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Abstract  

This thesis details the anti-biofouling property of superhydrophobic surface and 

white light-activated bactericidal polymers, and self-cleaning and bactericidal paints 

for preventing hospital associated infection.  

To investigate the anti-biofouling property of superhydrophobic surface over a long 

period of time, superhydrophobic surfaces were made using 1H, 1H, 2H, 2H-

perfluorooctyltriethoxysilane, P25 TiO2 nanoparticles, ethanol, and double sided 

tape. The bacteria adhesion of the superhydrophobic surface was tested through full 

immersion of four different bacteria suspensions for 1, 4, 8, 16, and 24 h and then 

the result was compared with other surfaces containing glass, polystyrene, and 

polyurethane. Changes of the tested surfaces were investigated by water contact 

angle meter, SEM, AFM, and confocal microscope.    

Through a simple swell-encapsulation shrink process, white light-activated 

bactericidal polyurethane was produced. Toluidine blue O and silver nanoparticles 

were encapsulated into a polyurethane and characterised by water contact angle 

meter, UV/Vis spectrometer, fluorescence microscope, and material testing and 

inspection device. 

Crystal violet and acrylic latex, which is a widely used paint material for home 

decoration, were mixed together to produce photobactericidal paints for the first 

time. At various mixing ratio, crystal violet and acrylic latex were combined together. 

The paint coated slide was characterised using water contact angle meter, and 

UV/Vis spectrometer, and its stability was investigated through liquid leaching test 

Crystal violet, toluidine blue O, P25 TiO2 nanoparticles, and 1H, 1H, 2H, 2H-

perfluorooctyltriethoxysilane were used to produce dual functional paints with 

superhydrophobic and bactericidal behaviour. TiO2, TBO, and CV paints were 

fabricated via physical and chemical reaction. The dual functional paint coated slides 

were investigated in terms of water repellence, self-cleaning, and anti-biofouling 

properties, and was also characterised by SEM, AFM, and UV/Vis spectrometer.  

Bactericidal properties of the treated polyurethane and paint, dual functional paints 

were assessed with Escherichia coli and Staphylococcus aureus. The tested samples 

demonstrated not only potent photobactericidal activity in white light (typical 
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hospital lamp) but also bactericidal activity in dark. It is expected that bactericidal 

materials detailed in this thesis will be useful for use in healthcare facilities in order 

to reduce hospital associated infections.   
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Thesis Purpose and Structure   

Purpose 

The aim of this thesis was to developing white light-activated bactericidal surfaces 

incorporated with nanoparticles, toluidine blue O, crystal violet, and polymers, and 

to investigate their potential as bactericidal and anti-biofouling surface treatments. 

The ultimate purpose is to make antimicrobial surfaces which show bactericidal and 

anti-biofouling properties for inhibiting the spread of healthcare-associated 

infections in hospitals.  

Structure 

Chapter 1 details current issues caused by healthcare-associated infections (HAIs), 

the pathogens role in HAIs spread, current scheme in hospitals to prevent HAIs, and 

development and function of antimicrobial surfaces including bactericidal and/or 

anti-biofouling surfaces. In Chapter 2, anti-biofouling property of superhydrophobic 

surfaces was investigated over a long period of time. In Chapter 3, the effect of silver 

nanoparticles on photobactericidal activity of toluidine blue O incorporated 

polyurethane was investigated. In Chapter 4, photobactericidal paint made from 

combination of crystal violet and acrylic latex was used to kill bacteria under the 

real world conditions. Chapter 5, dual functional surfaces with superhydrophobic 

and photobactericidal properties produced by chemical and physical combination of 

1H, 1H, 2H, 2H-perfluorooctyltriethoxysilane, TiO2 nanoparticles, crystal violet, 

and toluidine blue O was investigated. The final chapter details conclusions from 

the studies conducted in this thesis and suggestion for future research.  
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Chapter 1: Introduction  

1.1 Healthcare-associated infections 

Healthcare-associated infections (HAIs), which are also known as nosocomial 

infections, are the infections obtained as a consequence of a patient’s treatment by 

doctors, nurses and other healthcare workers1-3. Hospitalized elderly, babies, and 

people with weakened immune system are at a high risk of HAIs4.  HAIs produce a 

variety of symptoms in patients from minor pain to long term or permanent disability, 

and even patient death in some cases4,5.  

 
Fig.1.1 Type of HAIs in hospitals in England 

*Others: infections of bone, nervous system, and joints 

According to prevalence surveys of HAIs in acute hospitals in England4,5, 8% of 

patients in hospitals had HAIs and among them, 9,000 people were killed from the 

infection. The main HAIs are urinary tract infections, lower respiratory tract 

infections, gastrointestinal, surgical site infections, blood stream infections, skin and 
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soft tissue infections (Figure 1.1)4,5. The majority of HAIs are caused by bacteria 

and there are various bacteria producing different types of HAIs4.  

1.1.1 Hospital pathogen 

Since the discovery of antibiotics in 1930, common sicknesses produced by bacterial 

infection have become curable with antibiotics and they have made an important 

contribution to public health6.  However, after several decades, as bacteria have 

evolved to protect themselves from antibiotics, antibiotic treatment to control 

infections became futile7. As a result, the infections by antibiotic resistant bacteria 

have become one of the key issues in hospitals4. Since 2004, The National Health 

Service (NHS) has been conducting various schemes relating to legislation, 

mandatory surveillance, inspection, and disinfection4,8,9. In particular, significant 

endeavour was devoted to prevention of HAIs caused by methicillin sensitive 

Staphylococcus aureus (MSSA), Methicillin resistant Staphylococcus aureus 

(MRSA), Escherichia coli (E. coli), and Clostridium difficile (C. difficile)8. 

1.1.1.1 Methicillin resistance Staphylococcus aureus  

MRSA is a Gram-positive bacterium and it genetically differs from other 

Staphylococcus aureus strains10. It is difficult to treat patients infected by MRSA 

because it is multi-drug resistant: MRSA has resistance to methicillin, oxacillin, 

penicillin, and cephalosporins10. In 1961, the methicillin resistant bacteria were 

identified and since 1990s, it has been endemic in hospitals11-13. MRSA is well 

known HAI pathogen. It is responsible for 4 % of blood stream infection4. Although 

its infection rate was relatively low, 1,517 patients were killed by MRSA infection 

in England in 20072,14. Due to its fatality and resistance to antibiotics, it has been 
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classified into mandatory surveillance category of pathogens in the NHS since 

20054,8,15. 

1.1.1.2 Methicillin sensitive Staphylococcus aureus  

MSSA is also a Gram positive coccus16. It is found in the nose, skin, and respiratory 

tract of around one third of people17. Although MSSA is normally harmless to 

human health, it can produce an infection when the bacteria enter the human body 

with compromised immune system such as abscess, respiratory infections, boils, and 

it can cause an infection on skin breaks from surgical treatment and grazes4,18,19. It 

can produce septicaemia which is a life threatening blood poisoning when it gets 

into bloodstream4. In hospitals, MSSA is associated with lower respiratory 

infections, tissue infections, bloodstream and surgical site infections4. Since 2011, 

it has been classified into mandatory surveillance pathogen in NHS because of high 

infection rate of it8,20. 

1.1.1.3 Escherichia coli  

E. coli is a Gram-negative bacterium and has a rod like shape21.  E. coli is found in 

food, and the intestine of human, cattle, sheep, and other animals22. It has various 

groups and most of them is not harmful to human health.  However, some of them 

can be pathogenic producing urinary tract infections, blood stream infections, 

respiratory illness, diarrhea, and fever22,23. It can cause the death to senior patients 

and young children (< 5 year), patients with weakened immune system24,25. E. coli 

was added to Public Health England mandatory surveillance scheme in 20118.  
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1.1.1.4 Clostridium difficile 

C. difficile is a Gram-positive bacterium with rod like shaped26. It is difficult to treat 

C. difficile infection because of its antibiotic resistance and spore forming property27. 

C. difficile is resistant to fluoroquinolone antibiotic such as levofloxacin and 

ciprofloxacin28. C. difficile initiates sporulation process producing dormant spores 

when it is exposed to environmental stimuli including starvation, quorum sensing 

and other stresses29. The spores are responsible for the spread of C. difficile 

infections in hospitals29 and they are resistant to widely used chemicals (ethanol, 

butanol, chloroform and sodium hypochlorite) to disinfection and sanitization for 

hospital surfaces30. C. difficile produces a variety of symptoms including diarrhoea, 

fever, weight loss, and dehydration31. According to the NHS surveys of HAIs4, 70 % 

of gastrointestinal infections in hospitals was caused by C. difficile, and 7,916 

patients were killed by C. difficile infection in 20074. For these reasons, C. difficile 

was included in Public Health England mandatory surveillance scheme in 20048.  

1.1.1.5 Pseudomonas aeruginosa 

P. aeruginosa is Gram-negative and rod-shaped bacterium32. P. aeruginosa is multi-

antibiotic resistant including fosfomycin, levofloxacin, ceftazidime piperacillin, 

imipenem, piperacillin, and tobramycin33. The bacterium is a dangerous pathogen 

and it is one of major causes of severe HAIs in England5. P. aeruginosa infections 

mainly occur in surgical sites within hospitals5. Surgical site infection, pneumonia 

and blood infections by the bacteria can cause a severe illnesses or patient’s death 

in some cases5. The bacteria were included in extended NHS surveillance of 

pathogens in 201734.  
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1.1.2 Current scheme to reduce the number of HAIs 

In 2000, The National Audit Office published a report about concerns of the 

management and control of HAIs35, and a report from the House of Common 

committee of Public Account in 2004/05 brought attention to the fact that the 

progress of HAIs reduction was patchy and there was a lack of urgency for incidents 

of HAIs infection36. Since then, the Department of Health has instigated/initiated 

vigorous schemes including mandatory surveillance, legislation, inspection and 

advice on infection management and prevention in order to decrease the number of 

infection4,8,9. 

Mandatory surveillance: The output of mandatory surveillance is to investigate 

progress to control key HAIs and offers epidemiological evidence8. The surveillance 

contains patients details such as associated care details, sex, admission data, NHS 

number, date birth, hospital number and others8. All information of the cases is 

collected and analysed by the Trusts through real-time surveillance system which 

was named after the “Healthcare Associated Infection Data Capture System”8. Since 

April 2004, it has been mandatory that NHS acute Trusts report all of MRSA and C. 

difficile cases, and E. coli and MSSA have was included a mandatory surveillance 

pathogen since 20118,20.  

Legislation: To strengthen HAI control, the health and Social Care Act 2008 was 

legislated9. It is applied to the healthcare provider and it shows not only how to 

comply with the infection inhibition requirement which is in regulations but also 

how to keep high levels of infection inhibition9. Healthcare providers do not need to 

comply with the regulation guide to prevent HAIs, but they must meet the 
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regulations in other way9.    

Inspection: All NHS trusts have an annually health check by the Healthcare 

commission9. The trusts are assessed on the basis of Core Standard which is related 

to HAI prevention and control4,9. They were assessed in terms of national target of 

HAI4,9. With Health and Social Care Act 2008, the inspection of HAIs was 

strengthen and trusts which failed to stick to the Code of Practice was fined4,9.  

Advice on infection management and prevention: Health Protection Agency and 

its regional Protection Units have a responsible for advising and supporting the NHS 

and other healthcare facilities to reduce HAIs4,37. They help healthcare facilities to 

identify, manage, and minimize the HAI related risk4,37.  

Other schemes: Since 2004, healthcare worker training has been revised on 

infection and control practice4. Currently, it is a mandatory training along with fire, 

health, and safety training4. The relationship between hand hygiene and infection 

rate has been acknowledged since 20004. National Patient Safety Agency and Trusts 

have taken on campaigns of hand hygiene to reduce the number of HAIs4.  

Since 2004, the effort to reduce the number of HAIs has had some achievement. In 

hospital, MRSA bloodstream infection dropped by 40%, the number of MRSA case 

fell by 65% in 2008, and the number of C. difficile was reduced by 50%4. According 

to annual epidemiological commentary15,20,38,39, although the numbers of MRSA and 

C. difficile in hospitals has decreased since 2008, the reduction rate is low, and in 

contrast with that of MRSA and C. difficile, the number of MSSA and E. coli have 

increased4,15.  
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1.1.3 The role of hospital surfaces in the prevalence of hospital-

associated infection 

In the past, hospital surfaces had been considered to have negligible contribution to 

the spread of hospital pathogens40. However, recent research has showed that 

surfaces contaminated by bacteria have a significant contribution to the prevalence 

of pathogen which can cause HAIs40-43. Hospital surfaces in the vicinity of infected 

patients have more chance to be contaminated than other surfaces in hospitals, and 

small number of pathogens (such as C. difficile spores) may be able to initiate 

HAIs44-46. Previous study reported that some pathogens are able to survive on 

hospital surfaces including intensive care units, and surgical wards over a long 

period of time46. As shown in Table 1.1, Klebsiella species (Klebsiella spp.), S. 

aureus, Enterococcus species (Enterococcus spp.), and P. aeruginosa had an ability 

to survive on dry inanimate surfaces for more than 1 year40,47, and in particular, 

vancomycin-resistant Enterococcus (VRE) showed a remarkable survivability in 

that it kept its viability on surfaces for more than 4 years48. Although it was clearly 

unknown how the bacteria can survive on the hospital surfaces over a long period of 

time, it was reported that some bacteria are able to survive on surfaces without any 

nutrient source49,50.   
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Table 1.1 Survival period of pathogens related to HAIs on dry inanimate surfaces. 

 

 

 

 

When hospital surfaces including catheters, keyboards, ward beds, and other 

medical devices are contaminated by bacteria, they can accelerate the spread of 

pathogens between patients and healthcare workers. As shown in Figure 1.2, the 

bacteria contaminated surfaces in hospitals can act as pathogen reservoirs 

contributing to pathogen transmission via touch by workers and patients. Once 

hospital surfaces are contaminated, a cyclic issue is produced because the pathogens 

can be transmitted to other surface or patients or healthcare worker in the vicinity of 

it51. Washing hands of healthcare workers may control pathogen spread to some 

extent, but it is not possible to prevent the surface contamination nor pathogen 

transfer by patients resulting in the transmission cycle remaining. For these reasons, 

surface cleaning and /or disinfection have been commonly conducted to be sure that 

a hospital surface is appropriately disinfected and safe for patients52. Many 

researches have been conducted to determine the efficiency of cleaning and 

disinfection. Previous research has reported that after cleaning/disinfection, the 

surface was often contaminated by the pathogen, and even multiple repetition of 

disinfection was not enough to remove pathogen on surfaces53-55: for instance, 27% 

Bacteria  Survival period 

Klebsiella spp.  more than 30 months 

Acinetobacter spp.  11 months 

Staphylococcus aureus  

(containing MRSA) 
 More than 12 months 

Clostridium difficile   More than 5 months 

Enterococcus spp. (containing VRE)  More than 46 months 

Pseudomonas aeruginsosa  16 months  
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of surfaces in rooms were still contaminated by MRSA or Acinetobacter baumannii 

after cleaning 4 times using disinfectant54.  

 

Fig. 1.2 Role of (a) hospital surface or (b) antimicrobial surface on the transmission of 

HAIs51 

To address the problem of HAIs, techniques that can prevent bacterial contamination 

of surfaces are necessary. The development of antimicrobial surfaces can make a 

significant contribution to inhibit the contamination resulting in the address of the 

cyclic issue. The antimicrobial surface could significantly decrease the 

contamination on hospital surfaces without any external interventions, and it could 

enhance hospital hygiene51. Through prevention of the surface contamination in 

hospitals, it is possible to destroy the cycle of pathogen transmission51. As a result, 

the issue would be left into person to person transmission in hospitals which can be 

solved by proper washings and disinfection on hands of healthcare workers and 

patients51.    

1.2 Antibacterial surface 

Since the first recognition on bacterial attachment and reproduction on surfaces in 

1930s, many studies have been extensively performed to reduce bacteria attachment 



27 

 

or biofilm formation on surfaces56,57. As a promising strategy, antibacterial surfaces 

have been studied for several decades. Antibacterial surfaces imply that it is resistant 

to bacteria attachment by causing bacterial death in contact with surfaces indicating 

bactericidal effect or representing anti-biofouling activities58-60. In this section, a 

variety of techniques is detailed in terms of anti-biofouling and bactericidal surfaces.  

1.2.1 Anti-biofouling surface 

Anti-biofouling surface is a surface that resists bacterial attachment because of its 

unfavourable surface structure or chemical substance to bacteria57.  

1.2.1.1 Superhydrophobic surface  

Water droplet contact angle is the measured angle where the liquid-vapor interface 

meets a solid surface. If the angle is higher than 90 o, the surface is considered 

hydrophobic, and if the angle is smaller than 90 o, it is considered hydrophilic (Figure 

1.3)61.  

 

Fig. 1.3 Water droplet contact angle of hydrophilic and hydrophobic surfaces 

Rolling off angle is the inclination angle of the surface where a water droplet rolls 
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off.  Contact angle hysteresis is defined as the difference of advancing angle (water 

injection) and receding angle (water withdrawal) (Figure 1.4)61.  

 
Fig. 1.4 Contact angle hysteresis: difference of advancing angle and receding angles 

Superhydrophobic surface is a surface which is extremely difficult to wet and it has 

high water contact angle (>150o), low rolling off angle (<5 o) and contact angle 

hysteresis (<5 o)62,63. The superhydrophobic surface resulting from a rough surface 

structure with low surface energy64. In nature, butterfly and Cicada wings, Taro and 

Lotus leaves exhibited superhydrophobic and self-cleaning properties65-67. When the 

natural surfaces were immersed in water, it is resistant to bacteria biofouling68.  Due 

to anti-biofouling property of superhydrophobic surface, man-made 

superhydrophobic surfaces were produced in an effort of decreasing biofouling, and 

they were tested at various settings65,68-70. In previous studies, it was observed that 

polydimethylsiloxane (PDMS) based or elastomeric superhydrophobic surface had 

a reduced bacteria adhesion of 50–80%, compared to intact glass, and bacteria 

adhesion on silica colloid coated surface which is a superhydrophobic surface was 

>98% lower than the surface without the colloid65,68,71. Additionally, 

superhydrophobic polystyrene, polycarbonate, and polyethylene exhibited low 

bacteria adhesion and a good removal efficiency69. Although the exact mechanism 
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of the property was not clearly explained, several ideas were suggested. Ivanova et 

al proposed that the reduction was mainly due to the morphological difference while 

other studies proposed that the air-bubbles entrapped on a superhydrophobic surface, 

which is in Cassie-Baxter state, prevent bacterial adhesion because it is difficult for 

bacteria to penetrate the water/air interface60,68.  

1.2.1.2 Lubricant surface   

Lubricant surface, which is also called a slippery surface, was introduced by the 

Aizenberg group in Harvard university72,73. Lubricant surface was inspired from 

pitcher plants which use their leaves to make insects slide off and entrap them in a 

cavity and is resistant to water, blood, and oil72,74.  The surface is produce through 

coating of lubricant fluid (silicone oil) on the superhydrophobic or porous surfaces: 

when the rough surface was exposed to silicone oil, it penetrated into the surface 

and formed a lubricant layer on the surface75,76. The lubricant layer is stable, 

immobilized and extremely slippery74,75,77. The surface has a sliding of a water 

droplet at 60 o tilted angle, and resists external force75,78. Recently, anti-biofouling 

property of the lubricant surface was reported73,79-81. Aizenberg group showed that 

after 7 days of bacteria exposure, the lubricant surface had 96-99.6 % less 

attachment of P. aeruginosa, E. coli and S. aureus, compared to a 

polytetrafluoroethylene (PTFE) surface73, and the surface is much less adhesive on 

green microalgae containing Chlamydomonas reinhardtii, Dunaliella salina, 

Botryococcus braunii, and Nannochloropsis oculata than glass and PDMS treated 

surfaces81. 



30 

 

1.2.1.3 Graphene treated surface  

Graphene is a form of carbon molecules, and it is a single layer of carbon atom with 

a hexagonal lattice82. In 2004, the material was discovered, and characterized by 

Adre Geim83,84 and it has been actively studied because of mechanical, optical, and 

electronical novelties85-87. In recent years, a few researches reported anti-biofouling 

properties of graphene coated surfaces88,89. Previous study has showed that graphene 

coated surface has less biofilm formation compared to Halomonas spp89. Although 

the anti-biofouling mechanism of graphene treated surface was not clearly explained, 

it is speculated that surface energy modification from hydrophilic to hydrophobic 

and electrostatic interaction (repulsive force by the negatively charged surface) with 

bacterial cells cause a reduction on biofilm formation89.   

1.2.2 Bactericidal surface 

Bactericidal surface is the surface that kills bacteria in contact through largely a 

chemical reaction57.  

1.2.2.1 Silver treated surface 

For several centuries, silver has been known and used for antibacterial materials90-

92. Silver was used for treatment of burn and silver vessels were used for making 

water potable91,92. More recently, silver nitrate was used for medical purpose to deal 

with various diseases including venereal infection, bone and perianal diseases, 

fistulae, and eye disease93,94. The accurate mechanism of bactericidal behaviour of 

silver against bacteria is still unknown but silver ions play an important role to 

disinfect bacteria6. When silver ions penetrate inside of a bacterial cell, the ions 
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make bacteria lose their ability for DNA replication, and ultimately leads to bacterial 

death95,96. Because silver represented good bactericidal activity against various 

bacteria strains, the metallic substance was applied to medical devices, medical 

dressing, and textile fabrics97-101. In previous studies, it was shown that the treatment 

of silver nanoparticles into polymeric medical device and surgical masks enhanced 

their bactericidal efficiency, and dressing cream containing silver and sulfonamide 

exhibited a broad spectrum of antibiotic behaviour and was utilized for treatment of 

burns97,98. Moreover, it was shown that silver nanoparticles coated fabrics or 

air/water filters represented strong bactericidal activities against bacteria102,103. 

Although many studies suggested that silver is non-toxic, it has been considered that 

large quantity use of silver nanoparticles can be hazardous to the environment and 

human health104.  

1.2.2.2 Copper treated surface 

Copper has been used as a bactericidal substance for centuries. Ancient Greeks used 

copper to treat pulmonary diseases and to purify water105. Copper and its alloys not 

only exhibited antibacterial activities but also showed antiviral, antifungal and 

molluscicidal activities105. Copper has been considered as a promising and novel 

bactericidal materials because it has strong antimicrobial activity against a range 

of microorganisms including anti-biotic resistant organisms, and the copper is 

cheaper and more readily available than silver105,106. In previous studies, copper 

treated surface showed antimicrobial activity against E. coli O157, MRSA, C. 

difficile and influenza virus which are key hospital pathogens, and tests of stainless 

steel and copper coupons showed that C. difficile were completely killed on a 
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copper coupon within 48 h whereas viability of the bacteria did not change on a 

stainless steel coupon107-110. Moreover, Sehmi et al. (2015) showed that after 

copper nanoparticles are encapsulaed into polyurethane and silicone, the polymers 

showed very potent bactericidal activity111. It was speculated that the bactericidal 

mechanism of copper is similar to that of silver. Firstly, copper ions disturb 

biochemical process after penetration inside bacterial cells resulting in cell death 

106. Secondly, copper interacts with the cell wall and it produces bacterial 

membrane damage with an increase of permeability resulting in bacterial viability 

reduction 106.  

1.2.2.3 Graphene oxide treated surface 

Graphene oxide (GO) is a single monolayer of graphite with oxygens112-114. GO is 

synthesized by chemical oxidation of graphite and then followed by exfoliation 

through ultrasonication114. Because of its stability and low cost in production, it is 

considered as a promising material in various fields such as a precursor and a 

building material114,115. In recent years, many studies reported that GO exhibited 

strong bactericidal activities against a range of microorganisms including S. aureus, 

Pseudomonas syringae, Xanthomonas campestris, E. coli, and Cupriavidus 

metallidurans116-120. It is considered that when a GO sheet is in direct contact with a 

bacterial cell, it produces chemical/physical interactions resulting in membrane damage 

and then cell death. The membrane damage could be produced by atomically sharp edges 

of GO that could pierce the membrane, and the damage may occur through lipid 

peroxidation induced by the oxidative character of GO116,121,122.  Due to its bactericidal 

actions, various bactericidal surfaces based on graphene oxide such as stainless steel, 
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polymer film, cotton fabric and water treatment membrane were produced and 

studied119,123-125.  

1.2.2.4 Light activated bactericidal surface 

Recently, light-activated bactericidal agents have become a new emerging strategy 

to disinfect bacteria. Even though the bactericidal activity of the agents were 

reported in early 1900s, because of the wide spread development of antibiotics, and 

their potential for use in hospitals, the potential of light activated agents were not 

extensively studied126-130. However, with the spread of drug-resistant bacteria, light 

activated bactericidal agents have gained significant attention as a promising 

alternative because they have different bacterial kill mechanisms to antibiotics.  

1.2.2.4.1 Titanium dioxide treated surface  

Titanium dioxide (TiO2), which is also called titania or titanium oxide, is a 

photocatalytic material131. The photobactericidal activity of TiO2 was reported for 

the first time in 1985, and since then, many studies have been performed to 

investigate antimicrobial activities against bacteria, viruses, and fungi132-137. As 

shown in Figure 1.5, the antimicrobial mechanism of TiO2 is widely known138,139.  

TiO2 is considered as a n-type semiconductor indicating that electrons are the major 

carrier and that it has larger electron concentration than hole concentration83,140. 

When TiO2 is exposed to ultraviolet (UV) irradiation, it establishes a redox 

environment141. TiO2 acts as sterilizer due to light induced redox process. TiO2 has 

a unique electronic structure that is characterized by an electron empty conduction 

band and an electron filled valance band. TiO2 has a band gap energy of 3.0 to 3.2  
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eV indicating energy difference between conduction band and valance band141. 

During UV irradiation, TiO2 absorbs UV photons and an electron is excited the 

conduction band from the valance band, resulting in production of an electron hole 

pair141. At the TiO2 surface, the free electron (e-) and hole (h+) created reactions 

between photoexcited TiO2 and H2O, oxygen, and hydroxide groups on the surface, 

resulting in hydroxyl radicals, singlet oxygens and superoxide anions (equation 1-1 

to 1-5)138,139.     

TiO2 + hv →  e− + h+                                         (1 − 1)       

h+ +  H2O →  HO• + H+                                      (1 − 2)   

h+ +  OH− →  OH•                                                  (1 − 3)        

e− +  O2  →  O2
•−                                                 (1 − 4) 

2O2
•− +  2H2O →  2HO• +  2OH− +  O2                           (1 − 5) 

 

  

Fig. 1.5 Photoreaction process of TiO2 

These are a very potent radical with ability to kill various microorganisms. One 
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drawback of this material is that it is activated by UV light only because excitation 

of TiO2  requires radiation with a wavelength of <400 nm 141. Thus, its bactericidal 

activity is weakened under indoor lighting which mainly use visible light sources.  

1.2.2.4.2 Zinc oxide treated surface  

Zinc oxide (ZnO) materials have had broad attention because of their electronic 

and optical properties142. Since the 1960s, synthesis and application of ZnO 

particles were extensively studied in terms of sensors, catalysts, and transducers, 

and bactericides143. ZnO has been known as a bactericidal substance and it is 

classified as “generally recognized as safe” by the U.S. Food and Drug 

Administration (FDA), and it has been widely used as a food additive such as food 

cans, and packages of meat, corn, and pea in order to prevent contaminations144. 

Although several ideas on bactericidal mechanism of ZnO was suggested, exact 

toxic mechanism was not completely explained, and is still controversial145.  It was 

reported that bactericidal activity of ZnO is dependent on size and concentration 

because small size (<100 nm) has high surface to volume ratio of ZnO resulting in 

higher interaction with bacteria144. The material has been known to have a wide 

range of bactericidal behaviour against Gram-negative and -positive bacteria such 

as E. coli, Salmonella, Listeria monocytogenes, and S. aureus146. It was mainly 

believed that the bactericidal mechanism of zinc oxide occurs in two ways: І) 

through photoreaction induced by UV or visible light, generation of reactive 

oxygen species (ROS) containing hydroxyl radical (•OH), superoxide anion (O2
−•), 

hydrogen peroxide (H2O2), and singlet oxygen (1O2); ІІ) interaction between zinc 

oxide particles and bacteria cell resulting in disturbance of cellular activity and 
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bacterial death147. 

ZnO is considered as n-type semiconductor148. ZnO has an electron empty 

conduction band and an electron filled valance band, and it has a band gap energy 

of 3.2 eV which is similar to TiO2
141,148. The photocatalytic mechanism of ZnO to 

produce ROS is similar to that of TiO2. Upon light irradiation, ZnO absorbs the 

photon, and it is excited resulting in free electrons (e-) in the conduction band and 

holes (h+) in the valance band are created and, the pair in interaction with water or 

bacteria produces hydroxyl radical (•OH) superoxide anion ( O2
−• ), hydrogen 

peroxide (H2O2), and singlet oxygen (1O2) 145. 

1.2.2.4.3 Light-activated bactericidal dye treated surface  

Crystal violet, rose bengal, toluidine blue O, and methylene blue which have been 

historically for biological and surgical stains, and disinfections of wounds, were 

known to have light-activated bactericidal properties which are photoexcited by a 

visible light source (Figure 1.6) 149-151. As shown Figure 1.7, when the dyes are 

exposed to a light source, they absorb photons from the light. The photon absorbed 

dye molecules transform from a ground state to an excited single state (paired 

electron spin)152-154. Depending on the environmental or molecular condition, they 

lose energy resulting in return to the ground state or they transform to a triplet state 

(unpaired electron spin) from an excited single state152-154. 

The molecules in a triplet state undergo two chemical reactions indicating 

photochemical reaction І and ІІ152,153. In photochemical reaction І, they undergo 

redox reaction through interaction with the environment, resulting in generation of 

reactive oxygen species, and in photochemical reaction ІІ, the molecular energy at a 
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triplet state is transferred triplet oxygen (3O2), resulting in production of singlet 

oxygen (1O2). 

 
Fig1.6 Chemical structure of crystal violet, rose bengal toluidine blue O, and methylene 

blue 

The generated reactive oxygen species (ROS) cause bacterial death through two 

different mechanism152-154. First, the oxygen species cause damage to the 

cytoplasmic membrane of the cell, resulting in a leakage of internal contents or 

inactivation of enzymes and membrane transport systems. Second, they break single 

or double stranded DNA of bacteria152-155. 

Because of their potent photobactericidal activity and ease in use, the light activated 

bactericidal dyes were used to treat infection of blood products, oral infections, and 

viral infection, and it was reported that they were effective to disinfect drug resistant 

bacteria, viruses, parasites, and yeasts152. 
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Fig.1.7 Jablonksi diagram showing photochemical reaction process of the light-activated 

bactericidal agent after light exposure 

In recent years, various studies on surface application of the light activated 

bactericidal agents containing crystal violet, toluidine blue O, and methylene blue 

were actively performed in the Parkin group156-160. They showed that through a 

simple swell-encapsulated shrink process, silicone and polyurethane which are 

widely used in catheter, keyboard cover, and other hospital devices, can be easily 

transformed into photobactericidal materials, and additional encapsulation of 

nanoparticles such as gold, and zinc oxide nanoparticles into the polymer containing 

the dye significantly enhance photobactericidal activities against E. coli, S. aureus, 

and MRSA which are representative hospital pathogens156-161.  

In the next chapter, superhydrophobic surfaces, which are widely known anti-

biofouling materials, were tested over a long period of time and compared to other 

surfaces in order to determine their applicability in the real world.  
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Chapter 2: Short-lived anti-biofouling properties of 

superhydrophobic surfaces and their 

transformation into a bacterial reservoir  

 
 

 

 

 

 

 

 

2.1. Introduction 

Healthcare-associated infections (HAIs) produced by a range of bacteria have been 

a serious problem in hospitals because it causes discomfort or long-term and 

permanent disability to patients and even it produces patients’ death in some cases, 

and annually, it costs National Health Service £14 million to treat the infected 

patients and to prevent HAIs4. Bacterial biofilms on hospital surfaces act as a 

reservoir which can make a contribution to the spread of HAI pathogens through 

touch transmission between patients, doctors, nurses, and other hospital 

workers51,162,163.  

To prevent biofilm formation on hospital surfaces, various techniques have been 

proposed in terms of anti-biofouling surfaces and bactericidal surface57; anti-
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biofouling surface implies preventing bacteria from attaching on the surfaces 

including carbon treated surface, superhydrophobic surface, lubricant 

surface57,71,80,89, and bactericidal surface implies killing bacteria in contact with the 

surface through chemical mechanism, containing silver or copper doped surfaces, 

titanium dioxide, and zinc oxide coated surfaces57,111,164-166. 

Superhydrophobic coatings have been considered a promising way to prevent 

biofilm formation on surfaces because they can dramatically decrease bacteria 

attachment on surfaces167-169. Many researches have tested superhydrophobic 

surface to investigate its feasibility in a variety of settings; bacteria suspension flown 

over the surface or surface immersion in bacteria suspension65,68-71.  Privett et al. 

(2011) demonstrated >98% adhesion reduction of S. aureus or P. Aeruginosa on 

silica-colloid-dope substrates, compared to substrates without silica-colloid68, and 

Freshauf et al. (2012) showed that bacteria adhesion on polystyrene, polyethylene, 

and polycarbonate based surfaces was lower (bacteria adhesion reduction: about 

98%) than other surfaces, and it also showed a good removal efficiency of bacteria 

from the surface through rinsing (bacteria remains after rinsing: approximately 

0.1%)69. Crick et al. (2011), and Ozkan et al. (2016) showed decreased bacterial 

attachment on superhydrophobic surfaces made by aerosol-assisted chemical vapor 

deposition (AACVD)68,71. However, all of studies above tested the anti-biofouling 

property of superhydrophobic surface over a short period of time (<4h of bacteria 

exposure).   

In this chapter, anti-biofouling property on superhydrophobic surfaces, which we 

produced, was tested over a long period of time. Experimental results clearly showed 

that the air-bubbles entrapped between bumps of superhydrophobic surface in water 
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significantly decreased the contact area between the surface and bacteria, resulting 

in a huge reduction in the number of attached bacteria after 1h of bacterial exposure. 

But, the bubble disappeared with increasing time in water, and after 24h exposure 

time, bacteria attachment on the surface significantly increased and the number of 

bacteria attached to superhydrophobic surface was >1.6 times higher than them on 

glass, polyurethane, and polystyrenes.   

2.2. Experimental 

2.2.1 Sample surface 

Superhydrophobic surface: 1.0 g of 1H, 1H, 2H, 2H-perfluorooctyltriethoxysilane 

(PFOTES, C8F13H4Si(OCH2CH3)3, Sigma-Aldrich, St. Louis, MO, USA) and 99.0 g 

of pure ethanol (EDM Millipore Co., Billerica, MA, USA) were mixed together. 

TiO2 nanoparticles (P25, Thermo fisher scientific, Waltham, MA, USA) was 

dispersed in 40 mL of the mixture, and then it was sonicated for 10 min. Sellotape 

double sided tape was attached on slide glass, it was dipped in the mixture of 

PFOTES, ethanol, TiO2 nanoparticles, and then the treated slide was kept in dark for 

24h.  

Other sample surfaces: Glass (VWR, PA, USA), polystyrene A and B (PSA, 

Station Road Baseboards, Norwich, UK) and polyurethane (American Polyfilm Inc, 

Branford, CT, USA) were purchased. all of samples were prepared in the same size 

(2.5 cm × 5.5 cm). Additionally, polystyrene A and B have identical chemical 

composition but their surface roughness is different.  
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PDMS based superhydrophobic surface: 2 g of Polydimethylsiloxane (PDMS, 

Midland, MI, Dow Corning, USA) and 2.75 g of silica dioxide (SiO2) nanoparticles 

(Sigma-Aldrich, St. Louis, MO, USA) were dispersed in 20 mL hexane (Sigma-

Aldrich, St. Louis, MO, USA) under constant agitation. The glass slide was 

vertically dipped into the mixture for 5 s, the glass was gently withdrawn from the 

solution, then kept at 100 °C for 2 h, and then allowed to cool to room temperature.   

2.2.2 Preparation of bacteria suspension 

For this study, carbapenem-nonsusceptible and extended-spectrum cephalosporin-

resistant Escherichia coli (CRE 1030), Escherichia coli (E. coli ATCC 25922), 

methicillin-resistant Staphylococcus aureus (MRSA 4742), and Staphylococcus 

aureus (S. aureus 8325-4), were used. CRE, E. coli, MRSA, and S. aureus which 

were stored in brain-heart-infusion broth (BHI broth, Oxoid Ltd., Hampshire, 

England, UK) with 20% (v/v) glycerol at –70oC, were propagated on nutrient agars 

(MacConkey agar for CRE and E. coli, and Mannitol salt agar for MRSA and S. 

aureus) (Oxoid Ltd., Hampshire, England, UK). One bacteria colony was inoculated 

in to10 mL of BHI broth and incubated at 37oC with shaking at 200 rpm. 

2.2.3 Experiment of bacterial adhesion  

BHI bacteria suspension: bacteria were cultured in BHI broth for 18 h, and then 

the bacteria suspension was diluted 10-fold by BHI broth to get ~108 colony forming 

units per milliliter (CFU/ mL). 

PBS Bacteria suspension: Bacteria were culture in BHI for 18 h, and then they 
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were collected by centrifugation at 5000 rpm for 10 min. 10 mL of PBS was added 

into the bacteria, then vortexed for 10 min, and centrifugated again to get bacteria 

re-suspended in 10 mL of PBS. The bacteria suspension was diluted 10-fold 

resulting in ~108 CFU/mL 

Glass, polystyrenes, polyurethane, and superhydrophobic surface were horizontally 

placed in the bacteria suspension, and kept at 37oC for 1, 4, 8, 16, and 24 h. After 

that, they were collected from bacteria suspension, washed by deionized (DI) water 

to get rid of bacteria which are weakly attached to the sample. The washed sample 

was placed into 0.1 % crystal violet solution for 15 min to stain the bacteria attached 

to the sample. The stained sample was vigorously washed by DI water twice, placed 

in 10 mL of pure ethanol, and then vortexed for 5 min to leach out crystal violet 

molecules from bacteria on the samples to ethanol. After that, the unnecessary 

residues in the solution was removed through centrifugation at 14,500 rpm for 2 

min73. The absorption value of the solution at 590 nm was measured by a UV/Vis 

spectrometer to quantitatively determined the number of attached bacteria.  

2.2.4 Measurement of bacteria surface coverage  

Bacteria attached sample was stained by 0.1 % crystal violet solution, then it was 

washed by DI water twice, and dried in a dark room for 24 h. The stained sample 

was photographed, and the coverage of bacteria on samples were determined by the 

ImageJ software (http://imagej.nih.gov/ij/): colour threshold was selected, then hue, 

saturation, and brightness in threshold were manipulated to select bacteria covered 

area, and followed by selection of measurement in analysis.  

http://imagej.nih.gov/ij/
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2.2.5 Confocal microscopy 

Live/Dead BacLightTM Bacterial Viability kit (L707; Invitrogen, Carlsbad, CA, 

USA) was used to determine bacteria attached to the sample. The kit contained 

SYTO 9, green fluorescent nucleic acid, and propidium iodide, red-fluorescent 

nucleic acid stain. SYTO 9 generally labels all bacteria including intact and damaged 

bacteria and propidium iodide stains bacteria with membrane damaged. The 

excitation/emission wavelengths of two stains are 485/530 nm for SYTO 9 and 

490/635 nm for propidium iodide. In order to detect bacteria attached to sample, 3 

µL of SYTO 9 was mixed with 1 mL of PBS solution. 1 mL of the fluorescent dye 

solution was inoculated on bacteria attached samples, and kept in a dark room for 

15 min. The attached bacteria were visualized by confocal layer scanning 

microscopy (Bio-Rad Laboratories, Inc., Hercules, CA, USA). 

2.2.6 SEM analysis 

In order to determine surface morphology of sample, Scanning Electron Microscopy 

(SEM, JEOL Inc., Peabody, MA, USA) was employed. To prevent surface charging, 

the sample was coated by gold crystals for 60 s through sputter coating process, and 

then the surface morphology was observed by SEM at an accelerating voltage of 5 

kV.  Images of the sample was taken by SEMAfore software.  

2.2.7 AFM analysis 

To determined topography and roughness of the sample surface, Atomic force 

microscopy (AFM, EeasyScan 2 AFM, Nanosurf, Liestal, Switzerland) was 

employed. For tapping mode, NCLR mode and dynamic force mode was applied, 

https://en.wikipedia.org/wiki/Liestal
https://en.wikipedia.org/wiki/Switzerland
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and the resonant frequent of the cantilever ranged from 150 to 200 kHz. Scanning 

area of AFM on the surface was about 50 µm × 50 µm.  

2.2.8 Water contact angle  

Figure 2.1 shows the method used for water contact angle measurement. The 

equilibrium water contact angle was determined on a test sample using a contact 

angle meter (First Ten Angstroms, Inc., Portsmouth, Virginia, USA). A water 

droplet (volume: 5 µL) was inoculated on the sample, its image was captured side 

on and analysed by Surftens 4.5 software. Manual mode of the software was 

employed to measure water contact angle.  

Additionally, the contact angle hysteresis (CAH) on superhydrophobic surface was 

determined by an “add and remove volume” method170. Advanced and receding 

angles were measured and then the difference of them was calculated to get CAH.  

 

Fig. 2.1 Water contact angle measurement of sample 
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2.2.9 Measurement of water contact angle across 

superhydrophobic surface  

The measurement of water contact angle across the surface was performed to test if 

superhydrophobic surface maintains its property after bacteria exposure. As shown 

in Figure 2.2, the angles were measured after 1, 4, 8, 16, and 24 h bacteria exposure.  

 

Fig. 2.2 Measurement of water contact angle across superhydrophobic surface 

2.2.10 Plastron effect of air bubbles entrapped on 

superhydrophobic surface 

When a superhydrophobic surface, which is in the Cassie-Baxter state, was 

vertically immersed in DI water and rotated about 49 degree, the surface changed 

from white into a mirror-like surface. This is called the plastron effect. The plastron 

effect is produced by light reflection, which is mainly due to air-bubbles entrapped 

on the surface171. The effect on the surface was monitored by Canon camera (Canon 

Inc. Tokyo, Japan) at intervals of 30 min.  
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2.2.11 Test of S. aureus and S. aureus ∆ pbp4 

S. aureus (strain JE2) and S. aureus ∆ pbp4 (transposon mutant NE679) which were 

stored in BHI broth with 20% (v/v) glycerol at –70oC were propagated on Mannitol 

salt agar172,173. One bacteria colony was inoculated in to 10 mL of BHI broth and 

incubated for 18 h. As stated in section 2.2.3 Experiment of bacteria adhesion, BHI 

and PBS bacteria suspensions were prepared. The number of the bacteria is ~108 

CFU/mL. Superhydrophobic surface was horizontally immersed in to bacteria 

suspension for 1 and 24 h at 37 oC. After that, the sample was removed from bacteria 

suspension, washed by DI water twice, and then placed into 0.1 % crystal violet 

solution for 15 min. The stained sample was vigorously washed by DI water twice, 

placed in 10 ml of pure ethanol, and then vortexed for 5 min to recover crystal violet 

molecules from the sample. After that, residues of the solution were removed 

through centrifugation at 14,500 rpm for 2 min. The absorption of the solution at 

590 nm was measured by a UV/Vis spectrometer.  

2.2.12 Air-bubble layer on superhydrophobic surface 

Uniformly structured surface was prepared and it was dipped into superhydrophobic 

paint (preparation of superhydrophobic paint was stated in Section 2.2.1) for 5 s and 

then withdrawn gently from the paint. It was dried in a dark room for 24 h. In order 

to determine air-bubble layer and its durability on a superhydrophobic surface, the 

coated surface was horizontally immersed in DI water and the air bubble layer 

entrapped on the surface was photographed side on at intervals of 20 min.  
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2.2.13 Measurement of remaining bacteria after cleaning 

process 

Sample was horizontally immersed in bacteria suspension and it was incubated for 

24 h at 37 oC. It was collected the sample from the suspension, and sample was 

washed using DI water twice and then dried in a dark room for 3 h. To confirmed 

remained bacteria on the sample after the cleaning process, gloved finger wiping 

was conducted across the sample surface. As shown in Figure 2.3, a finger was 

placed on to the sample and moved forth and back for 5.5 cm and then washed by 

DI water. It was repeated three time on each sample. After the cleaning process, the 

sample was immersed in 0.1 % crystal violet solution for 15 min, and then it was 

washed by DI water twice. The sample was then placed in 10 ml of ethanol solution, 

vortexed for 5 min, and centrifuged at 14,500 rpm for 2 min. The absorption value 

of the solution was measured at 590 nm 

 
Fig. 2.3 Cleaning process 

2.2.14 Statistical analysis 

Experimental data were analysed by SPSS (IBM Corporation, Armonk, New York, 

USA) in terms of Mann–Whitney U test, T-test, and Pearson correlation coefficient. 
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2.3 Result and discussion 

2.3.1 Surface roughness and water contact angle  

Commercial glass slide, polyurethane, polystyrene A and polystyrene B were used, 

and a superhydrophobic surface was made using double sided tape, 1H, 1H, 2H, 2H-

perfluorooctyltriethoxysilane, ethanol, and TiO2 nanoparticles. Prior to the bacteria 

attachment process, the surface roughness and water contact angle of the test 

samples was investigated using an AFM and a water angle meter, respectively. Table 

2.1 shows the water contact angle and surface roughness of glass slide, polyurethane, 

polystyrene A and B, superhyhydrophobic surface. The superhydrophobic surface 

had a water contact angle of 163.3 o with rolling off angle of <1 o and contact angle 

hysteresis of <1 o. Of the samples, the superhydrophobic surface gave the highest 

water contact angle and surface roughness while the glass slide had the lowest 

surface roughness and water contact angle; surface roughness: glass slide < 

polystyrene A < polyurethane < polystyrene B < superhydrophobic surface, water 

contact angle: glass slide < polystyrene B < polystyrene A < polyurethane < 

superhydrophobic surface).  

2.3.2 Bacteria attachment after 1h exposure in BHI and PBS 

In the bacteria adhesion process, five different samples were placed in ~108 CFU/mL 

of bacteria suspension with (in BHI) or without (in PBS) nutrients and incubated for 

1 h at 37 o C. In order to compare the number of bacteria on the samples, the bacteria 

attached samples were stained by crystal violet solution, and the stained samples 

were placed in to ethanol to solubilized the crystal violet in ethanol.  
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Table 2.1 Surface roughness and water contact angle of glass slide, polyurethane, 

polystyrene A, polystyrene B, and superhydrophobic surface  

Sample Surface roughness (Ra) Water contact angle (o) 

Glass slide 

 
 

4.9 ± 0.9 nm 5.7  ± 0.7 o 

Polyurethane 

  

182.9 ± 72.6 nm 102 ± 1.1 o 

polystyrene A 

  

160.5 ± 26.4 nm 88.9 ± 1.9 o 

polystyrene B 

  

436.2 ± 245.1 nm 84.8 ± 2.9 o 

superhydrophobic 

surface 
  

1212.9 ± 323.0 nm 163.3 ± 2.8o 
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The absorption of crystal violet was measured at a wavelength of 590 nm, and the 

absorption is proportional to the number of attached bacteria73,174. In this chapter, E. 

coli, S. aureus, CRE, and MRSA were used. Prior to the bacteria attachment, it was 

confirmed that intact superhydrophobic surface was not stained by crystal violet 

solution175 and that the crystal violet stain against glass slide, polyurethane, and 

polystyrenes was minor (absorption at 590 nm: <0.01).  

Figure 2.4 shows the number of bacteria attached on glass slide, polyurethane, 

polystyrene A and B, and superhydrophobic surface after 1 h of bacteria exposure. 

After 1h of bacteria exposure in BHI or PBS, it was observed that the 

superhydrophobic surface had less bacteria attachment than the glass slide, 

polyurethane, polystyrene A and B samples (all of bacteria at BHI and PBS: P-value 

<0.5). In the experiment of S. aureus, MRSA, E. coli, and CRE in BHI, it was 

confirmed that bacteria adhesion on the superhydrophobic surface was >26% lower 

than the other surfaces, and the reduction in CRE attachment was about 91% 

compared with other surfaces. The experiment in PBS showed that bacteria adhesion 

on the superhydrophobic surface was >35% lower, compared to other samples, and 

the adhesion difference of the superhydrophobic surfaces and other surfaces 

containing glass slide, polyurethane, polystyrene A and B was the highest on S. 

aureus (69–82% less than the other samples).  
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Fig. 2.4 Quantitative comparison of bacteria attached on glass, polyurethane, polystyrene A, 

polystyrene B, and superhydrophobic surface after 1 h of bacteria exposure. Error bars 

indicate standard deviation. 
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2.3.3 Bacteria attachment and surface colonization on 

superhydrophobic surface with exposure time 

Figure 2.5 shows bacteria attachment on superhydrophobic surfaces with exposure 

time in BHI and PBS medium. The number of bacteria attached on 

superhydrophobic surface was minimal at 1 h of bacteria exposure. However, the 

number significantly increased with increasing exposure time. After 24 h of the 

exposure, the number of attached bacteria was >12 times higher, compared to that 

at 1 h exposure. The highest increase in bacteria adhesion was shown on CRE (BHI) 

and S. aureus (PBS), and the number of CRE and S. aureus attached to 

superhydrophobic surface after 24 h of bacteria exposure was 43 and 21 times higher 

than them after 1 h of bacteria exposure, respectively.  

Figure 2.6 shows bacterial surface coverage of the superhydrophobic surfaces with 

exposure time. Violet colour on the insets represented the area where bacteria 

colonized. It was shown that at the beginning (4 h of bacteria exposure in BHI and 

PBS) bacterial colonization happened at an edge of the superhydrophobic surface, 

and the colonized area diffused across the surface with exposure time. After 24 h 

exposure, the bacteria colonized >95% and >92% of the superhydrophobic surfaces 

in BHI and PBS, respectively. The surface coverage by MRSA was the highest (the 

coverage: 99.7%) and fastest at both BHI and PBS. 
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Fig. 2.5 Bacteria adhesion on superhydrophobic surface after 1, 4, 8, 16, and 24 h of 

bacteria exposure (a) in BHI and (b) in PBS 
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Fig. 2.6 Bacterial surface coverage on superhydrophobic surface after 1, 4, 8, 16, and 24 h 

of bacteria exposure (a) in BHI and (b) in PBS. Insets in the Figure shows bacterial surface 

coverage (violet colour) with the time.  
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2.3.4 Change of the water contact angle with increasing 

bacterial exposure time  

Prior to the experiment, it was confirmed that PBS and BHI solutions did not give 

adverse effects on the water repellency to superhydrophobic surface. Figure 2.7 

shows average water contact angle of superhydrophobic surface bacteria with 

exposure time in BHI and PBS. At 1 h of bacteria exposure in BHI and PBS, the 

superhydrophobic surface maintained its water repellency with an average water 

contact angle of >150.4 o. However, the average angle reduced with exposure time, 

and after 24 h, the contact angle of the superhydrophobic surface was below 112 o, 

indicating that the surface changed from superhydrophobic to hydrophobic.  

Figure 2.8 shows the change of water contact angle across the superhydrophobic 

surface after 1, 4, 8, 16, and 24 h of bacteria exposure.  Blue and red on the colour 

scale bar indicate low and high contact angles, respectively. It was observed that at 

the beginning of bacteria exposure, all areas of superhydrophobic surface 

maintained the water repellency (water contact angle of >150 o), even although an 

edge of the surface had a small reduction of the contact angle. But, after 4 h exposure, 

a water contact angle on the edge of the surface was reduced by >50 o and the 

reduction diffused across the surface with time and, after 24h, the reduction was 

observed on all areas of the superhydrophobic surface.  This is explained by that fact 

that the attachment of bacteria, which have a hydrophilic cell wall (Figure 2.9) 

produced a reduction in water repellency to the superhydrophobic surface. As shown 

Figure 2.10 and 2.11, SEM and confocal microscopic analyses showed that bacteria 

colonized across the superhydrophobic surface after 24 h. AFM analysis showed 

that due to bacterial colonization, the roughness of superhydrophobic surface 
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reduced to 501.8 nm from 1212.9 nm.  

 

 

 

Fig. 2.7 Average water contract angle on superhydrophobic surface after 1, 4, 8, 16, and 

24 h bacteria exposure: (a) in BHI and (b) in PBS 
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Fig. 2.8 Water contact angles across superhydrophobic surface after 1, 4, 8, 16, and 24 h 

of bacteria exposure 

1 WAC: water contact angle 
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Fig. 2.9 Water contact angle of S. aureus, MRSA, E. coli, and CRE bacteria colonies. 

 

 

Fig. 2.10 AFM and SEM images of superhydrophobic surface (a) before and (b) after 24 h 

bacteria colonization in BHI and PBS.  
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Fig. 2.11 Images of (a) S. aureus, (b) MRSA, (c) E. coli, and (d) CRE bacteria attached on 

superhydrophobic surface. The images of bacteria were taken using confocal microscopic 

system and SYTO 9 in live/dead staining kit.  

2.3.5 Bacteria adhesion of glass, polystyrene A, polystyrene B, 

polyurethane, and superhydrophobic surface after 24 h  

Figure 2.12 shows the quantitative comparison of bacteria adhesion on a glass slide, 

polyurethane, polystyrene A, polystyrene B, and superhydrophobic surfaces after 24 

h bacteria exposure in BHI and PBS. It was observed that compared to samples at 1 

h of bacteria exposure, the number of attached bacteria for all of tested samples 

significantly increased, and in contrast with that of 1 h exposure, the bacteria number 

on the superhydrophobic surface was much greater than that on a glass, polyurethane, 

polystyrene A, and polystyrene B: it was observed that the number of bacteria on 

superhydrophobic surface was >1.6 times higher  than  them on other samples (P-

value <0.01 for all bacteria in BHI and PBS). In comparison of superhydrophobic 
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surface and glass, the difference in the attached bacteria number between them was 

significant. In particular, the CRE (in BHI) and MRSA (in PBS) numbers on 

superhydrophobic surface were 9.3 and 11.4 times higher than the glass, respectively.  

To determine what factor affects the significant increase of bacteria adhesion on 

superhydrophobic surface, correlation of the number of bacteria on the samples and 

surface roughness or water contact angle was analysed because it was known that 

surface roughness and water contact angle influence bacteria adhesion on 

surfaces176-179. As shown in Figure 2.13, a significant correlation of the bacteria 

numbers and surface roughness of glass, polyurethane, polystyrene A, polystyrene 

B, and superhydrophobic surface was observed; the correlation coefficient of them 

ranged from 0.92 to 1 in BHI and PBS. Figure 2.14 shows correlation of the number 

of bacteria and water contact angle on samples after 24 h of bacteria exposure. the 

correlation coefficients of water contact angle on the samples and the attached 

bacteria numbers in BHI and PBS was lower than that of surface roughness of the 

samples: the coefficient ranged from 0.17< r <0.9, and any trend of relation between 

them was not confirmed.  

To validate our experimental results, bacteria adhesion on another superhydrophobic 

surface was tested. As shown in Table 2.2, the PDMS based superhydrophobic 

surface had a water contact of 153° with low rolling off angle and contact angle 

hysteresis, and a surface roughness of 808 nm. In the bacteria adhesion assay, MRSA 

was used.  
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Fig. 2.12 Quantitative comparison of bacteria attached on glass, polyurethane, polystyrene 

A, polystyrene B, and superhydrophobic surface after 24 h exposure 
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Fig. 2.13 Correlation of the number of bacteria and surface roughness on glass, polyurethane, 

polystyrene A, polystyrene B, and superhydrophobic surface after 24 h of bacteria exposure 
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Fig. 2.14 Correlation of the number of bacteria and water contact angle on glass, 

polyurethane, polystyrene A, polystyrene B, and superhydrophobic surface after 24 h of 

bacteria exposure 
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As shown in Figure 2. 15, bacteria adhesion result against the PDMS surface was 

quite similar with the results shown in Section 2.3.5. It was observed that the number 

of bacteria attached to the surface was much more than on glass, polyurethane, 

polystyrene A, and polystyrene B (P-value <0.01), and statistically significant 

correlation between the number of attached bacteria and surface roughness on 

samples was confirmed (0.96 < r <0.98) and the correlation coefficient was higher 

than that of water contact angle (0.82< r <0.92). 

 

Table 2.2 water contact angle, rolling off angle, contact angle hysteresis, and surface 

roughness of PDMS based superhydrophobic surface  

 Water contact 

angle 

Rolling off 

angle 

Contact 

angle 

hysteresis 

Surface 

roughness 

(Sa) 

PDMS based  

superhydrophobic  

surface 

153.4 ± 2.0 o 2.8 ± 1.3 o 1.5 ± 1.1 o 808 ± 19.6 nm 
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Fig. 2.15 (a) Quantitative comparison of the number of MRSA bacteria attached on samples 

and correlation of the bacteria number on sample and (b) surface roughness or (c) water 

contact angle of samples after 24 h exposure in BHI and PBS  

Previous research has showed that superhydrophobic surfaces in the Cassie-Baxter 
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state have less bacteria attachment than glass and other surfaces, and it was 

speculated that as air-bubbles are entrapped on the superhydrophobic surface when 

the superhydrophobic surfaces are immersed in bacteria suspension, the bubbles 

prevent bacteria adhesion on the surface68,73. But, the experimental results presented 

here indicate that over a long period of time, the number of bacteria attached on 

superhydrophobic surface was greater than the other samples containing glass, 

polystyrene, and polyurethane. Statistical correlation analyses indicated that the 

significant increase of bacteria attachment was because of the high roughness of the 

superhydrophobic surface. 

2.3.6 Air-bubble layer on superhydrophobic surface 

To determine the reason that bacteria adhesion on the superhydrophobic surface 

dramatically increased, three different experiments were conducted with respect to 

mutant bacteria, plastron effect, and air-bubble layer. Figure 2.16 shows adhesion 

of S. aureus and mutant S. aureus against superhydrophobic surface after 1 h and 24 

h bacteria exposures in BHI and PBS.  S. aureus (strain JE2) and mutant S. aureus 

(transposon mutant NE679) differ only in that the mutant has an inactivated ∆ pbp4 

gene, resulting in a lack of the peptidoglycan cross-linkage180,181. Mutant S. aureus 

with defective cell wall structure presents increased deformation of the membrane 

when it interacts with a surface and a decreased adhesion force indicating that 

bacterial membrane structure is important for surface recognition. It was 

hypothesized that the air bubbles were effectively air-cushioned layer and prevented 

the bacteria from recognizing the adhesion force of the surface180,181.  

After 1 h of the bacteria exposure in BHI or PBS, it was confirmed that both the 
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number of bacteria attached on the superhydrophobic surface was very low and there 

was no difference between S. aureus and mutant S. aureus (P-value >0.4 at both 

BHI and PBS). This indicates that as air-bubbles were entrapped on the 

superhydrophobic surface, most of the bacteria did not contact the surface, and as a 

result, they are in the planktonic state. After 24 h exposure, both bacteria attachment 

significantly increased, and the number of mutant S. aureus on the superhydrophobic 

surface was lower than S. aureus (In BHI:  P-value <0.05, In PBS:  P-value <0.01), 

This indicates that physical change occurred to the superhydrophobic surface. It can 

be explained that the bacteria directly in contact with the superhydrophobic surface 

as air-bubbles entrapped on superhydrophobic surface disappear, and bacteria begin 

to colonize the surface. The mutant bacteria, which is less responsive to external 

force, produce less biofilm than the wild type S. aureus. 

 
Fig. 2.16 Adhesion of S. aureus and mutant S. aureus on superhydrophobic surface before 

and after disappearance of the air-bubble layer 
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When the superhydrophobic surface, in the Cassie-Baxter state, is vertically placed 

in water and turned 49 o, a mirror like surface emerges due to light reflection.  The 

effect is produced by the air-bubble layer entrapped between the superhydrophobic 

surface and water which is known as the plastron effect. As shown in Figure 2.17, 

the mirror like surface emerged right after being vertically placed and rotated in 

water and the effect was observed across the superhydrophobic surfaces171,182. For 

60 min immersion, the mirror like surface was maintained across the surface and 

after that, it started to disappear. After 120 min in water, the mirror like surface was 

confirmed around of edge and corner of superhydrophobic surface. After 150 min, 

the effect totally disappeared from the surface, indicating total disappearance of air-

bubbles from the superhydrophobic surface. 

 
Fig. 2.17 Mirror like surface produced by the plastron effect of an air-bubble layer 
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Fig. 2.18 Shape and change of the air-bubble layer entrapped between water and the 

superhydrophobic surface 

Figure 2.18 shows the shape of the air-bubble layer entrapped on the 

superhydrophobic surface in water. Since air-bubble layer on the superhydrophobic 

surface which has a surface roughness of about 1 µm was too small, it was 

impossible to observe the bubble layer on the superhydrophobic surface. Therefore, 

a superhydrophobic surface, about 139.5 µm in surface roughness (Ra), was used. 

The sample was horizontally placed in water and then its images were captured side 

on by optical microscopy. As shown in the Figure, air-bubbles between humps of 

the surfaces were observed. This explains why superhydrophobic surface has anti-

biofouling property over a short period of time. The air-bubble layer entrapped 

between water and the surface significantly reduced the contact area between 

bacteria and superhydrophobic surface and the bacteria could not penetrate the 

air/water interfaces68. However, the thickness of the air-bubble layer reduced with 

increasing immersion time, and it totally disappeared from the surface after 60 min 

immersion. The loss resulted from air dissolution into water183,184. This explains the 
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reason that bacteria adhesion on superhydrophobic surface significantly increased 

after 24 h. After disappearance of the air-bubble layer, the high roughness (1.2 µm) 

of superhydrophobic surface provided a favourable setting to bacteria colonization 

(E. coli (rod shape): ~0.5 µm in diameter and <2 µm in length, and S. aureus 

(spherical shape): <1 µm in diameter)16,21.   

 A cleaning experiment against bacteria attached on glass, polystyrene A, 

polyurethane, polystyrene B, and superhydrophobic surface was conducted. A glove 

covered finger repeatedly and vigorously wiped the bacteria attached samples. 

Figure 2.19 showed bacteria numbers on the samples before and after the cleaning 

process. Of tested samples, the bacteria removal efficiency was the lowest on 

superhydrophobic surface. This would be due to high roughness of 

superhydrophobic surface. The wiping does not reach the bacteria settled down 

inside the groves of the surface. Additionally, after the wiping, the number of 

remained bacteria was the lowest on glass. 

In terms of an anti-biofouling behaviour of the superhydrophobic surface, the 

Ivanova group reported that in test of bacteria strains, superhydrophobic surface has 

no anti-biofouling behaviour against S. aureus indicating selective anti-biofouling 

action185,186. They speculate that this is attributed to bacteria morphology: different 

morphology might affect surface contact degree185,186. But, researches contradicting 

the result of Ivanova group have been reported68,187,188.  
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Fig. 2.19 The numbers of (a) S. aureus, (b) MRSA, (c) E. coli and (d) CRE on glass, 

polystyrene A, polystyrene B, polyurethane, and superhydrophobic surface before and after 

finger wiping. Samples were immersed in bacterial suspension for 24 h at 37OC and then 

finger wiping was conducted against bacteria attached samples.  
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This chapter shows a transformation of a superhydrophobic surface from an anti-

biofouling surface to a bacteria reservoir. Contrary to results in previous 

research68,71,189, a superhydrophobic surface does not always keep its anti-biofouling 

property. Even although the air-bubble layer on a superhydrophobic surface prevent 

bacteria adhesion, the high roughness of the superhydrophobic surface became a 

favourable condition for bacteria as the bubble layer disappear with time. As a result, 

bacteria attachment to the superhydrophobic surface was much more than other 

samples with smooth surfaces such as glass, polyurethane, and polystyrene. 

Moreover, cleaning tests showed that it was more difficult to remove the bacteria 

attached to superhydrophobic surface than other sample surfaces.  

2.4 Conclusion 

In previous researches. Bacterial repellency of superhydrophobic surfaces was 

reported via experiments over a short period of time (<4 h) and they stated that use 

of superhydrophobic surface can be a useful strategy to control bacteria surface 

contamination. But, the results in this chapter demonstrated that the anti-biofouling 

property of superhydrophobic surface is lost with time although it initially has the 

property resulting in a worse surface than the intact surfaces that have been broadly 

utilized. This chapter corrects a misunderstanding on anti-biofouling application of 

certain types of superhydrophobic surfaces.  

The use of superhydrophobic surface in air might be useful in the case of removing 

bacteria and viruses deposited on the surface through water dropping and rolling 

because the rolling motion takes away the organisms. However, full surface 

immersion in bacteria contaminated water or permanent exposure of the 



75 

 

contaminated water to the surface can make superhydrophobic surface become a 

bacteria reservoir which would be a source of HAIs spread. This chapter study 

clearly shows that it is necessary that hospital surfaces have bactericidal properties 

to prevent bacteria contaminated surface. 

In Chapter 3-5, white light-activated bactericidal polymers, and self-cleaning and 

bactericidal paints to inhibit the surface contamination were developed, 

characterised, and tested their bactericidal effect against E. coli, and S. aureus.  
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Chapter 3: Silver nanoparticles and toluidine blue O 

incorporated polyurethane; white light-activated 

bactericidal polymer 

 

 

 

 

 

 

 

 

3.1 Introduction  

Toluidine blue O (TBO), methylene blue (MB), and crystal violet (CV) are widely 

known both as biological stains and as light activated bactericidal agents (LABAs) 

152,156. The LABAs are readily soluble in water, ethanol, and acetone, and they 

generate reactive oxygen species (ROS) when exposed to a visible light 

source156,159,190,191. The ROS produces bacteria cellular injuries including DNA 

damage, a disruption of membrane integrity, and this induces bacteria death192,193. 

In terms of LABA application to surfaces, a range of studies have been performed. 

It was reported that LABAs could be encapsulated into polymers, which are widely 

used in hospitals, by a swell-encapsulated-shrink technique and the polymers 
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containing LABAs showed bactericidal activity in white light which is a common 

hospital light source157,158,194. It was also reported that gold or zinc oxide 

nanoparticles addition into the LABA encapsulate polymer significantly enhanced 

bactericidal activity under light161,195, and Noimark et al. (2014) and (2015) showed 

that multi-LABAs incorporation into polymer exhibited a potent photobactericidal 

effect and they also represented bactericidal activity under dark conditions159,196. 

In this chapter, silver nanoparticles and TBO encapsulated polyurethane was 

produced through a swell-encapsulation-shrink technique, and its bactericidal 

activity was compared with that of the polymers with TBO and gold nanoparticles 

or mixture of gold and silver nanoparticles in white light and in the dark. The 

experimental results showed that silver nanoparticles and TBO encapsulated 

polyurethane had a stronger photobactericidal activity than the polyurethane with 

TBO and gold nanoparticles or polyurethane with TBO mixture of the nanoparticles 

and that it even showed potent bactericidal activity in dark.  

3.2 Experimental  

3.2.1 Nanoparticle synthesis and characterization 

Suspension A: 49.2 mg of Gold (III) chloride trihydrate (HAuCL4·3H2O, Sigma-

Aldrich, St. Louis, MO, USA) was dispersed in 25 mL of deionised (DI) water and 

then sonicated for 5 min to get 5 mM solution.  

Suspension B: 45 mg of silver nitrate (AgNO3, Sigma-Aldrich, St. Louis, MO, USA) 

was dispersed in 50 mL of DI water, and then sonicated for 5 min to produce 5 mM 

solution.  
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Suspension C: 294.7 mg of tri-sodium citrate dihydrate (Na3C6H5O7·2H2O, Hopkin 

& Williams Ltd, London, UK) was dispersed in 50 mL of DI waster and then 

sonicated to form 20 mM solution. 

3.2.1.1 Synthesis of gold (Au) nanoparticles  

1 mL of suspension A was mixed with 18 ml of DI water and heated with constant 

agitation until a boiling point. After that, 1 mL of suspension C was added into the 

mixture. Under constant agitation, the mixture was boiled for a further 30 min and 

then it was placed in a dark room to cool down.  

3.2.1.2 Synthesis of silver (Ag) nanoparticles  

1 mL of suspension B was mixed with 18 mL of DI water and heated with constant 

agitation until boiling point. After the boiling, 1 mL of suspension C was added into 

the mixture. Under constant agitation, the mixture was boiled for a further 30 min 

and then it was placed in a dark room to cool down.  

3.2.1.3 Mixture of silver and gold (Ag/Au) nanoparticles  

Suspensions of Ag and Au nanoparticles was mixed together and it was agitated for 

5 min. The mixing ratio was about 1 to 1.  

3.2.1.4 Transmission electron microscopy 

In order to determine size, morphology, chemical elements of the synthesized 

nanoparticles, transmission electron microscopy (TEM) equipped with energy 

dispersive X-ray spectroscopy (EDS) (JEM-2100, JEOL Inc., Peabody, MA, USA) 
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was used. A droplet of nanoparticles suspension was dropped on to TEM grid and 

dried in a dark room for 24 h. The nanoparticles were observed by TEM at an 

accelerating voltage of 100–200 kV.  EDS point analysis and EDS mapping were 

performed on the particles.  

3.2.1.5 Ultraviolet and visible absorbance spectroscopy 

 

Fig. 3.1 UV/Vis absorption measurement using UV/Vis spectrometer 

3 ml of nanoparticle suspension was loaded in a glass cuvette, and the Ultraviolet 

and Visible (UV/Vis) absorption spectra of the nanoparticles suspension was 

measured by a UV/Vis spectrometer (Lambda 25, PerkinElmer Inc., Winter St., CT, 

USA) which has a detection range of wavelengths of 190–1100 nm. As shown in 

Figure 3.1, the treated sample was loaded on to the light wavelength detector, and 

then UV/Vis absorption spectra against control, and treated polyurethane were 

measured at wavelengths of 350–900 nm.  
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3.2.2 White light-activated bactericidal polyurethane and 

characterization 

3.2.2.1 Production of bactericidal polyurethane 

 

Fig.3.2 Preparation of bactericidal polyurethane 

To produce white light-activated bactericidal polyurethane, a swell-encapsulated-

shrink process was employed. 60 mg of toluidine blue O powder (TBO, Sigma-

Aldrich, St. Louis, MO, USA) was dispersed in to a mixture of acetone (9 mL), and 

DI water or nanoparticles (1 mL) to obtain 19.6 mM of TBO solution, and then it 

was sonicated for 5 min in order to get complete dissolution of the TBO powder.  As 

shown in Figure 3.2, polyurethane (1.0 cm ×1.0 cm) was immersed in 10 mL of 

TBO solution and left in a dark room for 24 h. The polyurethane was collected from 

the TBO solution, washed by DI water twice and then dried for 24 h in a dark room. 

Five different samples were produced as follows: control, TBO only, TBO with Au 

nanoparticles, TBO with Ag nanoparticles and TBO with Au/Ag nanoparticles.  
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3.2.2.2 Ultraviolet and visible absorbance spectroscopy 

To confirm the amount of nanoparticles encapsulated into the polyurethane sample, 

The UV/Vis absorbance spectra of the nanoparticle suspension were measured 

before and after the swell-encapsulation-shrink process. The polyurethane was 

placed in a mixture of acetone (9 mL), and nanoparticles (1 mL) for 24 h. Through 

comparison of absorbance at 409 nm for (Ag nanoparticles) and 526 nm (Au 

nanoparticles) or both at 409 and 526 nm (Mixture of Ag and Au nanoparticles), the 

amount of the nanoparticles encapsulated into polyurethane could be detected.  

The uptake ratio of nanoparticles from the suspension to polyurethane was 

calculated as follow;  

Uptake ratio =  
AUbefore−AUafter

AUbefore
    

Where AUbefore and AUafter represents the absorbance values of nanoparticles 

suspension before and after polyurethane immersion in the suspension, respectively.  

3.2.2.3 Fluorescence microscopy 

In order to determine the diffusion of TBO inside polyurethane, the polymer sample 

was placed in TBO solution for 5, 30, and 60 min, washed by DI water twice, and 

then followed by drying in a dark room for 24 h. The side section of TBO stained 

polyurethane was sliced into 400 µm thickness by a scalpel and placed on a glass 

slide. The images of sample were captured by  an inverted fluorescence microscope 

(Model-IMT-2, Olympus Ltd., Tokyo, Japan) equipped with cooled scientific-grade 

16-bit digital CCD camera (Model- PIXIS 512, Roper industries Ltd., 

Sarasota, FL, USA). The TBO molecules impregnated in the sample was observed 

https://www.google.co.uk/search?espv=2&biw=1164&bih=530&q=sarasota+florida&stick=H4sIAAAAAAAAAGOovnz8BQMDgzMHnxCnfq6-gWVyZUmKEgeIWVRUXqKllZ1spZ9flJ6Yl1mVWJKZn4fCscpITUwpLE0sKkktKt4rvS7qxPYvGnvqjnUtuvrvarf_5rMAmjla62AAAAA&sa=X&ei=WJTCVOykH6bA7AbY8YDgAw&sqi=2&ved=0CHsQmxMoATAR
https://www.google.co.uk/search?espv=2&biw=1164&bih=530&q=florida&stick=H4sIAAAAAAAAAGOovnz8BQMDgzMHnxCnfq6-gWVyZUmKEgeIaVRRVKmllZ1spZ9flJ6Yl1mVWJKZn4fCscpITUwpLE0sKkktKj5x6B0Xs2BI1PkMmf1BOzwiQl7lLQUAK8hIFmAAAAA&sa=X&ei=WJTCVOykH6bA7AbY8YDgAw&sqi=2&ved=0CHwQmxMoAjAR
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by fluorescence excitation with a 633 nm laser. Fluorescence was detected by a 

bandpass filter focused at 660 nm (model-660DF30, Omega Optical Inc., 

Brattleboro, VT, USA). The images were subsequently analysed by WinSpec/32 

(Roper industries Ltd., Sarasota, FL, USA) and ImageJ software 

(\ \http://rsbweb.nih.gov/ij/). 

3.2.2.4 Water contact angle 

The equilibrium water contact angle was determined on the sample using a contact 

angle meter (First Ten Angstroms, Inc., Portsmouth, Virginia, USA). A water 

droplet (volume: 5 µL) was inoculated on the sample, its image was captured side 

on and analyzed by Surftens 4.5 software.  

3.2.2.5 Elastic modulus 

Elastic stress of samples was measured using material testing and inspection device 

(AGS-X, Kyoto, Japan) with 10 kN of load capacity. The tensile action grips were 

used for sample with size of 0.8 mm (thickness) × 3 mm (width) × 55 mm (length). 

At an initial distance of 30 mm between the grips, the sample was stretched at a 

speed of 300 mm/min until final sample size increased by 5 times than initial one. 

The result was analysed by Trapezium Lite X software. 

https://www.google.co.uk/search?espv=2&biw=1164&bih=530&q=sarasota+florida&stick=H4sIAAAAAAAAAGOovnz8BQMDgzMHnxCnfq6-gWVyZUmKEgeIWVRUXqKllZ1spZ9flJ6Yl1mVWJKZn4fCscpITUwpLE0sKkktKt4rvS7qxPYvGnvqjnUtuvrvarf_5rMAmjla62AAAAA&sa=X&ei=WJTCVOykH6bA7AbY8YDgAw&sqi=2&ved=0CHsQmxMoATAR
https://www.google.co.uk/search?espv=2&biw=1164&bih=530&q=florida&stick=H4sIAAAAAAAAAGOovnz8BQMDgzMHnxCnfq6-gWVyZUmKEgeIaVRRVKmllZ1spZ9flJ6Yl1mVWJKZn4fCscpITUwpLE0sKkktKj5x6B0Xs2BI1PkMmf1BOzwiQl7lLQUAK8hIFmAAAAA&sa=X&ei=WJTCVOykH6bA7AbY8YDgAw&sqi=2&ved=0CHwQmxMoAjAR
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3.2.2.6. Bactericidal test 

 

Fig. 3.3 Bactericidal experiment on white light-activated bactericidal polyurethane  

The bactericidal activity of the sample was tested against Escherichia coli (E. coli 

ATCC 25922) which was stored in Brain-Heart-Infusion broth (Oxoid Ltd., 

Hampshire, England, UK) containing 20% (v/v) glycerol at –70oC were propagated 

on MacConkey agar (Oxoid Ltd., Hampshire, England, UK). One bacterial colony 

was inoculated in 10 mL of BHI broth, and then it was incubated at 37 o C with 

shaking at 200 rpm. After 18 h incubation, the bacteria were collected through 

centrifugation at 5000 rpm for 10 min, and 10 mL of phosphate buffered saline (PBS) 

was added and vortexed for 1 min. It was centrifuged again in order to get bacteria 

which re-suspended in 10 mL of PBS, and then it was diluted 1000-fold to obtain 

~106 colony forming units per mL (CFU/mL). As shown in Figure 3.3, 25 µL of the 

bacteria suspension was inoculated on to the sample and a sterile glass cover slip 

(2.2 cm × 2.2 cm) was placed on it to make a good contact between the bacteria and 

the sample. The sample was loaded into petri dish with moistened paper to keep 

humidity and exposed to white light while another sample was kept in a dark room. 

After light exposure, the sample was placed into 450 µL of PBS, and vortexed for 1 

min. The bacterial suspension was serially diluted, plated onto MacConkey agar, 
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and incubated at 37 o C for 24 h. The colonies grown on the agar were counted. 

3.2.2.7 Statistical analysis 

Experimental data were analysed by SPSS (IBM Corporation, Armonk, New York, 

USA) in terms of Mann–Whitney U test. 

3.2.2.8 White light lamp exposure 

  
Fig. 3.4 Emission spectrum of white light lamp 

The light source selected in present study was 28 W white fluorescent lamp (GE 

Lighting, East Cleveland, Ohio, USA). This lamp was chosen because it has same 

characteristic with lamps used in health care facilities of United Kingdom. As shown 

in Figure 3.4, the emission wavelength of the lamp ranges from 400–730 nm, and it 

contains peak wavelengths of 405, 495, 545, 588, and 610 nm  
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Fig. 3.5 Distribution of light intensity. Colour scale bar corresponds from low (blue) to high 

light intensity (red) 

Figure 3.5 shows that light distribution of the lamp which the painted samples were 

exposed to. The light intensity was investigated at a distance of 30 cm from the lamp 

using a lux meter. The light intensity was between 3900 to 5300 lux and the intensity 

average was 4400 lux. In all experiments, surrounding temperature was kept at 20 o 

C inside an incubator.  

3.3. Result and discussion 

3.3.1 Synthesis of nanoparticles and their characterization 

3.3.1.1 Transmission electron microscopy 

To determine the characteristics of synthesized nanoparticles, TEM and EDS was 

used. The nanoparticles were produced by citrate reduction in solutions of gold (III) 

chloride trihydrate or silver nitrite at boiling point. Figure 3.6 shows TEM images 

of silver (Ag) and gold (Au) nanoparticles, and mixtures of Au and Ag nanoparticles 

(Mix Ag/Au nanoparticles). The size of silver and gold nanoparticles was poly-
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dispersed, they were not agglomerated, and they had a wide range of morphology 

containing spheres, rods, triangles, and ellipses. To determine the size of Ag, Au, 

and Mix Ag/Au nanoparticles, 20 TEM images at each condition were analysed by 

ImageJ software. As shown in 3.7 a and b, the average size of silver nanoparticles 

was 22.4 nm with interquartile range of 24 nm and median of 22 nm, and, average 

size of gold nanoparticles was 34.4 nm with interquartile range of 12 nm and median 

of 34 nm. In case of the mixture of Ag and Au nanoparticles, it was observed that 

most of mixed nanoparticles were aggregated and that the average size of the 

agglomerations was 252 nm with interquartile range of 200 nm and median of 175 

nm (Figure 3.6 c and Figure 3.7 c). As shown in Figure 3.8 a and b, EDS analysis of 

the nanoparticles showed that all of peaks were assigned to silver and gold, 

respectively, and the silver and gold elements were uniformly distributed in the 

particles, respectively. The analysis for the mixture showed that the peaks assigned 

to both silver and gold (Figure 3.8 c). Additionally, impurities on the nanoparticles 

were not detected, and peaks on carbon, copper, and silicon were from the TEM grid.  

 

Fig. 3.6 TEM images of (a) Ag, (b) Au, and (c) Mix Ag/Au nanoparticles 
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Fig. 3.7 Size distributions of (a) Ag nanoparticles (NPs), (b) Au NPs, and (c) Mix Ag/Au 

NPs.  
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Fig. 3.8 EDS analysis for synthesized (a) Ag nanoparticles, (b) Au nanoparticles, and (c) 

Mix Ag/Au nanoparticles. Green and red colours on the insets indicate silver and gold 

elements, respectively.   
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3.3.1.2 Ultraviolet and visible absorbance spectroscopy 

3 mL of the nanoparticles suspension was used at each condition to determine 

UV/Vis absorbance spectra of the nanoparticles and it was measured at wavelengths 

of 350–950 nm by UV/Vis spectrometer. As shown in Figure 3.9, the UV/Vis spectra 

of silver nanoparticles showed a peak at 409 nm and the spectra of gold nanoparticles 

exhibited a peak at 526 nm. In case of the mixture of both nanoparticles, a dual peak 

was observed at 412 nm and 530 nm, indicating silver and gold nanoparticles 

respectively. However, the peaks were slightly shifted right, compared with pure 

silver or pure gold nanoparticles. This might be that some gold had entered into the 

Ag nanoparticles or vice versa197. 

 

Fig. 3.9 UV/Vis absorption spectra of Ag nanoparticles (NPs), Au NPs, and Mix Ag/Au 

NPs   
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3.3.2 White light-activated bactericidal polyurethane and its 

characterization 

A swell-encapsulation-shrink process was used to produce white light activated 

bactericidal polyurethane. Acetone was employed as a swelling solution. During 

swell-encapsulation process, as polyurethane swells in acetone, toluidine blue O 

(TBO) molecules and nanoparticles suspended in acetone were impregnated into the 

polymer matrix. The polyurethane shrinks when it is collected from acetone and 

dried in a dark room at normal temperature. After shrinking, the dye molecules and 

nanoparticles are entrapped inside the polyurethane. White light-activated 

bactericidal polyurethane was fabricated through the process for 24 h. As shown in 

Figure 3.10, TBO dye and nanoparticles were incorporated into polyurethane and 

the colour of the treated polymers was dark blue.   

 

 

Fig. 3.10 White light-activated bactericidal polyurethane produced by swell-encapsulated-

shrink process for 24 h   
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3.3.2.1 Fluorescence microscopy 

To determine TBO dye diffusion within polyurethane, the TBO impregnated 

polymers for 5, 30, and 60 min were analysed by fluorescence microscopy. The TBO 

fluorescence on thinly sliced sample side sections were photographed by CCD 

camera and 633 nm laser and then the image was analysed to determine extension 

of TBO dye diffusion from the sample surface to inside. Figure 3.11 shows that TBO 

dye diffusion within the polyurethane increases with immersion time in the TBO 

solution. Approximately 2/3 of the sliced polymer was observed and it showed the 

gradient of TBO dye inside the polyurethane. Colour scale bar matches from low 

(black) to high fluorescence (white). The dye was mostly absorbed into near to the 

surface of the polyurethane at the beginning. TBO dye diffused inside sample 

throughout with increase of immersion time and the inside of the polymer was totally 

saturated with TBO dye, and this trend was also observed in other polymer samples 

including TBO only, TBO with Au nanoparticles, TBO with Ag nanoparticles and 

TBO with Mix Au/Ag nanoparticles, and difference in fluorescence between 1 h and 

24 h immersed samples was not observed. 

 
Fig. 3.11 Gradients of TBO dye inside polyurethane after swell encapsulation: (a) 5 min, (b) 

30 min, and (c) 60 min. Colour scale bar runs from low (black) to high fluorescence 

(white). White colour indicates the dye diffusion inside the polymer.  
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3.3.2.2 Ultraviolet and visible absorbance spectroscopy 

3.3.2.2.1 Encapsulation of nanoparticles into polyurethane 

In order to determine nanoparticle uptake from the particles suspension to the 

polyurethane, the UV/Vis absorption spectra of nanoparticles suspension without 

TBO dye were measured before and after the swell-encapsulation-shrink process. 

Absorption decreases of Ag and Au nanoparticles suspension were measured at 

wavelengths of 409 nm and 526 nm, respectively. The decrease of Mix Ag/Au 

nanoparticles suspension was measured at both 409 nm and 526 nm. As shown Table 

3.1, 8 % of Ag nanoparticles in the suspension was encapsulated in to the polymer 

sample and 32 and 25 % of Au nanoparticles and Mix Ag/Au NPs were absorbed in 

to the polymer, respectively 

Table 3.1 nanoparticles (NP) uptake rate from the NPs suspension to polyurethane sample 

Sample 

 NPs Uptake from NPs suspension  

to polyurethane sample (%) 

 

Ag NPs 
 

8 ± 0.5 
 

Au NPs  
32 ± 7 

 

Mix Ag/Au NPs  
 

25 ± 14 
 

 

3.3.2.2.2 UV/Vis absorption spectra of white light-activated bactericidal 

polyurethane 

For making the bactericidal polyurethane, the polymer samples were treated by TBO 

solutions with Ag nanoparticles, Au nanoparticles, and Mix Ag/Au nanoparticles for 

24 h, and the UV/Vis absorption spectra of the polymers were measured in the 

wavelengths of 350–950 nm. Figure 3.12 shows the absorption spectra of control 



93 

 

and treated polymers. All of TBO stained polyurethanes had a main absorbance at 

636 nm, and TBO stained sample with the Ag nanoparticles had the highest intensity 

in absorption. The shoulder peaks of nanoparticles incorporated polymers were 

affected by the type of nanoparticles (sample with Ag nanoparticles: 595 nm, sample 

with Au nanoparticles: 590 nm, and sample with Mix Ag/Au nanoparticles: 592 nm), 

and the absorption spectra of nanoparticles incorporated samples were broader than 

the TBO stained sample. This means that the addition of Ag or Au nanoparticles 

affected the position of the spectra feature on TBO stained polyurethane.  

 

Fig. 3.12 UV/Vis absorption spectra of control, TBO stained polyurethane, and TBO stained 

polyurethanes with Ag nanoparticles, Au nanoparticles, and Mix Ag/Au nanoparticles.  

3.3.2.3 Water contact angle and elastic modulus 

Table 3.2 shows the water contact angle and elastic modulus on samples. Water 

contact angle of intact polyurethane was about 99.9 o indicating hydrophobicity. 

However, the contact angles of the polymers reduced after the swell-encapsulation-
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shrink process for 24 h. Specifically, the angle reduction of the control was the 

highest (the reduction: 29 o). the process made the polyurethane changed from 

hydrophobic to hydrophilic surface, except for the Ag nanoparticle encapsulated 

incorporated polymer.  

Strain-stress experiments were performed in order to investigate a change in 

mechanical property of polyurethane samples resulted from swell-encapsulation-

shrink process. Elastic modulus is a number which measures resistance of an object 

to being deformed elastically when a stress is applied to it. Swell-encapsulation-

shrink process produce a reduction of >5.5 MPa in elastic modulus for all of the 

treated polymer samples and the maximum reduction was observed on TBO only 

sample. This indicates that mechanical durability of the treated polyurethane was 

lower compared to an intact polyurethane, although they are still at a usable range. 

This trend was similar with previous research195. The reduction of mechanical 

property and water contact angle of the polymers resulted from the swell-

encapsulation-shrink process because polyurethane is vulnerable to acetone 

prolonged or repeated exposure198. Additionally, experimental results represented 

that the nanoparticles addition to polyurethane relieved a reduction of water contact 

angle and elastic modulus. 

 

 

 

 

 

 

https://en.wikipedia.org/wiki/Stress_(mechanics)
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Table 3.2 Elastic stress and water contact angle of intact, control, and treated polyurethanes 

Sample 
Elastic modulus 

(MPa) 

Water contact angle  

( o ) 

Intacta 15.1 ± 1.9 99.9 ± 0.7 

Controlb 8.3 ± 0.4 70.5 ± 0.9 

TBO only 6.0 ± 0.6 84.4 ± 0.9 

TBO with Ag NPs 9.6 ± 0.8 90.6 ± 0.8 

TBO with Au NPs 7.6 ± 0.4 88.9 ± 1.1 

TBO with Mix Ag/Au NPs  8.7 ± 0.1 89.8 ± 2.1 

a Untreated polyurethane   

b Acetone treated polyurethane 

3.3.2.4 Bactericidal test 

The bactericidal activity of control, TBO stained polyurethane, and TBO stained 

polyurethane with Ag or Au nanoparticles alone, and Mix Ag/Au nanoparticles was 

tested against, Escherichia coli, which is a representative Gram-negative bacterium 

and which is a key causative agent of HAI, under white light and dark conditions. 

25 µL of E. coli suspension (~106 CFU/mL) was inoculated onto the surface of 

control and treated polymer samples, and then they were exposed to white light 

source at 20oC. Another set of samples were incubated in a dark room at 20oC for 

the identical period of time. The light intensity of white lamp used in this study 

ranged from about 3900 to 5300 lux, and in the dark room, the intensity of the light 

was 0 lux.   

Figure 3.13 and Table 3.3 exhibited bactericidal activity of control and treated 

polyurethanes with nanoparticles and TBO after 3 h and 24 h incubation in a dark  
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Fig. 3.13 Bactericidal activity of control and treated polyurethane (TBO only, TBO with Au 

NPs, TBO with Mix Ag/Au NPs, and TBO with Ag NPs) on E. coli in a dark room: (a) 3 h 

and (b) 24 h incubation  
a Colony forming unit/mL  

*P-value < 0.01                                                   

lower than detection limit of 102 CFU/mL 
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room. After 3 h in the dark room, there were no decrease in the numbers of viable 

bacteria on the control, polyurethane with TBO only, and polyurethane with TBO 

and Au nanoparticles. But, compared to control, a statistically significant (P-value 

<0.01) decrease in the number of viable bacteria were shown on the polymers 

containing TBO and Mix Ag/Au nanoparticles or TBO with Ag nanoparticles alone: 

0.34 and 0.49 log reductions in the number of viable bacteria were confirmed on 

TBO samples with Mix Ag/Au nanoparticles and Ag nanoparticles, respectively.  

After 24 h incubation in a dark room, compared to control, the decrease in the 

number of viable bacteria on polyurethane containing TBO only and the polymer 

containing TBO and Au nanoparticles was negligible while the polymer containing 

TBO and Mix Ag/Au nanoparticles or TBO with Ag nanoparticles alone showed a 

significant reduction in the numbers of bacteria (P-value <0.01), falling below 

detection limit of <102 CFU/mL.  

Figure 3.14 and Table 3.3 show that bactericidal activity of nanoparticle 

encapsulated polyurethane without TBO in a dark room. There was no reduction in 

the number of viable bacteria after 3h of incubation in the dark. In contrast, the 

number of viable bacteria was significantly decreased in Mix Ag/Au nanoparticles 

encapsulated and Ag nanoparticles encapsulated samples after 24 h incubation in the 

dark (P-value o<0.01): a 2.39 log decrease in the number of bacteria was observed 

on Mix Ag/Au nanoparticles encapsulated polymer without TBO, and the decrease 

of bacteria number on Ag nanoparticles encapsulated sample without TBO reached 

to below detection limit.  

AS shown in Table 3.3, it was shown that bactericidal activity of polyurethane 

containing nanoparticles and TBO was stronger than the polymer  
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Fig. 3.14 Bactericidal activity of control and nanoparticle encapsulated polyurethane (PU) 

samples without TBO on E. coli in a dark room: (a) 3 h and (b) 24 h incubations  

*P-value < 0.01 

 lower than detection limit of 102 CFU/mL  
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containing nanoparticles only (P-value <0.01). This indicated that a combined effect 

induced by TBO and nanoparticles incorporated into polyurethane produced 

stronger bactericidal activity than nanoparticles only. Silver and gold nanoparticles 

are widely known bactericidal agent and they showed a broad bactericidal 

spectrum199-201. But, their bactericidal intensity clearly differs. For example, Ag 

nanoparticles have stronger bactericidal activity than Au nanoparticles at same 

concentration of the particle199. This trend agreed with our results under dark 

condition. 

Figure 3.15 and Table 3.3 represent the bactericidal activity of control and treated 

polyurethane with TBO and nanoparticles in white light. In contrast to the treated 

polymer samples in the dark room, all of the treated polymers showed potent 

bactericidal activities after 3 h of white light exposure (all treated polymers: P-value 

<0.01). About 0.74 log and 1.9 log decreases in the numbers of viable bacteria were 

confirmed on polyurethane with TBO only and polyurethane with TBO and Au 

nanoparticles, respectively.  The reductions of viable bacteria on the polymer with 

TBO and Mix Ag/Au nanoparticles and the polymers with TBO and Ag 

nanoparticles reached to below the detection limit after 3 h exposure of white light 

source. As shown in Figure 3.15 a (Table 3.3), difference in bactericidal activity of 

polyurethane containing Mix Ag/Au nanoparticles and polyurethane containing Ag 

nanoparticles was not confirmed in the experiment of 3 h white light exposure 

because the number of viable bacteria was lower than the detection limit. Thus, the 

experiment of 2 h white light exposure was conducted. As shown in Figure 3.15 b 

(Table 3.3), the bactericidal activity of polyurethane with Mix Ag/Au nanoparticles 

showed approximately 1.48 log decrease in viable bacteria number.   
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Fig. 3.15 Bactericidal activity of control and nanoparticle encapsulated polyurethane (PU) 

samples with TBO on E. coli in white light: (a) 3 h and (b) 2 h incubations  

*P-value < 0.01,   

lower than detection limit of 102 CFU/mL 
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This is much lower than that of 3 h white light exposure. In contrast to this, the 

polyurethane containing Ag nanoparticles still maintained potent bactericidal 

activity after 2 h of white light exposure, giving a 4.2 log decrease in the number of 

viable bacteria. The enhanced bactericidal activity exhibited by the polymer 

containing Ag nanoparticles alone might be due to a higher Ag content than the 

polymer containing the Mix Ag/Au nanoparticles. Figure 3.16 and Table 3.3 show 

bactericidal activity of nanoparticles encapsulated polyurethane without TBO after 

3 h of white light exposure. Nanoparticles encapsulation into polyurethane without 

TBO did not enhanced the bactericidal activity. However, as shown in Figure 3.15 

a and Table 3.3, addition of nanoparticles into TBO stained polyurethane 

successfully reinforce the photobactericidal activity, indicating that an interaction of 

TBO molecules and nanoparticles resulted in an enhancement of photobactericidal 

activity. 

Fig. 3.16 Bactericidal activity of control and nanoparticle encapsulated polyurethane (PU) 

samples without TBO on E. coli after 3 h incubation in white light  
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Table 3.3 Comparison of bactericidal activity of control and treated samples on E. coli under 

dark and white light conditions 

3h in dark conditions 3 h in white light conditions 

Samples 
The number of 

viable bacteria 

(CFU/mL) 

Samples 
The number of 

viable bacteria 

(CFU/mL) 

Control 2.9 ± 0.6 × 106 Control 2.9 ± 0.6 × 106 

TBO only 2.9 ± 0.6 × 106 TBO only 5.2 ± 7.0 × 105 

TBO with Au NPs 2.7 ± 0.8 × 106 TBO with Au NPs 3.4 ± 5.0 × 104 

TBO with Ag/Au NPs 1.3 ± 0.9 × 106 TBO with Ag/Au NPs < 102 

TBO with Ag NPs 9.6 ± 6.0 × 105 TBO with Ag NPs < 102 

PU with Au NPs  
(without TBO) 

3.5 ± 0.6 × 106 
PU with Au NPs  

(without TBO) 
3.6 ± 0.6 × 106 

PU with Ag/Au NPs 

(without TBO) 
3.4 ± 1.0 × 106 

PU with Ag/Au NPs 

(without TBO) 
3.2 ± 0.7 × 106 

PU with Ag NPs 
(without TBO) 

2.9 ± 1.0 × 106 
PU with Ag NPs 

(without TBO) 2.7 ± 0.6 × 106 

    

24 h in dark conditions 2 h in white light conditions 

Samples 
The number of 

viable bacteria 

(CFU/mL) 

Samples 
The number of 

viable bacteria 

(CFU/mL) 

Control 2.6 ± 0.2 × 106 TBO with Ag/Au NPs 9.6 × 104 ± 2.0 × 105 

TBO only 2.7 ± 0.6 × 106 TBO with Ag NPs 3.4 ± 0.5 × 104 

TBO with Au NPs 1.6 ± 1.0 × 106   

TBO with Ag/Au NPs < 102   

TBO with Ag NPs < 102   

PU with Au NPs  
(without TBO) 

2.8 ± 0.6 × 106   

PU with Ag/Au NPs 

(without TBO) 
1.0 ± 1.0 × 104   

PU with Ag NPs 
(without TBO) < 102 

  

 

The mechanism of photobactericidal activity could be explained as follows; as being 

exposed to white light, TBO molecules impregnated polymer are excited from a low 

ground state to a triplet state156. The triplet state molecules undergo via type I 

(biomolecular reaction) or/and type II (reaction of molecular oxygen) photochemical 
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reaction to generate ROS which kill bacteria156. It was speculated that the addition 

of nanoparticles reinforced type I and/or type II photochemical reaction of TBO 

molecules.  

The enhancement on bactericidal activity of photoreaction dyes by Au nanoparticles 

was shown in previous studies158,160, but that by silver nanoparticles was not reported. 

Our study showed that Ag nanoparticle encapsulated polymer had >2.54 log higher 

bactericidal activity than Au nanoparticles after 3 h white light exposure. This means 

that Ag nanoparticle would be a better material in enhancement of photobactericidal 

activity than Au nanoparticles.  

In previous studies, the research on Ag nanoparticles coated titania film reported 

that silver addition on titiania film could reinforce photobactericidal behaviour of it; 

under white light condition (5000 lux), the silver added film showed a 

photobactericidal effect with a 4.4 log reduction in the number of E. coli bacteria 

within 6 h202. However, this study confirmed that the combination of Ag 

nanoparticles and TBO generate stronger photobactericidal activitiy than 

combination of Ag nanoparticles and titania film. Additionally, in the comparison 

of dual-dyed polymer with nanoparticles and zinc oxide nanoparticles encapsulated 

polymer that our group previously reported159,161,196, Ag nanoparticle and TBO 

incorporated polymer could decrease the number of viable bacteria to the detection 

limit in a shorter period of time under comparable white light conditions.       

In order to apply the white light-activated bactericidal polymer to the real world, 

human health effects caused by the polymer must be considered. Because silver 

nanoparticles have been commonly utilized in medicine, food packing industry, and 

water disinfection, the toxicity of the particles has been investigated extensively203-
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207, it was reported that their effects are dependent on dosage, exposure time, and 

size, and in vivo studies on rats showed that silver nanoparticles only had adverse 

effects after long-term inhalation or ingestion204,208,209. According to the 

Occupational Safety and Health Administration (OSHA) in the USA, toluidine blue 

O was known to be non-hazardous material although it represented some toxic effect 

with high concentration inhalation or ingestion210-212. In previous researches, long-

term leaching tests showed bactericidal polymer produced by a swell-encapsulation-

shrink technique is quite stable159,161. Thus, it is expected that nanoparticles or 

toluidine blue O encapsulated into polyurethane would not produce adverse effect 

on human health. Additionally, long-term photostability of the dye encapsulated into 

polyurethane is also important for real world applications because it is correlated to 

a persistence of bactericidal activity. Our previous research showed that after 29 

days exposure of white light source with an intensity of ~12,500 lux, which is ~125 

times more intense than the lamps in hospital wards and corridors, dye inside the 

polymer kept its photostability159. Thus, it is speculated that the polymers developed 

in this chapter maintain their photobactericidal activity over a long period of time in 

the real world.   

3.4 Conclusion 

In this chapter, silver and gold nanoparticles were synthesized through citrate 

reduction in HAuCl3 or AgNO3 solution at boiling point, forming polydisperse Ag 

and Au nanoparticles with 22.4 and 34.4 nm in average size, respectively. The 

nanoparticles were mixed with TBO solution, and then incorporated into flat 

polyurethane. Fluorescence microscopy showed that in the swell process, TBO 

diffused throughout the polymer with time, resulting in its saturation in the polymer, 
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and UV/Vis spectroscopy showed that the nanoparticles were encapsulated into the 

polymer during the process.  

For the first time, toluidine blue O in combination with silver nanoparticles were 

encapsulated into a polyurethane which is widely used in healthcare devices. The 

addition of silver nanoparticles and toluidine blue O into the polymer produce a 

potent photobactericidal surface; it produced not only a lethal photobactericidal 

activity on E. coli in white light (3 h exposure), but also showed a potent bactericidal 

activity in the dark (24 h exposure), resulting in that the number of viable E. coli 

bacteria was lower than the detection limit. The bactericidal surface which we 

developed has potential to keep low bacteria levels and minimise the risk of HAIs 

transmission in healthcare facilities.  In particular, it would be useful to reduce the 

number of urinary tract infections which are one of the main HAIs. Urinary tract 

infections are mainly attributed to the use of indwelling urinary catheters: catheter 

associated infections account for 80 % of urinary tract infections213.  It is expected 

that our technique can be easily applied to catheters which is a polymer based 

material 158. Additionally,  it is also able to be applied to a variety of polymer based 

medical devices such as covers of keyboards, telephones and tablet PCs. 
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Chapter 4: Combination of acrylic latex and crystal 

Violet; white light-activated bactericidal paint 

 

 

 

 

 

 

 

 

 

4.1. Introduction 

Healthcare-associated infections (HAIs) are a serious issue for healthcare facilities 

in UK and USA: there were 300,000–718,000 HAI incidents of hospitalized patients 

annually, and 1–10% of these patients were killed by the infection4,214,215. Hospital 

surface contamination including electronic devices, door handles, food trays, and 

plates acts as bacteria reservoir contributing to HAIs spread162,163. Although a 

number of HAIs decreased through a variety of schemes including surveillance, 

disinfection, sterilization, cleaning, and regulation, the infection and death rate is 

still high, indicating that antimicrobial surfaces are required4,216,217.  

In chapter 3, we introduced novel white light-activated bactericidal surfaces 
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produced through encapsulation of silver nanoparticles and toluidine blue O into 

medical grade polyurethane. The results showed that polyurethane based surfaces in 

hospitals can be transformed into potent photobactericidal polymer through a simple 

swell-encapsulation-shrink technique. This chapter details white light-activated 

bactericidal paint which can be readily applied to a range of surfaces. Combination 

of crystal violet and acrylic latex results in phtobactericidal paints. These novel 

photobactercidal paints were tested against E. coli, a Gram-negative bacterium. The 

bactericidal paints represented a potent bactericidal activity in dark and it showed 

significantly enhanced bactericidal activity in white light.  

4.2 Experimental 

4.2.1 preparation of bactericidal paint 

 

Fig. 4.1 Preparation of light activated bactericidal paint 

As shown in Figure 4.1 a, crystal violet (Sigma-Aldrich, St. Louis, MO, USA) was 

used to produce light activated antimicrobial paint. 100 mg of crystal violet powder 

which is a triarylmethane dye (Figure 4.1 b) was dispersed in 10 ml of deionized 

water to make crystal violet solution of 10,000 ppm (24.5 mM), and then it was 

sonicated for 5 min. The mixture was mixed with acrylic latex (AzkoNovel, 
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Amsterdam, Netherlands) which is made up of an acrylic resin binder, and water. 

Bactericidal paints containing crystal violet 250, 500, 750, and 1000 ppm (crystal 

violet 0.61, 1.23, 1.84, and 2.45 mM) were produced. 

4.2.2 Ultraviolet and visible absorbance spectroscopy 

 

Fig. 4.2 Ultraviolet and visible absorption measurement on samples 

For characterising ultraviolet and visible absorption spectrum of light activated 

bactericidal paint, UV/Vis spectrometer (Lambda 25, PerkinElmer Inc., Winter St., 

CT, USA) which has a detection range of wavelengths 190–1100 nm, was used. 1.5 

mL of light-activated bactericidal paint was injected to the surface of glass slide (2.5 

cm × 7.5 cm), and the surface was tilted for the paint to cover the surface of the glass. 

After that, it was dried in dark room for 24 h. Absorption spectra of the painted 

glasses were measured from 400 to 900 nm.  
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4.2.3 Water contact angle  

The equilibrium water contact angle on the painted samples was measured using 

water contact angle meter (First Ten Angstroms, Inc., Portsmouth, Virginia, United 

States). A water droplet was dropped onto the samples from a gauge 27 needle, the 

images of samples were taken side on and they were analyzed using Surftens 4.5 

software. The volume of inoculated water droplet (~5 µL) was controlled by the 

water contact angle meter and software FTA 32 (First Ten Angstroms).   

4.2.4. Leaching test  

The stability of white light activated bactericidal paint was determined. 

Thermoplastic polyurethanes (American Polyfilm Inc, Branford, CT, USA) (1.5 cm 

× 1.5 cm) were coated by 0.6 mL of the bactericidal paint, and they were dried in 

the dark room for 24 h. The painted samples were placed in 5 mL phosphate buffer 

saline (PBS) solution at room temperature for 120 h. Ultraviolet and visible 

absorption spectra of the solutions were periodically measured to determine if 

crystal violet molecules were leaching from the paint into PBS solution. The PBS 

absorbance at 590 nm was measured and it was compared with crystal violet 

calibration curve to determine the concentration of released crystal violet. 

4.2.5 Bactericidal test 

In order to determine the bactericidal activity of the painted sample, E. coli (ATCC 

25922) was used in this chapter. E. coli bacteria, which were stored in Brain-Heart-

Infusion broth (BHI, Oxoid Ltd., Hampshire, England, UK) including 20% (v/v) 

glycerol at –70oC, were propagated on MacConkey agar (Oxoid Ltd., Hampshire, 
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England, UK).  One bacteria colony was inoculated into 10 mL of BHI broth and 

then incubated with shaking of 200 rpm at 37 o C. After 18 h incubation, the bacteria 

were collected by centrifugation (20 o C, 4000 rpm for 20 min), and washed by 10 

mL of PBS. This process was repeated twice. The washed suspension was diluted 

into 1/1000 to get ~106 colony forming units per millilitre (CFU/mL).  

 

Fig. 4.3 bactericidal test on sample in white light and in dark 

As shown in Figure 4.3, 25 µL of bacteria suspension was inoculated on to the 

sample and a sterile glass cover slip (2.2 cm × 2.2 cm) was placed on to the 

inoculated sample to get good contact between the surface of the sample and bacteria. 

The samples were placed into petri dishes with wet paper to keep humidity, and they 

were exposed to white light.  Another set of samples was placed in a dark room. The 

samples were located into 5 mL of PBS solution after white light irradiation, and 

vortexed for 1 min to resuspend the bacteria from the sample to the PBS. The 

bacteria suspension was diluted, and 100 µL of the suspension was plated onto 

MacConkey agar, and cultured at 37 o C for 24 hours. The colonies grown on the 

agars were counted. 
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4.2.6 White light lamp exposure 

The light source selected in present study was 28 W white fluorescent lamp (GE 

Lighting, East Cleveland, Ohio, USA). The light intensity was about 4400 lux in 

average. Details on information of the light source was stated in Section 3.2.2.8 

4.2.7 Statistical analysis 

Mann–Whitney U test, linear regression, and Pearson correlation coefficient on 

results were calculated using the SPSS software (SPSS, Inc., Chicago, IL, USA).   

4.3 Result and discussion 

4.3.1 Preparation of bactericidal paint 

In order to produce white light-activated bactericidal paints, crystal violet powder 

and acrylic latex were employed in this study. Crystal violet, a triarylmethane dye, 

is readily dissolved in water, ethanol, and acetone159,190,191. Crystal violet is used for 

classification of bacteria, it is also used as medical first aid because of its disinfection 

actions containing antibacterial, antifungal, and anthelmintic properties, and it was 

shown to act as a white light-activated bactericidal agent149,159,218. Acrylic latex, 

mixture of water and acrylic resin, is widely used in a ingradient of household paint. 

As shown in Figure 4.4 a, bactericidal paints with various concentrations of crystal 

violet were produced. As crystal violet was added into acrylic latex, the colour of 

paint changed to bright violet from white, and the violet colour came to be more 

intense with increasing concentration of crystal violet in the paint. Figure 4.4 b 

shows the glass slide coated by white light-activated bactericidal paint. Glass slides 
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were dipped in the bactericidal paint for 5 s, then collected from the paint, followed 

by that the painted slide was placed in a dark room for 24 h. After the drying process, 

the colour of the paint without crystal violet changed from white to colourless, and 

paints containing crystal violet kept their colour. But, contrary to liquid state paints, 

it was not observed that the colour intensity of bactericidal paints increased with 

increasing concentration of crystal violet in the paint.         

 

Fig. 4.4 (a) white light-activated bactericidal paints, and (b) the paint coated glass slides 

4.3.2 Ultraviolet and visible absorbance spectroscopy 

The light absorption spectra of control and the bactericidal paints were measured in 

the wavelengths of 400–900 nm by UV/Vis Spectrometer. Because the absorption 

values of paints including >250 ppm (>0.61mM) of crystal violet exceeded the 

detection limit of the spectrometer, the bactericidal paints were diluted into 1/10 in 
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order to measure their spectrum features. After dilution, the colour intensity of the 

bactericidal paints was lower than the original ones. As shown in Figure 4.5, UV/Vis 

absorption spectra exhibited that all of the bactericidal paints containing crystal 

violet had a main absorption at 590 nm, and the peak and spectrum range of 

absorbance increased with the concentration of crystal violet in the paint. The 

spectrum features of bactericidal paints were different from crystal violet 

incorporated polymers introduced by previous studies; the absorption spectra of 

bactericidal paint containing crystal violet had a normal distribution while the 

spectra of crystal violet incorporated into polymers showed a bimodal 

distribution159,196.  

 

Fig. 4.5 UV/Vis absorption spectra of control and white light-activated bactericidal paints. 

The bactericidal paint containing 0, 25, 50, 75, and 100 ppm of crystal violet.  

In previous studies, a mixture of acetone and water were used as solvent whereas in 

this chapter acrylic latex and water were used159,196. According to previous research, 

the absorption spectrum feature of crystal violet can be changed by the type of 
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solvent such as acetone, methanol, and water, and the spectra have different peaks 

in the wavelengths of 500–650 nm156,159,160,219. Thus, it is speculated that the 

difference of solvent used between them produced the different spectral features of 

crystal violet. Regardless of the concentration of crystal violet in the paint, all of the 

bactericidal paints presented comparable spectra.  

4.3.3 Water contact angle 

 

Fig.4.6 Water contact angle on white light-activated bactericidal paints containing 250, 500, 

750, and 1000 ppm (0.61, 1.23, 1.84, and 2.45 mM) of crystal violet. To measure water 

contact angle on crystal violet, a flat crystal violet tablet which was purchased from Sigma-

Aldrich was used.  

In order to determine the change in water contact angle after mixing of crystal violet 

and acrylic latex, polyurethane (1.5 cm × 1.5 cm) was coated by white light-activated 

bactericidal paints through dipping coating and dried in a dark room for 24 h. The 

equilibrium water contact angle of control and the bactericidal paints was measured 

using a contact angle meter. As shown in Figure 4.6, the water contact angle of the 
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control (paint without crystal violet) was approximately 10.9 o, and the angle 

increased with the concentration of crystal violet (r2 = 0.8566), and the water contact 

angle was the highest at 1000 ppm of crystal violet. The increase of water contact 

angle at 1000 ppm was about 4.2 o, compared to the control (P-value <0.01). This 

can be explained because as shown in Figure 4.6 inset, crystal violet is more 

hydrophobic than the control (acrylic latex), the increase of the amount of crystal 

violet in acrylic latex made an important contribution to the change in water contact 

angle.   

4.3.4 Leaching test 

Crystal violet release from white light-activated bactericidal paints in PBS solution 

was investigated by a UV/Vis spectrometer. The bactericidal paint coated 

polyurethanes were placed into 5 mL PBS solution for 120 h (5 days) and the crystal 

violet release at a wavelength of 590 nm was measured at intervals of 24 h. Figure 

4.7 represents crystal violet leaching from the paint coated polymers to PBS 

solutions for 120 h. It was observed that all of the bactericidal paints released some 

crystal violet into PBS solution after 24 h and that the concentration of the leached 

crystal violet was the highest (0.27 ppm) on the bactericidal paint with 1000 ppm of 

crystal violet: 0.04, 0.07, and 0.14 ppm was leached from the bactericidal paints with 

250, 500, and 750 ppm of crystal violet, respectively. Over a period of more than 72 

h, additional leaching of crystal violet was not observed in all of the bactericidal 

paints. The crystal violet leached from the paints in a period of 120 h was quite 

minor (less than 0.03 %).  
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Fig. 4.7 Leaching of crystal violet from white light-activated bactericidal paint coated 

polyurethane into PBS solution for 120 h 

4.3.5 Bactericidal test 

For bactericidal test of the paints, polyurethane was coated by the bactericidal paints 

and dried for 24 h in a dark room. The bactericidal painted polymers were tested on 

Escherichia coli, which is a Gram-negative bacterium under white light and dark 

conditions. 25 µL of E. coli suspension containing ~106 CFU/mL was inoculated 

onto the surface of the painted polyurethane, and they were exposed to white light 

at 20oC. Another set of the inoculated polymers were incubated in a dark room at 

20oC for the identical period of time. The light intensity of white lamp was 

approximately 4400 lux in average, and in the dark room, the intensity was 0 lux.   

Figure 4.8 a shows the bactericidal activity of white light activated bactericidal 

paints under dark conditions. After 6 h incubation in a dark room, about 0.12 log 

decrease in the numbers of viable bacteria was confirmed at 250 ppm of crystal 

violet, compared with the control, and it was observed that the bacteria number 
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decreased with concentration of crystal violet (R2 = 0.996, P-value <0.1) inside the 

paint. 0.31 and 0.49 log decreases were confirmed at 500 and 750 ppm of crystal 

violet, respectively, and approximately 1.21 log reduction in the number of viable 

bacteria was observed at 1000 ppm of crystal violet. Crystal violet used as white 

light-activated bactericidal agent has its intrinsic bactericidal activity without a light 

exposure. The dye prevents bacteria growth through interaction between CV+ ions 

released from CV and bacteria cell184,220. The results of bactericidal paint under dark 

condition indicate that crystal violet maintained its intrinsic bactericidal behaviour 

after combination with acrylic latex. 

Figure 4.8 b shows the bactericidal activity of the bactericidal paints under white 

light condition. As that under the dark condition, it was observed that the decrease 

in the numbers of viable bacteria increased with increasing concentration of crystal 

violet after 6 h of white light exposure (R2 = 0.811, P-value <0.1). But, a statistically 

significant difference in bactericidal activity of the samples under the white light 

condition compared to the dark condition was confirmed (comparison of all 

conditions under white light and dark conditions: P-value <0.05). After 6 h white 

light exposure, compared with the control, 0.36, 0.43, and 0.86 log decreases in the 

viable bacteria number were shown at 250, 500, and 750 ppm of crystal violet, 

respectively and the reduction of viable bacteria number reached to below the 

detection limit (<103 CFU/mL) at 1000 ppm of crystal violet. Further, the difference 

in bactericidal activity between the paints in the light and dark conditions increased 

with concentration of crystal violet inside the paint. The difference was 0.48 log at 

250 ppm of crystal violet and it increased by 0.43 log at each increment of 250 ppm 

of crystal violet.  
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Fig. 4.8 Batericidal activity of the paints against E. coli: (a) 6 h incubation under the dark 

condition, and (b) 6 h incubation under white light condition.  

1 Colony forming unit/ mL  

Below detection limit of 1000 CFU 
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The variation between white light and dark conditions was the highest (>1.8 log) at 

1000 ppm of crystal violet.  

The mechanism of bactericidal activity of the paint in white light condition can be 

explained as follows: on being exposed to white light, crystal violet molecules inside 

the paint are excited via an intersystem crossing from a low ground state to a triplet 

state. Crystal violet molecules in the triplet state undergo one or both of two 

photochemical action pathways158; type I (biomolecular reaction) and type II 

(reaction of molecular oxygen) photochemical reactions. Through the process, 

reactive oxygen species (ROS) and singlet oxygen (1O2) are produced. The produced 

ROS and 1O2 can initiate multi-site attacks on bacteria leading to the cell death156. 

Since the first synthesis of crystal violet in 1883, it has been applied to a wide range 

of fields221,222. Crystal violet has been used as a gradient of black or blue ink for 

printing, printer and ball pen, and to colourise products containing leather, and 

fertilizer and it has been medically used for marking surgical site, treating bacterial 

and fungal infections, and controlling burn wounds or inflammations. However, 

several studies reported that crystal violet may have dosage-related carcinogenic 

potential and prolonged or repeated ingestion and skin exposure may cause a mild 

irritation, peritonitis, and weight loss222-224. Additionally, The Food and Drug 

Administration in US (FDA) concluded that there is not enough scientific data to 

prove that use of crystal violet in animal feed is safe225. In this chapter, the stability 

experiment showed that the amount of crystal violet leached out from the 

photobacterial paints was quite minor (<0.27 ppm) indicating that the paint was 

stable. Thus, we believe that the paints will have minor effects on human health.  
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4.4 Conclusion 

In this chapter, crystal violet was mixed with acrylic latex which is widely utilized 

in commercial paints to make a white light-activated bactericidal paint.  UV/Vis 

spectroscopy showed that the paints have main light absorption at a wavelength of 

590 nm, indicating that paints can produce a photoreaction by visible light. 

Bactericidal experiments showed that the bactericidal paints not only showed a 

potent photobactericidal activity but also represented bactericidal activity in the dark; 

the number of viable bacteria was below detection limit on the paint containing 1000 

ppm of crystal violet after 6 h of white light exposure and the number of viable 

bacteria reduced by 1.21 log on the paint after 6 h in dark. Additionally, in the 

leaching test for 120 h, a minor leaching of crystal violet was observed from the 

paint into PBS solution indicating that the paint is stable. 

Techniques introduced by previous studies showed a good bactericidal activity. 

However, most of them including physiochemical modification, swell-

encapsulation-shrink, and chemical vapor deposit cannot be applied to all substrates. 

As shown in Figure 4.9, the bactericidal paints that we developed in this study can 

be readily applied to various substrates such as metal, paper, glass, and hard and soft 

polymers. Additionally, our paint is easy to fabricate and the surface coating using 

the paint is simple and easy to prepare. It is predicted that white light-activated 

antimicrobial paint could be used in healthcare facilities including surgery room, 

dialysis room, and nursing room and it can be also applied in the home for decoration. 
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Fig. 4.9 White light-activated bactericidal paint coated (a) aluminum, (b) glass, (c) paper (d) 

polystyrene, and (e) polyurethane 
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Chapter 5: Combination of TiO2 nanoparticles, 1H, 

1H, 2H, 2H-perfluorooctyltriethoxysilane, and 

white light-bactericidal agents to produce a dual-

functional surface; superhydrophobic and 

photobactericidal paints  

 

 

 

 

 

 

5.1 Introduction 

It is a good strategy to develop antimicrobial surfaces containing superhydrophobic 

and bactericidal properties because killing bacteria while keeping inhibition of 

bacteria adhesion can effectively minimize biofilm formation on surfaces226. Many 

attempts have been performed to develop the dual functional surfaces. Chung et al. 

(2012) showed that silver and 1H,1H,2H,2H-perfluorodecanethiol doped surface 

had superhydrophobic and bactericidal activities: compared to polystyrene, 77% 

inactivation of Pseudomonas aeruginosa and less bacteria surface coverage (85% 

reduction) was observed on the dual functional surface169, and Berendjchi et al. 

(2011) showed that 0.5% copper doped silica surface had a high water contact angle 
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and bactericidal activity (92–99% reduction in the number of viable E. coli and S. 

aureus), but its anti-biofouling behavior was not shown227. Yamauchi et al. (2011) 

showed that combination of polytetrafluoroethylene (PTFE) which is widely used to 

produce superhydrophobic surface and N-doped TiO2 did not achieved 

superhydrophobicity but it showed photobactericidal activity under visible light228.  

Chapter 3 and 4 focused on developing photobactericidal surfaces using 

nanoparticles, polymer, and crystal violet or TBO. This chapter introduces 

superhydrophobic and photobactericidal paints, which resulted from chemical 

combination of TiO2 nanoparticle, 1H, 1H, 2H, 2H-perfluorooctyltriethoxysilane, 

crystal violet and toluidine blue O. Superhydrophobic and anti-biofouling properties 

were observed from the dual functional paint coated slides. In the bactericidal test 

of E. coli and S. aureus, the painted slide represented a potent photosterilization in 

white light and even it showed strong bactericidal activity in the dark. Moreover, the 

treated slides worked even after hexadecane oil contamination. The techniques 

introduced in this chapter can be readily used in a variety of substrates containing 

plastic, paper, and glass.  

5.2 Experimental 

5.2.1 Preparation of the dual functional paint 

Solution A: 1.0 g (2 × 10-3 mole) of 1H, 1H, 2H, 2H-perfluorooctyltriethoxysilane 

(PFOTES, C8F13H4Si(OCH2CH3)3, Sigma-Aldrich, St. Louis, MO, USA) and 99.0 g 

of pure ethanol (EDM Millipore Co., Billerica, MA, USA) were mixed together and 

then it was stirred for 1 min  
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TiO2 paint: 4.0 g (50 × 10-3 mole) of TiO2 nanoparticles (P 25, Thermo fisher 

scienctific, Waltham, MA, USA) and 40 mL of solution A was mixed together under 

constant agitation, and then, it was sonicated for 5 min and agitated for 5 min. 

Toluidine blue O paint: 4.0 g of TiO2 nanoparticles (P 25, Thermo fisher scienctific, 

Waltham, MA, USA), and 40 mg (130 × 10-6 moles) of toluidine blue O (Sigma-

Aldrich, St. Louis, MO, USA) were mixed in 40 mL of solution A under constant 

agitation, and then, it was sonicated for 5 min and agitated for 5 min. 

Crystal violet paint: 4.0 g of TiO2 nanoparticles (P 25, Thermo fisher scienctific, 

Waltham, MA, USA), and 40 mg (98 × 10-6 moles) of crystal violet (Sigma-Aldrich, 

St. Louis, MO, USA) were mixed in 40 mL of solution A under constant agitation, 

and then, it was sonicated for 5 min and agitated for 5 min. 

5.2.2 Ultraviolet and visible spectroscopy 

 

Fig. 5.1 Measurement on water contact angle of the painted surfaces 
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As shown Figure 5.1, UV/Vis spectrometer (Lambda 25, PerkinElmer Inc., Winter 

St., CT, USA) which has a detection range of wavelength 190–1100 nm, and a 

wavelength accuracy of ± 0.1 nm, was used to characterize ultraviolet and visible 

absorption spectra of intact glass (control), and painted glass slide. Absorption 

spectra of the samples were measured in wavelength of 400–900 nm.  

5.2.3 Water contact angle in air  

Equilibrium water contact angle was determined on the painted surface using a 

contact angle meter (First Ten Angstroms, Inc., Portsmouth, Virginia, USA). A 

water droplet (volume: 5 µL) was inoculated on the sample surface, its image was 

captured side on, and analyzed by Surftens 4.5 software. The contact angle 

hysteresis (CAH) was determined by “add and remove volume” method170. 

Advanced and receding angles were measured and then the difference between them 

was used to calculated the CAH.  

5.2.4 Self-cleaning and water repellent properties of the 

painted surfaces in air 

To make dual functional surfaces, glass slide (2.5 cm × 7.5 cm) was coated 450 µL 

of paint, then dried for 3 h in a dark room. After 3 h of the drying, the treated surface 

was washed by deionized (DI) water for removing non-combined toluidine blue or 

crystal violet.  In water repellent test, 0.5 mL of water was dropped on the painted 

surface at a height of ~ 20 mm. For self-cleaning test, iron oxide nanoparticles were 

placed on the painted surface, and then from a pipette, 1 ml of water was dropped 

on to the surface. The results of self-cleaning and water repellent experiments were 
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filmed by a mobile camera (Galaxy S5, Samsung Electronics Co., Ltd, Suwon, South 

Korea) 

5.2.5 Water contact angle in hexadecane  

The painted sample was placed in hexadecane oil and droplets of Congo red dye 

(Sigma-Aldrich, St. Louis, MO, USA) dissolved water were inoculated on the 

unpainted (control) and painted glass slides. It was captured side on, and then 

analysed by Surftens 4.5 software.  

5.2.6 Self-cleaning and water repellent properties after 

hexadecane contamination 

In order to produce an oil contaminated surface, the painted glass was dipped in 

hexadecane oil for 3 min. For water repellent test on the oil contaminated sample, 

from a pipette, 0.5 mL of Congo red dye dissolved water was dropped on the sample 

which was titled at an angle of 20 o 

For self-cleaning experiment on the contaminated sample, vanadium oxide powder 

was loaded on to the sample. From a pipette, 0.5 ml of DI water was dropped on to 

the contaminated sample which were inclined at an angle of 20 o. 

5.2.7 SEM analysis 

In order to determine the surface morphology of the painted sample, Scanning 

electron microscopy (SEM, JEOL Inc., Peabody, MA, USA) was employed. To 

prevent surface charging. The sample was coated by gold crystals for 60 s through 
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a sputter coating process, and then the surface morphology was observed by SEM 

at an accelerating voltage of 5 kV.  Images of the sample was taken by SEMAfore 

software.  

5.2.8 AFM analysis 

To determined topography and roughness of the painted surface, Atomic force 

microscopy (AFM, EeasyScan 2 AFM, Nanosurf, Liestal, Switzerland) was 

employed. For the tapping mode, non-contacting mode and dynamic force mode was 

applied, and the resonant frequent of the cantilever ranged from 150 to 200 kHz. 

Scanning area of AFM on the surface was about 50 µm × 50 µm.  

5.2.9 Anti-biofouling test  

For an anti-biofouling test of the painted sample, the glass slide was dipped into 

paint solution, and then dried for 3 h in a dark room. After drying, the sample was 

washed by DI water. In an anti-biofouling test, Escherichia coli (ATCC 25922) and 

Staphylococcus aureus (NCTC 13143) bacteria were used. E. coli and S. aureus 

which were stored in brain-heart-infusion broth (BHI broth, Oxoid Ltd., Hampshire, 

England, UK) including 20% glycerol at -70oC were propagated on MacConkey 

agar (Oxoid Ltd., Hampshire, England, UK) and Mannitol salt agar (Oxoid Ltd.), 

respectively. One bacteria colony was inoculated into 10 mL of BHI broth and then 

incubated with shaking of 200 rpm at 37 o C. After 18 h incubation, the bacteria were 

collected by centrifugation (21 o C, 4000 rpm for 10 min), and washed by 10 mL of 

PBS.  This process was repeated twice. The washed suspension was diluted into 1/10 

to get ~108 colony forming units per millilitre (CFU/mL). The painted glass was 

https://en.wikipedia.org/wiki/Liestal
https://en.wikipedia.org/wiki/Switzerland
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dipped vertically in 30 mL of bacterial suspension with ~1010 CFU for 3 min, located 

into 30 ml of PBS solution, and then vortexed for 1 min to recover bacteria from 

sample to the solution. The bacteria suspension was concentrated into 450 µL 

through centrifugation at 5000 rpm for 20 min, and it was serially diluted and 100 

µL of the suspension was plated on to agar. After 24 h incubation at 37 o C, the 

bacteria colonies grown on the agar were counted. 

5.2.10 Bactericidal test  

 

Fig. 5.2 Bactericidal test on paint coated surface 

The washed bacteria suspension was diluted into 1/1000 to achieve ~106 colony 

forming units per millilitre (CFU/mL). As shown in Figure 5.2, 75 µL of bacteria 

suspension was inoculated onto sterilized glass slide (2.5 cm × 7.5 cm). The bacteria 

inoculated slide was overturned and placed on the paint coated sample. The sample 

was placed in petri dishes with wet paper to keep humidity, and it was exposed to 

white light source. Another set of samples was placed in the dark room. After white 

light exposure, the sample was placed into 40 mL of PBS, and vortexed for 1 min. 

The bacterial suspension was concentrated into 450 µL through centrifugation at 
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5000 rpm (at 21 o C for 20 min), serially diluted, and plated onto agar; (MacConkey 

agar for E. coli, and mannitol salt agar for S. aureus). After 24 h incubation at 37 o 

C, the bacteria colonies on the agar were counted. 

5.2.11 White light lamp exposure 

28 W white fluorescent lamp (GE Lighting, East Cleveland, Ohio, USA) was 

selected as light source. The light intensity ranged from 3900 to 5300 lux and the 

intensity average was 4400 lux. Detail on information of light source was stated in 

Section 3.2.2.8. 

5.2.12 Abrasion test of painted surface 

 

 

Fig. 5.3 Double sided tape and paint treated glass slides 

Figure 5.3 shows the procedure to produce robust superhydrophobic and bactericidal 

surface. Sellotape double sided tape (Düsseldorf, Germany) was attached onto glass 

slide, and then the tape attached slide was painted. The painted slide was located in 

a dark room for 6 h.   

Figure 5.4 shows the abrasion test of sand paper on paint and double sided tape 

treated slide. The slide was placed face down to sandpaper (CAMI grit no. 150) and 

https://www.google.co.uk/search?q=D%C3%BCsseldorf&stick=H4sIAAAAAAAAAOPgE-LUz9U3MMvJMUlW4gAxM9LMc7S0spOt9POL0hPzMqsSSzLz81A4VhmpiSmFpYlFJalFxQDpsL0VQwAAAA&sa=X&ved=0ahUKEwjsxeDol-jVAhUEa1AKHTPeAY4QmxMItAEoATAS
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weight of 40 g was loaded on the slide. The painted slide moved back and forth for 

8 cm along ruler. This process defined as one cycle. The water contact angle of the 

treated slide was examined after each cycle.  

 

Fig. 5.4 Abrasion test on paint and double sided tape treated surface  

5.2.13 Statistical analysis 

Experimental data were analysed by SPSS (IBM Corporation, Armonk, New York, 

USA) in terms of Mann–Whitney U test. 
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5.3 Result and discussion 

5.3.1 Preparation of the dual functional paint 

According to previous studies, the PFOTES molecules covalently bond to the 

surface of oxide nanoparticles including TiO2, CaCO3. and SiO2 nanoparticles229-231. 

Based on these facts, superhydrophobic and antimicrobial paints were produced 

using toluidine blue O (TBO), crystal violet (CV), TiO2 nanoparticles, and PFOTES, 

and ethanol. Figure 5.5 shows three different paints. To make TiO2 paint, ethanol, 

PFOTES, and TiO2 nanoparticles were mixed, and CV and TBO were added into 

TiO2 paint in order to produce TBO and CV paints, respectively. After mixing, the 

paints were placed in a dark room for 2 days. Figure 5.6 shows AFM topography 

and SEM images of the painted glass slide. Glass slides were coated by TiO2, TBO, 

and CV paints and then dried for 3 h in the dark room. The coated slides were washed 

by deionized (DI) water to eliminate non-combined CV or TBO to TiO2 

nanoparticles and PFOTES after the drying. AFM analysis showed that the paint 

coating on smooth glass had a rough surface: a surface roughness change from ~5.1 

to ~1000 nm (Table 5.1). SEM analysis showed that a high roughness of the painted 

surface was due to agglomeration of approximately 21 nm TiO2 nanoparticles175.  
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Fig. 5.5 TiO2, toluidine blue O (TBO), and crystal violet (CV) paint solutions 

Table 5.1 Water contact angle, rolling off angle, contact angle hysteresis, surface 

roughness of control, TiO2 paint, TBO paint, CV paint 

Sample 

Water 

contact 

angle ( O ) 

Rolling off 

angle  

( O ) 

Contact angle 

hysteresis  

( O ) 

Surface 

roughness  

(Sa, nm) 

Glass slide 

(Control) 5.9 ± 0.6 n/a n/a 5.1 ± 0.8 

TiO2 painted 

surface 
164.4 ± 2.2 <1  0.4 ± 0.5 1150.7 ± 610.5 

TBO painted 

surface 
163.6 ± 1.6 <1  0.8 ± 0.6 1046.1 ± 757.6 

CV painted 

surface 
163.1 ± 1.8 <1  0.9 ± 1.0 1027.8 ± 61.9 
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Fig.5.6 AFM and SEM images of (a) TiO2, (b) TBO, and (c) CV painted glass slides 
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5.3.2 Ultraviolet and visible spectroscopy 

UV/Vis absorption spectra of the control, TiO2, TBO, and CV painted glass slides 

were measured from 400–900 nm by a UV/Vis spectrometer. Figure 5.7 shows the 

spectra of the samples. Because TiO2 is UV induced catalyst: TiO2 mainly absorbs 

radiation with wavelengths of <400 nm232, a main absorbance on TiO2 paint was not 

observed at the wavelengths of 400–900 nm whereas the main absorption peaks in 

TBO and CV paints were confirmed at 589 and 590 nm, respectively, corresponding 

to the peaks of toluidine blue O and crystal violet. The absorbance spectrum 

characteristics of CV and TBO between 400–750 nm would explain their role in 

photobactericidal activity.  

 

Fig. 5.7 Ultraviolet and visible (UV/Vis) absorption spectra of glass slide (control), white, 

blue, and violet painted glass slides. Absorption spectra were measured over wavelengths 

of 400–900 nm.  



135 

 

5.3.3 Water contact angle in air 

The equilibrium water contact angle of the intact glass slide, TiO2, TBO, and CV 

painted glass slides was measured using a water angle meter. As shown in Figure 

5.8, the water contact angle of intact glass slide was approximately 5.9 o, indicating 

superhydrophilicity. The water contact angles of painted glass slides were >160 o 

meaning that they were superhydrophobic (TiO2 painted surface: 164.4 o, TBO 

painted surface:  163.6 o, CV painted surface: 163.1 o) (Table 5.1)233.  

 

Fig. 5.8 Water contact angle of (a) glass slide (control), (b) TiO2, (c) TBO, and (d) CV 

painted glass slides in air  

1WCA: Water Contact Angle 

5.3.4 Self-cleaning and water repellent properties in air 

To determine the water repellent characteristic of the painted surfaces, 0.5 mL of 

water was dropped on to the surface. As shown in Figure 5.9, water droplets were 
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trapped on the surface of intact glass slide while the water droplets rolled off on the 

painted surfaces without wetting. The water rolling phenomena on the treated 

surfaces is due to superhydrophobicity of the paints giving a high water contact 

angle with low contact angle hysteresis (<1 o) and low roll off angle (<1 o) (Table 

5.1).  

Figure 5.10 shows the self-cleaning test on TiO2, TBO, and CV painted glass slides. 

after water was dropped on the surface of the intact glass slide, the powder sustained 

within the water remained on the glass slide whereas the water droplets rolled off on 

the painted surface, the powder was carried away by the water droplets. PFOTES 

molecules bonding on the rough surface significantly reduce the surface energy, 

resulting in significant reduction in the water attraction to the surface234. This 

considerably decreases the contact area between water droplet and the surface as the 

water droplet forms a sphere on the surface, leading to reduction of water adhesion 

force on the surface. Thus, because the adhesion force to the rough surface is weaker 

than that of the droplet to the powder, it was washed away by water droplets which 

rolled on the surface186.  

 

Fig. 5.9 Water repellent property of glass slide, TiO2, TBO, and CV painted glass slides in 

air 
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Fig. 5.10 Self-cleaning property of glass slide, TiO2, TBO, and CV painted glass slides in 

air 

 

In order to produce the treated TiO2, TBO and CV particles, paint solutions were 

dried by ethanol evaporation and the particle were obtained by a top-down process. 

As shown in Figure 5.11, the particles kept their individual colours and the 

experiment of the water contact angle showed that the particles still maintained 

superhydrophobicity. Crystal violet and toluidine blue O powders used in this 

chapter are soluble in water156,159,190,191. Water stability test of the particles showed 

that crystal violet and toluidine blue O did not leach out from particles in water. This 

would be because PFOTES attached onto the surface of TiO2 prevents water from 

contacting the dye molecules. As shown in Figure 5.12, it was expected that the dye 

molecules dissolved in ethanol are entrapped into the surface of P25 TiO2 which is 

hydrophilic. After evaporation of ethanol, the dye molecules remain on the surface 

of the TiO2 which has a high roughness, and then PFOTES is covalently attached 
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onto the TiO2 with the dye molecules 229-231,235. As a result, the property of the 

particles changes from hydrophilic to hydrophobic and they obtain photobactericidal 

activity under visible light because of the absorbed dye. 

 

Fig. 5.11 Water repellent and stable tests of intact TiO2, treated TiO2, TBO, and CV particles   

WCA1 : Water Contact Angle 

 

Fig. 5.12 Chemical structures on the combinations of (a) TiO2 nanoparticle and PFOTES, 

(b) TiO2 nanoparticle, PFOTES and toluidine blue O (TBO), (c) TiO2 nanoparticle, PFOTES 

and crystal violet (CV)  
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5.3.5 Water contact angle in hexadecane 

To determine if the painted surfaces sustain the water repellency in hexadecane, 

water droplets were placed on the unpainted and painted surfaces. Figure 5.13 shows 

the test of the water repellency of the painted surfaces immersed in hexadecane oil. 

After that, water diffused on the unpainted surface (glass slide) whereas on the 

painted surface, droplets still formed a spherical shape, and the water contact angle 

was >160 o. As the painted surface was immersed into hexadecane, the oil penetrated 

inside of the surface. Thus, it was speculated that the water droplets were supported 

by hexadecane and the rough surface, and kept their spherical shape.  

 

Fig. 5.13 Water contact angles of TiO2, TBO, and CV painted glass slides in hexadecane oil 

5.3.6 Self-cleaning and water repellent properties after 

hexadecane contamination 

The painted surfaces were immersed into hexadecane for 1 min to determine water 

repellency and self-cleaning properties of the surfaces after oil contamination. As 

shown in Figure 5.14 and 5.15, water droplets slid off on the painted surfaces at 20 

o tilt angle and the self-cleaning behaviour was maintained at that angle. It is 

speculated that the oil penetration inside the painted surface produces a lubricant 
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layer on the surface, resulting in slippery surfaces when the surface was exposed to 

hexadecane oil72,236.  

 

Fig. 5.14 Water repellency of TiO2, TBO, and CV painted glass slides after the oil 

contamination 

 

 

Fig. 5.15 Self-cleaning property of TiO2, TBO, and CV painted glass slides after the oil 

contamination 
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5.3.7 Anti-biofouling test 

In order to determine anti-biofouling property of the paint coated surfaces, 

suspensions of S. aureus (NCTC 13143, total number: ~1010 CFU) and E. coli 

(ATCC 25922, total number: ~1010 CFU) were used. The painted surfaces were 

dipped in the bacterial suspension for 3 min and then the number of bacteria attached 

on the surface was investigated. Figure 5.16 shows the number of bacteria attached 

to intact glass slide and the painted coated slide glass. The number of S. aureus 

attached to intact glass slide was approximately 4.5 × 107 CFU, and after paint 

coating on the slide, the number of the attached bacteria significantly decreased by 

>99.9 % (P-value <0.01); the numbers on TiO2, TBO, and CV painted surfaces were 

3.2 × 104 CFU, 1.9 × 104 CFU, and 1.6 × 104 CFU, respectively. In the test against 

E. coli, a significant reduction in bacteria adhesion was also observed on all three 

painted surfaces (P-value <0.01 at all of painted glass slides compared to intact glass 

slide). The number of E. coli attached to intact glass slide was about 2.0 × 107 CFU, 

and the bacteria numbers to the TiO2, TBO, and CV painted slides were 

approximately 4.9 × 103, 2.4 × 105, and 5.7 × 104 CFU, respectively. The significant 

reduction of bacteria attachment is due to the superhydrophobicity of treated 

surfaces. Fine air bubbles are entrapped on the superhydrophobic surface when it is 

immersed in water, and the air bubble layer reduces a contact area of bacteria and 

the surface, and bacteria could not cross the air/water interfaces because of the 

surface tension of water186.  
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Fig. 5.16 Numbers of (a) S. aureus and (b) E. coli bacteria attached to glass slide (control), 

TiO2, TBO, and CV painted glass slides  
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5.3.8 Bactericidal test 

For the bactericidal test, S. aureus, a representative Gram-positive bacterium, and E. 

coli, a representative Gram-negative bacterium, were used in this chapter, and both 

species are key hospital pathogen. 75 µL of bacteria suspension was used for each 

sample. The bacteria inoculated samples were incubated in a dark room, and another 

set of the samples were exposed to white light source. The light intensity of white 

lamp used in this chapter was approximately 4400 lux in average, and the light 

intensity in the dark room was near zero lux. 

Figure 5.17 shows the bactericidal activity of painted glass slide on S. aureus in the 

dark and in white light. It was observed that the number of viable bacteria reduced 

on the TiO2, TBO, and CV painted glass slides, after 3h incubation in dark (P-value 

<0.05), and the CV painted slide showed the best bactericidal activity: compared to 

the intact glass slide (control), 0.3, 0.9, and 1.1 log reductions in the number of 

viable bacteria was observed for TiO2, TBO, and CV painted surfaces, respectively. 

In white light, the painted glass slides showed enhanced bactericidal activity, 

compared to the identical samples in the dark. Compared to intact glass slide, 2.3 

log and 3.2 log decreases in the numbers of viable bacteria were confirmed on TiO2 

and TBO painted slides after 3h of white light exposure, and in case of CV painted 

slide, the number of viable bacteria was dropped to below the detection limit (<10 

CFU/mL). All of the painted slides showed stronger bactericidal activity in the light 

than that in the dark: 0.7, 2.4 and 3.4 log differences in the number of bacteria 

between in dark and in white light was confirmed for the TiO2, TBO, and CV painted 

slides, respectively. 
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Fig. 5.17 Bactericidal activity of glass slide (control) and TiO2, TBO, and CV painted 

glass slides on S. aureus in (a) dark and in (b) white light  

1 Colony forming unit/mL  

Detection limit: <10 CFU/mL 
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Figure 5.18 exhibits the bactericidal activity against E. coli after 4h incubation in 

dark and in the white light. In the dark, bactericidal activity was not observed on all 

of the painted glass slides (P-value >0.1), and in white light, bactericidal activity 

was negligible on TiO2 painted glass slide; statistical significance was not observed 

(P-value >0.1). However, it was shown that the number of viable bacteria 

significantly decreased on the TBO and CV painted slides (P-value <0.01); 

Compared to the intact glass slide, about 2.6 log decrease in the viable bacteria 

number were observed on the TBO painted slide, and for CV painted surface, the 

number of viable bacteria had dropped to below the detection limit (viable bacteria 

reduction:  >5 log). It was reported that crystal violet, toluidine blue O, and titanium 

dioxide used in this chapter have some intrinsic antibacterial 

activity125,131,134,157,184,220,237. Ur dark conditions, the bactericidal experiment of our 

samples on S. aureus showed that crystal violet, toluidine blue O, and titanium 

dioxide maintained their intrinsic bactericidal activity after incorporation in the paint. 

But, despite longer time in the dark than that of S. aureus, a decrease in the number 

of viable E. coli bacteria was not detected on all of the painted glass slides, and even 

in white light, E. coli was less vulnerable. This might be due to their different 

membrane structure; as shown Figure 5.19, the cell wall of Gram-positive strain is 

made up of plasma membrane, and peptidoglycan while Gram-negative strain has a 

more complex membrane containing layers of peptidoglycan plasma membrane, 

periplasmic space, outer membrane consisting of lipopolysaccharide and protein238. 

The outer membrane of Gram-negative strain reduces the penetration of many 

molecules and it is often responsible for resistance to chemical materials238,239. 

Compared to that of the slides in dark, the painted slides exhibited increased 
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bactericidal activity in white light. But, TiO2 painted slide showed weaker  

 

 

Fig. 5.18 Bactericidal activity of glass slide (control) and TiO2, TBO, and CV painted 

glass slides on E. coli in (a) dark and in (b) white light 

Detection limit: <10 CFU/mL 
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Fig. 5.19 Membrane structure of Gram-positive and- negative bacteria 

photobactericidal activity than TBO and CV painted slides. Titanium dioxide 

nanoparticles used in this chapter are a UV light induced-bactericidal agent, and 

their photobactericidal activity is mainly due to hydroxly radicals (•OH) and other 

reactive oxygen species (ROS) driven by the UV irradiation166,239-241. Because UV 

light accounts for a very small portion of total irradiation of the white lamp, this can 

explain the reason that the TiO2 paint showed weaker photobactericidal activity than 

the TBO and CV paints. The potent photobactericial activity of TBO and CV paints 

is attributed to toluidine blue O and crystal violet dyes. Figure 5.20 and equation (5-

1) to (5-5) show the mechansim of phtobactrericidal activity induced by CV and 

TBO paints242. The dyes impreged into TiO2 nanoparticles acted as a sensitizer for 

TiO2
243. As the dyes absorbed visible photons, they were pomoted into an excited 

electronic state CV* or TBO* and then electron was transferred into the conduction 

band of TiO2 through interfaces between dye and TiO2
242,243. As a result, the 

photogenerated electron drived production of reactive oxygen species (ROS) 242,243. 

The generated ROS kills bacteria by oxidative damage to cellular membranes, 

intracellular proteins and DNA 159,244.  
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Fig. 5.20 Schematic illustration of the mechanism for reactive oxygen species generation 

through photoreaction between crystal violet (CV) or toluidine Blue O (TBO) and TiO2 

CV or TBO +  ℎ𝜐 ⟶ CV∗ 𝑜𝑟  TBO∗                                    (5 − 1) 

CV∗𝑜𝑟 TBO∗ + TiO2   ⟶ CV+• 𝑜𝑟 TBO+•  +  TiO2 (𝑒)    (5 − 2) 

TiO2 (e)  +  O2    ⟶   TiO2  +  O2
 −•                               (5 − 3) 

O2
 −•   +   TiO2 (𝑒)  +   2H+   ⟶ H2O2                                  (5 − 4) 

H2O2 +  TiO2 (e)   ⟶ • OH +  OH−                                     (5 − 5) 

Despite use of the same amount of the light activated bactericidal agents (toluidine 

blue O: 40 mg, crystal violet: 40 mg), the bactericidal activity of TBO and CV paints 

was different; The reduction of viable bacteria by CV painted surface was > 1.2 log 

higher than the reduction by TBO painted surface. This result indicates that the 
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crystal violet and TiO2 combination may generate more ROS than toluidine blue O 

and TiO2.   

Producing robust superhydrophobic surface is a challenge because nano or micro 

sized structures made by superhydrophobic coating are readily destroyed by external 

forces, resulting in loss of superhydrophobicity. In this chapter, and the bactericidal 

paint and double sided tape (Sellotape, Cheshire, UK) were used to produce robust 

superhydrophobic and bactericidal surfaces and their robustness was investigated 

though sand paper abrasion test. The paint and double sided tape treated glass slide 

was loaded onto sand paper coated by particles with ~92 µm in size (CAMI grit no. 

150) and then 40 g of weight was placed on to the slide. The slide then moved back 

and forth for 8 cm. One back and forth movement was considered as one cycle.  

Figure 5.21 shows the water contact angle, rolling off angle, contact angle hysteresis 

of painted glass slides after the sand paper abrasion test. The 10 cycles experiment 

represented that after the abrasion, the painted slides maintained a water contact 

angles of >158 o, a rolling off angle of <0.5 o and a contact angle hysteresis of <3.4 

o. The colours and the coating thickness (55 µm) of paint were also maintained 

(Figure 5.21 insets and Figure 5.22).   

In previous studies, it was shown that combination of superhydrophobic agents and 

bactericidal substances caused reduced or no bactericidal activities although it kept 

superhydrophobicity65,71,168,169,227,228,233,245. This might be mainly due to reduction of 

contact area between bacteria and bactericidal substances by the superhydrophobic 

polymer coating. In this chapter, the problem was addressed through the 

combination of TiO2 particles, light activated bactericidal agent, and PFOTES. As a 

result, bacteria are killed by ROS generated from the painted surface in white light.  
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Fig. 5.21 Water contact angle, rolling off angle, contact angle hysteresis of robust treated 

surface after sand paper abrasion test  

 

Fig. 5.22 Variation of coating thickness before and after abrasion test. 

Perfluorinated chemicals (PFOs) including perfluorooctanoic acid (PFOA), 

perfluorooctane sulfonate (PFOS), perfluorobutane sulfonate (PFBS), and 
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perfluorodecanoic acid (PFDA) are widely used to make commercial products 

resistant to stains, grease, and water246. In recent years, many studies reported that 

PFOs have a potential to be a health concern because some PFOs persist in the 

environment and stay in the human body for a long period of time247-249. Currently, 

human health effect from exposure to a low amount of PFOs is unknown but, lab 

animal testing given a large amount of PFOs showed that some PFCs may affect 

growth and development, reproduction, and injure the liver250. Thus, more research 

to evaluate human health effect of exposure to PFOs are necessary. The International 

Agency for Research on Cancer (IARC) has classified PFOA as “possibly 

carcinogenic to humans” (Group 2B)251, and US Food & Drug Administration (FDA) 

regulated the use of PFOA to minimize exposure to PFOA (treated paper or 

paperboard: ≤0.17 lb/1000ft2, and coating solids: ≤2 % in weight) 252. Although 

PFOTES used in this study contains perfluorinated C8 moiety, the quantity (0.14 

lb/1000ft2) met FDA requirement. Thus, we believe that the paints developed in this 

study has minor effects on human health.  

5.4 Conclusion 

This chapter details a simple and easy one step technique to produce 

superhydrophobic and photobactericidal properties. TiO2 nanoparticles, PFOTES, 

and light activated bactericidal agents containing crystal violet, and toluidine blue 

O, and ethanol were combined together to fabricated TiO2, CV, and TBO paints. 

The painted slides exhibited superhydrophobic and self-cleaning properties and even 

after hexadecane oil contamination, they maintained their properties. A bacterial 

adhesion assay showed that the surface bacteria adhesion was significantly reduced 
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on the painted slides (bacteria adhesion reduction: >99.8% at all of TiO2, CV, and 

TBO paints). In the bactericidal experiment, the painted slides showed not only dark 

kill of E. coli and S. aureus but also represented very strong photobactericidal 

activity in white light.  

In this chapter, the technique that we developed has several advantages: firstly, that 

fabrication of the paints is easy; secondly, its treatment on surfaces is simple like 

commercial paint; thirdly, through one simple treatment, a dual functional surface 

is produced; finally, the paints can coat a variety of surfaces such as plastic, paper 

(Figure 5.23) and glass (Figure 5.6) It is expected that these dual functional paints 

may be useful for healthcare facilities to prevent HAIs transmission. 

 

Fig. 5.23 TiO2, CV, and TBO paints coated plastics (plastic toys) and papers  
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Chapter 6: Conclusion 

With an increase in pathogen resistance to antibiotics, healthcare-associated 

infections are a big problem in UK hospitals and worldwide. Although vigorous 

schemes including mandatory surveillance, legislation, inspection and disinfection 

to prevent the spread of healthcare-associated infection have been performed and 

they reduce somewhat the incidence of HAI, the rate of the infection is still high. 

Bactericidal surfaces are a promising approach to significantly decrease the number 

of healthcare associated infections because they can minimize transmissions of 

pathogens by preventing bacterial contamination on a surface which healthcare 

workers and patients frequently touch. This thesis has shown a previously unknown 

limitation of superhydrophobic surfaces which are well known anti-biofouling 

surfaces, and white light-activated bactericidal polyurethane and paints which have 

very potent bactericidal activity in white light.  

In Chapter 2 which is the first experimental chapter, the anti-biofouling property of 

a superhydrophobic surface was tested for 1, 4, 8, 16, and 24 h using representative 

hospital-associated pathogens (E. coli, S. aureus, MRSA, and CRE) and compared 

with glass, polyurethane, and polystyrenes. After 1 h bacteria exposure, the 

superhydrophobic surface had significantly less adhesion than the other samples. 

However, with increasing exposure time, the numbers of adherent bacteria increased 

on superhydrophobic surface. After 24 h bacteria exposure, the number of bacteria 

attached on superhydrophobic surface was greater than the other surfaces. The 

results showed that as the air-bubble layer entrapped on a superhydrophobic surface, 

which reduces the contact area between bacteria and the surface, was dissolved in 

the water, the layer disappeared from the surface and the high roughness of a 
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superhydrophobic surface became a favourable setting to bacteria, resulting in a 

significant increase in bacteria attachment on superhydrophobic surface 

Chapter 3 introduced a white light-activated bactericidal polymer produced by a 

simple swell-encapsulation shrink process. Toluidine blue O and silver 

nanoparticles were encapsulated into polyurethane which is widely used in medical 

devices in hospitals. The encapsulation induced a potent photobactericidal activity 

on E. coli within 3 h of white light exposure, and even showed strong bactericidal 

behaviour after 24 h of incubation in the dark.  In both cases, the bacterial numbers 

decreased to below the detection limit indicating that the reduction in the number of 

viable E. coli bacteria was > 4 log.   

In chapter 4 and 5, photobatericidal paints were introduced for the first time. Crystal 

violet and commercial acrylic latex were mixed together to produce bactericidal 

paint. The combination of crystal violet and acrylic latex resulted in white light- 

activated bactericidal paint. In bactericidal tests, the bactericidal paint with 1000 

ppm of crystal violet showed not only strong bactericidal activity with 1.21 log 

reduction of viable E. coli at 6 h incubation in the dark but also exhibited very potent 

photobactericidal activity indicating that the reduction is > 3 log after 6 h of white 

light exposure. Stability tests in PBS over 120 h showed that after drying, crystal 

violet molecules hardly leached out from the paint, indicating that the paint is quite 

stable.  

Crystal violet, toluidine blue O, P25 TiO2 nanoparticles, and 1H, 1H, 2H, 2H-

perfluorooctyltriethoxysilane were employed in order to make dual functional paints 

with superhydrophobic and bactericidal properties, and TiO2, TBO, and CV paints 
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were produce through physical and chemical reaction. The dual functional paint 

coated slide showed a strong water repellence and self-cleaning properties, and it 

showed good anti-biofouling property with a reduction in the number of bacteria 

attached to the samples by >99.8%. A bactericidal experiment with E. coli and S. 

aureus showed that the coated slide had some bactericidal activity in the dark and 

under white light, they had very potent photosterilisation. Among the paints, CV 

paint showed the strongest at activity with >5 log reduction of viable bacteria.  

As an alternative strategy for preventing surface contaminations, anti-biofouling and 

bactericidal surfaces have been considered as a promising technique. This thesis 

showed that surfaces with only anti-biofouling property can be a bacterial reservoir 

through experiments with superhydrophobic surfaces which is well known anti-

biofouling surface, and from that result, it was concluded that bactericidal surface 

would be better strategy to prevent surface contamination by bacteria. Various types 

of surfaces in hospital environment exist such as polymer, glass, and wood, metal, 

and paper. Photobacterial polymer and paints in this thesis can be readily applied to 

many hospital surfaces and they can render the surface with potent bactericidal 

properties.  

6.1 Future work 

Although the bacterial killing mechanism of photobactericidal materials was not 

investigated, it is speculated that reactive oxygen species induced by photoreactions 

kill bacteria on the materials. Sehmi et al. (2015) showed that photobactericidal 

polymers generate reactive oxygen species161, but the identity of the reactive oxygen 

species and the mechanism on photosterilisation enhancement by nanoparticles were 
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not extensively determined. In future work, determining the identity of reactive 

oxygen species via chemical entrap method (fufuryl alchohol for singlet oxygen; 

XTT assays for superoxide anion; p-Chlorobezoic acid for hydroxyl radical) would 

be useful to understand the mechanism.  

For real world application, it is key to determine stability of the photobactericidal 

materials under a variety of environmental settings. Although the materials in this 

work showed potent bactericidal activities, environmental factors affect their 

performance. Thus, it is crucial to investigate how efficiently the materials work 

with or without routine cleanings in hospital setting. Further tests in hospital setting 

would provide valuable information to developed bactericidal surface to reduce the 

number of hospital associated infections. 
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