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Abstract
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Despite extensive preventative efforts, the problem of controlling infections associated with
biomedical materials persists. Bacteria tend to colonize on biocompatible materials and form
biofilms; thus, novel biomaterials with antibacterial properties are of great interest. In this
thesis, titanium dioxide (TiO2)-associated photocatalysis under ultraviolet (UV) irradiation was
investigated as a strategy for developing bioactivity and antibacterial properties on biomaterials.
Although much of the work was specifically directed towards dental materials, the results
presented are applicable to a wide range of biomaterial applications.

Most of the experimental work in the thesis was based on a resin-TiO2 nanocomposite that was
prepared by adding 20 wt% TiO2 nanoparticles to a resin-based polymer material. Tests showed
that the addition of the nanoparticles endowed the adhesive material with photocatalytic activity
without affecting the functional bonding strength. Subsequent studies indicated a number of
additional beneficial properties associated with the nanocomposite that appear promising for
biomaterial applications. For example, irradiation with UV light induced bioactivity on the
otherwise non-bioactive nanocomposite; this was indicated by hydroxyapatite formation on the
surface following soaking in Dulbecco’s phosphate-buffered saline. Under UV irradiation, the
resin-TiO2 nanocomposite provided effective antibacterial action against both planktonic and
biofilm bacteria. UV irradiation of the nanocomposite also provided a prolonged antibacterial
effect that continued after removal of the UV light source. UV treatment also reduced bacterial
adhesion to the resin-TiO2 surface.

The mechanisms involved in the antibacterial effects of TiO2 photocatalysis were studied
by investigating the specific contributions of the photocatalytic reaction products (the reactive
oxygen species) and their disinfection kinetics. Methods of improving the viability analysis of
bacteria subjected to photocatalysis were also developed.
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Introduction 

Photocatalytic properties of titanium dioxide (TiO2) 

Background 

TiO2 is a very common material in our daily lives. It has been widely used in 
paints, cosmetics and food coloring.  

The photocatalytic capacity of TiO2 involves the light-induced catalysis of 
reducing and oxidizing reactions on the surface of this semiconductor. Be-
fore it was fully understood, the photo-activity of TiO2 was seen as a consid-
erable problem that affected the durability of TiO2-based paints, known as 
the ‘chalking’ phenomenon. Under the influence of strong sunlight, the or-
ganic components of TiO2-containing paints are partially decomposed and 
white powdery TiO2 is exposed on the surface, like chalk on a blackboard [1, 
2]. 

In 1972, Fujishima and Honda discovered that water molecules were split on 
TiO2 electrodes under ultraviolet (UV) irradiation [3]. Since then, the photo-
catalytic properties of TiO2 have been investigated extensively [4, 5] and 
developed for many successful applications, such as conversion of water to 
hydrogen and oxygen [3, 6], conversion of CO2 to fuel-like hydrocarbons [7, 
8], decontamination and disinfection of water and air [9-11], self-cleaning 
surfaces [12], and antimicrobial biomedical materials [13].  

Mechanism of TiO2 photocatalysis 

The underlying mechanism of TiO2 photocatalysis is the light-induced gen-
eration of electron-hole pairs in a crystalline form of TiO2. TiO2 has three 
crystalline forms: anatase, brookite and rutile. The anatase form has a band 
gap of 3.2 eV. When irradiated with light of equal or greater energy (i.e. a 
wavelength less than approximately 385nm), electrons in the valence band of 
the TiO2 semiconductor can be excited to the conduction band and leave a 
positively charged electron vacancy (hole) in the valence band [5]. As a re-
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sult, free electrons (e−CB) and positively charged holes (h+
VB), with strong 

reducing and oxidizing potentials, are generated (Equation 1).  

TiO2 + hv  e−CB + h+
VB                            (1) 

Electron-hole recombination is likely to occur at this point, releasing input 
energy as heat. However, if the electrons and/or holes migrate to the surface 
of the crystal, they can participate in various oxidation or reduction reactions 
with molecules adsorbed to the surface of the catalyst, such as oxygen, wa-
ter, organic species and so on [14]. Hydroxyl radicals (•OH) are formed 
through water molecules or hydroxide ions being trapped in the holes (Equa-
tions 2 and 3). 

H2O + h+
VB  •OH + H+

                           (2) 
OH− + h+

VB  •OH                                        (3) 

If the TiIV sites on the surface of TiO2 crystals trap the conduction band elec-
trons, they can be reduced to TiIII

 sites. Oxygen (O2) molecules adsorbed to 
the surface can then react with the TiIII

 sites and generate superoxide radicals 
(O2

•−) (Equations 4 and 5) [15]. 

TiIV  + e−CB  TiIII
                                           (4) 

TiIII + O2  TiIV  + O2
•−

                              (5) 

Follow-on reactions can then lead to the formation of hydrogen peroxide 
(H2O2) or hydroperoxyl radicals (•OOH) (Equations 6-9) [16]. 

2 O2
•− + 2 H+

  H2O2 + O2                      (6) 

•OH + •OH  H2O2                                      (7) 
O2

•− + H2O2  •OH + OH− + O2        (8) 
O2

•− + H+
  •OOH                                          (9) 

In the literature, •OH, O2
•−, and H2O2 are considered to be the key reactive 

oxygen species (ROS) generated in the photocatalytic reaction [17].  

Scavengers and detection probes of ROS 

Photocatalytic reactions are capable of decomposing organic compounds and 
inactivating microorganisms through a series of reactions. In order to under-
stand these reactions, it is essential to understand the ROS generated in the 
photocatalytic processes. Various methods for studying the production, life-
times and diffusion coefficients of ROS have been established; these have 
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used fluorescent probes [18, 19] for detection of the ROS, and scavengers 
[20, 21] for their removal or inactivation (Table 1).  

Table 1. A selection of reactive oxygen species (ROS) generated by TiO2 photoca-
talysis and the corresponding scavengers and detection probes. 

ROS Scavengers Detection probes 
Hydroxyl radicals 

(•OH) 
Mannitol 

Glutathione 
DMSO[22]* 

Hydrogen peroxide 
(H2O2) 

Catalase Luminol[18] 

Superoxide radicals 
(O2

•−) 
Superoxide Dis-
mutase (SOD) 

Luminol, Lucigenin[23], 
NBT[23]*, MCLA[24]* 

* MCLA: methoxy Cypridina luciferin analog; NBT: nitroblue tetrazolium; 
DMSO: dimethyl sulfoxide. 

Bioactivity of biomaterials 

Bioactivity can be defined as the presence of an effect of an agent, such as a 
vaccine, drug, nutrient or implant material, upon a living organism or living 
tissue. For example, a biomaterial possessing a bioactive surface could be 
used in an implant to induce in vivo bone-like apatite formation, thus laying 
the foundation for the chemical integration of synthetic materials with living 
tissue [25, 26].  

The spontaneous bonding of living bone with bioglass (Na2O-CaO-SiO2-
P2O5) through a bone-like apatite layer was discovered in 1972 [27]. Since 
then, bioactivity has become a desired property in the development of bio-
materials [28-31]. Many materials have bioactive properties, and are widely 
used clinically, including ceramics (e.g. sintered hydroxyapatite, sintered β-
tricalcium phosphate, and wollastonite) [32], titanium metals and alloys (e.g. 
Ti-6Al-4V, Ti-15Mo-5Zr-3Al, and Ti-6Al-2Nb-Ta) [33] and the anatase and 
rutile phases of crystalline TiO2 [29, 34-37].  

Bioactivity can even be achieved on organic materials. Bioactivity has been 
developed on polymer surfaces (e.g. poly-methylmethacrylate, poly-ethylene 
terephthalate, Nylon 6, polyamide 6 and polyethylene) upon contact with 
granular particles of CaO-SiO2-based glass in simulated body fluid (SBF), as 
evidenced by the formation of apatite nuclei [33]. Furthermore, bioactivity in 
polymer-TiO2 composites has been shown in poly-D, L-lactic acid (PDLLA) 
containing 20 wt% TiO2 nanoparticles [38, 39]. 
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In the context of biomineralization, bioactivity often refers to the formation 
of calcium phosphate deposits on the surfaces of objects placed in SBF, 
which contains ion types and concentrations very similar to those in human 
blood plasma [32]. This in vitro property can be used as a test to indicate the 
in vivo bone-bonding ability of a material. It has been demonstrated that the 
rate and degree of hydroxyapatite layer formation on the surface of the mate-
rial when it is soaked in SBF can qualitatively and quantitatively predict in 
vivo bone-bonding bioactivity [40]. Hydroxyapatite formation on a bioactive 
surface on soaking in SBF is also a promising means of obtaining a biomi-
metic coating with the ability to load and release drugs and other active 
agents [28, 31]. 

The mechanism of hydroxyapatite formation on the surface of bioactive ma-
terials often involves the abundant negatively charged groups on the surface, 
such as hydroxyl groups (-OH) [41] or carboxylate groups (-COO–) [42], 
which serve as attractors for Ca2+ ions in initiating hydroxyapatite formation.  
The formation of hydroxyapatite on the surface of the rutile phase of TiO2 
when it is soaked in SBF (pH 7.4) occurs through the existence of Ti-OH 
molecules on the rutile surface, which form Ti-O– groups in the SBF because 
the isoelectric point of rutile is about 5.9 [41, 43]. The negatively charged 
Ti-O– groups attract Ca2+ ions in the SBF to form a slightly positively 
charged layer of calcium titanate. This layer then attracts PO4

3– ions to form 
amorphous calcium phosphate. A layer of bone-like hydroxyapatite, which 
thermodynamically favors the crystalline form under wet conditions, is even-
tually formed on the surface of rutile TiO2 [44, 45]. UV irradiation has been 
employed as a surface modification method to achieve a better hydroxyap-
atite forming ability of TiO2 [46-49]. 

Antibacterial effects of biomaterials 

Background 

Despite considerable efforts to prevent them, infections associated with bio-
medical materials persist. Microbial adhesion to medical device or implant 
material surfaces, especially if followed by cell colonization and bacterial 
biofilm formation, can result in severe infection and/or failure of implanta-
tion. Hence, there is significant interest in the development of antimicrobial 
surfaces for application in implants and biomedical device materials.  

Consequently, many researchers have attempted to find ways of preventing 
biomaterial-related infections [50, 51]. Several antimicrobial strategies have 
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been investigated; these include anti-bioadhesion coatings [52-55], surface 
modifications containing antimicrobial agents such as Ag [56, 57] and ZnO 
[58], covalent modification of surfaces to contain active antibiotics [59, 60] 
or antimicrobial peptides [61], antibiotic-releasing coatings [62-64], and 
photocatalytic surfaces [65-69]. 

A large part of this thesis focuses on investigation of the antibacterial effects 
of TiO2 photocatalysis. In 1985, Matsunaga et al. published the first report of 
the photocatalytic biocidal effects of TiO2 under metal halide lamp irradia-
tion [70]. Since then, there has been increasing interest in photocatalytic 
disinfection. Reactions arising from TiO2 photocatalysis are capable of inac-
tivating microbial toxins (e.g. lipopolysaccharide endotoxin, brevetoxins, 
microcystins, etc.) and killing a wide range of organisms, including bacteria, 
fungi, algae, viruses and cancer cells. A list of the spectrum of micro-
organisms susceptible to photocatalytic treatment is available in an excellent 
review article published by Foster et al. [16].  

Antibacterial effects of TiO2 photocatalysis 

The mechanisms behind the bactericidal effects of TiO2 photocatalysis in-
volve the reaction between bacteria and the relevant ROS, the photocatalytic 
reaction products. Many extracellular (e.g. peptidoglycan, polysaccharides, 
and phospholipids) [71] and intracellular (e.g. nucleic acids [72, 73], en-
zymes, and coenzymes [70]) target sites have been considered. To date, the 
most convincing evidence suggests that polyunsaturated phospholipids in the 
micro-organism cell membrane are the primary targets of the oxidative at-
tack by ROS [15]. Lipid peroxidation, which has been demonstrated in many 
photocatalytic disinfection studies [74, 75], is instigated by the ROS attack, 
leading to loss of the normal functions in the membrane, such as respiration 
and oxidative phosphorylation reactions [15]. The process of lipid peroxida-
tion is shown in Figure 1. In the presence of oxygen, the lipid radical is con-
verted to a lipid peroxyl radical, which in turn reacts with a nearby unsatu-
rated lipid molecule to generate a new lipid radical and lipid peroxide. This 
radical chain reaction leads to the oxidation of biomolecules significantly 
distant from the initial site of the ROS attack [76, 77]. 
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Figure 1. Schematic of lipid peroxidation.  

Bacterial viability analysis  

To be able to determine the microbial susceptibility to antibacterial treat-
ments, it is essential to have accurate, high-throughput methods to quantify 
the viable bacteria or to determine the relative reduction in bacterial viability 
due to the treatment. When assessing bacterial viability, especially bacteria 
in biofilm form, it is often necessary to use several methods in order to get 
reliable results.  

Methods of determining bacterial viability  

Several common bacterial viability analysis methods will be introduced in 
this section. 

Counting colony-forming units (CFUs) is a classic, well-established means 
of assessing viability; bacterial cells are cultured on agar plates and the 
number of cell colonies is then counted. Given the assumption that each 
viable bacterium grows to form a visible colony on the agar plate, CFU 
counting provides the advantages of only counting viable bacteria and being 
sensitive to very low concentrations of living bacteria in the samples. How-
ever, for bacteria forming clumps or chains, and especially biofilms, CFU 
counting can lead to an underestimation of bacterial viability due to bacterial 

•OH

H2O

O2

OO• OOH

•

•

H

OOHO
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aggregation. Additionally, the bacterial cells must be re-suspended in order 
to perform CFU counting. Sample manipulation in preparation for CFU 
counting is a labor-intensive and time-consuming process, which hinders its 
application in high-throughput experiments.  

 
Metabolic activity assays (MAAs) encompass a number of methods for 
quantification of live bacteria, and even biofilms, in which the signal from a 
metabolic activity indicator is measured after culturing the sample for a cer-
tain period. A number of indicators are used for this purpose (see Table 2), 
including resazurin [78], fluorescein diacetate (FDA) [79], tetrazolium salt 
(XTT) [80], and pH indicators such as phenol red [81]. The MAA methods 
quantify the production of detectable signals resulting from the reaction be-
tween the indicator and the metabolite intermediate (e.g. NADPH) or prod-
uct (e.g. lactic acid) [82]. The intensities of the detectable signals depend on 
both the number and metabolic rate of the bacteria. An advantage of the 
MAA methods is that they minimize sample manipulation and are thus suit-
able for high-throughput screening of bacterial viability [80]. A limitation of 
the MAA methods is the uncertainty arising from the variation in the innate 
metabolic rates of different bacterial samples, e.g. different strains of the 
same bacterial species or the same bacterial strain in planktonic and biofilm 
forms [83-85]. 

Table 2. Examples of metabolic activity assays for assessment of bacterial viability 

Reagent Target Detectable signal 
Resazurin (blue, 
non-fluorescent) 

Mitochondrial enzymes Resorufin  
(pink, fluorescent) 

FDA (no-color, 
non-fluorescent) 

Esterase Fluorescein  
(yellow, fluorescent) 

XTT Mitochondrial enzymes Formazan  
Phenol red Accumulated acid in 

culture medium 
pH change 

Molecular probe assays are based on fluorescent dyes, which can directly 
quantify bacterial viability without further culturing. The cell membrane 
integrity is typically considered to be the criterion for cell viability in molec-
ular probe assays. There are many commercially available viability analyz-
ing kits, such as the Live/Dead® BacLight™ bacterial viability assay kit 
(Live/Dead staining) which contains SYTO 9 and propidium iodide dyes 
[86, 87], the redox activity assay which is based on CTC or RedoxSensor™ 
Green reagent [88], and the BacLight™ Bacterial Membrane Potential Kit 
which is based on DiOC2(3) [89]. Live/Dead staining utilizes both SYTO 9, 
which emits green fluorescence and stains both live and dead bacterial DNA, 
and propidium iodide, which emits red fluorescence and penetrates only 



 18 

damaged cell membranes. As a result, living bacteria will show green fluo-
rescence and dead bacteria will show red. Bacterial viability can be detected 
rapidly and accurately by measuring the fluorescent intensity with the aid of, 
for example, a multiplate reader or flow cytometry [86], while fluorescent 
microscopy or laser scanning confocal microscopy (LSCM) provide infor-
mation on regions of varying viability through imagery [90].  

Particular challenges associated with biofilms 

Bacterial growth often takes place by the formation of a biofilm on a surface. 
The bacteria are protected by the extracellular matrix of the biofilm, and 
survive better in harsh environments or after antibacterial treatment. The 
quantification of bacterial viability in biofilms is challenging because of the 
difficulties in separating the bacteria from the biofilm matrix. Bacterial sepa-
ration procedures, such as sonication or biofilm matrix degradation by en-
zymes, can be applied before CFU counting; however, the viability of the 
bacteria is likely to be affected by these procedures. MAA methods are more 
suitable for analysis of biofilm viability because of the minimized sample 
manipulation, in which it is not necessary to remove the biofilm from the 
adherent surface [81, 82, 91]. Typically, the metabolic signal from the assays 
containing the biofilm is calibrated against planktonic cultures [81, 92]. 
However, a major limitation that is often overlooked is that bacteria in bio-
films do not have the same metabolic activity as planktonic bacteria [84, 93]. 
Significant errors are introduced in the quantification of biofilm activity 
when calibration curves are based on their planktonic counterparts. 
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Aims of the thesis 

The primary aim of this thesis was to investigate the antibacterial and bioac-
tive properties of a TiO2-resin nanocomposite resulting from the photocatal-
ysis of TiO2 with particular focus on biomedical materials applications. 

The specific aims were as follows: 

Paper I: in vitro evaluation of a new method involving dental materials for 
bacterial inhibition and bond-promoting properties in dental restoration pro-
cedures. 

Paper II: investigation of the induction of bioactivity on the surface of an 
organic polymer-based material by TiO2 photocatalysis. 

Paper III: development of a novel MAA for the quantitative determination 
of biofilm viability. 

Paper IV: investigation and validation of several commonly used methods 
for analyzing bacterial viability after photocatalytic treatment. 

Paper V: evaluation of the effectiveness of TiO2 photocatalysis for biofilm 
inactivation.  

Paper VI: investigation of the relative contributions of different ROS during 
disinfection as a result of photocatalysis on the surface of a TiO2-resin nano-
composite.  

Paper VII: investigation of the novel post-UV antibacterial properties of a 
TiO2-resin nanocomposite.  
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Experimental procedures 

Materials 

TiO2-resin nanocomposite  

The resin material used in Paper I is a commercially available dental adhe-
sive called AdaperTM ScotchbondTM 1XT (3M ESPE, St. Paul, Germany). 
The resin material used in Papers II-VII has a composition representative of 
adhesives primarily used in dental materials [94]. The resin consists of two 
types of monomer, 2, 2-bis [4-(2-hydroxy-3-methacryloxypropoxy) phenyl-
propane (BisGMA, Polysciences Europe GmbH, Eppelheim, Germany) and 
2-hydroxyethyl methacrylate (HEMA, Sigma-Aldrich, Schnelldorf, Germa-
ny), in a 55/45 wt/wt ratio. The photoinitiator and co-initiators were added as 
follows: 0.5 mol% camphorquinone (CQ); 0.5 mol% 2-(dimethylamino) 
ethyl methacrylate (DMAEMA); 0.5 mol% ethyl-4-(dimethylamino) benzo-
ate (EDMAB); and 1 wt% diphenyliodonium hexafluorophosphate (DPIHP) 
(all from Sigma-Aldrich, Steinheim, Germany). 

The resin-TiO2 nanocomposite was prepared by mixing TiO2 nanoparticles 
[P25, Evonik Industries (previously Degussa) AG, Germany] into the resin. 
The resin-TiO2 mixture was sonicated for 1 h in order to decrease TiO2 na-
noparticle aggregation. The mixture was then cast in Teflon molds (diameter 
8 mm, thickness 1 mm) and cured with 460 nm light (BlueLEX GT1200, 
Monitex, Taiwan) under N2 flow. 

Bacterial strains 
The Gram-negative bacterium Escherichia coli (DH5α) and four Gram-
positive pathogenic bacterial strains, Staphylococcus epidermidis 
(CCUG18000A), Streptococcus pyogenes (BM137), Streptococcus mutans 
(UA159), and Enterococcus faecalis (JH2-2), were used in this thesis.  

Because it is a skin flora species and a common cause of implant or biomed-
ical device-related infections [95], S. epidermidis was used in all the experi-
ments testing the antibacterial efficacy of TiO2 photocatalysis and the bacte-
rial adhesive properties of photocatalytically treated resin-TiO2 sample sur-
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faces. S. mutans was used in experiments requiring a biofilm because it is 
one of the initial colonizers in the formation of dental plaque on teeth or 
restoration materials and because it plays an important role in acid produc-
tion leading to the development of caries [96]. S. pyogenes and E. faecalis 
were included because they cause many hospital-acquired life-threatening 
infections in humans [97, 98] and these infections could potentially be pre-
vented using photocatalysis. 

Bioactivity testing 

The bioactivity of the samples was evaluated according to the extent of hy-
droxyapatite layer growth on the sample disk surface after soaking in DPBS 
(Dulbecco’s phosphate-buffered saline with CaCl2 and MgCl2, Sigma, Stein-
heim, Germany) at 37 °C for 7 days. The extent of deposition of hydroxyap-
atite on the surfaces of the samples was characterized by the following tech-
niques:  

Scanning Electron Microscopy (SEM): The disks were sputter-coated with 
gold/palladium (Polaron SC7640, Thermo VG Scientific, England) and SEM 
images were recorded using LEO 1550 SEM (Zeiss, Oberkochen, Germany). 

Energy-Dispersive Spectroscopy (EDS): The elemental composition of the 
observed mineral layer on the surface was analyzed using EDS performed 
with instrumentation included in the LEO 1550 SEM.  

X-ray diffraction (XRD): The crystalline phase of the deposition layer on the 
surface was analyzed with XRD (Siemens, D5000 X-ray Diffractometer). 

Bacterial viability analysis 

CFU counting 

CFU counting was one of the methods employed to evaluate the viability of 
S. epidermidis. In order to obtain a suitable number of bacteria on the agar 
plates for CFU counting, each tested sample was diluted in series and a spe-
cific volume of the bacterial suspension from each bacterial concentration 
was spread on an agar plate. After culturing under appropriate conditions 
overnight, the resulting CFUs on the agar plates were imaged with a digital 
microscope (Dino Lite, Netherlands) and counted with the aid of the soft-
ware Dotcount (developed by Martin Reuter, MIT, MA, USA).  
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MAA method incorporating phenol red 

The MAA method that incorporates the phenol red indicator has been tai-
lored to evaluate the viability of S. mutans, since these bacteria readily pro-
duce acidic metabolites and decrease the pH of their culture medium. The 
assay culture medium consisted of brain-heart infusion (BHI) broth plus 2% 
sucrose and 25 mg/L of the pH indicator phenol red (BHIS-PR broth). In the 
assay, the color of the medium changes from red to yellow as the pH lowers, 
due to the accumulation of lactic acid, as sucrose is metabolized by S. mu-
tans. The color of the culture medium was automatically recorded every 10 
minutes with a digital camera for subsequent analysis. The time of the color 
change from red to yellow indicated bacterial viability for the test samples 
when correlated to the time of the color change for samples from a calibra-
tion series containing known concentrations of bacteria. This method is suit-
able for determination of reductions in the viability of both the planktonic 
and biofilm forms of S. mutans. The determination of reductions in bacterial 
viability is discussed in detail in Paper III.  

MAA method incorporating resazurin 

In the MAA method incorporating resazurin, the bacterial samples were 
cultured in an appropriate culture medium containing the resazurin indicator 
(1.25 μg/mL) in a well plate. An n-fold dilution series of bacteria with 
known bacterial concentrations was included to provide a standard curve for 
quantitative determination of the viability of the tested samples. The conver-
sion of resazurin (blue, non-fluorescent) to resorufin (pink, fluorescent) was 
evaluated in the following two ways. For bacterial samples where less than 
about a 2 log reduction of bacterial viability was expected (i.e. < 99% reduc-
tion), the intensity of the fluorescence emitted from the samples was meas-
ured (excitation at 530 nm and emission at 590nm) after culturing for a spe-
cific time, e.g. 4 hours. For bacterial samples where more than a 2 log reduc-
tion in bacterial viability was expected (i.e. > 99% reduction), the color of 
each sample in the well plate was automatically recorded by a digital camera 
every 10 minutes. The time needed for color change from blue to pink was 
employed as an indicator of viability after correlation to the time for color 
change in the standard curve. The MAA method incorporating resazurin is 
suitable for determination of the viability of all bacterial strains used in this 
thesis.  
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Live/Dead staining  

In paper IV, methods based on Live/Dead staining (Live/Dead® BacLight™ 
bacterial viability assay kit, L13152, Invitrogen, Eugene, USA) were used to 
analyze photocatalytically treated S. epidermidis and S. mutans bacteria. 

As explained in the introduction, Live/Dead staining incorporates two dyes: 
SYTO 9, which stains both live and dead bacteria, and propidium iodide, 
which stains only dead bacteria. Planktonic bacterial samples stained by 
Live/Dead staining were measured for fluorescence emissions at wave-
lengths of 530 nm (SYTO 9, green fluorescence) and 620 nm (propidium 
iodide, red fluorescence) using an excitation wavelength of 485 nm (Infinite 
200 microplate reader, Tecan, Switzerland). The ratio of the green/red fluo-
rescence intensities was calculated. A series of bacterial suspensions with 
known bacterial viabilities (0% -100%) was included to provide a standard 
curve for determination of the viability of the photocatalytic-treated bacteria. 

The Live/Dead staining method was combined with flow cytometry to ana-
lyze the viability of photocatalytically treated S. epidermidis. After the pho-
tocatalytic process, both the photocatalytically treated S. epidermidis and the 
control sample of living bacteria were stained using the Live/Dead staining 
kit and the viability of the samples was determined using multi-laser analyti-
cal flow cytometry (LSR II, BD Biosciences). 

S. mutans biofilms on the surface of resin-TiO2 disks were also stained using 
the Live/Dead staining kit according to the product instructions. The viabil-
ity of the biofilm samples was assessed using LSCM (LSM 510 META, Carl 
Zeiss MicroImaging GmbH, Jena, Germany) with an excitation wavelength 
of 488 nm. The LSCM images provide spatial distribution of living and dead 
bacteria in the biofilms. 

UV treatment  
UV sources used in this thesis included: UV light (Philips, TL/10 UV-A, 
360–380 nm, 15W; and Philips, HPA S400, 400W), UV-A LED (peak wave-
length (λ) 371 nm, full width at half maximum 23 nm), and UV-A diode 
(λ = 365 nm, NSCU033B (T), Nichia, Japan).  

 
The intensity of UV light was measured with a UV light meter (UV-340, 
Lutron).  
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Results and Discussion 

A photocatalytic dental adhesive  

In order to control the development of secondary caries associated with den-
tal restorations, dental materials with antibacterial properties are desirable. A 
novel concept for dental adhesives involving the addition of P25 TiO2 nano-
particles to a commercially available dental adhesive (hereafter referred to as 
NP adhesive) was developed with this in mind. NP adhesives containing 0, 
5, 10, 20 and 30 % TiO2 nanoparticles were prepared (Paper I).  

The photocatalytic reactivity of the NP adhesive samples was evaluated by 
measuring the degradation of an organic indicator molecule, rhodamine B 
(Fig. 2a). The bonding strength of the NP adhesive samples was evaluated 
via tensile strength measurements (Fig. 2b).  

Figure 2. a) Photocatalytic activity of P25 nanoparticles at 5, 10, 20, and 30 wt % in 
NP adhesive, and a pure adhesive control under UV irradiation (1.0 mW/cm2). b) 
Tensile strength of bonds between a hydroxyapatite tablet (model tooth surface) and 
10, 20 and 30 wt% NP adhesive, and a pure adhesive control. The standard deviation 
was based on 12 measurements. 
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The highest photocatalytic reaction rate occurred with the 20 % TiO2 nano-
particles in dental adhesive. The bonding strength of the dental adhesive was 
not significantly affected by addition of up to 30% TiO2 nanoparticles.  

The photocatalytic properties of TiO2 generate highly reactive ROS, which 
are capable of decomposing any surrounding organic materials. The impact 
of TiO2 photocatalysis on organic resin materials was evaluated in Paper II. 
Changes in the surface morphology (Fig. 3) and surface roughness (Ra: 
arithmetic average) (Table 3) were examined. 

Figure 3. SEM images of a resin-TiO2 control disk (panel a) and disks treated with 
different doses of UV irradiation (intensity 10 mW/cm2) under ambient conditions 
(panels b and c) or while submerged under water (panels d-f). The UV irradiation 
time is indicated in the title of each image.  

Table 3. Surface roughness (Ra) changes in resin-TiO2 nanocomposite disks after 
irradiation with different doses of UV (intensity 10 mW/cm2) under ambient condi-
tions or in water. (Standard deviations were based on 5 measurements on different 
disks.) 

Sample Control 
disks 

UV, disks in air UV, disks in water 
3 h 12 h 3 h 8 h 16 h 

Surface 
roughness  

Ra ± SD (nm) 
124.9 ± 

9.00 
113.3 ± 
19.12 

438.3 ± 
96.19 

79.8 ± 
11.71 

69.0 ± 
12.31 

51.1 ± 
8.17 

 

UV irradiation (intensity 10 mW/cm2) under ambient conditions for 12 h 
appeared to cause significant decomposition of the organic materials in the 
resin-TiO2 composite (Fig. 3c), resulting in a dramatic increase in the surface 
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roughness (Table 3) compared to the control disk (Fig. 3a). However, the 
changes in surface morphology as a result of photocatalysis were not as ex-
tensive for samples submerged in water during UV irradiation (Fig. 3d-f), as 
for disks irradiated under ambient conditions. After UV irradiation for 3, 8 
and 16 h, the surface roughness (Ra) decreased to 65 %, 55 % and 40 %, 
respectively, of the roughness of the control disks. 

In summary, the addition of TiO2 nanoparticles increased the photocatalytic 
reactivity of the resin-based dental adhesive without significantly affecting 
the functional property of bonding strength. The photocatalytic properties of 
TiO2 encouraged the degradation of organic molecules, as indicated using 
rhodamine B. The degradation of the organic component in the resin-TiO2 
nanocomposite due to the photocatalytic reaction was reduced when the ma-
terial was covered with water during UV irradiation. The resin-TiO2 nano-
composite is thus a good candidate for further investigations of bioactivity 
and antibacterial effect for dental and other biomedical applications.  
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Bioactivity of a resin-based polymer material  

Both the anatase and rutile phases of crystalline TiO2 are bioactive [29, 34-
37]. Bioactivity has even been demonstrated on the surface of organic poly-
mer materials on the addition of TiO2 nanoparticles. For example, hydroxy-
apatite growth appeared on the surface of PDLLA containing 20 wt% TiO2 
nanoparticles after 21 days of soaking in SBF at 37 °C [38, 39]. 

In Paper I, NP adhesive samples 
containing 20 % TiO2 nanoparti-
cles were tested for bioactivity, as 
measured by the appearance of 
hydroxyapatite crystal formation 
on the surface after 7 days soak-
ing in DPBS at 37 °C (Fig. 4). 
Two different means of exposing 
the nanoparticles were tested 
against the untreated samples in 
an attempt to improve bioactivity. 
Compared to the non-bioactive 
pure adhesive without TiO2 nano-
particles (SEM image not shown), 
NP adhesives that were untreated, 
abraded with sand paper, or 
etched with acetone all showed 
bioactive behavior, i.e. formation 
of hydroxyapatite crystals on the 
surface. After mechanical abra-
sion, the hydroxyapatite growth 
on the NP adhesive samples was 
not significantly more extensive 
than that on the untreated sam-
ples. However, chemical etching 
of the surface by acetone trig-
gered significantly more hydrox-
yapatite growth (bioactivity).  

 

The triggering of bioactivity by UV treatment of the otherwise non-bioactive 
resin-TiO2 surface was studied in Paper II. The bioactivity of resin-TiO2 
control disks (Fig. 5a) and disks treated with different doses of UV irradia-
tion under ambient conditions (Fig. 5b and c) or when submerged under 

Figure 4. SEM images of untreated (a), 
sand paper-abraded (b), and acetone-
etched (c) NP adhesives containing 20 
wt% of TiO2 nanoparticles after storage 
in DPBS at 37 °C for 7 d  (Paper 1). 
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water (Fig. 5d-f) was evaluated by inspecting the growth of hydroxyapatite 
on the surface after immersion in DPBS for 7 days.  

Figure 5. SEM images of resin-TiO2 disks after 7 d soaking in DPBS. Panel a shows 
a control disk, panels b and c show disks previously treated with UV under ambient 
conditions, and panels d – f show disks previously treated with UV while submerged 
in water. The UV intensity is 10 mW/cm2 and the irradiation time is indicated at the 
top of each panel. 

Figure 6. XRD analysis of the hydroxyapatite layer on the surface of a resin-TiO2 
disk treated with 16 h of UV irradiation while submerged in water prior to soaking 
in DPBS for 7 d. Diffraction peaks pertaining to hydroxyapatite, anatase and rutile 
are indicated. 

10 μm 10 μm 10 μm 

10 μm 10 μm 10 μm 

a ) Control disk b ) 3 hours UV, disk in air c ) 12 hours UV, disk in air 
 

d ) 3 hours UV, disk in water e ) 8 hours UV, disk in water 
 

f ) 16 hours UV, disk in water 
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The resin-TiO2 disks that received UV irradiation while submerged in water 
produced a more bioactive surface than those irradiated with UV under am-
bient conditions. A UV treatment time of 12 h under ambient conditions was 
required to induce the limited formation of hydroxyapatite crystals displayed 
in Fig. 5c, while hydroxyapatite crystal formation was observed after only 3 
h of UV irradiation on disks submerged in water. Disk surfaces that received 
16 h UV treatment while submerged in water were fully covered with a hy-
droxyapatite layer. This degree of bioactivity is much greater than that 
achieved in previous attempts to develop bioactivity on organic materials 
with the aid of TiO2, where 21-28 days of soaking in DPBS was required to 
achieve similar or lower hydroxyapatite nucleation density/coverage [38, 39] 
(Fig. 4).  

XRD analysis of a sample treated with 16 h of UV irradiation while sub-
merged in water prior to soaking in DPBS for 7 days showed distinct hy-
droxyapatite peaks, indicating the crystalline structure of the deposited min-
eral layer (Fig. 6). Titanium anatase and rutile peaks, which are attributed to 
the P25 TiO2 nanoparticles encased in the resin matrix, were also observed. 
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Methods of analyzing bacterial viability  

In order to quantify the effectiveness of photocatalytic antibacterial treat-
ment, especially against bacterial biofilms, it is essential to use accurate, 
high-throughput methods. Consequently, the effects of the photocatalytic 
antibacterial treatment itself on the validity of subsequent methods analyzing 
the viability of the bacteria should be carefully considered. This thesis con-
tributes to the development and validation of such methods in the following 
two ways: a novel MAA method based on the determination of the specific 
growth rate (μ) for quantification of biofilm viability was developed (Paper 
III) and the validation of several methods used to analyze photocatalytically 
treated bacteria was investigated (Paper IV). 

Metabolic Activity Assays  

In Paper III, an MAA was used to measure the quantitative viability of S. 
mutans cultured in BHI broth containing 2% sucrose and phenol red (25 
mg/L). Phenol red was used as a pH indicator in the medium to show a color 
change from red to yellow as the number of viable bacteria decreased with 
time, and the acidic metabolic products proportionally accumulated. Theo-
retical calculations and experimental testing were used to develop the rela-
tionships shown below in Equations 10 and 11, where  

 
x is the starting number of bacteria;  
v is the volume of MAA culture medium; 
μ is the specific growth rate of the bacteria under the culturing conditions; 

and 
t is the time needed for the MAA medium to change from red to yellow. 

  when v is fixed (C1 is a constant).                  (10)   
 

   when x is fixed (C2 is a constant).                   (11) 
 

The specific growth rate (μ) can be determined by fixing the assay vol-
ume (v) while varying the starting number of bacteria (x), for which Equa-
tion 10 is applied; or fixing x while varying v, for which Equation 11 is em-
ployed. 

In MAA tests using planktonic S. mutans, p = 1.09 h−1 when the starting 
number of bacteria was varied (Fig.7a) and p = 1.08 h−1 when the assay 
volume was varied (Fig.7b). These results showed good conformity with the 

p of 1.08 h−1 that was obtained from optical density measurements, indicat-
ing that MAAs are a valid method of determining the specific growth rate. 

t = −
ln(10)

μ
log(x)+C1

t =
ln(10)

μ
log(v)+C2
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Figure 7. MAA tests for determining the specific growth rate of planktonic S. mu-
tans (μp) through (a) varying the initial planktonic S. mutans concentrations in an 
assay volume of 2 ml and (b) varying the assay volume for an initial planktonic S. 
mutans population of 5 × 105 cfu.  

The MAA method was also shown to be valid for determining the specific 
growth rate of S. mutans in a biofilm (μb). In these tests, the starting number 
of bacteria was determined relatively, using a number of identical disks cov-
ered by 16-hour-old biofilms, with the assumption that each disk had the 
same amount of biofilm on the surface after identical culturing procedures. 
See Figure 8 for a schematic diagram of the procedure for determining μb. 

Figure 8. MAA method for determining the specific growth rate of a bacterial bio-
film (µ). The LSCM image shows 16-hour-old S. mutans biofilms with Live/Dead 
staining.  
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A μb of 0.687 h−1 was derived from the MAA tests in which the starting 
number of disks covered by S. mutans biofilm was varied (Fig. 9a) and a μb 
of 0.715 h−1 was derived from the tests in which the assay volume was varied 
(Fig. 9b). The average of these results gave a μb of 0.70 h−1  2%.  

 

Figure 9. MAA tests for determining the specific growth rate of S. mutans biofilm 
(μb) through (a) varying the initial number of disks with S. mutans biofilm in an 
assay volume of 10 ml and (b) using one disk containing an S. mutans biofilm in a 
series of assays with varying volumes of 1-50 ml. 

When the specific growth rate of a bacterial strain under specific culturing 
conditions was determined, the ratio of the number of viable bacteria in two 
samples (x0/x1) can be determined quantitatively from the difference in the 
time (t1-t0) it takes for the samples to switch color in a series of tests with the 
same assay volume: 

 
          (12)   
 

When compared to a control sample, the log reduction in the number of via-
ble bacteria resulting from antibacterial treatment can be calculated accord-
ing to Equation 12, using the determined μ.  

Validity of methods used to analyze photocatalytically treated 
bacteria  
In Paper IV, several methods were compared for the assessment of bacterial 
viability after photocatalytic treatment. Two bacterial strains, S. epidermidis 
and S. mutans, were used. The bacterial viability of each sample following 
photocatalytic treatment was analyzed by CFU counting, the MAA method 
incorporating resazurin, the MAA method incorporating phenol red, and 
Live/Dead staining followed by fluorescent intensity measurements with a 
multiplate reader.  

)(
)10ln(

)log( 01
1

0 tt
x
x

−=
μ
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Figures 10 and 11 show that the bacterial viability results from Live/Dead 
staining differed from those obtained by both CFU counting and the two 
types of metabolic activity assay. CFU counting, the resazurin assay, and the 
phenol red assay all showed approximately the same degree of decrease in 
bacterial viability with corresponding increases in UV irradiation, whereas 
Live/Dead staining indicated a much higher level of viability. Live/Dead 
staining combined with flow cytometry and LSCM showed similar differ-
ences from the CFU and metabolic assay results (for more details, see Paper 
IV). 

 
Figure 10. Bacterial viability of S. epidermidis after photocatalytic antibacterial 
treatment, measured with CFU counting, metabolic activity assay incorporating 
resazurin, and Live/Dead staining. The UV irradiation intensity is 15 mW/cm2. Each 
data point is the average of 4 tests; the standard deviations are within 0.63 log. 

The reason for this discrepancy could be related to the differing criteria for 
bacterial viability utilized by the different methods. For example, CFU 
counting examines the number of viable bacteria that can form colonies on a 
broth agar plate and metabolic activity assays assess the accumulation of 
metabolic products or intermediates, which depends on both the number and 
the metabolic rate of the bacteria. In contrast, Live/Dead staining assesses 
the bacterial membrane integrity with the help of two types of nucleic acid 
dyes, SYTO 9 and propidium iodide. It appears that, even though the ROS 
attack causes a reduction or total loss of normal cellular function, the mem-
brane integrity (as probed by propidium iodide) may not be significantly 
affected.  
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Figure 11. Bacterial viability of S. mutans after photocatalytic antibacterial treat-
ment, measured with metabolic activity assays incorporating phenol red and resaz-
urin, and Live/Dead staining. The UV irradiation intensity is 15 mW/cm2.  Each data 
point is the average of 4 tests; the standard deviations are within 0.88 log.  

In summary, the results showed conformity between CFU counting and the 
MAA results, while Live/Dead staining tests indicated significantly higher 
viability of bacteria after photocatalytic treatment. These results indicate that 
the Live/Dead staining test may not be suitable for assessing bacterial viabil-
ity after photocatalytic treatment and that, in general, care should be taken 
when selecting a viability assay for bacteria subject to such treatment. 
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Antibacterial effects of TiO2 photocatalysis  

Biofilm inactivation  

Bacterial biofilms are the most prevalent form of bacterial life in nature and 
are 10-1000 times more resistant to antibiotics than planktonic bacteria. Bac-
terial adhesion on biomedical materials and the subsequent biofilm for-
mation can result in severe infections. The study of biofilm inactivation is 
therefore of great interest in biomedical applications. In Paper V, S. mutans 
biofilms were cultured on resin-TiO2 photocatalytic surfaces for 16 hours 
prior to photocatalytic treatment with UV light. UV doses ranging from 3 to 
43 J/cm2 were applied to the surface and the viability of the biofilms was 
then evaluated with an MAA incorporating phenol red. The log reduction in 
the S. mutans biofilm as a function of UV dose is shown in Figure 12. 

 

 
 

Figure 12. Relationship between the UV dose (UV intensity: 12 mW/cm2) used in 
each photocatalysis test and the corresponding reduction in the viable bacterial 
population (left axis) in the S. mutans biofilm, compared to the control biofilm sam-
ples without UV-A irradiation. The reduction in viable bacteria in the biofilm was 
determined from the time for medium color switch (right axis) and Eqn. 12 using μ 
= 0.70 h-1. An exponential curve fit to the viable bacteria number is included as a 
solid line. Data points for the control group without UV irradiation and two pure 
adhesive control groups are also displayed. 
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It can be seen that a UV irradiation dose of 8.4 J/cm2 leads to one order of 
magnitude reduction in the number of biofilm bacteria on the surface of the 
dental adhesives, while as much as 5 to 6 orders of magnitude reduction in 
the corresponding number can be achieved with a dose of 43 J/cm2. 

Contribution of ROS and kinetics in photocatalytic disinfection  
Disinfection kinetics and the contribution of ROS were investigated on the 
basis of two photocatalytic disinfection scenarios: a bacteria suspension 
placed on the photocatalytic resin-TiO2 surface (Figure 13-I) and photocata-
lytic TiO2 nanoparticles in suspension with bacteria (Figure 13-II).  

Figure 13. Antibacterial tests utilizing: I ) photocatalytic resin-TiO2 surfaces with a 
200 µm layer of bacterial suspension and II ) photocatalytic TiO2 nanoparticles 
(P25) in a bacterial suspension. 

 

In order to investigate the contribution of ROS to the bactericidal effect, D-
mannitol, superoxide dismutase (SOD) and catalase were employed to block 
the effect of •OH, O2

•− and H2O2, respectively, in the antibacterial tests 
against S. epidermidis. The photocatalytic reaction was induced by a UV 
irradiation dose in the range of 0 - 40 min at an intensity of 10 mW/cm2. 

Figure 14 shows the results of antibacterial tests performed on the resin-TiO2 
photocatalytic surface (test scenario shown in Fig. 13-I). 
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Figure 14. Log reduction of S. epidermidis viability as a function of UV irradiation 
time. In panels I-1 to I-5 the presence of ROS scavengers is indicated with antibacte-
rial tests of the resin-TiO2 disks. Panel I-6 shows the log reduction of S. epidermidis 
viability when non-photocatalytic pure resin disks were used and thus shows the 
effect of UV irradiation alone. Lines are exponential curve fits to the data represent-
ing the disinfection rates. Standard deviations for the log reduction of bacterial via-
bility are within 11%. 

All antibacterial tests on photocatalytic surfaces showed two regions of bac-
terial viability reduction: an initial step with a lower killing rate followed by 
a step with a higher rate. Each step exhibits an exponential behavior of bac-
terial viability, similar to that described by the Chick-Watson disinfection 
model [99] in which the number of surviving bacteria (N) and the duration 
(t) of bactericidal treatment (in our case UV irradiation time) follow the rela-
tionship 

N/N0 = e-kt                                      (13) 

where k is the disinfection rate constant and N0 is the initial number of bacte-
ria. The k for each step in each of the antibacterial tests was determined by 
exponential curve fits.  

By comparing the slope of the curves and the log reduction achieved after 40 
minutes of UV irradiation in panels I-III to that of panel IV in Fig. 14, it can 
be seen that H2O2 had a greater antibacterial effect than •OH or O2

•−, as indi-
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cated by the reduction of bacterial inactivation due to the addition of catalase, 
mannitol or SOD, respectively. 

Figure 15 shows the results of antibacterial tests using suspended TiO2 nano-
particles (test scenario shown in Figure 13-II).  

Figure 15. Log reduction of S. epidermidis as a function of UV irradiation time in 
antibacterial tests with suspended TiO2 nanoparticles. The presence of ROS scaven-
gers is indicated above the individual panels. Lines are exponential curve fits to the 
data representing the disinfection rates. Standard deviations for the log reduction of 
bacterial viability are within 5%. 

 
First order disinfection kinetics was observed in all antibacterial tests involv-
ing suspended nanoparticles and bacteria (Fig.15) where the disinfection 
curves could be approximated with the Chick-Watson model (Equation 13) 
[99] (i.e., the log reduction in bacterial viability was proportional to the dura-
tion of the UV treatment). The rate of disinfection after 30 min decreased, 
but was attributed to nanoparticle aggregation and precipitation that was 
observed during the tests. In the antibacterial tests with suspended photocata-
lytic nanoparticles, •OH and H2O2 provided equally, and the most, signifi-
cant contributions to the antibacterial effect. 
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Post-UV antibacterial effect of resin-TiO2 nanocomposites 

In the photocatalytic disinfection process, UV irradiation of the TiO2 surface 
is essential for the reaction. However, in some biomaterial applications it is 
desirable to have an antibacterial effect when it is not possible or practical to 
irradiate the surface with UV. Thus, a prolonged antibacterial effect after the 
withdrawal of UV irradiation would be beneficial. In paper VII, we discov-
ered and investigated a novel property of the resin-TiO2 nanocomposite, 
hereafter referred to as the post-UV antibacterial effect. 

Figure 16 displays an overview of the experiments performed to investigate 
the post-UV antibacterial effect. Control disks, post-UV dry disks, post-UV 
wet disks, and water drops from the post-UV wet disks were investigated for 
antibacterial effects immediately after UV treatment.  The bactericidal ef-
fects on bacteria adhered to the surface of the resin-TiO2 nanocomposite and 
the changes in this effect with time were also investigated. 

 

Figure 16. Flowchart of experimental methods for evaluation of the post-UV ex-
tended antibacterial effect of the resin-TiO2 disks. 

 



 40 

The post-UV antibacterial effects of the resin-TiO2 nanocomposite against 
five bacterial strains (E. coli, S. epidermidis, S. pyogenes, S. mutans, and E. 
faecalis) are shown in Figure 17. The results show that the post-UV dry disks 
had a relatively greater antibacterial effect than the post-UV wet disks. The 
post-UV dry disks achieved 33 %, 57 %, 50 %, 50 %, and 27 % reductions 
in the viability of E. coli, S. epidermidis, S. pyogenes, S. mutans, and E. fae-
calis, respectively, while the corresponding reductions in bacterial viability 
caused by the post-UV wet disks were 27 %, 52 %, 27 %, 25 %, and 16 %. 
The water drops from the wet disks were less effective than the post-UV 
disks for antibacterial applications, reducing the viability of E. coli, S. epi-
dermidis and E. faecalis by 17 %, 17 %, and 11 %, respectively, but not af-
fecting the viability of S. pyogenes and S. mutans.  

 

 
Figure 17. The post-UV antibacterial effect against five bacterial strains. 

Figure 18 shows the post-UV effect of the resin-TiO2 disks on the adhesion 
of S. epidermidis. The Control Group 1 includes resin-TiO2 disks without 
UV pre-treatment. The Control Group 2 disks were resin-TiO2 disks without 
UV pre-treatment, but that were treated with 36 J/cm2 UV during bacterial 
adhesion, the same UV dose as that used to prepare the post-UV resin-TiO2 
disks. The number of viable adhered bacteria was 61% lower on Control 
Group 2 disks than on the Control Group 1 disks, and 37 % and 26 % lower 
on the post-UV dry and wet disks, respectively, than on the Control Group 1 
disks.  
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The diminishing of the post-UV antibacterial effect over time was evaluated 
by testing the disks after a delay period of 0, 15, 30, 60 and 120 minutes 
following the UV treatment. For both dry and wet disks, the bactericidal 
effect against adhered bacteria was similar for delay periods of 0, 15 and 30 
min. However, after 60 and 120 min, the antibacterial effect diminished with 
time. For example, the bacterial viability of the wet disks after 120 min was 
close to that of the Control Group 1 disks that did not receive UV treatment. 
 

 
Figure 18. The viability of adhered bacteria on resin-TiO2 disks.  

In summary, the resin-TiO2 nanocomposite exhibited effective post-UV anti-
bacterial effects. Materials possessing this post-UV bactericidal property 
would thus be less likely to be contaminated by pathogenic microbes follow-
ing UV irradiation. This discovery offers potential for reducing the risk of 
surface infections on biomaterials.  

Bacterial adhesion on photocatalytically treated resin-TiO2 
nanocomposites  

Bacterial adhesion tests were performed to investigate the influence of pho-
tocatalytic treatments on the adhesion of bacteria to the surface of resin-TiO2 
sample disks. The sample disks were treated with UV irradiation (UV inten-
sity: 10 mW/cm2) under ambient conditions for 1, 3 and 12 h, and under 
aqueous conditions for 3, 5, 6.5, 8, 12, and 16 h. Figure 19 shows the num-
bers of S. epidermidis bacteria adhering to the sample disks after 1.5 h incu-
bation in a bacterial suspension. Incubation took place at least 12 h after the 
UV treatment, and therefore the post-UV antibacterial effects described 
above should not contribute to the results. 
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Figure 19  . Bacterial adhesion to resin-TiO  disks that received varying UV irradia-2
tion doses in water or air environments, compared to control disks without UV irra-
diation. The UV irradiation intensity is 10 mW/cm2. Error bars represent standard 
deviations based on three measurements. 

 

Compared to the control disks, UV irradiation for 1 or 3 h on the disks ex-
posed to air led to a decrease in bacterial adhesion of approximately 43%. 
However, 12 h of UV irradiation under ambient conditions resulted in in-
creased bacterial adhesion, probably as a result of the dramatic increase in 
surface roughness, as observed in Figure 3c. The disks that received UV 
irradiation while submerged in water showed decreased bacterial adhesion 
with increased UV irradiation dose. For example, disks that received 16 h of 
UV irradiation showed 27 % less bacterial adhesion than the control disks.  

The decreased tendency for bacterial adhesion on the resin-TiO2 nanocom-
posites that were irradiated with UV offers potential for biomaterial applica-
tions, as there may be a reduced chance of bacterial contamination on the 
surface. 
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Conclusions  

In this thesis, photocatalysis of titanium dioxide under UV irradiation was 
investigated as a biomaterial functionalization strategy, specifically for the 
development of bioactivity and antibacterial properties. Furthermore, mech-
anisms involved in the antibacterial effect were studied and methods to im-
prove viability analysis of bacteria subjected to photocatalysis were also 
developed. 

The results showed that the addition of 20 wt % of TiO2 nanoparticles in a 
resin-based polymer endowed the material with photocatalytic activity with-
out affecting the bonding strength of the resin material. The photocatalytic 
activity did not result in significant degradation of the organic component of 
the resin-TiO2 nanocomposite if the surface was covered with water during 
UV irradiation. 

Photocatalysis of TiO2 was shown to be capable of inducing bioactivity in 
the resin-TiO2 nanocomposite material. Resin-TiO2 disks that received a 16-
hour dose of UV while submerged in water showed a high degree of bioac-
tivity, indicated by the subsequent deposition of a hydroxyapatite layer upon 
soaking in DPBS. 

The antibacterial properties of the resin-TiO2 nanocomposite in combination 
with UV irradiation were investigated from the following aspects:  
 

• Inactivation of a 16-hour-old Streptococcus mutans biofilm was 
achieved through the photocatalytic reaction of a resin-TiO2 nano-
composite surface. Biofilm viability was evaluated with a MAA 
based on the determined specific growth rate of the biofilm. 

• The contributions of ROS, including •OH, O2
•− and H2O2, to the an-

tibacterial effect arising from TiO2 photocatalysis was investigated. 
The results showed that •OH and H2O2 showed equal significance in 
the bactericidal process with suspended TiO2 nanoparticles, while 
H2O2 provided the major contribution in antibacterial tests with pho-
tocatalytic resin-TiO2 surfaces.  

• The kinetics of photocatalytic disinfection against Staphylococcus 
epidermidis was determined. In antibacterial tests with suspended 
TiO2 nanoparticles, behavior consistent with a Chick-Watson model 
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was observed, in which the log reduction of bacterial viability is 
proportional to the duration of the photocatalytic treatment. By con-
trast, in antibacterial tests with photocatalytic resin-TiO2 surfaces, 
the disinfection kinetics showed a two-step behavior with an initial 
step having a lower killing rate followed by a step with a higher rate. 

• Post-UV antibacterial properties of the resin-TiO2 nanocomposite 
were proved to be effective against Gram-negative Escherichia coli 
and four Gram-positive pathogenic bacterial strains: Staphylococcus 
epidermidis, Streptococcus pyogenes, Streptococcus mutans and En-
terococcus faecelis. The resin-TiO2 material is less likely to be con-
taminated following UV irradiation due to this post-UV effect, 
which remains for at least 30 minutes after UV irradiation before 
diminishing. 

 
Additionally, a novel MAA method was developed in order to quantify the 
viability of bacteria in both planktonic and biofilm form. Finally, the MAA, 
CFU counting and Live/Dead staining viability methods were compared and 
evaluated after photocatalytic treatment of bacteria in both planktonic and 
biofilm form. The results showed Live/Dead staining might not be suitable 
for this application. 
 
Although much of the work was specifically directed towards dental materi-
als, the results presented in this thesis are applicable to a wide range of bio-
material applications. With the combined advantages of bioactivity induced 
by UV irradiation, the highly efficient antibacterial effect under UV irradia-
tion and the post-UV antibacterial effects the resin-TiO2 nanocomposite 
material is an attractive and promising candidate for biomaterial applications. 
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Sammanfattning på svenska 

Titandioxid (TiO2) är ett vanligt förekommande material i vår omgivning 
och används bland annat flitigt som pigment i målarfärg, kosmetika och 
livsmedel. År 1972 upptäckte Fujishima och Honda [3] att TiO2 på grund av 
sina halvledaregenskaper kan användas för att dela upp vatten i syre och väte 
genom att belysa TiO2 elektroder med ultraviolett (UV) ljus, en så kallad 
fotokatalytisk reaktion. Sedan dess har de fotokatalytiska egenskaperna hos 
TiO2 studerats och utvecklats för att användas i en rad olika applikationer 
som exempelvis vätgasproduktion, tillverkning av drivmedel, sterilisering av 
vatten, självrengörande ytor och antimikrobiella ytor. Vid den fotokataly-
tiska reaktionen bildas det syreradikaler, på engelska förkortade till ROS, på 
ytan av TiO2 som bryter ner organiska molekyler, skadar cellmembran och 
kan påverka genetiskt material, och detta är något som har utnyttjats i detta 
arbete. I avhandlingen har de fotokatalytiska egenskaperna hos TiO2 stude-
rats i syfte att utveckla funktionella ytor hos biomaterial med både bioaktiva 
och antibakteriella egenskaper. I detta sammanhang betyder bioaktiv för-
måga hos en yta att det i kontakt med kroppsvätskor bildas ett benlikt mine-
ral på ytan. Bakgrunden till detta arbete är att infektioner kopplande till an-
vändandet av biomaterial för reparation, ersättning och läkning av vävnad 
ofta orsakar problem och lidande för patienter som råkar ut för dessa infekt-
ioner samt stora kostnader för samhället. En stor del av arbetet i denna av-
handling har varit inriktat mot dentala applikationer men resultaten visar 
även att konceptet som utvecklats går att utnyttja i ett bredare perspektiv där 
de fotokatalytiska egenskaperna hos TiO2 kan användas för att minska bakte-
rietrycket på biomedicinska produkter.  

Resultaten från arbetet visar att det genom att tillsätta 20 vikts% av TiO2 i 
form av nanopartiklar till ett UV-härdande polymerlim går att uppnå goda 
fotokatalytiska egenskaper hos limmet utan att påverka de mekaniska egen-
skaperna hos polymeren. Genom att täcka det härdade kompositlimmet 
(lim/TiO2) med vatten i samband med att kompositen belyses med UV-ljus 
minskade nedbrytningen av den organiska polymeren i limmet.  

För att gå vidare och studera de antibakteriella egenskaperna hos kom-
positlimmet under belysning med UV-ljus utvecklades en metod för att be-
stämma antalet livsdugliga bakterier (både så kallade planktoniska bakterier 
och bakterier i en biofilm) i kontakt med ett prov baserat på bakteriernas 
metaboliska aktivitet. Denna metod visade sig vara betydligt mer korrekt när 
det kommer till att avgöra antalet livskraftiga bakterier på en fotokatalytisk 
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yta efter UV-ljusbelysning än mer traditionellt använda metoder baserade på 
märkning av bakterier med fluorescerande molekyler (så kallad Live/Dead 
staining).  

Den antibakteriella effekten hos kompositlimmet vid belysning med UV-
ljus kunde sedan analyseras och arbetet delades upp i ett antal studier med 
följande resultat:  

• Genom belysning av kompositlimmet med UV-ljus kunde en 16 
timmar gammal biofilm av Streptococcus mutans odlad på kom-
positlimmet inaktiveras.  

• Bidraget från olika ROS som bildas vid den fotokatalytiska reakt-
ionen såsom hydroxylradikaler (•OH), superoxid (O2

−) och vätepe-
roxid (H2O2) till den antibakteriella effekten studerades. I fallet bak-
terier odlade på kompositlim visade sig H2O2 vara den mest effek-
tiva syreradikalen i sammanhanget men när bakterier var suspende-
rade tillsammans med nanopartiklar av TiO2 visade sig •OH och 
H2O2 ha samma antibakteriella förmåga. 

• Skillnaden i kinetik hos den antibakteriella effekten hos suspende-
rade TiO2 nanopartiklar och kompositlimmet studerades. Här visade 
sig kinetiken skilja sig åt på så sätt att en konstant desinficerande ef-
fekt observerades i fallet suspenderad TiO2 medan en tvåstegskinetik 
med en lägre initial effekt följd av en mer påtaglig effekt observera-
des i fallet med kompositlimmet.  

• Den kvarvarande antibakteriella effekten efter belysning med UV-
ljus av ytan på kompositlimmet studerades. Det visade sig att en an-
tibakteriell effekt var mätbar i upp till 30 minuter efter belysningen 
och den var effektiv mot den Gram-negativa bakterien Escherichia 
coli samt fyra Gram-positiva bakterier nämligen Staphylococcus 
epidermidis, Streptococcus pyogenes, Streptococcus mutans och En-
terococcus faecalis. 

 
Vidare visar arbetet att tillsatsen av TiO2 ger kompositlimmet bioaktiva 
egenskaper genom att det benlika mineralet hydroxyapatit bildas på ytan 
efter det att kompositlimmet belysts med UV-ljus och sedan placerats i en 
fosfatbuffert innehållande kalcium (Dulbecco’s fosfatbuffert, på engelska 
förkortat Dulbecco’s PBS eller DPBS ).   
 
Kombinationen av de uppvisade antibakteriella egenskaperna och bioaktivi-
teten hos kompositlimmet som har använts i detta arbete visar att materialet 
är en lovande kandidat i det fortsatta arbetet med att utveckla koncept som 
kan minska risken för infektioner kopplade till användandet av biomaterial.  
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