabilising 

agents on the antimicrobial performance of SeNPs had not been systematically 

studied by the time this work was conducted. In the previous chapter, attempts were 

made to prepare bare SeNPs using KI as the stabiliser, but the bare SeNPs were 

unstable and went through rapid, irreversible aggregation. Sufficient colloidal bare 

SeNPs were not able to be obtained. This is probably why the antibacterial activity 

of bare SeNPs has rarely been reported. It is worth noting that in the report of 

Guisbiers and colleagues’, the concentrations of SeNPs they used were also very low 

(up to 50 ppm).171  

SeNPs with different capping agents, including PVA, polysorbate 20, and chitosan, 

were used to study the influence of surface properties of nanoparticles on their 

antibacterial performance. Reports on PVA-SeNPs122 and PS20-SeNPs133 showed 
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that these two types of SeNPs did not inhibit the growth of E. coli, while they 

significantly inhibited the growth of S. aureus, exhibiting species-dependent effects. 

Several methods and concentrations from the two reports were utilised in this chapter 

to assess the antibacterial activity of the SeNPs to determine whether the negative 

results from the literature could be due to the low concentrations tested or unsuitable 

assessment methods used. Chitosan was employed to prepare selenium nanoparticles 

with a positive surface charge and to enhance the interaction between the 

nanoparticles and bacterial cells. It has been reported that chitosan and SeNPs 

exhibited synergistic effects against Candida albicans.238 

The research questions are:  

(1) Do SeNPs have antibacterial effects towards Gram-negative bacteria such as 

E. coli? 

(2) If SeNPs do have antibacterial effects towards E. coli, what may have led to 

the negative results reported in the literature? 

(3) Do the surface conditions, including a coating of polymer or surfactant, and 

surface charge influence the antibacterial activity of SeNPs significantly? 

Since particle size is known to be another important factor that can influence the 

antibacterial activity of nanoparticles, the sizes of SeNPs capped with different 

agents were controlled to be in a similar range (40 – 50 nm). In addition, AgNPs 

were studied as a well-established antimicrobial nanoparticle model. Four types of 

AgNPs were employed, with two sizes (approximately 35 nm and 60 nm) and two 

surface conditions (bare TSC-AgNPs with strong negative charge and chitosan-

coated AgNPs with positive charge). It has been reported that the positive surface 

charge imparted by cationic polymer can improve the antimicrobial of the 

nanoparticles.169,170 However, in most of the published studies, when studying the 

influence of surface conditions on the antibacterial performance of AgNPs, the 

nanoparticles were prepared in the presence of different stabilisers, which usually 

resulted in AgNPs with different surface conditions as well as slightly different sizes 

and shapes. Here in this study, the pre-prepared bare TSC-AgNPs as described in 

Chapter 2 were coated with chitosan and their performance was compared. In this 

way, it was made sure that the presence of chitosan was the only difference between 

the two types of the nanoparticles.  
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3.2 Materials 

3.2.1 Preparation of nanoparticle suspensions 

Bare TSC-AgNPs prepared at pH 10.2 and 9.5 with quick drop addition of AgNO3, 

as described in Section 2.3.1, were chosen to prepare chitosan-coated AgNPs. A 19 

mL aliquot of the bare TSC-AgNPs suspension after ripening was added to 1 mL of 

0.5% chitosan solution drop by drop with vigorous stirring, resulting in AgNPs 

capped and dispersed in 0.025% chitosan solution. The product was named CS-

AgNPs. All types of chosen nanoparticles (listed in Table 3.2) were washed and 

sterilised prior to being used in biological experiments. Briefly, the as-prepared 

nanoparticle colloids were filtered through sterile cellulose acetate syringe filters 

(0.2 μm, Sartorius), after which the nanoparticles were handled aseptically. 

Centrifugation was used to wash the nanoparticles as described in Section 2.3.2 

(Table 3.2), as well as to concentrate nanoparticles by resuspending the nanoparticles 

in smaller volumes. After washing, the concentration of nanoparticles was 

determined by Microwave Plasma Atomic Emission Spectroscopy (4100 MP-AES, 

Agilent), which uses a microwave-induced nitrogen plasma. The samples were 

digested using concentrated nitric acid by mixing washed nanoparticles with 

concentrated HNO3 in a glass vial. The vial was kept at 80 °C in an oven for 1 h and 

left at room temperature overnight, after which the colour of the nanoparticle 

suspension disappeared. The solution was then diluted in volumetric flasks and the 

concentration of Ag or Se was analysed by MP-AES. The washed nanoparticles were 

then adjusted to desired concentrations accordingly with sterile RO water (15 mΩ), 

and then stored at 4 °C. The characteristics of the nanoparticles used in biological 

experiments are summarised in Table 3.2.  

 

 

 

 

 



 

 76 

Table 3.2 Nanoparticles used for antibacterial tests 

Nanoparticles Size by TEM (nm) Size by DLS (nm) Zeta potential (mV) 

TSC-AgNPs (35 nm) 33 ± 7 48 ± 5 -47.6 ± 2.1 

CS-AgNPs (35 nm) 33 ± 7 100 ± 4 +13.4 ± 1.3 

TSC-AgNPs (60 nm) 59 ± 15 85 ± 4 -46.8 ± 0.9 

CS-AgNPs (60 nm) 59 ± 15 128 ± 6 +14.2 ± 0.7 

PVA-SeNPs 45 ± 6 119 ± 7 -8.2 ± 2.5 

PS20-SeNPs 48 ± 5 56 ± 1 -24.6 ± 4.6 

CS-SeNPs 50 ± 9 150 ± 4 +18.4 ± 5.6 

* Data represented as mean ± SD. 

 

3.2.2 Bacterial culture media and diluent 

Nutrient Agar (NA, Oxoid), Nutrient Broth (NB, Oxoid), Tryptone Soya Agar (TSA, 

Oxoid), Tryptone Soya Broth (TSB, Oxoid), and Mueller-Hinton Agar (MHA, 

Oxoid) were prepared according to the manufacturer’s instructions with RO water. 

Normal saline solution (0.85% NaCl) was prepared by dissolving NaCl (Thermo 

Fisher Scientific) in RO water. Phosphate buffered saline (PBS) tablets (Oxoid) were 

used to prepare the buffered saline solution according to the manufacturer’s 

instruction. All the culture media, and saline solution, were sterilised by autoclaving 

at 121°C for 15 minutes.  
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3.2.3 Bacterial strains 

Gram-positive bacteria Staphylococcus aureus (NCTC 10788), Streptococcus 

pyogenes (NCIMB 13285), and Enterococcus faecalis (NCIMB 13280); Gram-

negative bacteria Escherichia coli (NCTC 10418), Pseudomonas aeruginosa (NCTC 

10662), and Klebsiella pneumoniae (NCTC 11228) were obtained from the 

University of Brighton culture collection and used for testing of antibacterial 

activities of nanoparticles. Stock cultures of all microorganisms were stored in TSB 

containing 10% (v/v) glycerol at -20°C. Subcultures were prepared from frozen 

isolates by streaking onto fresh NA plates. All streaked plates were incubated at 

37°C for 24 hours and stored in a refrigerator at 4°C prior to use. These streaked 

plates were replaced every four weeks, with fresh cultures being made before each 

experiment. 

 

3.3 Methods 

3.3.1 Antibacterial assessment of nanoparticles by direct contact on agar plates 

The method for the preparation of the bacterial inoculum was adapted from the 

European Committee on Antimicrobial Susceptibility Testing (EUCAST) 

antimicrobial susceptibility methodology225 and British Standard BS EN 1040:2005 

(Chemical disinfectants and antiseptics — Quantitative suspension test for the 

evaluation of basic bactericidal activity of chemical disinfectants and antiseptics).239 

All of the six bacterial strains mentioned above were used in this method. Individual 

bacterial species were inoculated onto TSA plates by streak plating and incubated 

overnight at 37°C, from which a few individual colonies were removed aseptically 

and suspended in 2 mL sterile PBS in a glass vial containing 0.2 g glass beads 

(diameter 2 mm). The vial was shaken for a few minutes until the bacterial cells were 

thoroughly suspended. The optical density at 600 nm (OD600) of the bacterial 

suspension was measured using a spectrophotometer (Jenway 6305) and adjusted to 

approximately 0.1 by diluting with PBS. The bacterial suspension was then 

inoculated evenly onto MHA (or MHA supplemented with 5% mechanically 
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defibrinated horse blood for fastidious S. pyogenes) using a sterile cotton swab. 

Within 15 mins after inoculation, nanoparticle suspensions with a silver or selenium 

concentration of 200 ppm were dropped onto the surface. A drop of 25 μL could 

make a circle with a diameter of approximately 1 cm. The agar plates were left at 

room temperature for about 10 mins to allow the liquid to absorb and then incubated 

at 37°C for 24 h.  

For the well diffusion method, holes (6.5 mm) were made on MHA using a sterile 

glass Pasteur pipette, after which the bacterial suspension was inoculated onto the 

agar surface as described above. Nanoparticle suspensions (50 μL, 200 ppm) were 

then added to the wells and agar plates were incubated at 37°C for 24 h before being 

examined. A spread plate method adapted from Pal et al.168 was also carried out by 

spreading nanoparticle suspensions (50 μL) using a L-shaped spreader onto 

inoculated agar surface (NA and MHA). 

 

3.3.2 Antibacterial assessment of nanoparticles using a viable count method 

The viable count method was modified from a report by Rasool et al.231 E. coli and 

S. aureus were used as representatives of Gram-negative and Gram-positive bacteria 

respectively. Bacterial suspensions in PBS were prepared as described in Section 

3.3.1.  

To estimate the cell density in liquid culture, optical density – bacterial concentration 

standard curves were constructed for S. aureus or E. coli. An overnight culture was 

prepared by inoculating a colony of S. aureus or E. coli from stock plates into TSB 

(10 mL) and incubating at 37 °C and 120 rpm. Subsequently, the cultures were 

washed by centrifugation (5000 g, 10 min) twice and the pellet was resuspended 

thoroughly in 5 mL of sterile PBS. The OD600 of the bacterial suspension was 

adjusted to approximately 1. This suspension was designated as 100%, and dilutions 

to 80%, 60%, 40% and 20% were prepared using the PBS as diluent. The OD600 of 

each dilution was measured. Viable counts were performed using the 100% 

suspension by serial dilution and spread plates on NA in triplicate. The process was 

repeated twice more. The plate colonies were counted after 24 h incubation at 37 °C. 
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A calibration plot of optical density versus viable count was constructed for S. 

aureus and E. coli respectively (shown in Appendix B). 

 

The density of bacteria was adjusted to approximately 1×107 – 5×107 CFU/ml using 

the optical density standard curve. Nanoparticles at varying concentrations were 

mixed with bacterial suspensions in 96-well plates. To achieve this, 100 μL of 

nanoparticle suspension (200 ppm) was added into each well by doubling dilution in 

RO water, and subsequently 100 μL bacterial suspension was added to each well. 

The final concentrations of nanoparticles were 100, 50, and 25 ppm. Bacterial 

suspension mixed with sterile PBS without nanoparticles was used as a negative 

control. The 96-well plate was incubated at 37°C on an orbital shaker at 150 rpm for 

4 h. The suspensions were then plated onto TSA plates following 10-fold serial 

dilution in PBS, and colonies were counted after 24h incubation at 37°C. The 

experiments were repeated for 3 times on different individual occasions. 

The reduction rate was calculated by using the viable count of the control group, 

incubated with sterile PBS and without nanoparticles, as 100% viable. The following 

equation was used: 

𝐑𝐑𝐑𝐑𝐑𝐑𝐑𝐑𝐑𝐑𝐑𝐑𝐑𝐑𝐑𝐑 𝐛𝐛𝐛𝐛𝐛𝐛𝐛𝐛𝐛𝐛𝐛𝐛𝐛𝐛𝐛𝐛𝐛𝐛 𝐫𝐫𝐫𝐫𝐫𝐫𝐫𝐫𝐫𝐫𝐫𝐫𝐫𝐫𝐫𝐫𝐫𝐫 (%) = �𝟏𝟏 − 𝐍𝐍𝐍𝐍
𝐍𝐍𝐍𝐍
� × 𝟏𝟏𝟏𝟏𝟏𝟏                      Equation 3.1 

where Nt is the bacterial colony count of samples treated with nanoparticles, and Nc 

is bacterial colony count of control samples. 
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3.4 Results and Discussion 

3.4.1 Qualitative methods for antibacterial assessment 

S. aureus and E. coli were chosen as the representatives of Gram-positive and Gram-

negative bacteria respectively as they are among the most common bacteria 

responsible for healthcare-associated infections and, moreover, there are many 

published reports on the antibacterial evaluation of AgNPs and SeNPs against these 

two species, enabling a comparison with the results from this study.  

Initially, the antibacterial activities of the nanoparticles were assessed qualitatively. 

The well diffusion method, as discussed in Section 3.1, was attempted, but the 

nanoparticles tested did not form any zone of inhibition. It could clearly be seen that 

the particles deposited on the inner wall of the wells. Subsequently, a spread plate 

method adopted from Pal et al.168 was used. However, no noticeable effect was 

found for most of the samples. The only significant inhibition effect was found on S. 

aureus treated with SeNPs of all the three types (PVA-SeNPs, PS20-SeNPs and CS-

SeNPs). Figure 3.1 shows E. coli and S. aureus (from a suspension of around 106 – 

107 CFU/mL) grown on TSA plates and treated with PVA-SeNPs (500 ppm, 50 µL). 

The selenium nanoparticles showed strong inhibition towards S. aureus, while all the 

other groups tested, including PVA-SeNPs and PS20-SeNPs against E. coli, as well 

as TSC-AgNPs (60 nm) against E. coli and S. aureus, exhibited no noticeable 

difference to the untreated controls.  

 

Figure 3.1 E. coli and S. aureus treated with PVA-SeNPs. 

      SeNPs   Control                                 SeNPs  Control 

            E. coli                                             S. aureus 

Original in colour 
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The antibacterial performance of SeNPs reported in the literature is limited and 

controversial. It is possible that the activity is selective. However, AgNPs, as the 

most extensively studied antibacterial nanoparticles, have demonstrated good 

antibacterial activity with agar diffusion methods in many published 

reports.163,168,169,226 For example, in the study from which this spread plate method 

was adapted, Pal et al.168 reported strong inhibition of E. coli by AgNPs using this 

method on NA plates. Considering the fact that the ingredients in the culture media 

could possibly influence the efficacy of AgNPs, different media, including NA and 

MHA plates, were also trialled. NA is often used for the antibacterial study of 

AgNPs probably because it contains little protein that can interfere with the activity 

of silver; MHA is also often used as it is the recommended medium by microbiology 

standards.225 However, the use of different culture media did not make a significant 

difference. 

Since the effects of SeNPs on E. coli and S. aureus were so distinct, and this 

difference agreed with some of the published reports, it was hypothesised that there 

could be a Gram-negative/Gram-positive dependent effect. Therefore, a greater 

range of bacterial strains were tested, including three Gram-positive bacteria S. 

aureus, S. pyogenes, and E. faecalis; and three Gram-negative bacteria E. coli, P. 

aeruginosa, and K. pneumoniae. 

At the initial stage of the antibacterial evaluation, an important factor, the size of the 

silver nanoparticles, was overlooked. Only TSC-AgNPs (60 nm) were used in the 

preliminary spread plate test (as discussed at the beginning of this section). The 

particle size is a critical factor that influences the results of the agar diffusion 

method. In the literature, most of the chemically prepared AgNPs that successfully 

showed inhibition directly on an agar surface had average sizes of about 40 nm or 

less.163,168,169,226 Another possible reason for the negative results observed here might 

be due to the insufficient ratio between the number of nanoparticles and bacterial 

cells. Therefore, a method in which the nanoparticle suspensions were directly 

dropped onto an inoculated agar surface was used. In this way, the contact between 

bacterial cells and nanoparticles, as well as the number of nanoparticles presented, 

could be ensured. With this new method, some clear inhibition zones were obtained 
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from AgNPs (60 nm), but the effect was still not as pronounced as expected with 

some of the strains tested. Subsequently, the test was repeated with AgNPs of 

smaller size (35 nm), after recognising the critical influence particle size can have on 

the test outcome. 

In the new direct drop method, five different zone appearances were observed in the 

presence of the NPs (Figure 3.2): (1) the best outcome, the zone (approximately 1 

cm) on which the drop of suspension was set on was totally clear, and a 1-2 mm 

diffusion ring was also found; (2) for many other samples, the 1 cm zone was clear, 

but no diffusion was observed; (3) there are also some zones in which the density of 

bacterial colonies was significantly reduced but some individual tiny colonies could 

still be seen; (4) the bacteria in the zone were still confluent, but the thickness of 

layer was apparently reduced, indicating some very weak effect, if there was any; 

and (5) no effect was shown at all. The five different results described above are 

labelled as 1-5 respectively. The results are summarised in Table 3.3 and Table 3.4, 

and some of the representative images of the effects are shown in Figure 3.2. 

 

 

Figure 3.2 Images of the inhibition effects corresponding to Table 3.2: (A) 

inhibition level 1 - S. aureus treated with PS20-SeNPs; (B) inhibition level 2 - S. 

aureus treated with PVA-SeNPs; (C) inhibition level 3 - E. coli treated with CS-

AgNPs (60); (D) inhibition level 4 - P. aeruginosa treated with CS-AgNPs (60); and 

(E) inhibition level 5 - K. pneumoniae treated with CS-SeNPs. 

 

 

 

 

A                        B                        C                       D                        E 
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Table 3.3 Antibacterial effect of AgNPs directly dropped on agar surface 

Bacterial strain Antibacterial effect of nanoparticles 

TSC-AgNPs 

(35 nm) 

CS-AgNPs 

(35 nm) 

TSC-AgNPs 

(60 nm) 

CS-AgNPs 

(60 nm) 

S. aureus 2 1 4 4 

E. faecalis 5 5 5 5 

S. pyogenes 5 5 5 5 

E. coli 2 1 3 3 

P. aeruginosa 4 3 4 4 

K. pneumoniae 2 1 2 2 

 

Table 3.4 Antibacterial effect of SeNPs directly dropped on agar surface 

Bacterial strain Antibacterial effect of nanoparticles 

PVA-SeNPs PS20-SeNPs CS-SeNPs 

S. aureus 2 1 2 

E. faecalis 5 5 4 

S. pyogenes 3 3 3 

E. coli 4 4 4 

P. aeruginosa 5 5 5 

K. pneumoniae 5 5 5 

*1 = best antibacterial effect, forming a clear inhibition zone as well as a diffusion ring; 
2= forming a clear inhibition zone but no diffusion; 3= forming a zone of inhibition 
but individual colonies can still be seen; 4= forming a zone with thinner layer of 
bacteria but still confluent; 5 = no antibacterial effect. 
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Overall, it can be seen from Table 3.3 that for AgNPs, CS- AgNPs demonstrated 

better inhibition than the bare TSC-AgNPs with this method; small AgNPs (35 nm) 

showed better results than large AgNPs (60 nm); AgNPs showed better inhibition on 

Gram-negative strains than Gram-positive strains. These findings are in accordance 

with many other reports in the literature.101,163,170,240 The size-dependent effect has 

been discussed in Section 1.4.4 and earlier in this section. It is believed that the 

different cell wall structures of Gram-positive and Gram-negative bacteria have 

different abilities to defend the effects of silver ions.36,38 Due to the thick layer of 

peptidoglycan, it is more difficult for Ag+ ions to penetrate into the Gram-positive 

bacterial cell wall. On the other hand, although Gram-negative bacteria have a 

double-layered cell wall structure and are generally more resistant to antibiotic 

drugs, the relatively thin cell wall is not sufficient to defend against Ag+ ions which 

are much smaller than the drugs.36 Moreover, nanoparticles can cause the 

deconstruction of bacterial cell wall, and the relatively thick cell wall of Gram-

positive bacteria may be less susceptible to this and more effective at defending such 

damage from the nanoparticles.241 

Selenium nanoparticles on the other hand showed different antibacterial activities 

(Table 3.4). The SeNPs with different capping agents did not show obviously 

different results with this method. It seems that S. aureus was particularly sensitive 

to SeNPs; however, SeNPs were not equally effective against all Gram-positive 

strains and the antibacterial effect on E. faecalis was limited. The inhibition of 

Gram-negative strains was minimal. The results are in accordance with the reports 

from Tran et al.122 and Bartůněk et al.,133 from which the synthesis of PVA-SeNPs 

and PS20-SeNPs were adapted respectively. Bartůněk et al.133 reported diffusion 

rings when PS20-SeNPs (43 nm) were tested against Staphylococcus epidermidis 

and S. aureus at Se concentration of as low as 2 ppm, indicating strong inhibition 

effects of SeNPs against the Staphylococcus species; no zone of inhibition was 

observed on E. coli treated with the SeNPs at 2 ppm. In 2019, Boroumand et al.242 

reported a study very similar to that that was conducted in this chapter; the authors 

prepared PVA-SeNPs and CS-SeNPs using ascorbic acid as the reducing agent and 

tested the antibacterial performance of the nanoparticles using disc diffusion and 

microdilution MIC determination methods. Interestingly, they were able to 

determine the zone of inhibition and MIC of the SeNPs against both E. coli and S. 
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aureus. However, the authors did not report the amounts of reactants used in the 

preparation of the nanoparticles, and they did not mention the washing of the 

nanoparticles after the synthesis to remove the leftover reactants either, which might 

have interfered with the antibacterial tests. Sodium selenite, as the precursor of the 

nanoparticles, is also known to be toxic to bacteria,204 and as an oxyanion, the 

selenite can diffuse in the agar to form a zone of inhibition.  

In the literature, many of the SeNPs that showed inhibition towards Gram-negative 

bacteria, such as E. coli and P. aeruginosa, were biogenic.123,135,136,204 It is possible 

that the biomolecules resulting from the biosynthesis process on the surface of the 

SeNPs helped with the antibacterial activities of the nanoparticles. Estavam et al.123 

used water and ethanol to wash the biogenic SeNPs respectively. The particles still 

had bacterial proteins attached to the surface after being washed thrice with ethanol, 

but the presence was significantly reduced compared with particles washed with 

water. The SeNPs washed with water seemed to be more active in the antibacterial 

tests, indicating that the bacterial proteins attached to the SeNPs played an important 

role in the antibacterial activities. They also used the proteins separated from the 

process as a control, yet no significant inhibition was observed at concentrations 

tested. This suggested that the bacterial proteins remaining on the particle surface 

were not toxic to the tested bacteria strain, but the presence helped with the 

antibacterial activities of the SeNPs. Apart from biogenic SeNPs, other studies 

reported antibacterial effects of SeNPs chemically synthesised in situ on different 

surfaces towards Gram-negative strains.137,138 Hegerova et al.243 reported a study on 

SeNPs with Na2SeO3, carboxymethyl cellulose, and mercaptopropionic acid as the 

selenium precursor, stabiliser, and reducing agent, respectively. The authors studied 

the antimicrobial activity of the SeNPs towards 69 clinically isolated bacterial strains 

using a disc diffusion method and found that the SeNPs formed ZoIs of at least 5 

mm with all of the strains tested. It was found that the antimicrobial performance of 

the SeNPs varied between different strains, but overall, the antimicrobial activity 

towards Gram-positive strains was higher than towards Gram-negative strains. The 

data are of great significance as it was the first time that the antimicrobial activity of 

SeNPs towards so many clinically isolated bacterial strains was investigated, and the 

study showed promising results. However, unfortunately, the authors did not 

describe any washing steps of the prepared colloidal SeNPs either. If no washing was 
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performed, the presence of unfinished reactants might have contributed to the results 

as both Na2SeO3 and mercaptopropionic acid244 can inhibit the growth of bacteria. If 

the effect of the reactant residues was negligent, the ZoIs created by the SeNPs 

might be due to the enhanced interactions between the bacterial cells and the 

presence of thiol containing compound mercaptopropionic acid on the surface of the 

SeNPs.245 

Moreover, the interaction between nanoparticles and bacterial cells can be different 

when in suspension and on solid surfaces. Additionally, when fixed on surfaces, the 

instability and aggregation issues may be removed. Therefore, although the SeNPs 

did not show significant inhibition towards all the strains tested in this qualitative 

test, it is still worth investigating the possibility of employing SeNPs for antibacterial 

functionalisation of textile materials. 

  

3.4.2 Quantitative Methods for the Antibacterial Assessment of Nanoparticles 

For quantitative methods, the initial attempts started with the conventional broth 

dilution method which is often used to determine the minimal inhibition 

concentration (MIC) of drugs. However, although SeNPs showed excellent 

antibacterial effect towards S. aureus on the agar plates, the determination of MIC 

was not successful. The concentration was raised to up to 1000 ppm by concentrating 

through centrifugation, but whether the bacterial activity was fully inhibited was still 

not clear. It can be seen that due to the interaction between nanoparticles and 

bacteria, the selenium aggregated in the Nutrient Broth (Figure 3.3); and E. coli and 

S. aureus apparently had different interactions with the SeNPs. The suspension 

containing E. coli was still relatively homogeneous after overnight incubation, while 

some red precipitates were formed with the presence of S. aureus. Moreover, the 

precipitations formed were also different with different capping agents. The 

precipitation of PVA-SeNPs was a loose red solid at the corner of the wells, while 

the PS20-SeNPs formed a dense red pellet in the centre of the wells. The plates were 

not shaken during incubation, so the precipitation patterns were not the result of 

shaking. This also indicated that the capping agents had a significant influence on the 

interaction between the nanoparticles and the bacteria cells. According to this 
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method, the results above (Figure 3.4) suggest an MIC of in excess of 1000 ppm for 

the SeNPs tested. 

 

 

Figure 3.3 Suspensions containing bacteria and SeNPs after incubation at 37 °C 

overnight in NB. (A) E. coli and S. aureus treated with PVA-SeNPs; highest 

concentration of SeNPs was 250 ppm, with a dilution factor of 2; (B) PS20-SeNPs 

with S. aureus; highest concentration from the left-hand side was 1000 ppm. 
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Guisbiers et al.171 prepared bare SeNPs using a laser ablation method and determined 

the MIC of SeNPs against both E. coli and S. aureus. However, the MIC values they 

reported were predicted by plotting a concentration-inhibition rate curve, rather than 

finding the actual MIC by experiments demonstrating total inhibition. The author did 

not mention the reason why it was performed this way, but it is speculated that it 

may be due to the instability of the bare SeNPs at higher concentrations. Most of the 

studies were testing only the inhibition of growth by comparing SeNPs-treated 

bacteria with controls without nanoparticles. Considering the proposed future 

application where the SeNPs will be immobilised on a fibre surface, the 

determination of MIC may not be very relevant as the concentration (µg/mL) of the 

nanoparticles in suspension is not applicable on solid surface.  

Consequently, the viable count method was adopted to assess the antibacterial 

performance of the nanoparticles quantitatively. Briefly, the nanoparticle suspension 

was mixed with bacterial suspension in PBS, and after a period of incubation, the 

bacteria were plated onto agar plates for colony enumeration. When mixing the 

nanoparticles and bacterial suspensions, it was observed that bare TSC-AgNPs 

immediately changed colour from yellow to grey, indicating the agglomeration of the 

nanoparticles. The change did not happen as quickly for CS-AgNPs, but grey 

precipitation was also found after 4h incubation. The immediate agglomeration of 

bare TSC-AgNPs might be a result of the disturbed electrostatic forces between 

nanoparticles when mixing with the buffer. Since the bare TSC-AgNPs were 

stabilised only by electrostatic force without any additional steric hindrance, the 

agglomeration happened instantly. Additionally, the interaction between 

nanoparticles and bacterial cells as well as the biomolecules released from the cells 

can also lead to agglomeration/aggregation of nanoparticles in suspension. The CS-

AgNPs did not change colour immediately as the nanoparticles were protected by the 

chitosan polymer. Even though the electrostatic stabilisation could be disturbed by 

the buffer, the steric hindrance provided by chitosan still kept the nanoparticles 

separated from each other. However, as the interaction between nanoparticles and 

bacteria took place gradually, the nanoparticles eventually aggregated and 

precipitated. The relative reductions in the viability of bacteria treated with AgNPs 

are shown in Figure 3.4. 
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Figure 3.4 Relative reduction in viability of (A) S. aureus and (B) E. coli treated 

with different AgNPs in aqueous suspension. Data presented as mean ± SD (n=3). 

Bars without an error bar means the reduction was higher than 99.5%. 

 

In Figure 3.4, some of the sample groups do not have error bars, indicating that the 

viable count was below detection limitation. Different countable ranges are 

recommended by different standards. For example, the American Section of the 

International Association for Testing Materials (ASTM) provides countable ranges 

of 20 – 200 CFU/plate; the US Food and Drug Administration recommends 25 – 250 

CFU/plate as a countable range. It has been shown that when the upper limit is 

exceeded, the colonies begin to compete for space and nutrients, skewing the count. 
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When the CFU/plate count drops below the countable range, the error as a percent of 

the mean can increase rapidly. When doing the viable count, in some groups, all of 

the counts from plates of different dilution factors dropped below the countable 

range. In some cases, the 10-1 plate even had fewer colonies than the 10-2 plates. An 

example of this condition could be that the counts for 10-1, 10-2 and10-3 plates were 

10, 15, and 1 respectively. In normal conditions, the count from 10-1 dilution should 

be approximately 10 times of the count from 10-2 dilution, but here it was even 

lower. It might be because a considerable amount of silver (2.5 – 10 ppm) was still in 

contact with the bacteria on the agar plates after the 10-1 dilution, and it continuously 

inhibited the bacteria to grow into colonies. Such a situation was not found when the 

dilution factor was higher than 102. Consequently, it was assumed that the counts 

from the 10-1 plates with silver concentration of 2.5 – 10 ppm were unreliable and 

were not suitable for further calculation; on the plates of higher dilutions factors, the 

effect of silver carried over was limited and could be neglected. Since the initial 

concentration of the bacteria was around 107 CFU/mL, a count from the 10-2 plate 

that was lower than 20 is reported as “>99.5%” here, and in Figure 3.4, the 

“>99.5%” sample groups do not have error bars. 

From Figure 3.4, it can be seen that the AgNPs almost eliminated the E. coli at all 

the concentrations tested, while it showed some size- and dose-dependent effect on 

S. aureus. All the AgNPs tested showed over 99% S. aureus reduction at 100 ppm. 

The bare TSC-AgNPs (35) demonstrated the best efficacy, with still around 90% 

reduction at the lowest concentration tested (25 ppm); while for the CS-AgNP (60), 

the reduction dropped to around 50% at 25 ppm. These results demonstrated that the 

AgNPs tested had better antibacterial effects on E. coli than on S. aureus, which is in 

accordance with the findings discussed previously (Section 3.4.1) and also with the 

literature.101,163,170,240  One noticeable finding here is that the bare TSC-AgNPs 

showed better antibacterial effects than the CS-AgNPs against S. aureus, which is 

different from the results of the previous section where CS-AgNPs exhibited a 

diffusing ring of inhibition (Table 3.3). It has been shown in the literature that 

positive surface charge can be used to enhance the interaction between NPs and 

bacterial cells, resulting in higher antibacterial properties of AgNPs.240,246 The lower 

antibacterial activity of CS-AgNPs found in this test might be a result of the delayed 

or prolonged release of silver ions due to presence of chitosan on the nanoparticle 
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surface. The polymer coating could hinder the release of silver ions, so after the 

relatively short exposure time (4 hours), the CS-AgNPs showed a reduced 

antibacterial activity compared with the bare TSC-AgNPs. Similar results were 

reported by Wu et al.247 In their study, the positively charged AgNPs coated with 

amine-silica were found to have released the least amount of Ag+ ions and showed 

the lowest antimicrobial activity. The authors explained this phenomenon by the 

more significant Ag+ ion release from other types of AgNPs with neutral or negative 

surface charge, which predominantly determined the antimicrobial activity of the 

colloidal AgNPs. Similarly, in this chapter, when the AgNPs were mixed with 

bacterial cells in PBS, the quick release of Ag+ ion from the bare TSC-AgNPs might 

have determined the antimicrobial performance. The Ag dissolution dynamic was 

different from on agar surface where the positively charge CS-AgNPs showed higher 

antimicrobial activity. 

The relative reductions in bacterial viability effected by the SeNPs are shown in 

Figure 3.5. It can be seen that all SeNPs showed excellent antibacterial activity 

against S. aureus, while only CS-SeNPs reduced the viability of E. coli for over 

50%. In the case of S. aureus, CS-SeNPs did not show significant dose-dependent 

behaviour. Even with the lowest concentration tested (25 ppm), the reduction was 

higher than 95%. PVA-SeNPs and PS20-SeNPs exhibited variable dose-dependent 

effects. At 25 ppm, the S. aureus reduction of PVA-SeNPs was still higher than 

85%, while the reduction of PS20-SeNPs dropped to around 50%. This difference 

might be due to the different zeta potential of the nanoparticles.122 The PS20-SeNPs 

had moderate negative surface charge (around -25 mV), and the PVA-SeNPs had 

weak negative surface charge of only about -8 mV. The negative surface charge 

could lead to repulsion effects between the nanoparticles and the bacterial cells. The 

repulsion effect may be more pronounced when the nanoparticle concentration is low 

(i.e. 25 ppm) and there is more space in the system.  

An observation from this assay performed in aqueous suspension was that the CS-

SeNPs went through similar changes to that of the CS-AgNPs. The CS-SeNPs did 

not change colour immediately when mixed with the bacterial suspension in PBS. 

However, after being incubated for 4 h, red precipitation of selenium nanoparticles 

was found at the bottom of the wells. As with the CS-AgNPs, this may also be a 

result of the interactions between the positively charged nanoparticles and the 
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bacterial cells. On the contrary, no change of appearance was found with PVA-

SeNPs and PS20-SeNPs. The suspensions looked clear and orange in colour before 

the exposure with bacterial suspensions and maintained their transparent appearance 

until the end of the 4h incubation, which indicated high stability of the nanoparticle 

suspensions. However, this might also suggest that the protection for the SeNPs from 

the PVA polymer and the polysorbate 20 surfactant was too strong and that the 

interaction between the nanoparticles and bacterial cells were hindered. 

 

 

Figure 3.5 Relative bacteria reduction of (A) S. aureus and (B) E. coli treated with 

different SeNPs in aqueous suspension. Data presented as mean ± SD (n=3). Bars 

without an error bar means the reduction was higher than 99.5%. 

A 

B 
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With all of the SeNPs tested, only CS-SeNPs showed significant antibacterial effect 

against E. coli. A concern was that chitosan itself is also considered to be 

antibacterial, so whether the antibacterial efficacy towards E. coli arose from the 

chitosan or the selenium core is questionable. In other words, how much did the 

selenium core contribute to the antimicrobial activity against the E. coli cells? Based 

on the findings in this chapter and the evidence from the literature, it seems like the 

presence of polymer or surfactant can hinder the interaction of the SeNPs with E. 

coli; if this applies to chitosan as well, then the antibacterial effects of CS-SeNPs 

against E. coli might be mainly attributed to the chitosan. On the other hand, it is 

also possible that the presence of chitosan facilitated the interactions between the 

nanoparticles and the bacterial cells through the positive charge at the initial stage, 

and eventually the selenium was able to be exposed and carry out its role. Lara et 

al.238 reported the synergistic antifungal effects of chitosan and SeNPs against 

Candida albicans. Although the details of the chitosan sample used in the antifungal 

study were not reported, their study indicated that the presence of chitosan on the 

surface of SeNPs allowed the nanoparticles to adhere to the fungal cells and made 

the fungal cells more permeable.  

 

3.5 Chapter summary 

In this chapter, the antibacterial activities of different colloidal silver and selenium 

nanoparticles were studied. Various methods of studying this activity were attempted 

and two were employed to assess the antibacterial activities qualitatively and 

quantitatively. The potential limitations of different methods for the antibacterial 

evaluation of nanoparticles were discussed. For example, when using the agar 

diffusion method, the particle size and solubility of the nanoparticles may affect the 

diffusion of the nanoparticles and therefore influence the results; in other words, 

negative results in an agar diffusion assay does not necessarily mean that the test 

substance has no antibacterial property against the test bacteria. 
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For silver nanoparticles, as a type of widely studied antimicrobial metal nanoparticle, 

there are plenty of data and results available from the literature. The major findings 

on the antibacterial activities of the silver nanoparticles here are in accordance with 

those from the literature. It was found that smaller AgNPs had stronger antibacterial 

performance than the larger ones, Gram-negative bacteria were more susceptible to 

AgNPs, and antibacterial activity was dose-dependent. Moreover, in this study, for 

the first time the antibacterial performance of CS-AgNPs and the bare TSC-AgNPs 

that were used to prepare the CS-AgNPs were compared. In this way, it was ensured 

that the surface condition was the only difference between the two types of test 

AgNPs. It was found that when using the qualitative direct contact on agar method, 

the presence of chitosan enhanced the antibacterial activity of silver; however, the 

effect could be delayed and therefore show lower activity in a short period of 

exposure time (4 hours) in the quantitative plate count assay. 

Some confounding results were found from the literature and this chapter aimed to 

find the reasons behind it; however, the antibacterial activities of selenium 

nanoparticles remain obscure. It would be ideal to test the bare SeNPs, but, as 

previously discussed, a major issue was that adequate amount of stable colloidal bare 

SeNPs for the test were not obtained. Consequently, the SeNPs studied in this 

chapter were stabilised with polymer or surfactant. For the first time a systematic 

comparative study on the antibacterial performance of SeNPs capped by PVA, PS20 

and CS was conducted. The antibacterial activities of PVA-SeNPs and PS20-SeNPs 

were reported by Tran et al.122  and Bartunek et al.133 respectively, showing these 

selenium nanoparticles had no inhibition effect on E. coli while significantly 

inhibiting the growth of S. aureus. Different methods and particle concentrations of 

these two types of SeNPs from the original reports were used in this chapter and 

similar results were obtained. It is worth noting that when mixing the bacterial 

suspension with the colloidal SeNPs, different precipitations were observed with 

different species, indicating the different interactions between different species of 

bacteria and the SeNPs. The inadequate interactions between E. coli and the SeNPs 

may be an important reason of the poor performance. The antimicrobial activity of 

CS-SeNPs had not been reported by the time the work described in this chapter was 

conducted. Although in this chapter the inhibition effects against E. coli were 

significantly enhanced with the presence of chitosan as the capping agent, the 
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contribution of the Se core in the antibacterial performance was not determinable 

since chitosan itself is also antimicrobial. However, it is promising that the cationic 

charge on the nanoparticles may facilitate the interaction between the particle and 

bacterial cells. 

In order to determine if the antibacterial activity of SeNPs is dependent on the Gram-

type of the bacterial species, three Gram-positive and three-Gram negative strains 

were tested together for the first time. It was clear that S. aureus was particularly 

sensitive to the SeNPs, regardless of the surface conditions, which is in accordance 

with the literature. Overall, it seems that the SeNPs were more effective against 

Gram-positive strains, however, not all Gram-positive strains are sensitive to the 

SeNPs. This is an interesting finding because AgNPs are believed to be less effective 

against Gram-positive species and,35 therefore, SeNPs might be a good alternative to 

cover the gap. 

Overall, the findings in this chapter are in accordance with the literature. 

Guisbiers et al.169 prepared bare SeNPs using a laser ablation method and found that 

the SeNPs were able to inhibit the growth of both S. aureus and E. coli. The authors 

hypothesised that the presence of capping agent may hinder the antimicrobial 

activity of SeNPs. Unfortunately, stable bare SeNPs in aqueous solution that can be 

used for antimicrobial evaluation was not successfully prepared. Considering the fact 

that the overall aim of this work is to develop antimicrobial textile materials, the 

instability issue of SeNPs could potentially be addressed in the future work where 

nanoparticles are immobilised on fibre surfaces. Moreover, the antibacterial activity 

of these colloidal nanoparticles may be different from their activity when they are 

fixed onto a solid surface, where contact will be forced between the bacterial cells 

and the nanoparticles. Therefore, the next stage of study will address the issues from 

a different perspective and in order to gain a better understanding. 
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Chapter 4  Functionalisation of Cellulose-based 

Textiles by Selenium and Silver Nanoparticles 

4.1 Introduction 

This chapter focused on developing a simple, effective and environmentally friendly 

method to functionalise textile materials with selenium or silver nanoparticles. There 

are very few published reports using SeNPs as the antimicrobial agent for textile 

functionalisation. Yip et al.140 prepared colloidal SeNPs using a polysaccharide-

protein complex extracted from mushrooms as the stabiliser; the SeNPs were applied 

onto polyester fabrics using a padding machine. The authors found that the 

functionalised fabrics had good antifungal activity against Trichophyton rubrum; 

however, they did not test the antibacterial activity of the fabrics due to the poor 

antibacterial performance of the SeNPs in suspensions. Based on the findings from 

the previous chapters, and the analysis of the literature, it is hypothesised that the 

presence of steric stabilisation agents which provide negative surface charge may 

hinder the antimicrobial activity of the SeNPs against some species (e.g. E. coli). A 

list of representative studies using non-biogenic SeNPs as the antimicrobial agent 

can be seen in Table 4.1. As can be seen, the negative results indicating that SeNPs 

failed to inhibit E. coli were mainly reported by studies on colloidal SeNPs. When 

using SeNPs as the antimicrobial agent to functionalise other materials, the SeNPs 

showed antibacterial activity against both Gram-positive and Gram-negative 

bacterial, including E. coli. This is probably because when the SeNPs are fixed onto 

a surface, the bacteria inoculated would be forced to get into contact with the SeNPs, 

whereas in a suspension, the interactions between the NPs and the bacterial cells can 

be minimised due to the repulsion.  
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Table 4.1 A list of representative studies using non-biogenic SeNPs as the antimicrobial agent 

Type of SeNPs Antimicrobial property 

Colloidal PVA-SeNPs122 Inhibited S. aureus but NOT E. coli 

Colloidal bare SeNPs171 Inhibited both S. aureus and E. coli 

Colloidal PS20-SeNPs133 Inhibited S. aureus and S. epidermidis but NOT E. coli 

Colloidal CS-SeNPs238 Inhibited Candida albicans 

Colloidal SeNPs capped with quercetin and 

acetylcholine148 

Inhibited reference and resistant strains of S. aureus, E. coli, P. aeruginosa, K. 

pneumoniae and Acinetobacter baumannii 

Colloidal bare SeNPs or stabilised with various 

surfactants248 

Bare SeNPs showed the strongest antibacterial activity against S. aureus, E. coli, P. 

aeruginosa and Salmonella typhi 

Ex situ prepared SeNPs capped by polysaccharide-

protein complex, on polyester140 

Colloidal SeNPs showed moderate inhibition against S. aureus, functionalised fabrics 

inhibited Trichophyton rubrum fungus 

In situ prepared SeNPs on polymeric substrates138 Inhibited P. aeruginosa 

Ex situ prepared laser induced SeNPs deposited by 

printing on glass substrates249 

Inhibited S. aureus and P. aeruginosa 

In situ prepared SeNPs on paper towels137 Inhibited S. aureus and P. aeruginosa 

Ex situ prepared SeNPs stabilised by 

polyvinylpyrrolidone printed onto wool250 

Inhibited S. aureus, Bacillus cereus, E. coli, and Candida utilis 
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In this chapter, it was decided to conduct in situ synthesis of the nanoparticles on 

fabric surfaces. With in situ synthesis, no stabiliser is needed for the SeNPs as the 

particles are generated on the surface directly. Moreover, as mentioned in Section 

1.3.2, durability is one of the major challenges of nanoparticle-based textile 

functionalisation. Reusable textiles are subject to repeated washing, and the loss of 

nanoparticles during the process can result in decreased antimicrobial performance 

of the fabrics and potential health and environmental hazards. It has been shown that 

in situ synthesis can provide secure attachment of nanoparticles to the fabric surface 

as the nanoparticles formed in situ fit the natural morphology of the fibres and 

became physically lodged.175,176 Additionally, the in situ approach can be easily 

adapted and used for the functionalisation of other materials, for which the 

impregnation of ex situ prepared NPs can be difficult, for example, 3-dimensional 

porous materials. 

In the work presented here, cellulose-based fabrics were used as the substrate for the 

functionalisation. With the increasing concerns over plastic waste, sustainable 

materials are highly desirable to reduce the pollution caused by non-degradable 

synthetic polymers.251 Cellulose can be harvested from many plants and is the most 

abundant and easily renewable organic resource on the planet.252 Many natural 

cellulose-based fibres including cotton, flax and jute have been used to produce 

yarns and fabrics since ancient times. Although the development of synthetic fibres 

has provided many attractive characteristics in the last century, natural fibres still 

play an important role in textile manufacturing today. Moreover, the development of 

regenerated cellulose materials for various applications such as food packaging, 

wound care, and filtration systems has also been attracting increasing attention. This 

method reported here may be used to functionalise other cellulosic materials as well. 

In this chapter, cotton was used as a cellulosic substrate for antibacterial 

functionalisation as it is the most widely used plant fibre in the textile industry.  

Cellulose is a natural linear polysaccharide comprising many glucose 

monosaccharides with the chemical formula (C6H10O5)n as shown in Figure 4.1.  

There are three alcohol groups on the polysaccharide chain, two secondary and one 

primary alcohol. The primary alcohol is more prominent and easily neutralised in 

chemical reactions of cellulose.253 
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Figure 4.1 Chemical Structure of Cellulose 

 

One of the most important chemical intermediate forms of cellulose is known as 

alkali cellulose (shown in Figure 4.2). Alkali cellulose is the product of cellulose 

treated with an alkali. The alkali treatment neutralises the acidic alcohol groups on 

cellulose and prepares cellulose as a nucleophile for chemical reactions.254 The 

degree of deprotonation depends on the type and amount of base used as well as 

other parameters such as temperature and time. Alkali cellulose is important as it 

allows cellulose to readily react with many types of reagents, making cellulose, or 

more importantly cotton, a commercially important textile fibre.255 

 

Figure 4.2 Conversion of cellulose into alkali cellulose 

Cationized cotton is another important cotton derivative. The cationization of cotton 

is especially useful for sustainable dyeing processes, as it can significantly reduce 

the amounts of dye, time, water, and energy required for the dyeing processes.256 

Many cationization agents have been investigated for the treatment of cotton, among 

which 3-chloro-2-hydroxypropyl trimethyl ammonium chloride (CHPTAC) is a 
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promising candidate considering the obtainable volume for global consumption, cost, 

and ease of application. The utilisation of CHPTAC as the cationization agent for 

cotton is well documented in the literature.173,255,257 CHPTAC and its derivatives are 

the only family of compounds that can be synthesised economically and in pure and 

stable forms for cellulose cationization. Currently, the most important application of 

CHPTAC is the cationization of starch, which has nearly identical chemical structure 

with cellulose. The cationic starch is used in producing triple layer board for food 

packaging of dry goods such as pasta and corn flakes, which speaks to its acceptable 

safety.258 

CHPTAC itself is not reactive with starch or cellulose. It first needs to be converted 

into the reactive epoxide form, 2,3-epoxypropyltrimethylammonium chloride 

(EPTAC) in the presence of alkali as shown in Figure 4.3 (A). Once EPTAC is 

formed from CHPTAC, EPTAC is reacted with cellulose under alkaline conditions 

as shown in Figure 4.3 (B) to form stable ether linkages. However, as also shown in 

Figure 4.3 (B), hydrolysis of EPTAC is also possible under alkaline conditions 

resulting in an unreactive diol. Various application methods of CHPTAC including 

cold pad batch, pad-steam, pad-dry-cure, and exhaustion have been used to cationize 

cotton goods, and all of them have their advantages and disadvantages; among all the 

techniques, cold pad batch has been shown to result in the highest fixation rate of 

applied CHPTAC, although it requires a 16 – 24 h batch time which makes the 

throughput very low.255 

In this chapter, the cationized cotton was used as the substrate for the in situ 

synthesis of silver or selenium nanoparticles. The functional groups (i.e. activated 

alkali cellulose and cationic quaternary groups) can attract the precursor ions (i.e. 

Ag+ or SeO32-) onto the fabric surfaces. Moreover, the presence of cationic groups on 

the cellulose surface may provide additional antimicrobial activity and combined 

effects with the nanoparticles. The antibacterial effects of CHPTAC-modified 

cellulose materials have been reported by several recent studies.259–261 
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Figure 4.3 (A) Formation of EPTAC from CHPTAC; (B) Reactions of EPTAC with 

(i) cellulose and (ii) hydrolysis 

 

Some researchers have reported the employment of this cationization process for the 

preparation of nanoparticle-functionalised cellulose-based fabrics. Khalil-Abad et 

al.173 used CHPTAC to functionalise cotton fabrics and found that the cationzation 

improved the adsorption of pre-formed colloidal silver nanoparticles (stabiliser not 

reported). There are other studies on the assembly of pre-formed metal nanoparticles 

onto cationized fabrics.262,263 Dong and Hinestroza264 used both ex situ and in situ 

methods to prepare metal nanoparticles (Au, Pd and Pt) on the surface of CHPTAC-

functionalised cellulose fibres. With the ex situ method, citrate-capped gold and 

(A) 

(B) 

(i) 

(ii) 
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platinum nanoparticles were adsorbed onto the positively charged fibres. For the in 

situ preparation, negative metal complex ions (AuCl4-, PdCl42- and PtCl62-) were 

employed for adsorption onto the cationic quaternary groups; NaBH4 was used to 

reduce the metal complexes at room temperature. In this chapter, it will be shown 

that not only anions (e.g. metal complex ions and SeO32-) but also free metal ions 

(e.g. Ag+) can be attracted onto the surface of cationized cotton and used as the 

precursor for the in situ synthesis of nanoparticles. Microwave irradiation is 

employed to assist the generation of SeNPs and AgNPs with ascorbic acid as the 

reducing agent. Many studies have successfully prepared inorganic nanoparticles 

using microwave irradiation, which offers significantly increased rate of reaction 

compared to the traditional thermal heating, lower energy consumption, and 

homogeneous heating that results in fairly good particle size distributions.265–268 

Microwave irradiation has also been used in textile functionalisation to increase the 

dyeability or fixation rate of the functional agents.41,175,269,270 It has been shown that 

microwave irradiation can be used to assist the synthesis of AgNPs using ascorbic 

acid as the reducing agent in acidic solution.267 

The aim of this chapter was to develop a simple, effective and environmentally 

friendly method to functionalise cellulose fabrics with cationic charge and in situ 

prepared SeNPs and AgNPs. The nanoparticles should be securely attached to the 

fabric and provide a good coverage over the surface. The chapter objectives include: 

(1) To prepare cotton fabrics with cationic quaternary ammonium groups using 

cationization agent CHPTAC. 

(2) To prepare the nanoparticles (e.g. SeNPs and AgNPs) in situ on the surface 

of cationized cotton by a chemical reduction method, using ascorbic acid as 

the reducing agent with the assistance of microwave irradiation. 

(3) To characterise the functionalised fabrics to confirm the presence of cationic 

groups and nanoparticles on the fabric surface.  

(4) To study the laundry durability of the functionalised fabric samples in terms 

of the loss of nanoparticles after repeated washes. 
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4.2 Materials 

Bleached woven cotton fabric (250 g/m2) was purchased from a local fabric store. 3-

chloro-2-hydroxypropyl trimethyl ammonium chloride (CHPTAC) aqueous solution 

(wt 60%), sodium selenite (Na2SeO3, 99%), silver nitrate (AgNO3, ≥99%), and L-

ascorbic acid (99%) were purchased from Sigma Aldrich. NaOH solution (10 M), 

potassium chloride (KCl, ≥99%) and Tween® 80 (Polysorbate 80) was purchased 

from Fisher Scientific. Reverse osmosis water (RO water) with a resistance of 15 

mΩ cm was used throughout the experiments. 

 

4.3 Methods 

4.3.1 Cationization of cotton fabrics 

In some preliminary experiments, it was found that the as-purchased cotton might 

have some chemical impurities on the surface, assumed to result from the cotton 

processing and manufacturing, which were toxic to human bronchial epithelial cells 

(16HBE14o-) in vitro. Consequently, the as-purchased cotton was purified first 

before any functionalisation was conducted. The cotton was soaked in RO water at a 

material-to-liquor ratio of 20:1 until it was brought to a boil. This procedure was 

carried out three times with fresh RO water. The cotton was then soaked in 50% 

ethanol overnight with 100 rpm agitation and rinsed thoroughly with RO water. This 

purified cotton was designated as unmodified cotton (UC). 

The methods to cationize cotton fabric with CHPTAC have been described in several 

reports.173,255,257 In this study, the cationization method was based on a cold pad 

batch protocol,255 (in textile industry, cold pad batch method is used for reactive 

dyeing, where fabrics are immersed in dye bath, run through padders to remove 

excessive dye, and then left for the reaction to be finished) with a molar ratio of 

NaOH and CHPTAC of approximately 2:1, and batching time of 24 h. The reaction 

solution containing NaOH (1 M) and CHPTAC (100 g/L, 0.53 M) was prepared with 

10 M NaOH solution and CHPTAC aqueous solution (wt 60%). Unmodified cotton 
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(UC) was immersed into the solution at a material-to-liquor ratio of 1:20. The 

reaction bath was shaken constantly at 150 rpm for 1 h at room temperature. 

Subsequently, the samples were removed from the bath, dried briefly by squeezing 

to remove excess liquid (wet pick-up approximately 120%), placed into 

polypropylene sample bags, and sealed for 24 h at room temperature. After 24 h, the 

samples were neutralized using 1% acetic acid (material-to-liquor ratio of 1:20) and 

washed thoroughly with RO water. Finally, the air-dried cationized cotton (CC) was 

autoclaved at 121 °C for 15 minutes, after which the in situ preparation of 

nanoparticles was performed, as described in Section 4.3.2, using aseptic technique 

to avoid contamination.  

 

4.3.2 In situ synthesis of Ag and Se nanoparticles on cationic cotton fabrics 

Prior to the in situ preparation of nanoparticles, chemical solutions including silver 

nitrate, sodium selenite, and ascorbic acid, were sterilised by filtration through sterile 

cellulose acetate filters with pore size of 0.2 μm (Minisart). Surfactant solution, RO 

water and glassware were sterilised by autoclaving at 121 °C for 15 min. After 

preparation, the functionalised samples were dried in laminar air flow cabinets and 

kept in sterile sample tubes. 

The CC samples (4.8 g) were immersed in different concentrations of silver nitrate or 

sodium selenite solutions (0.2, 0.5, and 1 mM) at a material-to-liquor ratio of 1:20 in 

200 mL beakers. The beakers were shaken at 150 rpm for 1 h in the dark at room 

temperature to allow the precursor ions to be adsorbed onto the fabric surfaces. 

Subsequently, ascorbic acid (100 mM) was added to the beakers resulting in 

concentrations of 2, 5, and 10 mM respectively. The reactants and fabrics were 

mixed thoroughly with a glass rod and then microwaved using a domestic 

microwave oven at 700 w for 90 s and taken out to cool down and age for 2 h at 

room temperature. The cotton fabrics turned from white to beige or orange colours, 

indicating the formation of silver or selenium nanoparticles respectively. The 

samples were rinsed with RO water, soaked in 0.1% non-ionized surfactant, Tween 

80, for 30 min while shaken at 150 rpm, and finally washed thoroughly with sterile 

RO water again to wash off unattached NPs before drying in a laminar air flow hood. 
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The products were designated AgNPs modified cotton (Ag-C) and SeNPs modified 

cotton (Se-C). 

 

4.3.3 Characterisation of modified cotton fabrics 

4.3.3.1 Zeta potential of cotton fibres 

The measurement of cotton fibre zeta potential was modified from Zhang et al.271 

and Rashidi et al.272 The cotton samples were carefully shredded and ground into 

cotton powders. The powder (0.05 g) was dispersed in 50 mL KCl solution (1 mM). 

Firstly, the suspension was sonicated in a sonication bath for 30 mins and stirred 

vigorously with a magnetic stirrer for 30 mins, and then left still to settle for 1 hour. 

Subsequently, the supernatant was loaded into a Malvern DTS 1070 folded capillary 

cell and the zeta potential was measured by Zetasizer Nano ZS90 (Malvern, UK). 

 

4.3.3.2 Electron scanning microscopy (SEM) 

Microscopic investigations of the fabric samples were carried out using a Zeiss 

SIGMA Field Emission Gun Scanning Electron Microscopy (FEG-SEM) at an 

accelerating voltage of 2 kV. The samples were coated with 4 nm platinum by 

sputtering coating, to increase the conductivity, using a Quorum Q150T ES Turbo-

Pumped Coater. The sizes of the NPs were determined manually with ImageJ 

software. Three batches of samples prepared on individual occasions and 

approximately 300 particles in total from 10 – 15 images were analysed for each type 

of sample. The energy-dispersive X-ray spectroscopy (EDS) spectra of the samples 

were acquired using the EDS detector of the SEM by scanning different areas of the 

samples.  
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4.3.3.3 X-ray Photoelectron Spectroscopy (XPS) 

The XPS spectra were acquired on an Axis Ultra DLD spectrometer (Kratos 

Analytical) using a monochromatic AlKα source (hν = 1486.7 eV, 180 W) by Dr 

Konstantin I. Maslakov at Lomonosov Moscow State University. The pass energies 

of the analyzer were 160 eV for survey spectra and 40 eV for high resolution scans. 

The Kratos charge neutralization system was used and the position of the low energy 

component in C1s spectra was referenced to 284.8 eV, which corresponded to C−C 

bonds of hydrocarbon contamination. 

 

4.3.3.4 Determination of Ag and Se loadings on cationized cotton 

To determine the total amounts of Ag or Se nanoparticles loaded onto the cationized 

cotton fabrics, the cotton samples were digested in acid and the solutions were 

analysed with Microwave Plasma-Atomic Emission Spectroscopy (4100 MP-AES, 

Agilent Technologies). The cotton samples were carefully disassembled and 

shredded into short loose fibres. Piranha solution was prepared in Pyrex test tubes by 

slowly adding one portion of H2O2 (30% wt) to three portions of concentrated 

H2SO4. Approximately 100 mg of the loose fibres were weighed accurately and then 

wet oxidised by 2 mL of the Piranha solution. After the fibres were fully dissolved, 

the solution was slowly added to 18 mL of cold RO water to dilute and prepare for 

MP-AES analysis. Three batches of samples prepared on individual occasions were 

analysed.  

 

4.3.3.5 Laundry durability of the nanoparticles 

In this study, the washing durability was evaluated by a method based on the 

accelerated laundering test method recommended by AATCC (American 

Association of Textile Chemists and Colorists) Test 61-2013 Colorfastness to 

Laundering: Accelerated.273 The washing apparatus comprised 300 mL 

polypropylene wide-mouth bottles (Thermo Fisher Scientific), stainless steel balls (6 

mm), and a TURBULA T2F Shaker Mixer (WAB, Switzerland). The laundry 

detergent Persil Colour Care Biological Washing Powder (containing 5-15% anionic 
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surfactants, <5% Enzymes, nonionic surfactants, optical brighteners, perfume, 

phosphonates, polycarboxylates, soap, zeolites, butylphenyl methylpropional, 

geraniol, and hexyl cinnamal) was purchased from a local supermarket. The washing 

temperature was controlled to be above 65 °C for at least 10 mins, according to the 

Department of Health guidelines.274 Bottles were filled with 150 mL RO water along 

with 50 stainless steel balls and 0.225 g washing powder (0.15% w/v), which was 

then heated in a water bath to 75 °C, and a 2.5 g fabric sample (5 cm × 20 cm) 

added. The bottle was wrapped in oven gloves, to insulate for heat loss, and then 

shaken (96 rpm) for 30 mins (one accelerated washing cycle). The samples were then 

rinsed in 150 mL sterile RO water in the bottles for 3 times, after which no bubble 

was seen with the rinse. According to AATCC 61-2013,273 one washing cycle with 

this accelerated method is equivalent to 5 typical home launderings. Four accelerated 

washing cycles were performed for each type of sample. After each accelerated 

washing cycle, a small piece (approximately 5 cm × 2 cm) was cut from the fabric 

for MP-AES elemental analysis using the method described in Section 4.3.3.4 The 

washing procedure was carried out three times using samples prepared on three 

individual occasions for the analysis.  

 

4.4 Results and discussion 

4.4.1 Cationization of cotton fabrics 

As mentioned earlier, the cold pad batch method has been found to routinely provide 

the highest fixation rate of CHPTAC (i.e the percentage of CHPTAC that has been 

fixed successfully onto the fabric surface).275 Farrell255 found that using this method, 

the fixation rate decreased as the CHPTAC concentration increased; and the fixation 

of CHPTAC almost plateaued at 100 g/L, that is, the number of fixed quaternary 

groups would not be effectively increased further when the concentration of 

CHPTAC was higher than 100 g/L. In this chapter, based on the apparatus available 

in the laboratory, an adapted method based on the cold pad batch protocol described 

by Farrell255 was used. In order to provide sufficient quaternary groups on the cotton 

surface, 100 g/L was chosen as the concentration of CHPTAC used to cationize the 

cotton samples. With the data reported by Farrell255, that the fixation rate of 
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CHPTAC was approximately 30% with the reaction conditions used in the chapter, it 

is estimated that the number of fixed cationic quaternary groups was approximately 

0.1 mmol per gram of cotton, which in theory is sufficient for the highest 

concentration of Na2SeO3 (1 mM) used in this chapter for the preparation of SeNPs 

on the cotton surface. 

The measurement of zeta potential is one of the most straightforward ways to 

confirm the effect of the cationization process. As can be seen from Figure 4.4 (A), 

after the cationization treatment, the zeta potential of the cotton fibres increased 

dramatically from -26.27 ± 2.53 mV to +13.33 ± 0.48 mV. Cotton is naturally 

electronegative in aqueous suspension due to the presence of hydrophilic groups, and 

the cationization process changed the surface charge of cotton from a negative to a 

positive range. The difference between the unmodified control cotton and cationized 

cotton could also be seen macroscopically. The photographic image of Figure 4.4 (B) 

shows the cotton powder suspensions used for the zeta potential measurement. There 

is a clear difference between the two vials in that the cationized cotton fibres tended 

to adhere to the inner wall of the glass vial, which was a result of the electrostatic 

interaction between the negatively charged glass and the positively charged 

cationized cotton fibres. These results confirmed the successful fixing of cationic 

groups onto the cotton fabrics.  

 

Figure 4.4 (A) zeta potential results of unmodified control cotton and cationized 

cotton; (B) photographic image of the suspensions of unmodified control cotton 

(left) and cationized cotton (right). 

 

A                                                       B  

UC          CC 
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4.4.2 In situ synthesis of nanoparticles 

Based on the literature and findings described in the previous chapters, a method that 

can be used to prepare both silver and selenium nanoparticles in situ on cotton 

fabrics (Figure 4.5) was developed. In the first step, CHPTAC, is used to 

functionalize the cotton fabrics prior to the preparation of nanoparticles. During the 

cationization, NaOH is used to transform the CHPTAC into EPTAC to react with 

cellulose, while the excessive NaOH activates the primary –OH groups on the 

cellulose chain into alkali cellulose (Cell–O-Na+). This results in a fabric surface 

with both cationic quaternary ammonium groups (-N+(CH3)3) and activated –O-Na+ 

groups. The –O-Na+ groups on activated alkali cellulose can attract silver ions. 

Yazdanshenas and Shateri-Khalilabad97 prepared silver nanoparticles in situ on the 

surface of alkali cellulose. They suggested that the sodium salt of Cell–O-Na+ was 

exchanged to the silver salt of Cell–O-Ag+ due to the higher electronegativity 

(Pauling’s scale) of silver (1.93) towards sodium (0.93) in the aqueous solution of 

AgNO3.41 In the method described in this chapter, due to the presence of Cl- ions as 

the counter-ion of the quaternary ammonium groups, some AgCl may precipitate in 

the solution when the AgNO3 is added. There may also be a small amount of AgCl 

generated on the fabric surface and reduced by ascorbic acid into elemental AgNPs 

later. On the other hand, the cationic quaternary ammonium groups can attract the 

anionic selenite groups (SeO32-) onto the fabric surface and, subsequently, SeNPs 

can be generated by in situ reduction using ascorbic acid.  
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Figure 4.5 Preparation of Se or Ag nanoparticles in situ on a cellulose surface. 

 

The photographic image of the control (UC) and modified (CC, Ag-C and Se-C) 

cotton fabrics are shown in Figure 4.6 (A). As can be seen, the cationization process 

did not result in colour change of the cotton fabric, while the formation of Se or Ag 

nanoparticles changed the colour of the fabrics from white to orange or beige 

respectively, with the intensity of the colour dependent on the concentration of 

precursor salt. Several reports have described the orange colour of SeNPs137,142,199; 

and the colours of AgNPs ranging from yellow to beige/grey, depending on the size 

of the particles, are also well documented.163,276 Figure 4.6 (B) shows the colours of 

the functionalised fabrics when UC and CC were placed in the same pot to act as the 

substrates for in situ synthesis of SeNPs. It can clearly be seen that, in comparison 

with the cationized samples, the colour of the unmodified cotton barely changed as it 

failed to actively attract the SeO32- ions onto the fabric surface. Similar results were 

observed with AgNPs as well. The difference demonstrated that the cationization 

process successfully prepared the cotton surface for the in situ synthesis of the 

nanoparticles.  
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Figure 4.6 Photographic images of (A) cotton fabric samples (UC, CC, Se-C and 

Ag-C) showing different colours and colour intensities; and (B) one-pot in situ 

synthesis of SeNPs with different UC and CC as the substrates. 

 

4.4.3 SEM analysis 

The SEM images of the control (UC) and modified (CC, Ag-C and Se-C) cotton 

fabrics are shown in Figure 4.7 - 4.9. As a plant material, cotton fibres have a natural 

surface roughness (Figure 4.7 A). No significant morphological change was 

observed on the cationized fibres from the SEM images (Figure 4.7 B), which is in 

accordance with the previous reports on the cationization of cellulose using 

CHPTAC.277–279 The presence of SeNPs (Figure 4.8) or AgNPs (Figure 4.9) can be 

clearly seen from the images. Both types of nanoparticles were observed to have 

formed over the surface of the fibres. The particles were predominantly quasi-

spherical in shape, although small numbers of silver nanorods can also be seen. 

Compared with the AgNPs, the shapes of the SeNPs were more spherical and 
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smoother, which is in accordance with the observations described in Chapter 2. The 

AgNPs and SeNPs were evident at all initial concentrations of precursors (0.2, 0.5 

and 1 mM) and numbers of nanoparticles increased with increasing precursor 

concentrations, which is in agreement with the colour changes shown in Figure 4.6 

(A). The nanoparticles had relatively narrow size distributions, falling predominantly 

into the range of 40 nm – 140 nm. The average sizes of SeNPs prepared with 

different concentrations of Na2SeO3 were relatively similar, at around 100 nm. It can 

also be seen from the size distributions of SeNPs that the peaks of the histograms 

were also relatively stable, at around 100 nm. On the other hand, when looking at the 

average sizes and size distributions of the AgNPs, the particle sizes seemed to 

increase as the concentration of AgNO3 increased. The different trends can be due to 

various reasons including the different nucleation and particle growth mechanisms 

between the metal and non-metal elements. 

 

 

Figure 4.7 SEM images of (A) unmodified cotton and (B) cationized cotton. 

 

 

(A) Unmodified Cotton  (B) Cationized Cotton 
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Figure 4.8 SEM images and particle size distributions of cotton samples: 

(A) 0.2 mM Se-Cotton; (B) 0.5 mM Se-Cotton; and (C) 1 mM Se-Cotton.  

 

 

 

(A) Se-C (0.2 mM) 

Average size: 106 ± 32 nm  

(B) Se-C (0.5 mM) 

Average size: 98 ± 28 nm  

(C) Se-C (1 mM) 
Average size: 94 ± 25 nm  
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Figure 4.9 SEM images and particle size distributions of cotton samples: 

(A) 0.2 mM Ag-Cotton; (B) 0.5 mM Ag-Cotton and (C) 1 mM Ag-Cotton.  

(A) Ag-C (0.2 mM) 

(B) Ag-C (0.5 mM) 

Average size: 85 ± 36 nm  

(C) Ag-C (1 mM) 

Average size: 97 ± 34 nm  

Average size: 64 ± 21 nm 



 

 115 

 

4.4.4 Surface chemistry analysis 

Energy-dispersive X-ray spectroscopy (EDS) was used to characterise the chemical 

compositions of the cotton fabric surface before and after the functionalisation, as 

shown in Figure 4.10. For the unmodified control cotton (Figure 4.10 A), the two 

strong peaks corresponding to carbon and oxygen can be seen as the main 

composition of cotton is cellulose. The peaks for platinum are from the platinum 

coating that was used to increase the conductivity of the samples. After the 

cationization (Figure 4.10 B - D), new peaks of chlorine emerged which were 

attributed to the chloride ions as the counter ions of the quaternary groups.280 The 

peak for nitrogen was expected between the peaks for carbon and oxygen but is not 

visible and might have been masked by the two major peaks of C and O. The new 

peaks corresponding to silver and selenium on Figure 4.10 (C) and (D) respectively 

confirmed the presence of silver or selenium on the fabric after the in situ synthesis 

of the nanoparticles.  

 

 

Figure 4.10 EDS spectra and corresponding scanning areas of the fabric samples (A) 

unmodified control cotton, (B) cationized cotton, (C) Ag-cotton (1 mM) and (D) Se-

cotton (1 mM). 

A B 

C D 
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For more detailed surface chemical compositions, XPS was used to analyse the 

fabric samples. The XPS spectra for the samples are shown in Figure 4.11. The 

binding energies of XPS lines, kinetic energy of Ag M4N45N45 line and silver Auger 

parameter (AP) are summarised in Table 4.2. As can be seen from Figure 4.11 (B) 

and Table 4.2, the peak at about 399.8 eV observed in the N1s spectra of all samples 

can be attributed to NR3 species, which exist naturally in cotton fibres. The 

additional peak at 402.6 eV in the spectra of cationized cotton, Ag-C and Se-C 

corresponds to quaternary nitrogen species (NR4+). No chlorine was detected on the 

surface of unmodified cotton, while the binding energy of Cl 2p3/2 peak at about 

197.6 eV observed in other samples is typical for Cl− ions as the counter-ions of the 

fixed quaternary ammonium groups, which is in accordance with the EDS results. 

These new peaks on the modified samples demonstrated the successful fixing of 

quaternary ammonium groups onto the cotton fabrics. On Ag-C, the binding energy 

of the Ag3d5/2 line (Figure 4.11D) and the Auger parameter calculated for Ag 

M4N45N45 transition (Figure 4.11E) are close to that for non-oxidized silver,281 

indicating the silver on the surface of Ag-C was mostly metallic silver. The Se3d5/2 

line for Se-C is centred at 55.3 eV, which is typical for non-oxidized elemental 

selenium (Figure 4.11F).282 These results confirmed that the AgNPs and SeNPs 

formed in situ on the surface of cationized cotton were non-oxidized elemental 

nanoparticles, which is as expected. 
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Figure 4.11 (A) Survey XPS spectra; (B) N1s XPS spectra; (C) Cl2p XPS spectra; 

(D) Ag3d XPS spectrum of sample Ag-C; (E) AgLMM Auger spectrum of Sample 

Ag-C; (F) Se3d XPS spectrum of Sample Se-C. 
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Table 4.2 Binding energies of XPS lines, kinetic energy of Ag M4N45N45 line and 

silver Auger parameter (AP) for samples (eV). 

Line Sample Species 

UC CC Ag-C Se-C 

N 1s 399.8 399.8 399.9 399.9 NR3 

– 402.6 402.6 402.6 NR4
+ 

Cl 2p3/2 – 197.6 197.6 197.7 Cl− 

Ag 3d5/2 – – 368.1 – Ag0 

Ag M4N45N45 – – 358.1 –  

AP (3d5/2, M4N45N45) – – 726.2 – Ag0 

Se 3d5/2 – – – 55.3 Se0 

 

 

4.4.5 Loadings and washing durability of Se or Ag on the functionalised fabrics 

One of the major challenges of textile functionalisation with nanoparticles is the 

durability of the modification. For reusable textiles, one of the most important 

factors is the laundry durability. In order to address this issue, the amounts of Se or 

Ag on the samples before and after repeated laundering were analysed. The contents 

of Se or Ag per gram of cotton was determined by digesting the fabrics in acid and 

analysing the solution using atomic emission spectroscopy. The washing method was 

based on both the accelerated laundry method described in AATCC Test 61-2013 

(Colorfastness to Laundering: Accelerated)273 and the elevated washing temperature 

for healthcare linens recommended by the Department of Health.274 As can be seen 

from Table 4.3, the amount of Se or Ag per gram of cotton was dependent on the 

concentration of the precursor salt used, which is in agreement with the observations 

from the colour intensities of the modified samples as well as the SEM images 

(Figure 4.6 – 4.9). All of the samples retained over 80% of the Se or Ag after 4 

accelerated laundry cycles (equivalent to 20 typical home laundry cycles), indicating 

excellent washing durability of the nanoparticle-fabric interaction. AgNPs reduced in 

situ on cotton fabrics have been found to be more securely attached to the fibres 
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compared to AgNPs prepared ex situ and applied onto the fabrics using pad-dry cure 

method.177 This may be due to the fact that particles formed in situ on the fibre 

surface fit the natural topography and therefore were physically lodged on the fibre. 

Moreover, the microwave treatment for the synthesis of nanoparticles may have 

resulted in the swelling of cotton fibres, which facilitated the penetration of 

nanoparticles into the intramolecular structure of the fibres.175,176  

 

Another interesting observation is that thermal treatment, including autoclaving or 

washing in hot water (>70 °C), resulted in the colour change of Se-C, from bright 

orange to darker colours. Figure 4.12 shows the photographic images of Se-C before 

and after being autoclaved or washed in hot water. Considering the observations 

described in Chapter 2, the colour changes might indicate some change to the SeNPs 

on the fabric surfaces.    

 

Figure 4.12 Photographic images of Se-C (A) before and after being washed in hot 

water and (B) Se-C prepared with 1 mM Na2SeO3 before and after being autoclaved. 

Unwashed 

After 4 washing cycles 
0.2 mM        0.5 mM         1 mM 

A B 

 

 

Original            Autoclaved 

Original in colour 
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Table 4.3 Amount of Se or Ag per gram of cotton before and after being washed 

Sample unwashed 1 cycle 2 cycles 3 cycles 4 cycles 

mg/g mg/g % mg/g % mg/g % mg/g % 

Se-C (0.2 mM) 0.327 ± 0.027 0.308 ± 0.006 94.2 0.293 ± 0.016 89.4 0.294 ± 0.026 89.7 0.285 ± 0.028 87.1 

Se-C (0.5 mM) 0.658 ± 0.023 0.532 ± 0.065 80.9 0.542 ± 0.020 82.3 0.560 ± 0.013 85.1 0.547 ± 0.042 83.1 

Se-C (1 mM) 1.069 ± 0.122 1.014 ± 0.049 94.8 0.983 ± 0.136 91.9 1.020 ± 0.021 95.4 1.013 ± 0.009 94.7 

Ag-C (0.2 mM) 0.167 ± 0.016 0.162 ± 0.044 97.0 0.151 ± 0.027 90.6 0.157 ± 0.007 94.4 0.153 ± 0.017 91.7 

Ag-C (0.5 mM) 0.481 ± 0.119 0.425 ± 0.060 88.4 0.400 ± 0.052 83.2 0.435 ± 0.045 90.5 0.423 ± 0.045 87.9 

Ag-C (1 mM) 1.383 ± 0.179 1.315 ± 0.185 95.1 1.342 ± 0.164 97.1 1.236 ± 0.063 89.4 1.227 ± 0.095 88.7 

* % represents the retention rate of silver or selenium after being washed. Retention % = (amount of Ag or Se before being washed/amount of Ag 

or Se after being washed) × 100. Data represented as mean ± SD, n=3.
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As discussed in Chapter 2, the colloidal spherical SeNPs were amorphous and would 

recrystallize to become trigonal selenium (t-Se) upon heating or sonication. The 

SEM images of heat treated Se-C are shown in Figure 4.13 – 4.16. It was noticeable 

that after repeated washing in hot water, the SeNPs lost the smooth and spherical 

shape and became irregular and pointed (Figure 4.13). With the autoclaved samples 

(Figure 4.14), it can clearly be seen that the spherical SeNPs merged into each other 

and became nanorods. The diameters of the nanorods were similar to the 

nanoparticles, which were mostly around 100 nm. The length could be up to several 

micrometres. In addition to the long nanorods, some urchin-shaped nanoclusters 

could also be seen (Figure 4.15). On the Se-C prepared with 0.2 mM Na2SeO3 

(Figure 4.16), the particles did not grow into nanorods, probably because the 

particles were too far apart from each other. However, it is still noticeable that the 

particles were not as spherical as they were before the autoclave process, indicating 

they have recrystallised and become t-Se. Whether the nanoparticles simply become 

non-spherical or grow into nanorods/nanoclusters might be dependent on the size 

and distribution of the original SeNPs, as well as the heat applied. 

The antimicrobial activity of t-Se is rarely reported.207 Wang et al.283 prepared red 

amorphous SeNPs on the surface of polymer sheet by a chemical reduction method 

and heat treated the sheet in an oven to turn the red SeNPs into grey crystallised Se 

nanorods; the anti-biofilm tests against P. aeruginosa on the two types of Se 

nanostructures showed that both types of nano-selenium inhibited the bacterial 

growth but did not result in significantly different inhibition rates. Therefore, even 

though the loss of nanoparticles after repeated washing was very limited, any effect 

on the antimicrobial performance of the washed fabric samples must be investigated. 

This will be discussed in Chapter 5. 
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Figure 4.13 SEM image of washed Se-C (0.5 mM) showing non-spherical shapes; 

red arrows highlight the irregular shaped particles. 

 

Figure 4.14 SEM image showing Se nanorods on autoclaved Se-C (1 mM); red 

arrows highlight the nanorods. 

Washed Se-C (0.5 mM)  

autoclaved Se-C (1 mM) 
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Figure 4.15 SEM image showing urchin-shaped Se nanostructures on autoclaved Se-

C (0.5 mM) 

 

Figure 4.16 SEM image showing irregular shaped SeNPs on autoclaved Se-C (0.2 

mM) 

autoclaved Se-C (0.5 mM) 

autoclaved Se-C (0.2 mM) 
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4.5 Chapter summary 

Based on the results from the previous chapters, and the analysis of the literature, a 

novel method to functionalise cellulose-based textiles using a cationization agent, 

CHPTAC, and inorganic nanoparticles (AgNPs or SeNPs) was described in this 

chapter. The in situ synthesis of AgNPs and SeNPs on cationized cotton has not been 

reported before. The advantages of in situ preparation of nanoparticles with the 

assistance of microwave irradiation include quick and effective synthesis, even 

particle distribution compared to ex situ method, and secure attachment of 

nanoparticles to the fabric surface. Moreover, in situ preparation can be more 

versatile than ex situ approaches. In situ methods can be easily adapted and used to 

treat 3-dimensional porous materials that are difficult for the fixation of ex situ 

prepared NPs. The cationic groups and antimicrobial nanoparticles together may 

offer combined antimicrobial activities, which lead to excellent antimicrobial 

performance and increased difficulty for the development of resistance.  

The characterisation of the functionalised fabrics showed that the cationic quaternary 

groups were successfully fixed onto the surface of cotton, which changed the zeta 

potential of the cotton fibres to the positive range. After the cationization, Ag or Se 

nanoparticles were prepared in situ on the cotton surfaces using ascorbic acid as the 

reducing agent with the help of microwave irradiation, which makes the nanoparticle 

synthesis quick, facile and environmentally friendly. Cationized cotton fabrics with a 

range of different concentrations of AgNPs or SeNPs were obtained by using 

different concentrations of precursor salts. The formation of the AgNPs or SeNPs 

were confirmed by visible colour changes and supporting techniques including SEM, 

EDS, and XPS. The nanoparticles formed in situ had relatively narrow size 

distributions, with most of the AgNPs and SeNPs measured between 40 nm to 140 

nm in size. In order to determine the laundry durability of the nanoparticles fixed 

onto the fabric surface, the Ag or Se concentration per gram of cotton was 

determined before and after repeated washes in hot water. Prior to the laundering, the 

amounts of nanoparticles (per gram of cotton) prepared with different concentrations 

of precursors (0.2 – 1 mM) ranged 0.327 – 1.069 mg/g for SeNPs and 0.167 – 1.383 

mg/g for AgNPs. It was found that after 4 accelerated washing cycles, all of the 

fabric samples retained over 80% of the original nanoparticles formed in situ, 
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indicating excellent laundry durability of the functionalisation. It was also found that 

the SeNPs would crystallise when subjected to heat treatment (i.e. autoclaving or 

washing in hot water). The antimicrobial performance of the functionalised fabrics 

before and after washing would be studied and reported in the next chapter.  
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Chapter 5 Antibacterial Evaluation of 

Functionalised Fabrics 

5.1 Introduction 

The aim of the chapter was to evaluate the antibacterial performance of the cellulose 

fabrics functionalised with cationic quaternary groups and nanoparticles prepared as 

described in Chapter 4. A number of standard methods have been established to 

evaluate the antibacterial efficacy of functionalised textiles. However, there is no 

consensus on the best method to be used as they all have different advantages and 

disadvantages. The methods can be divided into two groups: qualitative assessment 

and quantitative assessment.284  

Qualitative methods are mainly based on agar diffusion. The test samples are placed 

onto agar plates that have been inoculated with bacterial cells and the formation of a 

zone of inhibition is used to determine the antibacterial performance. The advantages 

of qualitative methods are that they are simple to perform, quick, and suitable for 

when a large number of samples need to be tested. The most commonly used 

standards with qualitative methods include American Association of Textile 

Chemists and Colorists (AATCC) AATCC TM147-2016 (Antibacterial Activity of 

Textile Materials: Parallel Streak),285 ISO 20645:2004 (Textile fabrics — 

Determination of antibacterial activity: Agar diffusion plate test),286 and Japanese 

Industrial Standards (JIS) JIS L 1902:2015 (Testing Antibacterial Activity and 

Efficacy on Textile Products — Halo method).287 In the AATCC TM147 method, a 

bacterial inoculum is streaked onto a Nutrient Agar (NA) surface and the textile 

sample is placed over the streaks, making intimate contact with the bacterial cells 

and agar surface. The ISO 20645 method involves putting the test sample between 

two agar layers, with the upper layer containing a bacterial inoculum in it and the 

lower one being NA only. For the JIS L 1902-Halo method, the bacteria are 

inoculated into warm molten agar and the test sample is placed onto the agar once it 

has solidified. The evaluation of results for these 3 methods is based on the size of 

the halo/zone of inhibition (ZoI) formed around the edge of the samples and the 
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bacteria growth under the samples. The analysis of positive results from tested 

samples with diffusible antibacterial agents is shown in Figure 5.1. 

 

Figure 5.1 Analysis of positive results from (A) AATCC TM147 method and (B) 

ISO 20645 or JIS L 1902-Halo method. 

 

As discussed in Section 3.1, the zone of inhibition will only be observed when the 

antibacterial agent is diffusible. The fabrics can show antimicrobial activity when in 

direct contact with microbes but may not exhibit the effect when assessed via a 

diffusion assay. Pinho et al.284 compared three standard qualitative evaluation 

methods (AATCC 147, ISO 20645, JIS L 1902-Halo method). The results 

demonstrated that only the positive control which was treated with diffusible 

triclosan formed clear halos, while the tested samples treated with silver ions did not 

result in any halo; however, with the AATCC 147 and JIS L 1902-Halo methods, the 

inhibition of bacterial growth could be seen when the fabrics were removed from the 

agar plate, whereas since with ISO 20645 the sample was placed between two layers 

of agar and could not be removed, the determination of clear zone under the sample 

could not be achieved. Therefore, the author concluded that the AATCC 147 and JIS 

L 1902-Halo methods could be used for both diffusible and non-diffusible fabrics, 

while ISO 20645 could only be used for samples with diffusible antimicrobial 

agents. However, it should be noted that even though the test samples with silver 

ions as the antibacterial agent did not create halos around the sample, silver ions 

should be a diffusible antimicrobial agent. Many reports have demonstrated the 

inhibition zones created by silver ions and silver nanoparticles with agar diffusion 

Original in colour 
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methods, as discussed in Section 3.1. The information about how the sample was 

prepared was not presented in the paper by Pinho et al.284; it is possible that the 

silver ions were incorporated into the synthetic fibre before spinning so that the 

release of ions was very slow. In the JIS L 1902-Halo method, the bacterial cells 

were mixed with molten agar rather than presented on the surface of agar, and the 

small clear zones were found under the test specimens, which proved that the silver 

ions were released into the agar, but not sufficient to form a halo around the fabrics. 

Therefore, the ability of JIS L 1902-Halo method to test fabrics with non-diffusible 

antibacterial agent may be questionable. Moreover, when using the AATCC 147 

method for samples with non-diffusible antibacterial agents, the bacterial cells under 

the fabric sample may be carried away together with the fabric during the removal, 

making it difficult to tell whether the lower bacterial density left on the agar is due to 

the antimicrobial activity of the fabric. In conclusion, the qualitative methods based 

on agar diffusion may not be the suitable methods for testing fabrics with non-

diffusible antibacterial agents, in which case the quantitative methods can be used to 

more accurately evaluate the performance of the samples.  

Most of the quantitative tests use a method called the “challenge test” (Figure 5.2). 

The basic procedure of the challenge test involves inoculating the test sample surface 

with a small volume of bacterial suspension, incubating the sample for a period of 

time, and then washing the bacterial cells off the sample surface and plating them 

onto agar plates to determine viable counts. Control samples are used to determine 

the bacterial growth without the presence of antibacterial agent. The bacterial 

concentrations at two different time points, “0” contact time and after incubation, are 

compared to determine the bacterial growth. The typical procedure of a challenge 

test is illustrated in Figure 5.2. Commonly used standard methods employing a 

challenge test include AATCC TM100-2019 (Test Method for Antibacterial Finishes 

on Textile Materials),288 ISO 20743:2013 (Textiles — Determination of antibacterial 

activity of textile product: Absorption method),289 and JIS L 1902:2015 (Testing 

Antibacterial Activity and Efficacy on Textile Products — Absorption method).287 

Although the procedures are similar, the standards recommend different parameters 

to evaluate the performance. For example, AATCC 100 requires the calculation of 

percent reduction of bacteria by the specimen treatments, the ISO 20743-Absorption 

method provides an equation to calculate the antibacterial activity value. The 
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parameters to judge the antibacterial performance will be discussed in further detail 

later in this chapter. 

 

Figure 5.2 Scheme of challenge test for antibacterial textiles. 

 

Another quantitative/semi-quantitative method that can be used to evaluate fabrics 

with non-diffusible antibacterial agent is the dynamic shake flask method. Standard 

methods based on the shake flask method have been published by the American 

Society of Testing and Materials (ASTM E2149)290 and the International Bureau for 

Standardisation of Man-made Fibres (BIFSA).291 In this method, the test samples are 

immersed in a large amount of liquid bacterial culture in a flask, which is constantly 

shaken to ensure dynamic contact with the fabric and the bacterial cells even if the 

antibacterial agent is not diffusible. The standards recommend quantitative analysis 

by removing samples of the liquid culture at different time points and plating onto 

agar plates to determine the viable count. Alternatively, a quicker and simpler semi-

quantitative test can be performed by removing samples of the liquid culture for 

optical density measurement instead of viable colony count. However, one of the 

Original in colour 
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issues of this method is the culture condition, where the samples are immersed in 

liquid culture, can be distinct from real life applications of the fabrics as the fabrics 

are unlikely to be immersed in nutrient-rich liquid for a long time. 

Apart from the standard methods discussed above, many of the assays listed in Table 

3.1 can also be applied to textile materials. Haase et al.292 compared 5 different 

methods to evaluate the antibacterial activities of fabrics modified with silver and 

copper pigments, including the MTT assay, optical density assay, disk diffusion 

assay, and plate count method with fabric sample either immersed in bacterial 

suspension statically or inoculated with a small volume of bacterial suspension. The 

results showed that the different methods yielded results that were generally 

comparable. However, it was worth noting that some tests produced some unusual 

results. For example, the copper-containing samples resulted in the discoloration of 

bacterial culture media, which affected the OD reading. Moreover, the copper-based 

agent was not able to diffuse in agar and resulted in no zone of inhibition. Therefore, 

multiple methods should be employed to avoid misleading or skewed results.  

In this chapter, the antibacterial performance of the novel functionalised fabrics 

prepared in Chapter 4 was evaluated. With the experience from Chapter 3 and the 

analysis of the literature, several methods were chosen for this chapter. The specific 

chapter objectives included: 

(1) To test the antibacterial performance of the fabric samples quantitatively 

using a challenge test method with the test conditions recommended by an 

industry standard ISO 20743:2013-Absorption Method.  

(2) To observe the bacterial cells in situ on the functionalised fabric surface 

using LIVE/DEAD staining and confocal microscopy. 

(3) To study the effects of the functionalised fabrics on bacterial morphology 

using scanning electron microscopy (SEM). 

(4) To test the antimicrobial performance of the fabric samples after repeated 

washes using the standard challenge test method to determine the laundry 

durability of the functionalisation. 
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5.2 Materials 

Nutrient Agar (NA), Nutrient Broth (NB), and Standard Plate Count Agar (PCA) 

were purchased from Oxoid (UK) and prepared according to the manufacturer’s 

instruction.  

Soyabean-Casein Digest broth with Lecithin and Polysorbate 80 medium (SCDLP) 

was used as the shaking-out medium. To prepare SCDLP medium, 30 g Tryptone 

Soya Broth powder (TSB, Oxoid), 1 g Lecithin (Fisher Scientific), and 7 g Tween® 

80 (Fisher Scientific) were dissolved in 1 L RO water. Peptone salt solution was 

prepared by dissolving 8.5 g NaCl and 1 g peptone (Fisher Scientific) in 1 L RO 

water and used as a diluent. All the RO water, culture media, diluents, and saline 

solutions used in microbiology experiments were sterilised by autoclaving at 121°C 

for 15 minutes. 

Resazurin chromogenic agar (RCA) was used in a supplementary test for the 

challenge test. RCA was prepared according to a report by Sener et al.,293 by mixing 

1 mL of resazurin solution with 100 mL of molten NA; to prepare resazurin solution, 

resazurin sodium salt (Fisher Scientific) was dissolved in RO water to prepare a 

solution of 2.5 mg/mL and sterilised by filtration through a 0.2 μm sterilisation filter 

(Cellulose acetate, Minisart). 

The antibacterial activities of the samples were evaluated against Staphylococcus 

aureus (NCTC 10788) and Klebsiella pneumoniae (NCTC 11228), as recommended 

by ISO 20743-2013. Escherichia coli (NCTC 10418) was also tested as an additional 

Gram-negative species to be consistent with the study conducted in Chapter 3. The 

bacteria were recovered from frozen stock as described in Section 2.2 and inoculated 

onto PCA plates using the streak plate method. The PCA plates were stored at 4 °C 

and used within one week. Optical density at 600 nm was used to estimate the 

bacterial concentration in broth culture, based on the standard curves shown in 

Figure 3.1. 
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5.3 Methods 

5.3.1 Challenge test  

This method was based on the Absorption Method from ISO 20743:2013 (Textiles 

— Determination of antibacterial activity of textile products).289 A diagram of this 

method is shown in Figure 5.2. Briefly, bacterial suspension in dilute broth was 

inoculated onto the control and test samples, and the bacterial cells were removed 

from the fabric surfaces at different time points to compare the number of viable 

bacteria by the plate count method. 

 

5.3.1.1 Preparation of test inoculum 

To prepare the test inoculum, single colonies were picked off the PCA plate and 

inoculated into 10 mL fresh TSB using an inoculating loop. The inoculated broth 

was incubated at 37 °C at 120 rpm overnight. Subsequently, 0.2 mL of this culture 

was inoculated into 10 mL of fresh TSB. This inoculum was incubated for a further 

2 – 3 h at 37 °C at 110 rpm, after which the expected bacterial concentration reached 

approximately 1 × 109 CFU/mL (log phase). The concentration was then adjusted to 

1 × 105 to 3 × 105 CFU/mL by serial dilution in 1/20 dilute NB (0.65 g/L), which 

was confirmed by spread plate method. 

 

5.3.1.2 Test procedure 

The fabric samples were prepared aseptically, as described in Section 4.3.2. Six 

specimens were prepared for each type of sample (control sample UC and test 

samples CC, Se-C and Ag-C), by cutting the samples into 4 cm × 4 cm swatches (0.4 

± 0.05 g). As mentioned in Chapter 4, the SeNPs on the cotton fabrics could turn into 

t-Se nanorods when subject to heat treatment. In order to investigate if the Se 

nanorods also exhibit antibacterial activity, autoclaved Se-cotton (1 mM tSe-C) was 

also tested. Aliquots of the bacterial inoculum (0.2 mL) were pipetted over the 

surface of all the specimens in individual universal containers. Care was taken not to 

touch the inner wall of the vial. Immediately after the inoculation, 20 mL of SCDLP 
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was added to 3 specimens of each type of sample. The vials were shaken vigorously 

on a vortex mixer for 5 s × 5 cycles to remove the bacterial cells from the specimens. 

The bacteria in SCDLP were then serially diluted and plated into PCA in duplicate 

using the pour plate method to determine the number of viable bacteria. These 

specimens are referred to as the time zero (t0) group. The remaining 3 specimens of 

each type of sample were incubated at 37 °C for 24 ± 3 hours after the inoculation. 

After incubation, the specimens were treated in the same way with SCDLP as the t0 

group and referred to as time 24 h (t24) group. When there were no viable colonies 

found in the plate, the number was recorded as 1 colony, as indicated by the 

standard. The whole experiment was repeated on individual occasions until 3 sets of 

valid data (according to the criteria in Section 5.3.3.3) were obtained. 

 

5.3.1.3 Judgement of test effectiveness  

The ISO 20743:2013 standard includes guidelines for judging the effectiveness of 

the test. These are outlined below: 

i. The concentration of the test inoculum falls within the range of 1 – 3 x 105 

CFU/ml. 

ii. Differences in extremes for the three control fabrics immediately after inoculation 

and after incubation respectively should be < 1 log. 

iii. The growth value (explained in Section 5.3.1.4) calculated according to the 

formula below should be ≥ 1.0 by the plate count method. 
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5.3.1.4 Calculation of antibacterial activity 

When the test had been judged effective, the antibacterial activity was obtained using 

the following formula: 

Equation 5.1:         A = (log10 C24 – log10 C0) – (log10 T24 – log10T0) = F – G 

Where 

A is the antibacterial activity value; 

F is the growth value on the control fabric (F = log10 C24 – log10 C0); 

G is the growth value on the coated/impregnated fabric (G = log10 T24 – log10T0);  

log10 C24 is the average common logarithm for the number of bacteria (CFU) 

obtained from three control samples after 24 ± 3 h incubation; 

log10 C0 is the average common logarithm for the number of bacteria (CFU) obtained 

from three control samples immediately after inoculation; 

log10 T24 is the average common logarithm for the number of bacteria (CFU) 

obtained from three antibacterial functionalised samples after 24 ± 3 h incubation; 

log10T0 is the average common logarithm for the number of bacteria (CFU) obtained 

from three functionalised samples immediately after inoculation. 

In case of C0 > T0, substitute C0 for T0. According to Annex F of ISO 20743:2013, 

the antibacterial efficacy of the test fabric can be considered as “significant” when 2 

≤ A < 3 and “strong” when A ≥ 3. 

Apart from the antibacterial activity value, the growth reduction (R%) in the 

numbers of viable/live bacteria after incubation was calculated using the following 

equation: 

Equation 5.2:                          R (%) = (C24 – T24)/C24 × 100                                                 
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5.3.2 Resazurin chromogenic agar  

Resazurin chromogenic agar (RCA) was use in a supplementary test conducted 

alongside the challenge test. Control and test specimens were cut into 2 cm × 2 cm 

squares and used for RCA supplement tests; 2 specimens were prepared for each 

type of sample and were used for the t0 and t24 groups respectively. The specimens 

were inoculated in the same way as described in Section 5.3.1.2. For the t0 group, 

immediately after inoculation, the specimens were taken out of the test tubes, rinsed 

gently in 10 mL sterile physiological saline, and then placed onto RCA plates. For 

the t24 group, the same procedure was carried out after the samples were incubated 

for 24 ± 3 hours after the inoculation. The RCA plates were incubated at 37 °C for 

18 – 24 h and the colour change was observed. 

 

5.3.3 In situ observation of bacteria using confocal laser scanning microscopy 

The viability of the bacteria after incubation with the fabric samples was visualised 

by LIVE/DEAD™ Baclight™ Bacterial Viability Kit and confocal laser scanning 

microscopy (CLSM). Since the fabrics have a complex 3-dimensional structures 

which makes it difficult to locate the bacterial cells under the microscope with high 

magnification, a high inoculum concentration was used for microscopic examination 

to ensure bacterial coverage on the fibres. Moreover, the inoculum was prepared in 

saline to avoid broth constituents interfering with components of the LIVE/DEAD 

stain, as indicated by the manufacturer’s instructions.294 A liquid culture in TSB 

(OD600nm approximately 1), prepared as described above, was centrifuged in 

Eppendorf tubes at 5,000 g for 5 mins. The supernatant was discarded, and the cells 

were re-suspended in 0.85% physiological saline. The washing procedure was 

carried out twice. 

Sterile fabric samples were cut into square swatches of 0.5 cm × 0.5 cm and placed 

into Eppendorf tubes individually. Bacterial suspension (10 μL) was then inoculated 

onto the fabric surfaces and incubated at 37 °C for 24 ± 3 h. After the incubation, the 

fabric samples were disassembled carefully with sterile forceps into loose yarns and 
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fibres and placed onto microscope slides. The staining reagent containing SYTO 9 

and propidium iodide (PI) was prepared according to the manufacturer’s instructions 

and dropped (10 μL) onto the samples. Glass cover slips (22 mm × 22 mm) and DPX 

mountant (SureChem) were used to seal the samples. The samples were incubated at 

room temperature for at least 15 mins before being examined using a Leica SP5 

Confocal Laser Scanning Microscope. Excitation was performed using an Argon 

laser (488 nm) for both dyes with power set to 25%. SYTO 9 emission was 

measured at 510 to 550 nm and PI emission at 610 to 650 nm. Z-stack images were 

acquired at 1 μm intervals (20 – 30 μm thick) and orthogonal projections were 

constructed. 

 

5.3.4 Effect of functionalised fabrics on bacterial morphology 

Control (UC) and test (CC, Se-C and Ag-C) fabric samples were inoculated with a 

bacterial suspension as described above. After 24 h incubation, the samples were 

washed twice with 1 mL sterile PBS and fixed with 2.5% glutaraldehyde (in PBS) 

for 2 h at room temperature. After the fixation, the samples were washed with PBS 

twice and then dehydrated with a series of graded ethanol solutions (35%, 50%, 

75%, 95%, 100%, for 15 mins each and twice for 100%). Finally, the samples were 

air dried for two days and left in a desiccator overnight. Prior to the SEM 

examination, the samples were coated with 4 nm platinum by sputter coating and 

examined as previously described in Section 4.3.3.2. 

 

5.4 Results and discussion 

5.4.1 Challenge test 

The principle of the challenge test is to inoculate the antibacterial fabric with 

bacterial suspension and compare the numbers of viable bacterial cells before and 

after the incubation. In addition to the antibacterial activity value (‘A’ value) 

introduced by the ISO 20743 standard, another value growth reduction (R%) was 

also calculated. They both describe the difference in the number of viable bacteria on 
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the test samples compared to the control samples after incubation. On the control 

fabrics, the number of viable bacteria should increase during the incubation. If the 

test fabrics have antibacterial activity, then the number of viable bacteria on the test 

samples of t24 group should be less than the number of viable bacteria on the control 

fabrics. An ‘A’ value of 2 represents a 2 log10 reduction, which is equivalent to 99% 

of growth reduction R%. The interactions between the bacteria and the various fabric 

samples are summarised in Figure 5.3 and Table 5.1. 

It is noticeable from Figure 5.3 that even at time zero, the numbers of bacteria 

recovered from the fabric samples were significantly smaller than the inoculum, 

which indicated that not all of the bacteria were successfully eluted from the fabric 

surfaces, especially from the functionalised samples with cationic charge (i.e. CC, 

Ag-C and Se-C). The three bacterial species reacted differently in terms of the 

removal from the cotton fabrics. Compared to K. pneumoniae (Figure 5.3 B) and E. 

coli (Figure 5.3 C), it was easier to remove S. aureus (Figure 5.3 A). It was 

particularly difficult to remove K. pneumoniae from the fabric surfaces, probably 

because K. pneumoniae is capsulated with viscous extracellular layers mainly 

composed of polysaccharides, which protect the cells and facilitate attachment to 

surfaces.295 The negative charge on the polysaccharides makes it even more difficult 

to remove the cells from cationic surfaces. The numbers of K. pneumoniae recovered 

from the control samples immediately after inoculation (1.8×104 CFU) were smaller 

than the number of bacteria inoculated onto the surface (2.9×104 CFU), and the 

differences between the numbers of bacteria recovered from the control samples and 

the functionalised samples could be as large as 10 to 30-fold. The observation that it 

was more difficult to remove K. pneumoniae and E. coli than S. aureus from the 

fabrics was probably because these cells are rod shaped, which resulted in larger 

contact area between the bacterial cells and the fabric surfaces than with S. aureus 

which are cocci. In summary, from the viable count results at time zero, it could be 

seen that not all bacterial cells were successfully removed from the fabrics, and the 

ease with which they could be removed varied between species.  
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Figure 5.3 Viable counts of bacteria recovered from the cotton samples at time zero 

(sampled immediately after inoculation) and after 24-h contact; (A) S. aureus, 

(B) K. pneumoniae and (C) E. coli. Data represent mean ± SD, n=3. 
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As discussed in Section 1.3, the electrostatic interaction between bacterial cells and 

the antibacterial agent is one of the important modes of actions of antibacterial 

agents. The antibacterial effects of CHPTAC-modified cellulose materials have been 

reported by several recent studies.259–261 It is believed that the negatively charged 

bacterial cells could be adsorbed onto the cationic surface and the cell membranes 

could be physically damaged due to the electrostatic interactions and the penetration 

of lipophilic alkyl groups, causing the leakage of cell constituents.296,297 The cationic 

groups could also lead to the uneven distribution of moisture and nutrients.298 

Eventually, the bacteria could die from altered osmotic pressure, membrane damage 

and lack of nutrients.296–299 As can be seen from Table 5.1, it was found that the 

antibacterial efficacy of the cationized cotton against S. aureus was lower than 

against the two Gram-negative strains, although the growth reduction rate against S. 

aureus was still as high as 97.51%. S. aureus may be less susceptible to the cationic 

cellulose due to the fact that the Gram-positive bacterial cell wall has a 

comparatively thicker and more rigid peptidoglycan layer than Gram-negative 

strains.300 The net negative surface charge of Gram-positive bacteria is also less 

negative than Gram-negative strains due to the different chemical composition of the 

bacterial cell walls.122 Furthermore, as mentioned above, the contact area between 

the spherical S. aureus cells and the cellulose surface is likely to be less than 

between the rod-shaped K. pneumoniae and E. coli cells and the surface. Therefore, 

the cationized cotton showed stronger antibacterial efficacies against K. pneumoniae 

and E. coli than against S. aureus.  
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Table 5.1 Growth reduction rate (R %) and antibacterial value ‘A’ of the modified 

cotton samples after 24 h contact time 

Sample S. aureus K. pneumoniae E. coli 

R (%) ‘A’ R (%) ‘A’ R (%) ‘A’ 

C-C 97.51  1.61  >99.99 4.52  >99.99 3.24  

Se-C (0.2 mM) >99.99 5.30  >99.99 5.83  >99.99 5.66  

Se-C (0.5 mM) >99.99 5.36  >99.99 5.83  >99.99 5.66  

Se-C (1 mM) >99.99 5.36  >99.99 5.83  >99.99 5.66  

tSe-C (1 mM) >99.99 5.36 >99.99 5.83 >99.99 5.66 

Ag-C (0.2 mM) >99.99 5.33  >99.99 5.83  >99.99 5.66  

Ag-C (0.5 mM) >99.99 5.36  >99.99 5.83  >99.99 5.66  

Ag-C (1 mM) >99.99 5.36  >99.99 5.83  >99.99 5.66  

 

In contrast, it was found that both Se-C (including tSe-C) and Ag-C prepared with 

all of the three different concentrations of precursor salts (0.2, 0.5 and 1 mM) 

showed strong antibacterial performance, with growth reduction rates all above 

99.99% and ‘A’ values all above 5 for both Gram-positive and Gram-negative 

strains. The autoclaving and transformation of SeNPs into selenium nanorods did not 

result in the loss of antibacterial activity. The numbers of viable bacteria recovered 

from almost all of the NP-functionalised fabrics, with the exception of 0.2 mM Se-C 

and Ag-C against S. aureus, after 24 h contact time, were lower than the limit of 

detection (LOD, 100 CFU/ml or 20 CFU/sample). Therefore, under the test 

conditions recommended by ISO 20743:2013, the actual antibacterial performance 

of the Se-C and Ag-C with different concentrations of SeNPs and AgNPs could not 

be differentiated. Overall, it can be seen that the cationized cotton alone had already 

demonstrated moderate antibacterial activity against S. aureus and strong 
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antibacterial activity against K. pneumoniae and E. coli; the incorporation of SeNPs 

or AgNPs, even at a low concentration, further improved the antibacterial efficacies 

of the fabrics. It has been widely reported that the positive surface charge of 

nanoparticles can enhance their antibacterial performance by facilitating the 

interaction between the negatively-charged bacterial cells and nanoparticles.169,301 In 

this chapter, although the positive charge was not directly applied onto the 

nanoparticle surface, the presence of cationic groups on the cotton surface, as the 

substrate for the nanoparticles, could also force contact between the bacterial cells 

and the nanoparticles.  

 

5.4.2 Supplementary tests with resazurin chromogenic agar 

As discussed above, not all of the bacterial cells could be removed from the fabrics 

even immediately after inoculation, and the effect was especially noticeable with 

K. pneumoniae. Although after 24-h incubation, from the NP-functionalised fabrics, 

the number of bacteria recovered from the samples was lower than the LOD, the 

difficulty of eluting bacteria from the samples made it possible that the <LOD results 

were an artefact of failing to remove the viable bacteria from the sample surfaces. 

Therefore, a supplementary test was designed in addition to the Absorption Method 

to further confirm the results. Resazurin chromogenic agar (RCA, Nutrient Agar 

supplemented with resazurin) was used to provide a direct indication as to whether 

there was viable cell activity from the fabric surface. Resazurin (7-hydroxy-10-

oxidophenoxazin-10-ium-3-one, sodium) is a blue dye, itself weakly fluorescent 

until it is irreversibly reduced to the pink coloured and highly red fluorescent 

resorufin. It is used as an oxidation-reduction indicator in cell viability assays for 

both aerobic and anaerobic respiration. Figure 5.4 shows the colour change of RCA 

plate when K. pneumoniae was inoculated using the streak plate method. It can be 

seen that the agar changed from purple to pink around the bacterial colonies. 
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Figure 5.4 Colour change of RCA plates inoculated with K. pneumoniae. 

 

The bacterial growth and inhibition/killing are dynamic processes. When placed in 

an environment that is more favourable for the bacterial growth, the growth and 

inhibition dynamics can change. The idea of the RCA test was to place the fabric 

samples along with the inoculated bacteria onto the chromogenic agar at different 

time points to compare the colour changes. The fabric sample on RCA plates turning 

pink indicates there was viable bacterial activity during the period when the 

inoculated sample was in contact with the RCA; no colour change on the sample 

indicates there was no viable bacteria on the sample by the time it was placed on the 

RCA. For the t0 group, immediately after inoculation, the fabric samples were placed 

onto the RCA plates. The RCA is relatively nutrient-rich compared to the 1/20 dilute 

NB which was used to prepare the inoculum and, therefore, the bacteria might be 

able to grow on the samples on RCA and the colour changes were expected as a 

control. On the other hand, after the inoculated samples were incubated in universal 

containers for 24 h, as the results of the challenge test suggested, there should be no 

or very few viable cells left on the functionalised fabric samples, and consequently, 

no colour change on RCA was expected with these samples. 

Figure 5.5 shows the colour changes of RCA plates incubated with the fabric 

samples inoculated with S. aureus. It can be seen that all the samples in the t0 group 

showed some colour change, which indicated that when in contact with RCA, the 

antibacterial performance of these fabric samples was not strong enough to totally 

inhibit the cell metabolism activity. However, it is also noticeable that the samples 

prepared with 1 mM selenium precursor (with both spherical SeNPs and autoclaved 

Original in colour 
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Se nanorods) only turned pink very slightly compared with other samples. The 

colour change was so weak that the pink colour was almost covered by the original 

colours of the samples. This difference might indicate that the Se-C prepared with 1 

mM Na2SeO3 had the strongest inhibition effects against the S. aureus among all the 

samples. It might also indicate that the 1 mM tSe-C with was still more effective 

against S. aureus than the other samples after the SeNPs were turned into Se 

nanorods by autoclaving. For the t24 group, all the NP-functionalised samples did not 

change colour, which is in accordance with the results from the challenge test where 

the numbers of viable bacteria recovered from the NP-functionalised samples after 

24-h contact were below LOD. 

 

Figure 5.5 Colour changes of the samples on RCA plates incubated with S. aureus. 

 

The RCA plates with samples inoculated with K. pneumoniae and E. coli are shown 

in Figure 5.6 and Figure 5.7 respectively. With the t24 group, the colours of all the 

NP-functionalised samples remained unchanged, which again confirmed the results 

obtained from the Absorption method that after 24-h contact time with the dilute NB 

as the inoculum media, no viable bacteria could be detected from the NP-

functionalised samples. When comparing with the t0 group in Figure 5.5, it can be 

t= 0 h 

 

 

 

t= 24 h 

Original in colour 



 

 144 

seen that the Se-C inoculated with K. pneumoniae and E. coli are visibly pinker than 

when inoculated with S. aureus, which is in accordance with the findings from 

Chapter 3, that SeNPs showed better antibacterial performance against S. aureus 

than against Gram-negative strains including K. pneumoniae and E. coli. On the 

other hand, the colour changes on the Ag-C inoculated with K. pneumoniae and E. 

coli were less significant than the colour changes with S. aureus. This is also in 

accordance with the findings from Chapter 3 that AgNPs were more effective at 

inhibiting Gram-negative bacteria than Gram-positive bacteria. Another noticeable 

thing is that even in the t0 group, the Ag-C prepared with 0.2 mM AgNO3 barely 

changed colour when incubated with K. pneumoniae and E. coli. This is a strange 

result which seemed unreasonable because the antibacterial performance of the 

nanoparticles should be concentration dependent. On the other hand, as mentioned in 

Section 4.4.3 (Figure 4.9), the size of the AgNPs on the 0.2 mM Ag-C was the 

smallest. It is known that the antibacterial performance of AgNPs is also dependent 

on the particle size. Therefore, it is possible that the although the number of AgNPs 

on the 0.2 mM Ag-C was the smallest, the size-dependent effect was more 

significant than the concentration-dependent effect in this case. However, it does not 

mean that the 0.2 mM Ag-C has the best performance against K. pneumoniae and E. 

coli, because the result of the antibacterial test can be dependent on the test 

conditions including inoculum concentration, incubation length and culture medium. 

For example, if the inoculum concentration was increased, the number of AgNPs 

might not be sufficient on the 0.2 mM Ag-C to inhibit the bacterial growth; in other 

words, the chance that a bacterium landing on the fabric but not in contact with a 

nanoparticle would be increased. Another point to consider is that in the RCA test, 

the fabrics were placed onto semi-solid agar and the small AgNPs might quickly 

release Ag ions which diffused to adjacent area and killed the bacteria before they 

had time to grow, while in the challenge test, only a small volume of liquid was 

applied onto the fabrics and the environment was dryer than when in contact with the 

agar and, therefore, the diffusion of Ag ions was limited. From the practical point of 

view, the challenge test may better mimic the real-life situation. Moreover, the 

durability and safety issues will also need to be considered for the overall 

performance of the fabric. In conclusion, this issue will need further investigation.  
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Figure 5.6 Colour changes of the samples on RCA plates incubated with 

K. pneumoniae. 

 

Figure 5.7 Colour changes of the samples on RCA plates incubated with E. coli. 
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5.4.3 In situ observation of bacteria using confocal laser scanning microscopy 

Confocal laser scanning microscopy and LIVE/DEAD staining was used to directly 

observe the status of the bacterial cells in contact with the fabric samples (Figure 5.8 

– Figure 5.10). Using confocal microscopy to conduct in situ observation avoids the 

uncertainty inherent in a bacterial removal procedure; for example, when conducting 

an ex situ observation, the dead cells may be removed more easily from the fabrics 

than the live cells, which may lead to erroneous results. Since the inoculum was 

prepared in physiological saline rather than broth, this assay determined cell death 

only, without cell growth effects. 

 

Figure 5.8 Confocal microscopy images of S. aureus cells in contact with the fabric 

samples for 24 h; green=live, red=dead. 
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Figure 5.9 Confocal microscopy images of K. pneumoniae cells in contact with the 

fabric samples for 24 h; green=live, red=dead. 
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Figure 5.10 Confocal microscopy images of E. coli cells in contact with the fabric 

samples; green=live, red=dead. 

 

The bacterial LIVE/DEAD staining kit contains SYTO 9 green-fluorescent nucleic 

acid stain, which labels both intact live cells and membrane-damaged cells, and 

propidium iodide (PI), the red-fluorescent nucleic acid stain, which can only 

penetrate damaged cell membranes of dead or dying cells with compromised 

membrane integrity. PI causes reduced fluorescence of green SYTO 9 when both 

dyes are present such that the dead cells would present as red in colour.294 As can be 

seen from Figure 5.8 – 5.10, on the UC, there were considerable numbers of live 

cells (green) of all the three bacterial strains, while there were also dead cells (red). 

Some cells will die naturally due to nutrient limitation on the untreated cotton 
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samples. When examining the cationized cotton, it is noticeable that the number of 

dead cells increased for all three of the strains compared with the UC. It is also 

evident that there were many yellow/orange coloured cells, especially of S. aureus 

(Figure 5.8). The intermediate colours (yellow and orange) of the cells are due to the 

varying amounts of PI entering the cells, indicating different degrees of damage to 

the cell membrane, and thus these cells are often considered to be sub-lethally 

injured.302,303 The results of the Absorption Method showed an increase in the 

number of S. aureus cells over the 24 h incubation period (Figure 5.3). Therefore, it 

can be postulated that the cationic quaternary groups of the cationized cotton can 

compromise the membrane integrity of the S. aureus cells, but the effects may not 

always be lethal. Furthermore, in the Absorption Method, the bacterial inoculum was 

prepared in dilute broth, and therefore, the dynamics between bacterial cell growth 

and antibacterial effects would be different from the LIVE/DEAD assay where the 

inoculum was prepared in saline. In dilute broth, overall cell growth could occur 

when the damage was not significant or not as fast as the cell reproduction.  

It is clear that almost all of the bacterial cells on the Se-C and Ag-C samples were 

dead after 24 h contact time. Small numbers of K. pneumoniae cells appeared to be 

yellow on the Se-C and Ag-C samples, indicating that the integrity of these cells was 

compromised at least (Figure 5.9). As discussed above, it is difficult to make direct 

comparisons between the Absorption Method and the LIVE/DEAD assay. It must be 

taken into consideration that the initial concentration of the inoculum used in the 

Absorption Method was between 1 – 3 × 105 CFU/mL and, even after 24 h 

incubation, the highest final concentration on the untreated cotton was 

approximately 108 CFU/mL (Figure 5.3). In contrast, the inoculum concentration 

used in the LIVE/DEAD assay was over 109 CFU/mL, in order to obtain a suitable 

number of bacteria to observe under the microscope. When the concentration of 

antibacterial agents remains the same on the sample, but the bacterial concentration 

is increased, this may result in an insufficient antibacterial effect towards some of 

the cells. However, in this LIVE/DEAD assay, it can be seen that the Se-C and Ag-C 

killed the majority of bacteria despite such a high inoculum level, demonstrating 

excellent antibacterial performance of the NP-modified fabrics. 
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5.4.4 Effect of functionalised fabrics on bacterial morphology 

The morphologies of the bacterial cells in contact with the fabric samples were 

observed with SEM (Figure 5.11 – 5.13). It can be seen that on the control UC, most 

of the cells display their expected morphologies; S. aureus being spherical, K. 

pneumoniae being short rods and E. coli being long rods respectively. Although the 

LIVE/DEAD assay showed that many cells died naturally on the untreated cotton 

control sample, in the SEM images it can be seen that most of the control cells did 

not exhibit significant morphological changes, with a small number of cells 

appearing shrunken slightly. This may indicate that natural death of the cells does 

not result in significantly altered morphology.  

In contrast, morphological abnormalities can be seen in all three bacterial species 

incubated on the modified cotton surfaces. The S. aureus cells on the CC and the 

Ag-C were observed to have some indentations on the surface and were not as 

rounded as the control cells on the untreated cotton (Figure 5.11). The effects 

seemed to be more pronounced on the Se-C where some cells were clearly shrunken 

and wrinkled. K. pneumoniae cells on the CC and the Ag-C had similar 

morphologies, appearing collapsed (Figure 5.12). Interestingly, the K. pneumoniae 

cells on the Se-C were not flattened in the same manner, but deep holes were visible, 

which might indicate that the damage caused by the SeNPs occurred faster than the 

effects caused by the cationic quaternary groups, as such features were not visible on 

the K. pneumoniae – CC sample. The E. coli cells were also observed to be collapsed 

on all the modified cotton samples, with the effects more significant on Se-C and 

Ag-C than on the CC (Figure 5.13). Similar morphological changes including 

collapsing, shrinking, and dents/holes in the cells, have been observed in other 

studies where bacterial cells have been treated with antimicrobials such as silver 

nanoparticles,304 selenium nanoparticles,305 copper nanoparticles,306 and cationic 

antimicrobial peptides.307  
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Figure 5.11 SEM images of S. aureus cells incubated on the cotton samples for 24 h. 
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Figure 5.12 SEM images of K. pneumoniae cells incubated on the cotton samples 

for 24 h. 
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Figure 5.13 SEM images of E. coli cells incubated on the cotton samples for 24 h. 

 

In summary, the bacterial cells on the modified cotton fabrics had significant 

morphological abnormalities, which indicated the damage of cell structures caused 

by the cationic quaternary ammonium groups and the nanoparticles. The SeNPs 

seemed to have caused more pronounced effects on the bacterial cells. The SEM 

analysis is in agreement with the results of the LIVE/DEAD assay.  
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5.4.5 Laundry durability  

In Chapter 4, the laundry durability of the funcitonalised fabrics was determined by 

analysing the amount of Se or Ag per gram of cotton before and after repeated 

laundering. The result suggested that all of the samples retained over 80% of the 

nanoparticles after 4 accelerated laundry cycles (equivalent to 20 home laundry 

cycles), indicating excellent laundry durability of the NP functionalisation. In order 

to determine the antibacterial performance after repeated washing, the washed 

samples were analysed using the challenge test as described in Section 5.3.1. 

The antibacterial activity of the modified cotton fabrics before and after being 

washed for 4 accelerated laundry cycles are summarised in Figure 5.14. As can be 

seen, the ‘A’ values of the cationized cotton against all three bacterial species 

reduced slightly (‘A’ value reduction<0.5). The reduction of ‘A’ values may be due 

to the fact that the detergent contains large amount of anionic surfactants, which may 

have neutralised some of the cationic groups after repeated washing. For both Se-C 

and Ag-C, the samples prepared with 0.2 mM precursor salt exhibited lower 

antibacterial activities after being washed; while the samples prepared with higher 

concentrations of precursors (0.5 and 1 mM) did not show reduced antibacterial 

activities. The decreased ‘A’ values of 0.2 mM Se-C and Ag-C may indicate that 

concentrations of nanoparticles on these samples were at a critical level for the 

antibacterial activities that could inactivate all of the bacteria. With the loss of some 

nanoparticles after repeated washing, the nanoparticle-free areas were increased on 

the fabric samples treated with 0.2 mM precursor salts. As discussed before, the 

antibacterial activities were the combined effects of cationic quaternary groups and 

nanoparticles. The slight decrease in the cationic effects was evidenced by the 

reduced ‘A’ values of cationized cotton; and the slight decrease of Se or Ag contents 

on the 0.2 mM Se-C or Ag-C was evidenced by the MP-AES results. These two 

factors together led to the decreased ‘A’ values of 0.2 mM Se-C and Ag-C.  
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Figure 5.14 Antibacterial value ‘A’ of the functionalised samples before and after 4 

accelerated washing cycles; (A) S. aureus, (B) K. pneumoniae, and (C) E. coli. Data 

represent the mean ± SD, n=3. 
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5.5 Chapter summary 

In this chapter, the antibacterial performance of the functionalised fabrics was 

analysed using various methods, and the results indicated excellent antibacterial 

performance of the functionalised fabrics against both Gram-positive (S. aureus) and 

Gram-negative (K. pneumoniae and E. coli) bacterial species. It was found that under 

the test conditions recommended by ISO 20743:2013 (Textiles — Determination of 

antibacterial activity of textile products), the cationized samples without the addition 

of nanoparticles showed moderate to strong antibacterial activities, which was more 

effective against Gram-negative K. pneumoniae and E. coli than against Gram-

positive S. aureus; all of the NP-functionalised fabrics showed strong antibacterial 

efficacy against all of the bacterial strains tested, with the calculated antibacterial 

value ‘A’ all above 5. Due to the fact that almost all of the viable count results were 

lower than the limit of detection, the antibacterial performance between the samples 

with different concentrations of SeNPs and AgNPs were not able to be differentiated 

using the challenge test method recommended by ISO 20743:2013. Moreover, the 

cationic charge on the fabric surfaces made it difficult to remove the bacterial cells 

and some uncertainty was raised whether the results lower than LOD could be an 

artefact of failed removal of viable bacteria. Consequently, a supplementary 

qualitative test based on resazurin chromogenic agar was conducted. With the help 

of RCA, the colour change of resazurin in contact with the samples was observed in 

situ without the need of removing cells from the samples, which reduced the 

uncertainty related to the removal precedure. With the RCA tests, results consistent 

with the challenge test were obtained. CLSM and SEM were used to observe the 

bacterial cells in situ on the surface of the fabric samples. It was found that the 

bacterial structures appeared to be severely damaged by the cationic quaternary 

groups and the nanoparticles; many bacterial cells appeared to be orange/yellow on 

the cationized cotton and were considered to be sub-lethally injured. Overall, 

different methods were used to evaluate the antibacterial performance of the 

functionalised fabrics and the results showed excellent antibacterial properties of the 

fabrics. The samples subjected to 4 accelerated washing cycles were also evaluated 

using the challenge test method, and it was shown that only the activities of 

cationized cotton and NP-functionalised cotton prepared with 0.2 mM precursor salts 

were adversely affected. However, the antibacterial value ‘A’ of Se-C (0.2 mM) and 
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Ag-C (0.2 mM) was still higher than 4 against all of the bacterial strains tested, 

demonstrating strong antibacterial performance.  

In conclusion, the functionalised cotton fabrics demonstrated excellent antibacterial 

performance, even after repeated laundering. The cationized cotton alone already 

had good antibacterial efficacy, and the presence of SeNPs or AgNPs, even at a low 

concentration, greatly improved the performance. SeNPs as a novel type of 

antimicrobial agent showed comparable performance to AgNPs in this study, 

demonstrating the suitability of SeNPs as antimicrobial agent to functionalise 

cellulose surface. These results indicated that the cotton fabrics functionalised with 

quaternary cationic groups and SeNPs or AgNPs have great potential to serve as 

anti-infective materials.  
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Chapter 6 Cytotoxicity Evaluation of Functionalised 

Textile Materials 

6.1 Introduction 

As discussed in Section 1.4.6, the safety concerns related to the use of nanomaterials 

need to be considered when developing nanoparticles-based antimicrobial materials. 

When investigating the effects of a material on a biological system, the first step 

often involves cell culture studies. Compared to animal studies, cell work is easier to 

control and reproduce, less expensive, and less ethically complicated.308 Although 

the most commonly used in vitro cell models are often insufficient to represent or 

predict the real interactions between the investigated material and the body, cell 

studies can be an important tool to provide some valuable insights into safety 

issues.186 In this chapter, the cytotoxicity of the NP-functionalised fabrics was 

evaluated to primarily address the safety issues of the selenium and silver 

nanoparticles.   

A wide range of cytotoxicity assays based on different principles can be used for the 

determination of cytotoxicity towards mammalian cells, as well as antimicrobial 

activity in vitro. An increasing number of studies have reported that nanomaterial 

toxicity assays conducted with well-established in vitro models have generated 

confounding or even conflicting data.309 The unique physicochemical properties of 

nanomaterials may interfere with assay components or detection systems, 

introducing artefacts into the studies. Monteiro-Riviere et al.233 used a range of 

different dye-based assays, including calcein AM, Live/Dead, NR, MTT, Celltiter 

96® AQueous One, alamar Blue, Celltiter-Blue®, CytoTox One™, and flow 

cytometry, to determine the cytotoxicity of several carbon-based nanomaterials and 

quantum dots. The results from different assays varied greatly depending on the 

interactions of the dye/dye product with the nanomaterials. Therefore, when 

employing such assays to determine the toxicity of nanomaterials, more than one 

assay may be required to avoid skewed results. In this chapter, lactate dehydrogenase 

(LDH) assay and adenosine triphosphate assay (ATP) assay were selected to 

evaluate the cell activity. LDH is a cytosolic enzyme which will be released into the 
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cell culture media when the plasma membrane is damaged and therefore can be used 

to detect cell death. ATP provides energy to drive many processes in living cells, 

therefore relating to the number of metabolically active cells and as such is used as a 

cell viability assay. 

As discussed in Section 1.4.6, the main risk of exposure of the human body to 

nanoparticles is via the dermal, respiratory and oral routes. Considering the common 

usage of textile materials (e.g. beddings, curtains and uniforms), a respiratory 

epithelial cell line (16HBE14o-) and a dermal cell line (HaCaT) were chosen for the 

in vitro cytotoxicity tests in this study. The 16HBE14o- cell line was originally 

developed from human bronchial epithelium to study the cystic fibrosis 

transmembrane conductance regulator and retains many features of differentiated 

bronchial epithelial cells.310 The use of the 16HBE14o- cell line to study the 

cytotoxicity of metal nanoparticles has been reported in several studies.311–313 For the 

dermal cells, keratinocytes (HaCaT) were chosen as they are the major component of 

the epidermis, the outmost skin layer, and one of the first barriers interacting with 

NPs or NP-functionalised fabrics. The use of HaCaT cell line in nanotoxicology 

studies has also been widely reported.314–316 

The studies into the cytotoxicity of NP-functionalised textiles have been discussed in 

various reports in the literature.317–319 Most of the studies have used an indirect 

contact method to evaluate the cytotoxicity. In this method, the textile samples are 

immersed into a liquid extraction vehicle, which is supplemented with cell culture 

media in most of the cases, and the extracts are then used to treat the cells. 

According to ISO 10993-12:2012 (Biological evaluation of medical devices, Part 12: 

Sample preparation), both polar and non-polar extraction vehicles should be used in 

this method to maximise the release of different types of substances. The examples 

of polar extraction vehicles include water, physiological saline, and cell culture 

media without serum; non-polar extraction vehicles include refined vegetable oil. 

The use of cell culture medium with serum is preferred because it can support cell 

growth as well as extract both polar and non-polar substances. However, when 

studying inorganic nanoparticles such as silver, it is also important to consider the 

dissolution behaviours of the material in complex media. Biswas et al.142 prepared 

polymeric porous scaffolds decorated with silver or selenium nanoparticles and 

studied the extraction of Ag and Se in different media. The NPs were thought to be 
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embedded in the scaffolds and therefore the release of Ag or Se should be mainly 

from the soluble species rather than loosely attached NPs. It was found that the 

amount of silver released into water was over 20 times higher than in cell culture 

media (Dulbecco's Modified Eagle Medium), and over 100 times higher than in 

bacterial culture broth (Lysogeny broth). The differences were probably due to the 

presence of high concentrations of chloride ions in both of the media, which reacted 

with Ag ions to form AgCl precipitate on the particle surfaces and prevented further 

release of Ag ions. It was also suggested that some proteins in the media could block 

the particle surface and prevent the release of silver. On the other hand, the Se 

released into DMEM and LB broth approximately twice as much as it did in water, 

indicating that the release of Se was not negatively affected by the complex 

components present in the media as Ag was. On the contrary, the release was even 

promoted in the media as elemental Se is not considered to be directly oxidizable 

and has negligible solubility in water.320 Based on these findings in the literature, 

here in this chapter, both water and cell culture media were used as the extraction 

vehicles to perform indirect contact cytotoxicity studies on Ag-NP and Se-NP 

functionalised fabrics. 

One of the major advantages of SeNPs was assumed to be low cytotoxicity.122,142,321 

Since it has been suggested by some studies that SeNPs have low cytotoxicity to 

mammalian cells and therefore are potentially suitable for biomedical applications, 

the research questions of this chapter were: 

(1) To determine if the Se-C and Ag-C were toxic to the 16HBE14o- and HaCaT 

cells in vitro using an indirect method with LDH assay and ATP assay; if yes, 

to determine if Se-C was less toxic than Ag-C as suggested by the literature. 

(2) To study the influences of different extraction vehicles (e.g. water and tissue 

culture media) used for the indirect contact cytotoxicity evaluation method.  
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6.2 Materials 

Human bronchial epithelial cells (16HBE14o-) were purchased from Sigma Aldrich 

and human keratinocytes (HaCaT) were purchased from AddexBio. Cell culture 

media, supplements and reagents including Minimum Essential Medium (MEM), 

Non-essential Amino Acids (NEAA), Dulbecco's Modified Eagle Medium/Nutrient 

mixture F-12 (DMEM/F-12) and trypsin-EDTA were purchased from Gibco (UK). 

Fetal bovine serum (FBS) was purchased from Atlanta Biologicals (UK). The 

samples used in the assays are listed in Table 6.1.  

 

Table 6.1 Fabric samples used in the cytotoxicity tests 

Sample Description 

AC As-purchased cotton without any chemical modification and hand-

washed with RO water 

UC Untreated cotton as a non-toxic control: purified AC 

CC Cationised cotton: CHPTAC-treated UC 

Se-C SeNP-modified cotton: prepared with 1 mM Na2SeO3 and the CC 

Ag-C AgNP-modified cotton: prepared with 1 mM AgNO3 and the CC  

 

The Se-C and Ag-C prepared with 1 mM precursor salts were used in this chapter for 

the cytotoxicity analysis. As mentioned in Section 4.3.1, in some preliminary tests it 

was found that the as-purchased cotton, which was supposed to act as a non-toxic 

control, was toxic to the 16HBE14o- cells and killed almost all the cells. It was 

postulated that the as-purchased cotton might retain some toxic chemical residues 

(e.g. pesticides and surfactants) resulting from the cotton cultivation and 

manufacturing processes. Consequently, the as-purchased cotton was purified as 

described in Section 4.3.1 and the functionalised samples were made again using the 

purified cotton. The as-purchased cotton (AC) was used as a positive control for 

toxicity in this chapter. Additionally, the NP-modified samples used in the 
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antibacterial tests were washed with surfactant to remove the insecurely attached 

nanoparticles, while the samples used here for cytotoxicity tests were only washed 

with RO water to avoid introducing surfactant as a contaminant which might have an 

impact on the human cells. 

 

6.3 Methods 

6.3.1 Cell culture 

The 16HBE14o- cells were maintained in MEM supplemented with 10% FBS and 

1% NEAA. The HaCaT cells were maintained in DMEM/F-12 supplemented with 

10% FBS. The cells were grown in tissue culture flasks (T75) in a humidified 

atmosphere at 37 °C with 5% CO2 and sub-cultured every 2-3 days when the cells 

reached approximately 80% confluence.  

 

6.3.2 Preparation of fabric sample extracts  

The sample preparation method of indirect contact cytotoxicity tests was based on 

ISO 10993-12:2012. Fabric samples were cut into 2 cm × 2 cm squares (0.1±0.01 g). 

The samples were placed in sterile glass vials and culture medium, appropriate to the 

cell line being studied, was added at a material-to-liquid ratio of 0.1g/mL. It was 

noticed that the fabric samples showed different colours due to the different surface 

chemistry in the adsorption of components from the cell culture medium. In order to 

minimise the influence of different nutrient adsorption behaviours of the samples, a 

pre-treatment step was applied. The samples were first soaked in the cell culture 

medium for 30 mins at room temperature without shaking to saturate the binding 

sites on the fabric surfaces, and the medium was discarded after the pre-soaking. 

Subsequently, fresh medium was added to each vial as the extraction vehicle. 

Medium only without any fabric sample was also added to a glass vial to be used as 

a negative control. The glass vials were incubated at 37 °C with 100 rpm agitation 

for 72 h. After 72 h, the extracts were centrifuged in Eppendorf tubes at 3000 g for 5 

mins to remove the short loose fibres from the extracts. 
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Another group of samples, using RO water as the extraction vehicle, was prepared 

according to the same method. After 72-h incubation, the extracts were mixed with 

an equal amount of double strength cell culture medium (double strength MEM 

supplemented with 20% FBS and 2% NEAA, or double strength DMEM 

supplemented with 20% FBS) to form single strength media to treat the cells. 

 

6.3.3 Cytotoxicity by indirect contact  

The cells were washed with PBS and harvested using 0.05% trypsin-EDTA. After 

trypsinisation, the cells were counted using a haemocytometer and seeded at a 

density of 4×103 cells/well in 96-well plates. The cells were prepared in two sets of 

triplicate wells. One set was for each type of the sample extracts or medium-only 

negative control, and the other set was for total lysis positive control of the treated 

cells. Cells were allowed to attach the surface for 24 h at 37 °C prior to extract 

exposure. The culture media for the seeded cells were discarded after 24-h 

incubation, and 100 μL of the 72-h extracts were then added to the wells. The 

extracts were also added to empty wells without any cells as cell-free controls. The 

plates were incubated at 37 °C in a humidified atmosphere with 5% CO2 for 24 h 

before the cell activity was assessed.   

 

6.3.4 Lactate Dehydrogenase Assay  

Pierce™ LDH Cytotoxicity Assay Kit (Thermo Scientific) was used to measure the 

LDH release following the 24-h exposure of the cells to the fabric extracts. The LDH 

Reaction Mixture was prepared according to the manufacturer’s instruction. After 

24-h incubation, 10 μL of Lysis Buffer (Triton-X 100 solution, included in the kit) 

was added to the set of total lysis positive control wells to determine the maximum 

LDH activity of the cells treated with each type of the extracts. The plate was 

incubated for 45 mins in an incubator (37 °C, 5% CO2) to allow the lysis of the 

positive control cells.  

After 45 mins, 50 μL of each sample medium or the cell-free extract control was 

transferred to a new 96-well plate and mixed with 50 μL of the LDH Reaction 
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Mixture. The reaction mixtures in the plate were mixed by gentle tapping. The plate 

was incubated at room temperature in the dark for 30 mins, after which 50 μL of 

Stop Solution was added to each of the wells. Finally, the optical densities at 492 nm 

and 690 nm were read with a Multiskan Ascent Plate Reader (Thermo Scientific). 

The results were calculated as percent total cell lysis by the equation 1 below: 

Equation 6.1: 

Cell death (%)  = 
extract treated LDH activity−extract background

extract treated maxinum LDH activity−extract background
× 100 

Where 

extract treated LDH activity is [OD492nm – OD690nm] of the extract treated wells; 

extract treated maximum LDH activity is the [OD492nm – OD690nm] of the total 

lysis positive control of the extract treat wells; 

extract background is [OD492nm – OD690nm] of the cell-free media only control 

wells. 

 

6.3.5 Adenosine Triphosphate Assay  

CellTiter-Glo® Luminescent Cell Viability Assay Kit (Promega) was used to 

determine the cell viability after exposure to the fabric extracts. CellTiter-Glo® is a 

luminescent cell viability assay to determine the number of viable cells based on 

quantification of the ATP present. The reagent was prepared according to the 

manufacturer’s instruction. The cells whose media were used to determine the 

extract-treated LDH activity were also used for the ATP measurement. The 50 μL 

media left in the wells were discarded and the cells were gently washed with sterile 

PBS. Fresh media (100 μL) were then added to the cells and 100 μL of the CellTiter-

Glo® reagent was added to each of the wells. The plate was gently tapped to mix the 

reagents well and incubated for 10 mins at room temperature. Subsequently, the 

mixture was transferred into a white 96-well plate (Costar) and the luminescence 

was measured by a LUMIstar Microplate Reader (BMG Labtech).  
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6.3.6 Silver/selenium release into the extracts 

The samples were prepared as described above (Section 6.3.2). After centrifugation to 

remove loose fibres, the samples were digested using concentrated nitric acid. The 

supernatant (1 mL) was transferred to a capped glass vial and concentrated HNO3 (1 

mL) was added. The vial was kept at 80 °C in an oven for 1 h and left at room 

temperature overnight. Protein precipitation could be seen in the media-extracts and 

therefore the solutions were filtered through a syringe filter (0.45 μm) prior to analysis 

with MP-AES. Moreover, the digested media-extracts were further diluted to 5 mL 

with RO water (18 mΩ) in order to reduce the salt concentration in the solution to 

avoid damage to the MP-AES torch.  

 

6.3.7 Protein adsorption to the fabrics 

The level of protein remaining in the media-extracts was determined using Coomassie 

(Bradford) Protein Assay Kit (Thermo Scientific). A 2000 μg/mL bovine serum 

albumin (BSA) solution included in the kit was used to prepare a range of protein 

standards (100 – 750 μg/mL) with dilute (1/10) MEM as the diluent. The media-

extracts were prepared as described above (Section 6.3.2). After centrifugation, the 

supernatants of the extracts were diluted to 1/10 with RO water. The dilute extracts 

and standards (5 μL) were added in triplicate to a 96-well plate with dilute MEM as 

the blank. The Coomassie Reagent (250 μL) was then added to the wells and the plate 

was shaken by gentle tapping for 30 s to mix the solutions well. The plate was allowed 

to stand at room temperature for 5 mins and the absorbance was read at 595 nm using 

a plate reader (Biotek).   

 

6.2.8 Statistics  

All tests were carried out in triplicate and repeated 3 times on different occasions. The 

statistical analysis was carried out using the analysis tool provided with GraphPad 

Prism 6. Unpaired Student’s t-test was used to compare the different treatments to 

determine if there was any significant difference from each other. 
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6.4 Results and discussion 

6.4.1 Removal of impurities on as-purchased cotton fabrics 

In the preliminary experiments on 16HBE14o- cells, it was found that even the as-

purchased cotton (AC), which was supposed to act as a non-toxic control, killed 

almost all the cells. This was assumed to be due to toxic chemical residues on the as-

purchased cotton fabric. Although the cotton was washed repeatedly before and 

during the functionalisation, it might not have been sufficient to remove the 

impurities. Many different chemicals used in the cotton growing, processing, and 

production processes can be harmful for mammalian cells.322 Examples of such 

chemicals include pesticides, surfactants, and bleaching agents. The trace amount of 

chemicals left on the cotton may not be harmful for human in daily use as the body 

has protective barriers such as skin and mucociliary apparatus to minimise the 

external stimuli. However, when cultured in vitro, the cells are directly exposed to 

the chemicals and therefore can be very sensitive and vulnerable. Marakova et al.317 

also reported similar findings indicating that even untreated cotton control was toxic 

to the mammalian cells. 

The first attempt of purifying the as-purchased cotton was to boil it in a large amount 

of RO water. It seemed to work well as the cells appeared healthy, as judged by their 

morphology, and the LDH levels of these cotton samples were similar to the 

medium-only control (data attached in Appendix B). However, the ATP levels of the 

cells treated with these cotton samples (extracted in culture media) were still not as 

high as the medium-only control (data attached in Appendix B). In the meantime, the 

samples using RO water as the extraction vehicle did not result in lower ATP levels 

than medium-only control. According to the ISO 10993-12:2012, water is a polar 

extraction vehicle, while cell culture medium supplemented with serum is an 

extraction vehicle that can extract both polar and non-polar substances. These results 

indicated that there might be different types of toxic chemicals left on the as-

purchased cotton. Some of the impurities are polar chemicals that can be boiled off 

in water, while others will only come out in non-polar extraction vehicles. The 

results indicated that the non-polar impurities were not lethal to the cells at the 
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concentrations present, but they were still stressing the cells. Consequently, the 

second attempt of purifying the as-purchased cotton was conducted by soaking the 

fabric in 50% ethanol. This further step turned out to be efficient in removing the 

chemical impurities as the difference between the ATP levels of medium-only 

control and cotton samples were not significant. Therefore, this purification method 

was applied to the as-purchased cotton and all the samples and tests (including 

Chapter 4 and 5) were remade and performed again. 

 

6.4.2 Preliminary tests and modifications made thereafter 

When the cytotoxicity of biomaterials is evaluated, the cells will be affected by not 

only substances released into the media from the material, but also by the removal of 

nutrients by the material.323 In some preliminary tests, it was noticed that soaking the 

samples in the media resulted in significantly different colours on the fabrics. As 

shown in Figure 6.1, both the UC and CC samples were white originally, but after 

brief soaking in MEM media, the CC sample was significantly pinker than the 

control cotton, which indicated they had different adsorption capacities for phenol 

red, and thus potentially for other nutrients too. In order to minimise the influences 

of the different adsorption abilities, a pre-soaking step was added to the sample 

preparation method. 

 

Figure 6.1 Different colours shown on the UC (left) and CC (right) samples after 

immersion in cell culture media 

 

 

 

Original in colour 
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Moreover, it was found that some short loose fibres were present in the fabric 

extracts and they were carried over to the cells. Photomicrographs of the control 

16HBE14o- cells are shown in Figure 6.2, and cells in the presence of the fibres are 

shown in Figure 6.3. As can be seen from Figure 6.2, the cells in medium-only 

control seem elongated and adhered to the tissue culture plastic, while the positive 

control cells treated with lysis buffer became rounded and shrunken. In Figure 6.3, 

the carried over fibres are highlighted with red arrows. It can be seen that only cells 

treated with as-purchased cotton (Figure 6.3 B) became detached from the surface 

and aggregated, showing even more damaged appearance than the positive control 

(Figure 6.2 B), indicating the cell death induced by the impurities released from the 

AC sample. In the other photomicrographs (Figure 6.3 A & C-E), the cells showed 

similar morphology to the medium-only control (Figure 6.2 A), even under the 

fibres, which suggested that no significant toxicity was induced by the indirect or 

direct contact of the cells with the fibres. However, since the fibres were relatively 

large objects presented in the extracts and their appearance was random between the 

wells, in order to reduce the potential uncertainty caused by the fibres, a 

centrifugation step was applied before treating the cells with the extracts to remove 

the fibres. 

 

 

Figure 6.2 Photomicrographs (×100) of 16HBE14o- cells showing different cell 

morphology; (A) elongated and attached to the plate in medium-only control, (B) 

shrunken in total lysis positive control. 

 

(A) Medium-only control (B) Lysis buffer (Triton-X 100) 

Original in colour 
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Figure 6.3 Photomicrographs (×100) of 16HBE14o- cells treated with different 

media extracts with the presence of loose cotton fibres, showing different cell 

morphology; red arrows highlighting the fibres. 

 

 

 

 

(A) UC (B) AC 

Cotton fibre 

(C) CC (D) Se-C 

(E) Ag-C 

Original in colour 
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The photomicrographs of the HaCaT cells treated with the extracts containing loose 

fibres are shown in Figure 6.4. Similar to the findings with 16HBE14o- cells, only 

the cells treated with the as-purchased cotton showed abnormal cell morphology; in 

Figure 6.4 (D), some of the cells seem shrunken and clearly detached from the tissue 

culture plate. Cells treated with the other sample types did not exhibit significantly 

abnormal cell morphology.   

 

Figure 6.4 Photomicrographs (×100) of HaCaT cells treated with different media 

extracts with the presence of loose cotton fibres; red arrows highlighting the fibres. 

 

(A) Medium-only control (B) UC 

(C) CC (D) AC 

(E) Se-C (F) Ag-C 

Original in colour 
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6.4.3 LDH and ATP assays  

The results of the LDH assay on 16HBE14o- cells are shown in Figure 6.5. When 

cell culture medium was used as the extraction vehicle (Figure 6.5 A), all the cell 

death rates were around 20% except the as-purchased (AC) cotton which had 

chemical residues on it. Student’s t-tests indicated that AC was the only sample 

which resulted in significantly higher cell death rate than the medium only or UC 

negative controls, with an average cell death rate as high as 79%. 

 

 

Figure 6.5 Cell death of 16HBE14o- cells after 24-h exposure to the extracts of 

fabric samples with LDH assay: (A) cell culture medium and (B) DI water as the 

extraction vehicle. (n=3; data are presented as mean ± SD, **** p<0.0001) 

**** 
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With RO water as the extraction vehicle (Figure 6.5 B), no significant difference was 

found between any of the samples with the medium-only negative control, even the 

as-purchased cotton sample. This finding is in accordance with the previous 

observations that the toxic impurities on the as-purchased cotton could only leach 

out in non-polar extraction vehicles but not in water at low temperature (37 °C and 

below). 

 

The results of the LDH assay on HaCaT cells are shown in Figure 6.6. The results 

were similar to the 16HBE14o- cells in terms of the non-toxic effects shown by the 

cationized and NP-functionalised fabrics as no significant difference was found 

between the test samples and the medium or UC controls. Interestingly, it was 

noticeable that the HaCaT cells were not affected by the AC with chemical residues 

to the extent that the 16HBE14o- cells were. The average cell death rate of AC 

control (media-extract) was 33%, which was significantly higher than the other 

cotton samples, with a P value of 0.003 between UC and AC, but not as high as it 

was for 16HBE14o- cells. Keratinocytes constitute 90% of the cells of the epidermis, 

which is the outermost layer of the skin that forms a barrier against external insults 

such as microbes, heat, radiation and chemicals; although in the epidermis there are 

stratum corneum and a granular cell layer above the spinous layer where the 

keratinocytes are located, keratinocytes are still good at resisting the environmental 

stimuli.324 On the other hand, bronchial epithelial cells are located in the airway 

inside the body, and therefore are more vulnerable to harmful substances. 
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Figure 6.6 Cell death of HaCaT cells after 24-h exposure to the extracts of fabric 

samples with LHD assay: (A) cell culture medium and (B) DI water as the extraction 

vehicle. (n=3; data are presented as mean ± SD, ** p< 0.01) 
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Although the NP-functionalised fabrics did not induce significantly higher cell death 

rate than the controls according to LDH assay, the corresponding ATP levels were 

significantly lower than the controls. As can be seen from Figure 6.7, when using 

media as the extraction vehicle, the ATP levels of the 16HBE14o- cells treated with 

extracts containing Se and Ag were only approximately half of the UC extract, 

indicating the cells were not as metabolically active as the control cells. This might 

suggest that the leachates from the fabrics, including AgNPs and silver ions, or 

SeNPs and selenium ionic species, were causing metabolic stresses to the cells. On 

the other hand, as mentioned before, Biswas et al.142  reported different releases of 

silver and selenium in different media. In their study, silver released from AgNP-

functionalised polymer scaffold in water was over 100 times more than it was in cell 

culture media. Although in this chapter the water extracts had to be mixed with 

double strength cell culture media and therefore were diluted twice, the 

concentrations of Ag in water extracts should still be higher than the media extracts; 

however, the media extracts resulted in lower ATP level than the water extracts. 

Therefore, the lower ATP level might not have resulted solely from the leachable 

silver. The LDH background reading from the media alone might have provided 

some hints. According to the manufacturer’s instructions, the serum presented in the 

media also contributes to the LDH signal, and therefore, it is recommended to test 

the cell-free background signal from each type of the media. As can be seen from 

Figure 6.8, the background signal from both Se-C and Ag-C extracts were lower than 

the control UC. Although differences between the Se-C or Ag-C and the control 

cotton were not statistically significant, the differences between the Se-C or Ag-C 

and the serum free medium were not significant either. This indicated that the sera 

concentrations in the Se-C and Ag-C media-extracts were lower than the medium-

only and cotton controls, which might have contributed to the lower ATP level of the 

Se and Ag extracts. Although a pre-soaking step was applied when preparing the 

extracts, the pre-soaking was performed at room temperature without any agitation 

and further protein adsorption might have taken place during the 72-h extractions.  

 

 

 



 

 175 

 

 

 

Figure 6.7 ATP levels of 16HBE14o- cells after 24-h exposure to the extracts of 

fabric samples: (A) cell culture medium and (B) DI water as the extraction vehicle. 

(n=3; data are presented as mean ± SD; * p<0.05, ** p< 0.01, *** p<0.001, **** 

p<0.0001) 
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Figure 6.8 LDH background signals from the media-extracts (MEM supplemented 

with 10% FBS and 1% NEAA); n=3, data are presented as mean ± SD. 

 

The Bradford assay was used to confirm the level of proteins in the media-extracts 

(Figure 6.9). The proteins remaining in the media-extracts of Se-C and Ag-C were 

significantly lower than the original medium. Cationised cotton also seemed to have 

removed some protein from the media (p value=0.0536). These results are in 

accordance with the LDH background signals, indicating the lower ATP levels of the 

cells treated with Se-C and Ag-C extracts could partly be due to loss of proteins in 

the media. When assessing the biocompatibility of some biomaterials, sometimes the 

abnormal cell activity may be a result of nutrient deficiency as the test materials 

have removed some components from the tissue culture media, rather than releasing 

toxic substances into the media. This can happen when the test materials have high 

surface areas. Barnes et al.323 investigated the cytotoxicity of some activated carbon 

materials and found that the inhibition of cell growth occurred due to protein and ion 

adsorption by the carbon materials. Similar effects have also been observed on 

carbon nanotubes,325 graphene nanosheet,326 and metal nanoparticles.327 In this 

chapter, the difference in the adsorption ability between different test samples was 

indicated by the colour change of the samples immersed in tissue culture media 

(Figure 6.1), and consequently, a pre-soaking step was added as described in Section 

6.4.2. It seems that the pre-soaking step has helped to reduce the adsorption potential 

of the textile materials but did not completely eliminate the difference between 
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different types of the samples due to the short time. From the application point of 

view, this is less of a problem for the functionalised textiles reported here as they are 

not intended for direct contact with human tissue and supporting the cell growth, in 

comparison to some biomaterials such as wound dressings and tissue scaffolds. 

 

Figure 6.9 Protein concentrations remaining in the media-extracts (MEM 

supplemented with 10% FBS and 1% NEAA) (n=3; data are presented as mean ± 

SD; * p<0.05) 

 

The results from the ATP assay of HaCaT cells (Figure 6.10) revealed a similar trend 

to the 16HBE14o- cells. The major difference was with the as-purchased cotton, 

where HaCaT cells were not affected as much as 14HBE14o- cells, which is in 

accordance with the results of the LDH assays as discussed above. With media as the 

extraction vehicle, as can be seen from Figure 6.10 (A), the ATP levels of cells 

treated with Se-C and Ag-C were lower than that of the UC and CC treated cells, and 

AC extracts led to the lowest ATP level of HaCaT cells. The p value of cells treated 

with Se-C, Ag-C and AC was 0.0463, 0.1287, and 0.0133 respectively. The Se-C 

and AC resulted in significantly lower ATP levels in HaCaT cells, although the p 

values were lowered compared to the results of 14HBE14o- cells, indicating that 

HaCaT cells were less sensitive to the fabric extracts. The HaCaT cells were not 

negatively affected by any of samples with water as the extraction vehicle.  

 

* 

* 
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Figure 6.10 ATP level of HaCaT cells after 24-h exposure to the extracts of fabric 

samples: (A) cell culture medium and (B) DI water as the extraction vehicle. (n=3; 

data are presented as mean ± SD; * p<0.05, **** p<0.0001) 

 

 

 

**** * 
* 
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6.4.4 Concentrations of Ag or Se in the extracts 

The concentrations of Ag or Se in the extracts were measured using MP-AES in 

order to further investigate the influences of the samples on the cells. It can be seen 

from Figure 6.11 that the Ag and Se concentrations in the extracts were as low as 0.5 

– 1.5 ppm (µg/mL). The significantly higher level of silver released in water than in 

media reported by Biswas et al.142 was not found here. This is probably due to the 

fact that the samples they tested had much higher silver contents (up to 178 mg Ag 

per gram of scaffold prepared with 50 mM AgNO3), and the samples in this chapter 

only had approximately 1.5 mg Ag per gram of fabric. Moreover, the extraction 

reported by Biswas et al.142 was performed without agitation and therefore, the Ag 

detected were probably mainly ionic Ag released from the scaffold. On the contrary, 

in this chapter, the extraction was performed with constant agitation and 

consequently, the removal of a small number of loosely attached nanoparticles might 

have contributed to the Ag or Se content in the extracts rather than solely release of 

ionic species. The detachment of NPs was probably less influenced by the type of 

extraction vehicle and therefore the difference between the water and media 

extraction in this chapter was less pronounced. For the release of Se, Biswas et al.142 

also found more Se species in culture media than in water. It is probably because the 

Se can react with the ingredients of the media (e.g. proteins and amino acids) and 

become soluble species, whereas Se normally is considered to be insoluble in 

water.143,144 

The low concentrations of Ag and Se found in this chapter explained the non-toxic 

effects of the fabrics. Gliga et al.190 reported that uncoated colloidal AgNPs (50 nm) 

did not show significant toxicity on BEAS-2B cells (human lung epithelial cells) 

with concentration of AgNPs as high as 50 µg/mL. Hemlinger et al.167 tested the 

cytotoxicity of AgNPs (75 nm) on hMSC cells (human mesenchymal stem cells) 

with a range of concentrations and significant cytotoxicity was found on 

concentrations of 12.5 µg/mL and above. Various reports have also suggested that 

the SeNPs were not toxic to mammalian cells at concentrations up to 37.8 µg/mL,142 

128 µg/mL,122 and 500 µg/mL.328 Here in this chapter, the concentrations of Ag and 

Se were only less than 2 µg/mL (2 ppm), which explained the low cytotoxicity found 

in this chapter. 
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Figure 6.11 Concentrations of Ag or Se in the extracts. 

6.5 Chapter summary 

In this chapter, the cytotoxicity of the novel functionalised textile samples was tested 

following the indirect contact sample preparation methods suggested by ISO 10993-

12:2012. It was also the first time that the cytotoxicity of AgNP- or SeNP-

functionalised cationic cellulose was tested. Only very low levels of Ag or Se were 

found in the extracts with either water or cell culture media as the extraction vehicle. 

No significantly higher level of LDH was found from the functionalised samples, 

with either water or cell culture media as the extraction vehicles, indicating that the 

samples did not result in significant cell death. When the cells were treated with the 

media-extracts of the samples, lower ATP levels were found, which might be partly 

due to the removal of proteins from the media caused by the NP-functionalised 

fabrics. Other nutrients such as ions and sugar might have also been removed from 

the media, but this is less of a problem from an application point of view as these 

functionalised textiles are not expected to directly support the growth of human cells. 

These results demonstrated the low cytotoxicity of the AgNP- and SeNP-

functionalised fabrics and partially addressed the safety concerns associated with the 

nanomaterials. However, this is only a preliminary study and more comprehensive 

study is needed if the materials are to be used in healthcare environments.  
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Chapter 7 Conclusions and Future Work 

7.1 Introduction 

The use of nanoparticles (NPs) as antimicrobial agents to functionalise biomedical 

materials has attracted increasing attention in recent years. This study set out to 

develop antimicrobial textiles based on inorganic nanoparticles in order to reduce the 

transmission of pathogens, mainly in healthcare settings. Selenium nanoparticles 

(SeNPs) in this thesis were identified as a novel type of antimicrobial inorganic 

nanoparticle which show promising antimicrobial performance and low cytotoxicity 

to mammalian cells. At the early stage of the study, some seemingly conflicting 

results regarding the antibacterial performance of SeNPs were found from the 

literature. For example, in some studies, SeNPs were found to be effective against 

both Gram-positive S. aureus and Gram-negative E. coli, while in some other 

studies, the SeNPs did not inhibit the growth of E. coli. To develop antimicrobial 

textiles based on SeNPs, it is important to understand the reasons behind the 

confounding results and under what conditions SeNPs work more effectively against 

the bacteria. It was hypothesised by Guisbiers et al. that the presence of some 

surface contamination (e.g. polymer or surfactant as stabilisers) may hinder the 

antimicrobial activity of SeNPs against some bacterial species. The methods to 

functionalise textiles with inorganic nanoparticles can be divided into two 

categories: (i) ex situ preparation and immobilisation of the NPs, which enables 

better control of the characteristics of the NPs, and (ii) in situ synthesis of the NPs, 

which has the advantage of a simpler treatment process. With respect to 

functionalisation of fabrics with SeNPs, a review of the literature produced very few 

results. Yip et al.140 functionalised polyester fabrics using SeNPs prepared ex situ 

with the presence of a natural polysaccharide-protein complex as the stabiliser, and 

the authors only reported the antifungal property of the functionalised textiles. It is 

of value to investigate whether the presence of stabilisers may have adverse effects 

on the antimicrobial performance of SeNPs so that the functionalisation process can 

be better designed. Therefore, the first part of the study focused on colloidal SeNPs 

prepared with different stabilisers. At the same time, silver nanoparticles (AgNPs) 

were studied as a comparison since they are probably the most extensively studied 
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and applied inorganic nanoparticles due to their potent antimicrobial activity and 

broad antimicrobial spectrum. Based on the findings of this thesis and the results 

from the literature, in the second half of the study, a new method to functionalise 

cellulose textiles using quaternary ammonium compounds and in situ prepared NPs 

was developed. This method can be used to prepare both SeNPs and AgNPs in situ 

on the surface of cationized cellulose surface, and it is potentially applicable to other 

types of inorganic nanoparticles as well. With the assistance of microwave 

irradiation and the employment of a benign reducing agent (e.g. ascorbic acid), the 

functionalisation method is simple, rapid, versatile and environmentally friendly. 

The physicochemical properties, antibacterial performance, and in vitro cytotoxicity 

of the functionalised fabrics were assessed.  

 

7.2 Conclusions 

Findings from this study have contributed to the following conclusions: 

(1) The stability is a major challenge when employing colloidal SeNPs as 

antimicrobial agents. The SeNPs require strong steric stabilisation and 

irreversible agglomeration happens quickly on bare SeNPs with only 

electrostatic stabilisation. This instability makes the synthesis of bare SeNPs 

difficult to scale up, which probably explains the rarity of studies on the 

properties of bare SeNPs in suspensions.  

(2) The chemical synthesis of AgNPs is known to be highly sensitive to the 

reaction parameters including reaction time, temperature, pH, and reactant 

concentration and volume. There are also other factors that can be critical to 

the synthesis, for example, the size, shape and material of the reaction vials, 

as well as the mixing method and speed of the reactants. However, such 

information is often omitted from the published reports. In this study, the 

influence of the speed at which AgNO3 was added into the reaction system 

was studied. It was found that rapid addition of the Ag precursor could result 

in smaller particle sizes and improved size distribution compared to adding 

AgNO3 slowly drop by drop. More precise control of the addition and mixing 

of the reactants is needed for the control of particle sizes and distributions. 
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(3) There is not single a standard method to evaluate the antibacterial 

performance of inorganic NPs in suspensions. The unique properties of NPs 

may introduce artefacts to the tests and, therefore, more than one assay is 

needed to avoid skewed results. It has been shown that when using an agar 

diffusion method to assess the antibacterial performance of inorganic NPs, 

the size and the solubility of the particles play important roles in the process; 

thus, negative results from the agar diffusion assay do not necessarily mean 

the NPs have little or no antibacterial activity.  

(4) Due to the instability of the bare SeNPs, the hypothesis that polymer or 

surfactant stabilisers may hinder the antibacterial activity of SeNPs was not 

able to be tested directly. By studying the antibacterial performance of SeNPs 

with different stabilising agents, it was found that the interactions between 

the SeNPs and the bacterial cells were greatly influenced by the bacterial 

species and the stabiliser. The SeNPs seemed to inhibit the growth of Gram-

positive bacteria better than that of Gram-negative bacteria. S. aureus was 

particularly sensitive to SeNPs, regardless of the stabiliser type. The SeNPs 

stabilised by PVA or polysorbate 20 had no antibacterial effect on E. coli. 

The only type of SeNPs that inhibited the growth of E. coli was stabilised by 

chitosan; the effect might have been due to the positive surface charge 

introduced by chitosan, which facilitated the interactions between the CS-

SeNPs and the bacterial cells; however, the possibility that the antibacterial 

activity was from chitosan alone could not be eliminated.  

(5) The antibacterial performance of AgNPs was dose-, size- and bacterial 

species-dependent, which is in accordance with the literature: the smaller 

AgNPs had stronger antibacterial activity than the larger ones, and the 

AgNPs showed stronger antibacterial activity against the Gram-negative 

species than the Gram-positive ones. The antibacterial activities of bare TSC-

AgNPs and chitosan-coated AgNPs were investigated and compared: due to 

the different test conditions (i.e. incubation time and contact method), the 

tests showed different results from the qualitative agar contact assay and 

from quantitative plate count assay. The qualitative agar contact assay 

showed that after 24-h contact, the CS-AgNPs showed stronger antibacterial 

effects than the bare TSC-AgNPs, while the bare TSC-AgNPs demonstrated 

better antibacterial performance than the CS-AgNPs with 4-h incubation in 
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the plant count assay, which probably was due to the delayed release of Ag+ 

ions in the presence of chitosan coating compared to the bare TSC-AgNPs. 

These results indicated that when assessing the antimicrobial performance of 

NPs, the test conditions are very important. Multiple methods may be needed 

for a better understanding of the activity.  

(6) By treating cellulose fabrics with quaternary ammonium compound 

CHPTAC, the cationic quaternary groups and activated alkali cellulose were 

introduced to the fabric surface, which enabled both anionic precursor (i.e. 

SeNO32- ions) and cationic metal precursor (i.e. Ag+ ions) to be adsorbed 

onto the fabrics and subsequently reduced in situ to form nanoparticles. The 

in situ generated NPs were securely attached to the fabric and showed good 

laundry durability. The NPs had relatively narrow size distributions, with the 

majority of particle sizes in the range of 40 – 140 nm, and the NPs gave a 

good coverage to the fabric surface.  

(7) The functionalised textile materials showed excellent antibacterial activities 

against both Gram-positive S. aureus and Gram-negative E. coli and K. 

pneumoniae. The cationic cellulose alone without the addition of NPs already 

showed some antibacterial effects, while the presence of NPs greatly 

increased the antibacterial performance of the functionalised fabrics. SeNPs 

appeared to be a good alternative to AgNPs as they provided equally 

excellent antibacterial performance on the functionalised fabrics. The 

bacterial cells looked severely damaged by the cationic groups and the NPs 

when examined by SEM and confocal microscopy. The antibacterial 

activities of all the NP-functionalised fabrics were so high that almost no 

viable bacterial cells could be detected post-incubation when tested using the 

challenge test method (absorption method) described by ISO 20734:2013. 

After repeated washing, the antibacterial performance of the cationic 

cellulose slightly decreased, probably caused by the anionic surfactant used 

in the laundry process; the antibacterial efficacies of NP-functionalised 

fabrics prepared with 0.2 mM precursor salts slightly deteriorated, suggesting 

that the concentration of precursor salt should be higher than 0.2 mM in order 

to maintain the excellent antibacterial performance after repeated washing. 

(8) The red spherical SeNPs on the fabric grew into grey trigonal selenium when 

subjected to heat treatment (e.g. washed in hot water or being autoclaved) 
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even though they were immobilised on the fabric surface. The change of 

selenium form did not seem to adversely affect the antibacterial performance 

of the functionalised fabrics. 

(9) The functionalised cellulose fabrics did not show significant cytotoxicity 

towards 16HBE16o- and HaCaT cells when tested using an indirect contact 

method in vitro. The samples functionalised with SeNPs or AgNPs showed 

different releasing behaviours when using water or cell culture media as the 

extract vehicles: more Se was detected from cell culture media and more Ag 

was detected from water as the extraction vehicle. Although, the amounts of 

Se or Ag released into either type of extraction vehicle were very low (<2 

ppm), which probably explained the non-toxicity of the samples and 

demonstrated the secure attachment of the NPs to the fabrics. When the cells 

were treated with the media-extracts of the samples, the ATP levels of the 

cells were found to be lower than the control, which was found to be at least 

partly due to the removal of nutrients (e.g. proteins) from the cell culture 

media caused by the fabric samples. This should not be confused with the 

actual toxicity of a material caused by the release of toxic substances into the 

surrounding environment. 

(10) Due to the attractive properties discussed above, the novel functionalised 

textiles developed in this study have the potential to serve as anti-infective 

materials, especially in healthcare environments, to prevent the growth and 

spread of pathogens.  

 

7.3 Novelty 

The work conducted in this study can be described as novel in the following ways: 

(1) Conducted systematic comparison of the antibacterial activities of the 

colloidal SeNPs with different types of stabilisers (i.e. PVA, polysorbate 20 

and chitosan).  

(2) The antibacterial activity of the SeNPs was tested for the first time against a 

range of Gram-positive (S. aureus, E. faecalis and S. pyogenes), and Gram-
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negative (E. coli, P. aeruginosa and K. pneumoniae) bacterial species 

together in one study for comparison. 

(3) Directly compared the antibacterial performance of bare TSC-AgNPs and the 

corresponding subsequently prepared chitosan-coated AgNPs for the first 

time. 

(4) Developed a new method to prepare inorganic nanoparticles on the surface of 

cellulose with the presence of cationic quaternary groups. The method 

employed microwave irradiation and environmentally benign reducing agent 

ascorbic acid, providing a rapid, simple, versatile and environmentally 

friendly approach to functionalise cellulose materials with inorganic 

nanoparticles.  

(5) Successfully prepared cellulose fabrics functionalised with cationic groups 

and in situ synthesised SeNPs or AgNPs. The functionalised textile materials 

had good nanoparticle coverage, narrow particle size distribution, and secure 

bonding with the nanoparticles which was proven by a laundering test. 

(6) The antibacterial property of the novel NP-functionalised cellulose fabrics 

was studied for the first time, and the results demonstrated excellent 

antimicrobial performance.  

(7) Used Live/dead staining and confocal microscopy to directly observe the 

bacterial cells attached to the woven fabrics, which has not been reported 

previously. 

(8) The in vitro cytotoxicity of the novel NP-functionalised cellulose fabrics was 

studied for the first time using an indirect contact method; no significant 

cytotoxicity was found from the test. 

 

 

 

7.4 Future work and perspectives 

This study explored the feasibility of using SeNPs and AgNPs as antimicrobial 

agents to functionalise textile materials. Cellulose was chosen as the substrate for the 

functionalisation, as it is the most abundant renewable polymer on earth which has 

been used as important textile materials in the form of natural plant fibres for 
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centuries.252 In recent years, the development of novel cellulose-based materials 

using regenerated cellulose has attracted much attention; other applications of 

cellulose such as wound care, tissue scaffolds, food packaging, and filtration are 

being explored. A new method was developed in this study to prepare NP-

functionalised cellulose fabrics, which can be extended to other forms of cellulose 

too. The novel functionalised textile materials were found to have excellent 

antimicrobial performance, low in vitro cytotoxicity and good laundry durability, 

and therefore, have the potential to be used as anti-infective textiles (e.g. beddings, 

curtains and uniforms) in healthcare environments to reduce the growth and spread 

of pathogens. 

Due to the limitations of time and resources, there are still some areas requiring 

further investigation. There are several recommendations for future study: 

(1) The novel method to prepare SeNPs and AgNPs in situ on the surface of 

cationic cellulose can potentially be applied to other types of inorganic 

nanoparticles with anionic precursor (e.g. tellurium) or other metal salt 

precursors (e.g. copper, gold and palladium). The mix of different types of 

inorganic nanoparticles may be a potential way to improve the antimicrobial 

activity and broaden the antimicrobial spectrum of the functionalised textile 

materials. For example, the combination of silver and copper nanoparticles 

have been found to show synergistic antimicrobial activity.329  

(2) Further investigation can be conducted to understand the antimicrobial 

mechanism of the SeNPs. As a novel type of antimicrobial nanoparticles, 

SeNPs are still understudied and there are limited data on the antimicrobial 

mechanism of SeNPs. Possible routes include the investigation on the role of 

ROS during the process and analysis of organic selenium species involved in 

the process. 

(3) The effect of microwave irradiation on the functionalisation can be explored 

further by adjusting the microwave time and power and how the samples are 

presented during the microwave treatment, including the method to scale up. 

The control of microwave irradiation may offer more precise control of the 

nanoparticle synthesis. 

(4) Various types of benign reducing agent, including plant extracts, can be used. 

The presence of the natural chemicals may even help to improve the 
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antimicrobial performance of the functionalised fabrics and introduce other 

benefits (e.g. better biocompatibility, anti-odour property) to the fabric.  

(5) The antimicrobial performance of the functionalised textiles should be tested 

against a wider range of pathogens, including bacteria, fungi and viruses, as 

well as clinical isolated strains.  

(6) The laundry durability of the functionalised textiles was studied here in terms 

of the loss of nanoparticles using atomic emission spectroscopy; however, for 

real life applications, further investigation on the fate of the functionalised 

textiles subjected to repeated laundering and abrasion is needed regarding the 

changes in forms and loss of nanoparticles during these processes.  

(7) The in vitro cytotoxicity study using the indirect contact method was only a 

preliminary investigation. The toxicity of the functionalised textiles towards 

humans should be investigated more comprehensively. For example, 

although the nanoparticles are securely attached to the fabric through in situ 

synthesis, the fabric may be shedding loose fibres containing nanoparticles, 

in which case direct contact method may be needed for the evaluation. 

(8) Apart from general healthcare-textiles, the functionalisation method may also 

be applied onto other types of cellulose-based materials, for example, tissue 

engineering scaffolds, wound dressing materials, water/air filtration materials 

and food packaging. 
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Appendices 

Appendix A Preparation and characterisation of shaped 

silver nanoparticles 

As mentioned in Section 2.4.2, at the initial stage of the project, investigating the 

antimicrobial activity of shaped AgNPs and the potential of applying the shaped 

AgNPs with superior antimicrobial performance onto fabric surface was chosen as one 

of the research objectives. However, the reproducibility of the shaped AgNPs 

(including silver nanoplates and silver nanocubes) was poor, and the special shape was 

easily lost due to the sensitivity of the nano-silver to environmental changes, which 

indicated the unsuitability of shaped AgNPs for textile treatment. The main objective 

of the thesis later switched to the investigation of SeNPs as a novel antimicrobial agent. 

Consequently, similar synthetic methods that can be used for both AgNPs and SeNPs 

were desired for easy comparison, and ascorbic acid was chosen as the mild reducing 

agent. The originally used methods and results are presented here in this appendix. 

 

Materials and Methods 

Silver nitrate (AgNO3, 99.99%), trisodium citrate dehydrate (C6H5O7Na3.2H2O, 

99.99%), sodium borohydride (NaBH4, 99.99%), hydrogen peroxide (H2O2, 30%), D-

glucose, polyvinylpyrrolidone (PVP; Mw= 40,000), NaOH, ethylene glycol (EG) and 

sodium sulfide (Na2S, 99.99%) were purchased from Sigma Aldrich. Ammonium 

hydroxide (NH3.H2O, 35%) was purchased from Fisher Scientific. RO water with 

resistance of 18 MΩ cm was used in all the experiments. All the glassware was cleaned 

by aqua regia (HCl:HNO3 in a 3:1 ratio by volume) and rinsed with RO water prior to 

the experiments. A commercial quasi-spherical silver nanoparticle colloid of particle 

size at 20 nm was purchased from Sigma Aldrich as a reference to validate the 

techniques, named commercial AgNPs. 
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Preparation of quasi-spherical silver nanoparticles  

Two different methods were used to prepared quasi-spherical silver nanoparticles. In 

the first method,1 AgNPs were prepared by reducing aqueous silver nitrate by strong 

reducing agent sodium borohydride (NaBH4). An aqueous solution of AgNO3 (0.25 

mM, 100 mL) was rapidly mixed with sodium citrate (30 mM, 1 mL). A 3 mL ice-

cooled aqueous solution of NaBH4 (10 mM) was then added under vigorous stirring. 

Upon the injection of NaBH4, the solution became yellow immediately, indicating the 

formation of AgNPs. After 30 s, the stirring was stopped. Particles produced by this 

method were called borohydride-AgNPs. 

In the second method, colloidal silver particles were synthesized by the reduction of 

[Ag(NH3)2]+ complex with glucose following a method reported by Panacek et al.2 In 

an aqueous solution of 20 mL, silver nitrate (0.1 mM), ammonium hydroxide (0.01 M) 

and D-glucose (1 mM) were combined. The pH value of the solution was adjusted to 

11.5 using NaOH (1 M) to initialise the reaction. In around 15 min, the solution turned 

yellow, indicating the formation of silver nanoparticles. Particles produced by this 

method were called Glucose-AgNPs. 

 

Preparation of silver nanoplates 

Triangular silver nanoplates were synthesised by using a method reported by Metraux 

and Mirkin.3 In a typical procedure, an aqueous solution of silver nitrate (0.1 mL), 

trisodium citrate (30 mM, 1.5 mL), polyvinylpyrrolidone (PVP, 0.7 mM, 1.5 mL), and 

hydrogen peroxide (30wt%, 60μl) were combined and vigorously stirred at room 

temperature (22 °C) in the presence of air. To this mixture, sodium borohydride (100 

mM, 100 μl) was rapidly injected, generating a colloid that was pale yellow in colour, 

indicating the formation of small silver nanoparticles. After around 20 min, the 

solution turned into pink, purple or blue within minutes, indicating the formation of 

silver nanoplates. 

 

Preparation of silver nanocubes 

Silver nanocubes were prepared by reducing silver nitrate in ethylene glycol in the 

presence of PVP and sodium sulfide with the assistance of microwave heat.4 Typically, 
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PVP (0.1 mM), AgNO3 (25 mM) and Na2S (0.2 mM) were dissolved in 10 ml EG with 

vigorous stirring. When the solution was well mixed and turned light yellow, the 

solution was microwaved at 800 w for 5 s and cooled for 30 s, and the process was 

repeated for 3 times and allowed to cool down to room temperature. During the 

process, the colour of the solution changed from light yellow, to ruby-red, and finally 

green-ochre.  

 

Results 

The formation of colloidal suspensions of AgNPs was evident by visual inspection of 

the solution colour change as well as UV-vis spectrophotometer.  Images of the AgNPs 

suspensions are shown in Figure 1. Quasi-spherical AgNPs have previously been 

reported to be of yellowish colour in aqueous solution. An intense adsorption peak is 

seen at 390 nm on the spectra of borohydride-AgNPs, 400 nm on the spectra of 

commercial AgNPs, and at 405 nm on the spectra of glucose-AgNPs (Figure 2). As 

these peaks are close to one another, the suspensions all appeared to be bright yellow 

colour in Figure 1. It has been reported that the adsorption peak of spherical silver 

nanoparticles range from around 380 nm to 460 nm corresponds to the size of particles 

range from 4nm to 100nm.3 The adsorption peak of AgNPs shifts to longer wavelength 

with increase in size. According to the literature and the comparison with commercial 

AgNPs, the sizes of borohydride-AgNPs and glucose-AgNPs were estimated to be 

around 5 nm and 30 nm.  
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Figure 1. Photographic image of AgNPs suspensions of (a) borohydride-AgNPs, (b) 

glucose-AgNPs, (c) commercial AgNPs, (d) silver nanoplates—pink, (e) silver 

nanoplates—purple, (f) silver nanoplates—blue, (g) silver nanocubes 

 

 

Figure 2. UV-vis spectra of quasi-spherical AgNPs colloids. 

 

                  a             b             c             d              e              f               g 

Original in colour 
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Dynamic light scattering technique was only used on quasi-spherical nanoparticles 

since the distinct shapes are not suitable for this technique and the quality of reports 

are poor. Figure 3 shows the DLS report of glucose-AgNPs and commercial AgNPs 

respectively. TEM images of silver nanoparticles and the average sizes obtained from 

the images are shown in Figure 4. When comparing DLS and TEM analysis results of 

glucose-AgNPs and commercial AgNPs, it can be seen that the results obtained from 

DLS technique are slightly larger than the results got from TEM particle analysis as 

DLS determines the hydrodynamic sizes of the particles. 

 

 

Figure 3. DLS reports of (A) glucose-AgNPs and (B) commercial AgNPs 

A 

B 
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Figure 4. TEM images of (A) borohydride-AgNPs; (B) glucose-AgNPs; (C) 

commercial-AgNPs 

Unlike quasi-spherical AgNPs which are measured in diameter, the nanoplates have 

many dimensional measurements, including plate shape (e.g. with pointy or round 

corners), edge length, and plate thickness. These properties determine the optical 

property of the colloid, and therefore they show different colours as the demensional 

measurements alter. The colour of silver nanoplate colloids can range from pink, red, 

purple, blue, and turquoise (examples shown in Figure 1). It was first noticed that the 

reproducibility of the Ag nanoplates were poor as the colour of the suspension altered 

between different batches. It has been reported that the UV-vis spectra of silver 

nanoplates have diagonistic surface plasmon resonance (SPR) bands at 335nm, 380-

460 nm, and 520-725 nm.3 The UV-vis spectra of triangular Ag nanoplates prepared 

A                                

average size=4.7 nm 

B                                                       
average size=25.12 nm 

C                                                                     

average size=16.45 nm 
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in different batches using the same method are presented in Figure 5. It can be seen 

that the reproduciability was poor. TEM images of the nanoplates are shown in Figure 

6. It was noticed that the edge length, corner sharpness and the thickness of the 

nanoplates were different from batch to batch. Similar observation was made for silver 

nanocubes. The edge length and the presence of other spherical or irregular shaped 

AgNPs in the synthesis products varied between different batches (Figure 6). Silver 

nanoparticles in Figure 6 (A) are mostly triangular shaped, while in (B) there are many 

round disks, and in (C) some undesired large silver nanoparticles can be seen.  

More importantly, the Ag nanoplates suspension was sensitive to external stimuli (e.g. 

heat, light and eletrostatic disturbance). It was noticed that elevated temperature led to 

quick change of the suspension colour, indicating dimensional changes of the Ag 

nanoplates, possibily through aggregation of the plates or quick dissolution of the 

sharp edges. When fixed onto fabric surfaces, the nano-silver will be subjected to 

environment changes, for example, raised temperature during laundering and being in 

contact with human body which may cause the Ag nanoplates to lost the special shapes. 

Attempts were also made to use eletrostatic assembly to fix the Ag nanoplates onto 

fabric surfaces. However, the charged fabric immediately disturbed the equilibirium 

of the Ag nanoplate suspension, resulting in an instant colour change (e.g. from pink 

or blue to grey). The nano-silver needs to be stable and not to lose the unique features 

during the preparation and usage of the functionalised fabrics. Therefore, the 

experiment on these shaped nano-silver was terminated. 

 

Figure 5. UV-vis spectra of colloidal silver nanoplates, sample A-F were prepared on 

different occasions using the same method. 
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Figure 6. TEM images of (A-C) silver nanopalates from different batches with the 
same magnification; (D) sample A with higher magnification to show details of the 
nanoplates; (E-F) silver nanocubes from different batches with different irregular 
shaped particles and rods.  

A                                                       B 

 

 

 

 

 

C                                                       D 

 

 

 

 

 

E                                                          F 
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Appendix B  

Chapter 3 

Optical density – bacterial cell concentration standard curve of S. aureus and E. coli 

as described in Section 3.3.2. 

 

 

Figure 1. Standard curves of (A) S. aureus and (B) E. coli: viable colony count 

against OD600. 

 

A 

B 
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Chapter 6 

The as-purchased cotton fabrics were purified with boiling water only in the first 

attempt, which resulted in reduced ATP levels in 16HBE14o- cells treated with the 

media-extracts but did not cause significantly higher cell death (shown in Figure 2 and 

Figure 3 below). Subsequently, ethanol was employed to further remove non-polar 

impurities which interfered with the test, as described in Section 4.3.1 and Chapter 6 

(Table 6.1). UC = untreated cotton, CC = cationised cotton, Se-C = SeNP-

functionalised CC, Ag-C = AgNP-functionalised CC. 

 

Figure 2. Cell death rate of 16HBE14o- cells after 24-h exposure to the extracts of 

fabric samples (prepared with boiled cotton but not cleaned with ethanol): (A) cell 

culture medium and (B) DI water as the extraction vehicle. 

 

Figure 3. ATP level of 16HBE14o- cells after 24-h exposure to the extracts of fabric 

samples (prepared with boiled cotton without washing with ethanol): (A) cell culture 

medium and (B) DI water as the extraction vehicle. 
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Appendix C 

Work contained within Chapter 4, 5 and 6 has been published in the following paper: 

Wang, Q., Barnes, L.M., Maslakov, K.I., Howell, C.A., Illsley, M.J., Dyer, P. and 

Savina, I.N. In situ synthesis of silver or selenium nanoparticles on cationized 

cellulose fabrics for antimicrobial application. Materials Science and Engineering: C 

2021, 121, 111859. https://doi.org/10.1016/j.msec.2020.111859 

 

https://doi.org/10.1016/j.msec.2020.111859

	Eco-friendly functionalisation of cellulose-based textiles with antimicrobial nanoparticles
	Qiaoyi Wang
	Abstract
	Abbreviations
	List of Figures
	List of Tables
	Acknowledgement
	Declaration
	Thesis structure
	Chapter 1 Introduction
	1.1 Background
	1.2 Bacteria
	1.2.1 Gram-positive and Gram-negative bacteria
	1.2.2 Common bacterial species responsible for HCAIs
	1.2.3 Antimicrobial agents and antimicrobial resistance

	1.3 Antimicrobial functionalisation of textiles
	1.3.1 Requirements for antimicrobial functionalisation of textiles
	1.3.2 Antimicrobial agents for textile functionalisation
	1.3.2.1 Triclosan
	1.3.2.2 Polyhexamethylene biguanide hydrochloride
	1.3.2.3 Quaternary ammonium compounds
	1.3.2.4 Chitosan
	1.3.2.5 Metal-based antimicrobial agents
	1.3.2.6 Current problems of antimicrobial textiles


	1.4 Antimicrobial inorganic nanoparticles
	1.4.1 Modes of action of antimicrobial metal nanoparticles
	1.4.2 Selenium nanoparticles as novel antimicrobial agents
	1.4.3 Synthetic Routes to Inorganic Nanoparticles
	1.4.4 Factors Influencing the Antimicrobial Performance of Nanoparticles
	1.4.5 Methods of applying inorganic nanoparticles onto fabric surfaces
	1.4.6 Health and environmental concerns surrounding the use of nanoparticles
	1.4.6.1 Exposure of the human body to nanoparticles
	1.4.6.2 Impact of nanoparticles on the environment


	1.5 Aims and Objectives

	Chapter 2 Preparation and Characterisation of Silver and Selenium Nanoparticles
	2.1 Introduction
	2.2 Materials
	2.3 Methods
	2.3.1 Preparation of Nanoparticles
	2.3.1.1 Preparation of Chemical Solutions
	2.3.1.2 Preparation of Selenium nanoparticles (SeNPs)
	2.3.1.3 Preparation of Silver Nanoparticles (AgNPs)

	2.3.2 Characterisation of Nanoparticles
	2.3.2.1 UV-vis Spectrophotometer
	2.3.2.2 Hydrodynamic Particle Size and Zeta Potential
	2.3.2.3 Transmission Electron Microscopy (TEM)


	2.4 Results and Discussion
	2.4.1 Preparation and Characterisation of Selenium Nanoparticles
	2.4.2.1 The stability of Bare Selenium Nanoparticles in Suspension
	2.4.2.2 Selenium Nanoparticles Stabilised by Different Capping Agents

	2.4.2 Preparation and Characterisation of silver nanoparticles
	2.4.2.1 Influence of the pH of the Reaction System on the Silver Nanoparticle Products
	2.4.2.2 Influence of the Precursor Addition Speed on the Silver Nanoparticle Products


	2.5 Chapter summary

	Chapter 3 Antibacterial Activity of Colloidal Silver and Selenium Nanoparticles
	3.1 Introduction
	3.2 Materials
	3.2.1 Preparation of nanoparticle suspensions
	3.2.2 Bacterial culture media and diluent
	3.2.3 Bacterial strains

	3.3 Methods
	3.3.1 Antibacterial assessment of nanoparticles by direct contact on agar plates
	3.3.2 Antibacterial assessment of nanoparticles using a viable count method

	3.4 Results and Discussion
	3.4.1 Qualitative methods for antibacterial assessment
	3.4.2 Quantitative Methods for the Antibacterial Assessment of Nanoparticles

	3.5 Chapter summary

	Chapter 4  Functionalisation of Cellulose-based Textiles by Selenium and Silver Nanoparticles
	4.1 Introduction
	4.2 Materials
	4.3 Methods
	4.3.1 Cationization of cotton fabrics
	4.3.2 In situ synthesis of Ag and Se nanoparticles on cationic cotton fabrics
	4.3.3 Characterisation of modified cotton fabrics
	4.3.3.1 Zeta potential of cotton fibres
	4.3.3.2 Electron scanning microscopy (SEM)
	4.3.3.3 X-ray Photoelectron Spectroscopy (XPS)
	4.3.3.4 Determination of Ag and Se loadings on cationized cotton
	4.3.3.5 Laundry durability of the nanoparticles


	4.4 Results and discussion
	4.4.1 Cationization of cotton fabrics
	4.4.2 In situ synthesis of nanoparticles
	4.4.3 SEM analysis
	4.4.4 Surface chemistry analysis
	4.4.5 Loadings and washing durability of Se or Ag on the functionalised fabrics

	4.5 Chapter summary

	Chapter 5 Antibacterial Evaluation of Functionalised Fabrics
	5.1 Introduction
	5.2 Materials
	5.3 Methods
	5.3.1 Challenge test
	5.3.1.1 Preparation of test inoculum
	5.3.1.2 Test procedure
	5.3.1.3 Judgement of test effectiveness
	5.3.2 Resazurin chromogenic agar
	5.3.3 In situ observation of bacteria using confocal laser scanning microscopy
	5.3.4 Effect of functionalised fabrics on bacterial morphology

	5.4 Results and discussion
	5.4.1 Challenge test
	5.4.2 Supplementary tests with resazurin chromogenic agar
	5.4.3 In situ observation of bacteria using confocal laser scanning microscopy
	5.4.4 Effect of functionalised fabrics on bacterial morphology
	5.4.5 Laundry durability

	5.5 Chapter summary

	Chapter 6 Cytotoxicity Evaluation of Functionalised Textile Materials
	6.1 Introduction
	6.2 Materials
	6.3 Methods
	6.3.1 Cell culture
	6.3.2 Preparation of fabric sample extracts
	6.3.3 Cytotoxicity by indirect contact
	6.3.4 Lactate Dehydrogenase Assay
	6.3.5 Adenosine Triphosphate Assay
	6.3.6 Silver/selenium release into the extracts
	6.3.7 Protein adsorption to the fabrics
	6.2.8 Statistics

	6.4 Results and discussion
	6.4.1 Removal of impurities on as-purchased cotton fabrics
	6.4.2 Preliminary tests and modifications made thereafter
	6.4.3 LDH and ATP assays
	6.4.4 Concentrations of Ag or Se in the extracts

	6.5 Chapter summary

	Chapter 7 Conclusions and Future Work
	7.1 Introduction
	7.2 Conclusions
	7.3 Novelty
	7.4 Future work and perspectives

	List of references
	Appendices
	As mentioned in Section 2.4.2, at the initial stage of the project, investigating the antimicrobial activity of shaped AgNPs and the potential of applying the shaped AgNPs with superior antimicrobial performance onto fabric surface was chosen as one ...
	Materials and Methods
	Preparation of quasi-spherical silver nanoparticles
	Preparation of silver nanoplates
	Preparation of silver nanocubes
	Results


