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Abstract 

Many diseases spread due to the bacterial infections, which have caused significant 

economic and personal losses. Contact with infected surfaces is likely to catch 

infections, and antimicrobial surfaces may play an important role in preventing the 

spreading of disease and infection in public health. Some techniques including 

coating have been used in developing antimicrobial surfaces.  

Copper (Cu) has a broad spectrum of intrinsic antimicrobial functions and long been 

considered safe for everyday and external application. The surface containing Cu 

can provide sustained protection against microbial contamination. In the present 

study, the polymer-Cu and polymer-Cu salt, polymer-Cu/TiO2, and Cu-Bi 

composite coatings were developed, effectively applied onto metallic or 

non-metallic substrates. These coatings can be used in indoor or outdoor 

environments with effective antimicrobial and other properties.  

The present research started with a polymer based coating system containing 

mixtures of fine particles of Cu and Cu salt separately. These polymer based 

coatings have good compatibility with various substrates, including nonmetallic 

substrates such as wood, glass, and plastics. These Cu containing coatings display 

good antimicrobial properties. Coatings with embedded fine Cu salt showed higher 

antimicrobial property than the coating with only Cu due to the higher Cu ion 

releasing rate than the coatings only contain Cu. The total elimination of 10
6
 

bacteria by contacting the polymer-metallic Cu coatings needs 8 h, while contacting 

with the polymer-CuCl2 coatings took only 20 min to kill the same amount of 

bacteria. Single bacterial cell membrane changes could be clearly observed by using 
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transmission electron microscopy (TEM) and synchrotron infrared microscopy 

techniques coupled with cellular Deoxyribonucleic acid (DNA) analysis. The death 

of Escherichia coli (E. coli) after contacting with polymer-Cu coatings occurred 

mainly because of the damage to the cell membrane integrity. In contrast, after 

contacting with Cu salt containing coatings, E. coli became inactive possibly due to 

the loss of DNA integrity and cell membrane integrity.  

The antimicrobial property and mechanical properties of Cu containing coatings 

were further investigated by adding TiO2 nanoparticles. TiO2 is a wide band-gap 

semiconductor with photocatalytic properties. The addition of TiO2 enhanced the 

antimicrobial property under sunlight, which provided extended applications in 

outdoor environment. The elimination of 10
6
 bacteria by contacting the polymer-Cu 

coatings without TiO2 need 5 h, while contacting with the Cu/1 wt.% TiO2 took only 

2 h to kill the same amount of bacteria. The addition of TiO2 also enhanced hardness 

and wear resistance of the polymer based coatings. Synchrotron Infrared 

Microscopy was used to in-situ and in-vivo study the bacteria killing process. The 

real-time chemical images of bacterial activities showed that the bacterial cell 

membranes were damaged by the Cu and TiO2 containing coatings. 

Cu-Bi is another type of coating that was originally developed for mechanical 

applications as Cu and Bi do not dissolve to each other at ambient temperature. This 

coating was produced using electroplating method which is widely used in industry. 

With a small addition of Bi, the microhardness and wear resistance of Cu coating 

significantly increased from 165 to 250 HV50. The Cu-Bi coating has a two-phase 

mixed microstructure. X-ray Diffraction (XRD) analysis indicates that the Bi 

addition did not produce lattice distortion in the Cu matrix as Bi and Cu do not form 

http://en.wikipedia.org/wiki/Escherichia_coli
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solid solution. The electrical conductivity therefore has no measurable change. This 

Cu-Bi composite coating may extend the service life of Cu coatings when used as 

electric contacts. These coatings show good antimicrobial properties and have 

stronger antimicrobial properties against gram-negative bacteria than gram-positive 

bacteria. 

Bacterial surface property, roughness and wetting property were systematically 

studied to illustrate the antimicrobial mechanism of Cu coating. Two types 

(wild-type and mutant strain with exopolysaccharide overproduction) of bacteria 

were used to investigate the killing rate and mechanisms. The results showed that 

mutant strain was more sensitive to Cu containing coating than the wild-type strain. 

The bacteria with more cell surface components were killed faster. More Cu ions 

released on Cu containing coating surface after contacting with the mutant strain 

comparing with the wild-type strain.  

The antimicrobial Cu containing composite coating systems that have been 

developed in this work are weather resistant, low-cost and easy to apply. These Cu 

containing antimicrobial coatings can greatly reduce the contact-transfer of 

infectious diseases, and will help reduce their health hazard significantly. These 

antimicrobial Cu containing coatings are proposed to have a wide range of 

applications not only in the food and health industries, but also in many public 

sectors such as schools, airports, railway stations, and libraries. The future work 

could be focused on designing different coating compositions for different 

applications. The processing and coating properties will also be systematically 

investigated and optimized, which will provide a reliable basis for coating 

industries.  
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Chapter 1 
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1.1 Background 

Bacteria are widely found in air, soil and aqueous environment, and essential to 

human being’s life [1]. Bacterial contamination and infections are one of the major 

factors that can cause the spread of infectious diseases, which have resulted in 

significant human economic loss over the world. Foodborne diseases aid by bacteria 

continue to be a common and serious threat to public health all over the world [2].  

Bacteria can deposit and adhere firmly to exposed surfaces of materials gradually 

through the interaction and hydrophobic effect between bacteria and surfaces. 

Governed by Brownian or gravitational forces, bacteria have active motility which 

enable bacteria to overcome repulsive electrostatic force (due to the overall net 

negative electrostatic charge of bacterial cells and the surface) and hydrodynamic 

forces (caused by drag and frictional forces at the surface) [3]. Bacterial 

extracellular structures, such as pili and flagella, assist in making the first physical 

contact with the surface and adhere to abiotic surfaces [4-6]. Additionally, 

adsorption and desorption of nutrients at the surface, which compose a conditioning 

film, may help bacterial initial attachment [7]. Furthermore, the direct contribution 

of adhesive organelles of the fimbrial family lead to the irreversible attachment of 

bacteria to surfaces [8]. They start to grow and secrete extracellular matrix (ECM) 

after their adhesion to the surfaces. This propagation can be very fast if the 

environment is suitable for bacterial growth. Bacteria further co-aggregate, form 

micro-colony, and finally bio-film. Bacteria in bio-film can hardly be removed by 

general antibiotics, preservatives, and chemicals due to the protection of ECM. In 

food industry during food handling and preparation, bacteria on raw foods can be 

transferred to various surfaces [9].  
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Various bacterial strains may survive hours or days after initial contact with hands, 

cloths and utensils [10, 11]. Commonly used facilities in food and health industries, 

such as cutting boards and water faucet spigots, are typically made of aluminium, 

stainless steel, plastics or wood, with surface materials lacking of intrinsic 

antimicrobial properties. Bacteria adhered to these frequently touched surfaces can 

transmit via contact among people. Hand hygiene and surface clean are used to 

control and reduce contamination [12, 13]. However, despite of considerable efforts 

have been made to improve regulatory compliance rates of hygiene practices, 

bacterial contamination still occur and the contaminated food can make consumers 

sick because of the toxins produced by bacteria. Innovative strategies and 

technologies are urgently needed to more effectively prevent bacterial 

contamination and infections. 

Bacteria can be exterminated via a number of physical and chemical methods. For 

example high temperature sterilization at 121°C with wet heat or at 160°C with dry 

heat, electromagnetic wave (X-ray, γ-ray and UV light) are general physical 

technique to exterminate bacteria. Adjusting pH, deoxidant, redox, dehydration, and 

using chemicals (such as antimicrobial agent) are usual chemical approaches to 

exterminating bacteria.  

An antimicrobial is an agent that kills microorganisms or inhibits their growth [14]. 

Antimicrobial agents can be referred to as either those that naturally have the 

function of inhibiting bacterial growth or killing bacteria (natural antimicrobial 

agents), or those that have antimicrobial function after being modified by 

introducing some antimicrobial agent (synthesized antimicrobial agents). Natural 

antimicrobial materials generally have high efficiency of anti-bacteria but their 

app:ds:wave
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application is limited due to their difficult process and poor thermal resistance. 

Synthesized antimicrobial agents are more widely used compared to the natural 

antimicrobial agents. These physical and chemical methods of exterminating 

bacteria are time and energy consuming, and are prone to cause secondary pollution 

to the environment [15]. 

Antimicrobial surfaces play an important role in public areas to prevent spreading of 

disease by the bacterial infection, because surface contact is the primary source of 

infections when surfaces are often contaminated by pathogenic bacteria. Various 

antimicrobial materials have been used for surfaces that are exposed to human touch 

or contact with food, and have contributed to a reduction of the transmission of 

contamination and infection. For example coating containing titanium oxide (TiO2) 

have been used in antimicrobial materials, and metal ions, such as Cu
2+

, Ag
+
 and 

Zn
2+

, have been introduced into biostatic coatings due to their good anti-microbial 

properties. Zinc oxide (ZnO) has become highly attractive because of its remarkable 

potential in the application of  anti-reflection coatings [16]. However these 

coatings are generally lack of the stringent mechanical properties, which have 

limited their utilization.  

Composite coatings prepared with electro plating have been widely applied in 

industries because they possess improved mechanical properties and/or corrosion 

resistance. For example Ag-containing hydroxyapatite coating has been particularly 

designed with improved mechanical and anti-bacterial infection properties [17]. Cu 

is a low toxic compare to Cr and inexpensive metal compare with gold (Au) and 

silver (Ag), and exhibits excellent antimicrobial property. This research aims at 

developing and applying Cu containing composite coatings to commonly touched 
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surfaces by human hands in food and health industries. These coatings are expected 

to have good mechanical properties, and can provide sustained protection against 

microbial contamination. 

1.2 Antimicrobial coatings 

Reduction in surface bioburden may be an effective strategy to reduce infections. A 

variety of antimicrobial coatings has been applied to suppress bacterial growth in 

food, medical, health, and other industries. Public attention is being focused on the 

need for improved antimicrobial coatings that are both effective and safe. Currently, 

two popular antimicrobial coatings are widely investigated, coatings containing 

TiO2 and containing silver (Ag). 

TiO2 photocatalyst materials with antibacterial properties have been investigated 

extensively [18, 19]. The general scheme for the photocatalytic damage of bacterial 

cells caused by TiO2 involves several steps [20]: (1) the photoexcited TiO2 catalyst 

produces electron-hole pairs that migrate to the TiO2 surface; (2) photogenerated 

holes in TiO2 can react with adsorbed H2O or OH- at the catalyst/water interface to 

produce the highly reactive hydroxyl radicals, and the electrons can react with 

oxygen vacancies to form superoxide ions; (3) finally, the various reactive oxygen 

species generated can oxidize organic compounds/cells on the TiO2 surface, leading 

to cell death. As a result, the radical stops the reproduction of bacteria, thereby 

inhibiting bacteria growth or preventing virus DNA multiplication [15].  

Literature reports the TiO2 based antimicrobial agents. G. Fu et al. processed an 

anatase phase TiO2 nanoparticle suspension, a gold-capped TiO2 nanocomposite 

aqueous solution, and vanadium-doped TiO2 nanoparticles in aqueous solution by a 
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sol-gel technique and dispersed them to form coatings that could inhibit microbial 

growth on glass substrates. The good antibacterial effect (60-100% efficiency of 

killing Escherichia coli (E. coli) DH 5α and Bacillus megaterium QM B1551 was 

observed [21].  

C.J. Chung et al. [15] employed arc ion plating to deposit TiO2 film onto material of 

Ni/Cr-precoated Cu-35Zn commonly used for sanitary wares which is strongly 

relevant to device-related infection. The results showed the UV black light and 

common fluorescent lamp emitted light can make this coating to keep the 

antimicrobial effect against S. aureus ATCC 6538P and E. coli ATCC 8739 after 8 

and 12 h, respectively. 

However, ordinary TiO2 can only be photoexcited by ultraviolet (UV) irradiation 

with strong light intensity, including sunlight or black light fluorescent bulbs [22]. 

The UV intensity from typical indoor lighting sources, such as white light 

fluorescent bulbs, has an intensity one thousand times lower than that of sunlight 

[23]. Other general indoor lighting sources including white incandescent lamps and 

white light emission diodes do not emit UV light. Additionally, TiO2 nanoparticle 

has a large surface area with high surface energy [24]. It is easy to coagulate and 

aggregate, which lead to the particle aggregation and affect the efficiency of TiO2 

photocatalytic properties. Therefore, TiO2 need to combine with other material to 

enhance and maintain its stable antimicrobial property.  

C. Gasquères et al developed TiO2 coating containing Ag particles by anodic spark 

deposition on Ti-6Al-4V alloy in an aqueous electrolyte. The coating exhibits a 

complete killing ability of the adherent Staphylococcus epidermidis within 12 h after 
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inoculation. This high antimicrobial efficacy is mostly due to the release of Ag ions 

when in contact with a liquid medium. The release rate stays constant for over 15 

days and the released ion concentration is safe to humans [25].  

The Ag (I) ion is an example of a metal ion known to possess antimicrobial activity 

[26]. Bedi et al [27] developed Ag-exchanged zeolite A (Ag-ZA) coating using a 

low temperature (65°C) for 11-12 h in situ crystallization process following by ion 

exchange process on stainless steel. Stainless steel can be commonly used as touch 

surfaces such as door handles, push plates, food handling tools and devices such as 

surgical instruments [28, 29]. The Ag-ZA coatings demonstrated high antimicrobial 

activity to E. coli after submersion in double de-ionized water over a one-year 

period and still showed effective resistance against bacteria Listeria innocua, 

Staphylococcus epidermidis and Pseudomonas putida, and marine yeast 

Rhodotorula mucilaginosa. 

Vacuum plasma spraying technique was adopted by H.J. Ruan et al [30] to prepare 

Hydroxyapatite/Ag (HA/Ag) and HA coating on Ti-6Al-4V substrate which is 

normally used in medical devices. After incubating the HA/Ag and the HA coating 

under Staphylococcus aureus and Pseudomonas aeruginosa suspensions of 2% 

tryptic soy broth medium for 2, 4 and 7 days, respectively, the biofilm on the 

coatings was examined. HA/Ag showed significant anti-biofilm property against the 

two bacteria. Compared with HA coating, the bacterial biofilm’s thickness on the 

surface of HA/Ag coating witnessed decreased obviously at 4 and 7 days after 

culture. The percentage of viable bacteria within the biofilm on the surface of 

HA/Ag coating decreased obviously compared with that of HA coating after culture.  
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D. Ionita et al. reported that they elaborated a composite coating by coating TiAlZr 

with Ag nanoparticles (synthesized by reducing Ag salts using NaBH4) [31]. TiAlZr 

also have been widely used for biomedical devices. The antimicrobial properties 

experiments performed in vitro demonstrated efficacy of coating TiAlZr with Ag 

nanoparticles against growth of E. coli bacteria. The percentage inhibition of E. coli 

growth was found to be 97%.  

Ag-ions are active against a broad spectrum of bacteria, with the antimicrobial 

activity being proportional to the free Ag-ion concentrations [32]. Metallic Ag only 

has slight antibacterial effects because it is chemically stable [32]. In fact, the 

antimicrobial properties of Ag are dependent upon the release of Ag ions (Ag
+
). Ag

+
 

binds to electron donor groups (sulphydryl, amino, and carboxyl) of proteins, 

leading to their denaturation and consequently to the inactivation of several vital 

functions of the bacteria [33]. One of the most important mechanisms by which Ag
+
 

kills the bacteria is considered to be the damage to membrane function [34]. Ag
+
 is 

also known to inhibit the bacterial respiratory transport chain and to interfere with 

DNA replication [35].  

However, in an environment containing albumin and halide ions, the antibacterial 

activity of Ag
+
 will be decreased as a result of specific absorption processes with 

albumin and precipitation into insoluble Ag chloride. Another research focusing on 

preventing hospital bacterial infection was carried out by Michels et al [36]. In their 

studies the antimicrobial Ag-containing coating on stainless steel shows a 4-log 

(logarithm) drop to a little above 5 logs in two days, which is one log higher than 

seen on uncoated stainless steel [36]. Thus, bacteria on the stainless steel surface 

and the Ag-containing coatings still have a potential to adversely affect human 
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health after two days [36]. A randomized controlled clinical study of 1,300 patients 

revealed no significant differences in infection rates between Ag-coated and 

unmodified catheters [37]. Additionally, Ag salts are light sensitive. Exposing them 

to light causes a discoloration or black staining associated with deposition of 

reduced Ag. Therefore, Ag-containing coating need find another way to overcome 

its weakness and improve antibacterial property. 

1.3 Antimicrobial coating containing Cu 

Comparing with coatings containing TiO2 and Ag, antimicrobial coatings containing 

Cu have some advantages. Cu, ever used by humans, has been useful in improving 

public health [38]. Ancient civilizations exploited the antimicrobial properties of Cu 

long before the concept of microbes became understood in the nineteenth century 

[39]. Cu tubing is widely applied in plumbing in order to preserve the purity of 

drinking water. The anti-microbial property of Cu inhibits water-borne 

microorganisms, such as bacteria, viruses, algae, and infectious parasites in the 

drinking water supply. In hospitals and clinics, the incidental transfer of 

microorganisms is reduced with Cu based, antibacterial paint on walls and by 

installing Cu or brass doorknobs and fittings in doors [40].  

Several studies demonstrated efficient and rapid killing of bacteria on exposure to 

surfaces composed of Cu or Cu-containing alloys but not stainless steel [38, 41-49]. 

A study where drug resistant M. tuberculosis strains were tested on solid Cu and 

growth inhibition ranged between 88 and 98% compared to polyvinylchloride [46]. 

A Cu film coated on carbon nanotubes films by ion beam assisted deposition by T. 
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Liu et al. [50] possessed strong antibacterial rate with the reduction of 99% of E. 

coli and 91% of S. aureus. 

As mentioned before, stainless steel is the most commonly used materials in daily 

life, especially in applications in hospitals, food industries and kitchen appliances. 

Some research aimed at preparing antibacterial stainless steel surfaces by means of 

Cu coating. For instance, X. Zhang et al. [51] prepared antibacterial stainless steel 

surfaces with different Cu content by a plasma surface alloying technique. Ni-Cu 

alloy was used as the source target for supplying the alloying elements and AISI304 

stainless steel was used as the substrate material. This Cu plasma alloyed surface 

exhibited very strong antibacterial ability, and an effective reduction of 98% of E. 

coli within 1 h was achieved by contact with the alloyed surface; and few bacteria 

were able to survive more than 12 h with a reduction rate over 99.9%.  

Various techniques were also used to synthesize composite coatings containing Cu 

for disinfection and/or killing microorganism. Qiu et al. deposited nano-cluster 

mixtures (Cu I and Cu II species) onto TiO2 surfaces and coated suspension of 

CuxO/TiO2 on glass substrates [52]. They found that this material had the efficient 

photocatalytic volatile organic compounds decomposition property and 

anti-pathogenic effects with 7.5-log reduction of bacteriophage after 40 min in 

indoor conditions. 

Nanocomposite coatings including CrN/Ag, ZrN/Ag, TiN/Ag and TiN/Cu with 

varying Ag or Cu contents were produced by co-deposition in a dual pulsed 

magnetron sputtering system [53] depositing on AISI 304 stainless steel. The results 

suggested that an increase in surface Ag or Cu concentration resulted in a decrease 
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in S. aureus colony forming units for all the coating types tested, with the TiN/Cu 

coatings being most effective.  

P.T. Chiang et al [54] coated Zr61Al7.5Ni10Cu17.5Si4 (ZrAlNiCuSi) thin film metallic 

glasses (TFMG) onto a 304 stainless steel substrate by means of a vacuum DC 

MDX 1000 sputtering system. A volume of 0.01 ml per drop (1.5×10
6
 

Colony-forming unit/ml) of stains was tested on ZrAlNiCuSi TFMG. After 

microbe-material interaction for 3 h, the specimens were attached onto 

Mueller-Hinton agar and incubated. This coating showed antimicrobial effects, and 

also reduced colonization and biofilm formation on surfaces. The above effects were 

maintained for at least 24 hours. 

Two deposition technologies were combined to produce photocatalytically active 

film of TiO2/Ag and TiO2/CuO on glass substrate [55]. Ag and CuO layers produced 

on glass by flame assisted chemical vapour deposition (FACVD) layers were 

deposited first, followed by a thermal atmospheric pressure CVD (APCVD) TiO2 

layer. This research compared TiO2/Ag and TiO2/CuO film with co-deposited 

TiO2-CuO films. TiO2/Ag surfaces gave a higher photocatalytic antibacterial 

activity against E. coli in the dark whereas TiO2/CuO and co-deposited TiO2-CuO 

film were more active when illuminated with UV radiation. In the studies of 

antimicrobial coatings containing Cu, however, few of them possesses the stringent 

mechanical properties needed for utilization.  
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1.4 Coating methods of Cu-containing coatings 

1.4.1 Polymer composite coatings 

Embedding metal nano/particles into a polymer matrix is one of methods to develop 

metal containing coatings. Metal/polymer nanocomposites have the highly dispersed 

nature of the metal releasing clusters and the large interface area of 

nanoparticle/polymer ensures a high reactivity and eventually good metal ions 

releasing properties [56]. Polymer coatings retain the plastic behaviour of the 

original matrix and therefore the process of application is like paint. It can be 

applied on the non-metallic substrates, such as plastic, wood and glass [57]. Some 

works have been recently performed on the synthesis, characterisation, and 

development of metal-based nanocomposite materials [58, 59]. However, very few 

focus on their biological properties [56]. 

Biocidal polymers can be prepared by incorporation of a biocide agent into bulk 

polymers during processing of the material or by endowing a biocidal function to 

the polymer after processing and applying surface coatings containing biocidal 

agent [60, 61]. Various approaches have been developed to combine antimicrobial 

agents with polymers. For example, incorporation of volatile and non-volatile 

antimicrobial agents directly into polymers [62], coating or adsorbing antimicrobials 

onto polymer surfaces [63], immobilisation of antimicrobials to polymers by ion or 

covalent linkages [64], polymerization of monomer-containing biocide groups or its 

copolymerization with another monomer to form a new family of polymers bearing 

biocidal agents [60], grafting of antimicrobial agents into the polymers [60] and 

polymerization of the biocide polymer on the surface of commercial polymers by 
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atom transfer radical polymerization [65, 66]. Among above mentioned methods, 

the direct addition of the biocide agent into the bulk polymer seems to be the most 

efficient and simplest route, as it can be easily implemented in standard polymer 

processing units without any post-reactor treatment on the polymer [67]. 

Radheshkumar et al. [61] and Damn et al. [68] have successfully incorporated silver 

nanoparticles into polymers by which antimicrobial properties have been achieved.  

Silver based hybrid materials are one of the most studied agents for preparing 

composites because of their strong and versatile antimicrobial properties and low 

toxicity [69]. Many polymers for example polyamides [70-72], polyurethane [73, 74] 

polyethylene [74-76], polyethylene oxide [77], silicone rubber [74, 78, 79] and 

methacrylate copolymers [80, 81] were filled or coated with elemental silver 

nanoparticles [68]. However, only a few publications[56, 67] have been reported 

using Cu, particularly Cu nanoparticles (CNP) [67]. Polymer/Cu nanoparticles 

composites with antifungal and bacteriostatic properties using polyvinylmethyl 

ketone, poly(vinyl chloride), and polyvinylidenefluoride as polymeric  matrices 

have been reported [56]. Polyethylene/CNP composites for intrauterine devices 

exhibited excellent bioactive properties [82, 83]. Cu ion implantation by plasma 

immersion was applied on polyethylenes to produce an antibacterial surface [84]. 

The samples mentioned in above researches presented excellent antibacterial 

properties [67]. 
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1.4.2 Electroplating composite coatings 

Electroplating as a conventional coating method has been widely applied in the 

industries as it is low-cost and easy to operate. The substrate of the coating prepared 

by electroplating is metallic and conductive. The fundamental principle of the 

electroplating has been described previously [85]. When a metal is immersed in an 

electrolyte, under certain conditions, a spontaneous dissolution takes place. In this 

case, metal atoms leave the metal lattice to form positively charged ions (cations), 

and then the ions migrate into the electrolyte solution. As a result of this anodic 

dissolution, an excess of positively charged ions is found in the immediate vicinity 

of the metal electrode. Their departure leaves an equal and opposite negative charge 

on the metal.  

Electrostatic charge attraction has the opposite effect and seeks to pull the positively 

charged ions back to the negatively charged metal. The process of anodic 

dissolution or cathodic metal deposition implies movement of charge and thus 

constitutes an electric current. If a voltage is applied across the two electrodes in an 

electrolyte solution, a current consisting of electron flow, will be set up through the 

external circuit and back to the cathode. The anode will thereby dissolve anodically, 

and cations will migrate to the cathode. Anions present in solution will move in the 

opposite direction towards the anode. Current will thus flow through the solution by 

virtue of the movement of these charged ions. The fresh ions are delivered to the 

cathode surface from the bulk solution. The delivering rate depends on the 

prevailing hydrodynamic conditions at or near the cathode surface. The process 

involves three main mechanisms, i.e. migration (under a potential gradient), 
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diffusion (under a concentration gradient) and convection (movement of the 

electrolyte liquid itself). 

The properties of electrodeposits are important for a broad spectrum of applications. 

In the 1970s, Safranek firstly summarized the properties of electrodeposited metals 

and alloys [86]. The incorporation of second-phase particles changes the 

microstructures of composite coatings, accordingly influencing the properties of the 

composite coatings, including hardness [87-91], wear resistance [87, 89-94] and 

corrosion resistance [87, 91, 95-101].  

The typical properties of electroplated composite coatings are outlined below.  

(1) Hardness 

Thiemig et al [88] investigated the effect of particle content on the microhardness in 

Ni-TiO2 composite coatings. The microhardness of the Ni-TiO2 composite coatings 

prepared in both acidic and alkaline solutions significantly increased due to the 

incorporation of TiO2 nano-particles. The higher particle content led to higher 

microhardness. However, there is a limit above which further increase of TiO2 will 

not increase the microhardness. 

(2) Wear resistance 

Vaezi et al [87] studied the wear resistance of Ni-SiC nano-composite coatings. 

When the content of SiC nano-particles increased, the wear rate of the Ni-SiC 

nano-composite coatings declined. The Ni-5wt.% SiC seems to have the best wear 

resistance. 
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(3) Corrosion resistance 

Hamid et al [91] investigated the corrosion resistance of Ni-polyethylene (PE) 

composite coatings. The results showed that the uncoated steel gives the highest 

corrosion rate (9.0 m/year), compared to 0.62 m/year for Ni-coated steel. Ni has the 

ability to protect itself against certain forms of chemical attack by developing a 

corrosion resistant passive oxide film. A further decrease in corrosion rate is 

obtained through the addition of PE to Ni deposit. The results show that the 

corrosion rate of Ni-PE composites is decreased up to 0.03 m/year with increasing 

PE volume percentage to 30 vol. %. The increase in the corrosion resistance can be 

attributed to the decreased porosity in the Ni-PE composite coatings. 

1.5 Antimicrobial property test methods 

1.5.1 Bacteria used in the test of antimicrobial property 

According to the shape bacteria can be divided into cococus, bacillus and spirillar 

bacterium. Bacteria can mainly be classified into gram-positive and gram-negative 

groups according to the difference of the structure of cell walls.  Generally, the 

bacteria causing diseases are called pathogens. There are many bacteria common 

existence in public sectors such as airport, hospital, supermarket and food 

processing industry. For example, Methicillin-Resistant Staphylococcus aureus 

(MRSA) is one of the most virulent strains and a common culprit of hospital- and 

community-acquired infections; Staphylococcus aureus, is the most common one 

among all bacterial staphylococcus infections, which can cause life-threatening 

diseases, including pneumonia and meningitis. Pseudomonas aeruginosa is a 

bacterium that infects the pulmonary tracts, urinary tracts, blood, and skin of 

immune compromised individuals. Salmonella is a bacterium which can be 
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transferred between humans and non-human animals, and its infections are due to 

ingestion of contaminated food.  

Staphylococcus epidermidis (S. epidermidis) is nonpigmented and a very hardy 

microorganism, Gram-positive cocci, arranged in grape-like clusters. This 

microorganism, usually coccoid 1 m in diameter and forms white, raised cohesive 

colonies approximately 1–2 mm in diameter after overnight incubation. Although S. 

epidermidis is not usually pathogenic, patients with compromised immune systems 

are often at risk for developing an infection. S. epidermidis is also a major concern 

for people with catheters or other surgical implants because it is known to cause 

biofilms and multilayer biofilm that grow on these plastic devices placed within the 

body [102, 103]. Such biofilms decrease the metabolic activity of bacteria within 

them. This decreased metabolism, in combination with impaired diffusion of 

antibiotics, makes it difficult for antibiotics to effectively clear this type of infection 

[103].  

E. coli is facultative anaerobic, non-sporulating and Gram-negative. Its cells are 

rod-shaped and are about 2 m long and 0.5 m in diameter, with a cell volume of 

0.6-0.7 (m)
3
 and have numerous tail-like flagella which help it move and have a 

peritrichous arrangement. Optimal growth of E. coli occurs at 37°C. E. coli is a 

normal inhabitant of the human intestine and is usually harmless. It adapts to 

environmental challenges with exceptional alacrity [104]. Under certain conditions 

its numbers may increase and cause infection. Some strains are responsible for 

gastroenteritis in children, particularly in tropical countries, and are occasionally 

responsible for product recalls due to food contamination. For instance, E. coli 

O157:H7 is food-borne pathogens associated with several large-scale food recalls. 

http://en.wikipedia.org/wiki/Gram-positive
http://en.wikipedia.org/wiki/Immune_system
http://en.wikipedia.org/wiki/Catheters
http://en.wikipedia.org/wiki/Biofilms
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In the fall of 2007, E. coli O157:H7 contamination resulted in the recall of 9,840 

tonnes of hamburger meat [105]. The recent outbreak of the E. coli strain STEC 

O104:H4 in Germany is responsible for 53 deaths and has infected 3,842 people in 

May 2011 [106]. E. coli can cause diarrhoea and 80% of all urinary tract infections. 

Certain strains have been selected as the model organisms for genetic studies. 

Although most E. coli strains are harmless to humans, the U.S. Dept. of Agriculture 

(USDA) estimates that the cost to society associated with infectious strains of E. 

coli is $5 billion annually. 

B. Subtilis is a Gram-positive, catalase-positive bacterium. Its cells are rod-shaped 

and are about 2~3 m × 0.7~0.8 m. Optimal growth of E. coli occurs at 30°C. B. 

subtilis is a normal gut commensal in humans. It is also heavily flagellated, which 

gives B. subtilis the ability to move quickly in liquids. The number of spores found 

in the human gut is too high to be attributed solely to consumption through food 

contamination. B. subtilis is only known to cause disease in severely 

immunocompromised patients, and can conversely be used as a probiotic in healthy 

individuals [107]. B. subtilis has proven highly amenable to genetic manipulation, 

and has become widely adopted as a model organism for laboratory studies, 

especially of sporulation, which is a simplified example of cellular differentiation.  

According to the popularity as a laboratory model organism, E. coli is extensively 

used as the Gram-negative bacterium while B. subtilis is often studied as the 

Gram-positive bacterium. By studying the antimicrobial effect on these strains, one 

can anticipate the antimicrobial effect on the corresponding pathogenic bacterial 

strains [27]. 

http://en.wikipedia.org/wiki/Gram-positive
http://en.wikipedia.org/wiki/Catalase
http://en.wikipedia.org/wiki/Bacterium
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1.5.2 Test methods 

(1) Inhibition property test 

When bacteria contact with antimicrobial, the growth of bacteria is inhibited. There 

are currently two methods to test inhibition property: Broth/agar dilution test [108, 

109] and disk/agar diffusion test [110-112]. Broth/agar dilution test involves various 

concentrations of antimicrobials from dilution in growth media [108]. Broth/agar 

dilution testing is a method of choice by the Clinical Laboratory Standards Institute 

(CLSI) for determining antimicrobial minimum inhibitory concentration (MIC) [108, 

109]. Disk/agar diffusion testing, also known as the Bauer-Kirby method, was first 

standardised in 1966 [112]. When the bacteria were susceptible to the antimicrobial, 

a zone of inhibition will become apparent [113]. The disk diffusion test involves the 

use of one disk containing a known amount of antimicrobial [114]. 

(2) Bactericidal property test 

Bactericidal property means bacteria killed after contacting with antimicrobial. Cell 

viability assay is performed to test bactericidal property. A larger number of bacteria 

contact with antimicrobial, and then bacteria are taken from each sample and 

cultured for different period time. Finally the quantity of viable bacteria is counted. 

For counting, a log dilution series are prepared in 0.85% sodium chloride (NaCl) 

solution. Each dilution is dropped onto the surface of agar plate, which is divided 

into labelled segments. After absorption of the drops, the plates are incubated 

overnight at appropriate temperature. Colony counts are made in drop areas 

containing the greatest number of colonies without exhibiting confluence or small 

colony size due to overcrowding [115]. The colony forming unit (CFU)/ml are 
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calculated with the mean number of colonies of the triplicate samples. This method 

is a quantitative. 

1.6 Mechanism of metallic Cu antimicrobial property 

Cu has been used by human being since one century ago. Ionic copper was reported 

to be one of the most toxic metals to heterotrophic bacteria [116]. As an 

antimicrobial its use at acceptable levels has wide-range possibilities. However, 

understanding of the mechanism of the system is essential and need to be explored 

to ensure antimicrobial ability. Cu acting on bacteria is a complicated subject. 

Molecular mechanisms responsible for the antimicrobial of Cu have been noted by 

various researchers. These mechanisms may be performing simultaneously. These 

potential mechanisms are the subject of continuing study by academic researchers 

around the world. 

It was reported that the Cu surfaces affect bacteria in two sequential steps: the first 

step is a direct interaction between the surface and bacteria [41]. Cations, such as Cu, 

are electrostatically attracted to the negatively charged microorganisms, and may 

then undergo reactions at the surface [33]. Bacterial outer membrane is 

characterised by a stable electrical micro-current. It is strongly suspected that when 

a bacterium comes in contact with a Cu surface, a short circuiting of the current in 

the cell membrane can occur. In addition, Cu ions that were released from the Cu 

surface hit a building block of the cell membrane. These weakens the membrane and 

creates holes [38]. Singh et al. reported that Cu alters the surface properties of Y. 

enterocolitica, as evidenced by a more rapid clearing of injured cells in vivo [117]. 

The second step is related to the holes in the outer membrane, through which the 
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cell loses vital nutrients and water, causing a general weakening of the cell [41]. The 

involvement of dissolved Cu ions in the killing bacteria process mainly includes: Cu 

dissolves from the Cu surface and causes cell damage; the cell membrane ruptures 

because of Cu and other stress phenomena, leading to loss of membrane potential 

and cytoplasmic content; Cu ions induce the generation of reactive oxygen species, 

which cause further cell damage; and Genomic and plasmid DNA becomes 

degraded [38]. 

After bacteria’s outer membrane is breached Cu ions enter the cell. Cu literally 

overwhelms the inside of the cell and obstructs cell metabolism reactions which are 

accomplished and catalysed by enzymes. When excess Cu binds to these enzymes, 

the bacterium can no longer breathe or create energy [118]. Research by Domek et 

al. suggested that Cu may attack respiratory enzymes in the cell membrane of E. 

coli [119]. Studies on Cu-injured E. coli cells also indicated that the respiratory 

chain was damaged at least one site and was associated with impaired cellular 

metabolism [120]. In addition, metal and metal oxides are generally covered with 

hydroxyl groups, when exposed to aqueous environments or moist air. Hydroxylated 

metal oxides may then, perhaps, undergo nucleophilic attack [33]. Cu is a heavy 

metal, may disrupt enzyme structure and function by binding thiol or other groups 

on protein molecules [33].  

Additionally, Samuni et al. developed a site-specific Fenton mechanism for Cu’s 

biological damage. According to this mechanism, Cu ions form a complex with the 

viral constituents (proteins or nucleic acids) [121]: 

                                    

The complexed Cu ions react with reducing species such as 0
2
, or ascorbate: 
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Then, hydrogen peroxide (H2O2) may reoxidize these species forming OH· radicals: 

                                                 

According to this model, the OH· radicals may be repeatedly formed at specific sites 

through the cyclic redox reaction of the metal ions, rather than randomly and in bulk. 

This apparently may be lead to multi-hit damage via the accumulation of hits at 

specific sites, with the consequent potentiation of the damage. Cu ion also may 

enhance biological damage induced by reductive species such as O
2
 or H in the 

participation of H2O2. Transition Cu ions can repeatedly undergo cyclic redox 

reactions and give rise to several OH radicals near the same site, causing multiple 

hit damage at target sites [122].  

Currently, researchers believe that some important antimicrobial mechanisms for Cu 

are as follows:  

(1) Excess Cu causes a decline in the membrane integrity of microbes, leading to 

leakage of specific essential cell nutrients, such as potassium and glutamate. This 

leads to desiccation and subsequent cell death.  

(2) Excess Cu binds to proteins that do not require Cu for their function. This 

“inappropriate” binding leads to loss-of-function of the protein, and/or breakdown 

of the protein into non-functional portions.  

(3) Elevated Cu levels inside a cell cause oxidative stress and the generation of 

H2O2 causing oxidative damage to cells [123].  

http://en.wikipedia.org/wiki/Redox
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In summary, the exact antimicrobial mechanisms for Cu are still not clear, but the 

above mechanisms provide some insights to understand antimicrobial action of Cu.  

Studies have demonstrated that Cu ions are released from metallic Cu upon contact 

with cells, probably contributing to contact-mediated killing [124, 125]. Table 1.1 

shows contact killing of some microbes by Cu surfaces at room temperature [38]. In 

most studies on contact killing, a “wet” inoculation technique was used by applying 

typically cell suspensions to coupons [38].  n an alternative “dry” method, a small 

volume of liquid is applied to coupons with a cotton swab. The thin film of liquid 

evaporates within seconds and allows direct contact of all cells with the metal 

surface [38]. D. Quaranta et al and other researchers established a method that 

mimics contact of microbes to dry Cu touch surfaces and found bacteria were 

inactivated within a few minutes of exposure [41, 124, 126]. These studies 

interestingly suggest that dry metallic Cu surfaces are even more antimicrobial than 

moist ones. 
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Table 1.1 Contact killing of some microbes by Cu surfaces 

Species Application method time Ref. 

Salmonella enterica Wet, 4.5 ×10
 6 

CFU 4 h [127] 

Campylobacter jejuni Wet, 4.5 ×10
 6 

CFU 8 h [127] 

E. coli O157 Wet, (3–4) × 10
7 

CFU 65 min [128] 

Methicillin-resistant Staphylococcus 

aureus (MRSA) NCTC10442 

Wet, (1–1.9) × 10
7 

CFU 45 min [129] 

Epidemic MRSA (EMRSA)-1 

NCTC11939 

Wet, (1–1.9) × 10
7 

CFU 60 min [129] 

EMRSA-16 NCTC13143 Wet, (1–1.9) × 10
5 

CFU 90 min [129] 

Listeria monocytogenes Scott A Wet, 10
7 
CFU 60 min [48] 

Candida albicans Wet, > 10
5 

CFU 60 min [46] 

Klebsiella pneumoniae Wet, > 10
7 

CFU 60 min [46] 

Pseudomonas aeruginosa Wet, > 10
7 

CFU 180 min [46] 

Acinetobacter baumannii Wet, > 10
7 

CFU 180min [46] 

Pseudomonas aeruginosa PAO1 Wet, 2.2 × 10
7 

CFU 120 min [130] 

Enterococcus hirae ATCC 9790 Wet, 10
7 
CFU 90 min [125] 

Different Enterococcus spp. Wet, 10
6 
CFU 60 min [131] 

E. coli W3110 Dry, 10
9
 CFU 1 min [126] 

Acinetobacter johnsonii DSM6963 Dry, 10
9
 CFU A few min [126] 

Pantoea stewartii DSM30176 Dry, 10
9
 CFU 1 min [126] 

Pseudomonas oleovorans DSM 1045 Dry, 10
9
 CFU 1 min [126] 

Staphylococcus warnerii DSM20316 Dry, 10
9
 CFU A few min [126] 

Brachybacterium conglomeratum 

DSM 10241 

Dry, 10
9
 CFU A few min [126] 

Candida albicans Dry, 10
6
 CFU 5 min [132] 

Saccharomyces cerevisiae Dry, 10
6
 CFU 30 s [132] 
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Currently, it is not known how microbes exposed to dry Cu surfaces are rapidly 

inactivated. According to some studies, DNA is a major target of Cu toxicity, 

leading to rapid DNA fragmentation and cell death [131, 133-135]. This contrasts 

with recent findings by C.E. Santo et al., which proposed cell envelope damage as 

the mode of action of contact killing mediated by dry metallic Cu surfaces [38, 41, 

136, 137]. Their results showed the toxicity exerted does not target the genomic 

DNA in Gram-negative and Gram-positive organisms tested, even though cells are 

overloaded with Cu ions [41]. They considered that DNA damage was not primary 

cause and only a secondary phenomenon that occurred after the onset of cell death 

or after lethal damage had accumulated. Identify if certain membrane bound 

proteins or membrane lipids themselves are the sensitive targets in cells and damage 

to these specific targets is expected to lead to the rapid and efficient killing process 

on dry metallic Cu surfaces [132].  

1.7 Objectives and thesis framework  

Cu containing coatings can provide sustained protection against microbial 

contamination [51, 55], however Cu has not been widely used in antimicrobial 

coatings due to its poor corrosion resistance and low compatibility with non-metal 

substrates. This research aims at developing Cu containing composite coating 

systems that are compatible with metallic and/or non-metallic substrates, and 

effectively applicable in indoor and/or outdoor surface environments. The proposed 

Cu containing coatings were investigated to examine their antimicrobial and 

mechanical properties. Another objective of this research is to explore the 

antimicrobial mechanism of bacterial killing/supressing by studying the interaction 

between bacteria and the proposed Cu containing composite coatings. 
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Three types of Cu containing composite coatings, polymer-Cu, polymer-Cu salt, and 

polymer Cu/TiO2 coatings were systematically developed (Chapters 3 and 4). They 

are compatible with non-metal substrates. The composition, processing techniques 

and microstructure of Cu containing coatings and their respective antimicrobial 

properties were studied in three types of coatings. The relationship between Cu form, 

concentration, matrix materials was investigated to examine the release of Cu ions 

from surface to aqueous environment, which was supposed to be a key factor that 

determines the antimicrobial ability of the Cu-containing coatings.  Parameters, 

such as Cu, Cu salt and TiO2 concentration, were optimized to enhance the 

antimicrobial, mechanical and environmental properties of the coatings.  

Another type of Cu containing composite coating, Cu-Bi coating was designed and 

prepared using electroplating technique (Chapter 5). The Cu-Bi composite coating is 

compatible with metal substrates. Cu and Bi do not dissolve each other in solid state 

so the coating will form a type of two-phase mixture. Its formation mechanism and 

mechanical properties are also investigated.   

The antimicrobial mechanism of the coatings in bacterial killing/supressing is 

explored by testing bacterial morphology changes with transmission electron 

microscopy (TEM). Synchrotron Infrared Microscopy (SR-IRM) was also 

performed to in-situ and in-vivo study the bacteria killing process at the molecular 

level. Bacterial DNA analysis was done to investigate bacterial DNA changes. The 

four strains, Bacillus Subtilis (B. subtilis) ATCC 6633, E. coli ATCC 25922 and 

Pseudomonas fluorescens (P. fluorescens) SBW25 (wild-type) and P. fluorescens 

LSWS (mutant) are studied (Chapter 6). Finally, the thesis presented the future work 

(Chapter 7). 
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Chapter 2 

Experimental Materials, Design and Procedures 
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2.1 Experimental materials 

All reagents used in this research are analytical grade. In dilute solutions, 1 mgL
-1

 is 

approximately equal to 1 mgkg
-1

. All solutions used in the biotic experiments were 

either autoclaved or filtered through 0.2 μm Sartorius Minisart single use cellulose 

acetate membrane filter. Laboratory glassware was autoclaved and plastic ware was 

purchased sterile. 

E. coli ATCC 25922 and B. subtilis ATCC 6633 were purchased from the Ford 

Richard Ltd. E. coli was cultured in Trypticase Soy Broth (TSB, Difco™). The 

approximate formula for the TSB is (per litre): enzymatic digest of casein 17.0 g, 

enzymatic digest of soybean meal 3.0 g, sodium chloride 5.0 g, dipotassium 

phosphate 2.5 g, dextrose 2.5 g. B. subtilis was cultured in Lysogeny Broth (LB, 

Difco™). The approximate formula for the LB is (per liter): tryptone 10 g, yeast 

extract 5 g, sodium chloride 10 g. Bacteria were grown at 37°C (for E. coli) or 30°C 

(for B. subtilis ) and with aerobic agitation at 130 rpm, or on nutrient agar plates in a 

incubator. 

2.2 Experimental design 

Cu is selected as the main antimicrobial material in our coatings because it is a 

powerful, broad spectrum antimicrobial and can continuously kill bacteria as 

described in Chapter 1. TiO2 has antibacterial function by its photocatalytic property. 

The addition of TiO2 in the Cu containing coatings may result in the enhanced 

antimicrobial property attributed to the combined effect of TiO2 and Cu. Therefore 

polymer-Cu/TiO2 composite was designed. This present research used polymer 

synthesis technique to develop polymer containing Cu and/or TiO2 coatings, and the 
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ionic co-discharge process to synthesize electroplated Cu-Bi composite coatings. 

Both non-metallic and metallic materials were used as the substrates during the 

design of composite coatings. Glass, plastic, and Cu plates were used as the 

substrates for potential food industries applications. Polymer-Cu and 

polymer-Cu/TiO2 composite coatings were deposited on glass and plastic; Cu-Bi 

composite coatings were electroplated on Cu plates. 

2.2.1 Polymer synthesis 

Polymer synthesis technique generally enables coatings to have good compatibility 

with non-metallic substrates. For example Cu metal nanoparticles and CuO particles 

were embedded into polymer matrix to obtain the antimicrobial agent [57]. The 

composite material obtained from this approach retained the plastic behaviour of the 

original matrix [56]. This technique was used to prepare the composite coatings in 

this work. Polymer-Cu and polymer-Cu/TiO2 composites coatings were developed 

by introducing fine Cu particles and/or TiO2 nanoparticles into polymer matrix and 

their antimicrobial and mechanical properties were tested.  

2.2.2 Electroplating 

Electroplating is widely used in industrial process to make coatings and can produce 

a finely mixed microstructure. Traditional electroplating approach can be applied on 

most metallic substrates. The typical formation process of the traditional 

electroplating coatings is solid particle-mixing method [85]. However, solid 

particles are easy to agglomerate due to the spontaneous tendency in reducing their 

high surface areas and energy. Particles are required to exhibit a highly dispersive 
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distribution in the coating matrix to achieve good mechanical properties such as 

hardness and wear resistance [138].  

A novel synthesis method was recently reported to electroplate Zn–Bi 

nano-composite coatings through an ionic co-discharge process [139]. In their study, 

Zn
2+

 and Bi
3+

 ions co-discharged on the surface of the cathode to form a mixture of 

Zn and Bi atoms and Bi nano-particles were uniformly distributed in the Zn coating 

matrix without agglomeration [139]. Solid solution cannot be formed as Cu and Bi 

do not dissolve with each other at room temperature according to the Cu-Bi phase 

diagram [140]. Addition of Bi would form a mixture of two separate phases. This 

approach was adopted in the present research to prepare Cu-Bi composite coatings. 

It was expected that the two-phase structure can provide good dispersion 

strengthening effect without causing the misfit of Cu lattice [141-143], and can 

improve the mechanical properties of the composite coatings.  

2.2.3 Bacteria for antimicrobial testing 

This research systematically investigated the effect of Cu metals or coatings on the 

survival of both Gram-negative and Gram-positive bacteria. E. coli ATCC 25922 

and B. subtilis ATCC 6633 are selected in the present experimental process, 

representing Gram-positive and Gram-negative bacteria, respectively. These two 

types of bacteria strains usually exist in public sectors such as supermarkets. They 

are nonpathogenic and genetically similar to bacteria that commonly associated with 

the cause of various diseases in human beings. Studying the antimicrobial effect on 

these bacteria has been considered to anticipate the antimicrobial effect on the 

corresponding pathogenic bacterial strains [27].  
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2.3 Experimental procedures 

2.3.1 Preparation of composite coatings 

(1) Polymer-Cu coatings  

The typical methods for producing the antimicrobial film on surfaces include 

electrochemical deposition, physical vapour deposition, pack cementation and spray 

coating. It is straight forward to coat on steel, aluminium or other metal surface. 

However, methods used for metal coating may not be suitable for coating on plastic 

substrate. The present research used a polymerization method to coat Cu and Cu salt 

particles on plastic substrate (2.0×2.0 cm
2
, which was provided by Faulkner Collins 

Company) to form polymer-Cu composites coatings. Cu and Cu salt (Cu sulphate 

and Cu chloride) powders with varying concentration were dispersed into an epoxy 

resin (Nuplex K36). Epoxy resins are thermoset polymers which are not affected by 

solvent wipe once cured. The resins are produced by the polymerization of 

epichlorhydrin and bis-phenol ‘A’. The reaction conditions and relative proportions 

of the reactants lead to various molecular weight or chain length, which determine 

the properties of the final product. K36 is a clear, transparent, fluid epoxy resin for 

coating, encapsulating and laminating. Nuplex K36 forms a hard, durable and water 

resistant finish. It has no odour, is non-flammable and non-shrink, and will give a 

thick and glossy durable finish.  
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(2) Polymer-Cu/TiO2 coatings  

Titania (TiO2) possesses antibacterial functions due to its photocatalytic properties 

which can cause damage to microorganism cells. TiO2 was introduced into the 

polymer-Cu/TiO2 composites coatings and was expected to achieve enhanced 

antimicrobial property in this research. The polymer-Cu/TiO2 composites were 

obtained as an aqueous colloid paste which was formed by mixing Cu powder, TiO2 

powder (Degussa, P25) with surfactant sodium dodecyl sulphate (SDS) and Nuplex 

K36. The paste was homogenized for 10 min, and smeared on plastic substrate that 

was previously cleaned with distilled water in successive sonication processes. The 

paste and the plastic substrate were dried at 60°C for approximately 30 min. A serial 

of polymer-Cu/TiO2 composite coatings were prepared with varying particle size, 

the Cu: TiO2 weight ratio and concentration in the paste.  

(3) Electroplating of Cu-Bi coatings 

Pure Cu sheets (%Cu > 99.9) were used as the substrate with the size of 10 × 10 × 3 

mm
3
. The specimens were mechanically polished using SiC papers to a grit of 

#1200, then degreased ultrasonically in acetone. The pre-treatment for Cu substrate 

procedure includes washing in solution containing 20 g∙L
-1

 citric acid and 60 g∙L
-1

 

ammonium citrate, and anodizing at 2.5 mA∙cm
-2

 for 20 s. A two-electrode system 

was set up for the deposition of Cu on Cu substrate in the electrolyte  that 

contained 110 g∙L
-1

 K4P2O7, 40 g∙L
-1

 CuSO4·5H2O and 10 g∙L
-1

 Na2HPO4.  

Cu-Bi alloy was deposited on Cu substrate. The solution for Bi electroplating 

contained 0.2 M Bi(NO3)3·5H2O, 0.2 M tartaric acid and 2.5 M KOH. Sodium 

hydroxide solution was used to adjust pH to 12. The electrolyte for Cu-Bi coating 
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deposition was made by adding 1 ml of Bi electroplating solution into the electrolyte 

for Cu coating.  

Electroplating current density has significant effects on the coating composition and 

properties. Three current densities, 10, 50 and 100 mA∙cm
-2

, were compared while 

depositing Cu and Cu-Bi coatings. Coating times of 30, 20 and 10 min were used for 

the deposition with current densities of 10, 50 and 100 mA∙cm
-2

, respectively, so 

that coatings with similar thickness could be obtained for comparison purpose. 

(4) Bacteria preparation  

Bacteria E. coli  and B. subtilis were grown on nutrient agar plates at 37°C 

overnight, and a pre-culture of the cells was inoculated from the agar plate into 100 

ml bacterial growth broth in 250 ml erlenmeyer flask and incubated overnight. TSB 

and LB (their recipes were presented in Chapter 1) were used to prepare bacterial 

growth media for E. coli and B. subtilis, respectively. To observe bacterial growth 

over time, 2 ml of this culture was used to inoculate 200 ml bacterial growth broth. 

The bacterial cells were grown at 37°C, and an agitation of 130 rpm with optical 

density measured at a wavelength of 600 nm (OD600) hourly. Tenfold dilution series 

of broth culture in saline was spread on nutrient agar plates, cultivated overnight and 

the CFU were counted the next day.  
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2.3.2 Characterization of microstructure 

The microstructures of coating samples were examined using optical microscopy, 

scanning electron microscopy (SEM) with energy dispersive spectroscopy (EDS), 

and X-ray diffraction (XRD). Samples were ground using SiC papers to a grit of 

#1200 and polished with 3 μm and 1 μm diamond paste, and were washed 

thoroughly with ethanol before being examined with optical microscopy. The 

samples for SEM analysis are the same as those examined with optical microscopy. 

The microstructural examination was conducted by using a Phillips XL30 FEG 

SEM. The working distance is 5.5 mm, with an accelerating voltage of 20 kV, and 

spot size of 5 for the majority of the microstructural investigations. The crystal 

structure of alloys was analyzed by X-ray diffraction phase analysis (Philips PW 

1710, U = 40 kV, I = 40 mA) with Cu K-α resource. Diffraction patterns were 

recorded in the 2θ range from 20° to 80° at a scanning rate of 0.04°∙s
-1

. 

2.3.3 Antimicrobial property test 

Antimicrobial properties tests include two types of test: inhibitory test and 

bactericidal ability test. The inhibitory test shows how the coatings inhibit the 

growth of bacteria. The inhibitory ability is determined by zone of inhibition test 

which produces a qualitative result, and inhibition percentage test which produces a 

quantitative result. The bactericidal ability test displays how many bacteria can 

survive after contacting with the coatings. Antimicrobial property tests were 

conducted with polymer-Cu composite coatings, Polymer-Cu/TiO2 composite 

coatings and electroplating of Cu-Bi coatings. All experiments were conducted in 

triplicate.  
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(1) Zone of inhibition test [144] 

The procedure of zone of inhibition test is shown in Figure 2.1 [144]. Cu coating 

samples were placed on the surface of an agar medium that has been inoculated with 

the bacteria. Cu ion diffuses through the agar, creating a gradient of Cu ion 

concentration in the agar medium surrounding the sample. At the same time bacteria 

that are not inhibited form a zone of inhibition around each sample. The larger zone 

diameter, the lower the MIC (minimal inhibitory concentration, the lowest 

concentration where there is no visible growth).  

 

 

 

 

 

 

Fig. 2.1 Zone of inhibition test: A. agar plate spread with bacteria; B. Cu 

coating on seeded agar plate; Zone shown in C and no zone shown in D after 

incubation for 24 hours 

The inhibitory result cannot be directly compared to the result of other studies 

because the size is influenced by the rate of Cu ion diffusion through the agar. 

Approximately 10
6
 cell ∙ ml

-1
 of the bacteria was inoculated on the agar plate to 

form a lawn for bacterial growth. The agar plates were allowed to dry for about 5 

min. Control (substrate without coating) and test samples (Cu coatings) can be 

No Zone 

Zone of inhibition 

B 

A 

D 

C 
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placed on the surface of the agar using flame sterilized forceps. The plates were 

inverted and incubated for 24 hours at 37°C. Finally a metric ruler was used to 

measure the diameter of inhibition zone (if present). 

(2) Inhibition percentage test 

The procedure of inhibition percentage test is shown in Figure 2.2 [31]. Bacteria 

were cultured in 100 ml liquid medium overnight, and 0.1 ml of this medium was 

inoculated into 10 ml sterile medium (1%) in a test tube. Sterile samples were 

incubated in test tubes containing 10 ml culture of bacteria. The OD600 for control 

(bacteria suspension only) and the tested samples (coatings or substrates) was 

determined with UV-Vis spectrophotometer at different time. The control only 

contains bacterial cultures but not substrate nor coating. The substrate was not 

coated. The percentage inhibition was calculated by the equation: 

 

   
                       

          
     

 

where I is the percentage inhibition of bacteria growth, Con is the OD600 of the 

bacteria in the blank-compensated (control) at different time, Con0 is the OD600 

value at 0h, Samp is the OD600 of the bacteria in the presence of sample at different 

time, and Samp0 is the OD600 value at 0 h.  
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Fig. 2.2 Inhibition percentage test 

 

(3) Bactericidal property test 

Bactericidal property test was performed on the moist surface of coatings. The test 

method on the moist surface is based on the Japanese Industrial Standard JIS 

Z2801:2000 [145] and ASTM E2180-07 [146]. The procedure is shown in Figure 

2.3. The detailed procedure is described below.  

Each sample was placed into a sterile petri dish, and was pre-wet by sterile distilled 

water through cotton swabs. Bacterial broth cultures were adjusted to 1-5 × 10
8
 cells 

∙ ml
-1

 with cell counting chamber. Then the agar slurry was prepared by dissolving 

0.85 g NaCl and 0.3 g agar-agar in 100 ml of deionized water. Agar slurry was 

sterilized by autoclaving and equilibrated at 45 ± 2°C. Then 1 ml of culture (1-5 × 

10
8
 cells ∙ ml

-1
) was placed into the 100 ml agar slurry and equilibrated at 45 ± 2°C. 

The final bacterial concentration was approximately 10
6
 cells ∙ ml

-1
 bacteria in the 

molten agar slurry. After that, 1 ml of inoculated agar slurry was pipetted onto the 

tested samples (Cu coating) and control samples (substrate without coating). The 

samples were placed in an incubator with controlled temperature (37°C for E. coli 
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and 30°C B. subtilis) for overnight, accomplishing with open reservoirs of sterile 

distilled water to keep high humidity (above 75%) in the incubator. Samples were 

removed from the petri dishes to 120 ml specimen cups containing sterile deionized 

water to form an initial 1:10 dilution of the original inoculum. Subsequently the 

specimen cups containing the recovered tested samples were placed into a 

non-cavitating sonic bath for 1 min and mechanical vortex for 1 min. Serial dilution 

of the initial solutions were performed, spread onto agar plate, and were incubated 

(for E. coli at 37°C and for B. subtilis at 30°C) for 24 h. Colony numbers on each 

dilution plate were counted and recorded. 

 

Fig. 2.3 Bactericidal property test 

The geometric mean (logX) of the number of bacteria recovered from the triplicate 

incubation period control and incubation period treated samples by the following 

equation: 



 
39 

 

                
                   

 
 

where X1, X2 and X3 is the number of bacteria recovered from the incubation period 

control or incubation period treated samples. 

2.3.4 Mechanical and corrosion resistance properties 

Mechanical properties and corrosion resistance of the coatings were tested. The 

micro-hardness was measured using a micro-hardness tester (Leco M400) with a 

Vickers diamond indenter. The applied load was 25 g for polymer-based coatings 

and 50 g for Cu-Bi coatings with a holding time of 10 s. At least 5 measurements 

under the same conditions were conducted, and the average value was used as the 

nominal micro-hardness (HV). The standard deviation was also calculated. The 

wear property of coatings was tested using a micro-tribometer, with a friction 

counterpart of a ruby ball of 6 mm in diameter. A load of 1 N Cu-Bi coatings and 2 

N for polymer-based coatings and a sliding speed of 50 mm/s were used at room 

temperature and ambient atmosphere with relative humidity ~50%; and the total 

elapsed time was 60-100 min. The scratch resistance property of coatings was tested 

using scratch tester (Sense Tek Co. Ltd, Kaohsiung, Taiwan). A load of 10 N and a 

scratch speed of 10 mm∙min
-1

 were used at room temperature. The total scratch time 

was 2 min. 

Corrosion immersion tests were performed in 3.5% NaCl solution. Samples were 

immersed for 1, 2 and 3 months; and the changes of samples’ surface color and 

weight were checked. 
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2.3.5 Antimicrobial mechanism exploration 

Transmission electron microscopy (TEM) was performed to characterize bacterial 

cell changes after contacting with the coatings. Sediment bacteria were dislodged by 

sonication, washed with 0.85% NaCl, concentrated by centrifugation at 4000 rpm 

for 10 min, re-suspended with 0.85% NaCl. A 40 L drop containing the bacteria 

was deposited on a carbon coated Cu grid for 1 min. After that, the grid was 

transferred to 40 L Milli-Q water for 30 s and further negatively stained with 40 

L 2% uranyl acetate (aq.) for 30 s. The contrasted sections of the grids were 

examined under a Philips CM 12 TEM. 

SR-IRM (at the Australian Synchrotron Centre) can yield high spatial resolution and 

label-free vibrational signatures of chemical bonds in biomolecules. In this research, 

it was used to in-situ and in-vivo study of the impact of Cu on bacteria. SR-IRM 

measurements over a mid-infrared wavenumber range of 750-3900 cm
-1

 were made 

by the transmission mode. Objective was 36× and aperture size was 5 m × 5 m. 

Each real-time spectrum represented an average of 256 scans at a spectral resolution 

of 4 cm
-1

.  

Approximately 2 L of bacterial cell suspension was placed in the center of the thin 

CaF2 window (13 mm diameter × 0.5 mm thickness) and air-dried for 5 min at room 

temperature. Then the window was assembled in the microscope stage mounting 

plate to start to collect spectrum. A spectrum of water vapor was subtracted from 

each spectrum to correct spectral contributions of water vapor. To image the 

biochemical properties and distribution of bacterial activity, we typically divided the 
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entire view field into equal-sized 3 m × 3 m squares before raster scanning, 

setting up 5 m × 5 m aperture to collect at each position. 
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Chapter 3  

Polymer-Cu and Cu salt Antimicrobial Coatings 

Contents partially published in Applied Microbiology and Biotechnology, 2014  
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Chapter Abstract 

Many diseases spread due to the bacterial infections, which cause significant 

economic and personal losses. Contact with contaminated surfaces is likely to catch 

infections. Hence, antimicrobial surfaces play an important role in public sectors that 

can prevent the occurrence of infectious diseases. Coatings on contact surfaces have 

been used to provide antimicrobial function. Cu, as one of the commonly used metals, 

has long been known possesses antimicrobial properties. However, metallic Cu or Cu 

coatings have not been widely used for the purpose of antimicrobial due to the heavy 

weight, relatively high cost, limited corrosion resistance and low compatibility with 

substrates of non-metallic materials.  

In this research, a polymer based coating system containing mixtures of fine particles 

of Cu and Cu salt was separately developed, which provides excellent antimicrobial 

properties. The results indicate that the coating with embedded fine Cu salt showed 

higher antimicrobial property than the coating with only Cu due to releasing more Cu 

ions. The elimination of 10
6
 bacteria by contacting the polymer-Cu coatings needs 8 h, 

while contacting with the polymer-CuCl2 coatings took only 20 minutes to kill the 

same amount of bacteria. TEM and Synchrotron Infrared Microscopy technique have 

been used to study the bacterial cell membrane to understand the mechanism of Cu 

coating antimicrobial function. 
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3.1 Introduction 

Many diseases spread due to the bacterial infections, which cause significant 

economic and personal losses [2]. Contact with infected surfaces is likely to catch 

infections [9, 11]. Hence, antimicrobial surfaces play an important role in public areas 

to prevent the spreading of disease and infection. Some techniques such as surface 

coatings have been used to provide an antimicrobial surface. Cu and its alloy, being 

used for thousands of years, has been known to have antimicrobial function [51, 147, 

148]. Ancient civilizations exploited the antimicrobial properties of Cu long before 

the concept of microbes became understood in the nineteenth century [39].
 
Cu tubing 

is widely applied in plumbing system in order to preserve the quality of drinking 

water. The antimicrobial property of ionic Cu inhibits water-borne microorganisms, 

such as bacteria, viruses, algae, and infectious parasites in the drinking water supply 

[119]. 

In hospitals and clinics, the incidental transfer of microorganisms is reduced with Cu 

based antibacterial paint on walls and by installing Cu or brass doorknobs and fittings 

in doors. Several studies demonstrated efficient and rapid killing of bacteria on 

exposure to surfaces composed of Cu or Cu-containing alloys [38, 41, 42, 44-49, 149, 

150]. However, metallic Cu or Cu coatings have limits of heavy weight, relatively 

high cost, limited corrosion resistance and low compatibility with substrates of 

none-metallic materials. 

Polymer based coatings retain the plastic behaviour of polymer and therefore can be 

processed like a plastic [56]. Polymers have good corrosion resistance and can be 

applied on the non-metallic surfaces such as plastic, wood and glass [57]. Embedding 
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fine metal particles into a polymer matrix is one of methods by which antimicrobial 

properties can be achieved. Researchers have used this approach to successfully 

incorporate silver nanoparticles into polymers [61, 68, 70, 151-155]. Nevertheless, 

despite the well-known biocide properties of Cu [56, 156, 157], the study of Cu based 

biocidal polymeric materials has been less extensive [67].  

Antimicrobial mechanisms of Cu have been investigated by various researchers. Some 

studies reported that Cu reacts with DNA, leading to rapid DNA fragmentation and 

cell death [133, 135]. However, this contrasts with the recent findings which proposed 

cell envelope damage as the mechanisms of action [136, 137]. They considered that 

DNA damage was not the primary cause and only a secondary phenomenon that 

occurred after the onset of cell death or after lethal damage had accumulated [136, 

137].  

To investigate the antimicrobial mechanism of Cu and Cu salt containing coating, we 

used Synchrotron Infrared Microscopy (SR-IRM) to do the in-situ and in-vivo study 

of bacteria killing process at the molecular level. We also have done the bacterial 

DNA analysis in this research. The present research developed an innovative polymer 

based coating system containing mixtures of fine particles of Cu and Cu salt, 

providing excellent antimicrobial properties. This chapter reports the composition, 

processing, microstructure and antimicrobial functions of these polymer-Cu coatings. 
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3.2 Materials and methods 

The coatings were obtained by an aqueous colloid paste which is formed by mixing 

fine particles of Cu and Cu salt (Cu sulphate and Cu chloride) with epoxy resin 

Nuplex K36. The details of coatings preparation were described in Chapter 2. Optical 

microscopy was performed to characterize Cu and Cu salt distribution on the coating 

surface. X-ray diffraction (XRD) was used to analyse the phase structure of the 

coatings.  

Commercial Cu powder with ~25 m of average primary particle diameter was used. 

To investigate the impact of Cu particles size in the system, wet ball milling method 

was conducted to refine Cu particle. 100 g of milling stainless steel balls and 20 g Cu 

powder (the ratio of ball to mass was kept at 5:1) were loaded in the milling pot with 

30 ml ethanol to help disperse the powder and prevent oxidation of Cu particles. The 

milling was conducted at 2, 4, 6, and 8 h, and kept the rotate rate at 200 rpm. The 

obtained samples were dried in vacuum oven for 2 h at 25°C. The polymer-Cu 

coatings with different Cu particle size were observed by optical microscopy. The 

particle distribution was calculated by software Image J 1.44P. 

The concentration of Cu ion which released from the coatings was measured by atom 

absorption spectroscopy (AAS) according to the JIST0304 standard [158]. The 

coatings were immersed in the tubes containing deionized water for defined intervals. 

AAS was used to measure the concentration of Cu ions in the water containing the 

coatings. Samples for AAS analysis were passed through syringe filters (0.45 μm) and 

then HNO3 was added to stabilise the ions. Three samples of each coating were 

measured. All ion concentrations are the mean values of three AAS measurements. A 
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series of standard solutions of Cu ion were prepared. Absorbance of these standard 

solutions was measured, and a plot of absorbance vs. concentration was made using 

software EXCEL. The standard curve is obtained by using the regression equation of 

the data. By measuring the absorbance of the samples with unknown Cu concentration, 

their corresponding Cu ion concentration can be calculated referring to the standard 

curve. 

E. coli ATCC 25922 and B. subtilis ATCC 6633 were used in antimicrobial property 

test. The method of measurement was described in Chapter 2. E. coli morphological 

changes after contacting with the coatings were observed by transmission electron 

microscopy (TEM). A drop containing E. coli was deposited on a carbon coated Cu 

grid and negatively stained with 2% uranyl acetate (aq.). The grids were examined 

under a FEI Tecnai 12 TEM. 

The Bradford assay was used to quantitate the release of protein [159, 160] from E. 

coli after contact with the coatings. The E. coli suspensions were centrifuged at 

12,000 rpm for 8 min at 4ºC and the supernatant was used for analysis. The method is 

based on the binding of the dye Coomassie Brilliant Blue G-250 (CBB) to the protein 

sample [161]. The endpoint Bradford experiments were performed in 4 ml plastic 

cuvettes with 1 cm path length. Then 1 ml BSA solutions with the indicated 

concentration were added to 5 ml dye reagent, and the optical density was measured at 

595 nm after 5 min of incubation at room temperature. The standard curve was 

calculated. Then 1 ml sample solutions were added to 5 ml dye reagent and the optical 

density was measured at 595 nm after 5 min of incubation at room temperature. 

Finally the protein quantity was calculated through comparing with the standard curve. 

Three samples of each coating were measured and three repeat were carried out for 
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each coating.  E. coli cell membrane structural changes after contacting with the 

coatings were also observed by SR-IRM; and the measurements were described in 

Chapter 2.  

Bacterial DNA test was performed by agarose electrophoresis system to investigate 

the effect of Cu containing coatings on bacteria. The E. coli suspensions were 

centrifuged at 13,000 r/min for 2 min, and then re-suspended in 567 µl TE buffer (pH 

8.0) with 30 µl of 10% SDS and 3 µl of 20 mg/ml proteinase K. After the solution 

was incubated for 1 h at 37°C, 100 µl of 5 M NaCl was added. Then 80 µl 

CTAB/NaCl solutions were added followed by incubated 10 min at 65°C. 

Subsequently equal volume of Phenol and Chloroform was used to extract. The 

mixture was centrifuged at 13,000 r/min for 2 min. DNA was in the supernatant and 

aqueous phase. DNA was then precipitated with two times of ethanol and then 

centrifuged at 13000 r/min for 8 min. The supernatant was removed. 70% ethanol was 

added and then centrifuged at 13,000 rpm for 3 min. The supernatant was removed 

again. The DNA was placed in air for dry, and 100 µl of TE buffer was then added. 

These DNA samples were ready to be run in the agarose electrophoresis system.  

1% agarose gel was prepared by dissolving 0.5 g Agarose in 50 ml of TBE buffer. 5 

µl of SYBR safe DNA Gel stain was added into 1% agarose gel. After 20 min the gel 

was poured into gel apparatus. 5 µl of GeneRuler 1 kb DNA ladder was loaded into 

the well of gel apparatus as standard molecule. 10 µl of DNA samples were mixed 

with 5 µl of 6× DNA loading dye. Then they were loaded into the well. After 

electrophoresis system operated at 110 V for 30 min the gel were taken out and placed 

on low light machine. DNA images were obtained by software “Remote Capture”. 

Each series was performed in triplicate. Representative gels are shown. 
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3.3 Results and discussion 

3.3.1 Optical microstructures 

 

Fig. 3.1 Optical microstructures of (a) polymer-Cu, (b) polymer-CuCl2 and (c) 

polymer-CuSO4 coatings with Cu composition of 5 wt.% 

Fig. 3.1 shows the optical microscopy images of polymer coatings with Cu 

composition of 5 wt. %. The Cu particles in polymer-Cu are composed of mixture of 

~15 m diameter spheroidal particles and ~10 m irregular-shape ones. The CuCl2 

and CuSO4 particles size are ~25 m and ~40 m in the status with crystal water, 

respectively. 

3.3.2 Structural analysis 

XRD of the polymer coatings with 5 wt.% Cu are shown in Fig. 3.2. The main 

compositions of the coatings consisted of Cu, CuCl2·2H2O and CuSO4·5H2O, 

respectively. For example, three sharp peaks at 2 values of 43.6, 50.8 and 74.4 

degree corresponding to (111), (200), and (220) planes of crystalline structure of Cu 

were observed in Fig 3.2 a. 
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Fig. 3.2 XRD of (a) polymer-Cu; (b) polymer-CuCl2; and (c) polymer-CuSO4 

composite coatings 

 

3.3.3 Impact of Cu particle size  

Table 3.1 shows the Cu particle distribution in polymer-Cu coatings before and after 

milling. The Cu particles size decreased from before milling with ~24 m to ~7 m 

after milling for 8 hours. The distribution of Cu particle in polymer-Cu was also 

various.  The Cu particle size achieved ~14 m after milling for 4 hours and 

displayed much larger total area of this size particle in polymer-Cu with ~2,222 m
2
. 

Longer time milling made the surface area smaller. Because Cu is a ductile metal that 

too long time milling may make the particles stick together, reducing the total surface 

area. 
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Table 3.1 Cu Particle distribution in polymer-Cu coatings before and after 

milling 

Samples 
Particle total area 

(m
2
) 

% area Particle average size 

(m) 

Before milling 706.0 0.20 23.5 

Milling for 2h 752.9 0.21 15.4 

Milling for 4h 2222.3 0.63 13.5 

Milling for 6h 253.2 0.07 7.03 

Milling for 8h 114.0 0.03 6.71 

3.3.4 Cu ion release test 

To investigate the impact of Cu particle size on Cu ion release rate, Cu ion release rate 

were detected. Fig.3.3 shows Cu ion release rate from polymer-Cu coatings with 

different Cu particle size before and after milling. Comparing with other samples, the 

Cu ions released much faster from the polymer-Cu coatings where the Cu particles 

have been milled for 4 hours. Cu ions released faster probably can be explained that 

the Cu particle total area was much larger than others (as shown in Fig. 3.4).  
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Fig. 3.3 Cu ion release rate from polymer-Cu coatings with different Cu 

particle size before and after milling for 2h, 4h, 6h, and 8h 

 

Fig. 3.4 Cu ion release rate from polymer-Cu coatings with different particle 

surface area over 0.5h, 1h, 2h, 5h and 8h 
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Fig. 3.5 Cu ion release rate from (a) polymer-Cu, (b) polymer-CuCl2 and (c) 

polymer- CuSO4 coatings 

 n this research a “wet” inoculation technique was performed by applying cell 

suspensions to coatings. This is a valid approach for laboratory testing [38]. During 

the “wet” inoculation surface-released free Cu ions play the antimicrobial role in 

contact killing [38]. The concentrations of Cu ions released from polymer-CuCl2 

coatings were much higher than that from polymer-Cu coatings (Fig. 3.5). Cu ion 

releasing rate on the polymer-Cu salts is also faster than on the polymer-Cu coatings, 

which probably indicates that polymer-Cu salts coatings have better antimicrobial 

action due to releasing more Cu ions. 
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3.3.5 Antimicrobial result 

(1) Zone of inhibition 

 

 

 

 

 

 

Fig. 3.6 Zone of inhibition in (a) polymer; (b) polymer-Cu; (c) polymer-CuCl2; 

and (d) polymer-CuSO4 

Fig. 3.6 shows the zone of inhibition of E. coli on the polymer-Cu and Cu salts. 

Zone diameters of inhibition of E. coli were shown in the Table 3.2. Relatively large 

zone displayed on polymer-CuSO4 and polymer-CuCl2 with Cu composition of 5 

wt%, with 22 and 29 mm diameter, respectively. This suggested good inhibition 

effect of polymer-CuSO4 and polymer-CuCl2. Compared with Cu salt coating, no 

zone was shown in polymer-Cu and polymer. The possibility of no zone in 

polymer-Cu might be resulted from inability of Cu diffusing into the media. 
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Table 3.2 Zone diameters (mm) of inhibition in polymer-Cu and Cu salt 

Samples 

Cu Composition/wt% 

0 2.5 5.0 

Polymer 0 / / 

Polymer-Cu / 0 0 

Polymer-CuSO4 / 21±1 22±1 

Polymer-CuCl2 / 25±3 29±1 

 

 (2) Percentage inhibition 
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Fig. 3.7 Inhibition percentage in polymer and polymer-Cu 

To investigate inhibition effect of the polymer-Cu coatings the percentage inhibition 

experiments was used on polymer-Cu coating with Cu composition of 2.5 wt%. 
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Sterile samples were incubated in test tubes containing 10 ml culture of bacteria. 

The OD600 for bacteria suspension only and the tested samples at different time was 

detected. The calculate equation of the inhibition percentage is described in Chapter 

2. Fig. 3.7 shows the percentage inhibition of E. coli growth for the polymer and 

polymer-Cu with Cu composition of 2.5 wt% at different time. The polymer cannot 

inhibit the growth of E. coli. Comparing with the polymer, E. coli growths was 

inhibited to ~100% by polymer-Cu with Cu composition of 2.5 wt% after 24 hours. 

So the more likely reason of no zone is that Cu ions in polymer-Cu coatings are 

difficult to diffuse into the media. Polymer-Cu coating can inhibit E. coli growth 

after 24 hours might be explained that Cu ions were released into the culture 

solution, inhibiting the growth of bacteria.
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(3) Bactericidal test 
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Fig. 3.8 Bactericidal test results: (a) polymer-Cu coatings against E. coli; (b) 

polymer-CuCl2 coatings against E. coli; (c) polymer- CuSO4 coatings against E. 

coli; (d) polymer-Cu, polymer-CuCl2 and polymer-CuSO4 coatings against B. 

subtilis 

Fig. 3.8 shows bactericidal properties of polymer-Cu, polymer-CuSO4 and 

polymer-CuCl2 coatings with 2.5 and 5 wt.% Cu. The control is the polymer-only. 

The reduction of E. coli and B. subtilis quantities were observed within 8 hours and 24 

hours, respectively. Cu salt coatings have better antimicrobial capability than 

polymer-Cu coatings. For example, it took 20 min and 2 h to kill ~10
6
 E. coli on 

polymer-CuCl2 and polymer-CuSO4 coatings with Cu composition of 5 wt.% (Fig. 3. 

8 b and c), while 8 h were needed to kill the same order of magnitude bacteria on 

polymer-Cu coatings (Fig. 3.8 a).  

As shown in Fig. 3.8 d, it took 1 h and 2 h to kill ~10
6
 B. subtilis on polymer-CuCl2 

and polymer-CuSO4 coatings with Cu composition of 5 wt.%, while 24 h were needed 

to kill the same order of magnitude bacteria on polymer-Cu coatings. This is probably 

because more Cu ions were released from the polymer-CuCl2 and polymer-CuSO4 

coating surface as mentioned above.  
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E. coli is Gram negative and B. subtilis is Gram positive one. Major differences 

between gram-negative and gram-positive bacteria are their cell walls structure [162]. 

Cell wall protects the cell from mechanical stress and limits/filters the entry of large 

molecules that maybe toxic to the cell [163, 164]. Gram-positive bacteria have the cell 

wall of 20 - 80 nm thick which is mainly composed of the peptidoglycan layer (10 - 

20 layers of peptidoglycan) [162]. The peptidoglycan layer accounts for nearly 80% 

of gram-positive bacteria cell wall components [165]. In contrast, the cell wall of the 

gram-negative cells is more complex and thinner with the thickness of 15 - 20 nm 

[162]. It consists of bacterial outer membrane and the thinner peptidoglycan layer (1 - 

2 layers of peptidoglycan). The peptidoglycan layer accounts for only 10% of the 

gram-negative bacteria cell wall [162]. Peptidoglican provides a mechanical 

protection to maintain intact cell morphology and affects the permeability of lots of 

medium [164, 166, 167]. B. subtilis have a thicker and more intensive cell wall, which 

probably explains the reason why B. subtilis are more resistant than E. coli against 

polymer-Cu and polymer-Cu salt damages. 

3.3.6 Mechanical properties and corrosion resistance of coatings 

(1) Micro-hardness 

The polymer-Cu, polymer-CuSO4 and polymer-CuCl2 coatings showed 

improvement in mechanical property compared with polymer. The microhardness of 

the polymer-Cu coating with Cu composition of 2.5 wt% reached 18.8±0.4 (Fig. 

3.9), compared to polymer with 11.6 ±0.2. The microhardness of the polymer-Cu 

was higher than that of polymer-CuSO4 and Polymer-CuCl2 coating.  
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Fig. 3.9 Microhardness of polymer-Cu, polymer-CuSO4 and polymer-CuCl2 

(2) Wear resistance 

Fig. 3.10 shows the width of wear tracks of polymer-Cu, polymer-CuSO4 and 

polymer-CuCl2 coatings. The widths of wear tracks of polymer-Cu coatings with Cu 

composition of 2.5 wt% and polymer are ~400 m and 250 m, respectively, 

indicating that the polymer-Cu coating has improved wear resistance than polymer 

does. The widths of wear tracks of the polymer-CuSO4 and polymer-CuCl2 were 

larger than that of polymer-Cu coating, while were smaller than that of polymer.  
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Fig. 3.10 Width of wear track of polymer-Cu, polymer-CuSO4 and 

polymer-CuCl2 

(3) Scratch resistance 

Table 3.3 shows the results of scratch test on polymer-Cu, polymer-CuSO4 and 

polymer-CuCl2 coatings. The average coefficient of friction (COF) of polymer-Cu 

and polymer-CuSO4 and polymer-CuCl2 with Cu composition of 2.5 wt. % in the 

concerned load range are 0.33, 0.17 and 0.45, respectively. The low COF level of 

coatings may come from the relatively smooth surfaces.  
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Table 3.3 Results of scratch test on polymer-Cu and Cu salt 

Samples 
Composition 

(wt.%) 

Load range 

(N) 

Coefficient  

of friction 

 Polymer 0 3.98-5.39 0.45 

Polymer-Cu 2.5 3.93-7.56 0.33 

 

5 4.86-8.22 0.45 

Polymer-CuSO4 2.5 4.90-8.21 0.17 

 
5 3.94-6.12 0.56 

Polymer-CuCl2 2.5 5.16-7.31 0.45 

 

5 3.86-6.89 0.91 

 

(4) Corrosion resistance 

 

Fig. 3.11 Image of polymer-Cu: (a) before and (b) after salt spray 

Polymer-Cu and Cu salt containing coatings were immersed in 3.5% NaCl solution 

for 1, 2 and 3 months. All samples kept constant weight and hardly have any 
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changes on the surface morphology. Salt fog spray tests were performed on the 

samples; there no obvious changes can be seen after the tests (Fig 3.11), evidence of 

good corrosion resistance against NaCl solution. 

3.3.7 TEM analysis 

Fig. 3.12 shows the apparent changes of bacterial cell shape. After contacted with 

polymer E. coli cell still had a smooth and integrated surface (Fig. 3.12a). In contrast, 

the bacterial cells after contacting with polymer-Cu coating exhibited shrinkage, 

deformation and abnormalities (Fig. 3.12 b). It can be clearly seen that the E. coli cell 

membrane was seriously damaged after contacting with polymer-CuCl2. Intracellular 

components have been released and notable ruptures, and pores on the cell surface 

occurred (Fig. 3.12 c). An obvious hole appeared at one of the cell poles with loss of 

cell contents (Fig. 3. 12 d).  

It was suggested that Cu ions, as cations, are electrostatically attracted to the 

negatively charged microorganisms and then undergo reactions at the surface [33]. 

When Cu ions hit a building block of the cell membrane, they weaken the membrane 

and create holes. Cu ions may also produce biological damage by inducing reductive 

species such as superoxide anions [122]. The more Cu ions release from the coating 

surface, the more serious damage on bacterial cell membrane.  
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Fig. 3.12 TEM images of E. coli cells: (a), (b), (c) and (d) are cells after 

contacting with polymer, polymer-Cu, polymer-CuCl2, polymer-CuSO4, 

respectively 

3.3.8 The leakage of protein content of E. coli 

The bacterial death can be caused by protein damage in bacterial membrane [168]. 

The E. coli suspensions were centrifuged at 12,000 rpm for 8 min at 4ºC and the 

supernatant was used as sample solution for analysis. Then 1 ml sample solutions 

were added to 5 ml dye reagent and OD595 was measured after 5 min of incubation at 

room temperature. Finally the protein quantity was calculated through comparing with 

the standard curve. Table 3.4 shows the leakage of protein content of E. coli after 

contacting with the Cu and Cu salt coatings for 0.5 h. The concentration of protein 
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from the health cells (without contacting) is comparatively low with 1.38 g/ml. In 

contrast, after 0.5 h the protein content notably increased in the bacteria contacting 

with the polymer-CuCl2 and polymer-CuSO4 coatings to 7.74 and 6.73 g/ml. This is 

resulted from the damaged E. coli cell membrane, which increased the permeability of 

the membrane. The serious damage on bacterial cell membrane led to a large amount 

of protein leakage. 

Table 3.4 Effect of coatings on the leakage of protein content of E. coli (g•ml
-1

) 

Samples 

 

Time of contacting (h) 

healthy bacterial cells (without contacting) 0.5 

Polymer-Cu 1.380.20 2.430.21 

Polymer-CuCl2 1.380.20 7.740.26 

Polymer-CuSO4 1.380.20 6.730.31 

 

3.3.9 SR-IRM analysis 

SR-IRM produces high spatial resolution and label-free vibrational signatures of 

chemical bonds in biomolecules [169]. Fig. 3.13 shows the key biochemical changes 

through comparing the collected spectra over the wavenumber region of 1100-1800 

cm
-1

. The absorption peaks include protein Amide I (∼1655 cm
-1

) and Amide II 

(~1548 cm
-1

), symmetric (∼1085 cm
-1

) and anti-symmetric PO2
-
 stretches 

(∼1220−1250 cm-1
) [170], C=O symmetric stretching of COO

−
 and corresponds to 

lipid (~1396 cm
-1

) [171], CH2 bending mode of the cell lipids (∼1465 cm
-1

). 

However the intensity change may indicate the bacterial damage after contacting 

with the coatings.  
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Comparing to SR-IR spectra of bacterial cell after contacting with polymer, in the 

SR-IR spectra of bacterial cell after contacting with polymer-Cu and Cu salt 

coatings, the absorption intensity at ~1655 cm
-1

 (protein Amide I) and ~1548 cm
-1 

(Amide II) reduced. The intensity at ~1396 cm
-1

 (lipid) and ∼1465 cm
-1

 (lipid) also 

decreased. Bacterial cell membrane consists of the lipid bilayer with embedded 

proteins. These spectral features and behavior may reflect a loss of lipid and protein 

after bacteria contacting with Cu and Cu salt coatings.  

 

Fig. 3.13 SR-IR spectra of bacterial cells after contacting with polymer, 

polymer-Cu, polymer-CuCl2, and polymer- CuSO4 coatings for 0.5 h 

SR-IR microscope chemical maps showed the protein Amide II (∼1548 cm
-1

) signal 

decreased in the cell after contacting with polymer-Cu and Cu salt coating for 0.5 h 

(Figs. 3.14 b, c and d) in contrast to the cell after contacting with polymer (Fig. 3.14 

a). 2D SR-IRM chemical images intuitively presented the loss of protein in the 

bacterial cell after contacting with coatings. Studies suggested that bacterial cell 

membrane is the primary target in cells that may be attacked by antimicrobial 
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agencies [41, 136]. In this study, SR-IRM directly identified single bacterial cell 

membrane changes, and bacterial membrane bound proteins as the sensitive targets 

in cells. Damage to these specific targets lead to the rapid and efficient killing on the 

polymer-Cu and Cu salt coating surfaces.  
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Fig. 3.14 2D SR-IRM chemical image plots of the intensity at ~1548 cm
-1

: (a), 

(b), (c) and (d) are cells after contacting with polymer, polymer-Cu, 

polymer-CuCl2, and polymer-CuSO4 coatings, respectively, for 0.5 h 
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3.3.10 Deoxyribonucleic acid analysis 

The results obtained with Deoxyribonucleic acid (DNA) purified from E. coli are 

shown in Fig. 3. 15. The large-sized fragments ran near the top of the gel. 

Comparing with DNA purified from cells that had not been exposed to coatings (Fig. 

3.15 lane 2), the band seen with DNA purified from cells exposed to polymer-Cu 

coatings for 0.5 and 2 h (Fig. 3.15, lane 3 and 4) is quite similar. No loss in genomic 

DNA was observed in the cell exposed to polymer-Cu coatings. This might imply 

that the DNA is not damaged by the polymer-Cu coatings.  

Nevertheless, a less amount of DNAs were found from the cells exposed to 

polymer-CuCl2 coatings for 0.5 and 2 h (Fig. 3.15, lanes 5 and 6), and exposed to 

polymer-CuSO4 coatings for 0.5 and 2 h (Fig. 3.15, lanes 7 and 8). This indicated 

that a large proportion of bacterial cells lysed and their DNA were destroyed as the 

same amount of bacterial cells was inoculated on the surfaces of these coatings. 

These results are consistent with the results of antimicrobial property assays. 

Polymer-Cu and Cu salt containing coatings possibly damage bacterial cell DNA.  
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Fig. 3.15 Agarose gel electrophoresis of purified E. coli DNA: lane 1 is 

GeneRuler 1 kb ladder; lane 2 is cells without contacting with the coatings; 

lanes 3 and 4 are cells after contacting with polymer-Cu for 0.5 h and 1 h; lanes 

5 and 6 are cells after contacting with polymer-CuCl2 for 0.5 h and 1 h; lanes 7 

and 8 are cells after contacting with polymer-CuSO4 coatings for 0.5 h and 1 h 

Targets of Cu toxicity are thought to include nucleic acid, structural and functional 

proteins, lipids, and inhibition of metabolic processes such as respiration and 

osmotic stress which results in cell lysis [131]. The inactivation of microorganisms 

exposed to Cu has been attributed to either one or combination of the following 

mechanisms: loss of structural integrity of the cell membrane, alteration to the 

conformational structure of proteins, or degradation of the cellular DNA and/or 

RNA [127]. 

Structural changes distort the phospholipid bilayer and disrupt the biophysical 

characteristics of the membrane, resulting in a concomitant loss of membrane 

integrity [172]. In this research TEM and SR-IRM results clearly show how 

exposure to polymer-Cu coatings resulted in damage to the integrity of the bacterial 
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cell membrane. R. Hong et al. (2012) demonstrated that DNA degradation was a 

secondary effect of Cu surface exposure. Their results suggested that E. coli cells 

can die without degradation of their DNA under certain exposure conditions. 

Consistent with the previous studies, DNA damage was not observed on 

polymer-Cu coatings in this study. Therefore, the death of E. coli after contacting 

with polymer-Cu coatings occurs mainly because of the effect on cell membrane 

integrity. 

Aqueous ionic Cu released from solid Cu surfaces is an important factor in killing 

bacterial process [125]. Surface-released free Cu ions are the causative agent in Cu 

alloy-mediated contact killing; and intracellular Cu is detected soon after exposure to 

the Cu alloy surface [41, 124-126, 136, 173]. Evidence has demonstrated that Cu ions 

have the ability to disorder DNA by binding to, cross-linking between and within 

strands [134], and showed that at least two binding sites exist for Cu within the DNA 

double helix [174]. Cu ions have also been reported to attack DNA directly, causing 

degradation, and is a likely cause of the observed random fragmentation of genomic 

DNA [175, 176].  

In this research disintegration of the genomic DNAs of E. coli exposed to Cu salt 

containing coatings (polymer-CuCl2 and polymer-CuSO4) surfaces appeared in 

agarose gel electrophoresis. This probably attribute to the extensive soluble Cu(II) 

ions released from Cu salt containing coatings bind to DNA bases, which resulting in 

unwinding of the double helix and DNA denatured. In addition, the TEM and 

SR-IRM results also show how the exposure to Cu salt containing coatings resulted in 

damage to the integrity of the bacterial cell membrane. Consequently the combination 

of two mechanisms, degradation of genomic DNA in the cytoplasm of bacterial cells 
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and the damage on the cell membrane, caused the bacteria to be killed. This also 

probably explains why Cu salt coatings can kill bacteria more rapidly than 

polymer-Cu coatings. 

 

3.4 Summary 

An innovative polymer based coating system containing fine particles of Cu and Cu 

salt has been developed. These polymer based coatings have good compatibility 

with various substrates, including none-metallic substrates such as glass, wood and 

plastic. These Cu containing coatings display good antimicrobial properties. The 

results indicated that the coatings with embedded fine Cu salt showed higher 

antimicrobial property than the coating with metallic Cu due to releasing more Cu 

ions.  

Single bacterial cell membrane changes can be clearly identified by applying TEM 

and SR-IRM techniques coupled with cellular DNA analysis, which provide an 

explanation of the mechanism of Cu coating antimicrobial function. This study 

indicates that the death of E. coli after contacting with polymer-Cu coatings occurs 

mainly because of the effect on cell membrane integrity. In contrast, after contacting 

with Cu salt containing coatings E. coli is inactive possibly due to both the loss of 

DNA integrity and cell membrane integrity. 
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Chapter 4 

Polymer-Cu/TiO2 Antimicrobial Coatings 

Contents partially published in Applied Surface Science, 2014 
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Chapter Abstract 

Cu containing coatings can provide sustainable protection against microbial 

contamination. However, metallic Cu coatings have not been widely used due to the 

low compatibility with none-metal substrates, relatively high cost, and poor 

corrosion resistance. TiO2 possesses antibacterial functions by its photocatalytic 

properties which can destroy bacteria or suppress their reproduction. TiO2 also has 

the function of improving the mechanical properties through particle dispersion 

strengthening. An innovative polymer based coating system containing fine particles 

of Cu and TiO2 nanoparticles has been developed in this research.  

These polymer based coatings simultaneously display excellent antimicrobial and 

good mechanical properties. The results showed that the addition of TiO2 has 

improved the antimicrobial property under sunlight, which provides extended 

applications in outdoor environment. The elimination of 10
6 

bacteria by contacting 

the coatings without TiO2 needs 5 hours, while contacting with the Cu/TiO2 – 1 wt.% 

TiO2 took only 2 hours to kill the same amount of bacteria. The coatings also 

presented enhanced mechanical properties including hardness and wear resistance 

after adding TiO2. The width of wear track decreased from 270 m of the 

polymer-Cu coating to 206 m of Cu/TiO2 – polymer coatings with 10 wt.% TiO2. 

Synchrotron Infrared Microscopy was used to in-situ and in-vivo study the bacteria 

killing process at the molecular level. The real-time chemical images of bacterial 

activities showed that the bacterial cell membranes were damaged by the Cu and 

TiO2 containing coatings.   
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4.1 Introduction 

Antimicrobial surfaces play an important role to reduce the spreading of diseases in 

many public sectors, such as hospitals, libraries, airports, railway stations, subways, 

schools and offices, where the infectious disease can spread by touching the 

common surfaces. Antimicrobial materials can be applied to produce coatings on the 

surfaces of various objects. Ancient civilizations exploited the antimicrobial 

properties of Cu long before the concept of microbes became understood in the 

nineteenth century [39]. It has been known that coatings containing Cu can provide 

sustainable protection against microbial contamination [51, 55, 149].  

Combinations of TiO2/CuO have also been reported for antimicrobial coatings [52, 

55]. However, most of these coatings have not been widely used due to poor 

mechanical properties and low compatibility with non-metallic substrates. On the 

other hand, various electroplated coatings with Cu matrix such as Cu-Bi and 

Cu-TiO2 have been studied. As these researches were focused on the microstructure 

and mechanical properties, there is lack of understanding of antimicrobial properties 

for the Cu containing coatings, which has limited their industrial applications. 

TiO2 can damage microorganism cells by its photocatalytic properties [18, 19, 177], 

at the same time, TiO2 improves the mechanical property of coatings by particle 

dispersion [178]. Chung et al. [15] developed coatings with good mechanical 

properties by arc ion plating to deposit a TiO2 film onto Ni/Cr pre-coated Cu-35Zn 

alloy. To solve the problem of compatibility with substrates, Delgado et al. [57] 

embedded Cu metal nanoparticles and CuO particles into polymer matrix to obtain 
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antimicrobial function. The composite material by this approach retained the plastic 

behavior of the original matrix, and can be applied onto various substrates [56].  

In the present research, we have synthesized a new type of coating, 

polymer-Cu/TiO2 composites coatings, by combining Cu and TiO2 micro- and 

nanoparticles into a polymer matrix, achieving improved antimicrobial and 

mechanical properties. The outcome is a low-cost antimicrobial coating system with 

good compatibility to various substrates. 

Antimicrobial mechanisms of Cu have been noted by various researchers. 

According to some studies, Cu reacts with DNA, leading to rapid DNA 

fragmentation and cell death [133, 135]. However, this contrasts with the recent 

findings by Santo et al., which proposed cell envelope damage as the action of 

metallic Cu killing bacteria  [136, 137]. Their results showed that the toxicity 

exerted does not target the genomic DNA in organisms tested, even though cells are 

overloaded with Cu ions [41]. They considered that DNA damage was not the 

primary cause and only a secondary phenomenon that occurred after the onset of 

cell death or after lethal damage had accumulated.  

Therefore, it is important to know if certain membrane bound proteins or membrane 

lipids themselves are the sensitive targets in cells, and the damage to these specific 

targets leads to the rapid and efficient bacteria killing on metallic Cu surfaces [132]. 

To investigate the antimicrobial mechanism of Cu and TiO2 containing coating, 

Synchrotron Infrared Microscopy was used to in-situ and in-vivo studies the bacteria 

killing process at the molecular level. The real-time chemical images of bacterial 
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activities showed that the bacterial cell membranes were damaged by the Cu and 

TiO2 containing coatings. 

4.2 Materials and methods 

The coatings were obtained by an aqueous colloid paste which is formed by mixing 

Cu powder and TiO2 powder (Degussa, P25) together, with surfactant sodium 

dodecyl sulphate (SDS) and epoxy resin Nuplex K36. The details have been 

described in Chapter 2.  

Environmental scanning electron microscopy (ESEM) and energy disperse 

spectroscopy (EDS) were used to characterize the distribution of Cu and TiO2 on the 

coating surface. The phase structure of the coatings was analyzed using X-ray 

diffraction (XRD). Atom absorption spectroscopy (AAS) was used to measure the 

concentration of Cu ions which was released from the coatings according to the 

JIST0304 standard [158]. The details of Cu ions measurement have been described 

in Chapter 3. E. coli ATCC 25922 have been used in the measurement of 

antimicrobial property. The test method is according to the Japanese Industrial 

Standard JIS Z2801:2000 [145] and ASTM E2180-07 [146] and was described in 

Chapter 2. 

The UV–Vis fluorescence method was performed to measure the concentration of 

H2O2 which were generated from the coatings under UV irradiation. The coatings 

were immersed in 50 ml DI water and irradiated by the same UV condition in the 

photocatalytic experiment. POPHA reagent was first prepared by adding 0.605 g 

Tris (hydroxymethyl) aminomethane, 8 mg POPHA and 2 mg horseradish 

peroxidase into 50 ml DI water [179]. Sample aliquots (1 ml) were collected from 
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UV-irradiated photocatalyst suspensions and added into 2 ml POPHA reagent 

rapidly. The H2O2 concentration were measured on a luminescence 

spectrophotometer (PerkinElmer LS55) with the following instrument settings: λex: 

315 nm; excitation slit: 5 nm; λem: 370-500 nm; emission slit: 8 nm; with the main 

emission peak at 406 nm and scan speed at 100 nm/min. Calibration curve of H2O2 

standard solution from 0.1 M to 10 M was established to calculate the 

concentration of H2O2. 

The micro-hardness of coatings was measured using a micro-hardness tester (Leco 

M400) with a Vickers diamond indenter. The applied load was 25 g with a holding 

time of 10 s. The wear property of coatings was tested using a Micro-Tribometer 

with a friction counterpart of a ruby ball of 6 mm in diameter. TEM was performed 

to characterize E. coli changes after contacting with the coatings and the details 

have been described in Chapter 2. 

The Bradford assay was used to test the leakage of protein quantitation of E. coli 

after contacting with the coatings. The E. coli suspensions were centrifuged at 

12000 r/min for 8 min at 4ºC and the supernatant was the sample solutions. This 

method is based on the binding of the dye Coomassie Brilliant Blue G-250 (CBB) to 

the protein sample [161]. The dye reagent (CBB) was prepared firstly with 100 mg 

CBB dissolved in 50 ml 95% ethanol. Then 100 ml 85% phosphoric acid was added 

with stirring; and the mixture was diluted to 1000 ml deionized (DI) water. The 

standard solutions of bovine serum albumin (BSA) were then prepared by dissolving 

BSA chemicals in DI water and diluted to the indicated concentration with 0, 1, 2, 5, 

10 g/ml.  
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The endpoint Bradford experiments were performed in 4 ml plastic cuvettes with 1 

cm path length. Then 1 ml BSA solutions with the indicated concentration were 

added to 5 ml dye reagent; and the optical density was measured at 595 nm after 5 

min of incubation at room temperature. The standard curve was calculated. Then 1 

ml sample solutions were added to 5 ml dye reagent and the optical density was 

measured at 595 nm after 5 min of incubation at room temperature. Finally the 

protein quantity was calculated through comparing with the standard curve. 

Lipid peroxidation (LPO) level was determined by the reaction of thiobarbituric acid 

(TBA) with malondialdehyde (MDA) to form a MDA-TBA adduct after peroxidatin 

of lipids [180-182]. E. coli suspension were centrifuged at 5,000 rpm for 10 min and 

then re-suspended at phosphate buffer. After sonication (under the power of 600 W; 

continuous crush 5 s; interval 30 s; broken 15 times) E. coli suspension were 

centrifuged at 6,000 rpm for 20 min at 4°C.  5 ml supernatant and 5 ml 0.5% 

Thiobarbituric acid (TBA) in 20% TCA solutions (freshly prepared) were added into 

a new test tube and incubated for 30 min in boiling water bath. The supernatant 

were transferred into ice bath and then centrifuged at 3,000 rpm for 10 min. The 

absorbance of the supernatant was recorded at 532 nm and corrected or nonspecific 

turbidity by subtracting the absorbance at 600 nm, 5 ml DI water and 5 ml 0.5% 

TBA in 20% TCA was used as the blank MDA contents was determined. 

Synchrotron IR microscope (SR-IRM) produces images of high spatial resolution 

and label-free vibrational signatures of chemical bonds in biomolecules [169, 183]. 

In this research, both in-situ and in-vivo methods were used to study the impact of 

Cu on bacteria. SR-IRM measurements details were also described in Chapter 2. 
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4.3 Results and discussion 

4.3.1 Cu and TiO2 distribution analysis 

 

 

 

Fig. 4.1 ESEM images and EDS spectrum of coatings with 5 wt.% Cu: (a) 

without TiO2 and (b) with 1 wt.% TiO2 

Fig. 4.1 shows the SEM image of surface morphology and EDS spectrum of 

coatings with 5 wt.% Cu. Both coatings, with and without 1 wt. % TiO2, are flat and 

smooth. The EDS spectrum displayed the coating without TiO2 consisted of Cu 

element (Figure 1a). Comparing to this, the coating with 1 wt.% TiO2 showed Ti, O, 

and a small amount of S element (Figure 1b). The S element comes from SDS. 
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Table 4.1 Cu particle distribution on the surface of coatings 

TiO2 content Total Area (m
2
) Average Size (m) % Area 

1% TiO2 3528 29.4 1.45 

2.5% TiO2 2375 50.5 0.98 

10% TiO2 1268 42.3 0.52 

without TiO2 310 28.2 0.13 

 

Much more Cu particles distributed on the top surface of the Cu/TiO2 coatings with 

1 wt.% TiO2 comparing to the coatings without TiO2. The Cu particle surface area 

has been calculated using Image J. As shown in Table 4.1, the Cu particle surface 

area decreased with increasing TiO2. The presence of TiO2 pushed Cu to surface of 

the composite. It could probably be explained that the absorption between Cu and 

TiO2 changed the dispersion of Cu, increasing the surface tension of Cu. Then Cu 

was suspended and stayed more on the surface of the composite during curing 

process. 
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4.3.2 Structural analysis 
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Fig. 4.2 XRD of Cu/TiO2 composite coatings with (a) without TiO2; (b) 1 %; (c) 

2.5 %; and (d) 10 wt.% TiO2 

Fig. 4.2 showed XRD result of Cu/TiO2 composite coatings. The Cu peaks can be 

clearly seen from the coating without TiO2 (Fig. 4.2 a). The coatings with 1, 2.5 and 

10 wt. % TiO2 show both Cu and TiO2 (Figs. 4.2 b, c and d). As expected, the TiO2 
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peak intensity increases with the addition of TiO2. The intensities of Cu peak, 

however, do not show significant changes. 

4.3.3 Cu ion release test 
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Fig. 4.3 Cu ion release from the coatings 

In general, microbes were killed on Cu within a few hours, but the parameters such 

as the inoculation technique, incubation temperature, and Cu content of the alloy 

were not usually investigated in a systematic way, and are difficult to compare 

between studies [38]. In this study on contact bacterial killing, a “wet” inoculation 

technique was performed by applying cell suspensions to coatings. This is one of the 

most commonly used methods for laboratory testing [38].  

During the “wet” inoculation surface-released free Cu ions play the antimicrobial 

role in contact killing [38]. Fig. 4.3 shows the Cu ions release from the plastic 
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coatings with photo excitation. The concentrations of Cu ion released from the 

coatings with 1 wt.% TiO2 were higher than that of other coatings, probably causing 

the better antimicrobial action. The release rate of Cu ion slowed down gradually 

after 5 h to the level of <0.4 ppm. Under the Safe Drinking Water Act, the U.S. 

Environmental Protection Agency (EPA) promulgated a 

maximum-contaminant-level goal (MCLG) of 1.3 ppm (mg/L) for Cu in drinking 

water [184]. Therefore this plastic coating is safe for environment. 

4.3.4 Antimicrobial result 

Fig. 4.4 shows the bactericidal properties of the polymer coatings in dark, under UV 

radiation, and under sunlight. The reduction of bacterial quantities was observed 

within a few hours of time. The coatings with TiO2 have better antimicrobial 

property than coatings without TiO2. In dark, Cu/TiO2 coatings have better 

antimicrobial action than the coatings without TiO2, which possibly because it has 

more Cu particles on the surface (shown in Table 4.1). Under UV and sunlight 

radiation, the elimination of 10
6
 bacterial by contacting the coatings without TiO2 

needs 5 hours, while contacting with the Cu/TiO2 – 1 wt.% TiO2 coating took only 2 

hours to kill the same amount of bacteria. It is probably because that more Cu ions 

were released from the coating surface as mentioned before.  
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Fig. 4.4 Bactericidal tests of Cu/TiO2 composite coatings: (a) in dark; (b) under 

UV; and (c) under sunlight 

Cu, as an effective touch surface material, has been used by human being for a long 

time. Its molecular mechanisms responsible for the antimicrobial of Cu have been 

noted by various researchers. Cu ions, as cations, are electrostatically attracted to the 

negatively charged micro-organisms and then undergo reactions on the surface [33]. 

When the Cu ions hit a building block of cell membrane, they weaken the 

membrane and create holes [123]. Cu ions may also produce biological damage by 

inducing reductive species such as superoxide anions [122].  

TiO2 as a photocatalyst possesses antibacterial functions and has been investigated 

extensively [177, 185-187]. The photo-excited TiO2 produces highly reactive 

hydroxyl radicals and electrons that can react with oxygen vacancies to form 

superoxide ions. Then, the various highly active oxygen species can oxidize organic 

cells, destroying micro-organisms [20]. 
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Under UV or sunlight radiation, the antimicrobial property of the Cu/TiO2 coatings 

is attributed to the combined antimicrobial effects of TiO2 and Cu. The bactericidal 

property of the coatings is much enhanced than the Cu only coatings. After exposure 

to UV or sunlight, TiO2 generates H2O2 and superoxide anion free radical, which 

enhances the oxidative damage to bacterial cells [123]. This explains the reason that 

addition of TiO2 can improve the antimicrobial property. Especially the coatings 

with 2.5 and 10 wt.% TiO2 have enhanced antimicrobial property than the coating 

without TiO2, even Cu ions released from the former were less than from the latter.  

4.3.5 Detection of H2O2 

Fig. 4.5 shows the variation in the concentration of H2O2 generated by different 

samples during UV irradiation. H2O2 concentration increased with increasing TiO2 

in the coatings. H2O2 was continuously generated in the suspension under UV 

irradiation. The H2O2 concentration in polymer-Cu/TiO2 coatings suspension is 

higher than in polymer-Cu and polymer-TiO2 coatings.  

For example, under UV irradiation for 1 h, the H2O2 generated from polymer-Cu 

coatings is ~0.4 M, from polymer-TiO2 coatings with 1 wt. % TiO2 is ~0.7 M, 

while from polymer-Cu/TiO2 coatings with 1 wt. % TiO2 is ~ 0.8M. The more 

efficient H2O2 production in UV-irradiated polymer-Cu/TiO2 coatings suggests the 

addition of TiO2 in polymer-Cu coatings enhance the H2O2 generation. The more 

H2O2 cause the bacteria killed more rapidly. This further explains the reason that 

addition of TiO2 can improve the antimicrobial property. 
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Fig. 4.5 H2O2 generated in Cu, TiO2 and Cu/TiO2 coating suspensions under 

18W UVA irradiation at 25 C: (a) polymer-Cu coatings with 5 wt.% Cu; (b), (c) 

and (d) polymer-TiO2 coatings with 1, 2.5 and 10 wt.% TiO2, respectively; (e) (f) 

and (g) polymer-Cu/TiO2 coatings with 5 wt.% Cu and 1, 2.5 and 10 wt.% TiO2, 

respectively 

4.3.6 Mechanical properties test 

Fig. 4.6 shows the mechanical properties of Cu/TiO2 coatings. Addition of TiO2 to 

the coatings enhanced the property of microhardness and wear resistance. For 

example, the width of wear track decreased from 270 m of the Cu-polymer coating 

to 206 m of Cu/TiO2 – polymer coatings with 10 wt.% TiO2. This can be explained 

by the dispersion strengthening effect of TiO2 particles in the polymer matrix. Both 

Cu and TiO2 particles play a strengthening role in the coatings.  
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Fig. 4.6 Microhardness and width of wear track of Cu/TiO2 composite coatings 

4.3.7 TEM analysis 

TEM was performed on E. coli that contacted with Cu/TiO2 coatings for 2 hours 

under sunlight. The micrographs showed significant changes of bacterial cell shape 

in Fig. 4.7. Un-contacted E. coli had a smooth and integrated surface without 

releasing of intracellular components, notable ruptures or pores on the cell surface 

(Figs. 7.a1 and a2). In contrast, the bacterial contacting with the coating exhibited a 

wide range abnormality. Deep roughening and collapse of the cell surface was found 

after 1 hour, although the cell shape was still recognizable (Figs. 7.b1 and b2). 

When E. coli contacting with the coating for 2 hours, the E. coli cell membrane 

were seriously damaged, and an obvious hole could be seen at one of the cell poles 

with loss of cell contents (Figs. 7.c1 and c2).  
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Fig. 4.7 TEM images of E. coli cells: (a1) and (a2) are normal/healthy bacteria 

cells; (b1) and (b2) – contacted with the coating for 1 h; (c1) and (c2) contacted 

with the coating for 2 h under sunlight 
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4.3.8 The leakage of protein content of E. coli 

Protein damage in bacterial membrane can cause the bacterial death. Table 4.2 lists 

the leakage of protein content of E. coli after contacting with the coatings. 

Comparing with the health bacterial cell (without contacting), the leakage of protein 

content significantly increased in the bacteria contacting with the coatings. It 

resulted from the E. coli cell membrane being damaged, which increased the 

permeability of the membrane.  

Table 4.2 Effect of coatings on the leakage of protein content of E. coli (g·ml
-1

) 

Samples 

Time of contacting (hour) 

healthy bacterial cells 

(without contacting) 

0.5 1 2 

Polymer 1.380.20 1.760.21 2.870.23 2.870.23 

Polymer-Cu 1.380.20 8.840.54 10.070.62 10.090.63 

Polymer-Cu/TiO2 1.380.20 11.680.69 20.640.72 24.340.81 

4.3.9 LPO in E. coli 

Table 4.3 The MDA concentration in E. coli after contacting with polymer-Cu 

and polymer-Cu/TiO2 coatings (x10
-3
mol·ml

-1
) 

Samples 

Time of contacting (hour) 

healthy 

bacterial 

cells 

(without 

contacting) 

0.5 1 2 

Polymer 3.30.1 3.80.1 3.90.2 5.90.3 

Polymer-Cu 3.30.1 4.20.3 7.00.4 14.00.9 

Polymer-Cu/TiO2 3.30.1 31.01.2 33.01.2 38.01.2 

 

app:ds:permeability
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The level of MDA, as a LPO product formed from the oxidation of cell membrane 

photsphatidylethanolamine, was used to estimate membrane damage [188]. MDA 

content can reflect the degree of LPO and indirectly indicate the degree of cell 

damages. Table 4.3 shows the MDA concentration in E. coli after contacting with 

polymer-Cu and polymer-Cu/TiO2 coatings. The level of MDA was relatively low 

without contacting coatings. When E. coli cells were exposed to the UV irradiation, 

MDA content increased with increasing contacting time. This suggests that the 

damage of coatings on E. coli may be due to the induction of LPO, the consequence 

of oxidative stress. MDA concentration achieved 0.038 mol/ml after contacting 

with polymer-Cu/TiO2 coatings for 2 h, while only 0.014 mol/ml after contacting 

with polymer-Cu coatings.  

The MDA is produced during the LPO of unsaturated fatty acid by oxygen based 

free radicals [189]. LPO is a key indicator of oxidative stress as the oxidative 

degradation of membrane lipids leading to the cell damage [190, 191]. The MDA 

concentration results probably suggest that the peroxidation reaction of an 

unsaturated lipid unit of the E. coli membrane was enhanced by the reactive species 

generated from the polymer-Cu/TiO2 coatings system. This explanation is consistent 

with the results of TEM: E. coli cell membrane was damaged more severely after 

contacting with polymer-Cu/TiO2 coatings.  
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4.3.10 SR-IRM analysis 

 

Fig. 4.8 SR-IR spectra of bacterial cells before (healthy) and after contacting 

with the coatings 

The key biochemical changes were analyzed by comparing the collected spectra 

over the region 1000-1800 cm
-1

 (Fig. 4.8). The absorption peaks were similar in 

bacterial samples, including protein Amide I (∼1655 cm
-1

), Amide II (~1548 cm
-1

), 

symmetric (∼1085 cm
-1

) and anti-symmetric PO2
-
 stretches (∼1220−1250 cm-1

) 

[170]. However the location shifting and/or intensity change may show the bacterial 

damage after contacting with the coatings.  

The  R intensity in the frequency fingerprint region (1200−1700 cm
-1

) displayed a 

significant decrease, which probably suggesting a loss of intracellular contents. 

With the reduction of bands at ~1655 cm
-1

  and ~1548 cm
-1

, declination was also 

shown in the absorption intensity at ~1396 cm
-1

, which represents C=O symmetric 

stretching of COO
−
 and corresponds to lipid [171]. The intensity at ∼1465 cm

-1
 

assigned to the CH2 bending mode of the cell lipids [171] has also decreased. 
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Bacterial cell membrane consists of the lipid bilayer with embedded proteins. These 

spectral features may reflect a loss of lipid and protein after bacteria contacting with 

the coatings.  

To investigate how bacterial composition changes after being exposed to the coating 

surface, an area including a single whole cell or few bacterial cells were selected to 

map the distribution of bacterial composition (Figs. 4.9 a1 and a2). Compare to the 

healthy bacterial cell (Fig. 4.9 b1), the protein amide I (∼1655 cm
-1

) signal 

decreased in the cell after contacting with the coating for 2 hours (Fig. 4.9 b3). 

SR-IR microscope chemical maps also showed that protein amide II (~1548 cm
-1

) 

signal declined (Fig. 4.9 b4) in contrast to healthy cell (Fig. 4.9 b2).  2D SR-IRM 

chemical images intuitively presented the loss of protein in the bacterial cell after 

contacting with coatings. 

Molecular mechanisms responsible for antimicrobial have been noted by a number 

of researchers. Some studies concluded that bacterial cell membrane is the primary 

target in cells that may be attacked by antimicrobial agencies [136]. In this study, 

combining with TEM image, SR-IRM directly identified bacterial cell membrane 

damage at molecular level, especially targeting the single bacterial cell. Bacterial 

membrane bound proteins or membrane lipids are identified as the sensitive targets 

in cells. Damage to these specific targets lead to the rapid and efficient germ killing 

process. 
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Fig. 4.9 The SR-IRM images to show the distribution of bacterial composition: 

(a1) and (a2) are selected area; (b1) and (b3) are 2D SR-IRM chemical image 

plots of the intensity at ∼1655 cm
-1

; (b2) and (b4) are at ∼1548 cm
-1

; (b1) and 

(b2) are healthy bacterial cells; (b3) and (b4) are cells after contacting with the 

coating for 2 hours under sunlight 
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4.4 Summary 

An innovative polymer based coating system containing fine particles of Cu and 

TiO2 nanoparticles has been developed in this work. These polymer based coatings 

have good compatibility with various substrates, such as glass, wood, steel and other 

metals. These antimicrobial Cu containing coatings display both good antimicrobial 

and mechanical properties. This study investigated the effect of TiO2 addition on the 

properties of Cu containing polymer coatings. After adding TiO2 the antimicrobial 

property were improved under both UV and sunlight, showing the advantages in 

outdoor applications. The coatings also presented enhanced mechanical properties 

including hardness and wear resistance after adding TiO2.  
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Chapter 5  

Electroplating of Cu-Bi Antimicrobial Coatings 

Contents partially published in Transactions of Nonferrous Metals Society of China, 

2013 
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Chapter Abstract 

Electroplating is a popular processing to make metallic coatings. In this work, it has 

been used to produce Cu-Bi coatings. As the solubility of Bi in Cu is extremely low at 

room temperature, the coating has a two-phase mixed microstructure. This Chapter 

reports the electroplating process. The crystal structure and lattice parameters of Cu in 

Cu-Bi composite coating were measured and compared with that of pure Cu coating. 

The mechanical properties of the coatings were also studied.  

It was found that the deposition parameters have significant effect on the mechanical 

properties of the Cu-Bi coatings. The microhardness has been improved from 165 

HV50 of Cu coating to 250 of Cu-Bi composite coating prepared at 50 mA/cm
2
 for 20 

min. Correspondingly, wear resistance of the Cu-Bi composite coating has also been 

enhanced significantly. The antimicrobial properties of the electroplated Cu-Bi 

coatings have also been investigated. Comparing with Cu coatings, Cu-Bi coatings 

have similar or slightly better antimicrobial properties than Cu coatings, and have 

more effective antimicrobial properties against gram-negative bacteria than 

gram-positive bacteria. 
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5.1 Introduction 

Cu and Cu alloys are widely used in electrical industry due to its good conductivity. 

Cu based coatings and thin films have also been used for conducting purpose. One of 

the important industrial applications of Cu and Cu coatings is for electric contacts, 

which require both high conductivity and good wear resistance. However, the 

mechanical properties of Cu coatings including hardness and wear resistance are not 

good enough [192, 193]. A variety of methods were developed to improve the 

mechanical properties of Cu alloy or Cu alloy coatings.  

For instance, Ni coating on Cu showed that the average hardness of Ni coating was 

five times of that of pure Cu [194]. Ni–Cu coating on Cu substrate obtained by pulsed 

laser deposition possessed significantly improved wear properties [195]. Cu–Cr–S 

coating by electrodepositing in acidic Cu sulphate electrolytes containing a metallic 

powder of Cr displayed higher wear resistance comparing with pure Cu coating [196]. 

The sol–gel based protective hybrid coatings was used to improve the hydrophobic 

properties and wear and corrosion resistance [197]. A combination of PVD and 

electroless Ni-P coatings was deposited on Cu alloy substrates to improve the wear 

resistance [198]. The nanocrystalline Cu–Ni films made by electrodeposition showed 

improved mechanical properties [199]. Report also indicated that the wear resistance 

of Cu-CeO2 nanocomposite coatings synthesized by pulsed eletrodeposition is 

superior to that of pure Cu [200]. 

The above quoted solid solution is a traditional way to improve the mechanical 

properties of Cu and Cu coatings. However, this method relies on lattice distortion 

that decreases the electric conductivity significantly. It has been known that Cu and Bi 
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do not dissolve with each other so does not form a solid solution [201, 202]. Addition 

of Bi should form a mixture of two separate phases. It was hoped that these two-phase 

structure can provide good dispersion strengthening effect without causing the misfit 

of Cu lattice [141-143], therefore can keep its good electrical conductivity.  

Electroplating method was used to make the coatings because it is a common 

industrial process and can produce a finely mixed microstructure. This research aims 

the development of electroplated Cu-Bi coatings with improved mechanical properties 

and good electric conductivity. This chapter reports the deposition processing, coating 

microstructure and mechanical property of the Cu-Bi coating. As a multi-functional 

coating we also studied its antimicrobial property and corrosion resistance. 

5.2 Materials and methods 

Cu and Cu-Bi coatings were deposited on Cu substrate by electroplating. The details 

were described in Chapter 2. The morphology and Bi concentrations in the Cu-Bi 

coatings were measured by a field emission scanning electron microscope (FESEM) 

with EDS attachment. The phase structure of the coatings was determined using X-ray 

diffraction (XRD). Coating hardness was measured using a microhardness tester 

(Leco M400) with a Vickers diamond indenter. The applied load was 50 g with a 

holding time of 15 s. At least 5 measurements under the same conditions were 

conducted, and the average value was used as the microhardness (HV). The standard 

deviation was also calculated. The wear property of coatings was tested using a 

micro-tribometer, with a friction counterpart of a ruby ball of 6 mm in diameter. A 

load of 1 N and a sliding speed of 50 mm/s were used at room temperature with the 

relative humidity of ~50%; and the total elapsed time was 60-100 min.  



 
104 

 

The electrical resistivity of samples was measured by four-point probe method, then 

converted to the  nternational Standard Unit (Ω·m). Corrosion resistance of coatings 

surfaces are tested by electrochemical workstation (model no: CHI604D) and Tafel 

curve are obtained. The sample area to be tested is 1 × 1 cm. Corrosion tests are 

carried out in 3.5% NaCl solution at room temperature. Antimicrobial properties were 

investigated with two methods: inhibition percentage and bactericidal property test.  

5.3 Results and discussions 

5.3.1 Cross-sectional morphologies of coating 

Fig. 5.1 shows the cross-sectional morphologies of Cu and Cu-Bi composite coatings. 

In this research, different current density and deposition time were used in order to 

achieve a similar coating thickness. Cu and Cu-Bi coatings which deposited at 50 

mA/cm
2
 for 20 min had a similar thickness of ~13 µm (Fig. 5.1, a2 and b2). Both 

coatings have the compact morphology. However, at the higher current density, the 

Cu-Bi had a porous microstructure (Fig. 5.1, b3). 
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Fig. 5.1 SEM Cross-sectional morphologies of Cu and Cu-Bi coatings prepared 

at: (a1, b1) 10 mA/cm
2
 for 30 min, (a2, b2) 50 mA/cm

2
 for 20 min, and (a3, b3) 

100 mA/cm
2
 for 10 min. (a1, a2, a3) Cu coatings, and (b1, b2, b3) Cu-Bi 

coatings 
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Fig. 5.2 EDS plots of: (a) Cu coating and (b) Cu-Bi coating prepared at 50 

mA/cm
2
 for 20 min 
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Fig. 5.3 The content of Bi in Cu-Bi coatings prepared at different current 

densities 
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Fig. 5.2 shows the EDS analysis of Cu and Cu-Bi prepared at 50 mA/cm
2
 for 20 min. 

Bi was detected and its content was shown in Fig. 5.3. The content of Bi peaked at 

~3.1 at.% at the current density of 50 mA/cm
2
. A lower content of ~2.1 at.% Bi was 

obtained at a higher current density of 100 mA/cm
2
. This might be due to the shorter 

time for Bi to deposit on substrate at the higher current density. The content of Bi 

depends on both current density and deposition time. Further studies are needed to 

investigate this effect. 

5.3.2 Phase structures 

Fig. 5.4 shows the XRD patterns of Cu and Cu-Bi coatings prepared at 10, 50 and 100 

mA/cm
2
. The main compositions of the coatings include Cu and Bi. Comparing XRD 

patterns between Cu-Bi and Cu, we cannot detect Bi possibly due to its low content. 

Fig. 5.5 shows the grain size of Cu which was calculated according to the Scherrer 

equation [203]. The grain sizes of Cu in Cu-Bi composite coatings are smaller than 

the Cu coatings. The grain size in the Cu composite coatings at 10, 50, 100 mA/m
2
 

were 37±3, 55±3, and 54±2 nm, compared to 33±2, 19±2, and 24±3nm in Cu-Bi 

coating, respectively. The smaller grain size means smaller space between dendritic 

crystals, which results in higher yield strength and hardness [204]. 
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Fig. 5.4 XRD patterns of Cu (a, c, e) and Cu-Bi (b, d, f) coatings prepared at: 10 

mA/cm
2
 for 30 min, 50 mA/cm

2
 for 20 min, and 100 mA/cm

2
 for 10 min, 

respectively 
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Fig. 5.5 Grain size in Cu and Cu-Bi coatings prepared at 10, 50 and 100 

mA/cm
2
 for 30, 20 and 10 min, respectively 
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5.3.3 Mechanical properties  

Fig. 5.6 shows that the microhardness of Cu coating increased with increasing current 

density. This result is contrast with the grain size value as shown in Fig. 5.5. 

Generally, smaller grain sizes have higher microhardness according to the Hall-Petch 

relationship. However, porosity may play an important role in this case. With 

increasing current density, the porosity of Cu coating decreased, and hence increasing 

the microhardness. 
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Fig. 5.6 Microhardness of Cu and Cu-Bi coatings prepared at 10, 50 and 100 

mA/cm
2
 for 30, 20 and 10 min, respectively 

On the other hand, incorporation of Bi into Cu coating may have a significant 

influence in the microhardness and wear resistance. The microhardness of the Cu-Bi 

composite coating at 10, 50, 100 mA/cm
2
 reached 160±6, 250±8, and 225±6 HV50 

(Fig. 5. 6), compared to 135±5, 165±9, and 200±10 HV50 Cu coating, respectively. 

The best improvement of ~52% was obtained with the current density of 50 mA/cm
2
. 
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The enhancement of the microhardness should be due to both Bi dispersion 

strengthening effects and grain size refinery. At the high current density (100 

mA/cm
2
), however, the microhardness value was reduced. This might be caused by 

the porous microstructure as shown in Fig. 5.1 (b3). Furthermore, at the higher current 

density (100 mA/cm²), the quantity of Bi deposition into Cu was reduced. This might 

also be one of the reasons for the decreasing hardness value. 

  

 

Fig. 5.7 Wear tracks on coatings: (a) Cu coating, and (b) Cu-Bi coating. Both 

coatings were prepared at 50 mA/cm
2
 for 20 min 
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Fig. 5.8 Coefficient of friction of Cu coating (a) and Cu-Bi coating (b) prepared 

at 50 mA/cm
2
 for 20 min 

Fig. 5.7 shows the wear tracks of Cu and Cu-Bi composite coatings. The widths of 

wear tracks of Cu and Cu-Bi composite coatings that were prepared at 50 mA/cm
2
 for 

20 min are ~150 µm and 100 µm, respectively. Many plough lines were observed on 



 
112 

 

the surface of the Cu coating. In contrast, the wear tracks on the Cu-Bi composite 

coating were narrower and the plough lines were shallower, indicating that the Cu-Bi 

composite coating has improved wear resistance. 

Fig. 5.8 shows the coefficient of friction (COF) of Cu and Cu-Bi coating prepared at 

50 mA/cm
2
 for 20 min. The COF of Cu coating started at ~0.45 and kept constant 

over time, while the COF of Cu-Bi coating started at ~0.25, and gradually developed 

to the level of ~0.40. COF is related to the hardness and roughness of the coating 

surface, may also affected by the lubrication of the second phase. The low starting 

COF level of Cu-Bi coating may come from the relatively smooth surface of the 

Cu-Bi coatings. The higher COF value after few minutes sliding might be due to the 

formation of abrasive debris in the initial sliding.  

5.3.4 Electrical resistivity 

The electrical resistivity of Cu and Cu-Bi alloy samples is 2.31±0.06×10
-8 
Ω·m. 

Additional of Bi into the bath solutions did not bring any measurable changes on 

electrical resistivity. This is because that Cu and Bi are insoluble metals. They do not 

form solid solution alloy so do not cause lattice distortion. The resistivity of 

two-phase structure is roughly proportional to the volume percentage of the two 

phases [205, 206]. In this research, the maximum content of Bi deposited in the Cu-Bi 

coating is just 3.1 at.%, and the vol.% is even smaller. The Bi phase is therefore does 

not affect the resistivity of Cu metal significantly. 
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5.3.5 Corrosion resistance 
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Fig. 5.9 Tafel curves of Cu and Cu-Bi coatings surfaces prepared at 10 mA/cm
2
, 

50 mA/cm
2
, and 100 mA/cm

2
 

Table 5.1 Corrosion parameters deduced from Tafel curves 

Surfaces Ecorr (V) Icorr (Acm
-2

) 

Cu substrate -0.233 4.37 

Cu-Bi 10mA/cm
2
 -0.215 2.88 

Cu-Bi 50mA/cm
2
 -0.162 1.33 

Cu-Bi 100mA/cm
2
 -0.215 1.78 

 

The electrochemical characteristics of Cu substrate and Cu-Bi coatings were 

investigated and the Tafel curves were obtained and shown in Fig. 5.9. The 

corrosion potential (Ecorr) and corrosion current density (Icorr), deduced from these 

polarization curves, are listed in Table 5.1. The Cu-Bi coating prepared at 50 

mA/cm
2
 increased from -2.333 V of Cu coating to -0.162 V, indicating that it is less 
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prone to corrosion in 3.5% NaCl solution. Meanwhile, the corrosion current (Icorr.) 

of Cu-Bi coatings are lower than that of Cu substrate, again indicating that Cu-Bi 

coatings have higher corrosion resistance than Cu substrate.  

5.3.6 Antimicrobial properties of coatings 
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Fig. 5.10 The inhibition percentage of Cu and Cu-Bi coatings after bacteria 

contacting with coatings for 1 h 
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Fig. 5.11 Bactericidal properties of Cu and Cu-Bi coating prepared at 50 

mA/cm
2
 for 20 min 
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Fig. 5.10 shows the inhibition percentage of Cu and Cu-Bi coatings after bacteria 

contacting with coatings for 1 h. These coatings were prepared at 50 mA/cm
2
 for 20 

min. E. coli growth was inhibited to ~85±4% by Cu and Cu-Bi coatings, while B. 

subtilis growth was inhibited to ~43±2%. Fig. 5.11 shows the bactericidal properties 

against E. coli and B. subtilis of Cu and Cu-Bi coating prepared at 50 mA/cm
2
 for 20 

min. No E. coli survived on the Cu and Cu-Bi coating after 2 h and no B. subtilis 

survived after 5 h. It can be seen that Cu-Bi coatings have similar or slightly better 

antimicrobial properties than Cu coatings.  

E. coli is Gram negative and B. subtilis is Gram positive. Major differences between 

gram-negative and gram-positive bacteria are the cell walls structure [162]. 

Gram-negative bacteria including E. coli possess an inner membrane and outer 

membrane, and the periplasmic space between the membranes contains one to two 

layers of peptidoglycan [162]. In contrast, gram-positive bacteria including B. subtilis 

do not have an outer membrane, but contain thick peptidoglycans (10-20 layers) [165]. 

Peptidoglican provides a mechanic defense, determines sensitivity towards infections 

and affects the permeability of lots of medium [164]. B. subtilis have a thicker and 

more intensive cell wall, which probably explains the reason why B. subtilis are more 

resistant than E. coli against Cu damages. 
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5.4 Summary 

This Chapter shows an example that two non-solvable elements can be made as a 

metallic composite by using electroplating method: a small amount of Bi has been 

added into Cu coatings to form a two-metal mixture. The mechanical properties of the 

composite were improved significantly as the microhardness was improved from 

~165 to ~250 HV50. Correspondingly, the wear resistance of the Cu-Bi composite 

coating has been enhanced. XRD analysis indicates that the Bi addition does not cause 

lattice distortion of the Cu matrix. The electrical conductivity therefore has no 

measurable change. This Cu-Bi composite coating may extend the service life of Cu 

coatings when used as electric contacts. These coatings also show good antimicrobial 

properties, and have more effective antimicrobial properties against gram-negative 

bacteria than gram-positive bacteria. 
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Chapter 6  

Antimicrobial Mechanism of Cu Coatings  
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Chapter Abstract 

The antimicrobial mechanism of bacterial killing/supressing was systematically 

investigated by studying the interaction between bacteria and Cu containing 

composite coatings. In-situ bacterial changes during contacting Cu coatings were 

explored by using a combination of TEM, SR-IRM, protein leakage test, MDA 

concentration and DNA test. The results showed that antimicrobial Cu containing 

coatings mainly caused the damage on bacterial cell membrane rather than on DNA. 

Two types (wild-type and mutant strain with exopolysaccharide overproduction) of 

bacteria were used in bactericidal property test on Cu containing coating surface to 

exam the killing rate and mechanisms. Coating surface properties, roughness and 

wetting property can influence the antimicrobial properties significantly. Bacterial 

cell surface property which affects the antimicrobial property was also studied. The 

results showed that mutant strain was more susceptible to Cu containing coating 

than the wild-type one. The bacteria with more cell surface components were killed 

faster. More Cu ions released on Cu containing coating surface after contacting with 

the mutant strain comparing with the wild-type strain.  
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6.1 Introduction 

Cu containing coatings can provide sustained protection against microbial 

contamination [51, 55]. The search for materials those are able to provide for the 

optimal resistance to the bacterial infection can be based only on the deep 

understanding of the interactions between bacteria and materials [207]. The reaction 

between Cu and bacteria is a complicated subject. The antimicrobial mechanisms of 

Cu need to be explored to ascertain the real antimicrobial ability.  

Antimicrobial mechanisms of Cu have been investigated by a number of researchers. 

The results suggested that a single technique alone cannot discover the mechanism. 

Mounting evidence suggests that ionic Cu is the major factor causing cell death in 

past research [38, 208]. Cu ions are small enough to disrupt bacterial cell 

membranes and gain entry to disrupt enzyme function [209]. However, the effect 

due to the release of Cu ions cannot be excluded [210]. 

Currently, researchers have proposed three different mechanisms of bacterial killing, 

including a) detrimental effects on deoxyribonucleic acid (DNA) molecules: Cu 

reacts with DNA, leading to rapid DNA fragmentation and cell death [133, 135]; b) 

cell wall and cell membrane damage that lead to leakage of the cell contents, DNA 

damage was considered not the primary cause and only a secondary phenomenon 

that occurred after the onset of cell death or after lethal damage had accumulated 

[136, 137]; c) observed decrease or loss of respiratory activities due to oxidation 

stress [211, 212]. Overproduction of ROS, including superoxide, hydroxyl radicals, 

singlet oxygen, and H2O2, can induce oxidative stress and result in significant 

damage to cellular components [213]. The complex mechanisms are still under 



 
120 

 

investigation. There have been very few thorough reports so far on the mechanistic 

information on the effects of Cu containing coatings on killing/suppressing bacteria.  

All reactions start from initial attachment of bacterial cells. The initial interactions 

that take place between bacteria and material surface driven by different forces: 

hydrophobic, electrostatic and Lifshitz - Van der Waals forces among others [207]. 

In this phase, bacteria are therefore passively adsorbed on the material surfaces. The 

degree of hydrophobicity of cell surface and that of the matching material surface 

are generally considered highly important for the first attachment [214]. However, 

few researches focus on the effect of coating surface and bacterial cell surface 

property on the antimicrobial ability.  

In this research the antimicrobial mechanism of bacterial killing/supressing was 

systematically investigated by studying the interaction between bacteria and Cu 

containing composite coatings. Polymer-Cu coating with 5 wt. %Cu was used as a 

sample to study the antimicrobial mechanism. The investigation were performed by 

a combination of TEM, SR-IRM, protein leakage test, MDA concentration and 

DNA test to do the in-situ and in-vivo study of bacteria killing process at the 

molecular level. A comprehensive view of the bacterial cellular response was 

acquired using these techniques, which demonstrated the morphological changes of 

bacterial cell membrane and revealed the cell membrane component changes. 

We have also explored the effect of coating surface property (roughness, wettability 

and surface free energy) on antimicrobial ability. The influence of bacterial cell 

surface property was studied by comparing two types of bacteria (wild-type and 

mutant strain with exopolysaccharide overproduction). Antimicrobial property and 
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Cu ions releasing rate were tested and compared. Additionally, kinetics of Cu ion 

release was explored in this research as the concentration of Cu ions is of 

significance for the antimicrobial property. 

6.2 Materials and methods 

E. coli morphological changes after contacting with the coatings were observed by 

TEM. E. coli cell membrane structural changes after contacting with the coatings 

were also observed by SR-IRM. The Bradford assay was used to test the leakage of 

protein quantitation of E. coli after contacting with the coatings. LPO level was 

determined by the reaction of TBA with MDA to form a MDA-TBA adduct after 

peroxidatin of lipids. The intracellular MDA level was measured with the 

thiobarbituric acid (TBA) assay in bacterial cell cultures [215]. Bacterial DNA test 

was performed by agarose electrophoresis system to investigate the effect of Cu 

containing coatings on bacteria. The measurements were described in previous 

Chapter. 

Two types (wild-type and mutant strain with exopolysaccharide overproduction) of 

bacteria, P. fluorescens SBW25 and LSWS, were used in bactericidal property test 

on metallic Cu surface to exam the killing rate. AAS was used to measure the 

concentration of Cu ions which was released from the surface of coatings. The 

details of Cu ions measurement have been described in Chapter 3. 

Five different surfaces of polymer-Cu coatings with 5 wt. % Cu were compared. 

They were mechanically polished using SiC papers to a grit of #500, #1200, and 

down to 6 m with diamond paste, respectively. Then the samples were degreased 

ultrasonically in acetone. They were numbered as sample “a, b, and c”, respectively. 
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A Talysurf instrument was performed to measure their surface roughness value over 

a 20 mm length of the sample. Every specimen was carried out five replicate scans. 

Their wetting properties were also measured by testing equilibrium water contact 

angles (CA) on a goniometer (KSV CAM-101) at room temperature with 3.5 l 

liquid droplets [216, 217]. Surface free energy is calculated by Owens-Wendt 

method [218]. 

2 2d d p p

SL SV LV SV LV SV LV                (1) 

where SV is the surface energy of solid, LV  surface tension of liquid, SL the 

surface free energy corresponding to the solid-liquid interface. The superscripts d 

and p represent dispersive and polar interactions. Combined with the Young’s 

equation [219], Eq.(1) can be rewritten as: 

0.5 (1 cos ) d d p p

LV SV LV SV LV              (2) 

Two liquids, water and diiodomethane, were used as the polar and dispersion liquids 

respectively.  

Inhibition percentage test against B. subtilis ATCC 6633 was performed to 

investigate the effect of surface property of coatings on antimicrobial ability. The 

measurement was described in Chapter 2. 
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6.3 Results and discussion 

6.3.1 TEM analysis 

Fig. 6.1 shows the TEM images of E. coli cells after contacting polymer-Cu coatings 

with 5 wt.% Cu for 0 - 8h. E. coli cell without contacting with coating had a smooth 

and integrated surface (Fig. 6.1a). In contrast, the bacterial cells after contacting with 

polymer-Cu coating exhibited shrinkage, deformation and abnormalities (Fig. 6.1 b - 

f). It can be clearly seen that the damages on E. coli cell membrane was increasingly 

severe with increasing contacting time. Intracellular components have been released 

and notable ruptures, pores on the cell surface occurred, and the loss of cell contents 

appeared obvious.  
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Fig. 6.1 TEM images of E. coli cells: (a), (b), (c), (d), (e) and (f) are cells after 

contacting polymer-Cu coatings with 5 wt.% Cu for 0, 0.5, 1, 2, 5, and 8h, 

respectively 
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6.3.2 SR-IRM analysis 

 

Fig. 6.2 SR-IR spectra of E. coli cells after contacting polymer-Cu coatings with 

5 wt. % Cu for 0, 0.5, 1, 2, 5, and 8 h, respectively 

Fig. 6.2 shows the SR-IR spectra of E. coli cells after contacting polymer-Cu 

coatings for 0 – 8 h over the wavenumber region of 1250-1750 cm
-1

. The absorption 

peaks were observed such as protein Amide I (∼1655 cm
-1

) and Amide II (~1548 

cm
-1

), symmetric (∼1085 cm
-1

) and anti-symmetric PO2
-
 stretches (∼1220−1250 

cm
-1

) [170], C=O symmetric stretching of COO
−
 and corresponds to lipid (~1396 

cm
-1

) [171], CH2 bending mode of the cell lipids (∼1465 cm
-1

). The intensity change 

may indicate the bacterial damage after contacting with the polymer-Cu coating 

[169].  

Comparing to SR-IR spectra of bacterial cell without contacting with coating, in the 

SR-IR spectra of bacterial cell after contacting with polymer-Cu coating, the 

absorption intensity at ~1655 cm
-1

 (protein Amide I) and ~1548 cm
-1 

(Amide II) 
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reduced. The intensity at ~1396 cm
-1

 (lipid) and ∼1465 cm
-1

 (lipid) also decreased. 

These spectral features and behavior may reflect a loss of lipid and protein of 

bacterial cell membrane after bacteria contacting with polymer-Cu coatings.  
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Fig. 6.3 2D SR-IRM chemical image plots of the intensity at ~1655 cm

-1
: (a), (b), 

(c), (d), (e) and (f) are E. coli cells after contacting polymer-Cu coatings with 5 

wt.% Cu for 0, 0.5, 1, 2, 5, and 8h, respectively 

2D SR-IRM chemical images showed the protein Amide I (∼1655 cm
-1

) signal 

decreased in the cell after contacting with polymer-Cu coating (Fig. 6.3), indicating 

the loss of protein in the bacterial cell membrane after contacting with the coating. 
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In present study, SR-IRM directly identified single bacterial cell membrane changes, 

and bacterial membrane bound proteins as the sensitive targets in cells [41, 136]. 

The observed cellular damages suggest the highly antimicrobial property of the 

polymer-Cu coating.  

6.3.3 The leakage of protein content of E. coli 
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Fig. 6.4 Effect of coatings on the leakage of protein content of E. coli after 

contacting polymer-Cu coatings with 5 wt.% Cu for 0, 0.5, 1, 2, 5, and 8 h, 

respectively 

Fig.6.4 shows the leakage of protein content of E. coli after contacting with the 

polymer-Cu coating for 0 – 8 h. The concentration of protein from the cells without 

contacting is comparatively low at the level of 1.38 g/ml. In contrast, after 8 h 

contacting with the polymer-Cu coating the protein content notably increased to 17.5 

g/ml. This is resulted from the damaged E. coli cell membrane, which increased the 

permeability of the membrane. The serious damage on bacterial cell membrane led to 

a large amount of protein leakage, which probably caused bacterial death [168]. 
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6.3.4 LPO in E. coli 
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Fig. 6.5 The MDA concentration in E. coli after contacting polymer-Cu 

coatings with 5 wt.% Cu for 0, 0.5, 1, 2, 5, and 8h, respectively 

MDA content can reflect the degree of LPO and indirectly indicate the degree of 

cell damages due to oxidation of cell membrane photsphatidylethanolaminec [188]. 

Fig. 6.5 shows the MDA concentration in E. coli after contacting with polymer-Cu. 

The change of MDA was relatively low. The MDA in E. coli without contacting 

with coatings was 0.0033 mol/ml. After contacting with polymer-Cu coatings for 8 

h the MDA concentration achieved 0.0089 mol/ml.  

In present study MDA content increased with increasing contacting time, suggesting 

the formation of free radicals during the LPO of unsaturated fatty acid [189]. The 

MDA concentration results probably suggest that there are a few oxidative stresses 

and damage as the oxidative degradation of bacterial cell membrane lipids. 

Transition metals like Cu and Fe catalyze the formation of hydroxyl radicals (•OH) 

from the non-enzymatic chemical reaction between superoxide (•O2
―
) and H2O2 
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according to Haber-Weiss reaction [212]. Mono-cation radical is formed, and then 

reacts with molecular oxygen to produce •O2
― 

with the subsequent production of 

other active species, such as H2O2 and •OH [220], which cause peroxidation of 

membrane lipids and general cellular oxidation [215, 221-223].  

6.3.5 Deoxyribonucleic acid analysis 

 

Fig. 6.6 Agarose gel electrophoresis of purified E. coli DNA: lane 1 is 

GeneRuler 1 kb ladder; lane 2-7 is E. coli cells after contacting polymer-Cu 

coatings with 5 wt.% Cu for 0, 0.5, 1, 2, 5, and 8 h, respectively 

The results obtained with DNA purified from E. coli are shown in Fig. 6.6. 

Comparing with DNA from bacterial cells that had not been exposed to coatings 

(Fig. 3.14 lane 2), the band seen with DNA purified from cells exposed to 

polymer-Cu coatings for 0.5 - 8 h (Fig. 6.6 , lane 3 - 7) is quite similar. No loss in 

the DNA was observed in the cell exposed to polymer-Cu coatings. This might 

indicate that the bacterial DNA is not damaged by the polymer-Cu coatings. This 
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result is consistent with the opinion from R. Hong et al. (2012) who reported that 

bacterial cells can die without degradation of their DNA under certain exposure 

conditions [136].  

6.3.6 Coating surface property 
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Fig. 6.7 Surface roughness of different coating surfaces which being polished 

using SiC papers to a grit of (a) #500, (b) #1200, and (c) down to 6 m with 

diamond paste 

The roughness of polymer-Cu coatings was shown in Fig. 6.7. Sample a, b, and c 

was gradually smoother due to the polishing process. The smoother of the coating 

surface, the roughness value of the coating surface is smaller, with the value from 

1.24 µm down to 0.15 µm.  

 



 
133 

 

(2) Wettability 
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Fig. 6.8 Contact angle and surface free energy of polymer-Cu coating surfaces 

polished using SiC papers to a grit of (a) #500, (b) #1200, and (c) down to 6 m 

with diamond paste 

A direct expression of the wettability of a surface is the contact angle of a liquid 

droplet on this surface [216]. Contact angles and surface free energy of various 

surfaces were measured and presented in Fig. 6.8. All contact angles are larger than 

90°. According to Vogler’s definition [224], contact angles less than 65° indicate 

hydrophilic surfaces, and angles exceeding 65° are hydrophobic. The higher contact 

angle, the surface tends to be more hydrophobic. This means the polymer-Cu 

coating surfaces are hydrophobic. Wettability of a surface can be altered by 

increasing surface roughness [225]. According to Wenzel model [226, 227], when 

contact angle is larger than 90°, the increase of surface roughness will result in the 

increase of the contact angle and material surface will be more hydrophobic. This 

explains that sample (a) has a larger contact angle than the other two samples.  
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The lower contact angle of sample (c) surfaces corresponds to a higher surface free 

energy than the other two surfaces. The sample (c) shows a surface free energy of 

~38.0 mN/m, while sample (a) and sample (b) shows the free energy of ~35.3 mN/m 

and ~37.4 mN/m, respectively. Surface free energy of a solid is also related to 

surface roughness [228]. The surface roughness of sample (a) was the highest, 

which resulted in highest contact angle and lowest surface free energy. Additionally, 

materials with surface free energy higher than 30 mN/m would have good adhesion 

of cells on material  [229]. 

(3) Inhibition percentage 

The inhibition percentage of coatings with surfaces of different roughness after 

bacteria contacting with coatings for 0.5 h was shown in Fig. 6.9. It can be observed 

that the inhibition percentage of sample (a) is higher than others. Most bacteria, 

including E. coli [230-233] and B. subtilis [232, 234, 235], contain hydrophobic 

surface components [3, 236]. Mudd et. al reported hydrophobicity of bacterial 

surface, the importance of bacterial hydrophobicity in adhesion and the relationship 

between cell and material surface hydrophobicity [236-239]. Generally, the 

attachment of microorganisms to surfaces will occur most readily on surfaces that 

are rougher and more hydrophobic [3]. 

Water between two hydrophobic surfaces is more easily to remove because the 

surface molecules are less attracted to the water molecules compared to the 

interactions with itself [240, 241]. Adhesion forces may arise for more hydrophobic 

surfaces, because water is easier to eliminate from the area between the cell surface 

and a hydrophobic material than between the cell surface and a hydrophilic material, 



 
135 

 

which has a closer interaction and thus stronger adhesion forces [242, 243]. 

Consequently, bacteria can more easily adhere on the surface of the more 

hydrophobic polymer-Cu coating, being killed and/or the growth of bacteria can be 

inhibited faster. This is the possible reason why the inhibition percentage of sample 

(a) is higher than others. 
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Fig. 6.9 The inhibition percentage of coatings with various surfaces after 

bacteria contacting with coatings for 0.5 h; surfaces were polished using SiC 

papers to a grit of (a) #500, (b) #1200, and (c) down to 6 m with diamond 

paste 

6.3.7 Bacterial cell surface property 

To test the effect of bacterial cellular surface property on Cu antimicrobial ability, 

the survival rates of P. fluorescens wild-type SBW25 and mutant LSWS (an 

exopolysaccharide overproducer) on a Cu surface were measured and compared. 

When grown in static microcosms (30 ml glass vials containing 6 ml King’s B 

nutrient broth), P. fluorescens SBW25 undergoes diversification, giving rise to 

genotypes that form biofilm at the air-liquid interface for better access of oxygen 

[244-246]. One such surface-colonizing genotype, termed large-spreading wrinkly 
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spreader (LSWS), carries a gene mutation that causes continuous overproduction of 

EPS, a partially acetylated cellulose-fiber matrix [247, 248]. As a result, LSWS 

forms large, flat and wrinkled colonies on agar plates, which are very different from 

the smooth colonies of wild-type SBW25 [247, 248]. 
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Fig. 6.10 Bactericidal test result of Cu against P.  fluorescens wild-type 

SBW25 and mutant LSWS 

Fig. 6.10 shows bactericidal properties of Cu against P. fluorescens SBW25 and 

LSWS. Mutant LSWS is more sensitive to Cu than the wild-type strain SBW25: a 

6-log reduction of bacterial population was observed after 2 hour of contact for 

wild-type SBW25, whereas the same fold of reduction occurred after 30 min for 

mutant LSWS.  
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Fig. 6.11 Cu ion release rate from Cu surface after contacting with P.  

fluorescens wild-type SBW25 and mutant LSWS 

The effects of various cellular surface polymers on Cu accumulation were also 

investigated by measuring Cu ion release rate from Cu surface after contacting with P. 

fluorescens wild-type SBW25 and mutant LSWS, respectively (shown in Fig. 6.11). 

Comparing with the Cu surface after contacting with P. fluorescens wild-type SBW25, 

the Cu ions released faster from the Cu surface after contacting with mutant LSWS. 

Surface-released free Cu ions are responsible for the antimicrobial action [38]. This 

probably indicates that Cu can have better antimicrobial action against muntant LSWS 

than wild-type SBW25 due to releasing more Cu ions after contacting with the former 

bacteria. 

Bacterial cell surface components, including exopolysaccharide (EPS), 

lipopolysaccharide (LPS), capsules, flagella and pili, play critical roles in the 

attachment process [3, 249, 250]. EPS play a key role in binding heavy metals [251, 
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252]. Adsorption of heavy metals by EPS can be caused by interaction between metal 

cations and negative charge of acidic functional groups of EPS [253]. EPSs also 

contain different functional groups such as carboxyl, sulphate, carbonyl, amino, and 

amido for binding metal ions [254, 255]. In the reaction process of the oxidation and 

dissolution of metallic Cu particles to release Cu ions, the reaction will tend to release 

more Cu ions when Cu ions are absorbed by EPS. This probably explains why more 

Cu ions were released after contacting with mutant LSWS than wild-type SBW25. 

6.3.8 Kinetics of Cu ion release 

An effective Cu ion release from the coatings is essential for good antimicrobial 

property. It is important to understand the detailed Cu ion release process. However, 

the mechanism of Cu ion release from polymer-Cu (especially epoxy resin) 

composite coatings is not well understood in detail due to the combination of 

various physical and chemical processes. The characteristics might involve the 

diffusion of water into the polymer matrix, the oxidation and dissolution of the Cu 

particles, release of Cu ions from the bulk, a subsequent diffusion of Cu ions 

through the polymer matrix and their release from the total composite coating [256]. 

Four kinetic models were used in this study to determine the fundamental release 

characteristics of Cu ions from polymer-Cu coating.  

The Higuchi equation (3) describes the Fickian diffusion of a drug [257, 258].  

  

  
    

 

                              (3)                                                                                     

where Mt/M  is the fractional drug release, KH is a kinetic constant and t is the release 

time. 
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The first-order equation (4) describes a concentration dependent release from a 

system [256].  

  

  
                                (4)                                                             

where Mt is the mass of drug released at time t, M  is the total mass of drug, Ms is the 

amount of released molecules for an infinite time and k is the release constant. 

The zero-order drug delivery is expressed as the following equation (5).   

  

  
                                 (5)                                                                                         

where Kd is the kinetic dissolution constant [259]. 

The Peppas-Sahlin equation (6) accounts for the coupled effects of Fickian diffusion 

and Case II transport [260]. The first term of this equation indicates the contribution 

of Fickian diffusion and the second term represents the contribution of 

macromolecular relaxation [259]. When the macromolecular relaxation is the 

dominating driving force, Case II transport is observed [259]. 

  

  
    

     
                       (6)                                                                 
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Fig. 6.12 The experimental data (■) of Cu ions release and data plotted (in red 

line) according to different models: (a) Highchi release model; (b) First order; 

(c) Zero order; and (d) Peppas-Sahlin release model 

The experimental data (■) of Cu ions release and data plotted (in red line) according 

to different models were shown in Fig. 6.12. Cu ions being measured in the aqueous 

solution indicates the oxidation of Cu particles and subsequent ion release 

happening. A linear relationship of Cu ions release is observed. Calculated 

parameters of Cu ion release kinetic models were shown in Table 6. 1.  
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Table 6.1 Parameters of Cu ion release kinetic models 

Kinetic Models Parameter 

Higuchi KH 0.0085 

 R² 0.794 

First order MS 36.29 

 k 5.34E-5 

 R² 0.983 

Zero order Kd 0.0019 

 R² 0.984 

Peppas-Sahlin K1 -0.0096 

 K2 0.0068 

 m 0.39 

 R² 0.996 

 

In the data plotted according to Higuchi models versus the square root of time, a 

non-liner relationship was observed (Fig. 6.12a). The correlation coefficient (R
2
) 

calculated is 0.794, indicating the Cu ions release from polymer-Cu coatings not 

based on pure Fickian diffusion. The fit for the first order kinetics shows a better 

correlation with R
2
 of 0.983 (Fig. 6.12b). This means that the release mass and rate 

is based on the dissolution initiated by oxidation of the Cu particles. The fit for the 

zero order kinetics also shows a better correlation with R
2
 of 0.984 (Fig. 6.12c), 

which implies the release mechanism mainly contributed by polymer chain 

relaxation. The Peppas-Sahlin model was the most appropriate one to describe the 

data of Cu ions release (Fig. 6.12d). The calculated R
2
 is 0.996. The good 
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correlation means the release mechanism is a result of the contribution of Fickian 

diffusion and polymer chain relaxation. These four models showed that release 

mechanism of Cu ions was mostly contributed by the polymer chain relaxation and 

partially by Fickian diffusion.  

6.4 Summary 

The antimicrobial mechanisms of Cu containing coatings were systematically 

investigated in this study. In-situ bacterial changes were explored by using a 

combination of TEM, SR-IRM, protein leakage test, MDA concentration and DNA 

test. TEM, SR-IRM, and protein leakage test indicated that polymer-Cu containing 

coatings have the antimicrobial property mainly due to the damage on bacterial cell 

membrane. MDA concentration test suggested that there are the formation of free 

radicals and a few oxidative stresses and damage as the oxidative degradation of 

bacterial cell membrane lipids in the Cu coating system. DNA test displayed that the 

bacterial DNA is not damaged by the polymer-Cu coatings. 

Coating surface properties, roughness and wetting property can influence the 

antimicrobial properties significantly. Bacterial surface property which affects the 

antimicrobial property was also studied. Two types (wild-type and mutant strain 

with exopolysaccharide overproduction) of bacteria were used in bactericidal 

property test on Cu containing coating surface to exam the killing rate and 

mechanisms. The results showed that mutant strain was more sensitive to Cu 

containing coating than the wild-type one. The bacteria with more cell surface 

components were killed faster. More Cu ions released on Cu containing coating 

surface after contacting with the mutant strain comparing with the wild-type strain.  
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Kinetics of Cu ion release was also explored in this Chapter. The release mechanism 

is a result of the contribution of Fickian diffusion and polymer chain relaxation. 
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Chapter 7  

Conclusions and Future Work 
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Chapter 7 summarizes major findings from this research and recommendations for 

the future work. 

7.1 Conclusions 

Antimicrobial Cu and Cu-TiO2 containing composite coatings were studied in this 

work. The polymer-Cu and Cu salt, polymer-Cu/TiO2, and Cu-Bi composite 

coatings were developed and applied onto metallic or non-metal substrates. These 

coatings can be used in indoor and outdoor environments with designed 

antimicrobial properties. A summary of different coating and substrate systems is 

presented as follows. 

(1) A polymer based coating system containing mixtures of fine particles of Cu or 

Cu salt was separately developed. These polymer based coatings can be applied on 

various substrates, including nonmetallic substrates such as glass, wood and plastic. 

The elimination of 10
6
 bacteria by contacting the polymer-Cu coatings need 8 h, 

while contacting with the polymer-CuCl2 coatings took only 20 min to kill the same 

amount of bacteria. Single bacterial cell membrane changes could be clearly 

identified by using TEM and SR-IRM techniques coupled with cellular DNA 

analysis, which explained the mechanism of Cu coatings’ antimicrobial function. 

The killing of E. coli when contacting with polymer-Cu coatings occurred mainly 

because of the effect on cell membrane integrity. In contrast, after contacting with 

Cu salt containing coatings, E. coli was inactive possibly due to both loss of DNA 

integrity and cell membrane integrity.  
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(2) A polymer based coating system containing fine particles of Cu and TiO2 

nanoparticles has been developed. The results showed that the addition of TiO2 has 

improved the antimicrobial property under sunlight. With addition of TiO2, both 

mechanical properties and antimicrobial properties of Cu coating improved. The 

elimination of 10
6
 bacteria by contacting the coatings without TiO2 needs 5 h, while 

contacting with the Cu/TiO2 – 1 wt. % TiO2 took only 2 h to kill the same amount of 

bacteria. The width of wear track of the Cu-polymer coating decreased from 270 m 

to 206 m of with addition of 10 wt. % TiO2, indicating the improvement of wear 

resistance. Synchrotron Infrared Microscopy was used to in-situ and in-vivo study 

the bacteria killing process at the molecular level. The real-time chemical images of 

bacterial activities showed that the bacterial cell membranes were damaged by the 

Cu and TiO2 containing coatings. 

(3)  Cu-Bi coatings were produced using electroplating method which is a common 

industrial processing to make metallic coatings. A small amount of Bi has been 

added into Cu coatings to form a mixture of two-metal phases. The crystal structure 

and lattice parameters of Cu in Cu-Bi composite coating were measured and 

compared with that of pure Cu coating. The deposition parameters have significant 

effect on the mechanical properties of the Cu-Bi coatings. The microhardness 

increased from 165 HV50 of Cu coating to 250 of Cu-Bi composite coating prepared 

at 50 mA/cm
2
 for 20 min. Correspondingly, wear resistance of the Cu-Bi composite 

coating has also been enhanced significantly. XRD analysis indicates that the Bi 

addition does not cause lattice distortion of the Cu matrix as Bi and Cu do not form 

solid solution. The electrical conductivity therefore has no measurable change. 
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These coatings also show good antimicrobial properties, and have more effective 

antimicrobial properties against gram-negative bacteria than gram-positive bacteria. 

(4) The antimicrobial mechanisms of Cu containing coatings were systematically 

investigated in two main aspects: Cu containing composite coatings surface and the 

bacterial surface. The studies on coating surface properties, roughness and wetting 

property have shown that bacteria can more easily adhere on the surface of the more 

hydrophobic polymer-Cu coating. In this case, the bacteria can be killed and/or the 

growth of bacteria can be inhibited more effectively. Further bactericidal property 

test has showed that mutant strain was more susceptible to Cu containing coating 

than the wild-type strain, and more Cu ions released on Cu containing coating 

surface after contacting with the mutant strain comparing to the wild-type strain. 

Furthermore, in-situ bacterial changes during contacting Cu coatings were explored 

by using a combination of TEM, SR-IRM, protein leakage test, MDA concentration 

and DNA test. Results showed that antimicrobial Cu containing coatings mainly 

caused the damage on bacterial cell membrane rather than on DNA. 

7.2 Future work 

The following work is recommended for future investigations in order to further 

understand the antimicrobial mechanisms and to develop the industrial applications 

of the Cu/TiO2 containing composite coatings. 

(1) A detailed study is suggested to reveal the changes of bacterial cell membrane 

integrity and DNA damages that occurred from contacting with the composite 

coatings until the death of bacterial cell. This study can help us to gain a better 

understanding of the effect of Cu containing coatings on bacterial cells.  
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(2) An assessment of the toxicity of Cu containing coatings would be required for 

development as a product and would strengthen their potential application areas. 

The biocompatibility of the coatings for mammalian cells such as human fetal 

osteoblastic cells will be evaluated to provide a proof that the Cu containing 

coatings with good antimicrobial properties are not toxic to human beings. 

(3) Optimisation of coating materials will be conducted including the polymer base 

and Cu/TiO2 forms. The particle size of Cu influences the antimicrobial property 

according to our current investigation. More various sizes of Cu particles (such as 

Cu nano-particles) will be used to achieve good antimicrobial property.  

(4) Optimisation of the polymer matrix should also be conducted. The interaction 

between the Cu, TiO2 and polymer matrix need to be investigated in detail.  

(5) Other electroplating Cu based composite coating systems will be investigated, 

including Cu-TiO2 and Cu-Al2O3 coatings. Application of the sol-enhanced coating 

technique to Cu-based composite coatings can improve the hardness, wear 

resistance and corrosion resistance of the coatings, developing a new group of metal 

matrix composite coatings that can meet the requirements for various applications 

including tools and machine parts in food and health industries.  

(6) In order to widen the industrial applications of the Cu containing composite 

coatings, the future work should be focused on design different coating 

compositions for different applications including hospital facilities, equipment used 

in food and health industries, toys for children, mobile phone and other electronic 

devices, sports apparatus and facilities in general public sectors such as door knobs, 

desks and chairs. The processing and coating properties will also be systematically 
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investigated and optimized, which will provide a reliable and applicable basis for 

coating industries. 
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