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1. INTRODUCTION

It is not the possession of truth, but
the success which attends the seeking
after it, that enriches the seeker
and brings happiness to him.

/Max Planck/

With an improvement in the quality of human life and the expansion of the average
human lifespan, materials with specific biomedical applications have become more remarkable
[1].

Dental implants have become today an important treatment option for oral rehabilitation
in partially or totally edentulous patients, with reliable long term results [2]. The documented
high survival rate of osseointegrated dental implants has led to their acceptance as a potential
treatment alternative for missing teeth [3]. Despite the high success rate of dental implants, it
is still difficult to prevent implant failures due to some risk factors, such as insufficient
osseointegration, bacterial infection, unfavorable micro-movements, surgical trauma,
premature overloading, improper surgical placement, metal fatigue, and inadequate quality and
quantity of bone tissue surrounding the implant. Furthermore, smoking, hormones, poor dental
hygiene, diabetes, or genetic history may have an impact on the success of implantation [4—6].

Among these factors, osseointegration between the bone and an implant and bacterial
adhesion on the implant surface can have a significant influence on dental implant survival [7].
In the implantation procedure, microbial adhesion, proliferation, and biofilm formation on the
implant surface can lead to severe inflammation [8]. Inflammatory processes, i.e., peri-implant
mucositis and peri-implantitis occurring after the implantation procedure may lead to implant
failure or implant loss. In the case of peri-implant mucositis, the inflammation is localized only
to the soft tissues, and it is reversible with efficient conservative therapy. The more progressive
form is peri-implantitis, a destructive inflammatory reaction, which affects the supporting soft
and hard tissues that surround the implant. It has been shown that the inflammation is more
pronounced and the inflammatory process goes deeper and faster around the dental implant,
which can lead to the loss of the implant with a high chance (Figure 1) [8-10]. According to
Derks et al. the mean prevalance of peri-implant mucositis and peri-implantitis is 43 % and
22 %, respectively [11].



Crown placement 5 vears 12 years

Figure 1. Clinical and radiographic illustrations of (A) a case with no bone loss. Baseline (crown
placement), 5 and 12 years of follow-up. (B) a case with progressive bone loss. Baseline (crown
placement), 5 and 12 years of follow-up. The figure and legend are reprinted from references [12]. Asensio
et al. [12] adapted from Donati et al. [13] with the permission of John Wiley and Sons. The figure has
been slightly modified.

Consequently, understanding the etiology, mechanism, and treatment protocol of
inflammatory processes is necessary for clinicians involved in implant dentistry.

However, why is it a big challenge to improve implant success? The bacterial biofilm is
a structurally and functionally well-organized, cooperating community of different
microorganisms. Within the biofilm, the bacteria adapt to environmental stress, such as anoxia
and nutrient limitation by presenting a modified metabolism, gene expression pattern, and
protein production, which can lead to a lower metabolic activity and as a result reduced rate of
cell division. In addition, due to these adaptations, the biofilm forming bacteria become more
resistant to antimicrobial therapy by inactivating the antimicrobial agents or reducing the
molecular pathways for the cellular function that the antimicrobials interfere with [14-15].
Therefore, the initial treatment of peri-implantitis is based on preventing bacterial adhesion and
proliferation on implant surfaces, but it is hard to eliminate them in an effective way.

Titanium (Ti) and its alloys are widely used in manufacturing dental implants,
maxillofacial, and orthopedic prostheses due to their favorable properties [16]. Modern Ti
implants are constantly engineered, and the surface is usually modified to improve the
ossseointegration process [12]. Now, a critical next step in the evolution of implant coatings is
improving of osseointegration with antibacterial properties. Many modifications that led to an
antimicrobial property of dental implants have been introduced in recent years, including



antibiotics, nanoparticles (NPs), such as gold (Au), zinc (Zn), or silver (Ag), or other
compounds bound to the surface [17]. There is also a constantly growing need to develop
biomaterials that can be implanted in jawbone tissues for the rehabilitation of the damaged
chewing apparatus. Understanding the interaction between biomaterial and microorganism is
very important for the development of antibacterial implants.

As the number of patients undergoing restorative therapy through dental implants
increases, peri-implantitis is considered to be a remarkable and growing problem in dentistry
[18]. In the treatment of peri-implantitis, decontamination of the implant surface should be
performed to resolve inflammation and stop further bone loss [19]. Therefore, effective
antimicrobial strategies are needed for the treatment of peri-implant inflammation in the routine

clinical practice.

1.1 Members of the oral microbiome

The oral microbiota is a diverse community of microorganisms, consisting of over 700
different bacterial species, viruses, mycoplasmas, Archaea, protozoa, and fungal species. These
microorganisms persist on all surfaces as multispecies biofilms and form the resident oral
microbiome, which generally exists in balance with the host and provides important benefits
that contribute to overall health and well-being [20].

The formation of a conditioning film on the clean dental surfaces mainly consisting of
salivary glycoproteins, the so-called acquired pellicle connecting the oral hard tissue and
environments, facilitate the initial adhesion of bacteria to the oral surfaces. The pioneer
bacterial species adhere to the pellicle by a weak binding mechanism. The stronger bacterial
adherence to the pellicle is developed via receptor-pairs between bacterial surface adhesins and
glycoprotein receptors in the acquired pellicle [21]. The predominant pioneer colonizers are
oral streptococci, such as Streptococcus mitis and Streptococcus salivarius, followed by Gram-
positive rods, especially Actinomyces species. Then other Gram-positive and Gram-negative
bacteria adhere to the early forming Gram-positive biofilm. Strict anaerobic bacteria, such as
Fusobacterium and Porphyromonas species play an important role in the formation of the
mature dental biofilm as these species co-aggregate with both the initial Gram-positive bacteria

and the following colonizers [22,23].
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Socransky and colleagues have assigned the organisms of the subgingival microbiota
into groups or complexes based on their association with health and various diseases (Figure
2) [24,26]. These investigators have used different colors to denote the association of particular
bacterial complexes with periodontal infections. The green, yellow, blue, and purple complexes
indicate early colonizers of the subgingival flora. Orange and red complexes sign late colonizers
associated with the mature subgingival biofilm. Each member of bacterial complexes is
associated with health or disease. For example, the species in the red complex are more likely

to be associated with periodontal diseases [24,26].

S. anginosus
S. constellatus
S. intermedius

S. mitis  S. salivarius
S. oralis

S. gordonii

S. sanguinis

Figure 2. Microbial complexes in subgingival biofilm. Figure 2 is reprinted from reference [24]; however,
S. salivarius was added to the figure based on the results of Grant et al. [25] who mention S. salivarius as a
member of the yellow complex.

1.2 The oral microbiome as one of the most complex microbial communities in the human
body

During the development of the biofilm, bacteria are in metabolically active state and
they use nutrients from saliva. This results in the formation of an extracellular matrix that
contributes to the co-adherence of the bacteria on the oral surfaces and ensures protection of
the biofilm forming bacteria [27]. The processing of co-adhesion can promote microbial

11



interactions by co-locating organisms next to the physiologically relevant partner species,
thereby providing nutritional co-operation and food chains, gene transfer (i.e., antibiotic
resistance genes) and cell—cell signalling (Figure 3) [28]. A typical example of the physical and
functional associations is observed among Candida species and pioneer colonizer bacteria.
Candida albicans can co-aggregate with oral streptococci and can form synergistic partnerships
in which the yeast promotes the biofilm formation of pioneer colonizer bacterium, while
streptococci strengthen the invasive property of Candida [29].

In this structured community, there is a stable microbial homeostasis in the view of
nutritional interdependencies between biofilm forming bacteria. The primary feeder bacteria
metabolic products become the main nutrient source for the secondary feeder, resulting in
complex synergistic metabolic interactions among them [30]. Laboratory studies have shown
that bacterial cells are able to communicate with and respond to neighbouring cells in biofilms
by a quorum sensing communication system, as a “universal language” for interspecies
communication. Quorum signal molecules, such as autoinducer-1 and -2 play a significant role
in the sensitization and adaptation of bacterial cells to environmental stress, and thereby
regulate the virulence capacity of the biofilm [31].

In addition to synergistic connections, antagonistic interactions also contribute to the
ecological stability of the oral microbiome [32]. The production of antagonistic compounds,
such as bacteriocins, hidrogen peroxide (H202), organic acids, or various enzymes provide
benefits for a microorganism in competition for microbial well fare. The most studied oral
streptococci produce bacteriocins or bacteriocin-like substances, which may even have an
antimicrobial effect, for example, mutacin produced by S. mutans or salivaricin by S. salivarius
[33]. However, antagonism can also have a beneficial effect on communities living in the
biofilm, protecting them from colonization by exogenous bacteria, which is the so-called
colonization resistance mechanism [34].

Within the biofilm, there is a very close relationship between bacteria that provide
optimal condition for horizontal gene transfer among species, which may ultimately also serve
as a protection for the members of the biofilm [28].

Dental biofilms are part of the resident oral microflora, and in health, numerous
interactions contribute to the stability and flexibility of the ecosystem against environmental

disturbances. In the state of microbial homeostasis, the oral microbiome interacting with the
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immune system ensures the required benefits for the host, while if it is stressed, the balance is
broken and diseases may develop [35]. In dental diseases, similarly to the treatment protocol
of other bacterial infections, the using of antibiotics is the first well-tried method. However,
due to the existence of resistance genes and their inter-species transfer within oral biofilm, /-
lactamase producing bacteria are frequently present in oral biofilms, and they could protect
neighbouring bacterial species that should be susceptible to the effects of the antibiotics [36].
The oral biofilm was characterized as a structurally and functionally well organized
community of microbes (Figure 3 [28]). Furthermore, it was suggested that multispecies
biofilms and other microbial consortia may transmit adaptive traits between ancestral and
descendant microbiomes [37]. These features may cause difficulties in the effective prevention
of diseases caused by bacteria and the development of adequate strategies to promote the fight

against microorganisms.

Treponema
denticola

/—\ g > Oors . N
/sobutyric acid interme™™

Fusobacterium )
nucleatum 4

Treponema
denticola

Succinic acid

Fusobacterium
nucleatum

Candida
albicans

Streptococcus
gordonii

Figure 3. Bacterial cell-to-cell interactions in the dental plaque biofilm. One example of mutualism is
displayed between P. gingivalis and T. denticola. Both release a metabolic factor that the other can
utilize, thus enhancing the growth of both species. Lines linking the microorganisms represent adhesive
interactions. Aa= Aggregatibacter actinomycetemcomitans. Figure and legend are reprinted from
reference [28].
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1.3 Bacterial adhesion and biofilm formation as one of the main barriers in successful
implant intervention

The process of biofilm formation on implant surface (Figure 4) is similar to the biofilm
formation on the natural teeth. Initial adhesion of bacteria from the oral cavity begins by
hydrophobic, electrostatic, and van der Waals forces, which bring the cells closer to the implant
surface. After this irreversible attachment, bacterial metabolic activity is upregulated, and
migration spread from the colonized neck part of an implant along the implant body in the
deeper hard tissue region, and peri-implantitis may occur as an inflammation reaction around
implants due to the bacterial toxins [38].

Various types of bacteria can affect the peri-implant inflammation. Among them, the
amounts of Tanarella forsythia, Porphyromonas gingivalis, Treponema socranskii,
Staphylococcus aureus, Staphylococcus anaerobius, Streptococcus intermedius, and S. mitis
are approximately four times as high as found on healthy implant sites [39]. These species
constituted 30 % of peri-implant microflora at the infected sites [39], which indicates the
importance of the study of these strains. Beside these results, we can conclude that a primary
strategy to avoid implant-associated infections is to inhibit pioneer bacteria from adhering to
implant in the first place, which emphasises the importance of investigating pioneer colonizing
bacteria. Therefore, we selected Streptococcus species in our experiments, such as S. mitis and
S. salivarius.

The extensive inflammation triggered by bacteria can cause the progressive loss of the
supporting bone or even the implant [8]; therefore, an effective biomaterial surface modification

with antibacterial function is required to prevent pioneer colonizer adhesion and biofilm

formation on implant surfaces.

Figure 4. S. mitis biofilm formation on
Ti implant surface, stained by acridin
orange, FITC 1x. Source: own image.
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1.4 Modification of Ti dental implant surface for the prevention of bacterial proliferation
and biofilm formation

In 1947, J. Cotton introduced Ti and its alloys, like implant materials with medical
applications, and since then, the expansive spread of Ti and its alloys has started in the industry
or biomedical field [40]. Nowadays, Ti and its alloys are widely used in dentistry (e.g., dental
implants and dentures) and orthopedics (e.g., artificial bone, plates, joints, and screws) [41].
Globally, more than 200 million people use orthopedic metal implants for different bone-related
diseases, and the number is increasing. Replacement of a missing tooth and restoration of the
oral function with surface-modified Ti implant is the main goal in oral implantology [42].
Titanium and its alloys are popular due to their favorable properties, such as excellent
mechanical properties, outstanding bio-corrosion resistance, relatively low modulus of
elasticity, and high biocompatibility [17]. When Ti is exposed to oxygen (O2) containing milieu,
it forms an oxide (O?) layer, which provides resistance to corrosion and protection of the
underlying metal [43]. Branemark has discovered that there is a direct interface between living
bones and the implant surface, and he has defined this phenomenon as “osseointegration” [44].
The O layer does not only boost good biocompatibility but also makes Ti biologically inert,
and the treatment of implant surface is usually carried out for the modification of the O% layer
[43].

The surface treatment of Ti implant can be classified into physical, chemical, and
biochemical methods [45]. Surface conditions of Ti implants, such as surface roughness,
surface charge, surface energy, and chemical composition have great significance in the
osseointegration process. To improve the clinical outcomes of implants, surface modifications
are being utilised, mainly for the improvement of implant wettability, cell-implant adhesion and
attachement, cell proliferation and osseointegration, and also to provide shorter healing time
from implant placement to restoration [45]. Goyal et al. [46] have observed that the increased
roughness can simultaneously increase the surface area of the implant, consequently boost cell
migration and attachment, and improve ossseointegration. Parsikia et al. [47] have found that
the surface topography of Ti is optimal when the commercially pure (CP4) Ti surface is blasted
followed by a two-step chemical treatment (acid-alkali). Based on their results, the rougher Ti
surface promots shorter healing process than the smoother. In current implantology practice,

the standard sand blasted, acid etched Ti surface is the most commonly used surface
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modification of the root part of the implant, since it provides appropriate roughness for
osteoblast cells, thereby granting the anchorage of the implant in the bone [48]. However, in
contrast to osteoblast cells, epithelial and fibroblast cells have different needs; therefore, the
neck part of the implant, where epithelial cells are attached, is usually polished for a smoother
surface, while fibroblast cells need a machined surface [48]. The goal of surface modifications
is to find an optimal surface (e.g., with a right roughness) for several functional parts of an
implant (root and neck), which is in contact with various biological tissues (alveolar bone, and

connective and epithelial tissue) (Figure 5).
Oral cavity @ Titanium implant

Sulcular epithelium

Junctional

. : smooth surface
epithelium

Connective

: machined surface
tissue

Bone rough surface

Figure 5. The various types of biological tissues (epithelial, connective tissue, and alveolar bone) in
contact with the Ti implant will determine the ideal features of the surface of the implant at its given
position. Figure and legend are reprinted from reference [48]. The figure has been slightly modified.

Besides this, it is important to arrest the bacterial adhesion due to the phenomena called
the “race for the surface”. Tissue cell integration and bacterial adhesion compete for the real
estate on the implant’s surface. If this race is won by tissue cells, the biomaterial surface is
covered by a cellular layer. On the other hand, if the race is won by bacteria, the implant surface
will become colonized by bacteria, and tissue cell functions are inhibited by bacterial virulence
factors [49]. For the elimination of this phenomenon, new innovations have appeared in the
field of implantology.

Apart from surface modifying techniques, by some additive technologies, depositions

can be gained from the implant surface, which are known as coatings. VVarious combinations of
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surface coatings have been utilised to improve biocompatibility and antibacterial potentials of
the implants. Among the different alternatives, coating implants with antimicrobial peptides,
growth factors, antibiotic components, nanomaterials, or polymers are the most used techniques
[17]. However, due to the continuous development of biomaterials science and biotechnology,
the photoactivable bioactive materials have been released and more frequently used.
Photocatalytic surface coatings are considered to be one of the best solutions for disinfecting
the affected surfaces [50].

1.4.1 Antibacterial photocatalytic coating

Titanium-dioxide (TiOy) is a typical non-toxic photo-chemically active semiconductor
with high photoactivity, which can be used to reduce the number of adhered microbes on Ti
surfaces with self-sterilizing effects. Based on literature data, Ti has considerable antibacterial
activity; however, the photocatalytic application makes it a more ideal biomaterial for the
industry [51]. Titanium-dioxide surfaces undergo photo-activation, when they are irradiated
with photon energies under aerobic conditions, causing the photoexcitation of electrons in its
valence band to be promoted to its conduction band, creating an electron-hole pair. This
electron-hole pair then reacts with dissolved Oz and water (H20) to form reactive radical species
(ROS). The generation of superoxide anions (O2) and of hydroxyl radicals ('OH) can also lead
to the production of further ROS such as H20.. The interaction of ROS with microorganisms
can induce bacterial cell damage or cell death, for example, through reaction with essential
components of the microorganism or ROS can block biofilm formation by confusion of biofilm
gene expression and transcription process (Figure 6) [52]. The mechanism of TiO. photo-
catalysis was discovered by Fujishima and Honda in 1972, and since then, it has been used in

many fields of industry and biomedicine [53].
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Figure 6. The possible mechanisms of antimicrobial activities exhibited by different photocatalytic
semiconductors. In the left side of the figure, the activation of the photocatalytic semiconductor by
visible light is shown. Red colored arrows point to the targets of ROS generated by various
semiconductors. The blue color arrow represents the target of bismuth vanadate (BiVO.). Ag, Cu, and
Au metal NPs are also known to generate ROS and targets different parts in the cell. The green color
arrow represents targets of AgNPs. Different targets in the microbial cells are labeled within the cell.
Figure and legend are reprinted from reference [52].

1.4.2 Silver as photoactive nanoparticle

Nano-coatings, compared with conventional coatings, have excellent mechanical
properties, such as lower porosity, higher hardness, oxidation, and corrosion resistance. In
addition, the nanosurface coating with antibacterial properties will be an appropriate technique
in solving the implant-related infections [54,55]. Nanomaterials can be used as antibacterial
agents on the surface of Ti, and they have a potential to effectively increase the bactericidal
properties [52]. Metallic antibacterial agents have remarkable research value because of their
strong antibacterial activity, good biocompatibility, and excellent stability [56]. They can be
fixed on the Ti surface by using a carrier or coated. Nanoparticles with a particle size in the
range of 1-100 nm have specific properties, such as small size effect and large specific surface
area [57]. Among NPs, Ag has many advantages, which makes it the most studied and widely

used metal-based antibacterial agent.
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Modification of TiO by loaded Ag alters the structure and mode of photocatalytic action
because Ag can act as an electron trap. The electrons can then be transferred to molecular O>
to form ROS (Figure 6). AgNPs have the ability to boost the photoactive properties of TiO>
due to surface plasmon resonance (SPR) mechanism. Surface plasmon resonance is a
phenomenon that originates from the collective oscillation of conduction electrons of NPs upon
interacting with electromagnetic radiation. As a result, the surface Ag component induces
visible-light-driven photocatalysis and the semiconductor TiO2 has photocatalytic activity, and
its absorption spectrum extends in the visible light range [52, 58-60]. In this way, the harmful
ultra violet (UV) irradiation necessary for the excitation of conventional TiO> could be triggered
by visible light in the presence of Ag-TiO2 photocatalyst [58-60].

However, Ag is a well-known antibacterial agent in the absence of light. The
antibacterial activity of AgNP against bacteria is variable [61]. The NP can adhere to the cell
membrane and penetrate the bacteria causing deactivation of cellular enzymes, disruption of
membrane permeability, leading to cell lysis and death [62]. Another mode of action is the
induction of morphological changes, such as cytoplasm constriction and detachment of the cell
wall membrane and DNA condensation [63]. Moreover, the bacteria are generally unable to
develop resistance against AGNP [64], and all these properties of AgNP well demonstrate that
it has a huge potential to be used as an antimicrobial agent. Currently, the biggest challenge in
the field of biomedical research with regard AgNP is to enable the stable release of Ag at a

suitable concentration on the surface of the Ti implant.

1.5 Rescuing a failing implant - treatment possibilities of peri-implantitis

When peri-implant mucositis or peri-implantitis has been diagnosed by the clinician,
many different factors and parameters have to be considered before a treatment plan is
constructed and treatment may begin. One of the main goals of peri-implantitis treatment is the
removal of the bacterial biofilm and the disinfection of the implant surface. Treatment protocols
of peri-implantitis include two main approaches: surgical or non-surgical (conservative)
therapy [65]. If the implant is in a condition to be retained, treatment should focus mostly on
controlling the infection. Non-surgical therapy should always be the first step, as this provides
the clinician time to evaluate the healing response of the tissues. During conservative therapy,

clinicians remove local irritants from the implant surface with or without surface
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decontamination and may apply some additional adjunctive therapies. The decontamination is
usually being perfomed mechanically via the use of air abrasive devices or mechanical
depurators or chemical agents [65].

The therapy of peri-implantitis in the surgical phase is a more complex process, it should
be started with surgical debridement of the damaged peri-implant tissue and continue with
decontamination of the affected implant surface. The implant surface can be cleaned by
mechanical (air-powder abrasive) or chemical agents (chlorhexidine-digluconate (CHX), H20,
or citric acid) or with laser irradiation. Topical and/or systemic antibiotics as adjunct to peri-
implant surgery treatment are commonly used, for example, tetracycline, amoxicillin,
augmentin, metronidazol, or penicillin. Surgical treatment protocol, if it is needed, promotes
the regeneration of any bone defect by guided tissue regeneration with or without the use of
bone grafts or barrier membranes [66-68].

For the chemical decontamination of implant surfaces, several agents have been
suggested; however, there is a lack of consensus regarding the techniques/ antiseptic agents to
be used for decontamination [69]. The most suitable chemical agent for disinfecting the peri-
implant region has not yet been identified because of the lack of comprehensive in vitro and in
vivo experiments [69]. Several disinfectants have been tested with varying success.

Chlorhexidine-digluconate is an effective bactericidal and broad-spectrum
antimicrobial agent and currently is the “gold standard” antiseptic in oral hygiene [70].
Chlorhexidine-digluconate is useful in many clinical fields including periodontology,
endodontology, oral surgery, and operative dentistry. This agent primarily attacks on the
bacterial cell membrane causing leakage of cell components of Gram-positive and Gram-
negative bacteria; nonetheless, fungicidal and virucidal effects are also known [71].
Chlorhexidine-digluconate can adhere to the bacteria, preventing their attachment to the dental
surfaces. The adhesion of it to salivary proteins inhibits the formation of the biofilm [72].
Porphyromonas gingivalis is often difficult to eliminate since being embedded in the biofilm
may make it resistant to higher concentration of antimicrobial agents. However, CHX can
penetrate in to the plaque, and Noiri et al. [73] have reported that CHX eliminated P. gingivalis
embedded in biofilm more effectively than compared to antimicrobial agents.

Chlorine dioxide (CD) is also effective in eliminating biofilms. It has excellent

bactericidal, virucidal, sporocidal properties, and the main advantage of using CD is that it can
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replace antibiotics, avoiding the selection of antibiotic resistant bacterial species [74]. CD
interrupts various cellular processes in bacteria due to its direct interactions with amino acids
and RNA molecules [75].

However, the use of CD as an antiseptic was hindered because CD solutions were not
stable enough. In 2006, a new membrane separation process was invented by Noszticzius et al.
[76], which can produce hyperpure, and therefore a significantly more stable CD solution [76].
This solution has been commercially available in Hungary since 2008 under the name of
Solumium.

Povidone-iodine (PI) or betadine is a potent microbial agent; it has a wide spectrum of
antibacterial and antiviral effects [77]. The information with regard to its effect on biofilms is
limited [78]; however, it can destroy the bacterial cell membrane leading to cytosol leakage,
and finally to cell death [77].

The above mentioned chemical agents are also commonly applied in dental practice, but
well-designed in vitro and in vivo studies with adequate sample size are warranted in order to

establish a protocol for decontamination of peri-implant site during the treatment.
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2. AIMS OF THE THESIS

The Faculty of Dentistry of the University of Szeged has been conducting research on
surface modifications of Ti implant and favorable osseointegration process for years. Turz6 et
al. have established the main directions of peri-implantitis research. Experts from other
disciplines, such as Ungvari et al. Janovak et al. and many other researchers have joined this
project, creating a multidisciplinary collaboration to find new, innovative surfaces for medical
application.

Connecting to their results, the aim of my work was to investigate antimicrobial
strategies by using various Ti implant surfaces that support the prevention of peri-implantitis.
For that, | applied in vitro testing methods with relevant pioneer colonizer bacteria, such as S.
mitis and S. salivarius. These methods are regularly used for testing the antimicrobial potential
of Ti implant surface, before performing the more expensive and time consuming in vivo or
clinical studies.

The treatment of peri-implantitis is a very complex and complicated process. For this
reason, the present doctoral work focuses on two main strategies. | tested the antibacterial effect
of newly developed photoreactive nanohybrid films containing TiO. and plasmonic Ag-TiO>
on Ti based implant surface to find a new opportunity for the conservative treatment or even
prevention of peri-implant infections. Furthermore, since in the treatment protocol of peri-
implantitis disinfection of implant surfaces is also crucial, | compared the in vitro bacterial
killing effect of three widely used disinfectant agents (CHX, PIl, CD) on S. mitis and S.

salivarius mono-species biofilm models on Ti discs surfaces.

The points to be examined for nanohybrid surfaces were the following:

. Investigation of the newly developed photocatalyst containing polymer based hybrid
layer.

. Determination of the anti-adhesive effect of nanohybrid films without visible light
illumination by 3- (4,5-dimethylthiazol-2yl)-2,5-diphenyltetrazolium bromide (MTT) assay.

. Evaluation of the visible light induced photocatalysis on adhered bacterial cells on
different surfaces compared with dark controls by MTT and protein assay.
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. A further goal was to determinate the effective illumination time that can be short
enough in peri-implant treatment process.

. To investigate whether the reduced Ag content of the nanohybrid film can be sufficiently
effective in killing pioneer colonizer bacteria.

The points to be examined for antiseptic agents were the following:

. Comparison of the antibacterial effect of three different decontamination solutions
using monobacterial streptococci models.

. Investigation of the response of pioneer colonizer streptococci to antiseptic treatment

in distinct laboratory conditions.
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3. MATERIALS AND METHODS

3.1 Antibacterial property of nanocomposite polymers

3.1.1 Pretreatment of the Ti discs for the experiments

Titanium discs (1.5 mm thick and 9 mm in diameter) were cut from CP4 Ti rods (Denti
System®, Szentes, Hungary). CP4 Ti is available in 4 grades depending on the carbon (C) and
iron contents [79]. This type of Ti contains only very small amounts of other elements: the O
content is lower than 0.40 %, the nitrogen is not more than 0.05 %, and the C is less than 0.10
% [79]. When we investigated the antibacterial effect of photoreactive nanohybrid films, the
surfaces were sandblasted and acid etched by the manufacturer for root part of an implant
(Figure 7A). Before the experiments, sample discs were uniformly cleaned in acetone (puriss,
Molar Chemicals, Hungary), and then with 70 % ethanol (puriss, Molar Chemicals, Hungary)
for 15 min, in an ultrasonic bath and rinsed with ultrapure water (Milli-Q® system, Merck,
USA) three times. Finally, all cleaned Ti discs were sterilized at 160 °C for 45 min [80].
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Figure 7. Surface characteristic of sand blasted, acid etched (A) and polished surface (B) by scanning
electron microscope (x10), which are used in our experiments. Sand blasted and acid etched surfaces
show a rough surface compared with the smoother polished surface. Source: own image.

3.1.2 Preparation of photoreactive nanohybrid films

The pure Ti discs were coated with polymer-based photocatalytic composite thin film
with 60 wt% photocatalyst and 40 wt% polymer content. Two different photocatalysts were
used for the experiment: the well-known UV- excitable P25 TiO2 (99.9 %, Degussa- Evonik
P25) and plasmonic Ag-TiO2 photocatalyst with 0.001 wt% Ag content. Polyacrylate based
binder material [poly (ethyl acrylate-co-methyl methacrylate; p (EA-co-MMA) (Eudragit NE
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30 D, Evonik)] served as a mechanically stable polymer bed for the surface immobilized
photocatalyst particles. The 10 wt% aqueous suspension consisting of photocatalyst particles
(6 wt%) and polymer binder (4 wt%) was homogenized by sonicator (EIma Hans Schmidbauer
GmbH&Co. KG, Stuttgart, Germany) for 30 min (Figure 8A). The spray-coated method was
used (R180 type Airbrush spray gun, 3 bar operating pressure, 15 cm distance from the surface)
to take the suspension up onto the surface of the discs, in a density of approximately 2 mg/disc,
and then the film was dried (Figure 8B). After sterilization at 160 °C for 45 min, the samples
were photo bleached by UV-C irradiation (Vilber Lourmat, Marne-la-Vallée, France) at 254
nm wavelength for 60 min before the experiments in order to partially photodegrade the
polymer component of the nanohybrid film, so the surface ratio of uncoated photocatalyst NPs
increased on the surface of the film. With this procedure, we provided the direct link between
the bacteria and the NPs [59]. The process of the synthesis of polymer-based photocatalytic
suspension was detailed elsewhere [59].

Figure 8. Aqueous suspension consisting of photocatalyst particles and polymer binder (A) and the
photocatalytic film on Ti implant surface (B). Source: own image.

3.1.3 Investigation of the polymer based composite layers

The surface of the polymer based composite layer with photocatalyst loading was
examined by scanning electron microscope (SEM) (SEM, Hitachi S-4700 microscope),
applying a secondary electron detector and 5 kV acceleration voltage. Energy dispersive X-ray
spectra were also measured by using the Rontec EDX detector at 20 keV.

The amount of "OH was measured from the reaction of luminol and H20- (50 % aqueous
solution, Molar Chemicals, Hungary) using the chemiluminescence (CL) probe method, which

has been developed by Hirakawa et al. [81].
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The results were calculated from the CL data obtained with Sirius L Single Tube
luminometer (Berthold Detection Systems, Budapest). Six milligrams of luminol (>97.0 %
(HPLC)), Sigma-Aldrich) was diluted in 1 mL of 0.1 M sodium hydroxide (puriss, Molar
Chemicals, Hungary) solution and filled out to 20 mL with distilled water (Milli-Q® system,
Merck, USA). The nanohybrid films were immersed in 40 mL of distilled water and illuminated
and shaken continuously during the experiment with a magnetic stirrer. The distance of the light
source from the nanohybrid films was 10 cm. The samples were taken after a given time interval
(0-360 min) of illumination; 100 uL of the samples was added to 100 puL of luminol solution,
and the intensity of the CL was measured immediately with the luminometer [81, 82]. Based
on the calibration curve (0—5 mM), the concentration of -OH radicals is directly proportionate
to the measured relative light unit (RLU) values as follows: Ch2o2 (MM) = measured RLU
value/41866, R? = 0.9977. For quantitative characterization of the free radical concentration
from the RLU data, the calculated equivalent concentration of H.O, (mM) is displayed as a
function of illumination time with the used light source.

The photocatalytic activity of the hybrid layers was also verified through bovine serum
albumin (BSA) (BSA, >98.0 %, Merck, USA) photodegradation tests [83]. The photocatalytic
activity, i.e., the decreasing concentration of the BSA (Merck, USA) solution was measured
with a Horiba Jobin Yvon Fluoromax-4 spectrofluorometer, and the fluorescence spectra were
taken after 0, 30, 60, 120, 180, and 240 min of UV light illumination. The concentration of the
initial BSA (Merck, USA) solution was 114 ppm, while the extinction wavelength was Aex=
290 nm.

3.1.4 lllumination conditions

For photocatalytic illumination, a 15 W low-pressure mercury lamp was used with an
UV-visible light source (Lighttech, Dunakeszi, Hungary). The spectrum of the UV lamp was
determined by a grating spectrometer (Ocean Optics QE6500, Dunedin, Florida, USA). The
300 lines/mm grating and the 200 um entrance slit of the spectrometer allowed 6 nm spectral
resolution. The spectrum was recorded by directing the light of the lamp onto the entrance slit
of the spectrometer across the glass plates, which were used in the experiments. The tissue

culture plates were covered with glass plates in order to exclude the UV light during the
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illumination periods. The illuminating light source intensity was 1.26 x 10°° einstein/secundum
(s), and the plates were positioned 10 cm from the light source.

The emission spectrum of the light source was intense only in the visible range, i.e.,
these photocatalytic tests were performed under visible light illumination, see in Figure 9. The
measured spectral lines (368, 409, 439, 490, 548, 615, 633, and 712 nm) corresponded to the
emission lines of mercury vapor, and the phosphorescent coating. Weak UV spectral lines of
mercury vapor below 320 nm were completely eliminated by the use of glass plates. Therefore,
in our experiments, the photocatalytic antibacterial effect was initiated by the above mentioned
intense visible spectral lines (A > 400 nm).
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3.1.5 Culture conditions of S. mitis

A clinical isolate of S. mitis from a patient who had clinical symptoms of peri-implantitis
was used in our experiments. The isolate was recommended by courtesy of the Albert Szent-
Gyorgyi Health Center and the Department of Medical Microbiology, Albert Szent-Gyorgyi
Medical School, University of Szeged. The isolates were previously identified by matrix
assisted laser desorption ionization-time of flight mass spectrometer (MALDI-TOF MS)
(Bruker Daltonics, Bremen, Germany).

After the isolation and identification, the bacteria were stored at —-80 °C in Brain Heart
Infusion (BHI) broth (Oxoid, UK) supplemented with 12 % (v/v) glycerol. The strains were
streaked and incubated at 37 °C for 24 hours (h) in 5 % CO2 aerobic atmosphere on blood agar
plate containing 5 % cattle blood (BioMérieux, S. A. Marcyl’Etoile, France) for experiments.
Isolated colonies of bacteria after overnight incubation on blood agar were inoculated into 50
mL 1 % glucose bouillon broth (Merck, USA). After incubation at 37 °C for 3 h under aerobic
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atmosphere, enriched with 5 % carbon-dioxide, the optical density (OD) of the mono-bacterial
culture corresponded to 0.5 McFarland density (ODe20nm=0.089), which means approximately

108 colony forming unit (CFU)/mL.

3.1.6 Investigation of the photocatalytic-induced antibacterial activity of nanohybrid
coatings by MTT assay

Two mL of the exponentially growing S. mitis culture was pipetted onto the surface of
the control and surface modified Ti discs, placed into 24-well hydrophilic surface plate
(Sarstedt, Niimbrecht, Germany) and incubated with the mono- bacterial culture for 4.5 h under
aerobic conditions. In order to investigate the visible light-induced antibacterial activity of
nanohybrid films, illuminated and dark sample groups were prepared. In the “illuminated”
group, the discs with adhered S. mitis bacteria were illuminated for 5, 10, or 15 min at 37 °C
under standardized conditions, while in the “dark” group, the discs were kept in the dark at 37
°C. Non-coated, sandblasted, and acid etched Ti discs, which generally applied in dental
practice, were used as controls of nanohybrid surface modifications.

The plate wells were covered with glass plates to prevent the antibacterial effect of the
lamp by its UV range (see Figure 9). In this way, we provided the enforcement of the
photocatalytic antibacterial effect by visible spectral lines.

In order to follow the growth of S. mitis on the various surfaces under dark and
illuminated conditions MTT (Sigma-Aldrich, Darmstadt, Germany) measurements were used
[84]. After the illumination, the samples were washed with phosphate buffered saline (PBS)
(Thermo Scientific, Waltham, Massachusetts, USA), then 50 uL MTT solution (1 mg/ml final
concentration; MTT powder dissolved in ultrapure water) was added to 0.5 mL PBS on the
samples and incubated at 37 °C for 4 h. After this incubation period the solution was removed
from each well. Then the formazan crystals, which are the crystallized form of the dye and
generated by active bacterial cells, were solubilized with 200 uL of 0.04 mM HCI (Scharlab,
Barcelona, Spain) in absolute isopropanol (Molar Chemicals, Haldsztelek, Hungary) and with
40 uL of 10 % sodium dodecyl sulfate (Sigma-Aldrich GmbH, Darmstadt, Germany). The OD
of solubilized formazan crystals, which indicates the level of cell metabolic activity was
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measured at 550 nm with an ELISA (Enzyme-Linked Immunosorbent Assay) reader (Anthos
Labtech Elisa Reader, Vienna, Austria) (Figure 10).

Figure 10. Progress diagram of the investigation of nanohybrid coating antibacterial effect. Polymer-
based photocatalytic suspension (1) is taken up on the surface of sand blasted, acid etched Ti by spray-
coating method (2). The prepared samples were photo bleached by UV-C irradiation (3) to partially
photodegrade the polymer component of the nanohybrid film, so the surface ratio of uncoated
photocatalyst NPs increased on the surface of the film (4: representative optical microscopic image of
60 w% Ag-TiO2: 40 w% copolymer surface, 10x; 200x200um). The mono-bacterial culture of S. mitis
was incubated with the control and modified Ti discs (5). The photocatalytic-induced antibacterial
activity of polymer based surfaces was triggered by visible light (6). Finally, the antibacterial effect of
polymer based surfaces was determined with MTT (7) and protein assay (8). The progress diagram was
created based on our own pictures.

3.1.7 Investigation of the photocatalytic-induced antibacterial activity of nanohybrid
coatings by protein assay

The Micro BCA™ Protein assay kit (Thermo Scientific, Waltham, Massachusetts,
USA) determines the protein content of the samples, which is proportionate to the overall
bacterial biomass [85]. For parallel set of the samples, this assay kit was used. A calibration
curve was created by using BSA as a control. After the illumination and the washing step with
0.5 mL PBS, (Thermo Scientific, Waltham, Massachusetts, USA) the remaining bacterial cells
were disrupted in 0.5 mL lysis buffer (Thermo Scientific, Waltham, Massachusetts, USA). The
lysate was centrifuged at 13.000 rpm for 10 min and the supernatants were removed. 150 pL
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Micro BCA Working reagent (Thermo Scientific, Waltham, Massachusetts, USA) was added
to each supernatant and the solutions were incubated at 37 °C for 2 h. The OD was determined
at 550 nm with an ELISA reader. The protein concentration data were calculated based on the
measured OD values according to the standard curve (Figure 10) [85].

3.1.8 Statistical analysis

The statistical analysis was performed in Statistica 13.4.0.14 (TIBCO Software Inc.
USA) and CogsStat 1.7.0. (Attila Krajcsi 2012-2018). In my nanohybrid films related study,
after checking the normality and homogenity criterion, we compared the data with the help of
the appropriate tests (Mann-Whitney U test, Kruskal-Wallis test, independent samples t-test,
Welch probe, and one-way ANOVA). Statistical significance was set at p<0.05. The means +
SEM (standard error of the mean) were calculated for ODsso nm Values measured by plate reader
based on four parallel experiments (four measures in each) carried out at different time points.

3.2 Antibacterial property of various antiseptic agents
3.2.1 Preparation of disc surfaces for the experiment

In our experiments, we used two different surface modified Ti discs. The discs (1.5 mm
thick and 9 mm diameter) were cut from commercially pure (CP4) Ti rods (Denti System®,
Hungary). Besides the sandblasted and acid etched surfaces, in our next research, we used
polished surfaces, similarly to the transgingival part of a dental implant (Figure 7B). Before

the experiments, the samples were cleaned with the same method as detailed in Section 3.1.1.

3.2.2 Culture condition of Streptococcus spp.

Clinical isolates of S. mitis and S. salivarius were used in our experiment. Similarly to
S. mitis isolate, S. salivarius was also offered by respect of the Albert Szent-Gyorgyi Health
Center and the Department of Medical Microbiology, Albert Szent-Gyo6rgyi Medical School,
University of Szeged. Before the experiments, the isolates were identified by MALDI-TOF MS
(Bruker Daltonics, Bremen, Germany). The storage and the preparation of the mono-bacterial

culture of the strains were the same as detailed in Chapter 3.1.5.
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3.2.3 Investigation of the antibacterial activity of the three different antiseptic agents on
mono-species biofilms

Two mL mono-bacterial suspension was pipetted on the surfaces of discs in 24-well
hydrophilic surface plate (Tissue Culture 24 well plate, Niimbrecht, Germany).

However, in this research, we used different incubation times for the two test bacteria,
since our goal was to investigate the response of pioneer colonizer streptococci to antiseptic
treatment in distinct laboratory conditions. Therefore, we incubated the S. mitis for 4.5 h on the
surfaces of discs, like in our nanohybrid film experiments, while we extended the incubation
time to 48 h in case of S. salivarius, where after 24 h, we changed the culture medium for fresh
1 % glucose bouillon.

After incubation at 37 °C in 5 % CO; the developed biofilms were washed with PBS to
remove the non-adherent cells. Then, the attached bacterial cells were treated with 2 mL of
three different oral antiseptics: CHX (Curasept ADS 220, 0.2 %, Switzerland), Pl (Betadine, 10
%, Switzerland) and CD (Solumium dental, 0.12 %, Hungary) for 5 min, since it can be optimal
in dental practice. The antiseptics were washed out from the implant surfaces by rinsing them
with 1 mL PBS.

In order to follow the metabolic activity of the bacterial biofilm, MTT (Sigma-Aldrich,
Darmstadt, Germany) assay was used. The steps of the assay were the same as used previously,
see Chapter 3.1.6. The antibacterial effect of the antiseptics was compared with untreated

control Ti discs with the developed biofilm, which were only rinsed with sterile PBS.

3.2.4 Statistical analysis

Statistical analysis was carried out by using Statistica 13 (Dell Inc. USA). After test of
normality (Shapiro—Wilk test), the comparisons within group were evaluated by using one-way
analysis of variance (ANOVA) followed by Tukey’s post hoc test, and T-test was used for the
comparison of independent samples. The means + SEM (standard error of the mean) were
calculated for ODsso nm Values measured by plate reader based on five parallel experiments
(three measures in each group) carried out at different time points. Statistical significance was
set at p<0.05.
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4. RESULTS

4.1 Structural and photocatalytic characterization of the hybrid layers

Figure 11 presents the structure of the photocatalyst containing polymer based hybrid
layer with different magnifications. Quasi-spherical microscale-aggregates of the primer
photocatalyst particles can be observed on the composite surface with diameters ranging from
5 to 40 um. Moreover, according to the scanning electron microscopy-energy dispersive X-ray
spectrometry (SEM-EDS) pictures, at increased magnifications, nanostructures could be
identified superposed on the microscale structure. This is due to the NPs aggregation during the
composite film forming process; the initial Ag-TiO. photocatalytic particles with ~50 nm
primary (nominal) particle size were aggregated into 540 pwm microparticles. This structure

ensures high porosity and accessibility, which is advantageous for the photocatalytic process.
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Figure 11. SEM-EDS images of the polyacrylate based composite thin films containing Ag-TiO-
photocatalyst filler material with various magnifications.

Figure 12. SEM-EDS images of polymer based photoreactive hybrid layer with the corresponding
element distribution of carbon (C) and Ti.

Figure 12 shows the SEM-EDS image, and elemental mapping for C, Ti, and C/Ti
content of the polymer based sample with 60 wt.% Ag-TiO> content. At this photocatalyst
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content, both the C of the polymer (green colour) and the Ti content of the photocatalyst (red
colour) are expressed on the surface. This dual presence of the components at optimal
composition resulted surfaces with simultaneous photocatalytic and good mechanical
properties.

To explore the Ag-TiO2 photocatalytic reactions, the concentration of ROS produced
during irradiation has been investigated with the CL method. The calculated equivalent
concentration values of ROS such as H.O> (mM) as a function of illumination time are
presented in Figure 13. The amount of "OH that are produced by the photocatalysts was
measured from the CL of luminol. The results showed that hybrid layer with 60 wt%
photocatalyst content shows saturation curve during the studied time interval (0-360 min). This
tendency is due to the previously reported partial polymer photodegradation; the illumination
changes in the ratio of catalyst/polymer composition as the photocatalyst particles became
uncoated [60]. This resulted in higher catalyst availability on the surface region. Due to this
photocatalyst surface enrichment, the formation of free radical concentration displays saturation
curves. It can be also seen that both the photocatalyst free polymer sample and the control

sample show negligible photocatalytic effect.
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Next, the photocatalytic behavior of the Ag-TiO. containing hybrid layer was also

demonstrated and studied in the case of BSA solution under UV- light irradiation (Figures 14A
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and 14B). The results reveal that the surface adsorption of the BSA macromolecules was
relatively high after 15 min contact time and after that the photooxidation of protein solution
(co = 114 ppm) almost reached the 100 % under the 4-hour UV irradiation time. Thus, the

polymer based hybrid layers show obvious photocatalytic activity.
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Figure 14. The effect of UV light irradiation on the fluorescence spectra of the aqueous BSA solutions
(A) and the corresponding normalized concentration changes (B) of the protein solution. The inserted
image shows the emission spectra of the used UV light source.

4.2 Assessment of the antibacterial activity of the modified surfaces using the MTT
method

The relative adherence of S. mitis to the different dark control disc surfaces is illustrated
in Figure 15. The MTT results confirmed that the relative adherence of S. mitis was different
depending on the surface type even without illumination. The anti-adhesive effect of the 0.001

wit% Ag-TiO2 nanohybrid was the most remarkable, however not significant (Figure 15).
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In Figure 16A, the antibacterial effect of surface modifications and visible light
illumination compared to their dark controls are plotted as the effect of illumination time. The
number of metabolically active bacteria decreased on all Ti based surfaces during illumination
for different time. Significant differences (p<0.05) were observed at 15 min illumination
compared with dark controls in case of all surfaces. In cases of TiO2 nanohybrid surfaces and
standard Ti disc, we measured significant differences (p<0.05) between the 5 min and 15 min
illuminated samples by the MTT method (Figure 16B). The metabolic activity of S. mitis on
the Ag-TiO2 nanohybrid film covered sample (ODss0nm=0.118+0.014) illuminated for 15 min
was 40 % lower than its dark control (ODssonm=0.196+0.028) (Figure 16A). 15 min of
illumination with visible light enhanced the antibacterial effect of the Ag-TiO> coated surface.
We observed the fluctuation of OD value in the test results of the standard Ti disc. The OD
value rises after being illuminated for 10 min compared with 5 min illumination. The reason

for this discrepancy may be a complex process.
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Figure 16. The antibacterial effect of visible light induced photocatalysis on the metabolically active
bacterial cells adhered to the different surfaces compared with dark controls (A) using MTT
colorimetric assay (B). The values were calculated from four independent experiments and are
shown as mean = SEM. Asterisks denote significant differences (* p< 0.05). Figure 16B: our own

images.
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4.3 Investigation of the various nanohybrid coatings photocatalytic activity

The antibacterial effect of photocatalytically activated nanohybrid surfaces after
illumination for different times compared with the standard Ti discs (without illumination) is
shown in Figure 17. We observed significant differences between the control Ti discs and both
types of nanohybrid coatings in cases at 10 and 15 min illumination. The TiO2 nanohybrid
coatings eliminated significantly more metabolically active bacterial cells after 10 min
(ODs50nm=0.191+0.015) and 15 min (ODss0nm=0.17140.013) illumination compared with the
control Ti discs (ODssonm=0.260+0.028). We also found a significant difference between the 10
min illuminated Ag-TiO2 nanohybrid film (ODss0nm=0.136+0.020) and the control Ti discs
(ODs50nm=0.260-+0.028). Furthermore, in our comparisons, the 15 min illuminated Ag-TiO>
nanohybrid film (ODssonm=0.118+0.014) had the most remarkable antibacterial effect, since it
proved to be significantly better compared with the control Ti discs (ODssonm=0.260+0.028).
These findings demonstrated that the Ag-TiO. coated surface had remarkable antibacterial

effect, which is obviously due to the Ag enhanced photocatalytical activity.
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Figure 17. Comparison of the antibacterial effect of visible light illuminated TiO, and Ag-TiO,
nanohybrid coatings with dark control Ti disc by MTT colorimetric assay. The values were calculated

from four independent experiments and are shown as mean + SEM. Asterisks denote significant
differences (* p< 0.05).

4.4 The effect of the various surfaces on the total bacterial protein content

The remaining amounts of bacterial protein on the tested surfaces as a result of the

illumination time are shown in Figure 18.
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According to protein assay, the amounts of proteins on both nanohybrid surfaces were
lower than on the control Ti after 15 min illumination, however not significantly. It can also be
stated that no significant changes were observed in protein content reduction on Ag-TiO>
surface, but this coating inhibited bacterial attachment and showed bactericid effect most of all.

I dark control

5 min illumination

=1 10 min illumination
50T 15 min illumination

%

NN
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.

Bacterial protein concentration (ug/ml)

Standard Ti TiO, AgTiO,
disc coated disc coated disc

Figure 18. The antibacterial effects of various illumination times measured by the amount of the total
bacterial protein on the nanohybrid surfaces and standard Ti discs. The protein concentration data were
calculated based on the calibration curve of BSA. The values were calculated from four independent
experiments and are shown as mean = SEM.

4.5 Disinfectant efficacy of oral antiseptics on S. mitis biofilm determined by MTT
colorimetric assay

The results of antimicrobial activity of antiseptics against S. mitis are shown in Figure
19. Evaluation of the three disinfectants antibacterial activity against the pioneer colonizer
indicated that among antiseptics, the Pl and CD showed significant differences both on the
polished (p=0.0005) and the sand blasted, acid etched (p=0.0004) Ti surfaces compared with
the untreated control Ti discs after the 5 min treatment time. We presented the measured OD
values in Figure 19; however, we converted these data to percent values and mentioned them
in this way in the text (data are not shown here). The attachment to the control Ti surface was
considered 100 % (highest OD value), and the number of metabolically active cells on the
surfaces was expressed in relative percentages in the results section. Based on our MTT results,
all antiseptic decreased the cell metabolic activity in biofilm on sand blasted, acid etched, and

polished surfaces. However, the Pl and CD showed significant cell reduction on both surfaces
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(p<0.05). The PI was the most effective antiseptic against the S. mitis cells incubated for 4.5 h,
since it decreased the number of active cells with 37 % (ODssonm = 0.043 £+ 0.001) on polished
surface compared with the control disc (ODssonm = 0.068 + 0.008) after 5 min treatment time
(p=0.0012). We observed completely similar tendency with regard to the sand blasted, acid
etched surfaces. The decrease of the metabolically active cells was 33 % (ODssonm = 0.044 +
0.001) after rinsing with Pl compared with the untreated control Ti discs (ODssonm = 0.065 +
0.007) (p=0.0007).
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Figure 19. Determination of the antibacterial efficiency of different antiseptic agents by MTT
colorimetric assay for S. mitis. The values were calculated from five independent experiments and are
shown as mean = SEM. Asterisks denote significant differences (*p<0.05).

4.6 Disinfectant efficacy of oral antiseptics on S. salivarius biofilm determined by
colorimetric MTT assay

The disinfectants dissolving effects on S. salivarius biofilm developed for a prolonged
incubation time (48 h) are detailed in Figure 20. According to our results, all tested agents
significantly decreased the amount of metabolically active cells in S. salivarius biofilm on
polished surfaces compared with the untreated Ti surfaces in vitro (p<0.0001). The most
pronounced antibacterial activity was attributed to PI, which eliminated 65 % (OD=0.048 +
0.003) of biofilm forming cells on polished surface after 5 min treatment time (p=0.0002).
However, the CD also eliminated a remarkable percent of the biofilm (60 %) (OD=0.056 +
0.001) compared with the control polished discs (OD=0.139 + 0.01, p=0.0002). Considering
the three agents, significant differences could be observed between the Pl and CHX (p=0.0002),
and in this respect, between the CD and CHX (p=0.0006) as well.
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Compared with the control discs, each of the three antiseptics studied decreased the
metabolic activity of S. salivarius biofilms on polished surfaces as well as on sand blasted, acid
etched surfaces (p<0.0001) (Figure 20).

Furthermore, the Pl and CD showed significantly higher antibacterial activity against S.
salivarius compared with the CHX treatment (Pl vs. CHX p=0.0007, CD vs. CHX p=0.0212).
We also observed that the metabolic activity of control S. salivarius cells was lower on the sand
blasted, acid etched Ti surface than on the polished surface (p=0.0063) (Figure 20). We did not

notice such a difference in case of control S. mitis biofilms (see Figure 19).
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Figure 20. Effect of antiseptics on the S. salivarius cells using MTT colorimetric assay. The values were
calculated from five independent experiments and are shown as mean = SEM. Asterisks denote

significant differences (*p<0.05).
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5. DISCUSSION

The use of Ti dental implants is becoming a widely accepted method among dentists for
replacing missing teeth [86]. However, dental implants are constantly exposed to oral bacteria
by partial contact with the jawbone and gums [87]. Bacterial infection on and around the
implant (peri-implantitis) is one of the most common causes of implant failures [8]. Therefore,
there is a growing need to develop surfaces to control the spread of implant related infections
and find alternative agents, which may kill a broader spectrum of microbial species without any
harmful effect on the surrounding human cells. Nonetheless, coating manufacturers are facing
a major challenge these days in the form of superbugs, multidrug resistant microbes, and viruses
[88]. The antimicrobial resistant (AMR) pathogens cause high impact in the international health
epidemic. Globally, it was noticed that 700,000 deaths could be attributed to AMR per year,
and the numbers are expected to rise dramatically unless action is taken [89]. The development
of antimicrobial resistance will enhance peri-implant disease in the coming years [90].
Therefore, the need for effective antimicrobial agents and compounds is mandatory in order to
prevent the risk of superinfection. The presence of antimicrobial agents that do not alter
colonization resistance will lead to a decrease in the risk of development and spread of resistant
strains among patients [90]. Furthermore, actually there is no gold standard in the treatment of
peri-implantitis.

The methods of my doctoral work are simplified in vitro basic models using
Streptococcus spp. These models serve, however, as a basis for the investigation of more

complex biofilm forming communities.

5.1 Evaluation of the antibacterial effect of nanocomposite surfaces in the light of my
results

Photocatalytic surface coatings are one of the promising remedies to eliminate
pathogens from surfaces exposed to them from the most commonly touched surfaces used in
the everyday life, such as mobile phones or from medical devices [88, 91]. TiO: is a widely
used photocatalyst for antimicrobial coatings due to it is broad-spectrum bactericide property
with self-sterilizing effect, and it could reduce the number of adhered microbes [52, 53]. TiO>

has been doped with metals/non-metals or other chemical modifiers to extend the photocatalytic
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activity of the semiconductor in the visible region and boost the photocatalytic process [52, 58—
60].

Our interest led us to investigate the antibacterial potential of two photocatalytic
nanocomposite films: TiO2 and Ag-TiO2 (with 0.001 wt% plasmonic Ag content) as new
coatings on Ti implant surfaces. Basically, first, we studied the structural and photocatalytic
properties of composite layers with various methods. Similarly to Mérai et al. we detected both
the C and Ti component of the nanofilms on the surface of the composite layers using high-
resolution elemental mapping (see Figures 11 and 12) [92]. The C component represented the
polyacrylate binder providing mechanical stability for the composite films, whereas the Ti
component contributed to the photocatalytic activity of the nanohybrid films.

The presence of visible light induced ROS was also verified and quantified by CL probe
method developed by Hirakawa et al. [81]. During this method, a luminometric assay is applied
to determine the concentration of ROS responsible for microbial inactivation. In this way, the
active Oz species measured could be expressed as the equivalent H,O> concentration. In general,
it is known that the TiO. photocatalytic reactions proceed mainly by the contributions of active
O2 species, such as "OH, Oz and H20. [93]. In the photocatalytic reactions, H2O> would be
formed in both processes of reduction and oxidation, that is, dimerization of 'OH,
disproportionation of O2™ and reduction of Oz". Then, H.0, might be taken into account to
understand the details in TiO. photocatalysis. The lifetime of the free radicals can be measured
in femto- or picoseconds [94]. However, the degradation of the formed H20- (which is produced
from "OH) is slow at room temperature; it can be measured with a luminometer [95]. According
to this phenomenon, the measured H2O> concentration is proportionate to the various free
radicals produced under illumination of the photocatalysts. The amount of ‘OH that are
produced by the photocatalysts was measured from the CL of luminol. As our results
demonstrated in Figure 13 at relatively low light intensities, a sufficient amount of ROS is
formed on the irradiated photocatalyst surface.

The photocatalytic efficacy of the Ag-TiO. coating was also tested with a model-
biomacromolecule (BSA). We experienced the effective photooxidation of the studied BSA
protein, which phenomenon was attributed not only to the photoreactivity of Ag-TiO., but also
increased surface adsorption of polymer chains on the NPs surface. Mariam et al. have

published in their research about the interaction between NPs and biomacromolecules [96] and
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mentioned that the AgNPs have a strong ability to quench the intrinsic fluorescence of BSA via
the formation of a complex between BSA and AgNPs. Thus, AgNPs have a multifunctional
role, they increase both the photocatalytic efficiency and the interaction between the
macromolecules and NPs [96]. Thus, our physicochemical findings (Figures 11, 12, and 13)
suggest that the new polymer based surfaces are suitable for photocatalytic application.

The antibacterial effect of nanohybrid coatings to eliminate clinically relevant
pathogenic strains (methicillin resistant Staphylococcus aureus (MRSA), Escherichia coli or
Pseudomonas aeruginosa) and oral S. salivarius has been previously observed [97, 82, 83].
Based on these results, we wished to study the antibacterial effect of nanohybrid coatings on
biofilms formed by pioneer colonizing oral streptococci in vitro.

Although AgNPs are capable to destroy pathogenic bacteria, they may also affect the
viability of human cells in a dose dependent manner [86, 98, 99]. For this reason, it is important
to control the concentration of NPs to kill bacteria on the implant surfaces with minimal or no
harmful effects to the living human tissue. Currently, the precise concentration of AgNPs that
are antibacterial and biocompatible with osteoblast cell are poorly understood [86]. Therefore,
we reduced the Ag content of the coatings to 0.001 wt%, which was a significant reduction
compared the amount of 0.5 wt% used by Gyorgyey [97] and Talldsy et al. [82, 83]. In parallel
with our experiments, other members of our research team, Masa et al. [100] have investigated
the biocompatibility of Ag-TiO2 coated surfaces with human epithelial cells and MG-63
osteosarcoma cells and observed that such coatings were well tolerated by human cells in vitro.

Furthermore, we applied short illumination time in the photocatalytic process, such as
5, 10, 15 min, which can be short enough to be applicable in dental practice. S mitis, a significant
oral microbiome member was chosen for our investigations, since it has remarkable role in oral
biofilm formation, providing the basis for the subsequent colonization of facultative and
obligate anaerobic bacteria [22, 23].

In contrast with most of the studies in our field, we did not use the classic CFU counting
method, instead, we used the MTT colorimetric assay and protein content assay and determined
their sensitivity to detect the antibacterial effect. The quantification of CFU per mL or g of
sample is the gold standard method for the enumeration of bacteria or fungi in microbiology.
However, in our research, we could not use it because of the following reasons: for CFU

counting, we must prepare serial dilutions of the sample, plate the diluted suspensions and count
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the number of CFUs. Before all these steps, we have to harvest the adhered bacteria from the
surfaces of treated discs using a rough mechanical force such as sonication, [101] which can
also result in the removal of NPs that are included in the dilutions and can lead to false results.
Therefore, the CFU method is a completely different method from the MTT assay. For this
reason, MTT data cannot be converted to CFU data.

The MTT tetrazolium assay has been widely used as a high throughput screening
method for the determination of mitochondrial enzymatic activity in cells, which does not only
show the number of viable cells (used as proliferation assay), but it also indicates the degree of
mitochondrial activity that reflects cellular stress or dying cells (used as cytotoxicity test).
Viable cells with active metabolism convert MTT into a purple colored formazan product. Died
cells lose the ability to convert MTT into formazan; thus, color formation serves as an exact
and convenient marker only for the viable cells [84]. The MTT method was previously tested
efficiently on epithelial cell culture and on S. salivarius by our research group [102, 97].

Haase et al. [103] have recalculated their MTT data to viability percentage with the use
of a suitable control in their work [103]. However, we could not use this or similar experimental
settings in our research, since the Ti implant itself has some antibacterial activity as well,
consequently we could not attribute 100 % viability for it [L04]. Moreover, the 24-well plastic
plate surface is totally different from the Ti dental implant surface, so we also could not use it
as a standard control for 100 % viability. For these reasons, similarly to Zhou et al. [105], we
applied the MTT assay and plotted our MTT graphs based on the measured OD values in our
first study.

According to our MTT results, the AgNP-coated Ti surface showed effective anti-
adhesive potency against the pioneer colonizer S. mitis under dark conditions, and this property
may even make it suitable for the prevention of peri-implantitis. These findigs have been
confirmed by several researchers. For example, Zhao et al. [106] have reported in their article
that the deposition of AgNPs on TiO2 nanotube surfaces enhanced the anti-adhesive properties
of the biomaterial, and besides this, they have provided satisfactory osteoconductivity [106]. In
this context, it is worth highlighting the results of Masa et al. [100]. They have found that the
attachment of epithelial cells on the NP-modified surfaces relatively high, but the proliferation
is poor. In case of MG-63 cells, it seemed to be still sensitive to AgNPs, in spite of the reduced,

0.001 wt% AgNPs concentration, which could be explained by the presence of the NPs.
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However, based on their results, it can be emphasized that the tested coatings are biocompatible
and besides their antibacterial potential, they are also well tolerated by epithelial cells of human
origin [100].

Based on our results, the number of metabolically active bacteria decreased on all Ti
based surfaces under illumination for a different time, compared with their dark control,
indicating the visible light-driven ROS generation. The standard sandblasted, acid etched Ti
disc surfaces showed visible light induced antibacterial property, too; 15 min of illumination
with visible light resulted in the most remarkable killing compared to Ti discs kept in the dark.
In addition, we found that the metabolic activity of S. mitis on the Ag-TiO2 nanohybrid film
covered sample illuminated for 15 min was 40 % lower than its dark control. This time span of
illumination is tolerable in the dental practice. In this context, it is worth mentioning that a
previous study has reported considerable photodegradation of the cell wall components of E.
coli and MRSA using Ag-TiO2 photocatalyst particles [83]. According to these results, after
120 min irradiation, the bacterial cell wall was totally degraded, i.e., the formation of
peptidoglycan cross links is totally prevented due to the presence of ROS, which are produced
during the process of the visible light induced photocatalysis [83]. The observed fluctuation of
OD values in Figure 16 may be attributable the growth dynamics of mono-bacterial culture.
Shany-Kdoshmin et al. have mentioned in their work that periodonto-pathogenic bacteria could
show different light tolerance during exposure to blue light, which can support our observations
[107].

Next, we compared the antibacterial effect of photocatalytically activated nanohybrid
surfaces after illumination for various times with the standard Ti disc (without illumination).
Both types of nanohybrid coatings showed significant antibacterial effect in cases of 10 and 15
min illuminations compared with the Ti disc. Furthermore, in our comparisons, the 15 min
illuminated Ag-TiO> nanohybrid film had the most remarkable antibacterial effect, since it
proved to be significantly better compared with the control Ti discs as well as surpassed the
TiO2 nanohybrid coating in its photocatalytic cell damaging antibacterial activity. These
findings demonstrated that the addition of plasmonic properties of noble metal NPs (e.g.,
AgNPs) enhances the photocatalytic activity of TiO> under visible light. Therefore, we
established that plasmonic photocatalysis may play a key role in eliminating the development

of the bacterial biofilm.
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We also investigated the effects of photocatalytic damage on the total bacterial cell
protein content, measured by Micro BCA™ Protein assay kit. Besides the MTT method, protein
measurement is also a previously used method by our research team [85]. We were interested
in the investigation of how the protein assay measurements support our OD values measured
with MTT assay, since the literature data about the comparison of these two methods are absent.

Therefore, we used a simplified, time-saving assay, which does not have any influence
on cell viability and applicable in antibacterial studies [108, 109].

Our measured protein concentrations suggested that the illuminated Ag-TiO>
nanohybrid surface had efficient bactericidal effect and inhibited bacterial attachment. The
observed tendency of decreasing protein concentration in the case of photoreactive coatings is
presumably attributed to the photooxidation of the organic macromolecules in spite of the short
irradiation time (5-15 min), although our protein assay data could not support the statistically
significant differences between the various surfaces demonstrated with the MTT assay. It was
primarily due to the different sensitivities between these methods. The MTT assay measures
only the metabolically active cells [84], while the protein-based assay represents all the proteins
in the viable and non-viable cells [85, 110]. The MTT assay appeared to be more sensitive in
detecting the antibacterial effect. Our data support the observation of Fotakis et al. that is, in
case of bacterial biofilm studies the MTT assay is a more sensitive method compared with

protein assay [111].

5.2 Antibacterial efficacy of oral antiseptics on Streptococcus spp.

We created an in vitro model to evaluate the antibacterial effect of three widely used
antiseptics in dental practice. The peri-implant inflammation caused by pathogens can spread
apically from the colonized neck part of the Ti implant towards the deeper bone tissue region.
For this reason, we used two different surface roughnesses of dental implant (polished and sand
blasted, acid etched) to model this complex process on the two test bacteria (S. mitis and S.
salivarius) [112].

According to McDonnell et al. [113], CHX is one of the most well-known and widely
used antiseptic agent in dentistry, but based on our results, it showed significant cell reduction
only in case of S. salivarius after 5 min exposure time. CHX reduced 29 % of metabolically

active cells, while the other two agents destroyed double amounts of proliferating S. salivarius.
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Based on MTT data, Pl and CD were the two most effective antiseptic agents against S.
mitis and S. salivarius. Moreover, both agents were proved to be significantly better compared
with CHX in the elimination of the S. salivarius biofilm developed for 48 h. Our results are in
concordance with Herczegh et al. [114], who have established in their work that CD was more
effective compared with CHX after 5 min treatment time.

Our model demonstrated that the P1 was the most effective in the in vitro elimination of
both bacterial biofilms. However, in case of S. mitis, we could not observe significant difference
between Pl and CD. In this context, it is worth mentioning our other in vitro studies, where we
compared the antibacterial effect of PI, CHX, and citric acid against P. gingivalis [115]. Our
results suggested that Pl seemed to be superior in this comparison against anaerobic
periodonthopatogenic bacteria [116], but not significantly [115]. Hosaka et al. [117] have
reported that even 0.5 min application of Pl was effective in the in vitro killing both of P.
gingivalis and Fusobacterium nucleatum, and according to a clinical study, CD has also been
effective in reducing plague accumulation and the counts of F. nucleatum in the saliva [118].

However, choosing an ideal antiseptic for the therapy of peri-implantitis is influenced
not only by the effectiveness, but also by the lack of side effects of the agent. CHX is the most
widely used gold standard antiseptic for plaque control [70], but CHX has some adverse
properties. It stains the teeth or it can cause oral mucosa desquamation as well as a burning
sensation on the oral mucosa [119, 120]. However, the anti-discoloration system (ADS)
presented in Curasept used in our experiment can reduce the risk of discoloration and eliminates
the unpleasant taste-disturbance [121]. Pl has also adverse effects including allergy or
hypersensitivity to the solution, and it can cause a reversible yellowish discoloration as well,
although the short durations of using PI in low concentration could decrease these effects [122,
123]. In our experiment, we used a short, 5 min exposure time; furthermore, Kanagalingam et
al. have reported in their review that there have been no clinical reports on the development of
microbial resistance after Pl treatment, while in contrast, bacterial resistance to CHX has been
observed [124]. Based on our MTT assay data, we determined that Pl could be a promising
oral antiseptic in the prevention of peri-implantitis.

According to other researchers [125], CD can react with four amino acids (cysteine,
methionine, tyrosine, and tryptophan), which have a vital role in the living organisms, and

microbes can not develop resistance against CD. Furthermore, it can cause no real harm to
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humans as it is not able to penetrate the deep tissues [125]. CD is effective in relatively low
concentrations, and the new membrane technology developed by Noszticziusz et al. [125]
allows the production of high purity CD solution without any by-products. These properties
could make it an ideal antiseptic besides PI in dental practice to treat inflammation caused by

microoganisms.

5.3 Future possibilities of antibacterial strategies in infection control

The visible light induced antibacterial property of Ag-TiO2 may open a new potential
for the treatment of peri-implant infections, which is more efficient than the currently used
medical alternatives. For instance, if primary peri-implantitis develops, the complete
elimination of bacteria from the implant surface might be achieved by the visible light
illumination of the Ag-TiO- surface with a dental curing lamp. The photocatalytically-induced
release of ROS from the implant surface may be more effective in bacterial killing than surgical
decontamination because it does not damage the surface. The main therapeutic goal in the
treatment of implant related infections is the complete removal of bacteria from the surgical
site, including the implant surface and the surrounding tissues. The surrounding tissues can be
decontaminated by surgical debridement, but actually, it is a challenge to free the implant
surface from bacterial attachment. The currently applied surgical decontamination of the
implant surfaces does not guarantee the complete elimination of bacteria, and it can also have
a negative impact on the osseointegration process. The tested Ag-TiO> surface may offer an
alternative solution for this problem. Moreover, the visible light induced antibacterial property
of the Ag-TiO- supplemented with Pl or CD rinsing could control the infection at the surgical
site and can open a totally new direction in dental practice. However, this assumption is
currently theoretical, but it is worth investigating this assumption in the future.

Nevertheless, in consideration of the pandemic in 2020 caused by severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2), humanity has received a warning sign that
more attention needs to be paid to control the new emerging infectious diseases. Due to the
current SARS-CoV-2 crisis, the development of antimicrobial coatings and the application of
antimicrobial disinfectant agents have quickly become hot topics [88].
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Other researchers have investigated these photoreactive composite films with regard to
their virucidal effect using pseudorabies virus as a model virus. Their results demonstrated that
illuminated photoreactive nanocomposite surfaces showed a significant antiviral effect [126].

Recent studies have also investigated all of the three decontamination agents tested by
our group, highlighting their significant efficacy in killing the new type of coronavirus [127—
130]. Based on the observations until now, the antibacterial strategies outlined in the present
thesis are promising, and they may be applicable in other areas as well, including other
microbial species (viruses or fungal spp.) or more complex microbial communities to control

existing or emerging infections in the future.
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6. SUMMARY AND CONCLUSIONS

Due to the cooperation of industry with medicine, Ti and its alloys are widely used for
oral implantation, and the demand for implant therapy is constantly expanding with the
increasing of human life expectancy. Nonetheless, once exposed to the external environment,
Ti implants are also set out to microbial adhesion and biofilm formation, which finally can
trigger local inflammation in the surrounding tissues. Since dental implant placement is
becoming more and more popular for people who are in need of tooth replacement or
restoration, the incidence of inflammation is also frequent. Furthermore, antibiotics are often
used in the treatment of peri-implantitis, which further aggravates the situation with the
emergence of new resistant strains.

Therefore, novel surface modifications such as using antimicrobial coatings on Ti
implant and effective disinfection strategies are necessary for the prevention and treatment of
inflammation caused by microorganisms around implantable medical devices.

The aim of the present doctoral work was to develop antimicrobial strategies using Ti
dental implants for the effective prevention of peri-implantitis using Streptococcus species in
vitro models.

We investigated the direct interaction between the photoreactive composite coating
material and the abundant pioneer colonizer in the oral cavity, S. mitis, and we also determined
the effective illumination time that was short enough to be used in everyday dental practice.
Furthermore, we monitored the antibacterial activity of nanohybrid coatings at the
physiologically acceptable 0.001 wt% Ag content level for the human patients by two different
methods.

The main conclusions of this study are:
e The new polymer based surfaces showed favorable surface properties and good in vitro

photocatalytic activity due to their physicochemical properties; thus, the nanocomposite

materials proved their suitability for the photocatalysis induced bacterial elimination.
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e The results of our in vitro experiments suggested that the Ag-TiO> (with reduced Ag
content) containing surface had a remarkable anti-adhesive potential under dark
conditions.

e Ag-TiO2showed antibacterial property against S. mitis cells after 15 min of visible light

illumination, due to the photocatalytic mechanism.

Furthermore, we compared the antimicrobial effects of three antiseptics (CHX, PI, and
CD) on S. mitis and S. salivarius in mono-species biofilm models adhering to Ti surfaces using

MTT colorimetric assay.
The following conclusions can be drawn from this experiment:
e Our data indicated that Pl and CD had remarkable eliminating property against both
streptococci in the biofilm after 5 min of treatment time on the Ti surfaces. Compared

to CHX, Pl and CD proved to be more effective against the biofilms of pioneer

colonizers.
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ARTICLE INFO ABSTRACT

Keywords: Objective: Bacterial adhesion and colonization on implanted devices are major etiological factors of peri-im-
Peri-implantitis plantitis in dentistry. Enhancing the antibacterial properties of implant surfaces is a promising way to reduce the
Nanoparticles occurrence of inflammations. In this in vitro study, the antibacterial potential of two nanocomposite surfaces
Photocatalysis

were investigated, as possible new materials for implantology.

Material and methods: The structural and photocatalytic properties of the TiO, and Ag-TiO, (with 0.001 wt%
plasmonic Ag content) photocatalyst containing polymer based composite layers were also studied and com-
pared to the unmodified standard sandblasted and acid etched Ti discs (control). The presence of visible light
induced reactive oxygen species was also verified and quantified by luminol based chemiluminescence (CL)
probe method. The discs with adhered Streptococcus mitis were illuminated for 5, 10 and 15 min. The anti-
bacterial effect was determined by the metabolic activities of the adhered and proliferated bacterial cells and
protein assay at each time point.

Results: The Ag-TiO, containing surfaces with obvious photocatalytic activity eliminated the highest amount of
the metabolically active bacteria, compared to the control discs in the dark, after 15 min illumination.
Conclusions: The plasmonic Ag-enhanced and illuminated surface exhibits significantly better antibacterial ac-
tivity under harmless visible light irradiation, than the control Ti or TiO, containing copolymer. The studied
surface modifications could be promising for further, more complex investigations associated with dental re-
search on infection prevention in connection with oral implantation.

Pioneer colonizer
Antimicrobial activity

1. Introduction

With the expansion of the average human lifespan, the need for
tooth replacement has increased to which modern implantology is an
adequate response (Hultin, Gustafsson, & Klinge, 2000; Jungner,
Lundqvist, & Lundgren, 2005). In the field of implantology titanium
(Ti) implants offers a predictable, long-term implant lifetime, both for
general medical and dental applications (Albrektsson, Branemark,
Hansson, & Lindstrom, 1981; Meffert, Langer, & Fritz, 1992).

Inflammatory processes, ie. peri-implant mucositis and peri-im-
plantitis, occurring after the implant placement intervention, may lead
to implant failure. Peri-implant mucositis is a reversible implant-related
inflammation, localized to the soft tissues, however it can develop into

* Corresponding author.
E-mail address: janovakl@chem.u-szeged.hu (L. Janovak).
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serious peri-implantitis. Peri-implantitis is a destructive inflammatory
reaction with the loss of the supporting bone around a dental implant,
which can ultimately lead to the loss of the implant (Caton et al., 2018).
Among complications microbial colonization and biofilm formation are
major etiological factors of peri-implantitis (Renvert, Roos-Jansaker, &
Claffey, 2008).

In order to prevent bacterial attachment and biofilm formation on
implant surfaces, research has focused on the development of new an-
tibacterial surfaces by the application of surface coatings or modifica-
tion of the surface architecture (Bazaka, Jacob, Crawford, & Ivanova,
2012; Li et al., 2019; Yuan, Ouyang, Luo et al., 2019). Recent evolution
in the field of nanotechnology led to the construction of silver (Ag)-
based bactericidal surfaces, which are very promising in combating
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against even antibiotic resistant bacteria (Rai, Deshmukh, Ingle, &
Gade, 2012).

In spite of the widespread use of silver nanoparticles (AgNPs), little
is known about their biological effects e.g. on the host tissues and a
great number of unidentified signal pathways are associated with
AgNPs (Ge et al., 2014; Masa, Deak, Braunitzer, Téth, & Kopniczky,
2018; McShan, Ray, & Yu, 2014). However, in the case of plasmonic
photocatalysts, AgNPs can also be used in combination with titanium-
dioxide (TiO,) (Khan, Qazi, Hashmi, Awan, & Zaidi, 2013). In this
plasmonic photocatalyst, visible light is harvested due to the surface
plasmon resonance, attributed to the AgNPs, while the metal-semi-
conductor interface takes part in the separation of the generated holes
and electrons (Mérai et al., 2019). The surface Ag component acts as a
charge separator resulting visible-light-driven photocatalysis (Awazu
et al.,, 2008; Ma, Dai, Yu, & Huang, 2016; Tanaka, Teramura,
Hosokawa, Kominami, & Tanaka., 2017). As a result, the semiconductor
TiO, has photocatalytic activity and its absorption spectrum extends in
the visible light range (red shift) (Veres, Rica et al., 2012). In this way
the harmful ultra violet (UV) irradiation necessary for the excitation of
conventional TiO, could be triggered by visible light exposure in the
presence of Ag-TiO, photocatalyst. Moreover, it is also worth to note,
that besides this noble metals doped semiconductor photocatalysts,
upconversion fluorescence could also applied for convert visible light or
near-infrared light to UV for TiO, activation. (Qi et al., 2019) These
multi-strategies for TiO, activation is promising for its application in
clinical antibacterial materials and surfaces.

Earlier study reported that photoreactive nanohybrid films con-
taining TiO, and plasmonic Ag-TiO, NPs in polymer matrix were suc-
cessfully used for sterilizing surfaces and proposed as a prevention
strategy against clinically relevant pathogenic bacterial strains (Tallosy
et al., 2016). Moreover, our research group observed these coatings
cytocompatible properties with epithelial cells (Masa et al., 2018).
Based on these results our working hypothesis was that a nanohybrid
film with visible light-induced photocatalytic activity could be effective
in controlling the bacterial proliferation on Ti used in implantology
because in dentistry, blue light is widely used for tooth bleaching and
restoration procedures involving composite resin. In addition, many
dentists use magnification loupes to enable them to provide more ac-
curate dental treatment. Therefore, the use of light is indispensable in
dental treatment (Yoshino & Yoshida, 2018). In this context, the main
purpose of our work was to test a novel nanohybrid film loaded with
either TiO, or with Ag-TiO, NPs. Since the recent data in the literature
have demonstrated the potential toxicological side effects of AgNP in
animal experiment (Wen et al., 2017), therefore we reduced the con-
centration of AgNPs from 0.5wt% to 0.001 wt% compared to the
amounts applied earlier (Tall6sy et al., 2016). Our further goal was to
evaluate the antibacterial activity of nanohybrid films containing
photosensitizer additives in an in vitro experimental setting under dark
and illuminated conditions against one of the abundant pioneer colo-
nizer oral bacterium, Streptococus mitis, which has a great importance in
biofilm formation in oral cavity (Li et al., 2004). Furthermore, we in-
vestigated the polymer based composite layers and we compared two
different methods (determined the metabolic activities of bacterial cells
and protein assay) and determined their sensitivity to detect the anti-
bacterial effect.

2. Materials and methods
2.1. Preparation of antibacterial surfaces

Titanium discs (1.5 mm thick and 9 mm in diameter) were cut from
commercially pure (CP4) Ti rods (Denti System, Szentes, Hungary). The
surfaces of discs were sandblasted and acid etched. The samples were
cleaned with acetone (puriss, Molar Chemicals, Hungary), then with 70
% ethanol (puriss, Molar Chemicals, Hungary) for 15 min (min), and
finally rinsed with ultrapure water (Milli-Q® system, Merck, USA) three
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times. The discs were coated with polymer-based photocatalytic com-
posite thin film with 60 wt% photocatalyst and 40 wt% polymer con-
tent. Two different photocatalysts were used for the test: the well-
known UV - excitable P25 TiO, (99.9 %, Degussa- Evonik P25) and
plasmonic Ag-TiO, photocatalyst with 0.001 wt% Ag content.
Polyacrylate based binder material [poly (ethyl acrylate-co-methyl
methacrylate; p (EA-co-MMA) (Eudragit NE 30 D, Evonik)] served as a
mechanically stable polymer bed for the surface immobilized photo-
catalyst particles. The 10 wt% aqueous suspension consisting of pho-
tocatalyst particles (6 wt%) and polymer binder (4 wt%) was homo-
genized by sonication (Elma Hans Schmidbauer GmbH&Co. KG,
Stuttgart, Germany) for 30 min then spray-coated (R180 type Airbrush
spray gun, 3 bar operating pressure, 15cm distance from the surface)
onto the surface of the discs, in a density of approximately 2 mg/discs
and the film was dried. After sterilization at 160 °C for 45 min, the
samples were photo bleached by UV-C irradiation (Vilber Lourmat,
Marne-la-Vallée, France) at 254 nm wavelength for 60 min before the
experiments in order to partially photodegrade the polymer component
of the nanohybrid film, so the surface ratio of uncoated photocatalyst
nanoparticles increased on the surface of the film. With this procedure
we granted the direct link between the bacteria and the nanoparticles.
The detailed process of the synthesis of polymer-based photocatalytic
suspension has been published elsewhere (Veres, Janovak et al., 2012).

2.2. Investigation of the polymer based composite layers

The surface of the polymer based composite layer with photo-
catalyst loading were examined by scanning electron microscope (SEM,
Hitachi S-4700 microscope), applying a secondary electron detector
and 5kV acceleration voltage. Energy dispersive X-ray spectra were
also measured using the Rontec EDX detector at 20 keV.

The amount of hydroxyl radicals ('OH) was measured from the re-
action of luminol and hydrogen peroxide (H,05) (50 % aqueous solu-
tion, Molar Chemicals, Hungary). The results were calculated from the
chemiluminescence (CL) data with Sirius L Single Tube luminometer
(Berthold Detection Systems, Budapest). Six milligrams of luminol
(=97.0 % (HPLC), Sigma-Aldrich) was diluted in 1 mL of 0.1 M sodium
hydroxide (puriss, Molar Chemicals, Hungary) solution and filled out to
20 mL with distilled water (Milli-Q® system, Merck, USA). The nano-
hybrid films were immersed in 40 mL of distilled water (Milli-Q®
system, Merck, USA) and illuminated and shaken continuously during
the experiment with a magnetic stirrer. The distance of the light source
from the nanohybrid films was 10 cm. The samples were taken after a
given time interval (0-360 min) of illumination, 100 uL of the samples
was added to 100 uL of luminol solution, and the intensity of the che-
miluminescence was measured immediately with the luminometer
(Hirakawa & Nosaka, 2002; Tallésy et al., 2014). Based on the cali-
bration curve (0-5mM), the concentration of "OH radicals is directly
proportional to the measured relative light unit (RLU) values as follows:
Cizoz (mM) = measured RLU value/41866, R = 0.9977. For quanti-
tative characterization of the free radical concentration from the RLU
data, the calculated equivalent concentration of H,O, (mM) is dis-
played as a function of illumination time with the used light source.

The photocatalytic activity of the hybrid layers was also verified
through bovine serum albumin (BSA, =98.0 %, Merck, USA) photo-
degradation tests (Tallosy et al., 2016). The photocatalytic activity, i.e.
the decreasing concentration of the BSA solution (BSA, =98.0 %,
Merck, USA) were measured with a Horiba Jobin Yvon Fluoromax-4
spectrofluorometer and the fluorescence spectra were taken after 0, 30,
60, 120, 180 and 240 min of UV light illumination. The concentration
of the initial BSA solution (BSA, =98.0 %, Merck, USA) was 114 ppm,
while the extinction wavelength was A.x=290 nm (slit: 5).

2.3. Conditions of bacterial cultivations

A clinical isolate of S. mitis, from a patient who had clinical
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symptoms of peri-implantitis, was used in our experiments. The isolate
was previously identified by matrix assisted laser desorption ionization-
time of flight (MALDI-TOF) mass spectrometer (Bruker Daltonics,
Bremen, Germany). Before the experiments the strain was stored at —
80 °C in Brain Heart Infusion (BHI) broth (Oxoid, Basingstoke, UK),
supplemented with 12 % (v/v) of glycerol. The strain was streaked and
incubated at 37 °C for 24 h (h) in aerobic environment enriched with 5
% carbon-dioxide on blood agar plates containing 5% cattle blood
(BioMérieux, S. A. Marcyl’Etoile, France) for subsequent use. Isolated
colonies of S. mitis after overnight incubation on blood agar were in-
oculated into 50 mL 1% glucose bouillon broth (Merck, USA) After in-
cubation at 37 °C for 3 h under aerobic atmosphere, enriched with 5 %
carbon-dioxide, the optical density of the culture corresponded to 0.5
McFarland density, (ODgaonm = 0.089) which means approximately 10%
colony forming units (CFU)/mL. Two ml of this exponentially growing
culture was pipetted onto the surface of the control and surface mod-
ified Ti discs, placed into 24-well hydrophilic surface plate (Sarstedt,
Niimbrecht, Germany) and incubated with the bacterial culture for
4.5h under aerobic conditions. After that the discs with adhered bac-
teria were illuminated for different time under standardized conditions.
The plate wells were covered with glass plates to prevent the anti-
bacterial effect of the lamp by its UV range (see Section 2.4.). In this
way we provided the enforcement of the photocatalytic antibacterial
effect by visible spectral lines.

2.4. Illumination conditions

For illumination, a 15 W low-pressure mercury lamp was used with
an UV-vis light source (Lighttech, Dunakeszi, Hungary). The spectrum
of the UV lamp was determined by a grating spectrometer (Ocean
Optics QE6500, Dunedin, Florida, USA). The 300 lines/mm grating and
the 200 um entrance slit of the spectrometer allowed 6 nm spectral
resolution. The spectrum was recorded by directing the light of the
lamp onto the entrance slit of the spectrometer across the glass plates,
which were used in the experiments. The tissue culture plates were
covered with glass plates in order to exclude the UV light during the
illumination periods. The illuminating light source intensity was
1.26 x 10~° einstein/secundum (s) and the plates were positioned
10 cm from the light source.

As shown on Fig. 1, the emission spectrum of the light source was
intense only in the visible range, ie. this photocatalytic tests were
performed under visible light illumination. The measured spectral lines
(368, 409, 439, 490, 548, 615, 633 and 712 nm) corresponded to the
emission lines of mercury vapor, and the phosphorescent coating. Weak
UV spectral lines of mercury vapor below 320 nm were completely
eliminated by the application of the glass plates. Therefore, in our ex-
periments the photocatalytic antibacterial effect was initiated by the
above mentioned intense visible spectral lines (A > 400 nm).
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Fig. 1. Emission spectrum of the light source used during the antimicrobial
experiments.
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2.5. Investigation of the photocatalytic-induced antibacterial activity of
nanohybrid coatings by MTT assay

In order to investigate the visible light-induced antibacterial activity
of nanohybrid films, illuminated and dark sample groups were pre-
pared. In the “illuminated” group the discs with bacteria were illumi-
nated for 5, 10, or 15 min at 37 °C under standardized conditions, while
in the “dark” group the discs were kept in the dark at 37°C. The
standard, sandblasted and acid etched Ti discs, which generally applied
in dental practice, were used as controls of nanohybrid surface mod-
ifications.

In order to follow the growth of S. mitis on the various surfaces
under dark and illuminated conditions 3-(4,5-dimethylthiazol-2-y1)-2,5-
diphenyltetrazolium bromide (MTT) (Sigma-Aldrich, Darmstadt,
Germany) measurements were used (Mosmann, 1983). After the illu-
mination, the samples were washed with phosphate buffered saline
(PBS) (Thermo Scientific, Waltham, Massachusetts, USA), then 50 pL
MTT solution (1 mg/mL final concentration; MTT powder dissolved in
ultrapure water (Milli-Q® system, Merck, USA)) was added to 0.5 mL
PBS (Thermo Scientific, Waltham, Massachusetts, USA) on the samples
and incubated at 37 °C for 4 h. After this incubation period the solution
was removed from each well. Than the formazan crystals, which are the
crystallized form of the dye and generated by active bacterial cells,
were solubilized with 200 pL. of 0.04 mM HCI (Scharlab, Barcelona,
Spain) in absolute isopropanol (Molar Chemicals, Haldsztelek, Hun-
gary) and with 40 uL of 10 % sodium dodecyl sulfate (Sigma-Aldrich
GmbH, Darmstadt, Germany). The optical density (OD) of solubilized
formazan crystals, which indicates the level of cell metabolic activity
was measured at 550 nm with an ELISA reader (Anthos Labtech Elisa
Reader, Vienna, Austria).

2.6. Investigation of the photocatalytic-induced antibacterial activity of
nanohybrid coatings by protein assay

The Micro BCA™ Protein assay kit (Thermo Scientific, Waltham,
Massachusetts, USA) determines the protein content of the samples,
which is proportional to the overall bacterial biomass (Stdjer et al.,
2012). For parallel set of the samples, this assay kit was used. A cali-
bration curve was created using bovine serum albumin (BSA) (Thermo
Scientific, Waltham, Massachusetts, USA) as a control. After the illu-
mination and the washing step with 0.5mL PBS, (Thermo Scientific,
Waltham, Massachusetts, USA) the remaining bacterial cells were dis-
rupted in 0.5 mL lysis buffer (Thermo Scientific, Waltham, Massachu-
setts, USA). The lysate was centrifuged at 13.000 rpm for 10 min and
the supernatants were removed. 150 uL. Micro BCA Working reagent
(Thermo Scientific, Waltham, Massachusetts, USA) was added to each
supernatant and the solutions were incubated at 37 °C for 2 h. The OD
was determined at 550 nm with an ELISA reader (Anthos Labtech Elisa
Reader, Vienna, Austria). The protein concentration data were calcu-
lated based on the measured OD values according to the standard curve
(Stajer et al., 2012).

2.7. Statistical analysis

The statistical analysis was performed in Statistica 13.4.0.14 (TIBCO
Software Inc. USA) and CogStat 1.7.0. (Attila Krajcsi 2012-2018). After
checking the normality and homogenity criterion we compared the data
with the appropriate tests (Mann-Whitney U test, Kruskal-Wallis test,
independent samples t-test, Welch probe, one-way ANOVA). Statistical
significance was set at p < 0.05. The means * SEM (standard error of
the mean) were calculated for ODssg,,, values measured by plate reader
based on four parallel experiments (four measures in each) carried out
in different time points.
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Fig. 2. SEM-EDS images of the polyacrylate based composite thin films containing Ag-TiO, photocatalyst filler material with different magnifications.

3. Results and discussion
3.1. Structural and photocatalytic characterization of the hybrid layers

Fig. 2 shows the structure of the photocatalyst containing polymer
based hybrid layers with different magnifications. Quasi-spherical mi-
croscale-aggregates of the primer photocatalyst particles can be ob-
served on the composite surface with diameters ranging from 5 to
40 um. Moreover, according to the scanning electron microscopy-en-
ergy dispersive X-ray spectrometry (SEM-EDS) pictures, at increased
magnifications, nanostructures could be identified superposed on the
microscale structure. This is due to the nanoparticles aggregation
during the composite film forming process: the initial Ag - TiO, pho-
tocatalyst particles with ~ 50 nm primary (nominal) particle size were
aggregated into 5-40 um microparticles. This structure ensures high
porosity and accessibility which is advantageous for photocatalytic
process.

Fig. 3 shows the SEM-EDS base image, and elemental mapping for
carbon (C), Ti and C/Ti content of the polymer based sample with 60 wt
% Ag-TiO, content. At this photocatalyst content both the C of the
polymer (green colour) and the Ti content of the photocatalyst (red
colour) expressed on the surface. This dual presence of the components
at optimal composition resulted surfaces with simultaneous photo-
catalytic and good mechanical properties as will be seen in the next
chapters.

To explore the Ag-TiO, photocatalytic reactions, the concentration
of reactive radicals produced during irradiation have been investigated
with several methods (Dai, Wang, & Yuan, 1998; Sun & Bolton, 1996).
For example, Hirakawa et al. were developed a luminol based chemi-
luminescence (CL) probe method (Hirakawa & Nosaka, 2002). During
this method the determination of the high oxidation potential free ra-
dicals responsible for the microbial inactivation the concentration of
these species was measured by luminometric measurements. In this
way, directly the active oxygen species was measured but it can be
expressed as H,O, equivalent concentration. In general, it is known that
the TiO, photocatalytic reactions proceed mainly by the contributions
of active oxygen species, such as ‘OH, O, " and H,0, (Xu et al., 2017).
In the photocatalytic reactions, H,O, would be formed in both pro-
cesses of reduction and oxidation, that is, dimerization of -OH, dis-
proportionation of O, " and reduction of O, . Then, H,O, might be

taken into account to understand the details in TiO, photocatalysis. The
lifetime of the free radicals can be measured in femto- or picoseconds
(Sawada et al., 2010). However, the degradation of the formed H,0,
(which is produced from "OH) is slow at room temperature, it can be
measured with a luminometer (Perez-Benito, 2004). According to this
phenomenon, the measured H,0, concentration is proportional to the
different free radicals produced under illumination of the photo-
catalysts. The amount of "OH that are produced by the photocatalysts
was measured from the CL of luminol. The calculated equivalent con-
centration values of H,O, (mM) as a function of illumination time are
presented in Fig. 4. The results showed that hybrid layer with 60 wt%
photocatalyst content shows saturation curve during the studied time
interval (0-360 min). This tendency is due to the previously reported
UV- induced partial polymer photodegradation: the illumination
changes in the ratio of catalyst/polymer composition as the photo-
catalyst particles became uncoated (Veres et al., 2014). This resulted in
higher catalyst availability on the surface region. Due to this photo-
catalyst surface enrichment the formation of free radical concentration
displays saturation curves. It can be also seen that both the photo-
catalyst free polymer sample and the control sample show negligible
photocatalytic effect.

Next, the photocatalytic behavior of the Ag-TiO, containing hybrid
layer was also demonstrated and studied in the case of BSA solution
under UV- light irradiation (Fig. 5). The results reveal that the surface
adsorption of the BSA macromolecules was relatively high after 15 min
contact time and after that the photooxidation of protein solution
(co = 114 ppm) almost reached the 100 % under 4h UV irradiation
time. Thus, the polymer based hybrid layers show obvious photo-
catalytic activity.

3.2. Assessment of the antibacterial activity of the modified surfaces using
the MTT method

The biocompatible property and antibacterial effect of nanohybrid
coatings to eliminate clinically relevant pathogenic strains (methicillin
resistant Staphylococcus aureus (MRSA), Escherichia coli or Pseudomonas
aeruginosa) within short time (60-120 min) was previously observed
(Masa et al., 2018; Tallésy et al., 2016). Connecting to these research in
our work we tested the coatings on dental materials, and compared the
nanohybrid coatings with untreated standard Ti discs and determined

Fig. 3. SEM-EDS images of polymer based photoreactive hybrid layer with the corresponding element distribution of C and Ti.
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Fig. 4. Characterization of the formation of free radicals on photoreactive hy-
brid thin films via RLU chemiluminescense intensity measurements.
Representation of the equivalent H,O, concentration as a function of illumi-
nation time.

the effective illumination time for helpful photocatalysis that is short
enough to be applicable in dental practice. In our experiments S. mitis
was used as one of the pioneer colonizer bacteria found in par-
odontopathogenic biofilms (Bernardi, Bianchi, Tomei, Continenza, &
Macchiarelli, 2019). It has a key role in biofilm formation, providing
the basis for the subsequent colonization of facultative and obligate
anaerobes. (Li et al., 2004). Based on the literature it may be associated
with inflammatory processes around the dental implant. According to
Pokrowiecki et al. the amounts of this streptococci at infected peri-im-
plant sites approximately four times higher than that found on healthy
implants. (Pokrowiecki, Mielczarek, Zareba, & Tyski, 2017). These
properties make it a significant oral microbiome member that makes it
worth to investigating.

The antibacterial effects of the modified surfaces on the metaboli-
cally active S. mitis cells were measured by MTT colorimetric assay
(Mosmann, 1983). The MTT tetrazolium assay has been widely used as
a high throughput screening method for determination of mitochon-
drial enzymatic activity in cells, which not only indicates the number of
viable cells (used as proliferation assay), but also presents the degree of
mitochondrial activity that reflects cellular stress or dying cells (used as
cytotoxicity test) (Monsees, 2016).Viable cells with active metabolism
convert MTT into a purple colored formazan product. Died cells lose the
ability to convert MTT into formazan, thus color formation serves as an
exact and convenient marker only for the viable cells (Meerlo, Kaspers,
& Cloos, 2011).

The Colonies Forming Units (CFU) determination is counting of
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Fig. 6. Relative adherence of S. mitis to the standard Ti and modified discs
surfaces measured the optical density values with MTT assay without visible
light illumination.

viable cells, it is a widely used gold standard method in microbiology
(Hazan, Que, Maura, & Rahme, 2012). However, it needs dilution
series, followed by plating on agar media from each dilution therefore,
it is a completely different method from MTT assay as a result our MTT
data cannot be converted to CFU data.

Haase et al. recalculated their MTT data to viability percentage with
the use of a suitable control in their work (Haase, Jordan, Keitell, Keill,
& Mabhltig, 2017). However, we could not use this or similar experi-
mental setting in our research, since the Ti implant itself has some
antibacterial activity as well, consequently we could not attribute 100
% viability for it (Ferraris & Spriano, 2016). Moreover, the 24-well
plastic plate surface is totally different from the Ti dental implant
surface, so we also could not use it as a standard control for 100 %
viability. For these reasons, similarly to Zhou et al. work, we applied
the MTT assay and plotted our MTT graphs based on the measured OD
values (Zhou et al., 2019).

The relative adherence of S. mitis to the different dark control disc
surfaces is illustrated on Fig. 6 based on OD measurements with MTT
assay. The MTT results confirmed that the relative adherence of S. mitis
was different depending on the surface type even without illumination.
The antibacterial effect of the 0.001 wt% Ag-TiO, nanohybrid was the
most remarkable (Fig. 6). The 0.001 wt% of Ag concentration is much
smaller than those applied by earlier studies (Shi et al., 2015; Tall6sy
et al., 2016), but according to our findings proved to be effective.

In Fig. 7 the antibacterial effect of surface modifications and visible
light illumination compared to their dark controls are plotted as the
effect of illumination time. The number of metabolically active bacteria
decreased on all Ti based surfaces during illumination for different
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Fig. 5. The effect of UV light irradiation on the fluorescence spectra of the aqueous BSA solutions (a) and the corresponding normalized concentration changes (b) of
the protein solution. The inserted image shows the emission spectra of the used UV light source.



A. Venkei, et al.

Archives of Oral Biology 117 (2020) 104837

Il dark control
5 min illumination
] 10 min illumination

Fig. 7. The antibacterial effect of visible light
induced photocatalysis on the metabolically
active bacterial cells adhered to the different
surfaces compared with dark controls using

04 + 7 e . . MTT colorimetric assay. The values were cal-
- * 15 min illumination culated from four independent experiments
and are shown as mean + SEM. Asterisks de-
- * note significant differences (* p < 0.05).
£
s 03+ *
8
()]
e
2
% 0271
[
(]
e
©
O
o 0.1+
(@)
0.0 == + + = i
Standard Ti AgTIO,
disc coated disc coated disc

time. Significant differences (p < 0.05) were observed at 15 min illu-
mination compared with dark controls in case of all surfaces. In cases of
TiO, nanohybrid surfaces and standard Ti disc we measured significant
differences (p < 0.05) between the 5min and 15min illuminated
samples by the MTT method. The metabolic activity of S. mitis on the
Ag-TiO, nanohybrid film covered sample (ODs50nm = 0.118 + 0.014)
illuminated for 15min was lower than its dark control
(ODssonm = 0.196 = 0.028) (Fig. 7). 15min of illumination with
visible light enhanced the antibacterial effect of the Ag-TiO, coated
surface. This time span of illumination is acceptable in the dental
practice. In this context it is worth to mention that previous study re-
ported considerable photodegradation of the cell wall components of E.
coli and MRSA using Ag-TiO, photocatalyst particles (Tallésy et al.,
2016). According to these results, after 120 min irradiation the bacterial
cell wall was totally degraded, i.e. the formation of peptidoglycan cross
links are totally prevented due to the presence of free radicals, which
were produced during the process of the visible light induced photo-
catalysis (Tallosy et al., 2016). The fluctuation of OD value in the test
results of standard Ti disc was observed. The OD value rises after being
illuminated for 10 min compared with 5min illumination. Shany-
Kdoshmin et al. mentioned in their work that periodonto-patogenic
bacteria could show different light tolerance during exposure to blue
light (Shany-Kdoshim, Polak, Houri-Haddad, & Feuerstein, 2019). Ac-
cording to our assumption this discrepancy may be due to the growth
dynamics of bacterial cell mass under illumination.

The antibacterial effect of photocatalytically activated nanohybrid
surfaces after illumination for different time compared with the stan-
dard Ti discs (without illumination), generally used in dental practice is
shown in Fig. 8. We observed significant differences between the con-
trol Ti discs and both types of nanohybrid coatings in cases at 10 and
15min illumination. The TiO, nanohybrid coatings eliminated sig-
nificantly more metabolically active bacterial cells after 10 min
(ODssonm = 0.191 * 0.015) and 15min (ODssgnm = 0.171 * 0.013)
illumination compared with control Ti discs
(ODss50nm = 0.260 = 0.028). We also found significant difference be-
tween the 10min illuminated Ag-TiO, nanohybrid film
(ODss50nm = 0.136 = 0.020) and the control Ti discs
(ODssonm = 0.260 = 0.028). Furthermore, in our comparisons the
15 min illuminated Ag-TiO, nanohybrid film

(ODssonm = 0.118 + 0.014) had the most remarkable antibacterial
effect since it proved to be significantly better compared with the
control Ti discs (ODssonm = 0.260 = 0.028). It has also been shown
that the Ag-TiO, coated nanohybrid film surpassed the TiO, nanohybrid
coating in its photocatalytic cell damaging antibacterial activity.
These findings demonstrated that the Ag-TiO, coated surface had
remarkable antibacterial effect. It has been shown that the addition of
plasmonic properties of noble metal nanoparticles (e.g. AgNPs) en-
hances the photocatalytic activity of TiO, under visible light (An et al.,
2016), nevertheless the carrier polymer has negligible bactericidal ef-
fect compared with the nanoparticles containing films (Veres, Janovak
et al., 2012). Therefore, we established, that plasmonic photocatalysis
may play key role in eliminating the developing bacterial biofilm.

3.3. The effect of the different surfaces on the total bacterial protein content

The effects of photocatalytic damage on the total bacterial cell
protein content are also reported here, measured by Micro BCA™
Protein assay kit - instead of using the regular microbiological proce-
dure to count the rate of the CFU. In our research we could not use the
CFU method because of the following reasons: for CFU units counting,
we must prepare serial dilutions of the sample, plate the diluted sus-
pensions and count the number of CFU. For the application of CFU
method required the harvesting of adherent cells from implant surfaces
with mechanical effect (e.g sonication) (Schmidlin et al., 2013). This
process can result the detachment of NPs from the surfaces which, in
the dilution line, may cause incorrect results. Preparing of dilution line
is a relatively time-consuming method, needs parallel inoculation,
whereby it is labour intensive method and with a high sample size,
these factors also can lead to incorrect results. Furthermore, we were
interested in the investigation of how the protein assay measurements
support our OD values measured with MTT assay, since the literature
data about the comparison of these two methods are absent.

Therefore, we chose a simplified, time-saving assay, which do not
have any influence on cell viability and applicable in antibacterial
studies (Yuan, Ouyang, Gu et al., 2019; Itohiya et al., 2019).

The remaining amounts of bacterial protein on the tested surfaces as
a result of the illumination time are shown in Fig. 9. The protein con-
centrations suggested that the illuminated Ag-TiO, nanohybrid surface
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standard Ti disc (dark control)
TiO, coated disc ( 5 min)
TiO, coated disc (10 min)
TiO, coated disc (15 min)
AgTIiO, coated disc ( 5 min)
AgTiO, coated disc (10 min)
AgTiO, coated disc (15 min)
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Fig. 8. Comparison of the antibacterial effect of visible light illuminated TiO2 and Ag-TiO2 nanohybrid coatings with dark control Ti disc by MTT colorimetric assay.
The values were calculated from four independent experiments and are shown as mean + SEM. Asterisks denote significant differences (* p < 0.05).

had efficient bactericidal effect and inhibited bacterial attachment. our
results, the amounts of proteins on both nanohybrid surfaces were
lower than on the dark control Ti after 15 min illumination. The ob-
servable tendency of decreasing protein concentration in the case of
photoreactive coatings compared with dark control Ti is presumably
attributed to the photooxidation of the organic macromolecules in spite
of the short irradiation time (5—15min), although our protein assay
data could not support the statistically significant differences between
the various surfaces demonstrated with the MTT assay. This was pri-
marily due to the different sensitivities between these methods. The
MTT assay measures only the metabolically active cells (Mosmann,
1983), while the protein-based assay represents all the proteins in the
viable and non-viable cells (Eiampongpaiboon, Chung, Bryers, Chung,
& Chan, 2015; Stajer et al., 2012). The MTT assay appeared to be more
sensitive in detecting the antibacterial effect of nanohybrid coatings
compared to the protein assay. Our data support the observation of
Fotakis et al. that in case of bacterial biofilm studies the MTT assay is
more sensitive method compared with protein assay (Fotakis &
Timbrell, 2006).

4. Conclusions

In this study we investigated the direct interaction between the

I dark control

5 min illumination
= 10 min illumination
15 min illumination

Bacterial protein concentration (ug/ml)

photoreactive composite coating material and the abundant pioneer
colonizer in the oral cavity, S. mitis and determined the effective illu-
mination time that is short enough to be applicable in everyday dental
use. Furthermore, we monitored the antibacterial activity of nanohy-
brid coatings at the physiologically acceptable 0.001 wt% Ag content
level for the human patients by two different methods. The results of
our in vitro experiments suggested, that the Ag-TiO, containing photo-
reactive surface with visible light activity had remarkable antibacterial
property against S. mitis cells after 15 min of illumination, because of
the photocatalytic mechanism. This means an advantageous system for
further in vivo experiments associated with peri-implantitis.

Further optimization of this experimental model system is needed to
include saliva and extending the microbial spectrum to more complex
pathogenic bacterial and fungal species usually involved in peri-im-
plantitis. Research in these directions are in progress and will be re-
ported in the near future.
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Fig. 9. The antibacterial effects of different illumination times
measured by the amount of the total bacterial protein on the
nanohybrid surfaces and standard Ti discs. The protein con-
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ORIGINAL ARTICLE
N ABSTRACT

The biofilm formation by oral bacteria on the implant surface is one of the most remarkable factors of
peri-implant infections, which may eventually lead to bone resorption and loss of the dental implant.
Therefore, the elimination of biofilm is an essential step for the successful therapy of implant-related
infections. In this work we created a basic in vitro model to evaluate the antibacterial effect of three
widely used antiseptics.

Commercially pure (CP4) titanium sample discs with sand blasted, acid etched, and polished surface
were used. The discs were incubated with mono-cultures of Streptococcus mitis and Streptococcus sal-
ivarius. The adhered bacterial biofilms were treated with different antiseptics: chlorhexidine-digluconate
(CHX), povidone-iodine (PI), and chlorine dioxide (CD) for 5 min and the control discs with ultrapure
water. The antibacterial effect of the antiseptics was tested by colorimetric assay.

According to the results, the PI and the CD were statistically the most effective in the elimination of the
two test bacteria on both titanium surfaces after 5 min treatment time. The CD showed significant effect
only against S. salivarius.

Based on our results we conclude that PI and CD may be promising antibacterial agents to disinfecting
the peri-implant site in the dental practice.

Check for
updates
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titanium, antimicrobial agents, peri-implantitis, Streptococcus mitis, Streptococcus salivarius

INTRODUCTION

Implantation is one of the most widely applied treatment options for tooth replacement.
Titanium (Ti) and Ti alloys are the most common choices for dental implant materials
because these materials are well tolerated by human tissues and they integrate easily with the
bone to allow successful osseointegration [1]. Good clinical implantation intervention de-
pends on various factors. Bacterial colonization, biofilm formation, and consequent peri-
implantitis play major roles among the complications [2].
*Corresponding author. Tel.: 436 The oral microbiota is a diverse community, consisting of over 700 different bacterial and
(62) 54-5398; E-mail: venkei. fungal species, which can form biofilm on soft and hard surfaces, including the implant
annamaria@gmail.com surfaces [3]. Formation of a microbial biofilm is a complex and multi-step process. Most of
the pioneer colonizers, belongs to Streptococcus genus and plays key role in the formation of
multilayered dental plaque in oral cavity [4]. The formation and maturation of bacterial
’j Journals biofilm on the surfaces of dental implant have been associated with the etiology of peri-
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implant mucositis and peri-implantitis. Peri-implantitis is
one of the major causes of unsuccessful implantation, since
the periodontopathogenic bacteria can penetrate from the
colonized neck part of an implant along the implant body in
the gingiva and deeper hard tissue region, triggering
inflammation around osseointegrated implants which may
result in the loss of bone around an implant [5, 6].

Esposito et al. [7], published in their earlier study that 8—
50% of implant removal processes are due to peri-implan-
titis. Because of the growing number of concerned patients
every year, dentists need to address the proper treatment of
peri-implant infections.

Currently, the treatment of peri-implantitis is done by
mechanical debridement with or without adjunctive antiseptic
agents. The most suitable chemical agent for disinfecting the
peri-implant region has not yet been found because of the
lack of comprehensive in vitro and in vivo experiments [8].
Several disinfectants have been tested with varying success.

In our earlier study we investigated the cytotoxic effect of
three different disinfectant solutions (3% H,O, solution,
saturated citric acid (pH = 1) and CHX gel) on human
epithelial cells attached to Ti surfaces [9]. Connecting to our
previous study in this current work we done a basic research
to observe the antimicrobial effects of decontaminant agents
e.g., chlorhexidine-digluconate (CHX), chlorine dioxide
(CD), and povidone-iodine (PI).

CHX has been the most frequently used agent in the
adjuvant treatment of peri-implantitis for years as it has a
broad-spectrum antimicrobial effect, both bactericidal and
bacteriostatic, depending on the applied concentration [10].
CHX can also penetrate into the biofilm to damage the
incorporated bacteria [11].

CD is used in various fields due to the excellent bacteri-
cidal and antiviral properties [12]. It can also diffuse easily into
the biofilm and destroys the microbes forming the film [13].

PI has been used as a topical antiseptic in oral surgery
and periodontal practice. PI has a wide spectrum of anti-
bacterial and antiviral effects. The information regarding its
effect on biofilms is limited [14]. Furthermore, the com-
parisons of antibacterial effect of CHX, CD, and PI have not
yet been investigated.

The oral microbiota is a very complex ecological com-
munity that hard to model exactly, since it contains a huge
number of culturable and unculturable bacteria which need
special demands to their viability and proliferation [15, 16].
Our research group previously used Streptococcus strain as a
model organism for dental research [17]. Therefore, in this
study we also applied a simplified in vitro model and chose
pioneer colonizers (Streptococcus mitis, Streptococcus sali-
varius) to our investigations.

MATERIALS AND METHODS

Preparation of disc surfaces for the experiment

In our experiments we used two different surface modified
Ti discs. The discs (1.5 mm thick and 9 mm diameter) were

cut from commercially pure (CP4) Ti rods (Denti System®,
Hungary). One type of the discs surfaces were modified by
sand blasting, acid etching technique and the surfaces of the
other discs were polished by the manufacturer. Before the
experiments the samples were cleaned with acetone, then
with 70% ethanol for 15 min, and rinsed with ultrapure
water three times. Finally, the samples were sterilized at
160 °C for 45 min.

Investigation of the antibacterial activity of the three
different antiseptic agents on mono-species biofilms

S. mitis and S. salivarius isolates from patients who had
clinical symptoms of peri-implantitis were used in our ex-
periments. The isolates were previously identified by matrix
assisted laser desorption ionization-time of flight mass
spectrometer (MALDI-TOF MS) (Bruker Daltonics, Bre-
men, Germany).

After the isolation and identification, the bacteria were
stored at —80 'C in Brain Heart Infusion (BHI) broth
(Oxoid, UK) supplemented with 12% (v/v) glycerol. The
strains were incubated at 37 “C for 24 h in 5% CO, atmo-
sphere on blood agar plate containing 5% cattle blood
(BioMérieux, S. A. Marcyl'Etoile, France) for experiments.

The mono-bacterial suspension was prepared in 1%
glucose bouillon from the overnight blood agar plate of each
strain. After incubation at 37 'C for 3 h under aerobic at-
mosphere, enriched with 5% CO,, the optical density (OD)
of the cultures reached the 0.5 McFarland density. The
bacterial suspension was pipetted on the surfaces of discs in
24-well hydrophilic surface plate (Tissue Culture 24 well
plate, Sarstedt, Niimbrecht, Germany).

We used different incubation time for the two test bac-
teria since our goal was to investigate the response of
pioneer colonizer streptococci to antiseptic treatment in
distinct laboratory conditions and create basic in vitro
models for our further investigations. Therefore, we used a
shorter incubation time for S. mitis (4.5 h) similarly to our
previous experiment [17] and other researchers work [18].
However, we extended the incubation time to 48 h in case of
S. salivarius where after 24 h we changed the culture me-
dium for fresh 1% glucose bouillon. This was performed
based on Rath et al. in vitro biofilm model who established
in their work that already 24 h cultivation time of S. sali-
varius is enough for biofilm formation on titanium implant
[19].

After incubation at 37 "C in CO, the developed biofilms
were washed with 1X phosphate-buffered saline (PBS) (1X,
pH: 7.2) to remove the less adherent cells. Than the attached
bacterial cells were treated with 2 ml of three different oral
antiseptics: CHX (Curasept ADS 220, 0.2%, Switzerland), PI
(Betadine, 10%, Switzerland), and CD (Solumium dental,
0.12%, Hungary) for 5 min, since it can be optimal in the
usual dental practice according our previous results [9] and
other researchers [20]. The antiseptics were washed out from
the implant surfaces by rinsed them with 1 ml 1X PBS.

In order to follow the metabolic activity of the bacterial
biofilm 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
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bromide (MTT) (Sigma-Aldrich, Darmstadt, Germany) assay
was used. This method was previously tested on epithelial cell
culture by our research group [11]. After the antiseptic
treatment and washing steps 50 UL MTT solution (1 mg/ml
final concentration) was added to 0.5 ml 1X PBS on the
samples and incubated at 37 "C for 4 h. Than the solution was
removed from each well and the remaining formazan crystals,
which indicates the level of cell metabolic activity, were sol-
ubilized with 200 PL of 0.04 mM HCI (Scharlab, Spain) in
absolute isopropanol (Molar Chemicals, Hungary) and with
40 pL of 10% sodium dodecyl sulfate (Sigma-Aldrich GmbH,
Germany). The OD of solubilized formazan crystals were
measured at 550 nm with an ELISA reader (Anthos Labtech
Elisa Reader, Hungary).

The antibacterial effect of the antiseptics was compared
with untreated control Ti discs with the developed biofilm
which were only rinsed with sterile 1X PBS.

Statistical analysis

Statistical analysis was carried out using Statistica 13 (Dell
Inc. USA). After test of normality (Shapiro-Wilk test) the
comparisons within group were evaluated using one-way
analysis of variance (ANOVA) followed by Tukey’s post hoc
test and T-test was used for comparison of independent
samples. The means + SEM (standard error of the mean)
were calculated for ODss5,,,, Values measured by plate reader
based on five parallel experiments (three measures in each
group) carried out in different time points. Statistical sig-
nificance was set at P < 0.05.

RESULTS

Disinfectant efficacy of oral antiseptics on S. mitis
biofilm determined by MTT colorimetric assay

The results of antimicrobial activity of antiseptics against S.
mitis are shown in Fig. 1. Evaluation of the three disinfectants
antibacterial activity against the pioneer colonizer indicated
that among antiseptics the PI and the CD showed significant
difference both on the polished (ANOVA P = 0.0005) and
the sand blasted, acid etched (ANOVA P = 0.0004) Ti

02
control Ti disc

(3 povidone-iodine (Pl)
chlorhexidine-digluconate (CHX)
@ chlorine dioxide (CD)

Optical density (OD ., ..)
o

0.0-

Polished surfaces

Sand blasted, acid etched surfaces

Figure 1. Determination of the antibacterial efficiency of different
antiseptic agents by MTT colorimetric assay for S. mitis. The values
were calculated from five independent experiments and are shown
as mean + SEM. Asterisks denote significant differences (*P < 0.05)

surfaces compared with the untreated control Ti discs after
the 5 min treatment time. We presented the measured OD
values on Fig. 1 however, we converted these data to percent
values and mentioned them in this way in the text (data are
not shown here). The attachment to the control Ti surface
was considered 100% (highest OD value) and the number of
metabolically active cells on the surfaces was expressed in
relative percentages in the results section.

Based on our MTT results all antiseptic decreased the cell
metabolic activity in biofilm on sand blasted, acid etched
and polished surfaces. However, the PI and CD showed
significant cell reduction on both surfaces (P < 0.05).

The PI was the most effective antiseptic against the S.
mitis cells incubated for 4.5 h, since it decreased the number
of active cells with 37% (ODss, = 0.043 + 0.001) on pol-
ished surface compared with the control disc (ODs5y =
0.068 + 0.008) after 5 min treatment time (P = 0.0012). We
observed completely similar tendency with regard the sand
blasted, acid etched surfaces. The decrease of the metaboli-
cally active cells was 33% (ODsso = 0.044 + 0.001) after
rinsing with PI compared with the untreated control Ti discs
(ODsso = 0.065 + 0.007) (P = 0.0007).

Disinfectant efficacy of oral antiseptics on S. salivarius
biofilm determined by colorimetric MTT assay

The disinfectants dissolving effects on S. salivarius biofilm
developed for a prolonged incubation time (48 h) are
detailed in Fig. 2. According to our results all tested agents
significantly decreased the amount of metabolically active
cells in S. salivarius biofilm on polished surfaces compared
with the untreated Ti surfaces in vitro (ANOVA P <
0.0001). The most pronounced antibacterial activity was
attributed to PI, which is eliminated 65% (OD = 0.048 +
0.003) of biofilm forming cells on polished surface after 5
min treatment time (P = 0.0002). However, the CD also
eliminated a remarkable percent of the biofilm (60%)
(OD = 0.056 +0.001) compared with the control polished
discs (OD =0.139 +£0.01, P =0.0002). Considering the
three agents significant differences could be observed be-
tween the PI and CHX (P =0.0002) and in this respect
between the CD and CHX (P = 0.0006) as well.

027 .

control Ti disc

(3 povidone-iodine (P1)
chlorhexidine-digluconate (CHX)
[ chlorine dioxide (CD)

Optical density (OD ;...
o

0.0- =
Sand blasted, acid etched surfaces

Polished surfaces

Figure 2. Effect of antiseptics on the S. salivarius cells using MTT

colorimetric assay. The values were calculated from five indepen-

dent experiments and are shown as mean + SEM. Asterisks denote
significant differences (*P < 0.05)
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On the sand blasted, acid etched surface the metabolic
activity of S. salivarius cells decreased in the biofilm when
treated with all three antiseptics compared with the control
discs (ANOVA P<0.0001). Furthermore, the PI and CD
showed significantly higher antibacterial activity against S.
salivarius compared with the CHX treatment (PI vs. CHX
P =0.0007, CD vs. CHX P = 0.0212).

Besides these results the quantitative evaluation of bac-
terial adhesion to different control Ti surfaces revealed that
the density of metabolically active cell was significantly
lower on the polished surface than on the sand blasted, acid
etched groups, respectively (P = 0.0063). We did not found
such difference at S. mitis between non treated control
polished and sand blasted acid etched surfaces (Fig. 1).

DISCUSSION

In dentistry the dental implants are widely used for tooth
replacement however, the implant surfaces similarly to the
tooth surfaces provides possibility for attachment of bacteria
and for formation of a complex biofilm which can cause
inflammation around peri-implant tissues and influence the
long-term success of osseointegration of implants [21].

Generally in dentistry a smooth Ti surface is developed
to provide epithelial attachment and prevent plaque for-
mation. The rough part of Ti implant responsible for proper
connective tissue attachment, and grant the anchorage of
implant in the bone. The peri-implant inflammation caused
by pathogens can spread apically from the colonized neck
part of Ti implant toward the deeper bone tissue region
therefore, we used two different surface roughness of dental
implant (polished and sand blasted, acid etched) to model
this complex process on two test bacteria (S. mitis, S. sali-
varius) in our in vitro model [22].

According to McDonnell and Russell [10] CHX is one of
the most well-known and widely used antiseptic agent in
dentistry, but based on our results it is showed significant
cell reduction only in case of S. salivarius after 5min
exposure time. The CHX reduced 29% of metabolically
active cells while the other two agents destroyed double
amount of proliferating S. salivarius.

Based on MTT data the PI and CD were the two most
effective antiseptic agents against S. mitis and S. salivarius.
Moreover, both agents are proved to be significantly better
compared with CHX in the elimination of the S. salivarius
biofilm developed for 48 h. Our results are in concordance
with Herczegh et al. [23] who established in their work that
the CD was more effective compared with CHX after 5 min
treatment time.

Our model demonstrated that the PI was the most
effective in the in vitro elimination of both bacterial biofilms.
However, in case of S. mitis we could not observe significant
difference between PI and CD. Hosaka et al. [24] reported
that even 0.5 min application of PI was effective in the in
vitro killing both of Porphyromonas gingivalis and Fuso-
bacterium nucleatum and according to other studies the CD

was also effective in reducing the plaque of F. nucleatum.
[25] Currently there are no data in the literature about the
comparison of the effectiveness of PI and CD in the same in
vitro experimental setting.

Besides these three antiseptics there are several other
agents to control biofilm associated peri-implantitis. [10]
However, choosing an ideal antiseptic to the therapy of peri-
implantitis is influenced not only by effectiveness but also by
the lack of side effects of agent. CHX is the most widely used
gold standard antiseptic for plaque control [26] but CHX
have some adverse properties. It stains teeth or it can cause
oral mucosa desquamation or the burning sensation of the
oral mucosa [27, 28]. However, the anti discoloration system
(ADS) presented in Curasept used by our experiment can
reduce the risk of discoloration and eliminates the un-
pleasant taste-disturbance [29]. PI has also adverse effects
including allergy or hypersensitivity to the solution, and it
can cause a reversible yellowish discoloration as well, how-
ever the short durations of using PI in low concentration
could decrease these effects [30, 31]. In our experiment we
used a short 5min exposure time, furthermore, Kanaga-
lingam et al. reported in their review that there have been no
clinical reports on development of microbial resistance after
the PI treatment while, in contrast bacterial resistance to
CHX has been observed [32]. Based on our MTT assay data,
we determined that PI could be a promising oral antiseptic
in the prevention of peri-implantitis.

According to other researchers [33] CD can react with
four amino acids (cysteine, methionine, tyrosine, trypto-
phan) which have vital role in living organism and mi-
crobes can not develop resistance against CD, it can not
cause real harm to humans as it is not able to penetrate
into the deep tissues [33]. CD is effective in relatively low
concentrations and the new membrane technology devel-
oped by Noszticziusz et al. [33] allows the production of
high purity CD solution without any by-products. These
properties could make it an ideal antiseptic beside PI in
dental practice to treat inflammation caused by micro-
oganisms.

CONCLUSION

In our study we compared the antimicrobial effect of three
antiseptics (CHX, PI, CD) on S. mitis and S. salivarius in
mono-species biofilm models adhering to Ti surfaces using
MTT colorimetric assay. The antimicrobial property of all
tested disinfectants have been known, however there are
limited information in the literature about their comparison.

Our data indicated, that PI and CD had remarkable
eliminating property against S. mitis and S. salivarius cells in
biofilm after 5min of treatment time. Considering the
conflicts in available literature regarding the cytotoxic
properties of agents we established that the PI and CD
means advantageous disinfectants, since they are effective in
vitro against the biofilms of the pioneer colonizers under
aerobic conditions.
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In the light of our results we plan the further optimiza-
tion of our in vitro model by using other pathogenic
anaerobic bacteria or pathogenic fungal species and chang-
ing the treatment time or concentration of antiseptics for
their most effective clinical application.
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