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 LIST OF ABBREVIATIONS 
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AFM   Atomic force microscopy 
AgNP   Silver Nanoparticles   
ALP   Alkaline Phosphatase 
ANOVA  One-way Analysis of Variance 
BIC   Bone to Implant Contact 
BHI   Brain Heart Infusion 
BOP   Bleeding on Probing 
CA   Contact Angle 
CoCr   Cobalt Chromium 
ECM   Extracellular Matrix   
EDTA   Ethylenediaminetetraacetic acid 
EMEM  Eagle's Minimal Essential Medium 
FBS   Fetal Bovine Serum 
FWHM  Full Width at Half Maximum 
KrF   Krypton Fluoride 
MALDI-TOF MS Matrix-assisted Laser Desorption/Ionization Time-of-flight Mass 
   Spectrometer 
MSC   Mesenchymal Stem Cell 
MEM-α  Alpha Modification of Eagle’s Medium 
MTT   3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 
Nd:YAG  Neodymium-doped Yttrium Aluminum Garnet 
NP   Nanoparticle 
OD   Optical Density 
PBS   Phosphate Buffer Saline 
p(EA-co-MMA) Poly(ethyl acrylate-co-methyl methacrylate) 
PMMA  Poly-methyl-methacrylate 
Ra   Average Roughness 
RT   Room Temperature 
SEM   Scanning Electron Microscopy 
SLA   Sand-blasted, Large grit, Acid etched 
Ti   Titanium 
TiO2NP  Titanium Dioxide Nanoparticle 
UVC   Ultraviolet C 
UV-VIS  Ultraviolet–Visible  
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 INTRODUCTION 

Peri-implant infection (peri-implantitis) has become the leading cause of the failure 

of dental implants. Epidemiological data vary in a wide-range in the literature concerning 

the prevalence and incidence of peri-implantitis presumably for two reasons. One reason 

might be the unclear definition of the medical condition in terms of diagnostic parameters. 

Data in the literature show that there are dentists who diagnose milder medical pictures 

as peri-implantitis than others. The other reason might be the uncertainty that is often 

associated with the aetiology of the peri-implant infections. In some cases, bacterial 

events without unknown causatives are in the background (primary peri-implantitis), 

while the pathological loading of the implant due to inappropriate implantation and/or 

prosthetic treatment may end up in the same clinical picture (secondary peri-implantitis). 

The currently available therapeutic options are not effective in the treatment of peri-

implantitis, the progression of the biofilm formation might only be slowed down, but the 

infected implant will be lost in the end. Hence, the prevention of the peri-implantitis is 

regarded as a more effective management option than the treatment. To this end, the 

enhancement of the biological performance of dental implants has been in the focus in 

the last few decades both in the industrial and academic researches. Since the geometry 

of the dental implants has by and large consolidated, the research and development 

activities shifted towards the improvement of the implant surfaces. One strategic 

approach has been the improvement of the biocompatibility of dental implants ensuring 

complete biological sealing around the implant in order to exclude pathogenic bacteria 

from the implant site. A more recent approach is the enhancement of the antibacterial 

feature of the surface of dental implants with the view to create an ‘active’ line of defence 

against bacterial infections (Figure 1).  

 In my doctoral work I attempted to appraise and put into context the current 

research and development trends that are related to the prevention of the peri-implant 

infections of dental implants. In this endeavour I performed in vitro studies in this domain 

to verify untested hypotheses relating to the biological sealing of prosthetic materials, 

investigated the suitability of innovative laser ablation methods for the improvement of 

the biocompatibility of medical grade titanium, and examined the antibacterial attribution 
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of a novel coating nanocomposite. The clinical management, i.e. treatment of peri-

implantitis is beyond the scope of the present doctoral work.  

 

 

Figure 1 shows the schema of the present doctoral work. The causatives of peri-implantitis can 
be related to bacterial (primary peri-implantitis) and non-bacterial events (secondary peri-
implantitis) that should be taken into consideration in the development of strategies for the 
prevention. Secondary peri-implantitis might be the consequence of inappropriate implant 
placement and/or prosthetic work that trigger constant local inflammation at the implant site. To 
reduce the risk of the development of secondary peri-implantitis in the inflamed tissue the 
enhancement of the antibacterial property of dental implants could be a reasonable strategy. In 
contrast, when complications associated with implantation and prosthetic work can be excluded 
then the risk of primary peri-implantitis could be reduced by the improvement of the 
biocompatibility with the view to support gap-free closure around the implant. Green lines 
indicate the preferred prevention approaches in the binomial decision tree, dotted lines and arrows 
indicate supplementary solutions. The structure of the present doctoral work follows this schema, 
and its objectives were set accordingly. Source: own construction. 

 

2.1 Dental implants  

Dental implants are medical devices that are intended for the replacement of missing 

teeth. They are surgically inserted screws into the maxillary or mandibular bone. After a 
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successful healing and integration period the intraoral parts of prosthetic restorations, 

such as crowns, bridges or removable dentures are held by indwelling screw implants that 

also bare and transmit the forces of mastication to the surrounding bone. Nowadays, 

dental implants are the first choice of dentists to replace missing teeth because they offer 

the best option to restore the original aesthetic and function of the lost teeth compared to 

alternative prosthetic solutions. In some cases, implant-based restored dentition can give 

the patient the sensation of having their own teeth back. Yet, no other prosthetic solution 

has this advantage (1, 2). Figure 2 shows the schematic presentation of an implant retained 

crown. 

The integration of a dental implant into the jawbone (osseointegration) is strongly 

influenced by its macrostructure, such as size, geometry and the curves of the implant as 

well as the angle of the thread, and the sizes of the thread in metric scale of millimetre to 

micrometre (3-5). In the past few decades the geometry of dental implants has more or 

less been consolidated and the focus of research and development activities has shifted 

towards the improvement of surface properties (6). The surface topography has been 

considered pivotal to ensure the short-, and long-term stability of dental implants in the 

jawbone. To this end, a wide-range of rough surfaces have been developed using various 

surface treatment techniques and technologies (7). More recently, particular attention has 

been payed to nano-topographies (0-100 nm) (8).  
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Figure 2 shows the three primary parts of a dental implant. The implant body (4) is placed into the jawbone 
providing a permanent foundation. Abutment (3) and screw (2) support the permanent connection between 
the implant body and crown. Implant crown (1) is the part that looks like a natural tooth, it gets either 
screwed or cemented to the abutment. Figure and legend are reprinted from reference (9).  

2.2 Dental implant materials  

The material of dental implant must be biocompatible and be able to transmit the 

mastication forces to the jaw. The long-term success of dental implant-based restorations 

depend primarily on four factors: i) the quality of osseointegration of the implant; ii) the 

peri-implant mucosal seal i.e., the protection of the implant from bacterial infections from 

the oral cavity; iii) the adequate transmission of the mastication forces to the implant body 

from the abutment and iv) the mechanical properties of the material of the implant (10-

13). At the current level of technology titanium and zirconia (zirconium-oxide) are 

regarded suitable to fulfil these requirements (14).  
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2.2.1 Zirconia dental implants 

 Zirconia is mostly chosen for its aesthetic appearance because it mimics the colour 

of natural teeth. Zirconia occurs in three crystal structures: monoclinic, tetragonal and 

cubic. Monoclinic form is stable at room temperature (RT) up to 1170ºC, what involves 

the circumstances found in human bone and the oral cavity. Since its tetragonal form, that 

is stable at 1170–2370°C, has much more favourable properties for implant applications, 

such as high flexural strength, superior corrosion and wear resistance, efforts are made 

by manufacturers to keep zirconia in this state in the oral circumstances, i.e. at lower 

temperature. This can be achieved by adding stabilizing oxides, such as CaO, MgO, Y2O3, 

or CeO2. Still, surface modification of the zirconia implants, and contact with moisture in 

the bone or the oral cavity contribute to a tetragonal to monoclinic transformation that is 

associated with volume expansion resulting in the formation of cracks. Until this 

transformation is slow and slight the volume expansion results in the compression of the 

cracks, but when its rate increases it weakens the material and leads to aging resulting in 

fatigue fracture (15). In addition, volume changes result in deformities in the shape of the 

implant and in the fitting of the connecting abutment allowing micromovements that is 

supposed to be a causative of the failure of implants in the long run (see chapters below). 

Another difficulty in conjunction with zirconia implant design is the brittle nature 

of ceramics, meaning that stress concentration on any points and surfaces should be 

avoided otherwise the ceramic material breaks. Sharp, deep threads, internal joining 

surfaces can act as stress points, however, these are necessary macrostructural 

characteristics of a lege artis dental implant (16). Survival of zirconia-based restorations 

is already well documented. Failure due to aging occurs mostly in two years regardless 

of the type of restoration (17, 18). Nevertheless, the survival of zirconia implants is yet 

very poorly documented. Some studies showed only one-year survival of the zirconia 

implants even though the first year is eventless, usually (19, 20). Clinical data on the 5-

years survival of zirconia implants should be available to credibly prove their 

performance but only a few follow-up studies can be found. There is a strong interest in 

finding a metal-free, aesthetic solution to implant-based rehabilitation, but the durability 

of zirconia is yet not comparable to that of titanium. 
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Owing to their poor mechanical properties the share of zirconia implants is only 

a fraction of the total market which is dominated by titanium implants. Thus, the focus of 

my doctoral work was limited to titanium dental implants.  

2.2.2 Titanium dental implants  

The vast majority of the available implants on the market is made of titanium 

because it has a relatively lower mechanical mismatch with the bone compared to zirconia 

and other metals/alloys, while exhibits excellent biocompatibility with human tissues 

(21). Concerning implant applications, six so-called medical grade titanium implant 

materials are in use, i.e. grade 1-4 that are commercially pure, grade 5 is an alloy of 

titanium with 6% aluminium and 4% vanadium (also known as Ti6Al4V) and grade 23 

(also known as Ti6Al4V ELI), which is considered a higher purity grade than grade 5 due 

to the lower inclusions of iron. The mechanical characteristics, such as tensile strength, 

flexibility stems from the bulk properties of titanium. There are significant differences, 

for example, in the tensile strength of the various grades, which ranges from 240 to 550 

MPa concerning grade 1-4, 895-930 MPa for grade 5 and 860-965 MPa for grade 23 (22). 

The indwelling part of an implant that is placed into the bone tissue (also known as fixture 

or implant body) is made of grade 2 or grade 4 titanium in most of the cases, while 

abutments and screws are made of grade 5 or grade 23, usually.  

When metallic titanium is exposed to air or water an oxide layer develops on its 

surface. This oxide layer provides good resistance to corrosion and facilitates the 

osseointegration (23). A gradient of the oxidation states of titanium can be observed in 

the titanium-oxide layer: TiO ® Ti2O3 ® TiO2. The most stable oxide of titanium is 

TiO2, which constitutes the outer oxide layer and responsible for the biocompatibility and 

the osseointegration of titanium implants (23).  
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2.3 Improvement of the biocompatibility of dental implants 

2.3.1 Biocompatibility: overview and definitions  

 When a foreign material is placed into the human body its fate depends on the 

host response. The ability of a foreign material for the replacement of body parts or tissues 

is described by the term ‘biocompatibility’. Biocompatibility is often used in the 

literature; however more specific terms may be useful to describe and understand the 

biological behaviour of the various materials in particular indications. Biocompatible 

materials that are intended for tooth replacement can be divided further into 

subcategories, like biotolerant, bioinert and bioactive materials (24). Biotolerant 

materials, upon being placed into the bone tissue are separated from the bone tissue by a 

layer of fibrous tissue. If fibrous tissue develops around the implant, the surrounding bone 

tissue keeps its ability to recover, however direct bone-material contact will not develop. 

Typical examples for biotolerant materials are poly-methyl-methacrylate and stainless 

steel (25, 26). Bioinert materials facilitates the development of direct bone-material 

interaction, however some fibrous tissue formation may still happen. Examples for 

bioinert materials include titanium alloys and zirconia (27). Bioinert and biotolerant 

materials make physical bond with the bone tissue. In contrast, bioactive materials 

chemically and/or biologically interact with the surrounding bone tissue. Briefly, ion 

exchange reaction occurs between the bioactive material and surrounding body fluids 

resulting in the formation of a biologically active apatite layer on the surface of the 

material, which is chemically and crystallographically equivalent to the mineral phase of 

the bone (28). Examples of bioactive materials are synthetic hydroxyapatite and glass 

ceramics/bioglasses (29, 30). 

2.3.2 Osseointegration of dental implants: a clinical perspective 

When an implant surgery takes place the healing process can be defined from a 

clinical point of view. Before the insertion of the implant a cylindrical hole is predrilled 

into the jawbone. The surgeon must decide on the size of the predrilled hole by taking 

into consideration the diameter of the implant. The diameter of the prepared hole can have 
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the size of the outer threads of the inserted implant (i), the size of its inner threads (ii) or 

in between (iii). The size of the hole affects the bone healing. In the first case (i), when 

the hole has the size of the outer thread, the body of the implant has the largest distance 

to the bone. The insertion of the implant does not make any extra stress or injury to the 

bone and so-called healing chamber forms where undisturbed healing can begin. This 

solution gives less primary stability to the implant, but it is supposed to enhance the 

secondary stability later on. Primary stability can be defined as the mechanical anchorage 

of the implant to the bone right after the implant surgery. Secondary stability can be 

described as the biological fixation of the implant in the bone after its complete 

osseointegration (31). In the second case (ii), microcracks appear in the bone during the 

insertion of the implant and compression necrosis can also be observed later on. In this 

case, high primary stability can be achieved, though it declines after some weeks due to 

the mechanical stress induced necrosis of the surrounding bone tissue. In the third case 

(iii), both structures can be observed; healing chamber appears accompanied with slight 

necrosis (32). The understanding of these physiological processes has been important to 

decide on the appropriate prosthetic treatment and on the loadability of the implant. 

 The first week of undisturbed healing is critical for the proper osseointegration of 

a dental implant, however it is compromised by the invasive nature of the implant surgery. 

The first step of an implant surgery is the creation of a surgical flap when gingiva is 

incised and separated from the bone. At this point, prior to drilling the hole for the implant 

the sterile, intact bone gets into contact with the bacterial flora of the saliva. After the 

surgery and the closure of the gingival flap it takes one week for gingiva of a healthy 

patient to close completely over the implant site. Owing to the incomplete biological 

sealing the protection of the wound is extremely important in this early period because 

bacteria can easily penetrate the implant site. When the healing process is undisturbed the 

osseointegration is observed by the 6th week, usually. The drilled hole is filled with 

neoformed, immature bone, though some empty lacunae can still be found (33). 

Neoformed bone has a woven, irregular microarchitecture that resulted from rapid growth 

(12). 

Lamellar bone formation and remodelling start during the 7th-12th week. This 

process begins already without the loading of the bone. Later, when the mature bone is 
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loaded these lamellae are aligned with the mastication forces that are transferred by the 

osseointegrated implants to the jawbone. Tractive or squeezing forces always rearrange 

lamellae in alive bone (34). The secondary stability of an implant largely depends on the 

bone formation around the implant and on the remodelling phase. According to Wolff’s 

law, the subsequent phase of load oriented bone remodelling leads to a replacement of 

primary woven bone to realigned lamellar bone in order to optimize the absorption of 

occlusal loading and to transmit the mechanical stimuli to the adjacent bone tissue (32).  

 

2.3.2.1 Primary and secondary stability of dental implants 

The increasing demand of patients to complete the implant surgery and prosthetic 

work in one sitting has put pressure on dentists to offer treatments that allow the 

immediate loading of implants; however, at the current level of technology, long-term 

risks might be associated with such interventions. Primary stability is regarded as the 

paramount diagnostic parameter to make decision on the feasibility of the immediate 

loading of implants. The primary stability of an indwelling dental implant is measured by 

resonance frequency analysis and is quantified on Implant Stability Quotient (ISQ) scale 

ranging from 1 to 100 (35). Empirical evidence suggest that ISQ score above 70 stands 

for high primary stability, while ISQ score below 60 stands for low primary stability. 

According to recent papers an implant may only be loaded immediately if its ISQ score 

is above 65; though, there is no official guideline that supports the empirical data with 

objective evidence (36). In fact, the available scientific evidence do not support that the 

ISQ score is a suitable measure to predict the long-term survival of the implant. The 

primary stability is not a constant parameter, it decreases in time after the implant 

placement because of the resorption of the surrounding bone tissue, but in the meantime 

the simultaneously growing new bone tissue is insufficient to provide proper secondary 

stability to the indwelling implant. Owing to these concomitant processes of initial bone 

remodelling the stability of the dental implants decreases after the implantation reaching 

a minimum between the 2nd and 3rd weeks (Figure 3) (37).  

According to Rodrigo and his colleagues there is no correlation between implant 

survival and primary stability, but there is between secondary stability that is measured 
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after the healing period right before the prosthetic work (38). Other authors also stated 

that there is no link between the primary and secondary stability of implants even if the 

healing period was eventless (39, 40). The result of my literature search coincides with 

these opinions, it did not reveal any paper that prove the correlation between primary 

stability and implant survival, either. Nonetheless, other authors state that primary 

stability is routinely used as a diagnostic parameter to predict the outcome of the implant 

surgery, however the available evidence do not support its suitability, especially when it 

comes to immediate loading (36, 37). 

 

 

Figure 3 shows the kinetics of change in primary and secondary stability of dental implants. The primary 
stability of the implant decreases in time owing to bone remodelling reaching the minimum 
approximately at the 3rd week. Secondary stability comes with the mineralization of the newly formed 
bone tissue leaving a ‘vulnerable’ period in terms of loadability of the implant in the course of 
osseointegration. Figure is reprinted from reference (37). 
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2.3.2.2 Critics of universal dental implants 

The properties of the bone are to be taken into account in the course of the 

planning of implant surgery. Various categorizations have been published based on the 

characteristics and suitability of trabecular and cortical bone for implantation. Typically, 

microscopic and tactile investigations constitute the basis of categorizations. However, 

there are systems that consider the proportion of the cortical and trabecular bone, others 

compare the hardness of the bone to that of wood, while clinical experience-based 

empirical categorizations also exist (41). The disadvantage of all these systems is that 

they cannot support the upfront planning of the implant surgery, the underlying 

characteristics of the bone can only be experienced during the invasive surgery. Cone 

Beam CT is regarded as a suitable and widely-used mean to evaluate the bone quality 

prior to the implant surgery. The processing of captured CT images allows the 

measurement of bone density in Hounsfield units. Misch suggested the categorization of 

the various bone structures based on density (Table 1) (42). The weakness of this 

categorization lies in the diversity of image processing of the various imaging systems 

that may lead to inaccurate results, though it is widely used in the clinical practice (43). 

However, in order to maximize the clinical outcome and so the benefit to the patient, that 

is, the long-term survival of dental implants, it would be critical to choose the appropriate 

type of the implant by taking into consideration of the available bone structure (quality) 

and the applicable (matching) prosthetic abutments that can suitably transfer the 

mastication forces to the jaw bone. In addition, the geometry of the implant, the angle, 

density and edge of the thread significantly influence the forces and tensions that are 

generated in the bone during the implant placement and also play important role in the 

transmission of the mastication forces to the surrounding bone tissue, and so influence 

the long-term survival of the implant (44-46). 

The design of the current implants does not allow differential treatment of the 

patients; thus, they are universally used in various clinical pictures. There are some 

implant brands that may provide incremental benefit to the patient in particular situations, 

but in most of the cases these options are abandoned. The price of the implant has been a 

more important parameter than the benefit-risk profile of the applied surgical technique 
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or implant type. Hence, clinics usually have one or two implant systems, whose primary 

distinctive characteristic is the price, but not the functionality. This is because the 

installation cost of a new implant system is high and the learning curve, the time period 

until the surgeon gets familiar with the new system, takes few years reducing revenues 

due to low relative effectiveness. In order to avoid this loss of income, the dentists are 

unwilling to invest into a broad-range of implant systems because of the anticipated long 

pay-back period. 

 

Table 1 shows the categorization of bone structures 
based on bone density. The higher value refers to 
higher bone density. Source: own construction 
based on reference (42). 
 

Bone structures Hounsfield unit 
D1 > 1250 
D2 850 – 1250 
D3 350 – 850 
D4 150 – 350 
D5 < 150 

 

2.3.3 Surface modification of titanium dental implants 

2.3.3.1 Purpose of surface modifications  

 When bone substitutes are placed into the human body, interactions between their 

surface and the surrounding bone and soft tissues are critical to osseointegration. Surface 

topography of bone substitutes is supposed to influence bone response and plays a major 

role in both the quality and rate of osseointegration. Micro-rough TiO2 surfaces, such as 

sandblasted/acid etched (SLA) surfaces have long been suggested to be optimal to support 

the osseointegration of dental implants (6, 21, 47, 48). Wennerberg and Albrektsson 

divided surfaces into four groups according to their surface roughness at micrometre level 

(Table 2).  

There is an increasing demand from the patient’s side for a shorter healing time 

and a quicker rehabilitation. Normally, the implants are not loaded for three months after 
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the insertion until the osseointegration is completed, and the prosthetic rehabilitation is 

mostly done subsequently. During this period, patients must wear temporary prostheses 

which allow limited eating, speaking and social functions. This explains the need and 

effort to accelerate osseointegration.  

Many approaches can be found in research papers to solve the problem of long 

healing time or disturbed osseointegration. One trend is to improve the biocompatibility 

of the surface of the implant and so to speed up the osseointegration process. This can be 

achieved by topography improving techniques or by surface coatings. Another scientific 

approach is to improve the bacterial resistance of the surface, and so to create a surface 

that can resist the bacteria of the oral flora, when the healing is disturbed or when post-

osseointegration peri-implant infections occur. To this end, antibiofouling titanium 

surfaces and antibacterial coatings have been developed (Figure 4).  

 

Table 2 shows the arbitrary categorization of micro-rough surfaces. Sa (arithmetical mean height) 
expresses, as an absolute value, the difference in height of each point compared to the arithmetical mean of 
the surface. This parameter is used generally to evaluate surface roughness (49). 

Micro-rough surfaces Sa 
Smooth surface Sa: <0,5µm 

Minimally rough surface Sa: 0,5-1 µm 
Moderately rough surface Sa: 1-2 µm 

Rough surface Sa: >2 µm 
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Figure 4 shows the current trends in surface modification of titanium dental implants. The research and 
development activities can be divided into two branches. One is the improvement of the biocompatibility, 
while the other is the enhancement of the bacterial resistance. The methods that are used for the 
improvement of the biocompatibility can be categorised as topography improving and coating techniques. 
Topography improving relies on the manipulation of the TiO2 layer on the surface of dental implants, while 
coating techniques are intended to adhere other substances to the TiO2 layer. Concerning antibacterial 
surfaces, in fact, the same categorization applies, that is, topography improving to grow TiO2 nanosurfaces 
on dental implants (for instance, antibiofouling surfaces), and coating by using chemical substances or 
materials of antibacterial property. There is a large diversity in the applied coating and topography 
improving techniques, including physical, chemical and physicochemical methods. The bold, underlined 
techniques and materials are further discussed in the experimental parts of the present doctoral thesis. 
Source: own construction. 

 

2.3.3.2 Dental implant surface types in clinical use 

Sandblasted plus acid etched (SLA) surfaces are the most often applied on 

titanium dental implants. The SLA treatment increases the overall surface area by creating 

uneven surface features, which is also referred as microroughness in the literature. The 

SLA surfaces has often been used as ‘gold-standard’ control in pre-clinical and clinical 

studies in comparison to novel surfaces because of their predictable in vitro and in vivo 

performance. For the time being, no other surface has been proved to be credibly superior 

to SLA either in pre-clinical or in clinical experimental settings. 
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The summary of dental implant surface types that a large population is exposed 

with, and the associated product brands along with the manufacturers are shown in Table 

3. In principle, the clinical performance and safety of dental implants is supposed to be 

justified in a sequence of mechanical, pre-clinical and clinical studies, especially when 

surface treatment is applied in order to modify the biological characteristics (50). There 

are relevant standards for the in vitro characterization of dental implants, albeit the vast 

majority of the published studies have been carried out according to different protocols 

making unreliable the comparison of the biological characteristics of the various surfaces. 

Even larger diversity can be observed in the experimental protocols of clinical studies 

with dental implants, however the quantity of published randomised controlled clinical 

studies is extremely low compared to the number of commercialised implant brands (51). 

Based on the results of a systematic literature review the summary of the pre-clinical and 

clinical advantages and disadvantages of the commercially available surfaces are shown 

in Table 4. Apparently, the results are often contradictory, it is not possible to extrapolate 

to the in vivo performance based on in vitro results and vice and versa. Hence, the 

evaluation of the available data is intuitive rather than evidence-based concerning the 

comparative clinical advantages of the various implant surfaces. 

Dental implant manufacturers produce commodity products that are intended for 

universal application, that is, the replacement of missing teeth. This product policy is in 

line with the business interest of the manufacturers however ignores the variety of 

possible clinical pictures, including but not limited to the transmission of mastication 

forces from the crown and abutment to the indwelling implant body. Clinical studies have 

been designed according to this universal approach, i.e. the success rate of the implants 

is measured under various load in most of the cases. This is why it is not possible to gather 

relevant information about the different properties of the dental implants. For instance, it 

does not make any sense to compare two implants with different surfaces, if the type of 

the cutting edge of the threads are different, too. The fine-tuning of the surface 

characteristics may add value to clinical performance of an implant that could be utilized 

in the management of some particular clinical situations. However, the current 

experimental design of the clinical studies is not sensitive enough to detect such fine 

differences in the clinical performance of dental implants. At the current level of 
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technology, it is not supposed to be the challenge to prove the success rate of implants in 

selected groups of patients, but to provide solution for unconventional cases ensuring 

implant survival beyond 5 years. 

 

Table 3 shows the surfaces of commercially available dental implant brands. Source: own construction. 
 

Brand/surface 
type 

Surface modification Manufacturer 

SLA Sandblasted/large grit/acid etched (SLA) 
Straumann, 
Camlog, DIO, 
Ankylos, SGS 

Straumann 
SLActive SLA in 0,9% NaCl solution under N2 atmosphere Straumann 

CA Activated SLA in Ca2+ solution Osstem  

MP-1 HA Grit blasting with HA, pressurized, hydrothermal, post–
plasma spray process Zimmer 

BCP Grit blasting with HA and b-TCP Anthogyr 
OsseoSpeed Grit blasting with added fluoride (etched with HF) (5) Astra Tech 
TiUnite Spark anodization with phosphoric acid Nobel Biocare 
Xpeed CaTiO3 Megagen 

Ossean SLA and CaP impregnation (robotic microblasting with 
resorbable media powder) (5) Intra Lock 

NanoTite CaP discrete crystalline deposition (DCD) 3i 

Laser Lok Laser machined cell sized channels on the collar of the 
implant Bio Horizons 

 

 



 

Table 4 shows the advantages and disadvantages of various implant brands based on available pre-clinical and clinical data. Source: own construction. 

Surface name Preclinical advantage Preclinical disadvantage Clinical advantage  Clinical disadvantage 

SLA § Affordable manufacturing process 
§ Large increase of surface area is 

achievable  
§ Superior or equivalent in vitro 

performance compared to other 
surfaces  (52) 

§ Increased bacterial attachment compared 
to polished surfaces (53) 

§ Good clinical results (54) 
§ Clinical evidence was not found of a 

correlation between SLA surface 
and peri-implantitis (55) 

§ No other surface was proved 
superior in a >5 years interval 

§ Unknown (current gold-standard) 

Straumann 

SLActive 

§ Bioactive (according to ISO 
23317) (56) 

§ Increases in ALP, osteocalcin (57, 
58), prostaglandin E2, TGF-b 
levels (59-61) 

§ Similar cell attachment compared to SLA 
(62, 63) 

§ No differences in buccal bone level and 
BIC in beagle dog study after immediate 
implantation compared to NanoTite and 
TiUnite (64) 

§ Stronger short term response 
compared to SLA (54) 

§ Increased implant stability during 
healing (65) 

§ Unknown compared to SLA: 
§ Differences disappear after the 

first 6-8 weeks 
§ No reported difference in bone 

loss (54) 

CA 

 

§ Histologic proof of early osseo-
integration in sheep model (66) 

§ In vivo results are not detectable with RFA 
or radiographic analysis (3, 66) 

§ No data found § No data found 

MP-1 HA § Mechanically stable coating (4, 
67) 

§ Decreased in vitro solubility (68) 

§ pressurized hydrothermal post-plasma-
spray process resulting in higher HA 
levels does not affect the osseointegration 
rate in vivo (67) 

§ Only one clinical study on the 5-
years long survival showing 
cumulative implant success of 97% 
(69)  

§ No data found 

BCP § Increased surface roughness (70) § No significant in vitro adhesion, 
proliferation or differentiation differences 
compared to SLA (71) 

§ No data found § No data found 

Osseospeed § Facilitates osteoblast 
differentiation and mineralization 
(72) 

§ Stronger cell-attachment compared 
to machined surface (73) 

§ Enhanced osteogenic gene 
expression suggesting 
osteoinductive properties (74, 75) 

§ Not bioactive (56) 
§ No differences in viability or proliferation 

compared to sandblasted surface (72) 

§ Increased bone-implant contact 
compared to sandblasted surface 
(76) 

§ No available data in comparison 
with other commercially available 
implants 

TiUnite § Enhanced adhesion, proliferation 
and differentiation (77) 

§ Little is known about the mechanical 
resistance of the layer (78) 

§ Not bioactive (56) 
§ No differences in buccal bone level and 

BIC in beagle dog study after immediate 
implantation compared to SLActive and 
NanoTite (64) 

§ Long-term results of reduced failure 
and clinical reliability compared to 
turned surface (79) 

§ Superiority to (bone level, 
survival) turned implants is not 
proven (37, 79) 

§ No significant differences in long-
term marginal bone level in meta-
analysis (80) 

23 
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Continuation of Table 4 
Surface name Preclinical advantage Preclinical disadvantage Clinical advantage  Clinical disadvantage 

Xpeed § Increased osteoblast adhesion 
compared to untreated titanium 
(81) 

§ Increased bone to implant contact 
and removal torque in vivo (82) 

§ Higher in vitro attachment of A. 
actynomicetemcomitans and P. gingivalis  
(83) 

§ No comparable data  § No statistical differences when 
compared to other resorbable 
blasted media surfaces (84) 

Ossean § Enhanced bone mineralization 
after 1 and 2 weeks in in vivo rat 
study (85)  

§ Significantly lower buccal bone 
loss in canine study (86)  

§ Increased torque removal in dog 
model compared to dual etched 
surface (87) 

§ No significant differences in gene expression 
at 4- and 8-week time points in rat study 
compared to dual acid-etched surface (85)  

§ non-significant differences in BIC% in canine 
model compared to dual etched surface (87) 
 

§ No data found § No data found 

NanoTite  § Promising in vivo results in rodent 
models compared to TiOblast 
(only sandblasted) surface (88, 89) 

 

§ Significantly lower cell confluence compared 
to Osseospeed and Straumann SLA (90) 

§ Inferior results in primary mouse alveolar 
bone cell culture model compared to 
Osseospeed (90) 

§ No differences in bone response in rabbit 
model compared to SLA (91) 

§ No differences in buccal bone level and BIC 
in beagle dog study after immediate 
implantation compared to SLActive and 
TiUnite (64) 

§ High success rate in 1-year clinical 
study (92) 

§ No data found 
§ Studies available on immediate 

loading but without reference to 
control surface 
(92)(NCT00713206) 

Laser Lok § In mongrel dog study higher BIC 
after 12 weeks compared to turned 
surface (93) 

§ Diminished loading stress at collar 
part in FEA evaluation 
investigating bone attachment (94) 

§ After 3 months of healing and 6 months of 
loading, no differences were detectable in 
bone height (95) 
 

§ Connective tissue attachment to 
the collar (96) 

§ Clinically reliable for immediate 
implantation (within 2 years) (97) 

§ Good clinical results after 
immediate loading with fix 
restorations (98) 

§ Stable soft tissue seal and smaller 
crestal bone loss at 37 months 
compared to other implant with 
machined control (99) 

§ No data found, 
§ Case study with a limited 

number of implants involved 
(100) 
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2.3.3.3 Lasers in surface modifications 

 Lasers offered a relatively new and promising alternative of the current surface 

treatment methods because of their precision and rapidness. They also allow the custom-

made preparation of the surface in the various regions of the implant providing 

comparative clinical advantage against uniform surface patterns (101, 102). 

 Various lasers are used for titanium surface modification, like CO2, Nd:YAG, 

excimer, dye, argon-ion and diode lasers [35]. The mode of action of lasers in surface 

modification is the melting and evaporation of the material that absorbs laser beam. 

Concerning Nd:YAG laser, prior to ablation of a material, the absorption of radiation 

raises temperature of the surface resulting in its melting. As the temperature continues to 

rise, vaporization of the material occurs, and finally, it solidifies when the temperature 

cools down. Melting, melt motion, evaporation, and solidification are the series of steps 

involved in the generation of new surface topography when a focused laser beam interacts 

with a material surface (102). 

 Excimer lasers enable micromachining which is especially useful when the 

geometry is complex. During ablation, the surface of the material absorbs the radiation 

leading to a rapid rise in its surface temperature followed by evaporation. Applying high 

laser intensity in repeated exposures of a same surface area laser texturing/patterning can 

be achieved [35] (102).  

 

2.4 Microbiological aspects of surface modifications 

Nowadays, dental implants are widely used for the replacement of teeth because 

the achievable benefits for the patients outweigh the associated risks under normal 

conditions. Nevertheless, disturbed osseointegration, peri-implant infections, placement 

of implants into at-risk patient populations, the use of low-quality implants and 

inadequate surgical techniques may detrimentally affect the clinical outcome of the 

implant surgery. This chapter focuses on peri-implant infections, hence the state-of-the-

art is introduced from this perspective in the followings.  



 25  

2.4.1 Biofilm formation on implants 

The sequence of microbial colonization on dental implants and biofilm formation 

is similar to that of teeth. Species that colonize dental implants are the same that are found 

in healthy gingiva and in gingivitis sites around teeth (103, 104). Colonizing bacteria are 

part of the normal flora found in the oral cavity. Fürst et al. found that bacterial 

colonization occurred within 30 minutes after implant placement and early colonization 

patterns slightly differed between implant and tooth surfaces in the colonizing bacterial 

species. Periodontal infections and peri-implant infections do not really differ in terms of 

the composition of the bacterial strains but more in the proportion of these bacteria. 

 The first step of biofilm formation is the reversible adhesion of early colonizer 

bacteria mediated by electrostatic and hydrophobic forces. The second step is irreversible 

adhesion caused by a time-dependent shift to a higher binding affinity state, which 

involves multiple adhesins on the bacterial surface and polymer matrix. Division of the 

attached bacterial cells creates microcolonies that further expand until the layer of 

bacteria becomes confluent. Confluent growth results in the formation of plaque biofilm, 

which develops in terms of complexity in time (104). The sequence of microbial 

colonization on dental implants and biofilm formation is similar to that of teeth. A large 

proportion of the early colonizers are streptococci, such as Streptococcus sanguis, 

Streptococcus oralis, Streptococcus mitis, found in dental plaque and in the gingival 

sulcus, and also Streptococcus salivarius that is found in the saliva. Actinomyces species 

may also appear in the earliest stages of biofilm formation. The early colonizers, like 

streptococci and actinomyces species, create favourable conditions for late colonizers that 

require a particular environment (104). The early colonizers promote the adhesion of late 

(often called as secondary) colonizers by co-adhesion. Late colonizers include, for 

example, Porphyromonas gingivalis, Prevotella forsythia, Fusobacterium nucleatum, 

Treponema denticola, Streptococcus micros or Tannerella forsythia (105). By the 

multiplication of early and late colonizer bacteria and the excretion of their self-produced 

extracellular polymeric matrix biofilm proceeds along the surface of infected implants 

(103, 104). Subramani et al. defined biofilm as a microbial-derived sessile community 

characterized by cells that are irreversibly attached to a substratum or interface to each 

other, embedded in a matrix of extracellular polymeric substances produced by microbes 
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(104). Surface characteristics, such as roughness and surface free energy are supposed to 

play key roles in biofilm formation (104). The most bacterial attachment was observed 

on rough titanium surfaces, whereas on smooth surfaces they showed poor attachment 

(103). Titanium samples that exhibited rough or hydrophobic surfaces showed higher 

degrees of bacterial colonization (106). 

2.4.2 Disturbed osseointegration and wound healing 

In the course of the placement of the implant the exposure of the wound to 

bacterial contamination can be minimalized if the surgery is performed in compliance 

with the sterility and other applicable guidelines (107). Nevertheless, in the subsequent 

week of the implantation, until the full closure of the protective epithelium barrier around 

the implant the wound may get infected from the oral cavity (108). If infection occurs, 

the healing of the implantation site is disturbed, which may prolong the process or even 

end up in the failure of the implant (109) (110). Hence, the compliance of the patient for 

at least one week after the implantation is critical for the survival of the implant. In 

contrast, there are multiple lifestyle related factors that increase the probability of the 

infections, such as inappropriate oral hygiene, smoking, and alcoholism (110, 111). The 

general health status of the patient, comorbidities and concomitant treatments may also 

detrimentally affect the clinical outcome of implant surgery, for example, diabetes, 

steroid therapy, chemotherapy and radiotherapy (111). In addition, iatrogenic factors, like 

poor planning and surgical technique, for example, weak sutures, bad flapping also 

increase the risk of infections (112). 

If the surgical site gets infected and it is not recognized in a timely manner the 

invasion of bacteria will reach the surface of the implant causing a non-sterile 

inflammation in the surrounding bone and soft tissues (113). In the course of non-sterile 

inflammation fibroblast are recruited at the implantation site and engulf the surface of the 

implant before bone-forming cells, such as mesenchymal stem cells reach there. 

Consequently, instead of a direct connection between the implant and bone, fibrous tissue 

encapsulates the surface of the implant creating weak physical contact and low stability 

allowing the micromotions of the indwelling implant. This sooner or later causes the 

failure of the implant because the micromovements of the implant owing to the 
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inappropriate transmission of the loading forces of mastication triggers local bone 

resorption and implant loosening (114). 

2.4.3 Infection of osseointegrated implants  

 Peri-implant mucositis was defined by Robertson et al. as an inflammatory 

process around a functioning implant characterized by bleeding on probing (BOP) with 

probing depths of 4 mm or more. With this diagnosis, there is no sign of bone loss other 

than what would be expected owing to normal marginal bone loss, and it may or may not 

be accompanied by suppuration. Concerning its prognosis, peri-implant mucositis may 

be reversible with conservative therapy. Although peri-implant mucositis is generally 

considered as the precursor of peri-implantitis, some clinical experiences suggest that it 

may not progress even it is left without treatment. Another difficulty of the objective 

differential diagnosis is that there is not an evident borderline between the two clinical 

pictures, the transition from peri-implant mucositis to peri-implantitis may not be 

characterized by well-defined stages (115, 116). 

Peri-implantitis is a specific term to describe an inflammatory process around 

indwelling implants after successful osseointegration that manifests in gingival 

inflammation, bone loss around the implant, pocket formation, bleeding on probing with 

a blunt instrument and suppuration. Although, peri-implant disease can progress without 

any sign of implant mobility, when it occurs it indicates the complete failure of the 

implant that has to be removed sooner or later. It is important to note that peri-implantitis 

is preceded by the undisturbed osseointegration of the implant; peri-implantitis is a 

consequence of a bacterial infection and the associated bone loss around the implant that 

may not be attributed to any other known reason (see primary vs secondary peri-

implantitis below). The shape of the bone defect is crater-like around the implant and it 

is more extensive and deeper than it is expectable taking into consideration the normal 

rate of marginal bone loss. The normal rate of marginal bone loss around the implant is 

not supposed to be more than 0.2 mm per year (117). 

The description of the clinical picture that is referred as peri-implantitis in the 

scientific literature often varies in a wide-range. This might be because of the lack of a 

widely accepted exact definition of peri-implantitis in terms of diagnostic parameters 
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(118). Therefore, the diagnostic parameters that are used for the description of the clinical 

picture of peri-implantitis vary on a broad spectrum, as well. However, it might be more 

important to understand the aetiology of peri-implantitis than approaching the question 

from perspective the development of the definitions that precisely describe the various 

stages of the clinical picture. From an etiological point of view, the literature distinguishes 

primary and secondary peri-implantitis. Primary peri-implantitis is defined as an 

inflammation around the indwelling implant that is caused by the bacterial infection of 

the surface of the implant without any other known causative reason. In contrast, 

secondary peri-implantitis is described as a bacterial infection of the indwelling implant 

but there are other known causatives that are responsible for the clinical picture. Non-

bacterial events, like implant overload, implant fracture, residual cement on the surface 

of the indwelling implant, micro gaps between the implant and the abutment, and poor 

prosthetic works with uncleanable parts may all be the causatives of secondary peri-

implant infections (119).  

2.4.4 Causatives of secondary peri-implantitis 

The long-term survival of dental implants is supposed to be strongly related to the 

appropriate angle of loading. Axial loading supports the physiologic bone remodelling 

that allows the proper transmission of mastication forces from the indwelling implant to 

the surrounding bone. If the angle of the loading significantly deviates from axial it 

triggers pathologic bone remodelling ending up in bone resorption around the implant 

(120, 121). In most of the cases, the availability of sufficient bone volume is the only 

decisive factor of implant placement, while the positioning of the connecting prosthetic 

restorations is rarely taken into consideration in the course of the planning that may result 

in the transmission of mastication forces from inappropriate angles. It must be noted that 

there is no agreement on the tolerable angle of implant loading. In practice, often the 

maximum angle of loading is applied that is tolerable by the material of the abutment. 

Consequently, crater-like bone voids develop around the implant neck triggering the 

inflammation of the gingiva (122). Owing to the inflammation the biological sealing 

weakens around the implant neck allowing the invasion of the bacteria from the oral 

cavity that contaminate the surface of the implant and the surrounding bone tissue. In this 

stage, the progress of the infection cannot be stopped unless the causative is eliminated. 
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Antibiotic therapy may only provide a temporary solution because the inappropriate 

loading of the implant will open the way for the infection over and over. The loading 

from an extreme angle may lead to the fracture of the implant (123). The fractured implant 

must be removed surgically from the bone because it loses its function but facilitates 

bacterial infections.  

The quality of prosthetic restorations can have an effect on the development of 

peri-implant diseases. The prosthetic work might have, for example for aesthetic reasons, 

a quite uncleanable part, or if the compliance of the patient is not good enough when 

cleaning the prosthesis, plaque can accumulate on the neck of the implant and lead to 

peri-implant mucositis and peri-implantitis later on. The method of fixing of prosthetic 

work on implants may be another causative of peri-implant infections. Luting cement is 

often used to connect the prosthetic part to the implant. If residual cement is not removed 

properly and removes under the gingiva it can cause local inflammation and serves as a 

scaffold for bacterial attachment (115). 

Prosthetics with inappropriate geometry or positioning have parts that are not 

available with cleaning devices allowing the development of plaques (124). The plaques 

contain substantially the same bacterial strains that play a role in primary peri-implant 

infections, but the elimination of the causative, that is the uncleanable surface, renders 

the clinical picture manageable. In this case, the causative of peri-implantitis is the 

uncleanable surface of the prosthetic part.  

If the implant body and the abutment are not precisely connected then gap remains 

between them allowing micro-motions in the course mastication (122). The gap gives 

room for the attachment and proliferation of bacteria, whereas the micro-motions transmit 

pathologic forces resulting in the resorption of the surrounding bone. The bacteria will 

infect the site of the developing bone void leading to the identical clinical picture then it 

is in the case of implant loading from an inappropriate angle. The infection cannot be 

eliminated without the replacement of the imprecisely connecting implant parts.  
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2.4.4.1 The epidemiology of peri-implant infections  

Although there are several publications on the incidence and prevalence of peri-

implantitis, because of the lack of unambiguous definition of peri-implantitis and the 

demarcation of the underlying primary and secondary processes the published values vary 

between extremes, like 5% to 63,5% (125). 

In addition, medical records, which should be the main sources of epidemiological 

data, are not standardized in terms of quality and quantity of clinical data to be 

documented and do not disclose the presumable and/or known causatives of peri-implant 

diseases. Consequently, the medical records are written rather intuitively than objectively 

making the credibility of the available epidemiologic data questionable. It must also be 

noted here that medical records may be biased if complications associated with an implant 

are diagnosed by the same doctors who have provided the treatment beforehand. Research 

findings suggest that the judgment of doctors is more yielding when it comes to the 

evaluation of the clinical outcome of their own work than it is in relation to the work of 

their colleagues (126-128). 

In scientific literature, the success of an implant is often described by its 1 to 5 

years long survival. Survival is characterized by the uneventful function of the indwelling 

implant without pain or any discomfort of the patient; however, this approach may not be 

fully appropriate. Peri-implantitis can progress until severe stages without any symptom, 

such as pain or bleeding. When the symptoms emerge the peri-implantitis is already in 

advantaged stage. Nevertheless, the associated bone loss, even if the peri-implantitis 

remains undiagnosed does not lead to the loss of implant stability even after 5 years of 

the placement of the implant. Frasson et al. demonstrated that the bone loss in the first 

year of peri-implantitis was 1.62 ± 0.32 mm. In the following years, the rate of bone loss 

was non-linear, and it never exceeded 6mm even after 5 years. Taking into consideration 

that the average length of an implant is about 10-14mm, thus the 6 mm loss of the 

surrounding bone does not result in implant loosening, usually. Nonetheless, if and until 

the peri-implantitis and the associated bone loss does not cause symptoms/complications 

for the patient the implantation regarded successful according to the current approach. It 

is also noted that it is assumable that a significant fraction of peri-implantitis cases 

remains unknown because of the lack of compliance of patients who are reluctant to 
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attend medical controls. In conclusion, the long-term follow-up patients who received 

dental implants would be essential in longitudinal studies to obtain credible data on the 

epidemiology peri-implantitis (119).  

 

2.4.4.2 Ethical barrier to gather objective epidemiological data on peri-implantitis 

In the course of the preparation of medical records, the medical staff is required 

to pay attention to the sufficient documentation of the clinical picture. The medical 

records are supposed to be objective, especially if the clinical picture is a presumed 

complication that is associated with an earlier intervention of other professionals. In 

general, the medical diagnosis is supposed to be the objective documentation of a clinical 

picture by using terms that are comprehensible and unambiguous for professionals who 

work in the same domain. Nevertheless, the explanation of the cause and effect 

relationship on the medical record is prohibited by medical ethics. There is an exemption 

from this if the disclosure of the causal relationship between the clinical picture and the 

causative is related to the own work of the diagnostician. However, this rarely happens 

owing to the fear of detrimental consequences. But if the complication may be associated 

with an earlier intervention of another professional the diagnostician is not allowed to 

extrapolate to the causative reason of the clinical picture, but the objective diagnosis 

should be recorded, only. For example, if cement pieces are identified in the sulcus based 

on X-ray and the pieces are removed afterward providing objective evidence of cement 

leakage in the course of the fixation of the crown, not more than the following diagnosis 

may be recorded: ‘peri-implantitis, foreign material in the sulcus’. Obviously, without the 

analysis of the chemical composition of the foreign body, the dentist cannot be sure that 

it is cement or other material. But even if it is cement only forensic dentists have the right 

to state that the clinical picture, that is, peri-implantitis is the consequence of an earlier 

inappropriate intervention. 

This practice makes sense though, but it also elevates barrier for the 

comprehensive documentation of the clinical picture making impossible to reveal the 

underlying reasons of secondary peri-implantitis for epidemiology studies. Ideally, this 

barrier might significantly be lowered by a guideline on medical records that provide 
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clear instructions on the extent and depth of clinical data to be documented to support not 

only the disease management but the epidemiology studies, as well. 

 

2.5 Improvement of the antibacterial property of dental implants  

There are various strategies and methods in place to improve the antibacterial 

attribution of dental implants (Figure 4). In my doctoral work I was studying polymer 

embedded silver and TiO2 nanoparticles.  

2.5.1 Polymer coatings  

Various synthetic polymers have been tried as dental implant materials because 

they have an aesthetic appearance, their elastic modulus is close to that of soft tissues, it 

is relatively easy to work with them compared to metals and they are more affordable 

than titanium (8, 129).  

Despite the several advantageous properties, polymer-based dental implants have 

never been brought to the market. Although the number of publications is limited on this 

domain; based on the available data it is assumable that synthetic polymers, at the current 

level of technology, may not be able to bear the mechanical forces of mastication, which 

might explain their ignoration as implant materials (8). Synthetic polymers are rarely 

regarded as potential coating materials of dental implants, as well. In the course of 

systematic literature search, only two papers have been found whose objective was the 

pre-clinical testing of polymer coatings. Smeets et al. developed a nano-silver containing 

polymer that showed antibacterial property in porcine model, albeit its osseointegration 

was poorer compared to the SLA control surface (130). Besides that, Slenters et al. 

demonstrated the in vitro antibacterial property of a silver containing L-¼ ethanediyl 

bis(isonicotinate)-based polymer on the surface of titanium against S. Sanguinis (131). 

No further relevant publication was found. 
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2.5.2 Coating of implant materials with antibacterial nanoparticles 

 Antibacterial coatings on medical devices have recently been in the focus of 

research. Because of the overuse of antibiotics and the consequential spread of antibiotic-

resistant bacterial strains, new approaches are being searched for preventing and treating 

infections that occur around implantable medical devices. Antibacterial surfaces are 

supposed to prevent bacterial attachment or kill bacteria that come to contact with the 

surface. Depending on the underlying mechanism of action two antibacterial surface 

types have been defined, i.e. anti-biofouling and bactericidal surfaces (132). Anti-

biofouling surfaces usually characterized by special topography that prevent bacterial 

attachment and so biofilm formation. In contrast, bactericidal surfaces instantly kill 

bacteria upon contact. Ideally, an antibacterial surface of an implantable medical device 

has selective toxicity for pathogenic microorganisms, while it does not influence the 

physiologic function of stromal cells (133). 

 

2.5.3 Medical use of silver and TiO2 nanoparticles 

In the dental material industry, TiO2 is mostly known for the biocompatible 

surface of titanium implants. Currently, TiO2 nanoparticles (NPs) are mostly investigated 

in resin-based composite materials and ceramics that are used for restorations, which are 

in contact with the oral cavity and oral mucosa (134-136). TiO2 NPs are present in 

bleaching materials and toothpaste, too (137). TiO2 NPs may also be used as antibacterial 

agents because of their strong oxidation activity and superhydrophilicity (138). In 

addition, the photocatalytic property of TiO2 NPs is utilized in many fields of the industry, 

like water and air purification and for self-cleaning surfaces, however, this feature 

remained untapped in medical applications. 

Silver nanoparticles (AgNPs) have already carefully been used in medical 

applications. Currently, AgNPs are mainly used externally in contact with skin or mucosa, 

like surgical sutures, wound dressings or surgical meshes. Concerning dental 

applications, AgNPs are components of poly-methyl-metachrylate (PMMA) removable 

dentures, silicon-based soft reliners and orthodontic adhesive materials that are or may 
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be in contact with the mucosa in the oral cavity. We can find AgNPs in bisGMA-

TEGDMA based filling materials that can interact with dental pulp, and in endodontic 

rinsing solutions that can interact with the bone and the periodontal ligaments (48). Beside 

dental applications, there are more invasive applications of AgNPs, like coatings on the 

surface of central venous catheters and urinary catheters with the aim at preventing 

infections (48, 139). 

 

2.5.4 Antibacterial property of silver nanoparticles 

 The practical relevance of AgNPs as antibacterial agents derives from the problem 

of the spreading antibiotic resistance of pathogenic bacteria. Silver ion has innate wide-

spectrum antibiotic property that may make it a good candidate as an alternative or 

complementary substance to the currently available antibiotics. The antibacterial property 

of AgNPs may be influenced by the size and the physicochemical properties of the 

nanoparticles, and the type of bacteria (139). Recent findings suggest that under in vitro 

experimental conditions the antibacterial effect of AgNPs may be related to the cellular 

uptake of the NP by the bacteria. This mechanism assumes that AgNPs exert their 

cytotoxic effect intracellularly causing oxidative stress by the release of free radical (139).  

Recently, it has been observed that immobilized AgNPs may retain their 

bactericide behaviour. This phenomenon is referred as contact antibacterial property of 

AgNPs that are permanently anchored to the surface of a bulk material. The nanoparticles 

dramatically increase the surface area of a bulk material creating high contact area to 

attack the bacterial cell wall. Contact of the bacterial membrane and the AgNP results in 

physical damages of the cell wall. AgNPs can anchor to the cell wall, infiltrate it and this 

leads to bacterial damage and cell death. The findings of electron spin resonance 

spectroscopy studies suggest that the anchored AgNPs retain their ability to trigger the 

formation of ROS that are responsible for the destruction of the bacterial cell wall and 

membrane (140, 141). Agnihotri et al. showed that immobilised AgNPs show stronger 

antibacterial effect than silver plates and silver colloid (142).  
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AgNPs are in focus of recent researches for improving the antibacterial properties 

of the surface of dental implants. The known studies are mostly in pre-clinical stage, very 

few clinical studies are available (based on database search). Juan et al. developed AgNP 

containing titanium surfaces that were effective against Staphylococcus aureus and 

Escherichia coli in in vitro experiment (143). Zhao et al. incorporated AgNPs to titanium 

nanotubes and tested antimicrobial activity against Staphylococcus aureus and 

biocompatibility with primary rat osteoblasts. They found that AgNPs could be good 

candidates to prevent implant associated infections, but are still not expectable to act as 

long as needed in smaller doses that are not cytotoxic (144). According to our best 

knowledge there is no AgNP containing implant surface on the market yet or even in 

clinical study phase in relation to dental or orthopaedic applications.  

 

2.5.5 Preliminary results of our research team 

Other members of our research team developed photochemically and 

photobiologically active nanocomposite polymers which originally were intended for 

environmental application such as self-cleaning surfaces (145). Some of them showed 

considerable in vitro antibacterial property that raised the possibility of their medical 

applications.  

Poly(ethyl-acrylate-co-methyl methacrylate) polymer matrix (referred to as p(EA-

co-MMA)) was created in which photocatalytic nanoparticles were dispersed. The 

performance of two photocatalysts were investigated: i) P25 TiO2 nanoparticles (NPs) 

(Degussa-Evonik), and ii) silver nanoparticles (AgNPs) coupled with P25 TiO2 NPs (Ag-

TiO2). The silver coupling enhances the innate photocatalytic activity of TiO2 NPs by 

changing their optical properties and electric structure allowing the absorption of photons 

in the UV-VIS range (Figure 5). Owing to this feature 90% of Staphylococcus aureus 

colonies could be eliminated from the surface the Ag-TiO2 containing p(EA-co-MMA) 

polymer (1.25 mg/cm2) after 15 minutes illumination by using an ordinary light source 

having emission in UV-A/VIS range (Figure 6). Interestingly, the TiO2 and Ag-TiO2 

showed some contact antibacterial property without photoinduction (in dark). Concerning 

Ag-TiO2 containing nanocomposite, the authors discerned that the contact antibacterial 
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property might have been caused by releasing silver ions from the surface of the 

nanocomposite polymer (Figure 7).  

The XPS spectra confirmed the presence of Ti, O and C atoms on laser-ablated 

surfaces (Figure 8). These elements are typically observed on investigated surfaces and 

the positions and intensity of the O 1s and Ti 2p peaks prove the presence of an intact 

TiO2 layer (146, 147). Trace amounts of Al could also be detected as a result of the 

process of sample fabrication. In general, the laser treatment altered the surface chemistry 

in only a few respects. The C 1s signal indicates the presence of carbonaceous 

contamination presumably because of carbon-containing molecules that remained on the 

surface after chemical cleaning or adsorbed from the ambient air (148, 149). 

Representative high-resolution Ti 2p spectra of control and laser-treated Ti samples are 

depicted in Figure 9. The core level spectrum displays two characteristic peaks, at 458 

eV and at 464 eV, corresponding to the positions of the Ti 2p3/2 and Ti 2p1/2 peaks, 

respectively (Figure 9A). This confirms the presence of an intact TiO2 layer on the control 

samples (149). For the Nd:YAG laser-treated samples, two shoulders appear at binding 

energies of 454.7 and at 456.5 eV (Figure 9B). These can be assigned to Ti3+ and to 

metallic titanium (150). This suggests that, besides a thin TiO2 layer, Ti3+ and metallic 

forms of titanium are present on the Nd:YAG laser-treated samples. In the case of the 

excimer laser irradiated samples only a small shoulder can be observed at 456.9 eV 

(Figure 9C) (13). 
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Figure 5 shows the UV-VIS absorption spectra of TiO2 and Ag-TiO2 photocatalysts (without polymer 
matrix) and p(EA-co-MMA) polymer (without embedded photocatalyst). Owing to the silver 
photodeposition an absorption band appeared on the spectra between 400 and 550 nm with a maximum of 
455 nm, which indicates the plasmonic effect of the silver nanoparticles. Figure and legend are reprinted 
from reference (145). 

 

 

 

Figure 6 shows the antibacterial activity of p(EA-co-MMA) layers with varying amount (catalyst = 0 – 
1.25 mg/cm2) of TiO2 (A) and photo-deposited (PD) Ag-TiO2 (B) photocatalysts against methicillin 
resistant Staphylococcus aureus under visible light irradiation. It was observed that increasing the catalyst 

Methods

Diffuse reflectance spectra of the photocatalyst powders and
the photocatalyst/polymer nanocomposite films were
recorded by CHEM 2000 UV–vis (Ocean Optics Inc.) spec-
trophotometer equipped with an integrated sphere.

X-ray photoelectron spectra (XPS) were recorded with a
SPECS instrument equipped with a PHOIBOS 150 MCD 9
hemispherical electron energy analyzer operating in the FAT
mode. The excitation source was the Kα radiation of a magne-
sium anode (hν=1,253.6 eV). The X-ray gun was operated at
220 V power (14 kV, 15mA). The pass energy was set to 20 eV,
the step size was 25meV, and the collection time in one channel

was 100 ms. Typically five scans were added to get a single
spectrum. The C 1s binding energy of adventitious carbon was
used as energy reference; it was taken at 285.1 eV. For data
acquisition, both manufacturer’s (SpecsLab2) and commercial
(CasaXPS, Origin) software were used. TEM images were
taken by Philips CM 100 transmission electron microscope.

Advancing and receding CAwere measured by use of the
automatic measurement device based on the tilting plate meth-
od at 30° tilt angle. Wetting properties of the as-prepared and
5, 10, 30, 60, and 120 min pre-irradiated photocatalyst/
polymer nanocomposite films were investigated by drop
shape analysis System (EasyDrop, Krüss GmbH, Hamburg,
Germany), equipped with an Peltier temperature chamber and
a syringe steel needle of 0.5-mm diameter, under atmospheric
pressure. The Peltier temperature chamber helped to minimize
evaporation and ensure constant temperature (25.0±0.5 °C).
The test liquid was double distilled and deionized water from
a Q-Millipore system. With the use of a syringe, a sessile drop
of water was formed at the tilted plate. After the formation of
sessile drop, photographs were taken with the CCD camera of
the goniometer and downloaded to a personal computer for
analysis. The applied recording rate was 2.77 frames/s. To
determine the CA, the drop contour was mathematically de-
scribed by the Young–Laplace equation using DSA100 soft-
ware, and the CAwas determined as the slope of the contour
line at the three-phase contact point.

Attenuated total reflection Fourier transform infrared spec-
troscopy measurements were performed in a Biorad FTS-60A
FTIR spectrometer by accumulation of 256 scans at a resolu-
tion of 4 cm−1 in the range of 4,000–400 cm−1.

The surface structure of the films was examined by AFM
images taken on a Nanoscope III Atomic Force Microscope
from Digital Instruments with a piezo scanner capable of a
deflection of 12.5μm in directions x and y and 3μm in direction

Fig. 1 UV–vis absorption of TiO2 and Ag-TiO2 photocatalysts (without
polymer) and pure p(EA-co-MMA) polymer films

Fig. 2 UV–vis absorption of Ag-
TiO2 film (without polymer)
consecutively irradiated a by UV
rich light (λmax=254 nm) then b
by Vis-rich light (λ =450 nm) for
0–60 min
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Figure 6. Antibacterial activity of p(EA-co-MMA) layers with varying amount (ccatalyst = 0 – 1.25 mg/cm2) of TiO2 (A.) and PD Ag-TiO2
(B.) photocatalysts against methicillin resistant Staphylococcus aureus under visible light irradiation.

To confirm this assumption the photocatalytic
bactericidal activities of PD and HC Ag-TiO2 samples
were compared under irradiation with visible light and
in dark condition (Figure 7 A and B, respectively). The
tests were performed on p(EA-co-MMA) film without
any photocatalysts as reference. It is clearly seen that
considerably higher bactericidal effect was obtained
for Ag-TiO2 composite films than for pure polymer
film under visible irradiation. 99.85% and 90% of the
bacteria have been destructed by PD Ag-TiO2 and by
HC Ag-TiO2 composite films, respectively, after 30
minutes of irradiation. (Figure 7 A). However in dark
condition, PD Ag-TiO2 composite film destroyed only
10% of bacteria, while HC Ag-TiO2 composite film
destroyed 90% of bacteria after 30 minutes, which is
the same as under irradiation. (Figure 7 B). Since PD
Ag-TiO2 performed much better under irradiation, we
can conclude that the photocatalytic effect played the
leading role in the destruction of bacteria. However,
HC Ag-TiO2 destroyed the same amount of bacteria
under both conditions. These let us assume that in the
latter case the dissolute silver ions caused the anti-
bacterial effect. Heterocoagulation is a more simple
method to prepare Ag-modified TiO2, however as the
results show HC Ag-TiO2 cannot be used as successful
for photocatalytic purposes as the PD Ag-TiO2.

In PD Ag-TiO2 the silver nanoparticles are firmly
attached to the polymer matrix in the composite films.
This way the release of silver nanoparticles to the
environment is limited and only silver ions are released.
To confirm this assumption a silver release test was

performed by potential measurements (Figure 8). We
found that the silver ion concentration released in 100
ml distilled water from p(EA-co-MMA) based PD Ag-
TiO2 composite film (124 cm2) was ~ 0.1 ppm (~ 1.4%
of total Ag amount) after 1 week of immersion. As
comparison, Zhao and Stevens reported that for a
bacterial population of 104–5 E. coli bacteria, the growth
inhibitory concentration of silver ions was 9.45-18.90
μM (1.02-2.02 ppm), whereas Schreurs and Rosenberg
revealed that a concentration of 2 μM (0.22 ppm)
silver ions caused inhibition of phosphate exchange
between growth media and E. coli bacteria indicating
damages to the cells (31, 32).

Next we compared the photocatalytic bactericidal
effects of photocatalysts: TiO2, functionalized with
silver or phosphate (Ag-TiO2, P-TiO2) and co-
functionalized with silver+phosphate (Ag-P-TiO2 on
p(EA-co-MMA) (hydrophilic) and p(Bi. A-co- Ech.)
(hydrophobic) composite films on the same MRSA
strain. (Figure 9 A and Figure 9 B). Photocatalysts
showed better antibacterial activities on the hydrophilic
polymer than on hydrophobic as it can be seen in
Figure 9 B., although the latter polymer is toxic for
the bacteria, since it killed up to 30% of MRSA in 15
minutes with and without any irradiation.

Among hydrophilic composite films, PD Ag-TiO2
had the highest antibacterial activity destroying 90%
of the bacteria population in 15 minutes (Figure 9 A),
while TiO2 and P-TiO2 composite films destructed 45%
and 35% of bacteria, respectively. Ag-P-TiO2 was
found to be the less active (0% activity in 15 minutes).
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content in the polymer resulted higher antibacterial activities in both cases. The highest activity was 
observed at 1.25 mg/cm2 catalyst surface concentration for both photocatalysts. After 15 minutes of 
irradiation the Ag-TiO2 photocatalyst thin layer inhibited the growth of 90% of the bacteria, while TiO2 
inhibited only 80%. The antibacterial tests were performed on films containing 1.25 mg/cm2 photocatalyst 
under dark condition for reference. The results revealed that the bactericidal effect was more pronounced 
under light irradiation than in dark on TiO2 and on PD Ag-TiO2 on both polymers. Figure and legend are 
reprinted from reference (145). 

 

 

 

Figure 7 shows the percentile amount of dissolute Ag+ released from p(EA-co-MMA) based Ag-TiO2 
catalyst film (Afilm= 124 cm2, 1.25 mg/cm2 specific catalyst content). Figure and legend are reprinted from 
reference (145). 
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Figure 7. Antibacterial activity of p(EA-co-MMA) layers, containing PD and HC Ag-TiO2 catalysts (ccatalyst = 1.25 mg/cm2), against
methicillin resistant Staphylococcus aureus under visible light irradiation (A.) and in dark condition (B.).

Figure 8. The percentile amount of dissolute Ag+ released from
p(EA-co-MMA) based Ag-TiO2 catalyst film (Afilm= 124 cm2,
1.25 mg/cm2 specific catalyst content).

Nevertheless, after 60 minutes all the hydrophilic
composite films killed the bacteria under visible light.
Among hydrophobic composite films Ag-P-TiO2
destroyed 99.97%; P-TiO2 and Ag-TiO2 films destroyed
all the bacteria population by the end of irradiation (90
minutes).

The Effect of Hydrophilicity of Composite Films
Comparing the photooxidation efficiencies (Figure

5) and bactericidal activities (Figure 9) of hydrophilic
and hydrophobic composite films, the hydrophilic
p(EA-co-MMA) based photocatalyst films were much
more efficient. This fact proves the important role of
the polymer’s surface character, so the decreasing
contact angle values of p(Bi. A-co- Ech.) (Figure 10
A) and p(EA-co-MMA) (Figure 10 B) based composite
films containing TiO2 and Ag-TiO2 surface photo-
catalysts were also examined as a function of
irradiation time. We found that the contact angle values
decreased on both polymers. This has two reasons.
First is the well-known photoinduced superhydrophilic
property of TiO2 surface (33, 34). On the other hand,
the polymer support was photodegraded during the
irradiation, so the photocatalyst particles become free
from upper polymer layer resulting lower contact
angle values (so-called light razor effect). The contact
angle values rapidly decreased in the first five minutes
of the irradiation then the change slowed down or set
to a constant value. On the hydrophobic composite
films the contact angle values decreased from 109 and
128 ° to 80 and 15° (for TiO2 and Ag-TiO2, respec-
tively). The contact angle values of the hydrophilic
composite films were significantly lower 27 and 14°
than that of the hydrophobic films and decreased to
2° (TiO2) and 0.5° (Ag-TiO2) by the end of irradiation
(t = 60 min). This also proves that the photocatalyst is
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Figure 8 shows the representative XPS spectra of (A) sandblasted/acid-etched surface (control), (B) a 
Nd:YAG laser-ablated surface (200 laser shots at a fluence of 1.3 J/cm2, FWHM = 10 ns) and (C) a KrF 
excimer laser-modified surface (2000 pulses, FWHM = 18 ns, fluence = 0.4 J/cm2) (151). 

 

 

Figure 9 shows the representative high-resolution XPS spectra with Ti 2p lines concerning (A) control, (B) 
Nd:YAG laser-treated and (C) a KrF laser-treated surfaces (151). 
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2.5.6 Photocatalytic activity of TiO2 nanoparticles  

Typically, TiO2 is an n-type semiconductor because of oxygen deficiency. The 

band gap is 3.2ev for anatase and 3.0 for rutile. They are the two most often polymorphs 

of TiO2 (152). In photocatalysis, electromagnetic radiation, e.g. light of energy greater 

than those band gaps excites an electron from the valance band to the conduction band. 

The excitation of an electron to the conduction band creates a positive hole in the valance 

band. Charge carriers, i.e. positive holes and excited electrons initiate redox reactions 

through the oxidation of adsorbed H2O and organic molecules creating reactive oxidizing 

species (ROS), like hydroxide and organic radicals. This mechanism may be responsible 

for the photocatalytic degradation of absorbed organic compounds, such as pyrogens and 

bacteria (Figure 10) (153). 

 

 

 

Figure 10 shows the scheme of TiO2 photocatalytic mechanism. Incident UV light excites an electron (e-
 ) 

from the valance band to the conduction band of TiO2. The charge carriers (positive hole and electron) 
initiate redox reactions via two simultaneous events: 1.) excited electron reduces surrounding electron 
acceptors, such as absorbed organic molecules; 2.) the photogenerated positive hole oxidizes the 
dissociatively absorbed water molecules. These reactions lead to the production of hydroxyl and organic 
radical anions that are responsible for photocatalytic reactions. The figure is an adaptation from reference 
(152).  

 

2.5.7 UV-VIS activated photocatalysis of Ag coupled TiO2 nanoparticles 

Coupling of TiO2 or deposition of silver on the surface of TiO2 semiconductor 

significantly enhances the photocatalytic efficiency even under visible light by decreasing 
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the recombination rate of the photogenerated electron-hole pairs. When recombination 

occurs, the excited electron reverts to the valance band without reacting with the absorbed 

molecules. Silver acts as an electron trap, promoting interfacial charge transfer which 

lengthens the lifetime of charge carriers and therefore increases the chance for the 

production hydroxyl and organic radical anions (Figure 11). Gunawan et al. demonstrated 

the reversible photoswitching of nanosilver on TiO2 where reduced silver on a TiO2 

support exposed to visible light (> 450 nm) resulted in excitation and reverse electron 

flow from silver to TiO2 support, oxidizing silver (Ag0 ® Ag+) in the process. The visible 

light responsiveness was attributed to the surface plasmon resonance of silver 

nanoparticles (152).  

 

 

 

 

Figure 11 shows the overall scheme of the reversible and cyclic photoswitching of silver nanoparticles on 
TiO2. The visible component of the incident light excites an electron from metallic silver (Ag0) that flows 
to the conduction band of TiO2 and reduces adsorbed electron acceptor organic molecules. The ultraviolet 
component of the incident light excites an electron from the valance band to the conduction band of TiO2. 
The excited electron reduces Ag2O back to metallic state (Ag+ + e- ® Ag0) by reverse electron flow from 
TiO2 towards the coupled silver nanoparticle. The positive hole in the valance band of TiO2 oxidizes the 
absorbed water molecules yielding hydroxyl radicals. The figure is an adaptation from reference (154). 
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 OBJECTIVES 

 The long-term survival of dental implants is compromised by peri-implantitis. 

There are two approaches to prevent this:  

1.) Ensuring gap-free epithelial sealing around the implant to prevent the invasion of 

bacteria from the oral cavity; 

2.) Improvement of the antibacterial property of the surface of dental implants.  

 

3.1  Investigation of the in vitro biocompatibility of prosthetic materials with human 

epithelial cells 

The prerequisite of the prevention of primary peri-implantitis that is caused by 

bacterial invasion from the oral cavity is the adhesion of epithelial cells around the 

cervical part of the prosthetic abutment and the neck of the implant creating gap-free 

biological sealing. Various prosthetic materials have been in clinical use, but little is 

known about their biocompatibility with epithelial cells.  

The first objective of the present doctoral work was to investigate the in vitro 

biocompatibility of prosthetic materials.  

 

3.2 Investigation of the in vitro biocompatibility of laser ablated TiO2 surfaces 

Various strategies and technological approaches have been applied in order to 

create TiO2 surfaces of various roughness on titanium dental implants. The smoother TiO2 

surfaces facilitate the attachment of epithelial cells and so the development of epithelial 

sealing, while rough surfaces are supposed to support the secondary stability of the 

indwelling implants. In principle, the higher the secondary stability of the implant the 

lower the risk of micromotion induced secondary peri-implantitis. Laser ablation has been 

regarded as an innovative method that allows good control over the production of uneven 

TiO2 surfaces on titanium implants.  

The second objective of the present doctoral work was to investigate the in vitro 

biocompatibility of laser ablated TiO2 surfaces.  
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3.3 Investigation of the in vitro antibacterial property of nanocomposite polymers 

TiO2 surfaces with increased roughness are beneficial for the secondary stability of 

dental implants, albeit such surfaces show increased proneness for bacterial infections. 

The micro-size ditches and pits help the attachment of sporadic early-colonizer bacteria, 

which by multiplying themselves and producing biofilm may engulf the entire surface of 

the implant.  

The third objective of the present doctoral work was to investigate the contact and 

photocatalyzed antibacterial property of polymer embedded TiO2 and silver coupled TiO2 

nanoparticles on the surface titanium implant materials.  
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 MATERIALS AND METHODS 

4.1 In vitro biocompatibility of prosthetic materials with human epithelial cells 

4.1.1 Preparation of samples of prosthetic materials  

Cylindrical samples of 1.5 mm height and 9 mm diameter were prepared from 

lithium-disilicate (IPS e.max Press, Ivoclar Vivadent AG Germany), yttrium modified 

zirconium dioxide (5-TEC ICE Zirkon Translucent, Zirkonzahn GmbH Srl, Germany) 

and CoCr alloy (Remanium star, Dentaurum GmbH & Co. KG, Germany). Before 

examination, the samples (n = 20) were cleaned ultrasonically in 70% ethanol, each for 

15 min and subsequently rinsed in ultrapure water. The experiments with human 

epithelial cells were carried out on 5 samples per type at a time and experiments were 

repeated 4 times (155). As positive control, the proliferation of cells was measured in 

culture plates (data not shown). The justification of the relevance of the selected test 

materials is shown in Table 5 based on their clinical role.  

 

Table 5 shows the clinical relevance of the selected test materials.  

Material Clinical role 
CoCr alloy Base material of porcelain fused metal crowns that is the most 

used material for fixed (crown and bridge) restorations 
Lithium-disilicate Most frequently used metal-free aesthetic material for crown and 

short bridge restorations 
Yttrium modified 
zirconium dioxide 

Used as restorative and also implant material. 
Metal free solution for crowns and even full arch bridges. 

 

4.1.2 Culturing of human epithelial cells 

Adult epidermal epithelial cells were isolated and cultured from inflammation-

free oral mucosa of one healthy donor (age 18–46) undergoing dento-alveolar surgery. 

The protocol of the experiments was approved by the Human Investigation Review Board 

of the University of Szeged (No 130/2009). Complying with all ethical standards of 
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research in accordance with the Helsinki Declaration the subject enrolled in the research 

provided signed informed consent.  

Mucous membrane specimens were first washed in SalsolA solution (Human Rt, 

Gödöllő, Hungary) supplemented with 2% antibiotic, antimycotic solution (Sigma–

Aldrich GmbH, Germany). Overnight incubation in dispase solution (Grade II, Roche 

Diagnostics, Mannheim, Germany) was carried out at 48°C to separate the dermis from 

the epidermis (156). The following day, the epidermis was peeled off the dermis. The 

epidermis was then placed in 0.25% trypsin-EDTA solution (Sigma–Aldrich GmbH, 

Germany) for 5 min at 37°C. Following trypsinization, the epidermis was taken apart 

mechanically and washed vigorously to release epidermal cells. The epidermal cell 

suspension was centrifuged at 200 × g for 10 min at 4°C. The epidermal cells were then 

placed in 25 cm2 tissue culture dishes (Orange Scientific, Belgium). The oral epithelial 

cell culture medium consisted of keratinocyte serum-free medium with L-glutamine 

(Gibco BRL, Eggstein, Germany), supplemented with recombinant epidermal growth 

factor 2.5 mg/500 ml (Gibco BRL, Eggstein, Germany), bovine pituitary extract 25 

mg/500 ml (Gibco), L- glutamine and antibiotic/antimycotic solution containing 

penicillin G sodium 1%, streptomycin sulphate 1% and amphotericin B 0.0025% (Sigma–

Aldrich GmbH, Germany). Fresh culture medium was added to the cells three times per 

week. The primary epithelial cell cultures reached ~ 90% confluence in 8–16 days. 

Confluent primary cultures were treated with phosphate-buffered saline (pH = 7.4, Gibco 

BRL, Eggstein, Germany) and cells were harvested by a 2-4 min trypsinization with 

0.25% trypsin-EDTA solution (Sigma–Aldrich GmbH, Germany). Harvested cells were 

divided into 2–4 equal parts at passages. Cultures were grown at 37°C in a humidified 

atmosphere containing 5% CO2 (155). 

 

4.1.3 Investigation of the proliferation of epithelial cells on prosthetic materials  

AlamarBlue (AB) is a nontoxic, nonradioactive, water-soluble, readily detectable 

indicator dye used in a cell viability assay developed to measure the proliferation of 

various human and animal cell lines, bacteria and fungi. It incorporates a redox indicator 

that both fluoresces and changes colour in response to the chemical reduction of the 
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growth medium resulting from cell growth. The living cell number was determined 

through the reduction of resazurin with absorbance-based instrumentation. Cells were 

cultured on the discs in 48-well plates at a density of 104 cells/well. The culture medium 

was changed to RPMI 1640 medium without phenol red (PAA Laboratories GmbH, 

Austria) after 24h or 72h with AB (AbDSerotec, United Kingdom) added at a final 

concentration of 10% according to the manufacturer’s recommendations, and the cells 

were incubated for three and a half hours under standard culturing conditions. OD570 and 

OD600 were measured by a Multiskan Spectrum spectrophotometer (Thermo Labsystems, 

Vantaa, Finland) and Skanit Software 2.4.2 RE (Thermo Labsystems, Vantaa, Finland). 

The summary of the experimental setting is shown in Table 6.  

 
Table 6 shows the experimental setting of the biocompatibility test of restorative dental materials.  
 

Materials Cell type Assay 
Lithium-disilicate 

Human oral mucosa derived 
epithelial cells Alamar Blue Yttrium modified zirconium 

dioxide 
CoCr alloy 

 

4.1.4 Statistical analysis  

The proliferation of adhered cells was expressed as the percentage change in the 

reduction of AB, which was calculated from the OD570 and OD600 values for each well 

according to the protocol provided by the manufacturer. After normality testing the data 

were compared via one-way analysis of variance (ANOVA), followed by the LSD, Sidak 

and Dunnett post hoc tests to determine statistical differences after multiple comparisons 

(SPSS 17.0, IBM Corporation, Armonk, NY, USA). Comparison of the 24h (attachment) 

and 72 h (proliferation) observations was carried out with Student’s t-test for paired 

samples. A probability value of p < 0.05 was considered as statistically significant (155).  
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4.2 In vitro biocompatibility of laser ablated TiO2 surfaces 

4.2.1 Preparation of titanium discs 

For the experiments 1.5 mm thick, 9 mm in diameter discs were cut from 

commercially pure (CP4) titanium rods (Daido Steel, Japan). After degreasing the discs 

were subjected to sandblasting with aluminium oxide of 150 µm grain size (FINO, 

Germany) and then to acid etching with nitric acid (Reanal, Hungary). Before further 

processing the samples were cleaned ultrasonically in acetone then in 70% ethanol for 15 

min and finally rinsed in ultrapure water (13, 151). 

 

4.2.2 Surface ablation with a Nd:YAG laser 

A frequency-doubled Q-switched Nd:YAG laser (Guangzhou Gabriel Optic-

Electronic Co., Ltd, China; λ = 532 nm, FWHM = 10 ns) was used for the ablation of 

titanium discs (n = 80). In the first experiments, two parameters were varied 

independently. The incident fluence was varied in the range 1-1.5 J/cm2, and the laser 

energy was adjusted by placing neutral filters in the beam path. The surface modifications 

were performed with 200, 300 or 400 shots of pulses. The optimal fluence and the number 

of laser pulses were then selected based on the preliminary SEM measurements: the 

visible beam was imaged onto the surface of the samples by a fused silica lens (f = 10 

cm) and the applied fluence was 1.3 J/cm2. A 3.6 mm2 area on the sample surface was 

illuminated by a series of 200 laser pulses under atmospheric conditions. The beam 

energy at the target surface was monitored by the display of the laser using a calibration 

curve (13). 

 

4.2.3 Surface ablation with a KrF excimer laser 

Further experiments were performed with a ns KrF excimer laser beam (LLG 
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TWINAMP, Laser Laboratorium, Göttingen, Germany, λ = 248 nm, FWHM = 18 ns), 

using fluence in the interval 0.4-0.6 J/cm2, and a number of pulses ranging from 500 to 

2000. A square aperture that cut out the most homogeneous part of the beam was imaged 

onto the surface of the titanium samples by a fused silica lens with a focal length of 20 

cm. As in the case of the Nd:YAG laser treatment, the optimal fluence and the number of 

laser pulses were selected on the basis of the preliminary SEM measurements. The 

applied fluence on the titanium surface was 0.4 J/cm2, the illuminated area was 10.5 mm2 

and the number of pulses was 2000 under atmospheric conditions. The laser beam energy 

at the sample was monitored by calibrated energy measurement of a reference beam, 

coupled out by a fused silica plate. In total, 80 discs were treated (13). 

4.2.4 Microscopic investigations of the laser ablated titanium surfaces 

The surface structure of the samples was first observed by means of an optical 

microscope (Nikon Eclipse 80i, Japan). High-resolution secondary electron images were 

then recorded with a scanning electron microscope (Hitachi S4700, Japan). For better 

spatial visualization of the structures all samples were tilted at 75° during SEM. 

For quantitative surface roughness determinations atomic force microscope 

(AFM) was applied (PSIA XE-100 instrument, PSIA Inc., South Korea). The tips were 

single-crystal silicon cantilevers (type: N, NSG01 series with Au conductive coating, 

resonant frequency 87-230 kHz, force constant 1.45-15.1 N/m) purchased from NT-MDT 

(Russia). The measurements were performed in tapping mode, and the height, deflection 

and 3D images with areas of 10 × 10 μm and 5 × 5 μm were captured. Ra values were 

determined as the arithmetic average of the surface height relative to the mean height by 

the AFM software program on the basis of at least 6 independent measurements (13). 

 

4.2.5 Culture of osteoblast-like MG-63 cells 

Osteoblast-like MG-63 cells were obtained from the European Collection of Cell 

Cultures (157). The frozen ampoule was transferred to a 37°C water bath for 1-2 min. 

The contents of the ampoule were centrifuged in phosphate-buffered saline (PBS) (PAA 



 49  

Laboratories GmbH, Austria), and foetal bovine serum (FBS) (PAA Laboratories GmbH, 

Austria) solution. Harvested cells were pipetted into a 125-cm2 flask containing 15 ml 

medium. After 2– 3 days, the culture was confluent and the cells were passaged into 2–4 

flasks. The MG-63 cell culture medium consisted of Eagle's minimal essential medium 

(EMEM) (Sigma-Aldrich GmbH, Germany), 1% glutamine, 1% nonessential amino acids 

(Sigma-Aldrich GmbH, Germany) and 10% FBS. The MG-63 cell cultures reached ~ 

70% confluence in 2– 4 days. Confluent cultures were rinsed twice with PBS (pH = 7.4, 

Gibco) and the cells were harvested by a 2-4-min trypsinization with 0.25% trypsin-

EDTA solution (Sigma-Aldrich GmbH, Germany) with centrifugation. Harvested cells 

were divided into 6–12 equal parts at passages. Cultures were grown under standard 

conditions at 37°C under a humidified atmosphere containing 5% CO2 (13). 

 

4.2.6 Cell attachment and proliferation on laser ablated TiO2 surfaces 

The control and treated titanium discs were cleaned with acetone and then with 

alcohol and sterilized on both surfaces under UV-C radiation (20 min) before the MG-63 

cell culturing experiments. Onto each disc 104 MG-63 cells in 0.5 ml medium were seeded 

in 48-well cell culture plates. The same amount of cells was seeded on wells that did not 

contain titanium discs. The ideal number of cells to be used per disc was determined in 

preliminary calibration experiments. Cells representing passage numbers of 12–17 were 

used for all assays. The cell adhesion was determined at 24h and the cell proliferation at 

72h. Four parallel experiments were performed, and 5 samples were used for each 

treatment and for each assay (13). 

 

4.2.6.1 MTT assay 

The growth of cultured MG-63 cells was measured by means of a colorimetric 

assay which determines the living cell number via the reduction of MTT (Sigma Aldrich 

GmbH, Germany) (158, 159). Cells were seeded onto the titanium discs in 48-well plates 

at a density of 104 cells/well and grown on the discs in culture medium for 24h or 72h. 
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The supernatant was removed and replaced with 0.5 mg/ml MTT solution in RPMI 1640 

media without phenol red. After incubation for 4h under standard culturing conditions the 

medium was gently removed from each well and the crystallized formazan dye was 

solubilized with 0.04M HCl in absolute isopropanol and 10% sodium dodecylsulfate. The 

optical density of the solution at 540 nm (OD540) was determined with a Multiskan Ex 

spectrophotometer (Thermo Labsystems, Vantaa, Finland) and Ascent Software (Thermo 

Labsystems, Vantaa, Finland) (13). 

 

4.2.6.2 AlamarBlue assay 

Cells were cultured on the discs in 48-well plates at a density of 104 cells/well. 

The culture medium was changed to RPMI 1640 medium without phenol red (PAA 

Laboratories GmbH, Austria) after 24h or 72h with AB (AbD Serotec, United Kingdom) 

added at a final concentration of 10% according to the manufacturer's recommendations 

and the cells were incubated for 3.5h under standard culturing conditions. OD570 and 

OD600 were measured by a Multiskan Spectrum spectrophotometer (Thermo Labsystems, 

Vantaa, Finland) and Skanit Software 2.4.2 RE (Thermo Labsystems, Vantaa, Finland) 

(13, 160). 

 

4.2.7 Investigation of osteogenic differentiation on laser ablated TiO2 surfaces 

Onto the surface of the discs 104 MG-63 cells in 0.5 ml osteogenic differentiation 

media were seeded in 48-well plates. Osteogenic differentiation media consisted of 

MEM-α, 15% FBS, 10-8 M dexamethasone, 50 μg/ml L-ascorbate phosphate, 5 mM β-

glycerophosphate, and 1.8 mM monopotassium phosphate. Cells were incubated for 3 or 

7 days in 37°C air containing 5% CO2. ALP activity was determined by the hydrolysis of 

p-nitrophenyl phosphate in 2-amino-2-methyl-1-propanol buffer, pH 10.4, at 37°C for 30 

min. Absorbance was measured at 504 nm wavelength with a Multiskan Ex 

spectrophotometer (Thermo Labsystems, Vantaa, Finland) and Ascent Software (Thermo 

Labsystems, Vantaa, Finland) (151). 
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4.2.8 SEM investigation of cells on laser ablated TiO2 surfaces 

SEM measurements were performed on two samples of each sort of surface 

modification. After the cleaning process the discs were sterilized thermally. Cells were 

placed on the discs at a density of 104 cells in culture media. Attachment was observed 

after 24h. The samples were subsequently dehydrated in graded ethanol and acetone and 

dried in critical point dryer (type SPI 1320). Mounted specimens were gold-coated by 

using an Edwards sputter coater and investigated by scanning electron microscope 

(Hitachi S 2400) (13). 

 

4.2.9 Statistical analysis  

The arithmetic means ± the standard error of the mean (σx̄ ) were calculated for the 

Ra (nm) values measured by AFM. For the MTT method, the mean OD540 ± σx̄ is given. 

In the AB method, the percentage reduction of AB was calculated from the OD570 and 

OD600 data by the given protocol. After normality testing the data were compared via one-

way analysis of variance (ANOVA), followed by the LSD, Sidak and Dunnett post hoc 

tests to determine statistical differences after multiple comparisons (SPSS 17.0, SPSS, 

Chicago, Illinois, USA). A probability value of p < 0.05 was considered to be statistically 

significant (13).  

 

4.3 In vitro antibacterial property of nanocomposite polymers 

4.3.1 Preparation of Ag/TiO2/polymer nanohybrid coatings on titanium discs 

As a starting material, standard photocatalyst TiO2 (Degussa P25, Evonik, Germany) with 

a specific BET surface area of 50 m2 /g was used without any treatment. In the first step 

of the preparation, Ag nanoparticles were placed onto the surface of TiO2 by 

photodeposition. In this process TiO2 powder was dispersed in AgNO3 (Molar, Hungary) 
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solution to obtain Ag-TiO2, then 2-propanol (Molar, Hungary) was added as a sacrificial 

donor to promote the photoreduction of Agþ ions under UV light illumination by a 300 

W Xe-lamp (Hamamtsu L8251, Japan) under 1 h continuous stirring. The prepared Ag-

TiO2 photocatalyst contained 0.5 wt% surface silver nanoparticles. The detailed process 

of the Ag-TiO2 synthesis was described in our earlier publications (161). Dodecyl-sulfate 

(DS) surfactant molecules were used in 10 wt% to provide hydrophobic character to the 

photocatalyst particles and increase the dispersibility of the originally hydrophilic 

photocatalyst particles in the polymer film. The hydrophobically modified TiO2 and Ag-

TiO2 samples were denoted as DS-TiO2 and Ag-DS/TiO2, respectively. During the 

preparation of the DS-TiO2 and AgDS/TiO2 photocatalysts the negatively charged 

surfactant molecules were added to the positively charged TiO2 suspension at pH = 4.0. 

The photocatalysts were washed four times then dried and pulverised.  

The photocatalysts were then added to poly(ethyl acrylate-co-methyl 

methacrylate (p(EA-co-MMA)) solution to yield photocatalyst/polymer mass ratios of 

60:40. In order to avoid phase separation 2% polyacrylic acid was added to the dispersion 

as a chemical stabilizer. The polymer/photocatalyst dispersion was next sonicated for 30 

minutes and sprayed onto the surface of the titanium discs using an AD-318 spray gun 

(Alder, USA). Sandblasted/acid etched titanium discs were prepared according to the 

protocol detailed earlier. The resulting film coating was dried to a constant weight (3 ± 

0.1 mg/cm2) at elevated temperature (~120 °C). The detailed process of the synthesis was 

published in our earlier publications (145). After the preparation of the coating layers the 

discs were sterilized in a hot air sterilizer at 180°C for 45 min. Finally, the discs were 

subjected to UVC irradiation at 254 nm wavelength for 60 min in order to decompose the 

upper layers of the polymer bed to uncover the photocatalyst nanoparticles. After cleaning 

we had five different types of film on the surface of the titanium discs as they are shown 

in Table 7 (151). Schematic drawings of the NP containing surfaces are presented on 

Figure 12. 
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Table 7. Experimental groups. Dark set comprises the number of samples that were stored in dark, while 
light set comprises the number of samples that were subjected to UV-VIS irradiation in each experimental 
group.  
 
Surface types Group Dark set Light set 

Sandblasted and acid-etched surface (A) n=16 n=16 

p(EA-co-MMA) copolymer (B) n=16 n=16 

60wt% TiO2 : 40wt% copolymer (C) n=16 n=16 

60wt% DS-TiO2 : 40wt% copolymer (D) n=16 n=16 

60wt% Ag-TiO2 : 40wt% copolymer (E) n=16 n=16 

60wt% Ag-DS/TiO2 : 40wt% copolymer (F) n=16 n=16 

 

 

 

 

Figure 12. Schematic drawings of the NP containing surfaces. Figure is reprinted from reference (162) 

 

4.3.2 UV-Vis absorption spectroscopy 

The determination of the absorption spectra of the composite films was performed 

with NanoCalc 2000 Micropack spectrophotometer (Ocean Optics, USA) equipped with 

Ti disc Ti disc

Ti disc

P(EA-co-MMA)

TiO2

Ag nanoparticles

dodecyl-sulphate (DS) Ag nanoparticles
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an integrated sphere and HPX 2000 Mikropack high power xenon lamp. USB2000 diode 

array spectrophotometer (Ocean Optics, USA) was applied for the detection of 

absorbance. (151) 

 

4.3.3 SEM examination of the of Ag/TiO2/polymer nanohybrid coatings 

High-resolution secondary electron images were taken with a scanning electron 

microscope (Hitachi S4700, Japan) at 500-fold magnification. For the better spatial 

visualization of the surface structures the discs were rotated by 45° around their 

longitudinal (y) axis for image acquisition (151). 

 

4.3.4 Roughness measurements of the of Ag/TiO2/polymer nanohybrid coatings 

Profilometry measurements were performed with Veeco, Dektak 8 Advanced 

Development Profiler® (Veeco Instruments, USA). The tips had a radius of curvature 

~2.5 µm and the force applied to the surface during scanning was ~9.8 µN. The image 

resolution in the x (fast) and y (slow) scan direction was 0.167 µm and 6.35 µm, 

respectively. The vertical resolution was 40Å. On each sample the surface topography of 

500 x 500 µm area was recorded at six different places and the average roughness values 

(Ra) were calculated. Measurements were performed before and after the UVC irradiation 

of the surfaces (151).  

 

4.3.5 Contact angle measurements of the of Ag/TiO2/polymer nanohybrid coatings 

Contact angles were measured to examine the wettability of the surfaces before 

and after UVC irradiation. The wetting properties of the polymer based reactive 

composite films were investigated by EasyDrop contact angle measuring system 

(EasyDrop K-100; Krüss Gmbh., Germany). The sessile drop method was applied to 
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measure the contact angle. The measurements were carried out at room temperature and 

the contact angle values were determined before and after UVC irradiation (HPA 400/30 

SD type lamp; Philips, Hungary) (151). 

 

4.3.6 Isolation and characterization of S. salivarius 

S. salivarius was chosen as a model bacterium for the experiments because of its 

significant role as a primary colonizer in peri-implantitis. Clinical isolate of S. salivarius 

was used in this study offered by courtesy of the Institute of Clinical Microbiology, 

Faculty of Medicine, University of Szeged. The strain was kept at -80°C in Brain Heart 

Infusion (BHI) broth (Oxoid, UK) containing 12% (v/v) glycerol. The bacteria were 

cultured for 24 hours on Columbia based agar supplemented with 5% cattle blood 

(bioMérieux, S.A. Marcy l’Etoile, France) for characterization and further experiments. 

The characterization of the strain was performed with Microflex LT MALDI-TOF mass 

spectrometer (Bruker Daltonik, Bremen, Germany). Parameter settings were: linear 

positive ion mode with laser frequency of 60 Hz, mass spectrometry range 2-20 kDa. The 

sample preparation was performed by formic acid extraction method. Briefly, a single 

colony was transferred into an Eppendorf tube and suspended by pipetting up and down 

in 300μl double-distilled water. Then 900μl 96% (v/v) ethanol was added and the mixture 

was suspended again. The mixture was centrifuged for 2 min by 13000 r/min. The 

supernatant was removed, and the pellet was exsiccated at room temperature. The pellet 

was re-suspended in the compound of 10μl 70% aqueous formic acid and 10μl 

acetonitrile. After centrifugation 1μl of the supernatant was pipetted onto the MALDI 

target plate and 1μl of MALDI matrix (a solution of 10mg/ml α-cyano-4-

hydroxycinnamic acid in 50% acetonitrile/ 2.5% trifluoro-acetic acid) was added after 

drying to the sample at room temperature. The acquired data was automatically analysed 

by MALDI Biotyper 3.1 software and database (Bruker Daltonik, Bremen, Germany). 

The species-specific identification was performed according to the standard pattern 

matching approach based on the guidance of the user manual applying log(score) ≥ 2.0 

(151).  
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4.3.7 Antibacterial activity of Ag/TiO2/polymer nanohybrid coatings 

S. salivarius was introduced into 0.5 ml reduced BHI broth (Oxoid, Basingstoke, 

United Kingdom) in a density adjusted to McFarland standard 0.5. The bacteria were 

cultured with the coated and the control discs in 48 well plates for 4 hours under standard 

conditions at 37°C. The growth of S. salivarius on the surface of the discs was measured 

by means of MTT assay (Sigma Aldrich GmbH, Germany) (151).  

The coating of the titanium discs by photocatalyst containing polymer changed 

the optical properties of the surfaces as it was expected according to the preliminary 

results of the other members of our research team. The absorbance spectra of the coated 

surfaces is shown in Figure 13. As the result of silver coating, an absorption band 

appeared on the spectrum between 400 and 600 nm (visible range) with a maximum at 

455 nm (151).  

In order to investigate the photocatalysis mediated antibacterial property of the 

polymer nanohybrid coatings the experimental groups were divided into ‘light’ and ‘dark’ 

sets. In the ‘light’ set the discs were irradiated for 10 minutes at 37°C with UV-VIS light 

source using a 15W low-pressure mercury lamp with an intensity of 1.26 × 10-6 einstein/s 

in the VIS range (LightTech, Hungary). It has characteristic emission wavelengths mostly 

above 435 nm. However, it also has emission lines at 254, 353 and 393 nm but the 

intensity of these lines is significantly lower compared to that of visible range 

wavelengths. The emission spectrum of the light source is shown on Figure 13. In the 

‘dark’ or ‘control’ set the discs were kept in the dark at 37°C. Before irradiation the 

supernatant was removed from the wells and replaced with 0.2 ml phosphate buffer saline 

(PBS, PAA, United Kingdom) medium. After irradiation 10% 1 mg/ml MTT solution 

was added to the PBS solution. Following 4h incubation under standard conditions at 

37°C the medium was gently removed from each well and the crystallized formazan dye 

was solubilized in absolute isopropanol supplemented with 0.04M HCl and 10% sodium 

dodecylsulfate. The optical density of the solution (OD540) was determined at 540 nm 

with Organon Teknika Reader 530 (Organon Teknika, USA). Four (4) parallel 

experiments were performed including 4 samples per each experimental group as it is 

shown in Table 7 (151). 
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Figure 13. (a) Emission spectra of the UV-Vis light sources. The lower spectrum shows the emission lines 
of the UV light source that was used for the decomposition of p(EA-co-MMA) copolymer in the last step 
of the preparation of the samples. The upper spectrum shows the emission lines of both in the UV and VIS 
ranges of the light source that was used in the microbiology study for illumination. The low intensity 
emission lines can be observed at 254, 353 and 393 nm wavelengths. (b) UV-Vis absorption spectra of the 
experimental groups. The absorption spectra of the C-F experimental groups show large absorption band 
at 350 nm wavelength. Another absorption band appears on the absorption spectra of E-F groups in the VIS 
range between 400 and 550 nm with a maximum of 455 nm (151). 

 

 

4.3.8 Statistical analyses  

Quantitative results of the contact angle (CA, (°)), profile roughness of the surface 

(Ra, (μm)) and absorbance values (MTT, (1)) were analysed (151). 

Data was grouped according to the applied surface treatment and whether the 

surface was irradiated or not. For data exploration, group means and their 95% confidence 

intervals were calculated using appropriate t-distributions centered at the sample mean of 

a given measurement group, with standard deviation equal to the standard error of the 

measurement within the group and degrees of freedom equal to the sample size in the 

group less one (151). 
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Absorbance values were further analysed to isolate the effects of the different 

surface treatments and the effect of irradiation on absorbance levels. Comparisons were 

made within treatment groups between irradiated and dark samples as well as across 

treatment groups. Due to the large number of comparisons and the highly different 

variances across groups a Bayesian multilevel linear model was used for the analysis. The 

following model was fit to the data in Stan and the output was analysed in Python (151, 

163): 

!""# = %&'()&*(+&[#] + /&'()&*(+&[#]0# + 1&'()&*(+&[#]	×	#'')4#)&#5+[#]  

where  

!""# is measured absorbance for the 6 = 1…9 (198) samples,  

%&'()&*(+&[#] is the effect of surface treatment of the surface type present on sample i,  

/&'()&*(+&[#] is the effect of irradiation on the surface type of sample i,  

0# is the indicator variable showing if sample i was irradiated (1) or not (0), 

1&'()&*(+&[#] is the error term that is separately approximated for each surface type and 

irradiation condition.  

The parameters were sampled the following way: 
%:…;~Normal(D, FG)  /:…;~Normal(I, FJ)  1:…K;~9LM!NO(0, FQR:…K;) 

thus there are separate treatment, irradiation effects estimated for the K=6 (A-F) surface 

types and errors with different variances for the 2K=12 surface-irradiation combinations. 

The T (mean MTT absorbance for dark samples), C (mean effect of irradiation), σT, σC, 

σE scale hyperparameters are estimated from the data along with the %:…; , /:…; 

parameters of interest using Markov Chain Monte Carlo (MCMC) sampling in Stan. The 

hyperparameters were given minimally informative priors to constrain results to sensible 

ranges and aid sampler convergence. Sensitivity analysis was done to confirm 

priors(151). 

The result of interest of the MCMC sampling is an empirical joint posterior 

distribution for the %:…; , /:…;  parameters (mean surface treatment and irradiation 

effects), which allows direct comparison of the means as well as the actual measurements 

expected from future experiments. The probability distributions of the contrasts of the 

means as well as the predictive differences between individual measurements (containing 

data level variation) were calculated between and across treatment groups and irradiation 

conditions and were summarized by the 95% equal tailed probability intervals and 
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expected values of the distributions. These results are close to the values given by the t-

distributions used in the data exploration; however, they are not necessarily equal due to 

the difference in the interpretation of a Bayesian credible interval and classical confidence 

intervals. We used the joint posterior distributions of the parameters to simulate 

comparisons of absorbance for individual samples and superimposed the resulting 95% 

CIs on the group means to indicate data level uncertainty. Data tables and plots were 

prepared using R (151, 164).  
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 RESULTS 

5.1 In vitro biocompatibility of prosthetic materials with human epithelial cells 

5.1.1 Cell attachment and proliferation on prosthetic materials  

After 24 hours, the mean percentage reduction of AB was 21.7 ± 2.8% for the Li-

disilicate sample, 10.5 ± 3.0% for the zirconia samples and 12.3 ± 3.4% for the CoCr 

alloy sample. The highest cell attachment among the restorative materials was observed 

on Li-disilicate samples. Significant difference was found between attachment on 

zirconium-dioxide and Li-disilicate samples (p < 0.045 according to all post hoc tests). 

Li-disilicate showed the highest attachment (155).  

After 72h the reduction was 40.9 ± 7.0% for the Li-disilicate sample, 25.2 ± 4.3% 

for the zirconia sample, and 29.1 ± 5.9% for the CoCr alloy sample. As in case of cell 

attachment, the epithelial cells proliferated better on the Li-disilicate samples. (155).  

The comparison of the 24h (attachment) and 72h (proliferation) resulted in the 

following values: control plate: (p = 0.001), Li-disilicate: (p = 0.011), zirconia: (p = 

0.032), CoCr: (p = 0.015) (155). Results are presented on Figure 14. 

 

 

 
 

Figure 14 shows the 24-h and the 72-h percentage reduction of AlamarBlue (AB) on control cell culture 
plate, Li-disilicate, zirconia and CoCr alloy samples. Significant difference was found between the 
attachment (24-h observation) on Li-disilicate and zirconia samples (p < 0.045). 
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5.2 In vitro biocompatibility of laser ablated TiO2 surfaces 

5.2.1 Surface characteristics of the laser ablated TiO2 surfaces 

The results show that laser ablation significantly decrease the surface roughness 

of the sandblasted/acid etched samples (Figure 15 and 16). For the original 

sandblasted/acid etched samples the Ra value was 544 ± 47 nm (Figure 15A). As revealed 

by the AFM micrographs, for the frequency-doubled Q-switched Nd:YAG laser ablated 

samples (λ = 532 nm, 200 pulses, pulse energy = 40 mJ, FWHM = 10 ns, fluence = 1.3 

J/cm2) Ra was 275 ± 36 nm (Figure 15B). For the samples irradiated with 2000 pulses of 

a KrF excimer laser (λ = 248 nm, pulse energy = 10 mJ, FWHM = 18 ns, fluence = 0.4 

J/cm2) the Ra value was 288 ± 25 nm (Figure 15C). The bar graph of the AFM 

measurements is shown in Figure 16 (13). 

The SEM images (Figure 17) revealed significant differences in the topography 

of the original (control) and the laser-irradiated TiO2 surfaces. The control samples 

exhibit typical sandblasted/acid-etched surface structures (Figure 17A). On the Nd:YAG 

laser-ablated samples peculiar island-like crack areas appeared interrupted with point-

holes. The average size of the ‘islands’ was ~15–20 μm (Figure 17B). In contrast, mainly 

rounded, almost uniform TiO2 structures ~5–10 μm in diameter were observed on the 

excimer laser-treated samples (Figure 17C) (13). 

 

 

Figure 15 shows the AFM images of (A) a sandblasted/acid etched titanium surface (control), (B) a 
Nd:YAG laser-ablated surface and (C) a KrF excimer laser-ablated surface (151). The representative 
images show the decreased roughness of the laser ablated surfaces (B-C) in comparison to the starting 
surface (A) (referred to as control).  
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Figure 16 shows the bar graph of the AFM measurements. The results shows that the laser ablation 
significantly decreased the surface roughness irrespective to the applied laser type (p < 0.05) (151).  
 
 
 

 

Figure 17 shows the SEM images of a sandblasted/acid-etched surface TiO2 (control), a KrF excimer laser-
ablated surface (2000 pulses, FWHM = 18 ns, fluence = 0.4 J/cm2), and a Nd:YAG laser-ablated surface 
(200 laser shots at a fluence of 1.3 J/cm2, FWHM =10 ns). The laser-ablation resulted in smoother surfaces 
(B-C) than the original (control) surface (A) (151). 

 

5.2.2 Cell attachment investigated by SEM 

Figure 18 (A, B, C) illustrates the SEM pictures of the attachment of the MG-63 

osteoblast-like cells to different titanium surfaces after 24-h culturing. SEM did not reveal 

any morphological differences on the attachment and the growing of cells either on 

control or treated titanium surfaces. The cells exhibited spherical morphology (Figure 

18B) typical for the attachment phase and signs of spreading behaviour were visible. On 
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the excimer laser treated Ti discs cells were more homogenously spread on the surface 

(13). 

 

 

Figure 18. SEM images of MG-63 osteoblast-like cells attachment (24-h observation) on (A) an acid-
etched and sand-blasted Ti surface (control), (B) a Nd:YAG laser-ablated Ti surface and (C) a KrF excimer 
laser-ablated Ti surface. Magnifications: 500x. SEM did not reveal any morphological differences on the 
attachment and the growing of cells either on control or treated titanium surfaces (13). Image (B) shows 
unpublished data. 

 

5.2.3 Cell attachment and proliferation on laser ablated TiO2 surfaces 

5.2.3.1 MTT assay 

The results of MTT measurements relating to cell attachment (24-h observation) 

and cell proliferation (72-h observation) are illustrated in the bar graphs of Figure 19. The 

mean ± σx̄ of the OD540 values observed after 24-h observation were 0.246 ± 0.024 for 

the cells seeded on the plate itself, 0.150 ± 0.040 for the control sample, 0.153 ± 0.026 

for the Nd:YAG laser-treated samples, and 0.146 ± 0.024 for the excimer laser-treated 

sample. No statistical differences were observed between the groups after the 24-h 

observation. The mean ± σx̄ of the OD540 values observed after 72 h were 0.656 ± 0.037 

on the plate, 0.410 ± 0.056 for the control sample, 0.403 ± 0.020 for the Nd:YAG laser-

treated sample, and 0.372 ± 0.059 for the excimer laser-treated sample. The MTT data 

indicated that the MG-63 osteoblast-like cell proliferation on all the Ti surfaces was 

statistically significantly enhanced at 72-h relative to the cell attachment at 24-h (p < 

0.05). No significant differences were observed between the groups after the 72-h 

proliferation (13). 
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Figure 19 shows 24-h and 72-h percentage reduction of MTT on the plate, the control samples, the 
Nd:YAG laser-irradiated samples and the excimer laser-treated samples (13). 

 

5.2.3.2 AlamarBlue assay 

The percentage reduction was calculated from the OD570 and OD600 values for 

each well, as recommended in the protocol provided by the manufacturer (167). After 24 

h, the mean percentage reduction of AB was 30.36% ± 4.15% on the plate, 18.95% ± 

2.21% for the control sample, 19.80% ± 2.64% for the Nd:YAG laser-treated samples 

and 19.09% ± 2.06% for the excimer laser-treated sample. No statistical differences were 

observed between the groups after the 24-h observations. After 72 h the reduction was 

59.20% ± 3.56% on the plate, 49.91% ± 3.29% for the control sample, 51.69% ± 3.83% 

for the Nd:YAG laser-treated sample, and 49.87% ± 3.22% for the excimer laser treated 

sample. The 72-h observations revealed statistically significantly enhanced cell 

proliferation on all the surfaces relative to the cell attachment (p < 0.05). No significant 

differences were observed between the groups after the 72-h proliferation. The results of 

AB measurements are illustrated in the bar graphs of Figure 20 (13). 
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Figure 20. 24-h and 72-h percentage reduction of AB on the plate, the control samples, the  Nd:YAG laser-
irradiated samples and the excimer laser-treated samples (13). 

 

5.2.4 Cell differentiation on laser ablated TiO2 surfaces 

The results of the differentiation tests are represented in Figure 21. The mean ± 

σx̄ of the OD504 values of the 3-day observation was 0.203 ± 0.002 for the control sample, 

0.184 ± 0.003 for the Nd:YAG laser-treated samples, and 0.199 ± 0.004 for the excimer 

laser-treated sample. Statistically (p < 0.05) a decreased secretion of ALP was observed 

on the Nd:YAG surface treated samples compared to the control ones. The mean ± σx̄ of 

the OD504 values of the 7 day observations was 0.210 ± 0.002 for the control sample, 

0.211 ± 0.003 for the Nd:YAG laser-treated sample, and 0.205 ± 0.002 for the excimer 

laser-treated sample. These data indicated that after 7 days of incubation, no statistical 

differences in the secretion of ALP were seen between the control and the laser-treated 

groups (13). 
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Figure 21. ALP activity (OD504) after 3-days and 7 days observation on the control samples, the Nd:YAG 
laser-irradiated samples and the excimer laser-treated samples (13). 
 

5.3 In vitro antibacterial property of nanocomposite polymers 

5.3.1 Surface characterization of the Ag/TiO2/polymer nanohybrid coatings 

The SEM images revealed significant differences in the morphology of the intact 

and polymer coated TiO2 surfaces at 500-fold magnification (Figure 22). Figure 22(a) 

shows a sandblasted/acid-etched TiO2 surface that represents the typical surface pattern 

of a conventional titanium dental implant. Figure 22(b) shows a smooth surface that is 

obtained after acrylate-based copolymer film coating of the sandblasted/acid etched TiO2 

surface. Figure 22(c) and (d) shows the amorphous surface pattern in the micrometre 

range when the titanium discs were coated with a TiO2 photocatalyst containing 

copolymer film; while characteristic rounded grains appeared on the surfaces of the discs 

that were coated with the silver photocatalyst containing copolymer film (Figure 22(e) 

and (f)) (151). 

The quantitative measurement of roughness (Ra (mm)) on the surface of the discs 

by profilometry provided results that confirmed the differences in the surface pattern of 

the samples that were observed on the representative SEM images (Figure 22). There was 

considerable variation in the roughness values of the different surfaces; however, no 

significant difference could be observed between untreated and UVC-treated samples 

within the same surface treatments (151). 
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Before UVC irradiation contact angle (CA, (°)) measurements showed that the 

(A), (C), (D) and (F) surfaces were hydrophilic (CA≤90°), while (B) and (E) were 

hydrophobic. Photocatalyst containing surfaces (C, D, E and F) became superhydrophilic 

after UVC (254 nm) irradiation, while the polymer coated (B) remained hydrophobic. 

The mean contact angles for each treatment group and irradiation condition and their 95% 

CIs can be seen on the right panel of Figure 23 (151). 

 

 

Figure 22 shows the representative SEM images and the three-dimensional roughness profiles of the 
surfaces. SEM images: (a) Sandblasted and acid etched surface (Group A), (b) p(EA-co-MMA) copolymer 
(Group B), (c) 60wt% TiO2 : 40 wt% copolymer (Group C), (d) 60 wt% DS-TiO2: 40wt% copolymer 
(Group D), (e) 60wt% Ag-TiO2: 40 wt%  polymer (Group E), (f) 60 wt% Ag-DS/TiO2: 40 wt% copolymer 
(Group F). The average roughness values of the surfaces are the following: (a) Ra, A = 1.85 μm for 
sandblasted and acid etched surface (Group A), (b) Ra, B = 1.19 μm for p(EA-co-MMA) copolymer (Group 
B), (c) Ra, C = 2.33 μm for 60 wt% TiO2 : 40wt% copolymer (Group C), (d) Ra, D = 3.70 μm for 60wt% 
DS TiO2 : 40wt% copolymer (Group D), (e) Ra, E = 5.17 μm for 60wt% Ag-TiO2 : 40wt% copolymer 
(Group E), (f) Ra, F = 5.60 μm for 60wt% Ag-DS/TiO2 : 40wt% copolymer (Group F) (151). 
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Figure 23 shows the surface roughness and contact angle values of the investigated surfaces. Means and 
95% CIs of surface roughness and contact angles across surface types and irradiation conditions. There was 
considerable variation in surface roughness between the different surfaces; however, no significant 
difference could be observed between untreated and UVC-treated samples within the same surface 
treatments (top panel). Before UVC treatment contact angle (CA (º)) measurements showed that the (A), 
(C), (D) and (F) surfaces were hydrophilic, while (B) and (E) were hydrophobic. Photocatalyst containing 
surfaces (C, D, E and F) became superhydrophilic after UVC (254nm) treatment, while the polymer coated 
(B) remained hydrophobic. The mean contact angles for each treatment group before and after UVC 
treatment and their 95% CIs can be seen on the right panel.  

 

5.3.2 Antibacterial property of the Ag/TiO2/polymer nanohybrid coatings 

Concerning the characterization of the clinical isolate of bacterium strain, the 

MALDI-TOF MS gave a species level identification with log(score)=2.184 for S. 

salivarius strain (151).  

Absorbance levels (MTT, [1]) had distinct group means across most treatment and 

irradiation conditions as suggested by the minimal overlap in the confidence intervals 

(Figure 24). The linear decomposition of the absorbance levels into surface effects, 

surface-based irradiation effects and noise yielded comparative results. Under dark 

conditions, the group means of absorbance in the TiO2 photocatalyst containing (C) and 

(D) experimental groups was higher than those of the Ag/TiO2/polymer nanohybrid films 

in the (E) and (F) groups. This suggests that more S. salivarius attached to the surface of 

TiO2 containing polymer films than to Ag/TiO2/polymer nanohybrid films. The mean 

absorbance in the (E) and (F) groups was credibly lower than in any of the other groups. 

The control (A) group had the highest mean absorbance of all groups, being credibly 

higher than (B) and (D), but compared to group (C) a zero difference still falls in the 95% 

credible interval (151). 
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The net effect of UV-VIS irradiation on absorbance values was negative in each 

group (95% CI excluded zero), indicating that the viability of bacteria was reduced on the 

irradiated surfaces. The same tendency was observed on the control surface (A) after 

irradiation than in C, D and E, F experimental groups. However, this reduction was the 

lowest in the (B) experimental group where the control surface was coated with p(EA-

co-MMA) polymer without any photocatalyst content. In absolute magnitude the highest 

irradiation effect of -0.15 CI95%(0.09, 0.21) was observed in the (C) group, while relative 

to the dark levels the (E) group showed the largest percentage change of 60% CI95%(50%, 

67%), followed by group (C) 33% CI95%(23%, 42%). The credible differences are listed 

in Table 8-9 across comparisons both in the group means and the individual 

measurements, as well as an estimation of the percentage of the samples that we expect 

to have lower/higher absorbance in the comparison (Figure 25, Table 10) (151). 

 

 

 
Figure 24 shows the mean MTT absorbance values are shown before and after UV-Vis irradiation. The 
lack of overlap suggests significant differences between certain groups; however, due to the apparent 
differences in variances, a Bayesian analysis was used to confirm this (151). 
  

The net effect of UV-Vis irradiation on absorbance
values was negative in each group (95% CI excluded
zero), indicating that the viability of bacteria was
reduced on the irradiated surfaces. The same tendency
was observed on the control surface (A) after

irradiation than in C, D and E, F experimental
groups. However, this reduction was the lowest in the
(B) experimental group where the control surface was
coated with p(EA-co-MMA) polymer without any
photocatalyst content. In absolute magnitude the high-
est irradiation effect of !0.15 CI95%(0.09, 0.21) was
observed in the (C) group, while relative to the dark
levels the (E) group showed the largest percentage
change of 60% CI95% (50%, 67%), followed by
group (C) 33% CI95% (23%, 42%). The credible differ-
ences are listed in Tables 2 to 4 across comparisons
both in the group means and the individual measure-
ments, as well as an estimation of the percentage of the
samples that we expect to have lower/higher absorb-
ance in the comparison.

Discussion

Our results show that the photocatalytic content of the
copolymer films significantly affects the antibacterial
activity of their surface in in vitro experimental setting.
The TiO2 photocatalyst containing copolymer films
show less intense antibacterial effect without irradiation
than the coupled Ag/TiO2 containing films; however,
the irradiation triggered similar drops in the absorb-
ance level suggesting the photocatalytic decomposition
of bacteria in each experimental group. On the other
hand, the influence of physical parameters of the sur-
faces on the contamination level, such as microrough-
ness and hydrophilic property of the copolymer films
could not be credibly determined in this experimental
setting.

The applied light source for irradiation in the micro-
biology study had emission lines mainly in the VIS
range (above 435 nm) that cannot explain the universal
drop of the absorbance levels in each experimental
group (Figure 5). An absorption band appeared on
the UV-Vis absorption spectra of E and F groups
between 400 and 550 nm with a maximum of 455 nm
indicating the plasmonic effect of silver nanoparticles,
which enhances the photocatalytic efficiency of silver
doped TiO2 under visible light. This enhanced photo-
catalytic efficiency might contribute to the absorbance
drop in the E and F experimental groups but not in the
C-D and the A-B groups. Concerning pure TiO2, the
band gap is 3.2 eV for anatase and 3.0 eV for rutile (two
polymorphs of TiO2), which means that UV light
(!" 387 nm) is required to excite an electron from the
valance band to the conduction band in photocataly-
sis.25 Hence, the absorbance drop in C-D and A groups
might be triggered by the low-intensity emission in the
UV range (353 nm and 393 nm) of the light source that
was used for the irradiation of the contaminated sam-
ples in the microbiology study (Figure 1). The higher
absorbance drop in C and D groups compared to
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Figure 4. Means and 95% CIs of surface roughness, contact
angles and absorbance across surface types and irradiation condi-
tions. There was considerable variation in surface roughness
between the different surfaces; however, no significant difference
could be observed between untreated and UVC-treated samples
within the same surface treatments (top panel). Before UVC
treatment contact angle (CA (#)) measurements showed that the
(A), (C), (D) and (F) surfaces were hydrophilic, while (B) and (E)
were hydrophobic. Photocatalyst containing surfaces (C, D, E and
F) became superhydrophilic after UVC (254 nm) treatment, while
the polymer coated (B) remained hydrophobic. The mean contact
angles for each treatment group before and after UVC treatment
and their 95% CIs can be seen on the centre panel. On the bottom
panel the mean MTTabsorbance values are shown before and after
UV-Vis irradiation. The lack of overlap suggests significant differ-
ences between certain groups; however, due to the apparent dif-
ferences in variances, a Bayesian analysis was used to confirm this.
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Table 8 shows the credible intervals for the difference in absorbance levels of the dark and UV-VIS 
irradiated experimental groups within the same surface types. A black typeface is used where the credible 
interval excludes zero, gray where the interval overlaps zero. Intervals for the mean difference and for 
individual differences are given, as well as an estimation of the percent of the samples that will have 
lower/higher absorbance in a one-to-one comparison (151). 
 

 

 95% CI for mean 
difference in 

 MTT absorbance 

 95% CI for 

 individual differences 

 in absorbance 

 Predicted % of  

diffs. being 
positive/negative 

Comparison  Low Mean High  Low Mean High  (+) (-) 

Ad - Al  0.07 0.13 0.20  -0.18 0.13 0.44  81% 19% 

Bd - Bl  0.02 0.08 0.14  -0.19 0.08 0.36  73% 27% 

Cd - Cl  0.09 0.15 0.21  -0.12 0.15 0.41  87% 13% 

Dd - Dl  0.08 0.13 0.19  -0.15 0.13 0.42  83% 17% 

Ed - El  0.08 0.12 0.17  -0.07 0.12 0.31  90% 10% 

Fd - Fl  0.02 0.03 0.04  -0.02 0.03 0.08  89% 11% 
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Table 9 shows the credible intervals for the difference in absorbance levels of each surface type when kept 
in the dark. A black typeface is used where the credible interval excludes zero, gray where the interval 
overlaps zero. Intervals for the mean difference and also for individual differences are given, as well as an 
estimation of the percent of the samples that will have lower/higher absorbance in a one-to-one comparison 
(151). 

 

 
 

 95% CI for mean 

difference in 

MTT absorbance 

 95% CI for 

individual differences 

in absorbance 

 Predicted % 
of 

diffs. being 
positive/ 

negative 

Compa-
rison 

 Low Mean High  Low Mean High  (+) (-) 

Ad - Bd  0.03 0.11 0.18  -0.25 0.11 0.46  73% 27% 

Ad - Cd  -0.01 0.07 0.15  -0.28 0.07 0.43  66% 34% 

Ad - Dd  0.02 0.10 0.17  -0.28 0.10 0.47  70% 30% 

Ad - Ed  0.25 0.32 0.39  -0.01 0.32 0.65  97% 3% 

Ad - Fd  0.36 0.42 0.48  0.14 0.42 0.70  100
% 

0% 

Bd - Cd  -0.11 -0.04 0.03  -0.36 -0.04 0.29  41% 59% 

Bd - Dd  -0.08 -0.01 0.06  -0.36 -0.01 0.34  47% 53% 

Bd - Ed  0.15 0.21 0.28  -0.09 0.21 0.52  92% 8% 

Bd - Fd  0.26 0.32 0.37  0.07 0.31 0.56  99% 1% 

Cd - Dd  -0.05 0.03 0.10  -0.32 0.03 0.37  56% 44% 

Cd - Ed  0.18 0.25 0.31  -0.05 0.25 0.55  95% 5% 

Cd - Fd  0.30 0.35 0.40  0.11 0.35 0.59  100
% 

0% 

Dd - Ed  0.16 0.22 0.29  -0.10 0.22 0.54  92% 8% 

Dd - Fd  0.27 0.33 0.38  0.06 0.33 0.59  99% 1% 

Ed - Fd  0.06 0.10 0.15  -0.10 0.10 0.30  85% 15% 
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Table 10 shows the credible intervals for the difference in absorbance levels of each surface type after UV-
VIS irradiation. A black typeface is used where the credible interval excludes zero, gray where the interval 
overlaps zero. Intervals for the mean difference and for individual differences are given, as well as an 
estimation of the percent of the samples that will have lower/higher absorbance in a one-to-one comparison 
(151). 

 
 

 95% CI for mean 

difference in 

MTT absorbance 

 95% CI for 

individual differences 

in absorbance 

 Predicted % of 

diffs. being 
positive/negati

ve 

Compa-
rison 

 Low Mean High  Low Mean High  (+) (-) 

Al – Bl  0.01 006 0.10  -0.16 0.06 0,27  70% 30% 

Al – Cl  0.04 0.09 0.14  -0.12 0.09 0,29  81% 19% 

Al – Dl  0.05 0.10 0.14  -0.10 0.10 0.30  84% 16% 

Al – El  0.27 0.31 0.35  0.15 0.31 0.47  100% 0% 

Al – Fl  0.29 0.32 0.36  0.16 0.32 0.48  100% 0% 

Bl – Cl  -0.01 0.03 0.08  -0.16 0.03 0.23  63% 37% 

Bl – Dl  0.00 0.04 0.08  -0.15 0.04 0.23  68% 32% 

Bl – El  0.22 0.25 0.29  0.11 0.25 0.40  100% 0% 

Bl – Fl  0.23 0.27 0.30  0.12 0.27 0.41  100% 0% 

Cl – Dl  -0.03 0.01 0.05  -0.17 0.01 0.19  54% 46% 

Cl – El  0.19 0.22 0.25  0.09 0.22 0.35  100% 0% 

Cl – Fl  0.20 0.23 0.27  0.10 0.23 0.37  100% 0% 

Dl – El  0.18 0.21 0.24  0.09 0.21 0.34  100% 0% 

Dl – Fl  0.20 0.22 0.25  0.10 0.22 0.35  100% 0% 

El – Fl  0.01 0.01 0.02  -0.01 0.01 0.03  88% 12% 
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Figure 25 shows the credible intervals of absorbance across surface types and irradiation conditions and 
credible differences between irradiated and dark samples within the same surface types. 95% CIs of group 
means, and individual measurements are displayed. Under dark conditions, the group means of absorbance 
in the TiO2 photocatalyst containing (C) and (D) experimental groups was higher than those of the coupled 
Ag/TiO2 containing films in the (E) and (F) groups. The mean absorbance in the (E) and (F) groups was 
credibly lower than in any of the other groups. The control (A) group had the highest mean absorbance of 
all groups, being credibly higher than (B) and (D) but compared to group (C) a zero difference still falls in 
the 95% credible interval (151). 
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 DISCUSSION 

Our results showed that restorative materials had good in vitro biocompatibility 

with oral mucosa derived epithelial cells. Laser ablation did not improve the 

biocompatibility of TiO2 surfaces with MG-63 cells compared to the control 

sandblasted/acid-etched surfaces. Credible correlation between the physical and 

physicochemical properties of the polymer surfaces, i.e. between roughness and 

wettability, and the antibacterial property could not be established, however the effect of 

the composition of polymers was obvious. TiO2 and silver coupled TiO2 containing 

nanocomposite polymers showed significant photocatalytic antibacterial property after 

UV-VIS irradiation. Silver coupled TiO2 nanocomposite polymer showed contact in vitro 

antibacterial property without irradiation. Surprisingly, the control sandblasted/acid-

etched TiO2 surfaces showed some UV-VIS irradiation induced antibacterial property, 

too.  

The first critical period concerning the survival of dental implants is the first week 

after the implantation when the gap-free closure of gingiva should develop around the 

neck of the implant and prosthetic abutment. The good biocompatibility of the prosthetic 

and implant materials with epithelial cells is the prerequisite of the fast development of 

the biological barrier that excludes the bacteria of oral flora from the wound. If this 

process is impaired for any reason it may prolong the wound healing and increase the risk 

of the development of primary peri-implantitis. Our results suggest that the currently 

applied prosthetic materials support the development and maintenance of gap-free 

biological sealing. Hence, it may not be the low biocompatibility of these prosthetic 

materials in the background of primary peri-implantitis, but other causatives. To reveal 

the etiology of primary peri-implantitis requires further research that is beyond the scope 

of the present doctoral work.  

Based on data available in the literature we expected that laser ablation was going 

to further increase the roughness of the sandblasted/acid-etched TiO2 surfaces, but 

surprisingly the opposite happened, it smoothed the surfaces. The high surface roughness 

is supposed to improve the osseointegration of the titanium implants, albeit our results do 

not show any difference in the in vitro biocompatibility between the sandblasted/acid-

etched and laser ablated TiO2 surfaces. This finding is not surprising in the light of 
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discrepancies in the available data in the literature concerning the correlation between 

surface roughness and biocompatibility.  

Surface roughness has been in the focus of research and development for decades 

and many authors have recommended roughness ranges that have been believed to 

enhance the biological and clinical performance of titanium dental implants. These 

recommendations may be biased though, because they are often based on publications 

with shared conviction that perceive surface roughness as the paramount design feature 

of dental implants. Contrarily, there are several publications that claim the superiority of 

smooth TiO2 surfaces against rough ones. These arguments are based on pre-clinical 

studies that are not confirmed with clinical data. It is almost impossible to find clinical 

studies that compare different surface properties with the same geometry and host 

conditions. This sort of standardization of the experimental design of clinical studies 

would be necessary to exclude other factors that may have a significant influence on the 

clinical outcome and allow drawing sound conclusions concerning the effect of surface 

roughness. Only a few studies can be found that investigate the effect of a single 

parameter on the implant at once. This fact questions the credibility and soundness of any 

conclusion and recommendation on the putative optimal level of surface roughness in 

conjunction with titanium dental implants.  

For instance, Straumann’s SLActive surface is one of the most often cited brand 

in the literature suggesting the superiority of this surface. The SLActive surface is acid-

etched and subsequently sandblasted that is rinsed and packed in isotonic saline under 

inert N2 atmosphere. In contrast, SLA surface, an earlier design of SLActive, is produced 

according to the same method, but instead of protective N2 atmosphere, the implant is 

packed in a clean room under germ-free air. Pre-clinical results show that the 

osseointegration of SLActive surfaces is faster than that of SLA surfaces in the early 

phase (165). This advantage is attributed to the extreme hydrophilicity of the SLAactive 

surface that enhances the primary contact with the body fluids. However, we cannot find 

data demonstrating the superiority of the SLAactive in clinical settings, implying primary 

and secondary stability of this sort of implants (116). 

Immediate loading of dental implants is a recent trend and some branded implant 

surfaces, such as Laser Lok claims this indication in its marketing materials. However, 
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there is not available clinical data that support the survival of immediately loaded 

implants over 5 years. Based on the argument above it can be stated that there are some 

particular surfaces that show better histomorphometric results in early osseointegration 

in preclinical studies, but these results are not supported with sufficient clinical data 

(116). 

Concerning the surface of titanium dental implants, the only fact that is supported 

with objective evidence is that the TiO2 layer is responsible for the biocompatibility, 

which was discovered by Branemark in the 60’s. His very first titanium implant had a 

moderately smooth machined surface that is also referred to as turned surface in the 

literature (166). Titanium implants with machined surfaces were in clinical use for the 

90’s and they showed excellent osseointegration. Albrektsson et al. recommended first 

the roughening of the surface of titanium dental implants, which created an overwhelming 

demand for rough surfaces. Indeed, the need for rough surfaces has become a creed in 

implantology superseding machined surfaces completely (6). Although, Albrektsson 

recommended moderate surface roughness, but it has become a general belief that the 

rougher the surface is the better the osseointegration. There are long-term studies that 

prove the clinical equivalence of machined and rough titanium implant surfaces; thus, the 

superiority of the latter may not be credibly claimed (167). In in vitro experiments it has 

been verified by various researcher groups that the properties of the implant surface have 

influence on the adherence, proliferation and differentiation of osteogenic cells, however 

the role of surface roughness in the long-term survival of the implants is not supported 

with sufficient clinical data (168).  

It also can be stated that there is no evidence for the beneficial effect of any kind 

of surface treatment on the osseointegration and survival of dental implants. In contrast, 

it has been clearly proven based on both pre-clinical and clinical data that rough TiO2 

surfaces facilitate the adherence of pathogenic bacteria, the development of peri-

implantitis and reduce the treatment efficacy of biofilms (169-171). 

According to the ‘race for the surface’ theory when a biomaterial is inserted in the 

bone the healing process begins that results in the colonization of osteogenic cells and 

tissue formation (172). If bacteria reach the surface first, then they will have room for 

colonization displacing stromal cells from the surface of the implant. In principle, the 
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success of the integration of a biomaterial depends on the outcome of this race between 

bacteria and stromal cells. In the course of implant surgery, the dental implants are taken 

out from a sterile package and conveyed to the surgical site through the non-sterile 

ambient air of the operating room, and certainly will get in contact with the mucosal 

tissue, saliva, blood, and the bone tissue. During that time, the chance for bacterial 

contamination of the implant surface is very high. Thus, it is presumable that some 

bacteria adhere to the surface of the implant in the course of the invasive surgical 

intervention that is carried out in the non-sterile environment of the oral cavity. Even if 

osseointegration takes place without disturbance these bacteria may remain dormant on 

the surface of the implant for years, but they may turn metabolically active when the 

physiological conditions become favorable for them, for instance, if local inflammation 

occurs (173).  

Even if the enhanced biocompatibility of rough TiO2 surfaces is not proven 

unambiguously, but they are supposed to support the secondary stability of the implants 

after osseointegration; therefore, rough implant surfaces, even if they are more 

susceptible for bacterial infections will prevail presumably. This prompted our aspiration 

to attempt the development of a surface treatment method that may be suitable to prevent 

the peri-implant infections of titanium dental implants in the long-run. The electronic 

properties of silver coupled TiO2 nanoparticles have been successfully utilized to enhance 

the performance of solar cells, and we tried to take the advantage of the same mechanism 

in the creation of antibacterial surfaces (174).  

Silver is known as a broad-spectrum antibacterial agent, a component of various 

pharmaceutical products, albeit its use in association with medical devices has been 

limited due to its putative cytotoxic property (175, 176). On the other hand, the spreading 

antibiotic resistance of bacteria calls for alternative technologies that can prevent bacterial 

infections without contributing to the further development of their resistance.  

The spreading antibiotic resistance among bacteria has become one of the leading 

challenges of life sciences. The root cause has been the overuse of antibiotics in the last 

few decades, which tendency does not seem to subside even nowadays. Concerning 

dentistry and oral surgery, still, lots of antibiotics are used for prevention and aftercare. 

According to a Spanish cross-sectional study, 88% of the dentists order prophylactic 
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antibiotic cure routinely before implant surgery, while only 9% of the doctors consider 

other circumstances (177). They do all this even though there is currently no clear 

guideline about the need for prophylactic antibiotic. In their meta-analysis, Lund et al. 

could not prove the necessity of prophylactic antibiotic use in routine, uncomplicated 

cases (178). Of course, there are complicated cases when antibiotic prophylaxis is 

justified, but the uncontrolled use of antibiotics contributes to the increasing resistance of 

bacteria. Antibiotics are also used in the conservative treatment of peri-implant infections, 

though they are useful only for symptomatic treatment, they cannot eliminate the bacteria 

from the surface of the implant (179). Thus, based on the currently available evidence, 

the use of antibiotics without due care will only contribute to the further strengthening of 

the resistance of bacteria. There may be a greater need for breakthrough innovations in 

this domain than any time before because pharmaceutical companies do not invest in the 

research and development of new antibiotics anymore. The European Commission has 

recognized this problem and made significant efforts to boost innovation, especially the 

development of alternative antibacterial technologies.  

Based on the available in vitro data in the literature, the toxicity of silver 

nanoparticles is mainly associated with their cellular uptake where they trigger 

intracellular oxidative stress leading to cell death (139). Our surfaces contain 

immobilized AgNP that does not allow the release and uptake of the nanoparticles. Our 

results show that the immobilized AgNP retained their bactericidal capability even 

without photon-induction (in the dark), but the mechanism of action was not investigated 

in our studies. However, it is important to understand the underlying biochemical 

processes to be able to objectively consider the associated clinical risks. The findings of 

other researcher groups suggest that there may be at least two mechanisms that should be 

taken into consideration. One possible mechanism of action could be attributed to the 

capability of AgNPs to displace cations (K+ and Ca2+) from the bacterial cell envelop 

causing the separation of the cell wall from the cytoplasmic membrane both in Gram-

positive and Gram-negative bacteria. But, because the AgNPs are immobilized on our 

surfaces, only partial displacement of cations may be assumed that might not be sufficient 

alone to trigger cell death. Another possible mechanism is that the dissolution of silver 

ions from the surface of the AgNPs might have a synergistic effect on the displacement 

of the nanoparticles (180). The antibacterial mode of action of silver ions is connected to 
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the destabilization of the bacterial envelope, interaction with intracellular molecules and 

the production of ROS (181). 

Other members of our research team showed in their study that MG63 cells and 

primary epithelial cells can attach and proliferate on the surface of Ag-TiO2 

nanocomposite polymer. However, it must be noted that the concentration of the Ag 

nanoparticles needed to be reduced from 0.5 w/t% to 0.01 w/t % in order not to kill the 

cells (184). 

From a clinical perspective, it is a critical question of how long the structure and 

composition of the coating can retain its antibacterial capability. Concerning Ag coupled 

TiO2 nanoparticles, it is presumable that silver ions will dissolve from the surface of the 

metallic nanoparticles. The driving force of the dissolution is not galvanic corrosion (TiO2 

does not obey the rules of galvanic corrosion) but thermodynamics. The rate of 

dissolution and the concentration of the released silver ions in the body influence the 

benefit-risk profile of these sort of surfaces. Thus, the control of the kinetics of the silver 

dissolution is pivotal to achieve the intended performance of the Ag coupled TiO2 surface.  

The second critical period concerning the survival of dental implants comes after 

5 years of the osseointegration of the implant, usually when secondary peri-implantitis 

develops due to the inappropriate loading of the implant. It would take long-term follow-

up studies to fully establish the safety profile of implant surfaces with Ag coupled TiO2 

nanoparticles, but we suppose that the exposition of the surrounding tissues to silver ions 

for the entire lifetime of the implant might cause unforeseeable side-effects. The risk of 

adverse events might be mitigated by the design and technical features of the surface. 

Concerning Ag coupled TiO2 nanoparticles, the Ag nanoparticles should be designed to 

deplete within a reasonable time, for instance, after the risk of primary peri-implantitis is 

considered reasonably low.  

The UV-VIS induced antibacterial property of the Ag coupled TiO2 and bare TiO2 

nanoparticle containing polymers may open a new opportunity for the conservative 

treatment of peri-implant infections that is more efficient than the currently available 

medical alternatives. For instance, if primary peri-implantitis develops the complete 

removal of bacteria from the implant surface might be achievable by the illumination of 
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the Ag coupled TiO2 nanoparticles with an ordinary dental curing lamp having emission 

in the UV-VIS ranges that is easily accessible within 1-3 weeks after the implant surgery. 

The intense photon-induced release of ROS from the implant surface in the close vicinity 

of the adhered bacteria may be more effective than surgical decontamination because it 

does not impair the surface. Since the bare TiO2 containing polymer also showed 

considerable UV-VIS induced antibacterial property, the same mechanism may be 

utilized in treatment of secondary peri-implantitis, when silver is already depleted from 

the surface. The ultimate therapeutic goal is the complete removal of bacteria from the 

surgical site, implying the implant surface and the surrounding tissues. The surrounding 

tissues can be decontaminated by surgical debridement, but there is no effective method 

to eliminate the bacteria from the implant surface. The currently applied surgical 

decontamination of the implant surfaces does not guaranty the complete elimination of 

bacteria but causes irreversible damage to the surface deteriorating its ability for the 

osseointegration. The proposed nanocomposite polymers may offer an alternative 

solution for this problem.  

The results of this thesis should be interpreted in light of its limitations. The 

antibacterial property of our surfaces was tested on one early colonizer bacterium strain, 

only. The medical application of the poly(ethyl acrylate-co-methyl) methacrylate resin is 

not known, implying biocompatibility and the risk that nanoparticles may release from 

the polymer if its resistance to enzymatic degradation is insufficient. There is limited data 

available on the cytotoxicity of AgNPs, however, the findings of other authors suggest 

that they seemingly cause less damage to eukaryotic cells than silver ions in vitro (182, 

183). Other authors argue that the cytotoxicity of AgNPs depends not exclusively on 

concentration, but the geometry and manufacturing method of the nanoparticles, as well. 

Hence, it is difficult to judge the cytotoxicity, but even more the clinical safety of AgNPs 

in general. The drop in the absorbance level after the illumination of the control surfaces 

with UV-VIS light source may not be explained based on the antibacterial mechanisms 

detailed in the body of the thesis.  
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  CONCLUSIONS 

7.1  Prosthetic materials show good in vitro biocompatibility with human mucosa derived 

epithelial cells; they might be suitable to support the prevention of primary peri-

implantitis.  

 

7.2 Laser ablated TiO2 surfaces do not show superior in vitro biocompatibility compared 

to the conventional SLA surfaces; they might not be suitable to support the 

prevention of secondary peri-implantitis by the enhancement of the secondary 

implant stability.  

 

7.3 Silver and TiO2 embedded nanocomposite polymers show good photo-induced in 

vitro antibacterial property on the surface of titanium samples; they might become 

promising candidates to support the prevention of the development of secondary 

peri-implantitis.   
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 SUMMARY 

One of the leading causes of the failure of titanium dental implants is related to 
implant-associated bacterial infections (peri-implantitis). Since the current medical 
technologies are not efficient in the curative treatment of peri-implantitis the prevention 
of the infections provides a plausible alternative strategy. One strategic approach has been 
the improvement of the biocompatibility of dental implants ensuring complete biological 
sealing around the implant in order to exclude pathogenic bacteria from the implant site. 
A more recent approach is the enhancement of the antibacterial feature of the surface of 
dental implants with the view to create an ‘active’ line of defence against bacterial 
infections. In my doctoral work I investigated the practical aspects of these two strategic 
approaches in in vitro experiments. 

In the clinical practice it has been a widely-accepted perception that the appropriate 
biological sealing requires the gap-free adherence of the gingiva to the surface of 
prosthetic materials. However, the biocompatibility of these materials with human 
mucosa derived epithelial cells has not been known up to now. The stability of the 
implants can be improved by the enhancement of surface roughness, for which purpose 
lasers are used increasingly. I investigated the biocompatibility of laser ablated titanium 
surfaces and attempted to interpret the results in the context of the prevention of peri-
implantitis. Concerning the improvement of the antibacterial feature of the titanium 
samples, the attachment and proliferation of S. Salivarius was investigated on the surface 
of titanium-dioxide (TiO2) and silver containing nanocomposite coatings. 

The epithelial cells attached and survived on the surface of the most often used 
prosthetic materials which suggests their suitability in the support of the complete 
biological sealing. Unlike expectations, the laser ablation reduced the surface roughness 
and did not improve the biocompatibility of the titanium samples, thus such surfaces may 
not be more efficient in the support of the biological sealing than the conventional 
surfaces. The sliver containing coatings significantly decreased the quantity of the 
bacteria on the surface in dark, while the nano-TiO2 comprising coating showed 
significant antibacterial property under UV-VIS irradiation which raises the possibility 
of their application both in the prevention and treatment of peri-implantitis.  
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ÖSSZEFOGLALÁS 

Napjainkban a fogászati titán implantátumok elvesztésének egyik vezető oka a 
bakteriális fertőzés eredetű peri-implantáris gyulladások kialakulása. A terápiás 
lehetőségek nem elég hatásosak a fertőzéseket gyógyításához, ezért jelenleg az elsődleges 
célunk a megelőzés lehet. Az egyik ilyen lehetőség a megfelelő biológiai záródás 
elősegítése az implantátum felépítménye körül, azaz kvázi elzárjuk az implantátum 
felületét a baktériumok elől.  A másik lehetőség az implantátumok felületének 
antibakteriális tulajdonságainak javítása, amely így aktív védvonalat képez a bakteriális 
fertőzésekkel szemben. A doktori munkám során ennek a két megközelítésnek a 
gyakorlati vonatkozásait vizsgáltam in vitro kísérletekben. 

A klinikai gyakorlatban elterjedt az a vélekedés, miszerint a biológiai záródás akkor 
a legmegfelelőbb, ha a nyálkahártya meg tud tapadni a felépítményen is, ezzel egy 
elsődleges védvonalat biztosítva a baktériumok behatolásával szemben. Ennek ellenére 
korábban nem volt ismert, hogy a felépítményekhez használt anyagokon milyen 
mértékben tudnak kitapadni és túlélni a humán nyálkahártya eredetű epitél sejtek. Az 
implantátumok stabilitása növelhető a felület érdességének növelésével, amiben a lézerek 
újabban egyre nagyobb teret nyernek. Megvizsgáltam a lézerkezelt titán felületek 
biokompatibilitását és megkíséreltem az eredményeket a peri-implantáris fertőzések 
megelőzésének kontextusában értelmezni. Az implantátumok antibakteriális 
tulajdonságának javítására vonatkozóan S. Salivarius megtapadását és túlélését 
vizsgáltam titán-dioxid és ezüst tartalmú nano-kompozit bevonatokon. 

A felépítményként leggyakrabban használt anyagokon megtapadtak és szaporodtak 
a sejtek, ami azt sugallja, hogy azok megfelelőek a biológiai záródás elősegítésére. A 
várakozásokkal szemben a lézerkezelés csökkentette a titán minták érdességét és nem 
javította azok biokompatibilitását, vagyis vélhetően nem javítja a sejtek kitapadásának és 
szaporodásának gyorsaságát. Az ezüst tartalmú bevonatok sötétben is jelentősen 
csökkentették a baktériumok mennyiségét a felületen, míg a nano-titán tartalmú bevonat 
UV-VIS megvilágítás hatására mutatott jelentős antibakteriális hatékonyságot, ami 
felveti a bevonatok klinikai alkalmazhatóságának lehetőségét a peri-implantáris 
fertőzések megelőzésében és kezelésében is. 
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