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Abstract

Dental defects are very common affecting millions of people around the world. The most
common cause of tooth loss is periodontal disease. The formation of bacterial plaque on the
tooth surface leads to periodontal diseases. The dental implant is the best option to replace
the damaged or the lost tooth; however, poor oral hygiene by the patient causes postoperative
inflammation and infections, leading to peri-implantitis diseases. In fact, if peri-implantitis
is not prevented, it increases the risk of non-osseointegration by almost 80 times, leading to
the subsequent loss of the implant.

In this work, Titanium (Ti) surfaces were functionalized with polydopamine (PDA) followed
by conjugation of LL37 peptide, an antimicrobial peptide with regenerative properties. Ti-
PDA-LL37 surfaces were active against Gram-positive (S. aureus and E. faecalis) and Gram-
negative (E. coli) bacteria upon near-infrared (NIR) light exposure. PDA was chosen for its
ability to form coatings on a wide range of different compositions surfaces. Moreover, PDA
has photothermal property upon the exposure of NIR laser (808 nm) to increase the
temperature in a localized way. Two different coating approaches were used to coat PDA on
the Ti surface. FTIR-ATR analysis showed the coating of PDA on Ti surfaces. Contact angle
measurement showed that PDA-Ti and Ti-PDA-LL37 surfaces are hydrophilic. Ti-PDA-
LL37 surfaces potently killed planktonic form (S. aureus, E. faecalis and E. coli) and biofilm
form (S. aureus and E. faecalis) in the presence of human serum upon the exposure of NIR
light for 7.5 min. The obtained results indicate the development of antimicrobial and
antibiofilm surfaces, laying the foundations for a new possible strategy to be used in the

prevention and treatment of peri-implantitis.

Keywords: Antimicrobial peptide, Polydopamine, NIR light, Antimicrobial activity,
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Aim of the Work

Globally, antibiotic resistance has been continuously increasingly, therefore, it is important
to develop new effective strategies against bacterial infections to replace or minimize the

usage of antibiotics.

The objective of this work is to develop multifunctional coatings on Ti surfaces having
antibacterial properties combined with regenerative capabilities. After placement of dental
implants, there is possibility of bacterial infection in gingiva, leading to inflammation and
subsequently bone loss, which cause resurgery to replace the implants. Antimicrobial
coatings on the implants not only prevent the microbial contaminations but also minimize the

infections.

The antibacterial properties are achieved by the coatings of polydopamine, which has
photothermal property upon the near-infrared light exposure, leading to a localized
temperature increase, and destabilization and damage to the bacterial membrane. However
in addition to photothermal therapy, the LL37 peptides are covalently conjugated on the
polydopamine-coated surfaces (Ti-PDA-LL37 surfaces) to enhance the antimicrobial
efficacy. LL37 peptides has an antimicrobial peptide with osteogenic, angiogenic, wound
healing and re-epithelialization properties. The covalently bound LL37 peptides to the
surface allow a prolonged action over time and it will therefore be necessary to pay attention

to the modality to avoid denaturation.

The other aim of the work is to evaluate the antimicrobial actions of Ti-PDA-LL37 surfaces
against Gram-positive and Gram-negative bacteria in the presence of human serum.
Moreover, the prevention of biofilm formation by Ti-PDA-LL37 surfaces is also studied in

this work.






Chapter 1

Introduction

1.1 The Dental Background

The human oral health is a global problem and among the various disease conditions that can
occur in the oral cavity, dental defects are very common health problems, affecting millions
of people [1]. According to a study by the National Institute of Dental and Craniofacial
Research (2011-2016), 2.2% of adults between 20 and 64 years old are toothless and the
remainings have an average of 25.5 teeth [2].

Among the various reasons such as dental trauma and caries that lead to tooth loss, the most
common is periodontal disease. The periodontium consists of alveolar bone, gingiva,
periodontal ligament and root cement. Periodontitis is an inflammatory disease of the
periodontium, which leads to the formation of periodontal pockets, tooth mobility and
resorption of the alveolar bone. This in the most advanced stages, leading to the loss of the
tooth [3], [4]. It is important to consider that there are about 700 species of different microbes
including bacteria, viruses and fungi in the oral cavity. Some of these are useful in order to
maintain health inside the mouth, while others can lead to tooth loss and gum disease [5].
The most common risk factor for periodontium disease is the formation of bacterial plaque

on the tooth surface.

The presence of tartar, which is the deposits made up of limestone and desquamated epithelial
cells of the oral mucosa, on the teeth promote the formation of bacterial plaque. Smoking
even without causing periodontium disease can lead to gingival recession and bone
resorption. In case of development of the disease caused by smoking, the more the subject
smokes, the more the chances of contracting the disease in a severe form will be high.

Sensitivity to the periodontal disease may increase in the presence of systemic diseases such

as insulin dependent diabetes, Down syndrome, rheumatoid arthritis and HIV infection, but



also if the following drugs are used: steroids, cyclosporins, oral contraceptives, calcium

channel blockers, and others [3, 6].

In the case of dental loss or a dental disease in which the best prognosis for the patient would

be the removal of the tooth rather than trying to save it, dental implants must be introduced

[7].
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Figure 1.1: The comparison between the structure of the natural tooth and the two-stage implant
onel[8].

Bone implants in the dental sector can be endosseous, so they cover the inside of the bone
without crossing it completely. In this category there are at least two types: the blade-shaped
ones and the cylindrical or screw ones, which belong to the same category but can be
distinguished by the shape of the implant, which in one case has no thread and in the other is
a screw. Endosseous blade implants are those of the older generation (1960s) and have met
with some success but are still quite invasive as they intervene on an important amount of
bone. Furthermore, especially the former, they were not always made with materials and
morphologies capable of guarantee good osseointegration. Several materials such as titanium
(T1), ceramics, zirconium and alumina have been used to make dental implants.

To promote osseointegration, different strategies can be adopted including: simple
mechanical processing which leaves small grooves on which the bone can grow, the surface
can be sandblasted using alumina, titanium dioxide, silica or even hydroxyapatite, it can be
used plasma spray with chemical treatments [9], [10].

Instead, implants that go through the entire thickness of the bone until they come out and
possibly be fixed with plates are called transosseous implants. This is when the endosseous

implant, also called osseointegrated implant, cannot be used because the bone is too thin, and
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then a bit more invasive implants are used. The final purpose is to bring out from the surface

of the bone some pins on which to mount the external part.

Implants that do not cross the bone but rest on it are called subperiosteal implants. They are
used when the thickness of the mandibular bone is too thin and small, that is, when the blade
or screw implant does not have enough bone on which to anchor. These also have the purpose

of having abutments on which, for example, an entire arch can be hooked.
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Figure 1.2: Different types of dental implants [11].

1.1.1 Dental implant complications

After the procedure to fix the dental implant, inflammation, infections, mechanical problems
and other complications such as fracture of the jaw, bleeding, devitalization of the teeth
around the implant can occur, which compromise its success. Mechanical problems can be
caused by the inadequate presence of the surrounding bone, the absence of posterior teeth
that can support the implant, and also mistakes made during the implantation phase, such as
the incorrect angle or position of dental implant [12].

After implantation, the patient must have proper oral hygiene, this is very important to avoid
postoperative inflammation and infections. In the presence of infection, the area can be red,
swollen and painful, this if not discovered and treated correctly can lead to implant failure
due to bone resorption. Furthermore, infections can be triggered by an imbalance of the oral
microenvironment caused by antibiotics administered topically and for a short period of time

after surgery. These types of infections are resistant to antibiotics and thus lead to subsequent



removal of the implant. Postoperative infections are estimated to increase the risk of non-

osseointegration by nearly 80 times [12], [13].

The pathological condition the patient can develop after dental implantation, characterized
by inflammation of the connective tissues surrounding the implant and progressive bone
resorption, is known as peri-implantitis [14], [15]. It is important to point out that there are
two types of peri-implant diseases: peri-implant mucositis and peri-implantitis. The first can
also lead to the development of the second. The substantial difference between the two
conditions is that peri-implant mucositis does not affect the bone that supports the implant
but only the soft tissues that surround it [14], [16]. Insufficient oral hygiene, inadequate care
of the implant area after the operation but also a history of chronic periodontitis are factors

that lead to greatly increase the risk of developing the disease.

Healthy Mucositis Peri-implantitis Implant loss
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Figure 1.3: Steps leading to implant loss caused by peri-implantitis [17].

1.1.2 Antimicrobial coatings

To ensure an antimicrobial and antibiofilm effect, coatings of various materials are used on
the implant. Polyethylene glycol (PEG) is often used among polymer coatings on titanium
(T1) surfaces. PEG has antifouling properties, which is useful against bacteria but hinder
osseointegration in the bone tissue [18]. Totarol is a natural substance with an antibacterial
effect. Studies have been carried out on its effectiveness on Ti surfaces. It was seen that after
12 days of treatment, the bactericidal properties had decreased as opposed to the
bacteriostatic ones. Therefore, Totarol is considered to be a promising agent in the prevention

of infections in case of implantation [19]. Biosurfactants have been used against bacteria and



biofilm formation. Experiments were carried out on Ti surfaces, showing good results in
terms of antifouling properties thanks to their amphiphilic structure and not being cytotoxic
[20]. On the other hand, bactericidal materials such as antimicrobial peptides (AMPs) have
been considered to be alternative to antibiotics and have multifunctional properties [21].
AMPs can be used in place of antibacterial materials such as silver having both antibacterial
and osseointegration capabilities [22]. Moreover, ions from some elements can also have
antibacterial properties [23]. Among them are copper (Cu), chlorine (Cl), zinc (Zn), fluorine

(F), iodine (I), cerium (Ce), selenium (Se) and bismuth (B1) [24].

Titanium dioxide (TiO2), also known as titania, is used as an antibacterial coating. Thanks to
the exposure of titania to strong UV light, reactive oxygen species (ROS) are produced which
are able to eliminate many microorganisms including bacteria [25], [26].

Metal nanoparticles obtained from silver, gold but also from zinc and copper are used for
their antimicrobial properties. Those normally used are silver nanoparticles, which are coated
on a titanium surface, increase its bacteriostatic and bactericidal properties. Their
antimicrobial mechanism is not fully understood, however the released silver ions from the
surface produce ROS inside the bacteria, leading to bacterial death [27].

Coatings loaded with antibiotics have also been developed on Ti surfaces. However, there
are certain limitations with antibiotic coatings. For example, the rate of release was too fast
to provide sufficient coverage for the development of infections during the postoperative
period [28]. Some concerns have been developed regarding toxicity and the development of
antibiotic resistance [22]. In fact, the antibiotic burst release revealed how it can cause
toxicity in nearby tissues. Another fact to consider is that antibiotic resistance can be caused
by drug release below the minimum inhibitory concentration level (MIC) [29]. Furthermore,
many of the studies conducted so far have not been done in conditions that reproduce the oral
cavity [30].

Usually explored to bind various molecules such as proteins, peptides and polymers to
titanium surfaces, silane has also been shown to have bactericidal properties. For example,
silane triethoxysilylpropyl succinic anhydride (TESPSA) has demonstrated osteoinductive
but also antibacterial capacity for a prolonged period [31]. A coating that would need other
studies due to uncertain results is that of nitride [32]. In fact, titanium nitride (TiN) is
chemically stable, manages to remain biocompatible even at high temperatures and is
characterized by good resistance to corrosion [25]. Chlorhexidine also proved effective in a

short time in the field of bacterial infections [33].



In case of new strategies, the Antisense Oligonucleotides (ASOs) have generated a lot of
interests in scientific communities. They are fragments of nucleic acids that have the ability
to counter biological processes in bacteria [34]. Their targets can be mRNA and rRNA that
code for essential genes but also interfere with genes that are involved in biofilm formation
or adhering to a surface [35], [36].

Even in the case of bacteriophages (phages) there is a need for more evidence in favor of
their efficacy. Bacteriophages are viruses capable of infecting bacteria and leading them to
lysis thanks to the insertion of their genetic material within the bacterial one [37], [38]. There
are good premises on their use as they would be able to infect only certain strains of bacteria,
allowing those that are part of the healthy environment inside the oral cavity to remain
undisturbed[39]. Finally, there have recently been studies on the effect of photodynamic and
phototermal therapy combined with antimicrobial coatings [40]-[42].

1.2 Bacteria and biofilm formation

The bacteria present in the oral cavity form biofilm on the surfaces they come into contact
with. The bacteria may live on their own, but it has been observed that most bacteria tend to
form these communities called biofilms. Its formation takes place in steps. Initially the
bacteria settle and begin to be adsorbed, not all of them because a part will be desorbed in
the external environment. When they begin to adhere more stably, they initiate to produce

matrix, thus starting to form biofilms [43].

ﬁ./
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Figure 1.4: Biofilm lifecycle [8].



The matrix produced is mainly made up of secreted polysaccharides and contains the various
populations of bacteria. Furthermore, within the biofilm the diffusion of nutrients is slowed
down due to the very dense matrix. Bacteria in biofilm communicate with each other even if
far away due to quorum sensing, communication occurs through the production of substances
that reach other bacteria through the biofilm [43], [44].

By developing the biofilm vertically, the bacteria have a better chance of reaching nutrients
but also lend themselves to the detachment of infectious emboli. When an embolus detaches,

for example, in the case of an in vivo device it can carry the infection to other parts of the

body.

Bacteria in planktonic form are easily accessible by macrophages, drugs and antibiotics,
therefore, they are very vulnerable. When these are able to colonize the surface and then
organize themselves within the biofilm, drugs, antibodies and macrophages cannot reach
them. The macrophages remain in the infected area, they try to destroy the bacterial biofilm
and produce substances such as degradative enzymes which, however, have no effect on the
biofilm but on the nearby healthy tissues which can suffer. This can generate inflammation
that persists leading to chronic inflammation. The bacteria, on the other hand, remain viable
and are not affected by the action of macrophages or antibiotics.

There is therefore a need to use surfaces that minimize adhesion and bacterial proliferation.
These can be divided into antibiofouling surfaces, which bacteria cannot adhere to, and
antimicrobial surfaces. The second type of surfaces can be divided into bactericidal, which

cause the death of bacteria, and bacteriostatic, which inhibit their growth [44], [45].

1.3 Antimicrobial peptides

Nature offers us bactericidal substances and an example is antimicrobial peptides (AMPs).
They are effective not only against bacteria but also against fungi and viruses. Furthermore,
some AMPs have tissue regeneration, bone regeneration and immunomodulation properties
[46]. One of the most important characteristics of AMPs is the low ability to develop
antimicrobial resistance due to their low affinity targets [47]. They can be engineered to

improve such as bioactivity and cytotoxicity [48], [49].



AMPs consist of a sequence of amino acids linked together by peptide bonds. In particular,
they are formed by less than 100 amino acids having a total charge of +2 up to +9, due to the
presence of positively charged amino acids such as lysine and arginine [50], [51]. The
sequence of amino acids present is amphiphilic, therefore hydrophilic and other hydrophobic
parts are present [52]. AMPs are produced by various mammals, plants, fish, insects and
microorganisms [53]-[57]. To date, more than 2600 AMPs have been documented, usually

they are cationic but there are also non-cationic ones [58].

There is an action of the AMP against the cell membrane, but it is weak and is linked to the
amphiphilic characteristic of the peptide. The bacterial membrane is characterized by a slight
negative charge so there is a strong electrostatic interaction with cationic AMPs that favors

a sort of specialization of the AMPs towards the bacteria themselves [52].
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Figure 1.5: Interactions with bacterial membrane and cell membrane. In the presence of a bacterial
membrane there are electrostatic and hydrophobic interactions with cationic AMPs. In the case of
cells, the interactions present are only the hydrophobic ones [52].

The mechanisms of action of peptides can be of two types. The first is the surface interaction
of the AMPs, therefore with the membrane of the bacteria, in this case we can have various
models that describe the situation.

There is the barrel stave model in which a not excessive amount of AMPs come into contact
with the bacterial membrane, causing a depolarization of the membrane with the formation
of pores, leading to the cell death. When the amount of peptide is very high, on the other
hand, it can be said that the carpet model is valid. In this case the effect could be the
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destruction of the bacterial membrane or the depolarization of this which would again lead
to the formation of pores, in this case called toroidal model pores, with consequent bacterial
death (Figure 1.6A) [51].

However, some AMPs do not act on the membrane but act differently, usually they are non-
cationic peptides. In this case, the peptide is internalized by the bacteria in vesicles and then
released into the cytoplasm, acting internally, altering its behavior and ultimately leading to

bacterial death (Figure 1.6B) [52].
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Figure 1.6: The two different systems of action of the AMPs. A) Barrel stave model, carpet model
and Toroidal pore model, independent ATP mechanisms. B) Macropinocytosis, dependent ATP
mechanism [50].

AMPs can be effective against both Gram-positive and Gram-negative bacteria. In addition,
they kill bacteria very quickly, which is important because the bacteria cannot develop
resistance to antimicrobial peptides in this way which they do to antibiotics. In fact,
antibiotics have a more specific mechanism of operation, so it is easier for bacteria to develop
resistance. On the other hand, peptides have a much wider action: they destroy the membrane,
act from inside the bacterium, have anti-inflammatory power, also have anticancer effects
and some antiviral effects [59]-[63].

However, there are also negative aspects including toxicity. As a matter of fact, AMPs are
more specific for bacteria but can also act on tissue cells. In order to test the toxicity of AMPs,

the hemolysis tests are performed to test their effect on red blood cells, as they are extremely
11



sensitive to peptides [64]. AMPs are also easily degradable by enzymes. If administered
systemically they can undergo rapid degradation reducing the time of efficacy [47], [65].
AMPs are sensitive to process conditions, i.e. pH, can easily denature and therefore no longer
be effective [66], [67]. Some allergies can be induced by AMPs if they are used for a long
time [65]. Finally, they have costs that are quite high as regards their synthesis[52].

AMPs can be used to functionalize surfaces and therefore can be bonded to the surface in a
non-covalent or covalent way [68], [69]. An example could be linking it covalently to the
surface, keeping it active and being careful not to denature it. Another example, in case of
non-covalent functionalization of the surface, could involve the use of a cationic peptide and
through the layer-by-layer technique to trap the AMP inside the layers at least initially. When
the layers begin to flake the peptide is released and activated [70]. It is possible to create gels
that trap the peptide inside and subsequently release it gradually over time, or gels in which
the peptide is covalently linked, thus obtaining a gel that has a continuous bactericidal power

over time [71], [72].

There are also new solutions that rely on AMPs to generate different materials. They could
be polymers, materials that mimic antibacterial peptides due to their amphiphilicity, so one
could think of using them to produce objects and devices that are inherently antibacterial

[73].

1.3.1 LL37

As mentioned above, AMPs are not only capable of killing bacteria, but they can also have
other properties. For example, cathelicidins in addition to being antibacterial peptides are
able to modulate and stimulate the immune response, have the ability to promote osteogenic
differentiation, the ability to encourage wound healing, induce re-epithelialization and also
possess angiogenic properties [74]. LL37 is the most studied peptide belonging to the
cathelicidins group and the only one in humans [52].

In 1995, hCAP18, a member protein of cathelicidins, was discovered in humans. LL37 was
the peptide positioned at the C-terminal end of the hCAP18 protein [75]. This AMP has 37
amino acids and its sequence begins with two leucines. It is a cationic peptide which, coming
into contact with the bacterial membrane, positions itself in such a way as to cause the

formation of transmembrane pores and lead to bacterial death [74], [76]. LL37 is effective
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against Gram-positive and Gram-negative bacteria, but also against fungi and has antiviral
properties [77], [78].

As for the biofilm, studies have been conducted regarding both the efficacy against already
formed biofilms and the efficacy that this peptide has in preventing its formation. It has been
seen that in the first case the presence of the peptide led to a downregulation of the genes that
are usually controlled by quorum sensing with a consequent decrease in the ability of the
bacteria to adhere to the surface and in the cohesion between them. It has also shown a
promise against biofilm formation. In fact, non-human cathelicidins have also been tested
and no efficacy has been found [79], [80]. In diseases and pathologies such as chronic

wounds, cancer, sepsis and many others, the use of LL37 could be very useful.

Finally, it has been seen through some studies that the use of the immobilized peptide on
surfaces is preferable as it is more stable and effective than its soluble version. In fact, even
if it is not yet clear why the soluble peptide appears to have lower healing and pro-angiogenic

capabilities [81].

1.4 Antimicrobial photothermal therapy

Antimicrobial photothermal therapy (APTT) appears to be a valid and promising strategy in
the dental field. Due to inappropriate prescriptions, prolonged treatment cycle and the usage
of antibiotics in feed for livestock for preventive purposes, several strains of bacteria resistant
to antibiotics have developed. Vancomycin-resistant Enterococcus faecium, Methicillin-
resistant Staphylococcus aureus and Multidrug-resistant Acinetobacter baumannii are
antibiotic-resistant bacteria [82].

APTT is a physical sterilization due to the presence of photothermal agents (PTAs) combined
with the light irradiation. It causes a localized temperature increase leading to the death of
the bacteria. Through the hyperthermia caused by APTT, various effects such as evaporation
of the cellular fluid, enzymatic and protein denaturation, rupture of the membrane and cell
cavitation could occur [83], [84]. Photothermic therapy has been shown to be effective
against a wide range of bacteria and capable of eliminating bacteria in solution to sterilize its
contents. Furthermore, it is not possible for bacteria treated with this therapy to develop
resistance [85], [86]. Several PTAs can be used for this purpose. For example, as

nanomaterials gold nanoparticles, nanorods, nanoshells or nanostars [87]-[90]. Graphene is
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also a possible PTA and can be found as graphene oxide or reduced graphene oxide [91],
[92]. M0S2, MnO», Bi2S3, polydopamine and polyaniline are other possible PTAs [93]-[97].
An important feature of PTAs is the ability to transform part of the absorbed light into thermal
energy to raise the temperature.

In particular, more tests on the biocompatibility of some formulations, PTAs capable of
converting a large amount of absorbed light thus having a high conversion efficiency, also
combining other capacities to the photothermic one as antithrombus properties would be
interesting to develop [83]. The method by which the PTA is stabilized on the surface is also
important. We can use a physical methods such as electrostatic interactions, hydrogen
bonding, covalent bonds to load PTA on the surface [98], [99]. In fact, to eliminate the
bacteria alone it can exceed the irradiance limit, i.e. 0.32 W/cm™ following the American
National Standard Institute Laser Safety Standards [100]. Another possibility is that the
temperature needed for the purpose can damage surrounding tissues [101]. It is therefore
useful to combine this antibacterial strategy with others, such as silver nanoparticles and

nanoplates [88], [102].

1.5 Polydopamine

3,4 - dihydroxyphenylalanine (DOPA) is an amino acid abundant in mussel proteins. In 1981
it was studied by Waite and Tanzer, they discovered that it appears to be the key component
for the adhesion of the mollusc in an aqueous environment, an obstacle instead for synthetic

glues [103], [104].

DOPA is obtained through the oxidation of tyrosine which in turn tends to partially oxidize
in the marine environment and become DOPAquinone. Oxidation is due to the marine pH
which is slightly alkaline (8.5), in these conditions DOPA and DOPAquinone are in
equilibrium [105], [106].

COOH HO COOH L o COOH
oxidation oxidation =
—p —
NH, NH, = NH;
HO HO (o]
Tyrosine Dopamine Dopaquinone

Figure 1.7: Conversion of tyrosine to dopaquinone[8§].

14



The mussel adheres to the substrate due to filaments ending in plates, about a few mm large.
These filaments can be up to several centimeters long and are generally arranged radially.
This is a way for the mollusk to have a stable adhesion in different directions against the
inevitable shear stresses in the marine environment. These filaments with which the animal
adheres are protein filaments, precisely formed by 25-30 proteins. Externally, along the outer
surface of the filament and also at the plaque are a series of polyphenolic proteins. Internally,
in the core of the filament, there are collagen proteins of different types, arranged in a gradient
so that the filament is more extensible in the parts closest to the body of the mollusk and less

extensible and stiffer outside [107], [108].

Through special glands the mollusk secretes liquid protein precursors, these are extruded
towards the outside. As soon as they are in contact with the sea water, which has a slightly
alkaline pH (8.5), the filament stabilizes and reticulates on its surface, therefore a rigid cuticle

is formed, which stabilizes its shape to avoid deformation of the filament [107].

Furthermore, the filaments of the byssus through the stem are in contact with the internal
musculature, with the retractor muscles of the byssus, therefore the animal has its own
muscles through which it is able to contract the filaments and therefore to modulate the
adhesion tension. The other muscles present, the adductors, have nothing to do with adhesion

but only serve to open and close the shell [107], [109].

Looking at the section of a byssus filament, the contact with the retractor muscles at the
proximal end is noted, then this thin filament departs which internally presents a series of
collagen-based proteins and externally these polyphenolic proteins that form a reticulated
cuticle. These polyphenolic proteins are called "Mytilus Edulis foot protein" (Mefp).
Approaching the plaque the shape changes, there are no more collagen proteins but only
polyphenolic proteins of various types, it is noted that the Mefp types 3 and 5 are those in
direct contact with the substrate and therefore determine the adhesion [109]. The composition
of these proteins has been studied and it has been discovered that they are rich in an amino
acid, that i1s DOPA [110].

It can also be noted that a high amount of DOPA is also present in the protein Mefp-1 that
surrounds the filament. This means that on the surface of the filament there is a part of the
DOPA groups that have been converted into dopaquinone, these functionalities are reactive,
they can react with other molecules with thiol or amino groups and it is possible to find these

groups on the proteins themselves. So as soon as the marine pH leads to the formation of
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dopaquinone, they begin to react with functionalities present in the same protein and a cross-

linked cuticle is formed [107].

Collagenous proteins

Byssus
Mefp-1

Mefp-4
Mefp-2 Plaque
Mefp-3,-5,-6 ——

Byssus

Plaque i Substrate

Figure 1.8: Schematic view of the plaque responsible for the adhesion of mussel [8], [107].

The abundance of catechol groups in DOPA and quinone in DOPAquinone explains how the
mussel is able to adhere due to the former to surfaces of inorganic nature and through the
latter to organic surfaces. In particular, with inorganic surfaces it is able to form hydrogen
bonds with hydrophilic surfaces and strong metal complexes with metal ions, while organic
surfaces containing primary amino or thiol groups are reactive with the quinone groups
present forming covalent bonds.

Oxidizing DOPA leads to the formation of cross-linked films having catechol and quinone
groups that can be exploited for subsequent functionalization steps [103]. In the presence of
basic pH, the catechol groups which oxidize into quinone groups are very reactive and can
also undergo various secondary reactions which lead to the formation of brownish pigments.
Among the side reactions can be named reactions with amino groups and reactions with thiol
groups. In particular, quinone groups can react with amino groups via Michael addition or
Schiff base reaction (Figure 1.9A). It has been seen that normally in the presence of aromatic
amines the Michael type addition is favored, on the contrary in the case of aliphatic amines
the Schiff base reaction is favored [104], [111].

As regards possible parameters that influence the Michael addition, pH is certainly one of
them. An increase in pH leads to a higher reaction rate. A lower reaction rate, on the other
hand, can be caused by a substitute in the aromatic ring of the catechol, for example as in the

case of 4-methylcatechol in the presence of which a lower reactivity is recorded compared to
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unsubstituted catechol [112]. The basicity of the amine is another factor affecting the reaction
rate, this will be greater with more basic amines [113].

The pH and the length of the chain containing the primary amine are the parameters that
influence Schiff base reactions. More precisely a decrease in the basicity of the primary
amine is caused in the presence of a longer chain, this will lead to the possibility of the
reaction to take place even at lower pH [104].

If, on the other hand, thiol groups are present, they will react with polyDOPA through a
Michael addition reaction (Figure 1.9B) [111]. A higher oxidation rate of the catechols leads
to a higher efficiency of the reaction. Furthermore, higher reactivity is obtained in the
presence of primary thiols with lower steric hindrance [114], [115].

However, it should be borne in mind that only possible explanations on the exact structure of

the polyDOPA have been presented [110].

Amino group

P33

Michael addition or Schiff base reaction

B Thiol group

Ho\)> ﬁ) U
- -

Michael addition

Figure 1.9: Formation of the polyDOPA network. (A) Formation of the covalent bond by Michael
addition and Schiff base reaction in the presence of amino groups. (B) Formation of the covalent bond
by Michael addition in the presence of thiol groups [111].

The amino acid DOPA can be artificially produced, and it is possible to obtain adhesive gels
or intermediate surface functionalizations to subsequently adhere on peptides and proteins
[103]. Another interesting feature of polyDOPA is that regardless of the material and
therefore the chemistry of the coated surface, the coating will make it hydrophilic [116].
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Figure 1.10: Color change of the polydopamine solution over time: 6 h, 12 h, 24 h, 48 h, 72 h. The
brownish color reached by the solution is the one that can also be seen on the surface immersed in it
[117].

There are five parameters to be optimized for the formation of a polydopamine coating. As
the hours in solution increase, the thickness of the film formed on the surface increases,
reaching a plateau at 24 h [103], [118]. Increasing the concentration of dopamine in solution
will result in greater efficiency [119]. A higher coating efficiency can also be obtained by
increasing the temperature [120]. pH ranges have been identified with which different results
are obtained. Specifically, at pH < 4.5 there will be a limited coating, with pH 7 the efficiency
level will be moderate, pH 8.5 is the best, as opposed to pH > 11 in which unstable coatings
are obtained [119], [121], [122]. Finally, higher oxidation levels will result in greater coating
efficiency [123]. However, it must be emphasized that the fundamental parameter of all

remains the pH [116].
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Chapter 2

Materials and methods

2.1 Polydopamine coating

Ti discs with a diameter of 1.3 cm were used to do the PDA coating and subsequently

functionalization of LL37 peptides.

To do the PDA coating on the surface, the first step is cleaning the discs in 5SM NaOH
(Emprove® Essential, Germany) solution for 30 min at 60 °C. After washing the discs in
Milli-Q water and drying them with nitrogen (N2) gas, the dopamine solution is prepared.
For this purpose, dopamine hydrochloride (Sigma-Aldrich, Germany) combined with 10 mM
Tris buffer (pH 8.5, Acros Organics, Germany) was used. Once 260 mM dopamine solution
is obtained, the discs are placed in a 24-well plate (VWR International, USA) and 1 mL of
solution is added to each Ti discs and left 24-well plate uncovered in the dark for 15 h.
Finally, the discs are washed with Milli-Q water and dried with N2 gas. The concentration of
260 mM was chosen after testing with solutions at different dopamine concentrations. Once
the coating on the surface was obtained, the absorbance was measured using a
spectrophotometer-microplate reader (SYNERGY H1, BioTek Instruments, USA).

A different method has also been explored to do the PDA coating in lesser time, called
ultrafast coating. In fact, 0.5 mL of 260 mM dopamine solution in Milli-Q water is placed in
the well with 0.5 mL of a solution formed by 6 mM NaOH, 100 mM Tris buffer and 160 mM
KMnOg4 (Honeywell™ Fluka™, Germany). Then the plates are left uncovered in the dark for
1 h, before the discs are washed with Milli-Q water and dried with N gas.

PDA coated discs were loaded with CuClz (Sigma-Aldrich, UK) as the second step. Ti-PDAs
were placed in a 24-well plate and 1 mL of 20 mM CuCl; solution was placed in each well.

The plate was then placed on the shaker at 150 rpm for 3 hours.
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2.2 LL37 conjugation

Place the Ti-PDA discs in a new 24-well plate and add 1 mL of 100 pg/ml M-PEG Amine
solution (Methoxypoly(ethylene glycol) amine, MW 1k, Creative PEGWorks, USA) in 10
mM Tris buffer to each well. Put the plate on a shaker for 1 h at 150 rpm. Then rinse in 10
mM Tris. Thanks to the ability of the PDA to react with amino or thiol groups through Schiff
base and Michael addition reaction (Figure 1.9), the M-PEG Amine will be able to bind to
the Ti-PDA surface.

Again, place the discs in new wells by adding 1 mL to each of 1000 pg/ml NH>-PEG-MAL
(Amine — Poly (ethylene glycol) — Maleimide, MW 1k, Creative PEGWorks, USA) in 10mM
Tris buffer. Put the plate on the shaker for 1.5 h at 150 rpm. Wash in 10 mM Tris buffer. Also
in this case NH2-PEG-MAL will bind to the surface due to the ability of the PDA to react
with amino or thiol groups (Figure 2.1).

Finally, the solution with LL37 1000 pg/ml peptide (peptide having a cysteine residue at C-
terminus, LLGDFFRKSKEKIGKEFKRIVQRIKDFLRNLVPRTESC-NH2, purity of 96%,
Caslo Laboratory, Denmark) dissolved in phosphate-buffered saline (PBS) was added in
PDA-Ti discs in 24 well plate. The plate is placed on the shaker for 2 h at 150 rpm, then the
plate is kept overnight at 4 °C. The next day the discs are washed in PBS and dried with
nitrogen gas. The peptide will bind covalently due to the presence of the thiol group at the
NH2-PEG-MAL linker through the thiol-maleimide chemistry (Figure 2.1).

" LI o 11, omeb 150, E’é‘é‘é; z2h, 5.«;—@1%—;

. PolyDOPA . Pegylation . Functionalization Conjugation
Titanium disc coating Ti-PDA M-PEG Amine with linker ~ NH-PEG-MAL 137 peptide  Ti-PDA-LL37

Figure 2.1: Representative schematic diagram to show the preparation of Ti-PDA-LL37 discs.

The surface bound peptide was quantified by measuring the absorbance considering 258 nm
as the characteristic peak of LL37, due to the presence of phenylalanine residues. The
absorbance of the original peptide solution was measured, and the measurement was repeated
with the supernatant after conjugation of the peptide on the surface. The amount of LL37
conjugated on Ti-PDA discs was quantified by subtracting amount of added peptide to
amount in supernatant. The Beer-Lambert formula was sued to quantify the amount of

peptide.
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2.3 Bacterial Culture

Two different media were used for different strains of bacteria, specifically Luria-Bertani
(LB) media and brain heart infusion (BHI) media. To prepare 1L of LB media, the following
substances were weighed: 10 g of peptone bacteriological (Liofilmchem S.r.1., Italy), 5 g of
yeast extract (Liofilmchem S.r.1, Italy), 5 g of sodium chloride (ITW Reagents) and 1 L of
Milli-Q water. LB agar was obtained in the same way but by adding 17 g of agar
(Liofilmchem S.r.1., Italy). For BHI media, 37 g of BHI broth (Liofilmchem S.r.1., Italy) were
combined with 1 L of Milli-Q water. The BHI agar was prepared by weighing 47 g of BHI
agar (Liofilmchem S.r.l., Italy) and adding 1 L of Milli-Q water. All solutions were
autoclaved. LB agar and BHI agar were poured into petri dishes inside a biological hood in
order to obtain LB and BHI agar plates.

Experiments using Gram-positive and Gram-negative bacteria were conducted to evaluate
the antibacterial activity of Ti-PDA-LL37. Among the Gram-positive, Staphylococcus
aureus (S. aureus, DSM 799) and Enterococcus faecalis (E. faecalis, ATCC 19433) were
used, as Gram-negative instead Escherichia Coli (E. coli, ATCC 25922) were used. Bacteria
were stored at -80 °C. Subsequently, using a spreader 20 pL of bacterial solution were
cultured in LB agar (E. coli and S. aureus) or BHI agar (E. faecalis) plates. After 24 h in

incubator at 37 °C, bacterial colonies grow on LB or BHI agar petri dishes.

In order to keep the bacteria viable, re-culture was carried out (Figure 2.2). Therefore, a
bacterial colony was taken and, with the aid of a loop, it was re-cultured in a new agar plate

then placed in an incubator at 37 °C. Re-culture was repeated every 48 h.

“
@ - - \\
= 20 pL 24 h 48 h .
—_— _— _— \
Incubation Incubation
Bacterial Spreading Re-cultured
solution
24 h
Incubation

Figure 2.2: Representative schematic diagram to show the re-culture process.
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2.4 Antimicrobial Activity Tests

Two bacterial colonies were taken and placed in 1 mL of solution in a vial: E. coli and S.
aureus in LB media and E. faecalis in BHI media. The vials were placed inside the incubator
at 37 °C for 15 h in stirring condition at 150 rpm. After this, re-culture is performed by placing
100 pL of the original bacterial solution in new mediq. After 4 h, the bacteria can be used, as
they will have reached their exponential growth phase.

The bacterial concentration was obtained using the McFarland 0.5 Barium Sulphate Standard
kit (Liofilmchem S.r.l., Italy). Following this we have an optical density (OD) of 0.5
corresponds to 1.5 x 108 CFU/mL. For the antimicrobial tests conducted a concentration of
10° CFU/ml was used and it was obtained by diluting the stock with 1:10 human pooled
serum (CELLect, USA). Once the bacterial solution of 10° CFU/mL was prepared, 0.5 mL
of this was added to each well containing a Ti-PDA-LL37.

Each well is then exposed to NIR light for 1.5 min, followed by 1 min of absence of light and
then repeated the exposure for a total of 5 times. The laser used for this aim was NIR laser of
808 nm with a power density of 2 W/cm? (Roithner Laser Tecnik).

Afterwards, the 24-well plate is placed in incubator at 37°C, in stirring condition at 150 rpm
for 15 h. After this period, the solutions contained in each well are diluted 100 times and
plated on LB agar or BHI agar plates. Finally, after 24 h in an incubator at 37 °C, the colonies

present in the plates are counted.

Furthermore, the minimum inhibitory concentration (MIC) was also determined using the
microplate reader at 600 nm combined with plating and colony counting. The two methods
were used together as the absorbance measurement alone would not have distinguished the
bactericidal effect from the bacteriostatic one. Therefore, by also using the plating, the

antimicrobial effect of the coating is verified.
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Figure 2.3: Representative schematic diagram to show the antimicrobial test.
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2.5 Biofilm Tests

The bacteria used for this type of test are S. aureus and E. faecalis.

The preparation of the bacteria in solution is the same as in the antimicrobial activity tests.
In the biofilm tests after 4 h from re-culture and after using the McFarland 0.5 Barium
Sulphate Standard kit, the original solution is diluted with a solution made up of BHI medium
and 2% glucose up to 10° CFU/mL. 0.5 mL of the bacterial solution was added in Ti-PDA-
LL discs in 24-well plate, then it is exposed to NIR light similar to condition done for
antimicrobial test. The plate is placed under static conditions in an incubator at 37 °C for 24
h.

After 24 h in the incubator, proceed with crystal violet staining to quantify the biofilm present
on the surface of the disc. The solution present in each well is gently removed and rinsed
with Milli-Q water. Wait for 1 h keeping the plate without lid in the incubator to allow drying.
Then 0.5 mL of 0.2% crystal violet solution is placed in each well and waited for 10 min.
After having gently removed the crystal violet, rinse with Milli-Q water. Put 0.5 mL of
ethanol and acetone solution (80:20) and wait 10 min.

Finally, for biofilm quantification, 200 pL from each well are placed in a transparent 96-well

plate and the absorbance is measured at 590 nm using the spectrophotometer-microplate

reader.
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Figure 2.4: Representative schematic diagram to show the antibiofilm test.
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2.7 Attenuated Total Reflectance — Fourier Transformed Infra-

Red spectroscopy

The presence of the PDA coating was confirmed by the Attenuated total reflectance — Fourier
transformed infra-red (ATR - FTIR) spectroscopy analysis. Analysis was performed using

IR Affinity-1S (Shimadzu) equipped with a diamond crystal ATR accessory (QATR10).

2.8 Contact Angle

The samples used for the contact angle studies were analyzed immediately after opening and
measurements were made at room temperature. An OCA 15 plus video-based optical contact
angle measuring device equipped with an electronic syringe unit (Dataphysics Instruments
GmbH, Germany) was used to perform the wettability studies. DDWs were used. Static
contact angles were measured at room temperature by the sessile drop method, on 4 ml
droplets for water deposited on the surface. At least 3 drops were used for each type of

sample.

The contact angles were calculated by the SCA20 software (Dataphysics, version 2.0),
adapting the fall profiles to the Young-Laplace equation.

2.9 Quartz Crystal Microbalance with Dissipation monitoring

The quartz crystal microbalance with dissipation (QCM-D) analysis was used to further
characterize the coating in its various steps. The Q-Sense instrument (Biolin Scientific) was
used together with the related Q-Sense Explorer System (QE 401 Electronics Unit, QCP 101
Chamber Platform). The sensor used is the Q-Sensor QSX 301 Gold. The temperature used

to perform the entire acquisition is 25 °C.
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2.10 X-Ray Photoelectron Spectroscopy

To evaluate the chemical composition of the obtained surface, X-Ray Photoelectron
Spectroscopy (XPS) analysis (Scienta ESCA 200) was performed on Ti, PDA coated Ti,
PDA-linker coated Ti and LL37-linker-PDA coated Ti surfaces.

2.11 Statistical Analysis

All tests were repeated at least three times to ensure the repeatability of the results.

All results are reported as average + SEM. All data were analyzed with GraphPad software
(GraphPad 9, La Jolla, USA). Tukey's multiple comparisons one-way ANOVA test was used
with the following specifications: **** P <0.0001, *** P <0.001, ** P <0.01, * P<0.5 and

ns > 0.5.
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Chapter 3

Results and discussion

3.1 Polydopamine coating and characterization

Different concentrations of dopamine were used to do coating on Ti discs in order to find the
best condition providing the uniform PDA coating. It is found that 260 mM dopamine
concentration was optimum to do uniform and thicker coatings on Ti discs as observed in

UV-vis spectra (Figure 3.1A and 3.1B).
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Figure 3.1: (A) UV-vis spectra of PDA coated Ti discs (B) Absorbance at 380 nm of different
concentrations of PDA coated Ti discs.

After selecting the best concentration of dopamine, a faster coating method is tried to obtain
the uniform coating in a shorter time, passing from 15 h to 1 h. Clear differences between the
two methods can be seen in Figure 3.2A, 3.2B and 3.2C. In addition to the aspect, the
absorbance of Ti-PDA obtained with the different methods was also measured (Figure 3.2D).
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Although the coating was observed using ultrafast method, the thickness of PDA layer on Ti

discs was not sufficient and uniform. We could also observe the Ti surface (Figure 3.2B).

A B C

— 15 h coating
—_— — Ultrafast coating|

D 454

|

\

\
\

Absorbanc

\
Sy

0.0 T T T
300 400 500 600 700

Wavelength (nm)

Figure 3.2: Comparison between PDA coating methods. (A) Ti disc. (B) Ti disc coated with ultrafast
method. (C) Ti disc coated with 15 h method. (D) Absorbance at different wavelengths.

The presence of the PDA coating was confirmed by ATR - FTIR spectroscopic analysis
(Figure 3.3A). The presence of the CH group is confirmed by the peak at 1280 cm™ and that
of the NH group by the following peak at 1500 cm™'. It is also possible to see the peak
corresponding to the OH group at 3100 cm™.

The stability of the PDA coating in solution was also evaluated. The Ti-PDA disc was placed
in 1 mL of Milli-Q water for 48 h. Figure 3.1.3B shows the absorbance of Milli-Q water
before and after 48 h together with the absorbance of the starting coating. There is no leaching
of PDA from the surfaces after 48 h of incubation in water, indicating that PDA coating is

stable (Figure 3.3B).
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Figure 3.3: Presence and stability of the PDA coating. (A) ATR — FTIR spectrum of Ti-PDA disc.
(B) Stability of the PDA coating in solution.

The surface wettability behavior was characterized by measuring the contact angle (Figure
3.4). The Ti-PDA surface is extremely hydrophilic with a contact angle around 5°. Then we
proceeded by measuring the contact angle of the Ti-PDA-LL37 surface. The angle measured

on the final surface is about 30°, indicating the conjugation of LL37 peptide on the surface
of PDA-Ti.
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Figure 3.4: Contact angle. A) Image of the water drop on the Ti-PDA surface. B) Image of the water

drop on the Ti-PDA-LL37 surface. C) Quantification of the contact angle of Ti-PDA and Ti-PDA-
LL37.
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Furthermore, the amount of conjugated peptide on the surface was calculated using the

Lambert-Beer law and 35 + 3 pg/cm? was obtained.

The QCM-D analysis was finally performed to further characterize the various coating steps.
In Figure 3.5 it is possible to identify 3 steps in the trend of the frequency variation and
dissipation variation curves. The first was due to the deposition of PDA on the surface for 15
hours (A-B). We note a variation of the frequency combined with a not too evident
dissipation, this suggests that the deposited material is not very soft but rather rigid. The
second step is due to the deposition of the NH>-PEG-MAL linker for 1.5 hours (B-C). A
frequency variation suggests an increase in mass and there is also an increase in the
dissipation variation, therefore a softer material than PDA is bonded. Finally, LL37 is bound
to the surface causing the last trend of the curves (C-D). The peptide binding to the surface
will lead to a further increase in mass as can be seen from the frequency variation but also to

an increase in the dissipation variation caused by its softer nature.
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Figure 3.5: QCM-D monitoring performed on Ti-PDA-LL37 surfaces. A) Frequency variation curve.
B) Dissipation variation curve.

From the XPS analysis of the Ti disc after cleaning with NaOH it can be seen that there are
peaks for Ti but also C, O and Na (Figure 3.6A). Analyzing the Ti-PDA surface,
characteristic peaks of polyDOPA are noted, more precisely C, O and N with an increase in
the C peak compared to the Ti disc alone (Figure 3.6B). As far as the Ti-PDA surface
functionalized with linker is concerned, the same peaks of the Ti-PDA are recognized (Figure
3.6C). Finally, the Ti-PDA-LL37 surface shows in addition to the C, O and N peaks also P,
Na and S (Figure 3.6D).
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Figure 3.6: XPS analysis. A) Ti disc after cleaning. B) Ti-PDA surface. C) Ti-PDA-linker surface.
D) Ti-PDA-LL37 surface.

3.2 NIR laser measurements

To optimize the laser power density, NIR laser was exposed to Ti-PDA discs at different
powers such as 0.5, 1, 1.5 and 2 W/cm?. The Ti-PDA disc was exposed to the laser for 5 min
and then waited until the temperature returned to the starting temperature. The measured
temperature is that of the solution where the disc was immersed and was measured every 30
s (Figure 3.7A). It is found that show coating (15h) of PDA on Ti discs produce high
temperature rise than the ultrafast coated Ti-PDA discs (Figure 3.7B).

The temperature increases during 1.5 min exposures for 5 cycles and the 1 min break were
also measured. Again, the temperature was measured on the surface of the Ti-PDA disc in
solution every 30 s (Figure 3.7C). It is found that the temperature increased during the

exposure and decreased once the laser was switched off (Figure 3.7C).
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Figure 3.7: Evaluation of photothermal property of Ti-PDA discs. (A) Estimation of temperature
increase after exposure of different laser power densities. (B) Comparison between 15 h coating and
ultrafast coating. (C) The cycle of laser switch-on and switch off to evaluate the temperature.

3.4 Antimicrobial Activity Tests

3.4.1 Determination of the MIC of LL37

The MIC for LL37 free peptide was determined by testing five different concentrations of
the peptide: 4, 6, 8, 10 and 12 pg/mL against E. coli. Similarly, the MIC of LL37 peptide
against S. aureus was determined using different concentration of LL37 such as 4, 6, 8, 12

and 20 pg/mL. These concentrations were evaluated against 10° CFU/mL of both bacteria.
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It can be observed that the increasing concentration of LL37 peptides retarded the growth of
E. coli, and 12 pg/mL of LL37 peptide completely killed the bacteria (Figure 3.8A). In the
graph relating to the plating method (Figure 3.8B) it is again noted that no growth of bacteria
is seen when 12 ug/mL of LL37 peptides is exposed to bacteria.

On the other hand, it can be seen that 12 and 20 pug/mL seem to be effective to prevent the
growth of S. aureus (Figure 3.8C). If the graph relating to the plating method (Figure 3.8D)

is also taken into consideration, however, it can be noted that no growth is recorded only in

the case of 20 pg/mL.
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Figure 3.8: Determination of the MIC of LL37. (A) Different growth kinetics of E. coli under LL37
concentrations. (B) Antimicrobial activity of different concentrations of LL37 recorded with the
plating method against E. coli. (C) Different growth kinetics of S. aureus under LL37 concentrations.
(D) Antimicrobial activity of different concentrations of LL37 recorded with the plating method
against S. aureus.
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3.4.2 Antimicrobial effect

In general, Figure 3.8 shows the coatings containing CuCl, are more effective as
antimicrobial effect. We noted that the survival of E. coli in the presence of Cu ions only in
the case of PDA coating only without the exposure of the laser. On the other hand, without
the use of Cu ions, there is almost no survival of E. coli only in the case of Ti-PDA-LL37

with the use of laser (Figure 3.9B).

As with S. aureus, when there is Cu ions in the coating, the same pattern is seen as with E.
coli (Figure 3.9C). On the other hand, in the case of Cu ions-free coating, survival is seen

only in the case of PDA and LL peptides again without laser exposure (Figure 3.9D).

In the case of E. faecalis the results obtained are different from the two previous cases. In the
presence of Cu ions, there is no survival in the case of PDA and PDA coated with LL37
peptides with the laser exposure. When Cu ions are not used, survival is not only achieved in
the case of PDA coating combined with the laser exposure. This result suggests that the
antimicrobial peptide is not effective in these conditions even when combined with the laser

exposure.
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Figure 3.9: Results of antimicrobial tests. (A) E. coli survival rate in presence of CuCl, as the first
step of the coating. (B) E. coli survival rate without the use of CuCl. (C) S. aureus survival rate in
presence of CuCl, as the first step of the coating. (D) S. aureus survival rate without the use of CuCl..

(E) E. faecalis survival rate in presence of CuCl, as the first step of the coating. (F) E. faecalis survival
rate without the use of CuCl..
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3.5 Biofilm Tests

For the antibiofilm activity, Cu ions-free PDA coatings were used against S. aureus and E.

faecalis.

Good antibiofilm activities were achieved with both S. aureus (Figure 3.10A) and E. faecalis
(Figure 3.10B) using Ti-PDA-LL37 discs with laser exposure. However, antibiofilm
properties were also observed for other conditions where laser was not exposed. It is possible
to visually notice the effect of the coating with respect to untreated discs in Figure 11. The
violet color is clearly present on the entire surface of the untreated discs, instead on the Ti-
PDA-LL37 discs both in the case of S. aureus and in the case of E. faecalis the purplish color

1s not observed.
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Figure 3.10: Results of biofilm tests. (A) Percentage of S. aureus biofilm formed under different
conditions. (B) Percentage of E. faecalis biofilm formed under different conditions.
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Figure 3.11: Discs after crystal violet staining. A) Ti-PDA-LL37 after biofilm test with S. aureus. B)
Untreated Ti disc after biofilm test with S. aureus. C) Ti-PDA-LL37 after biofilm test with E. faecalis.
D) Untreated Ti disc after biofilm test with E. faecalis.
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Chapter 4

Conclusions and Outlook

A multifunctional coating on titanium surface was developed by combining the photothermal
property of PDA upon NIR laser and the antimicrobial property of LL37 peptides. The
optimum condition was developed to do uniform coating of PDA on titanium surface. 260
mM dopamine and 15 h of incubation is required to produce PDA coated Ti surfaces. PDA
coated Ti surfaces were further conjugated with LL37 peptides using amine-PEG-maleimide
linker. Maleimide group of linker reacts with thiol group of LL37 peptide through maleimide-

thil reaction.

The Ti-PDA-LL37 surface have potent antimicrobial activity against Gram-positive and
Gram-negative bacteria in all tested conditions. More precisely, a high antibacterial activity
was recorded against £. Coli and S. aureus in planktonic form with the use of NIR laser. on
the other hand, against E. faecalis, the good antimicrobial results were obtained only in the
presence of Cu ions coated PDA discs with the aid of NIR light. This aspect is interesting

and in the future it would be important to evaluate the effect of this coatings on cytotoxicity

As for the biofilm tests, Ti-PDA-LL37 without Cu ions in the coating recorded very low
values of adhesion and biofilm formation. This result is important because if the developed
coating does not favor adhesion by the bacteria, they will not be able to put the implant at

risk by causing an infection in the site.

Given and confirmed the antimicrobial efficacy, the subsequent verification of
biocompatibility and therapeutic efficacy is necessary in vitro and in vivo models. The
properties of LL37 peptides such as osteogenesis and wound healing could prove extremely
useful in the case of a dental implant for antibiotic-free healing and without the development

of infections.
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The coating developed in this project could be used as a novel and valid strategy in the dental
field to combat and prevent the development of peri-implantitis with possible beneficial

effects on the tissues surrounding the implant.
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