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Abstract

Functionalization of implants with multiple bioactivities is desired to obtain surfaces with
improved biological and clinical performance. The outcome of dental implants depends
on the process of “racing for the surface”. To assist bone cells to win the race, bacterial
colonization of the surface and tissue healing promotion around it need to be
accomplished soon after implantation. Therefore, functionalizing titanium (Ti) surfaces
with bioactive coatings which can either enhance cellular adhesion and differentiation or

inhibit bacteria adhesion, or both, is desired.

To enhance cellular performance on Ti surface, we developed a simple route to
covalently co-immobilize two different oligopeptides on Ti surfaces. Appropriately
designed oligopeptides containing either RGD or PHSRN bioactive sequences were
mixed and covalently-bonded on CPTES-silanized surfaces. The obtained peptide

coatings showed strong mechanical stability as well as enhanced osteoblast adhesion.

To prevent bacteria adhesion on Ti surfaces, we tethered using silanes on Ti surface an
antimicrobial peptide, GL13K which is derived from human parotid secretory protein.
Our previous work demonstrated that, after immobilization, GL13K displayed
antimicrobial effect against Porphyromonas gingivalis, a pathogen closely associated
with dental peri-implantitis. In addition, GL13K coating showed adequate cyto-
compatibility with osteoblasts and human gingival fibroblasts. This work showed that the
covalently bonded GLI13K coating resisted mechanical, hydrolytic and proteolytic
challenges and displayed sustained bioactivity after cycles of body fluid incubation and

il



autoclaving. GL13K coating prevented biofilm formation by killing S.gordonii at their
early developmental stage and the antimicrobial effect of GL13K coating was highly
dependent on the secondary structure of the tethered peptides. When we investigated the
activity of GL13K coating in simulated dynamic conditions with a drip flow bioreactor,

unique cell wall damage was observed.

The simple and reliable methodology to tether peptides on Ti surface that was developed
in this work can be used to establish a multifunctional coating with both bone-

regenerative and bacteria inhibitive bioactivities.
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Chapter 1

Introduction



1.1 Need for Improving Surface Properties of Dental Implants

Commercially pure titanium (c.p. Ti) is the dominant material for making dental implants
because it is biocompatible by combining very high corrosion resistance in contact with
biological fluid and appropriate mechanical properties, namely high strength, high

fracture toughness and relatively low modulus of elasticity[ 1, 2].

According to the National Institute of Dental and Craniofacial Research (NIDCR), 90%
of Americans will have lost at least 3 functioning teeth in their dentition before 50 yrs of
age and require replacement to restore form and function [3]. Dental implants have
become a well-accepted treatment for replacing missing teeth, with over 400,000

implants being placed every year and an anticipated growth of 9.1% annually [4].

Generally, more than 90 % of implant success rates are achieved after 1015 years of
implantation [5, 6]. However, considering the huge amount of titanium dental implants
being placed each year, the 10% failure rate translates into a large number of failure
cases. Also, the rate of success for dental implants reported in literature varied from paper
to paper mainly because the definition of success for the clinical outcome has not been
yet consensuated by researchers and clinicians in the field. Dental implants face two
major problems. Firstly, the inert nature of titanium is unfavorable to bone cells growth
and differentiation, which is an obstacle to a rapid and reliable new bone formation on
implant surfaces and leads to the potential of implant failure under long-term loading.
The biocompatibility of titanium implants is based on the stable oxide layer with a

thickness of 3—10 nm that spontaneously forms when titanium is exposed to body fluid
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[7]. Therefore, Titanium is a bioinert material with passive interactions with the
biological environment. Titanium does not trigger any specific positive reactions in the
surrounding biological environment to improve the process of bone healing [8]. The
process of osseointegration on titanium surfaces starts with wetting of surface and
adsorption of biological active molecules, and follows with recruitment of
osseoprogenitor cells that finally orchestrate the regeneration of the tissue [9] and
facilitate the reduction of foreign body reaction [10, 11]. Considering the inert nature of
titanium, there are several limitations on the dental implant performances. Even under
healthy conditions the process of bone regeneration is very slow and is far from allowing
early or immediate loading of implants [12]. That has significantly increased the patient
morbidity and health care costs [13]. Moreover, placing these implants in patients that
present compromised clinical scenarios (elderly patients, smokers, traumatic damage,
systemic diseases...) is counter-indicated because of the delayed bone healing. Therefore,
patients with the aforementioned symptoms do not usually receive dental implant
treatment. Thus, dental implants still have room for improvement to enhance their

osseointegration and peri-implant bone regeneration.

Secondly, the main reason for failure of dental implants is peri-implant infection. The
past three decades have seen the emergence of two new oral diseases: peri-implantitis and
peri-implant mucositis [ 14]. Evidence indicates that peri-implant mucositis occurs in 50%
to 90% of implants, while 20% of implants with an average function time of 5 to 11 yrs
develop peri-implantitis [14]. The implant surface has a higher risk of infection compared

with natural tooth surface because it accumulates serum proteins which promote bacterial
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adherence and colonization. This is even more prone to happen on the current devices as
they all incorporate microroughness surfaces that further facilitate bacteria attachment.
Many implant related infections occur not only as a consequence of the initial exposure
during the surgery but also after a long time of implantation, from months to years, as the
bacteria invade peri-implant environment, destruct peri-implant tissue and colonize the

implant surfaces.

The outcome of dental implants depends on the process called “race for the surface”,
which was suggested by Gristina to describe the competition between bacterial adhesion
and tissue integration[15] (Figure 1.1). The general idea is that if the bacteria first land on
a surface and form a biofilm, they will win the race because biofilm are difficult to
eradicate, and bacteria in biofilm tend to resist antimicrobial agents. As a consequence,
tissue cells were not able to displace bacteria colonies, leading to decreased tissue
integration and occurrence of infection. On the other hand, if bone cells win the battle
and occupy the surfaces, tissue regeneration and osseointegration can be achieved.
Therefore, the inhibition of bacterial adhesion and promotion of cell adhesion on a
surface is regarded to be crucial in facilitating that tissue cells to win the first battle[16].
A post implantation period of 6 hr has been identified as the “decisive period” when the

implant is particularly susceptible to bacteria colonization[17].
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Figure 1.1 Bacteria and cell race for implant surfaces.

Bacterial adhesion to biomaterials usually consists of two steps [18]. Physicochemical
forces such as hydrophobic interactions, electrostatic interactions and Van der Waals
forces facilitate bacteria attachment. In the following step, the bacteria cell uses
nanofibers such as pili and flagella for bridging between the cell and surface. After
implantation, serum proteins will immediately adsorb on Ti surface, which transform the
bacteria-material interaction into bacteria-protein interaction. Most proteins, such as
fibronectin, fibrinogen and thrombin, increase bacteria attachment through ligand
receptor interactions [19, 20]. Cellular adhesion mechanism on materials follows an
analogous process. On uncoated Ti surfaces, physicochemical forces drive cellular
attachment, while on protein-adsorbed surfaces, cells strongly adhere to extracellular
matrix (ECM) molecules including fibronectin, vitronectin and type I collagen which
contain integrin interactive aminoacid sequences such as RGD, GFOGER and
FRHRNRKGY. To improve osteointegration and antimicrobial activity, bacterial
adhesion prevention and cellular adhesion promotion need to be performed immediately

after implantation.

Functionalization of titanium surfaces with coatings made of biological molecules with

known biological activity has been used during recent years for this purpose. To improve



bone formation, bioactive proteins (BMPs, ...) or peptides (RGD, ...) have been
immobilized on Ti surfaces through physical adsorption, electrostatic attraction or
covalent bonding [21]. To prevent implant-related infections, antimicrobial agents such
as antibiotics or antimicrobial peptides have been attached on titanium surfaces [22].

Those are introduced in chapter 1.2.2.

1.2 Functionalization of Dental Implants with Bioactive Coatings

The traditional approaches to modify dental implant surfaces include 1) to modify surface
topography like surface roughness and hydrophobicity. Implant surface topography is
nowadays modified in commercially available products [23, 24] by chemical etching
[25], grit-blasting [26], plasma-spraying titanium coatings[27], electrochemical processes
with different solutions [28], or by a combination of some of them [29]. However, none
of those surface treatments change the intrinsic bioinert chemical characteristics of the
titanium surfaces and are limited in their ability to accelerate and improve
osseointegration. 2) Another focus on traditional surface treatments for dental implants is
to coat the surface of titanium with a layer of calcium-phosphates [24, 30]. The
deposition of bioactive calcium-phosphate minerals, such as apatite, can enhance implant
performance at an early stage after implantation by an osseoinductive process of
regeneration around the implant [31]. This is because the biological nature of apatites,
which represent the mineral phase in bone, have the potential to actively signal the cells
that interrogate the surface after implantation [32]. However, neither of those two

traditional methods induces specific cell and tissue responses, and neither of them



showed very promising results in reducing bacteria activity on titanium surfaces.
Currently, surface modification of dental implants using biochemical methods bring an
attractive new approach to promote implant success as it aims to induce specific cell and
tissue responses using critical biological components [33]. The regeneration of bone
highly depends on the communication between cells and extracellular matrix
components. Thus, the extracellular matrix proteins and its components, growth factors
and bone morphogenetic proteins govern various key biological events, including cell
adhesion, proliferation and differentiation. Immobilization of these bioactive molecules
on the surface of the implant potentially provides control over the tissue implant interface
with further improvement of cell communication. In addition, antimicrobial molecules
like antibiotics and antimicrobial peptides are also widely immobilized on titanium

surfaces to prevent peri-implant infections [34, 35].

1.2.1 Methods for Immobilizing Biomolecules on Ti Surfaces

There are two main methods for surface immobilization of biomolecules [36] for surfaces
coatings for dental implant applications. The simplest one is by physical adsorption of the
organic molecules onto the surface, which can be achieved by immersing the substrate
into a solution of the bioactive molecule. However, the physical adsorption method
provides little strength for the long-term stability of the coatings. As the attachment of the
molecules depends on secondary weak bonds —hydrogen bonds, electrostatic attraction,
etc.—, the adsorbed molecules on the implant surface can be easily detached from the

surface by desorption or displacement by other molecules. Thus, the surface can rapidly



lose their bioactive properties. Others have proved that titanium surfaces coated with
physically-adsorbed bone morphogenic protein lost 96% of their bioactivity after the first
hours in contact with biological fluids [37]. Moreover, this method can not precisely
control the surface density and/or orientation of the molecules, which are vital for
regulating the interactions of the coatings with the cells. The conformation of the

biomolecules can also change during time and, thus, lose their bioactivity [38].

Alternatively, covalently bonding biomolecules to implant surfaces provides coatings that
are more stable and more resistant to disruption not only under harsh physiological
conditions but also during fabrication of the coating and implantation at the time of the
surgery. Overall, this can help preserve the biological activity of the bound biomolecules
[39]. The covalent bonding of the biomolecules also provides the potential to control their
density and orientation, e.g. aligning and/or exposing the appropriate active sites at the
interface, and thus provoking a more specific and rapid host reaction [40, 41]. The
passive titanium oxide that naturally covers the surface provides plenty of hydroxyl
groups under adequate fabrication conditions. Functional groups such as amino, carboxyl,
and thiol can be deposited on metallic surfaces after the surface activation treatments
such as plasma treatment [42], photo-initiated polymerization, chemical etching [40], or

ion beam etching [43], which could be further used to attach biomolecules.

The most widely used way to couple biomolecules on Ti surfaces are through silane
agents. Covalent anchoring of biomolecules by silane chemistry is a simple and versatile

method to modify surface properties. To graft silane agents to Ti surfaces, surfaces are



first activated to form hydroxyl groups by etching or plasma treatment. Silane coupling
agents with different end functional groups are attached via reaction with the activated
hydroxyl groups. The functional groups of the silane molecule at the opposite end are
used to couple the bioactive molecules, either directly or via a cross-linker molecule.
Generally, the process of silanization with biomolecules can be grouped into four types of
directed reactions, namely thiol-, amino-, carboxyl-, and chloro-, according to the
functional end group in the silane molecule. The selection of the chemical group is based
on the active residues of the biomolecules that are aimed to be used in the immobilization
process. The ductile alkyl spacers on silane agents can partially absorb the biomaterial-
tissue interfacial stresses and may be also used to appropriately orientate and expose the
bioactive molecules at the biomaterial interface in an arrangement to induce the desired
tissue responses. Conventional, well established, and commercially-exploited techniques
for immobilization of biomolecules on substrates use a silane agent like aminopropyl
triethoxysilane (APTES) to crosslink the biomolecules to different inorganic substrates
[44, 45]. However, in this case, the use of additional coupling agents, such as HBTU or
EDC are needed to esterify carboxylic groups in the biomolecule [46] and thus enable the
nucleophilic reaction with amines present at the organosilane molecule. Otherwise,
linkers like carbodiimades and glutaraldehydes should be used to anchor terminal amino

groups of biomolecules to the silane agents [40, 47].



1.2.2 Biomolecules Immobilized on Ti Surface to Improve its Bioactivity

As discussed before, bacterial adhesion prevention and cellular adhesion promotion need
to be performed immediately after implantation. Functionalizing Ti surface with
bioactive coatings which can either enhance cellular adhesion or inhibit bacteria

adhesion, or both, would be the solution to the aforementioned problems.

To enhance cellular performance on Ti surface, both long-chain extracellular matrix
(ECM) proteins [48-50] and short peptides, which are the functional motifs in ECM
proteins with specific bioactivities [51-53] have been immobilized on Ti surfaces. The
ECM of bone, which is synthesized, deposited and mineralized by osteoblasts, consists
of 90% collagenous proteins (type I collagen 97% and type V collagen 3%) and 10%
non-collagenous proteins (osteocalcin, osteonectin, bone sialoproteins, proteoglycans,
osteopontin, fibronectin, growth factors, etc) [54]. ECM proteins mediate cell responses,
such as adhesion, proliferation and differentiation. Collagen [55], fibronectin [56, 57],
and growth factors such as bone morphogenetic proteins (BMP) [58] were immobilized
on Ti surfaces and proved to be effective in enhancing cellular performance. However,
ECM proteins are difficult to be reconstructed, synthesized, and modified. On the
contrary, short peptides are small and chemically defined [59], which implies that they
can be easily synthesized, modified or reconstructed. By using techniques such as solid
phase peptide synthesis (SPPS), peptides of up to 30-50 aminoacids can be routinely
prepared with good yields [60]. In addition, peptides can be precisely conjugated to

biomaterial surfaces compared with large molecules proteins. Also, non-native
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chemistries and functional groups can be conveniently incorporated in the peptide
sequence with not much difficulty [59]. However, the short length of peptides limits their
ability to selectively acquire the most desired conformation to achieve their bio-function.
The most well known short peptide sequence with the ability of enhancing cellular
performances as a coating on a substrate is the RGD (Arginine-Glycine-Aspartate) amino
acid sequence. RGD is a key mediator of cellular adhesion through interaction with
integrins at the cell membrane [61]. RGD peptide is found in many ECM molecules,
including fibronectin, vitronectin, type I collagen, osteopontin and bone sialoprotein [62].
Covalently immobilized peptides with RGD sequences to implant surfaces has been

recognized as a strategy for enhancing cell interaction with implants [21]

More recently, a Proline-Histidine-Serine-Arginine-Asparagine (PHSRN) sequence in the
9th type III repeating unit of fibronectin, was found to have synergistic effect with RGD
on improving cell adhesion. Many authors have demonstrated that multi-component
peptide systems containing both RGD (the primary recognition site for a5p1 integrin) and
PHSRN (the synergistic site for a5B1 integrin) were more efficient in increasing cell
adhesion, spreading, proliferation, and differentiation than the RGD peptide alone [63-
68]. In the native conformation of fibronectin, RGD and PHSRN are spaced by
approximately 40 aminoacids [65]. Therefore, the distance between PHSRN and RGD
are important for the synergistic interaction of the two peptides. In addition, structure,
conformation, orientation and spatial distribution of RGD and PHSRN peptides are all

important parameters in affecting the bioactivity of the modified surface.
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To inhibit bacteria formation on dental implant surfaces, antimicrobial agents such as
antibiotics and antimicrobial peptides have been anchored on Ti surfaces. Gentamicin
have been loaded into nanotubes [69], poly (D,L-lactide) coating [70] or porous
hydroxyapatite coatings [34] on titanium implants. The antibiotic-hydroxyapatite-
coatings exhibited significant improvement in infection prevention [71]. Antibiotics have
been normally physically adsorbed on titanium surfaces for the ease of processing. The
physical adsorption process, however, limits the loaded amount and release
characteristics of the drugs. Loading antibiotics in hydroxyapatite coatings, for example,
led to 80-90% of the total loaded drug being released during the first 60 min in contact
with fluids [72, 73] and drugs loaded into nanotubes were fully released in 50-150min
[69]. Surfaces incorporating chlorhexidine [74], sliver [75], poly lysine [76] and chitosan
[77] have all been developed. Recently, vancomycin has been successfully covalently-
bonded to titanium and its antibacterial activity is retained even after incubation in PBS
for at least 11 months [78-81]. Compared with the non covalent coatings that quickly
release antibiotics, covalently-bonded antibiotics remained active for notably longer
periods. Although antibiotics coated on titanium proved to be effective, their use is
controversial because of their potential host cytotoxicity and bacterial resistance. For
instance, Weber and Lautenbach [82] noted that 41% of bacteria isolated postoperatively
were resistant to gentamicin following the application of gentamicin-impregnated bone
cement. Other investigations also showed drug resistant bacteria isolated from orthopedic
implants [83]. In addition, although antibiotics are normally thought to be biocompatible,

their potentials in inducing host cytotoxicity have been widely reported [84-88].
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The use of antimicrobial peptides (AMPs) has recently emerged as an alternative
antimicrobial approach with strong potential to improve dental implants performance.
Naturally, the bacterial flora in the oral cavity is mediated by the human innate immune
system, which is rich in antimicrobial proteins and peptides [89, 90]. These AMPs can
kill bacteria directly through membrane disruption, or act as immune modulators by
enhancing bacteria clearance using our innate defense system [91]. The advantages of
using AMPs over antibiotics are 1) they are of human origin; hence, with potential low
host cytotoxicity. 2) The long existing antimicrobial effect of AMPs against bacteria in
hundreds of years suggested low bacterial resistance of AMPs. 3) The exceptionally
broad activity of AMPs indicates that a single peptide can have activity against gram-
negative and gram positive bacteria, fungi, and even viruses and parasites [91]. However,
the disadvantage of AMPs involves the potential liability to proteases, which indicates
the possibility of being proteolytically degraded by enzymes secreted by the microbial
flora. Over 45 AMPs with different antimicrobial mechanisms have already been
identified from the human immune system, ranging from small cationic peptides to
enzymes and large agglutinating proteins [89]. They may act as metal ion chelators,

protease inhibitors, or promoters of enhanced bacterial agglutination [89].

There are several reports regarding the application of AMPs on titanium surfaces to
prevent peri-implant infection. Kazemzadeh-Narbat et al. [35] used physically-adsorbed
AMPs on micro-porous calcium-phosphate coated titanium surfaces and showed it had
efficient antimicrobial activity and acceptable biocompatibility. However, physical
adsorption of AMPs resulted in a rapid burst out of the agent from the surface. Recently,

13



the same research group built up a covalently anchored antimicrobial coating on titanium
surfaces based on hydrophilic polymer brushes conjugated with the AMPs [92]. The
hydrophilic polymer brushes were tethered on titanium using atom-transfer radical
polymerization (ATRP). The surfaces were maleimide functionalized, and cysteine
modified AMPs were conjugated to the coatings. These tethered AMPs demonstrated
excellent in vitro and in vivo antimicrobial activity with no toxicity to osteoblasts. We
have also immobilized AMPs derived from the parotid secretory protein using silane
chemistry. Our results showed sustained antimicrobial activity of the AMPs, resistance to

form bacteria biofilm, and appropriate cytocompatibility [93].

1.3 Need for the Improvement of Bioactive Coatings

Surface modification of titanium to improve osseointegration of dental implants by
improving cell recruitment and differentiation, biomineral formation, or antimicrobial
activity has been widely investigated. However, the fabrication of advanced
multifunctional coatings that bear the combined bioactivities, such as combined bone
regenerative and antimicrobial activities, is an desired goal that has been seldom pursued.
It is a challenging task, though, as it requires original designs for the bioactive molecules
as well as the methodological steps to obtain a robust and active coating. In addition, the
immobilization conditions need to be optimized to balance the distribution of both of the
biomolecules during the co-immobilization process. To maximize the affinity of surfaces
to both of the two molecules, reaction conditions should be adjusted to hinder the

competitive immobilization between the two molecules. In chapter 2, we will introduce a
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simple and reliable method to obtain multi-bioactive peptide coatings with combination
of RGD and PHSRN peptides. The well known RGD and PHSRN peptides were selected

as a model to validate the co-immobilization method.

Different cationic antimicrobial peptides derived from human original proteins have been
coated [35, 94] on implant surfaces and displayed excellent antimicrobial activity.
However, there are two major obstacles that hinder clinical application of the
antimicrobial peptide coatings and need further investigation. The first severe problem
that antimicrobial peptide coatings encountered is the finite functional life time of the
coating [95]. Dental implant coatings face numerous challenges like autoclaving before
implantation, notable mechanical shearing forces during implantation, and exposure to
hydrolytic and proteolytic degradative agents in body fluids after implantation. Since
long-term peri-implantitis raises increasing notable concern, the resistance of the coatings
to these multiple challenges and their retained bioactivity under “harsh” environment
conditions become a major consideration to be addressed. Also, although plenty of
antimicrobial peptide coatings showed very promising antimicrobial activity, the distinct
properties of them that determine their specific antimicrobial activity deserve further
research. It is well accepted that the antimicrobial effect of AMPs relies on their cationic
and amphiphilic properties. Those properties enable interaction of the peptides with the
bacteria membrane through electrostatic attraction and hydrophobic interactions, leading
to bacteria membrane disturbance [96]. Abundant literature reports the roles that the
hydrophobicity and cationic property of antimicrobial peptides played in the disturbance
of cell membranes, especially when the peptides are tethered and spatially confined on a
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surface. However, conflicting conclusions were drawn on the contribution of either
hydrophobicity or charge on the antimicrobial effect of the coatings, which leads to
investigate alternative physical and chemical properties of the peptides influencing their
effective prevention of bacteria colonization. In chapter 3, a robust and stable
antimicrobial peptide coating due to its super hydrophobicity will be introduced to
overcome the multiple challenges that the implants will face when exposed to the harsh
biological environment. The key properties contributing to its antimicrobial action were
investigated and presented here in chapter 4. Finally, the performance and effectiveness
of the antimicrobial coatings under dynamic conditions simulating the oral environment

in a drip-flow bioreactor are presented in chapter 5.
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Chapter 2

A Simple and Reliable Method to Obtain
Robust Multi-bioactive Peptide Coatings

with Enhanced Cellular Performance
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2.1 Objectives

The main objective of the present chapter is to design and develop a simple and reliable
method to build a multifunctional coating with co-immobilization of two different
oligopeptides with combined bioactivities. The multifunctional coating can be
accomplished by covalent bonding of two different peptides using silane as covalent
linker, thus, the obtained peptide coatings should be mechanically stable due to the strong
covalent linking force between peptide coatings and surfaces. In addition, the
immobilized oligopeptides should retain their respective bioactivities on surfaces.
Oligopeptides containing RGD and PHSRN sequences were co-immobilized on Ti
surface and the synergistic effect of the two peptides on enhancing osteoblast
performance was shown. This method for co-immobilizing biomolecules can easily be
transferred to fabricate other multi-functional surfaces by changing RGD and PHSRN

sequences into oligopeptides with other targeted bioactivities.

2.2 Introduction

Functionalization of surfaces of biomedical materials is a challenging task in
biomaterials. It has the objective of providing specific bioactivities to materials used to
repair and/or regenerate specific tissues. The possibility of obtaining a multi-functional
surface by immobilizing biomolecules --proteins, polysaccharides, oligopeptides,
recombinant biopolymers, ...-- on synthetic substrates is still a challenging task that
needs to be tailored, notably when covalent co-anchoring of different biomolecules —with

different physical and chemical properties—is desired .
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Titanium (Ti) is widely used for dental and orthopedic implants due to its excellent
mechanical properties, chemical stability and biocompatibility [1, 2]. However, the
bioinert nature of titanium is unfavorable to bone cells growth and differentiation, which
hinders new bone formation and compromises clinical implant success [97]. Infection is

the other main cause for short- and long-term implant failures after implantation [95, 98].

Functionalization of titanium surfaces with coatings made of biological molecules with
known biological activities has been used during recent years to overcome the
aforementioned clinical problems [23, 99]. Bioactive proteins (bone morphogenetic
proteins, collagen...)[44, 100-102], nucleotides[ 103, 104] or peptides (RGD, FN(7-10),
...)[21, 105-108] and antimicrobial agents[70-72, 76, 109] have been immobilized
separately to display a functional property on the modified Ti surface. However, to better
improve the biological performance of Ti implants, coatings with multiple bioactivities —
cell recruitment and differentiation, mineral formation, antimicrobial activity, induction
of osseointegration— on the same surface are desired. To that purpose others have
explored electrostatic attraction or physical adsorption of two different biomolecules to
build coatings on metallic substrates to obtain multifunctional surfaces [110]. Chua et al.
developed a hyaluronic acid/chitosan polyelectrolyte multilayer coating to functionalize
Ti surfaces incorporating the well-known cell-adhesive argynine-glycine-aspartate
(RGD) peptides [77]. The hyaluronic acid/chitosan polyelectrolyte multilayered surface
inhibited bacterial adhesion and the immobilized RGD motif promoted osteoblast
functions, thus facilitating the development of a multifunctional Ti surface. Lee et al.

developed a gentamicin and bone morphogenetic protein-2 (BMP-2) delivering Ti
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surfaces with enhanced antibacterial activity and promotion of osseointegration [111].
Positively charged gentamicin and BMP-2 were adsorbed on negatively charged,

heparinized-Ti surface to also get multifunctional surfaces.

Neither physical adsorption nor electrostatic attraction are appropriate to produce
coatings that are mechanically stable in the surgical scenario and thermochemically stable
in the biological environment, which is of great importance in the case of dental and
orthopedic Ti implants. A strong covalent bond between the metal and the biomolecules
should provide a strong and stable coating that will be able to withstand forces exerted at
the surface during surgical implantation and the flow of fluids in vivo. Biochemical
immobilization methods, including coupling with silane agents [21, 40] and thiols [112,
113], have been studied to provide strong mechanical and biochemical stability of
coatings made of proteins or other biomolecules. Aminopropyl triethoxysilane (APTES)
chemistry has been previously used to crosslink the biomolecules to different inorganic
substrates and thus, to decorate them with bioactive motifs [44, 45]. However, the use of
additional coupling agents, such as HBTU or EDC should be used to esterify carboxylic
groups in the biomolecule [46] and enable the nucleophilic reaction with amines present

at the organosilane molecule.

Our objective is developing a simple and reliable method to obtain stable multifunctional
coatings made of oligopeptides. Here, we present a simple and effective covalent
conjugation method to co-immobilize on titanium surfaces two different oligopeptides

with known cooperative bioactivities. PHSRN peptide is not biologically active by itself.
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However, a synergistic effect with RGD peptide on cell adhesion has been identified as
PHSRN is adjacent to RGD in the type III repeating unit of fibronectin [53, 114].
Recombinant peptides including both PHSRN and RGD motifs [63-65, 115, 116] and
multi- peptide systems with both RGD and PHSRN[114] have been proved more efficient
in increasing cell adhesion, spreading and proliferation in comparison with systems that
incorporate the RGD sequence alone. Polyethylene glycol hydrogels have been the most
widely used substrates to incorporate both RGD and PHSRN peptides for studying their

effect on cell response [66, 67, 117].

We appropriately designed oligopeptides that incorporated one of either RGD or PHSRN
bioactive sequences and successfully co-immobilized them on Ti surfaces using
organosilanes as covalent linkers. Both RGD and PHSRN-containing oligopeptides
incorporated three lysines (K3) and four glycines (G4) at the peptide N-terminus for
enabling covalent anchoring through direct reaction with the organosilane molecules, (3-
chloropropyl)triethoxysilane (CPTES); and spacing the bioactive motifs for easier
interaction with the surface-colonizing cells, respectively. The synergistic effect of these
two peptides on cell response was in vitro tested on our model surfaces to examine the
ability of the modified Ti surfaces to retain the multi-bioactive response conferred by the

immobilized oligopeptides.
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2.3 Material and Methods

Materials

Anhydrous pentane, (3-chloropropyl)triethoxysilane (CPTES), diisopropylethylamine
(DIEA), 2-(N-Morpholino)ethanesulfonic acid (MES), 2-Amino-2-methyl-1-propanol
(AMP), 4-Nitrophenyl phosphate disodium salt hexahydrate (p-Npp), and antivinculin
primary antibody were purchased from Sigma-Aldrich (St. Louis, MO). 1-Ethyl-3-[3-
dimethylaminopropyl]carbodiimide hydrochloride (EDC), N-hydroxysulfosuccinimide
(Sulfo-NHS), and Halt™ protease inhibitor cocktail were purchased from Thermo
Scientific (Rockford, IL). Alpha minimum essential medium (a-MEM), fetal bovine
serum (FBS), trypsin-EDTA (0.5%), Alexa Fluor 488 secondary antibody, DAPI and
Rhodamine Phalloidin were purchased from Invitrogen (Grand Island, NY). 5-FAM
cadaverine and 5-TAMRA cadaverine were purchased from Anaspec (Fremont, CA).
Float-A-Lyzer” dialysis tubes were purchased from Spectrum (Rancho Dominguez, CA).
Bio-Rad DC™ protein assay was purchased from BioRad (Hercules, CA). NH,-
K3G4RGDS and NH,-K3G4PHSRN oligopeptides (purity>98%) were synthesized by

solid-phase peptide synthesis and purchased from AAPPTec (Louisville, KY).

Immobilization of Oligopeptides on Ti Surfaces

The oligopeptide-containing coatings on Ti surfaces were prepared through a method in

three preparation steps. The surface was first activated by O,-plasma cleaning and then
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silanized using (3-chloropropyl)triethoxysilane (CPTES). Then, immobilization of mono

or multi-oligopeptides coatings on CPTES-modified Ti surfaces was performed.

Commercially pure Titanium Grade II discs (Imm thick, 7.5mm in diameter) were
grinded with papers with decreasing SiC-particle size, and finally polished with a
suspension of alumina particles (1.0um and 0.5um of mean size) on cotton clothes.
Samples were soaked in acetone overnight and ultrasonicated in cyclohexane for 10
minutes, rinsed with distilled water and acetone, followed by drying with N, gas (Ti
group). The polished surfaces were activated by O, plasma cleaning (PDC-32G, Harrick
plasma, US) for 5 minutes (Ti/O, group) to form reactive —OH™ groups on the plasma-
cleaned Ti surfaces. After activation the samples were introduced in a N,-saturated glass
chamber and 7ml anhydrous pentane, 1.2ml (3-chloropropyl)triethoxysilane (CPTES) and
0.6ml diisopropylethylamine (DIEA) were sequentially added to submerge the Ti
samples. Samples were in the CPTES solution for 1h and periodic 2-minute
ultrasonication cycles were applied. Then silanized samples were rinsed with ethanol,
isopropanol, deionized water, and acetone, and dried with N, gas (Ti/CPTES group).
Covalent conjugation of oligopeptides on Ti surfaces was accomplished by immersing
overnight silanized Ti discs into a mixed 1:1 molar ratio solution of K3G4RGDS and
K3G4PHSRN with 0.5mg/ml Na,CO; under argon atmosphere. Ti discs were rinsed with
deionized water and acetone (T/CPTES/Mix group). Ti surfaces functionalized with only
one of the two oligopeptides, K3G4RGDS (Ti/CPTES/RGD group) or K3G4PHSRN
(TYCPTES/PHSRN group), were prepared following the same protocols and tested as
controls. Ti discs coated with a mixture of physically-adsorbed K3G4RGDS and
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K3G4PHSRN were obtained by immersing overnight O>-plasma cleaned surfaces in a 1:1

molar ratio solution of the two oligopeptides (Ti/Physi/Mix group).

Water Contact Angle Goniometry

Sessile drop contact angle measurements on modified Ti discs were performed using a
contact angle analyzer (DM-CEI, Kyowa Interface Science, Japan) with appropriate
software (FAMAS, Kyowa Interface Science, Japan). Deionized water was used as the

wetting liquid with a drop volume of 2pl.

X-ray Photoelectron Spectroscopy (XPS)

Samples were ultrasonicated for 5 minutes and rinsed in DI-water and acetone, and dried
with N prior to measurements. XPS was performed (SSX-100, Al Ka x-ray, 1mm spot
size, 35° take-off angle) to characterize the atomic composition of the surface. Survey
scans (0-1100 binding energy, 4scans/sample) were done at leV step-size. High
resolution scans (20scans/sample) of Cls, Nls, and Ols were taken at 0.1eV step-size.
The peak fittings and semi-quantification of surface chemical composition were

conducted using ESCA 2005 software provided with the XPS system.

Fluorescence Labeling of Peptides

K3G4RGDS and K3G4PHSRN were conjugated with fluorescence probes to directly
visualize the coatings on the treated surfaces and assess the co-immobilization of the two

oligopeptides. 1mM K3G4RGDS, 10mM EDC and 25mM Sulfo-NHS were added into
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ImL MES buffer (0.1M MES, 0.5M NaCl, 0.04M NaOH, pH=5.95) for 15 min at room
temperature. 1.5mM 5-FAM cadaverine in ImL PBS was subsequently added into
K3G4RGDS/EDC/NHS solution (2h, pH=7.5, room temperature). K3G4PHSRN was
conjugated with 5-TAMRA cadaverine using the same methodology. A 1.5-fold molar
excess of oligopeptides was used to ensure complete labeling of the oligopetides. The
labeled K3G4RGDS and K3G4PHSRN peptides were dialyzed in PBS buffer for 20h
(MWCO: 500-1000 Dalton) to remove excess of non-reacted probe molecules. The buffer
solution was changed twice after 2h and 6h of dialysis treatment. After dialysis,
K3G4RGDS and K3G4PHSRN were frozen at -80°C overnight and lyophilized (Freeze
Dryer 4.5, Labconco, US) for 24h. The lyophilized labeled-peptides were re-dissolved in
0.5 mg/ml Na,COs solution and reacted with silanized Ti surfaces as previously described
for non-labeled peptides. Ti discs modified with fluorescence-labeled peptides were
finally rinsed with deionized water and acetone and fluorescence images on the coated

surfaces were recorded using a fluorescence microscope (Eclipse E800, Nikon, Japan).

Mechanical Stability of the Coatings

All differently-treated Ti surfaces were mechanically challenged by ultrasonication in
deionized water for 2h. Water contact angles, XPS and fluorescence visualization of the

surfaces were performed and compared with results before ultrasonication.

25



Cell Culture

Murine osteoblasts of the MC3T3-E1 cell line were cultured in a-MEM supplemented
with 10% fetal bovine serum (FBS) and 1 % penicillin/streptomycin (P/S) at 37°C in a
humidified atmosphere of 5% CO,. Media was changed every 48 h. Cultured cells were
trypsinized (0.05% trypsin-EDTA) and further seeded on Ti, Ti/CPTES/RGD,
Ti/CPTES/PHSRN and Ti/CPTES/Mix surfaces. Before cell seeding, the modified Ti
discs were sterilized under UV light overnight, soaked in 70% ethanol for 1 hour, washed

with PBS buffer three times, and finally transferred into 48-well plates.

Cell Adhesion

MC3T3-El cells were seeded on tested surfaces at a density of 2,000cells/well and
cultured for 2h and 4h for triple-staining immunofluorescence analysis. Cells were fixed
on the surfaces with 4% paraformaldehyde in PBS for 20min. After fixing, cells were
lysed and permeablized in PBS+0.3% TritonX-100 for Smin, followed by blocking with
3% BSA to enhance the specific conjugation between antigen and primary antibody.
Samples were immersed in antivinculin primary antibody (1:500 in 3% BSA) and
incubated at 37°C for 3h. After washing with PBS+0.1%Triton-X three times, samples
were immersed in 3% BSA with Alexa Fluor 488 secondary antibody (1:500), DAPI
(1:1500) and Rhodamine Phalloidin(1:5000) , then incubated in dark at 37°C for 1 h.
Subsequently, the morphology and spreading of cells were observed by fluorescence
microscopy (Eclipse E800, Nikon, Japan). The number of adhered cells was assessed by

counting nuclei per image field using image analysis software (Image J, NIH, Bethesda,
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MD). Three fields were selected for each sample and four samples were analyzed and

averaged for each group.

Cell Proliferation

MC3T3-El cells were seeded on tested surfaces at a density of 2,000cells/well and
cultured for 3 and 5 days. Cells were then fixed, permeabilized and incubated in DAPI
(1:1500) for 15min. Cell proliferation was assessed by counting at each period of culture
the number of cell nuclei per image field. Three fields per sample and four samples per

group were analyzed.

Cell Differentiation

MC3T3-El cells were cultured on tested surfaces at a density of 20,000cells/well. After
reaching confluency, cells were cultured in osteogenic media (a-MEM supplemented
with 10% FBS, 1% P/S, 50ug/ml L-ascorbic acid, and 10mM B-glycerophospate). Media
was changed every 2 days. After 7 and 14 days of cell culture in osteogenic media, cells
were collected for determining alkaline phosphatase activity (ALP) as a marker of early
differentiation into the osteoblastic lineage. Cells were washed twice with PBS and lysed
in 200uL ALP lysis buffer (1% Triton X-100, 0.1m M MgCl, and 150mM Tris-base,
pH=10.5) for 10min with 1% protease inhibitors to prevent ALP degradation . The
lysates were centrifuged at 3000 rpm for 10 min and supernatants were collected. 2l
supernatant and 100pul freshly prepared AMP reaction buffer (11.25ul 1:4 diluted AMP,

6ul 2M-MgCl,, one 20mg tablet of p-nitrophenyl phosphate, and water to SmL) were
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added into a 96-well plate and incubated at 37 °C for 1 h. The absorbance for each
sample was read at 405nm wavelength and subtracted from blank. The absorbance was
normalized with total protein concentration using Bio-Rad DC™ protein assay using

BSA as standard.

Statistical Analysis

Statistically significant differences among groups were assessed using one-way ANOVA
Tables with post-hoc tests (p<0.05). Multiple comparison LSD and Dunnett's T3 tests
were performed when equality of variances between compared groups was or was not

assumed, respectively.

2.4 Results and Discussion

Fabrication and Characterization of Surfaces Coated With Coatings Containing

Oligopeptides

Multi-oligopeptide biofunctionalized Ti surfaces were obtained through a three-step
method using CPTES as coupling agent. O,-plasma cleaning was conducted to activate
the Ti surfaces. The high polarity conferred by the hydroxyl groups that formed on the
activated surface was responsible for the significant decrease in water contact angles
measured for Ti/O; surfaces (Figure 2.1). Following standard conditions, attachment of
CPTES on Ti was achieved by hydrolysis of the ethoxy groups and reaction with the
hydroxyl groups present on the activated surface leading to polycondensation reaction to

form Si-O-Si and Ti—O-Si bonds. The final covalent binding of the oligopeptides to the
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silanized surface is achieved by a direct nucleophilic substitution. Free amine groups of
the oligopeptides are the nucleophilic groups and chlorine atoms from the
organofunctional groups of CPTES are the leaving groups and electrophilic center of the
reaction. This prevents the use of additional coupling molecules to accomplish the final
reaction, as it is the case when APTES is used. To favor this reaction and thus,
mechanical and chemical stability of the coatings, we designed our peptides with a series
of three lysines —each one provides with a potentially reacting free amine-- at their N-

terminus.
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Figure 2.1 Wettability. Water contact angle values (mean + standard deviation), before and after
ultrasonication in water for 2h, on Ti surfaces after each fabrication step for obtaining the coatings and for
each of the three coatings studied containing different oligopeptides. Error bars are the standard deviation

of at least three samples in each group.

The immobilization of the mixed oligopeptides was conducted in Na,CO; buffer solution
at pH=9.5 even though a higher pH would have enhanced the nucleophilic reaction
between the free amines and the organosilanes. This pH was selected to equal the net

charge of the two peptides in solution, which in turn hindered competitive electrostatic
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attraction between the two oligopeptides to the CPTES-silanized surface. The iso-electric
point of K3G4RGDS and K3G4PHSRN are pH=10.8 and pH=11.7, respectively. Thus,
when in solution at pH =9.5 the two oligopeptides carried similar positive charge. The
resulting similar fluorescent intensity for the green and red signals on the surfaces with
co-immobilized peptides (Figure 2.5) suggested that close amounts of the two
oligopeptides were anchored. In fact, our preliminary results showed that solutions with a
mixture of the two peptides at pH=11 notably favored K3G4PHSRN binding with almost

no K3G4RGDS attached to the CPTES treated surface.

Water contact angle measurements on the progressively modified Ti surfaces suggested
the successful attachment of the peptide coatings (Figure 2.1). The average water contact
angle on polished untreated Ti discs was 65+7 . After O»-plasma the surfaces were highly
hydrophilic and further attachment of CPTES increased water contact angles near to the
initial values. The presence of all types of oligopeptides increased surface hydrophilicity
compared to silanized surfaces. According to the Hopp and Woods scale for aminoacid
hydrophilicity [118], K3G4RGDS and K3G4PHSRN have average hydrophilicity values
of 15.3 and 12.0, respectively. Therefore, TVCPTES/RGD surface had a notably higher
hydrophicility than T/CPTES/PHSRN and Ti/CPTES/Mix surfaces. The value of water
contact angles for each tested surface before and after 2 hours of ultrasonication in water

was very similar with no statistically significant differences.

Images obtained with SEM revealed topographical and chemical features of the modified

Ti surfaces (Figure 2.2). After silanization with CPTES the surfaces showed a darker
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appearance than the original Ti surfaces. The darker appearance was attributed to the
presence of the organosilane on the metallic surfaces. The topography of silanized

surfaces as well as the one of all surfaces with oligopeptide coatings was similar,

suggesting that the peptides were retained on areas previously coated with CPTES.
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Figure 2.2 Scanning Electron Microscopy images of treated Ti surfaces. (a) untreated Ti; (b) CPTES-
silanized Ti; and Ti silanized and functionalized surfaces with (c) a mixture of K3G4RGDS and

K3G4PHSRN, (d) K3G4RGDS; and (e) K3G4PHSRN.

XPS results further confirmed the covalent immobilization of the peptide coatings on the
silanized surfaces. Table 2.1 displays the quantitative elemental composition of the XPS
survey spectra (Figure 2.3) of treated surfaces before and after ultrasonication for 2 hours
in water. Untreated Ti surfaces showed characteristic Cls (285 eV), Ti 2p (460 eV) and
Ols (530 eV) peaks [119]. A high percentage of Si on untreated surfaces was detected

from remnants of SiC particles that are embedded in the grinding discs used to flatten and
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polish the surfaces. The percentages of Si on these surfaces were dramatically reduced
after ultrasonication of the samples in water. The emergence of Cl2p (2.4%) and Si2s
(5.1%) peaks was detected on Ti/CPTES surfaces confirming the presence of CPTES and
thus, successful silanization of titanium surfaces. All of the surfaces with covalently-
immobilized oligopeptides ---Ti/CPTES/Mix; Ti/CPTES/RGD and Ti/CPTES/PHSRN
showed strong Nitrogen (5.2%-8.6%) signal. The reduction to almost undetectable levels
of Si and CI signals on the oligopeptide-coated surfaces was attributed to a) the
achievement of a thick layer of oligopeptides with full coverage of the underlying layer
of organosilanes; and b) to the release of Chlorine ions during the nucleophilic reaction
with free amines of the peptides. After ultrasonication in water for 2 hours N1s signals of
all surfaces with covalently-immobilized oligopeptides remained almost unaltered.
However, surfaces coated with physically adsorbed oligopeptides (T1/Physi/Mix) showed
a dramatic reduction in Nls signal after ultrasonication (6.8% before and 0.9% after
ultrasonication). This was further confirmation of the mechanical stability of the coatings

obtained.

Figure 2.4 shows high resolution Cls, Ols and N1s XPS peaks for Ti, T/CPTES, and
Ti/CPTES/mix surfaces. The Cls high resolution spectrum of untreated Ti surfaces was
deconvoluted in three components with binding energies at 285.1, 286.7 and 289 eV, and
attributed to C-C/C-H, C-O/C-CI and O=C-O groups, respectively[120-122]. Ti/CPTES
surfaces revealed similar components but with different relative intensities compared to
Ti surfaces. The notable increase of C-O/C-Cl can be attributed to the presence of those
groups in CPTES molecules. The deconvolution of the Cls spectrum of Ti/CPTES/Mix
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surfaces showed a more complex combination of groups with the relevant emergence of
the peptide/protein characteristic C-N (binding energy at 286 eV) and O=C-N(binding
energy at 288.1 eV) groups. The deconvolution of Ols-peaks showed that the relative
intensity of O=C-0/O=C-N/Si-O signal gradually incremented from Ti to Ti/CPTES to
Ti/CPTES/Mix surfaces in agreement with the increasing presence of organomolecules
on the silanized and biofunctionalized surfaces. Finally, the deconvolution of the Nls
peak for T/CPTES/Mix surfaces showed three separate components with binding
energies at 399.6, 400.4 and 401.5 eV, corresponding to NH;, amide-N/imide-N and

NH; [122], respectively.

Table 2.1 Quantification of chemical composition of treated surfaces at each fabrication steps and final

oligopeptides coatings before and after ultrasonication for 2 hours in water.

Composition

Ci%) 0(%) Ti(%) %) S (%) N (%) Bal. (%) N[Ti

Ti 503 138 55 0 85 0 1.9 0

Ti/CPTES-B 458 6.7 99 24 51 0 0.1 0

Ti/CPTES-A 403 349 8.1 18 19 1.7 23 02
Ti/CPTES/Mix-B! 46.6 57 58 02 0.2 70 45 1.2
Ti/CPTES/Mix-A° 446 58 79 02 0.5 7. 39 09
Ti/CPTES/RGD-B 415 403 75 05 04 52 46 07
Ti/CPTES/RGD-A 85 407 8.7 03 11 47 6.1 05
Ti/CPTES/PHSRN-B 450 6.7 15 0.1 0.8 84 15 1.1
Ti/CPTES/PHSRN-A 446 36.0 8.2 03 03 8.6 20 10
Ti/Physi/Mix-B 464 369 93 0 0 6.8 08 07
Ti/Physi/Mix-A 31 530 12.1 0 0 09 0.9 01

& B- before sonication.
b A - after sonication.
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Figure 2.3 XPS survey spectra of treated Ti surfaces before (a) and after (b) ultrasonication in water for 2
hours. Surfaces after each of the steps of fabrication of the coatings and for each of the three coatings
studied containing different oligopeptides were evaluated. An additional group of surfaces with a mixture

of physically adsorbed oligopeptides (Ti/Physi/Mix) was tested as negative control for the stability test.
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Figure 2.4 Surface chemical composition. Deconvolution of high resolution XPS peaks: Cls(a-c), Ols(d),

and Nls(e,f) peaks for Ti (a,d-e), Ti/CPTES(b,d-e), and Ti/CPTES/Mix(c,d-f) surfaces.

All those results combined suggested that we successfully covalently-immobilized
oligopeptides on titanium surfaces by a simple method that uses organosilane molecules

to obtain mechanically-stable coatings.

Verification of the Co-immobilization of Oligopeptides on Titanium Surfaces

To verify covalent co-immobilization of the two oligopeptides, K3G4RGDS and

K3G4PHSRN, on Ti surfaces we conjugated each peptide with a fluorescence probe with
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distinctive but different color and surfaces coated with the fluorescently-labeled
oligopeptides were visualized under a fluorescent microscope. K3G4RGDS and
K3G4PHSRN were labeled with 5-FAM cadaverine (green) and 5-TAMRA cadaverine
(red), respectively. Cadaverine fluorescent probes react with carboxylic groups of the
oligopeptides and thus, the free amine groups in the peptides are still fully available to

subsequently react with CPTES-silanized Ti surfaces.

a Before sonication b After sonication

Green

Ti/CPTES

Ti/CPTES/RGD

Ti/CPTES/Mix

Ti/Physi/Mix 50 pm

Figure 2.5 Co-immobilization of RGD and PHSRN-containing oligopeptides. Fluorescence microscopy
images of all surfaces coated with oligopeptides before(a, left) and after(b, right) ultrasonication for 2h in
water. RGD-containing oligopeptides were conjugated to a green fluorescence probe and PHSN-containing
peptides were conjugated to a red fluorescence probe. Co-immobilization of the two oligopepties in the
same surface was assessed by merging red and green images which produced a yellowish fluorescence

signal.
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Figure 2.5 shows that control Ti/CPTES surfaces had undetectable fluorescence signal.
T/CPTES/RGD and Ti/CPTES/PHSRN surfaces produced only green or only red
signals, respectively. T/CPTES/Mix and Ti/Physis/Mix surfaces before ultrasonication
produced both green and red signals and the merging of those two produced yellowish
images. Thus, we were successful in co-immobilizing K3G4RGDS and K3G4PHSRN
peptides on Ti surfaces. The covalently co-immobilized peptide coatings produced

brighter yellow images than surfaces with physically adsorbed peptides.

After 2 hours of ultrasonication in water the Ti/CPTES/Mix surfaces retained strong
yellow signal, but Ti/Physi/Mix surfaces lost most of their fluorescence intensity. This
was evidence of effective immobilization of both oligopeptides in the coatings through
covalent binding to CPTES molecules. This is relevant for the potential stability of the
coatings during surgery placement of the implant and to bear fluid flow forces. Labeling
the two peptides with fluorescence probes of different colors enabled direct visualization
and relative assessment of co-immobilized peptides on the treated surface and allowed

the characterization of surfaces with multi-functional motifs.

Bioactivity of Surfaces Coated with Oligopeptides

We assessed adhesion, proliferation and differentiation of the osteoblastic lineage of
MC3T3-E1 murine osteoblasts on titanium surfaces coated with co-immobilized

oligopeptides incorporating RGD and PHSRN bioactive sequences.
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Figure 2.6 Adhesion of MC3T3 osteoblasts. Fluorescence images of cells cultured on untreated Ti (a),
Ti/CPTES/PHSRN (b), Ti/CPTES/RGD (c), and Ti/CPTES/Mix (d). Red: actin filaments (cytoskeleton);
green: vinculin (focal adhesion points); blue: nuclei. (¢) Mean = standard deviation of adhered MC3T3-E1
cells on the tested surfaces after 2 and 4 h in culture. Error bars are the standard deviation of at least three
samples in each group. Bars with different symbols (#, O, X) are from surfaces with statistically significant

differences (p-value < 0.05) at the same time point.

Immunofluorescence triple-staining revealed the morphology of MC3T3 osteoblasts

cultured on treated Ti surfaces (Figure 2.6 a-d). Cells cultured on Ti/CPTES/Mix and
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Tissue culture plates---TCPS (not shown) displayed well-defined cytoskeletons and large
areas with focal adhesion points in comparison to cells cultured on untreated Ti,
Ti/CPTES/PHSRN, and even Ti/CPTES/RGD surfaces. This indicated that the presence
of the two peptides had a cooperative effect by further inducing osteoblast adhesion. This
was further confirmed as higher number of cells adhered on Ti/CPTES/Mix and
Ti/CPTES/RGD surfaces than on all other type of surfaces, with values that were

statistically higher on TYCPTES/Mix surfaces after 4 hours of cell culture (Figure 2.6 e).

Figure 2.7 shows results for cell proliferation on coated surfaces after 3 and 5 days in
culture. Although all of the modified surfaces sustained cell proliferation, Ti/CPTES/Mix
and positive control TCPS surfaces significantly enhanced osteoblast proliferation in

comparison to all the rest of surfaces tested.

3000
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a L
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Figure 2.7 Proliferation of MC3T3 osteoblasts. Mean * standard deviation of proliferated MC3T3-E1 cells

on the tested surfaces after 3 and 5 days in culture. Error bars are the standard deviation of at least three
samples in each group. Bars with different symbols (#, O, X) are from surfaces with statistically significant

differences (p-value < 0.05) at the same time point.
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Alkaline phosphatase (ALP) activity was determined for MC3T3 cells cultured for 7 and
14 days on the tested surfaces (Figure 2.8). Thus, the surfaces with coatings incorporating
a combination of RGD and PHSRN containing oligopeptides enabled differentiation of
osteoblasts as ALP activity for cells on T/CPTES/Mix surfaces were higher than for all
the other titanium surfaces. Those differences in ALP activity among the coated samples

were not statistically significant, though.
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Figure 2.8 Differentiation of MC3T3 osteoblasts. ALP activity (mean * standard deviation) by MC3T3-El

cells differentiated on tested surfaces after 7 and 14 days in culture. Error bars are the standard deviation of
at least three samples each groups. Bars with different symbols (#, O, X) are from surfaces with statistically

significant differences (p-value < 0.05) at the same time point.

All these results combined showed that the surfaces of titanium with covalently-anchored
coatings that contain a combination of K3G4RGD and K3G4PHSRN peptides were
bioactive as cooperatively enhanced cell adhesion and proliferation of osteoblasts and

sustain their differentiation into the osteoblastic lineage. The retained bioactivities on the
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coated surfaces are pivotal for the appropriate biological performance of implants with

multifunctional properties.

It is worth noting that many bone-replacing implants fail because 1) the inert nature of
titanium is unfavorable to bone cells growth and differentiation, which inhibits new bone
formation, and 2) infections lead to early- and late-life implant failures after implantation.
Monofunctional coatings are not well suited to simultaneously address these two
problems [123]. In fact, surfaces that are functionalized with RGD oligopeptides and
other ECM proteins have been widely investigated for implant applications to improve
cellular adhesion and bone formation around implant surface. However, the bioactive
molecules facilitating cellular adhesion and growth also mediate and facilitate adhesion
of bacteria. One example is ECM protein fibronectin, which is recognized also by
Staphylococci having Fn-binding proteins [124]. Moreover, as introduced previously, the
fate of implant has been described as a race between microbial colonization of the
implant surface vs. tissue integration [125]. Thus, methodologies as the one presented
here are in need and represent a potential successful alternative to simultaneously

addressing bone integration and inhibition of biofilm formation.

2.5 Conclusion

We have successfully produced covalently co-immobilized oligopeptides that retained
their bioactivities on titanium surfaces. The obtained peptide coatings were mechanically
stable. The coatings with mixed RGD and PHSRN peptides significantly improved

osteoblast response in comparison to their response on surfaces with only one of the
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peptides. This suggests that a synergistic effect on cell response can be obtained

following the co-immobilization of the two peptides.

This reliable method for co-immobilizing biomolecules can be used to obtain other multi-
functional surfaces by combining oligopeptides with different targeted bioactivities --cell
recruitment and differentiation, biomineral nucleation, antimicrobial activity-- and thus,

further improving clinical performance of implants.
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Chapter 3

A Robust Antimicrobial Peptide GL13K
Coating on Ti Surfaces with Sustained

Activity
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3.1 Objective

The objective of chapter 3 is to investigate the robustness of antimicrobial GL13K-
peptide coating on Ti surfaces with the covalent linking chemistry we established in
chapter 2. The obtained coating should show high stability on surfaces with strong
resistance to mechanical, hydrolytic and proteolytic challenges. The robustness of the
antimicrobial peptide coating is required for its long-term effectiveness. The stability of
the coating also contributes to its sustained bioactivity after autoclaving, and repeated
cycles of bacteria challenge. These repeated cycles simulate the repeated periodical

infection that might occur during the functional life time of dental implants.

3.2 Introduction

Dental implants have rapidly become the treatment of choice for patients in need of
replacing missing teeth. According to data from the American Academy of Implant
Dentistry, the annual dental implant market reaches $1.3 billion in US, $8.1 billion
globally, and the numbers keep growing rapidly. Despite significant progress in clinical
success rates in recent years, the 8% implant failure rate translates into more than one
million failed implants per year worldwide [126]. The outcomes for patients with failed
implants are often persistent pain during failure and additional surgical procedures,
including grafting, to prepare for a second implant attempt. Infection is one of the most
prevalent causes for implant failure. Recent evidence suggests that besides the short-term
occurrence as a consequence of the initial exposure during the surgery, the long-term

peri-implantitis tends to increase over long-term follow-up [127, 128]. The prevalence of

44



peri-implantitis varies between 2% and 44% depending on the population studied and the
case definition used [129]. However, the repeated reports of above 30% incidence of
peri-implantitis in various clinical studies [130-132] indicated that it is not a marginal

problem.

Functionalization of titanium surfaces with coatings made of antimicrobial agents has
been used during recent years to inhibit peri-implantitis. Various antibiotics, i.e.
Gentamicin [34, 69, 70] and Vancomycin [78-81] have been immobilized on Ti surfaces
to display their functions. Although antibiotic coatings on titanium proved to be effective,
their use is controversial because of their potential host cytotoxicity and bacterial
resistance. E.g. Vancomycin is not suitable for long-term use because of the potential
severe bacterial resistance. The use of antimicrobial peptides (AMPs) has recently been
raised as an alternative antimicrobial approach with strong potential to improve dental
implants performance[110]. Compared with antibiotics, the advantages of AMPs include
broad-spectrum antimicrobial activity against bacteria, fungi and virus [133], low host
cytotoxicity and low bacteria resistance [96]. Different cationic antimicrobial peptides
derived from human proteins have been either physically adsorbed [35, 94], or covalently
attached [92] on implant surfaces. These implants displayed excellent antimicrobial

activity.

Antimicrobial peptide coatings are currently widely investigated and show promising
results. However, there are several obstacles that antimicrobial peptide coatings

encountered, which hinder the clinical application of the coatings. The most important of
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which is the finite functional life time of the coating [95]. Dental implant coatings face
numerous challenges like autoclaving before implantation, mechanical friction during
implantation, as well as hydrolytic and proteolytic degradation in body fluids after
implantation. In addition, layers of adsorbed proteins from plasma, saliva or other body
fluids may rapidly cover the surface and block the effectiveness of the coating [123].
Since long-term peri-implantitis is more of a concern, the resistance of the coatings to
these multiple challenges and their retained bioactivity under “harsh” environment has
become a major consideration. The systematic investigation of the long-term
effectiveness of antimicrobial coatings under multiple aggressive challenges has not been

widely conducted.

Here we immobilized on Ti surface an antimicrobial peptide GL13K. It features a 13
amino acid sequence, modified from peptide sequence GL13NH2, which is derived from
parotid secretory protein (PSP). GL13K shows both anti-inflammatory and bactericidal
activity [134]. GLI13K is bactericidal in solution against multiple species including
Pseudomonas aeruginosa and Escherichia coli [134]. Our previous work on tethering
GL13K on Ti surface for antimicrobial purposes demonstrated that [135] after
immobilization, GLI3K displayed antimicrobial effect against Porphyromonas
gingivalis, a pathogen closely associated with dental peri-implantitis. In addition, GL13K
coating showed adequate cyto-compatibility with osteoblasts and human gingival
fibroblasts. Here we tested the robustness of our coating under mechanical, hydrolytic
and proteolytic challenges, and the retained activity of the coating after consecutive

cycles of proteolytic/bacteria dual challenges as well as sterilization. Our results showed
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GL13K coating was strongly retained on the surface after multiple challenges with
robustly sustained antimicrobial activity. The robustness of the coating is attributed to
the strong covalent bonding, which tethered the coating to the surface. The super

hydrophobicity of the coating protects it from hydrolysis and enzyme degradation.

We also tethered on surface two control peptides: GL13KR1---the randomized/scrambled
sequence of GLI3K; and GK7NH2---the truncated sequence for GLI3NH2 [134].
Peptide sequences for GL13K, GL13KR1 and GK7NH2 are listed in Table 3.1. The
rationale for choosing these two control peptides is based on their different
physicochemical properties, e.g. hydrophobicity and electrostatic charge. The randomized
sequence, GL13KR1 has equal hydrophobicity and charge as GL13K. But GK7NH2 has
higher hydrophobicity (lower hydrophobicity value according to Hopp-Woods
hydrophobicity scale [118] ), and lower charge compared to GL13K. By investigating the
stability and antimicrobial effects of these 3 coatings we will assess the contribution of
their physicochemical properties to the robustness of the coatings as well as their

antimicrobial effects.

Table 3.1 Peptide sequences. Positively charged amino acids are underlined and hydrophobic amino acids

are bold. Hydrophobicity is calculated according to Hopp-Woods hydrophobicity scale.

Peptide Sequence Theoretical Net Charge Hydrophobicity
at PH7
GL13K GKIIKLKASLKLL-NH, +5 +1
GL13KR1 IGIKLLKSKLKAL-NH, +5 +1
GK7NH2 GQIINLK-NH, +2 22
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3.3 Materials and Methods

Immobilization of GL13K Peptide Coatings on Ti Surfaces

Antimicrobial peptide GLI13K, and control peptides GL13KR1 and GK7NH2 were
immobilized on Ti surface through a three-step method (schematic demonstration in
Figure 3.1A): 1) NaOH etching to activate Ti surfaces (eTi); 2) silanization using (3-
chloropropyl)triethoxysilane (CPTES) as coupling agent (eTi-Sil); 3) covalent peptide

attachment (cov-GL13K, cov-GL13KR1 and cov-GK7NH?2).

Commercially pure Titanium Grade II discs (Imm thick, 7.5mm in diameter) were
grinded with papers with decreasing SiC-particle size, and polished with a suspension of
alumina particles (1.0pm and 0.5pm of mean size) on cotton clothes. Samples were
ultrasonicated in cyclohexane for 10 minutes, rinsed with distilled water and acetone. The
polished surfaces were immersed in 5M NaOH solution overnight at 60°C to form
reactive —OH™ groups. After activation the samples were introduced in a Nj-saturated
glass chamber, 7ml anhydrous pentane, 1.2ml (3-chloropropyl)triethoxysilane (CPTES),
and 0.6ml diisopropylethylamine (DIEA) (the chemicals are from the same sources
detailed in chapter 2) were sequentially added to submerge the Ti samples. Samples
remained in CPTES solution for 1h, and periodic 2-minute ultrasonication cycles were
applied after every 10 minutes reaction. Silanized samples were rinsed with ethanol,

isopropanol, deionized water, and acetone.
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Covalent conjugation of peptides was accomplished by immersing silanized Ti discs into
0.ImM GLI3K, GL13KR1 or GK7NH2 peptides (Peptides International, US) with
0.5mg/ml Na,COs overnight. Phys-GL13K surface was obtained by immersing NaOH
etched Ti in 0.1mM GL13K solution overnight, to detect the stability of GL13K coating

when physically adsorbed on Ti surfaces with electrostatic attraction.

Water Contact Angle Goniometry

Sessile drop contact angle measurements on modified Ti discs were performed using a
contact angle analyzer (DM-CEIl, Kyowa Interface Science, Japan) with appropriate
software (FAMAS, Kyowa Interface Science, Japan) after each step of the coating
method. Deionized water was used as the wetting liquid with a drop volume of 2uL. To
test the stability of the coatings, surfaces were first mechanically-challenged by
ultrasonication in deionized water for 3h then hydrolytically challenged by incubation
with PBS at 37°C for 7 days. Water contact angle was tested before and after

ultrasonication and PBS incubation.

X-ray Photoelectron Spectroscopy (XPS)

XPS was performed (SSX-100, Al Ka x-ray, Imm spot size, 35° take-off angle) to
characterize the atomic composition of the surface after each step of the coating method.
Survey scans (0-1100 binding energy, 4scans/sample) were done at 1eV step-size. The
peak fittings and semi-quantification of surface chemical composition were conducted

using ESCA 2005 software provided with the XPS system.
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To further test the stability of the coatings, surfaces were first mechanically-challenged
by ultrasonication in deionized water for 3h then hydrolytically challenged by incubation
with PBS at 37°C for 7days. XPS was performed before and after ultrasonication and

PBS incubation.

Resistance of GL13K Peptide Coatings to Hydrolytic Degradation

Fluorescent labeled GL13K-ED-FAM by solid peptide synthesis (purchased from
AAPPTec, US) was covalently immobilized on Ti surface (cov-GL13K). In control
group, fluorescent labeled GL13K was physical adsorbed on non-treated plain Ti surface
(pTi-phys-GL13K). Samples were ultrasonicated in de-ionized water for 3h then
incubated in PBS at 37°C for 28 days. At selected time points (3h, dayl, day2, day7,
day21 and day28), samples were taken out and rinsed with distilled water and acetone.
The retained fluorescence signals on surfaces were read with a synergy TM 2 multi-mode
microplate reader (BioTek, US) at a wavelength of 485/528 nm. Surface fluorescence
intensities were also observed under fluorescence microscope (Eclipse E800, Nikon,
Japan). Solutions in which samples were submerged were collected at each time point
and the releasing fluorescence intensity in solution was measured using the synergy TM 2
multi-mode microplate reader. The fluorescence intensity was transferred into peptide

concentration by referring to the standard curve (from 10pg/ml to 0.1pug/ml).
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Resistance of GL13K Peptide Coatings to Proteolytic Degradation

Fluorescent labeled GL13K was covalently bonded (cov-GL13K) or physical adsorbed
(pTi-phys-GL13K) on Ti surfaces followed by incubating with saliva or serum at 37°C
for 11 days. Saliva was freshly collected from healthy volunteers and filtered with
0.22um filters (Argos Technologies, US). Fetal bovine serum was purchased from
Thermo Scientific (US). Saliva and serum were renewed every 2 days. Peptide releasing
amount in saliva or serum were measured using the synergy TM 2 multi-mode microplate
reader by referring to the standard curve. The intensity of the retained peptide on the
surface on day 0, 1, 4 and 7 was assessed by fluorescence optical density (OD) on the
surface measured with the microplate reader. Then, the OD values of samples at dayl, 4
and 7 were converted into the concentration of the peptide on the surface by referring to
the surface peptide concentration at time = 0 min as determined with the Bradford assay
(see below). The Bradford assay cannot be used to determine the surface peptide
concentration after the surface was immersed in body fluid as unspecific protein
adsorption on the peptide-coated surface will interfere with the measurements of these
test. The percentage of released peptide was calculated by dividing the amount of
released peptide in saliva or serum by the amount of the retained peptide on the surface.
Homogeneity of the surface fluorescence intensities was also visualized using a

fluorescence microscope (Eclipse E800, Nikon, Japan).
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Peptide Concentration on Ti Surfaces Coated with GL13K peptides

Quantification of peptide concentration on modified Ti surfaces was conducted by a
direct dye-binding Bradford assay [136, 137]. Standard curve was prepared by mixing
100ul of serial dilutions of GL13K (1/2; 1/4; 1/8... in PBS) with 100ul Bradford reagent
(Biorad, US) in 96-well plate and shaken for 15 min at 37°C. Optical Density value was
read at 465 nm (unreacted) instead of 595nm (reacted) in order to determine the amount
of unbound dye remaining in solution at each concentration. Test samples were immersed
in 100ul PBS plus 100ul Bradford reagent and shaken for 15 min at 37°C. The
supernatant was collected and the absorbance was measured at 465nm. Measurements

were made in triplicate.

Mechanical Resistance to Removal of GL13K Peptide Coatings on Dental Implants

In vitro implantation of GL13K-coated commercial dental implants under simulated
clinical conditions was performed by placing the implants inside of a rigid polyurethane
foam block of 0.32 g/cm’ (Pacific Research Laboratories, Inc., USA)[138]. The implant
was coated with fluorescence-labeled GL13K peptides and the implant placement was
initiated in the block utilizing a 2mm pilot drill. The osteotomy was sequentially enlarged
following the drilling sequence recommended by the implant system manufacturer for the
placement of 3.75mm in diameter and 13 mm in length implants (MG-InHex, Mozo-grau,
Spain) following routine clinical protocols. Implants were placed at the level of the block
utilizing an implant handpiece working at 20rpm, 35N/cm’ settings. Subsequently, the
implants were retrieved applying reverse torque, rinsed with distilled water followed by 1
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hour water ultrasonication to remove loosely bond peptide and debris. The integrity of the
GL13K coating was assessed by taking fluorescence microscopy images of the implants

before and right after insertion as well as after further implant ultrasonication.

Antimicrobial Activity of GL13K Peptide Coatings

The antimicrobial effects of GL13K coating against S.gordonii, a primary colonizer for
P.gingivalis in peri-implantitis were evaluated. Streptococcus gordonii (S.gordonii) ML-
5 was inoculated in 2ml Bacto Todd-Hewitt broth (BD Biosciences, US) and this
overnight culture was diluted 10 folds with 0.9% NacCl then 50 folds with Todd-Hewitt
broth. Titanium discs were UV for 10min then placed into 48 well plate and 1ml of the
diluted culture was added to each well and incubated at 37°C with mild shaking for 24
hours. After incubation period, the discs were taken out and carefully rinsed with 1ml
NaCl for 3 times. The discs were transferred to a new 48well plate and incubated for
additional 2 hours. The additional incubation aimed to increase the metabolic activity of
the bacteria; thus improving the sensitivity of adenosine triphosphate (ATP) assay. After
incubation, Ti discs were thoroughly rinsed with 0.9% NaCl to remove loosely bonded
bacteria; then sonicated in 300pl NaCl for 10 min to collect the adhered bacteria on
surface. 100ul of the collected solution was mixed with 100ul of the BacTiter-Glo™
Microbial Cell Viability kit (Promega, US) into opaque wall 96 well plate. After 5
minutes of incubation at 37°C, the luminescence was measured using a microplate
luminometer (BioTek, US). Another 100ul of collected solution was used for Colony

Forming Units (CFU) test following standard protocols. 100ul of the obtained solution
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was diluted serially for 10, 100, 1000 and 10000 folds. Then, 10ul of solutions at each
concentration were plated on Todd-Hewitt Agar plates and incubated overnight at 37°C in
a humidified atmosphere of 5% CO,. The number of CFU was counted after the

incubation period.

Retained Antimicrobial Activity of GL13K under Sustained Challenges

Samples were treated with cycles of dual challenge (saliva or serum incubation +
S.gordonii culture) to simulate the repeated periodic infection which might occur at the
functional life time of dental implants. Etched Ti discs (eTi) and GL13K covalently
tethered Ti discs (cov-GL13K) were immersed in filtered saliva or serum for 7 days and
then cultured with S.gordonii overnight (cycle 1). After that, samples were rinsed
thoroughly and sonicated with 0.9% NaCl for 10min to collect the bacteria on surface.
ATP activity assay and CFU were performed to test the bacteria adherence on surfaces
following the aforementioned protocol. Once the cycle was finished, samples were
cleaned with PBS and UV for 10min for being re-tested in the next cycle. Cycles 2 and 3
included saliva or serum incubation for 2 days and overnight S.gordonii culture. ATP

activity and CFU assays were carried out after each cycle.

Retained Antimicrobial Activity of GL13K after Autoclaving

GL13K coated and etched Ti discs were exposed to autoclaving under 121°C for 20 min.
The two groups were labeled as GL13K-AC and eTi-AC. After that, ATP activity and

CFU assays were carried out to evaluate the retained antimicrobial effects of the coatings
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after autoclaving. Non autoclaved eTi (eTi-Non AC) and non autoclaved GL13K coating
(GL13K-Non AC) were used as controls to test the antimicrobial effects of the coatings

before autoclaving.

Statistical Analysis

Statistically significant differences among groups were assessed using one-way ANOVA
Tables with post-hoc tests (p<0.05). Multiple comparison LSD and Dunnett's T3 tests
were performed when equality of variances between compared groups was or was not
assumed, respectively. All groups have at least 3 samples in order to conduct statistical

analysis.

3.4 Results and Discussion

Characterization of GL13K Peptide Coatings. Stability of the Coatings under

Mechanical and Hydrolytic Challenges

Water contact angle test was conducted on different surfaces to evaluate the
hydrophobicity of the peptide coatings, and the stability of the coatings under both
mechanical and hydrolytic challenges (Figure 3.1 A). The high polarity of the surface
after etching due to the formation of hydroxyl groups resulted in notably low water
contact angles on the eTi surfaces. Following silanization, water contact angle on the eTi-
Sil surface increased due to the attachment of the silane CPTES layer. Attachment of
CPTES on Ti was achieved by the hydrolysis of ethoxy groups and the reaction with

hydroxyl groups present on the activated surface. This reaction leads to polycondensation
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reaction to form Si-O-Si, and Ti—O-Si bonds. The final covalent binding of peptides to
silanized surface is achieved by a direct nucleophilic substitution. Free amine groups of
the peptides are the nucleophilic groups. Chlorine atoms from the organo-functional
groups of CPTES are the leaving groups as well as the electrophilic center of the reaction.
After covalent peptide bonding, surface hydrophobicity varied according to the different
peptide sequences attached. Both cov-GL13K and cov-GL13KRI1 surfaces displayed
“super hydrophobicity” with a water contact angle above 100°, while cov-GK7NH2
surface is relatively hydrophilic with a value around 50°. According to the Hopp-Woods
hydrophobicity scale, charged amino acids have positive value and hydrophobic amino
acids have negative value. Table 3.1 shows that GL13K and GL13KRI1 sequences have
net positive value due to the high number of hydrophilic lysines in their aminoacid
sequence. Therefore, overall they are hydrophilic but the fact that they also include a
large number of hydrophobic aminoacids make these two peptides with amphiphilic
properties, as many of the known antimicrobial peptides. However, after these peptides
are immobilized on the silanized titanium surfaces, both of the two coatings showed very
high hydrophobicity. We propose this is because the spatial arrangement of the peptide
sequences on these surfaces is guided by electrostatic attractions between the negatively-
charged chlorine groups of the silanes and the positively-charged amine groups in the
lysines. Thus, the peptides get their amphiphilic structures by orienting most of the
hydrophilic groups towards the titanium surface whereas exposing the hydrophobic
aminoacids at the air/liquid-coating interface. The amphiphilic structures with GK7NH?2

should be much less favorable to form than in the case of GL13K because GK7NH2 has
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only one hydrophilic group. Therefore, the coatings with GK7NH2 have lower water
contact angle; i.e., they are notably more hydrophilic. The large differences in surface
hydrophobicity followed by peptide bonding indicated the successful immobilization of

the different sequences on Ti surfaces.

To investigate the stability of the coatings under mechanical and hydrolytic challenges,
we evaluated the change of water contact angle on various surfaces after 3h of
ultrasonication (simulation of sustained mechanical challenge by contacting with fluids),
which was followed by 7 days PBS incubation at 37°C (simulation of hydrolytic
challenge). The results showed that both cov-GL13K and cov-GL13KR1 surfaces
maintained high hydrophobicity, indicating the stability of the coatings under mechanical
and hydrolytic challenges. However, cov-GK7NH2 surface showed notable decrease in
the water contact angle, suggesting the removal of peptide following the challenges. We
proposed that the strong stabilities of GL13K and GL13KR1 surfaces are due to high
hydrophobicity of the coatings, which hindered hydrolysis of the underlying silane layer.
The silane layers is susceptible to hydrolysis [139]. Thus, the GL13K and GLI3KRI
coatings provided with a hydrophobic shield to the coated surface that protected the
silane layer from being hydrolyzed, thereby stabilizing the whole coating when submitted

to these challenges.

GL13K peptide was physically adsorbed on the etched Ti surfaces, and the properties of
the coating (phys-GL13K) were tested. The results showed that phys-GL13K was also

hydrophobic and showed reasonable stability after the different challenges. The strong
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electrostatic attraction between the positively charged GL13K peptides and the negatively
charged etched Ti surface may be responsible for the stability of the physically adsorbed
GL13K-coating. However, further evaluation of the robustness of the coatings by X-ray
Photoelectron Spectroscopy (XPS) indicated that a stronger bond strength for cov-

GL13K than phys-GL13K was achieved. Figure 3.1 B shows the nitrogen percentage on
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Figure 3.1 The successful immobilization of peptide coatings on Ti surfaces and the stability of the
coatings after mechanical and hydrolytic challenges were tested by Water contact angle (A), XPS (B,C)
and fluorimeter quantification and microscopy visualization of fluorescence-labeled peptides (D,E). Error

bars are the standard deviation of three samples in each group.

different surfaces. The emergence of the Nitrogen peak is solely due to the presence of

the bonded peptides on the surfaces. The Nitrogen percentage for cov-GK7NH2, cov-
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GL13K, phys-GL13K and cov-GL13KR1 before mechanical and hydrolytic challenges
were 4.9+0.3%; 10.1+0.3%; 11.6+0.3% and 9.4+0.3%, respectively. The remaining
peptide amount after the mechanical and hydrolytic challenges were calculated by ratio
between Ni/Ti values at time = 3h or time = 7d and Ni/Ti values at time = Oh (Figure
3.1C). A high percentage of peptide retained on the cov-GL13K and cov-GL13KRI1
surfaces was detected both after 3h of ultrasonication and 7d in PBS. However, only 10%
of peptide was retained on the cov-GK7NH2 surfaces; further suggesting that GL13K and
GL13KRI1 coatings had a protective role by a hydrophobic shielding effect. Phys-GL13K
coatings showed much higher release of peptides than cov-GL13K coating after 7days in
PBS. This suggested that the strong electrostatic attraction was less effective to stabilize
the coatings than the use of the covalent bonding obtained with CPTES silanes. Figure
3.1D and E show results for the release profile and images of immobilized fluorescence
labeled GL13K-peptides on coated titanium surfaces before and after incubation in PBS
at 37°C for 28 days. The amount of peptide released from the cov-GL13K surfaces was
Iug/ml after 28 days PBS incubation (Figure 3.1D, left). The surfaces in the control pTi-
phys-GL13K group released notable higher amounts of peptide (Sug/ml) as they lack
covalent bonding between the coating and the substrate. Also, the control surface was not
NaOH etch, therefore, the surface lacked electronegative charge which provide
electrostatic attraction to retain GL13K peptides to the surface. Fluorescent signal of the
peptides that were retained on the challenged surfaces was evaluated by using a
fluorimeter and assessing the surface fluorescence intensity (Figure 3.1D, right). Results

of this evaluation demonstrated that the peptides were retained on cov-GL13K surfaces in

59



significantly higher amounts than on the control group, which hardly retained any peptide
on the surface after 28 days in PBS. Visualization of the surfaces with fluorescence
peptides retained (Figure 3.1E) corroborated the findings of the fluorimetry
quantification. Cov-GL13K surfaces retained significant amounts of peptides as they
showed strong and homogeneous fluorescence green signals after 28 days in PBS (right
column). However, surfaces in the control group physisorbed-peptides coatings showed a
significant reduction of the fluorescence signal (left column). Based on all these
evidence, we concluded that the covalently-bonded GL13K-peptide coating was resistant
to mechanical and hydrolytic challenges due to the strong covalent bonding, and the high

hydrophobicity of the coating.

Resistance of GL13K Peptide Coatings to Proteolytic Degradation

Proteolytic degradation is a crucial problem especially for peptide coatings, which are
extremely vulnerable to enzymes and protease in saliva, serum and other body fluids. To
test the resistance of our coatings to enzyme degradation, we immobilized fluorescence
labeled GL13K peptides onto the surface, followed by immersing the coating in saliva/
serum for 11 days. Samples were thoroughly ultrasonicated before being exposed to the
biofluids to remove all loosely-bonded peptides from the tested surfaces. We then
investigated the percentage of peptide cleaved from the surface to the surrounding media.
The control group was physically-adsorbed GL13K on plain Ti surface. After 11 days of
incubation with saliva or serum, cov-GL13K showed around 2% peptide released from

the surface to either saliva or serum, while the control showed around 9% peptide
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Figure 3.2 The resistance of GL13K-peptide coating to proteolytic degradation in saliva or serum was
assessed by fluorimetry(A) and fluorescence microscopy(B). A) Percentage of peptide released from the
coated surfaces after 11days of incubation in saliva (left) or serum (right). The intensity of the retained
peptides on those surfaces were observed by fluorescence microscope(B) to demonstrate that the peptides
were not either degraded or removed from the surface after being exposed to enzyme-containing biological

solutions. Error bars are the standard deviation of three samples in each group.

released to saliva and 8% to serum (Figure 3.2 A). Figure 3.2 B shows images of the
surfaces degraded by saliva or serum incubation for 11 days. Most of the peptides were
retained on coatings of cov-GL13K surfaces after incubation in either saliva or serum

after 11 days. Thus, a mild degradation of those coatings was assessed. The control
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surfaces showed notable degradation after incubation in both serum and saliva. We
proposed that the arranged orientation for GL13K coating in cov-GL13K surfaces and the
densely exposed hydrophobic groups improved the resistance of the coatings to

enzymatic degradation by reducing the accessibility of their cleavable sites to enzymes.

Resistance to Mechanical Removal of GL13K Peptide Coatings on Dental Implants

The implant placement experiment conducted in polyurethane foam blocks simulated the
true mechanical challenges dental implants encountered in clinical settings. Polyurethane
foam block is a widely used artificial bone model to test the properties of dental implants,
including the integrity of implant surface coatings after insertion [140]. Compared with
the aforementioned method of using ultrasonication as a simulation of mechanical
challenge, the implant placement experiment is more clinically related, and thus sheds
light on the genuine mechanical stability of GL13K coating in clinical applications.
Figure 3.3A shows the fluorescence labeled GL13K coating before implant insertion.
Bright green signal was observed on both the implant apical area (flat apex) and the
implant body area (threads). The dental implant appeared not to be fully covered by green
peptide, due to the limited depth of focus of the fluorescence microscope. After insertion,
implants were retrieved by reverse torque, and rinsed with distilled water. The
consequent microscopy observation in Figure 3.3B shows the moderately reduced
fluorescent intensity on the implant surface. The integrity of the coating was not
compromised. No exposure of dental implant surface by scratching or delamination was

observed. We sonicated the retrieved implant in water for 1 hr to remove loosely-bonded
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peptides and debris from the dental implant surface. Figure 3.3C shows the strongly
retained peptide coating after this cleaning process. Importantly, we doubled
(insertion/screw and retrieval/unscrew) the mechanical challenge of the coating with
respect to the one that a dental implant would face in a clinical scenario. The observation
that the coating was vastly retained on the dental implant surface suggested it would be

stable and thus active in a potential clinical application after surgical implantation.

C o
Before insertion | Afterinsertion * | Afterinsertion
+sonication

Figure 3.3 Fluorescence-labeled GL13K peptide coating on a dental implant surface A) before implant
insertion in simulated clinical conditions; B) after implant insertion; and C) after implant insertion followed

by surface cleaning by water sonication.
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Sustained Antimicrobial Activity of GL13K after Three Consecutive Cycles of Dual

Proteolytic/bacteria Challenges

Body fluids are a harsh environment for bioactive coatings. Body fluids lead to enzymatic
degradation or protein adsorption, which diminishes the bioactivity of coatings overtime.
Moreover, repeated periodical bacterial challenges during the lifetime of the coating
would markedly compromise the stability and activity of the coatings. Therefore, a strong
coating with long-term effectiveness should be able to withstand 1) challenges of
periodical bacterial attack and 2) challenges of degradation by body fluid in periods
between bacterial attacks. To mimic this situation, we designed tests for cycling dual
challenges characterized by saliva or serum incubation + S.gordonii culture. Then we
assessed the retained antimicrobial activity of GL13K peptide coatings after each cycle.
Saliva/ serum incubation period was 7 days for cycle 1 and 2 days for cycles 2 and 3.
S.gordonii culture period was 24 h for each cycle. Figure 3.4 shows that for samples
incubated in saliva (left), GL13K-peptide coating had gradual reduction in its
antimicrobial effectiveness, but still statistically significant antimicrobial effect against S.
gordonii after 3 cycles (dashed arrow) was assessed when compared to control non-
coated surfaces. This result is consistent with other in literature. V. Antoci et al. [78] and
M. Kazemzadeh-Narbat et al. [35] reported that vancomycin or antimicrobial-peptide
Tet213 coatings on Ti surfaces showed gradually decreased but efficient antimicrobial
effect after 4 and 7 cycles of bacterial challenge, respectively. However, in those previous
works, repeated bacterial challenges were conducted consecutively without additional

interval of body fluids incubation. The incubation interval mimics the period between
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bacterial attacks in the natural infection process, in which body fluids may further
enzymatically digest the peptide coatings. For samples incubated with serum (right),
bacteria activity on GL13K-peptide coatings was not significantly different than control
etched Ti surfaces (solid arrow). However, it is worth noting that both GL13K coated and
non-coated control surfaces induced notable inhibition of bacterial activity when
compared with same surfaces but exposed to saliva. The number, type, and concentration
of proteins in saliva and serum are different and therefore, the layer of proteins that
naturally adsorbs on the tested surfaces from serum can be different from the one from
saliva and might block adhesion of S. gordonii bacteria. Notably, the S. gordonii is a
bacteria species found in saliva that contain integrin protein on their membrane known to
be highly responsive to saliva proteins [141]. On the contrary, no serum proteins are
specifically recognized by S. gordonii bacteria, which in turn can prevent S.gordonii
adhesion on the serum protein adsorbed surfaces. A similar result was reported on the
significantly reduced adhesion of S.epidermidis on blood plasma and saliva coated

surfaces [142].
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Figure 3.4 Sustained antimicrobial effect of GL13K coating after 3 cycles of saliva/serum incubation +
S.gordonii culture. When incubated with saliva (left, dashed arrow), the antimicrobial effect of the GL13K
peptide coating was gradually reduced. However, the antimicrobial effect of the GL13K coating against
S.gordonii remained statistically higher than control surfaces after 3 cycles. Surfaces incubated in serum

(right, solid arrow) showed reduced bacterial activity on both GL13K and control surfaces.

Sustained Antimicrobial Activity of GL13K Peptide Coatings after Sterilization

Sterilization of dental implants is mandatory before dental implants are placed in bone
during surgery. Commonly used sterilization methods include gamma-rays, autoclaving
and ethylene oxide atmosphere. Among them, autoclaving is the most widely used one.
Many coatings lose their bioactivities after autoclaving because of their heat and water
labile properties. Most antibiotics are heat labile [143], and large molecule proteins are
easily denatured after autoclaving. D. Zheng et al. showed that immobilized chitosan on
silanized Ti surfaces lost their antimicrobial efficiency after autoclaving [144]. However,
small molecule peptides showed higher heat resistance [145]. M. Willcox et al reported

the heat stability of antimicrobial peptide coating melimine after exposure to autoclaving
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[146]. Our GL13K coated and control etched Ti discs were exposed to autoclaving under
121°C for 20 min. Figure 3.5 revealed that after autoclaving (right), GL13K surface had
greatly sustained antimicrobial effect, which was comparable to its antimicrobial effect
before autoclaving (left). Besides the heat resistance of peptide coatings which enable
them to withstand autoclaving, the high hydrophobicity of GL13K coating may protect
the coating from being hydrolytically degraded during autoclaving, which is a process

under a water vapor atmosphere at high pressure and temperature.
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Figure 3.5 Sustained antimicrobial effect of GL13K peptide coating after sterilization by autoclaving (AC,
right) is comparable to its antimicrobial effect before autoclaving (Non AC, left). Error bars are the

standard deviation of three samples in each group.

3.5 Conclusion

A robust antimicrobial GL13K peptide coating was immobilized on Ti surfaces through
covalent bonding with CPTES. The obtained coating showed stability on surfaces with

strong resistance to multiple challenges, which included: mechanical force, hydrolytic

67



degradation and proteolytic degradation. The robustness of the antimicrobial peptide
coating was attributed to the strong covalent bonds provided by the silane chemistry, and
its high hydrophobicity provided by the GL13K amino acid sequence. The stability of the
coating also contributed to its sustained bioactivity after autoclaving and repeated cycles

of dual proteolytic and bacterial challenges.
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Chapter 4

Antimicrobial Effects of GL13K Coating

and the Key Factors of its Action
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4.1 Objective

The objectives of this chapter are:

1) Evaluating the antimicrobial effects of GL13K coating. The bacterial adhesion and
viability on the coated surfaces will be assessed and analysed to elucidate the anti
adhesion and/or bactericidal effects of the coating. Biofilm accumulation on GL13K-
coated surfaces and control surfaces will be investigated to determine the effects of

GL13K coating on biofilm formation.

2) Investigating the key factors for the assessed antimicrobial activity of the GL13K-
peptide coating. Besides the commonly accepted properties of antimicrobial peptides that
have effect on their activity; namely hydrophobicity and surface charge, we will also
innovatively investigate the effect of the secondary structure of the peptides on their

activities.

4.2 Introduction

As discussed in chapter 3, antimicrobial peptide coatings are currently widely
investigated with promising results, but there are still obstacles to overcome that hinder
their clinical application and lack of fundamental knowledge regarding the effectiveness
to prevent infections. Thus, understanding and identifying the key properties that mediate
the antimicrobial effects of the antimicrobial peptide coatings will further aid in
addressing the problem of losing their long-term stability and sustained activity when

exposed to multiple biological and surgical challenges.
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It is well accepted that the antimicrobial effect of antimicrobial peptides relies on their
cationic amphiphilic property which enables their interaction with the bacteria membrane
through electrostatic and hydrophobic interactions. This results in the disturbance of the
bacteria membrane [96]. Thus, hydrophobicity and charge are commonly suggested to be
the most important factors contributing to the bioactivity of antimicrobial peptides and
coatings made with them. There are many works in the literature investigating the effects
of hydrophobicity and the cationic nature of antimicrobial peptides on bacteria membrane
disturbance. A few of them focused on studying those effects when the peptides are
tethered and confined on the surface. M. Bagheri et al reported that higher antimicrobial
effects were observed when the charged amino acids were tethered close to the surface,
and hydrophobic domains of peptides were immobilized away from the surface [147]. K.
Hilpert et al also showed similar results, indicating that hydrophobic residues should be
optimally exposed to form direct contacts with bacteria [148]. However, R. Chen et al
concluded the opposite as they assessed that the optimal antimicrobial activity is obtained
when the cationic portion is away from the surface and more available to interact with
bacteria [136]. The conflicting conclusions imply that the separate influence of neither
hydrophobicity nor electrostatic charge univocally defines the antimicrobial effect of the
antimicrobial peptide coatings. We hypothesized that a more important factor for defining
the antimicrobial activity of our peptide coatings is the acquired secondary structure of
the peptide on the coating. The spatial arrangement of the hydrophobic and charged
groups is as important as, if not more than, the intensity of the charge and hydrophobicity

themselves. To investigate the contribution of hydrophobicity, charge and secondary
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structure of the tethered-peptide coatings to their bioactivities, we tested Ti surfaces
coated with antimicrobial GL13K peptides and control GL13KR1 peptides. To discern
the key factors for the antimicrobial activity of the GL13K coating, the antimicrobial
effect of these peptide coatings against S.gordonii, a primary colonizer for P.gingivalis in
peri-implantitis was evaluated and the hydrophobicity, charge and secondary structure of

the two tethered-peptide coatings were compared.

4.3 Materials and Methods

Immobilization of Peptide Coatings on Ti Surfaces

See chapter 3.3

Evaluation of Antimicrobial Activity of Peptide Coatings

Streptococcus gordonii ML-5 was inoculated in 2ml Bacto Todd-Hewitt broth (BD
Biosciences, US). This overnight culture was diluted 10 folds with 0.9% NaCl then 50
folds with Todd-Hewitt broth. Titanium discs were placed under UV for 10min then
placed into 48-well plate. ImL of the diluted culture was added to each well, and
incubated at 37°C with mild shaking for 24 hrs. After incubation, the discs were taken out
and carefully rinsed with 1mL NaCl for 3 times. The discs were transferred to a new 48-
well plate and incubated for an additional 2 hrs. The goal of additional incubation was to
increase the metabolic activity of the bacteria, thus improving the sensitivity of the
adenosine triphosphate (ATP) assay. After incubation, Ti discs were thoroughly rinsed
with 0.9% NaCl to remove loosely bonded bacteria then sonicated in 300ul NaCl for 10
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min to collect adhered bacteria on the surface. 100ul of the collected solution was mixed
with 100ul of the BacTiter-Glo™ Microbial Cell Viability kit (Promega, US) into opaque
wall 96 well plate. After 5 minutes of incubation at 37°C, the luminescence was measured
by microplate luminometer (BioTek, US). Another 100ul of collected solution was used
for the Colony Forming Units (CFU) test. Briefly, 100ul of the obtained solution was
diluted serially for 10, 100, 1000 and 10000 fold. Then, 10ul of solutions at each
concentration were plated on Todd-Hewitt Agar plates and incubated overnight at 37°C in
a humidified atmosphere of 5% CO,. The number of CFU was counted after incubation
period. LIVE/DEAD®™ BacLight™ Bacterial Viability Kits (Invitrogen, US) was used for
live and dead cell staining. Briefly, Ti discs cultured overnight with S.gordonii were
rinsed with 0.9% NaCl for 3 times. Equal volumes of green and red dyes in the kit were
mixed and diluted at concentration 0.3% in H,O. 10ul of diluted dye was dropped and
spread on tested surfaces and incubated at room temperature in the dark for 15 minutes.

Samples were transferred to fluorescence microscope for visualization.

Scanning Electron Microscope

The morphologies of the bacteria on the discs were analyzed using field-emission gun
Scanning Electron Microscopy (JEOL 6500 FE-SEM, Japan) at 5 kV. The bacteria were
primarily fixed with 2% glutaraldehyde and 0.15% alcian blue in 0.1M sodium
cacodylate buffer (pH 7.4) for 1hr, then washed with 0.1M sodium cacodylate buffer for
5 min. They were secondarily fixed with 1% OsO4 in 0.1M sodium cacodylate buffer for

1 hr and washed with sodium cacodylate buffer. After fixation, samples were dehydrated
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with ethanol (50%, 70%, 80%, 95% and 100%, 5 min in each). All samples were critical-
point dried using a Critical Point Dryer (Tousimis Samdi-780, US). Samples were then
mounted on aluminum stubs with double-sided copper tape and sputter coated with 5 nm
Pt. In order to identify the morphologies of live and dead cells, some samples were
examined by both fluorescent microscopy and SEM in the same field. The fluorescent
microscopy image was rotated to match with the SEM picture and a black background

was added.
Zeta Potential Measurements

The surface charge of the different titanium surfaces was determined by means of {
potential measurements (SurPASS Electro-kinetic Analyzer for solid surface analysis,
Anton Paar, Austria).The C potential measurements were carried out with 1mM KCl
solution as the electrolyte adding KOH 0.1M until the electrolyte pH was adjusted to 7.4.
The experimental set up was performed using the SurPASS symmetric adjustable
clamping cell, fixing two similar samples in front of each other. Streaming potential
measurements with the symmetric cell were taken eight times at pH 7.4. After the
measurements, surface conductivity correction was performed measuring the specific
electrical conductivity and cell resistance using 0.1M KCI solution. The { potential was

then calculated using the Smoluchowsky equation:

au U Roam xcr X Koam ka
dp £Xg Rooo1m ke

§=
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where dU/dp is the slope of streaming potential versus pressure, 1 is the viscosity of the
electrolyte solution, & is the dielectric constant of the electrolyte solution, €0 is the
vacuum permittivity. Ko v kc1 and Roim ker are the specific electrical conductivity and
cell resistance using 0.1 M KCI solution. Rgooim ke 18 the cell resistance using 1 mM

KClI solution.

Circular Dichroism Spectroscopy

For obtaining the circular dichroism (CD) spectrum of GL13K and GL13KR1 peptides in
solution, they were dissolved in different buffers at 0.1 mM concentration: pH 7.4 sodium
phosphate buffer; pH 10.5 sodium carbonate buffer; and a serial sodium borate buffers at
pH 8.5; 9; 9.2; 9.4; 9.6; 9.8; 10; 10.2; 10.4;10.6. CD spectra were recorded using a
JASCO J-815 spectropolarimeter and quartz cell with 1.0mm path length. CD spectra
were acquired with solvent subtraction from 190 to 260nm. For testing CD spectrum of
peptide coatings, the peptides were immobilized on 8x25x0.5 mm quartz slides (SPI, US)
using CPTES silane chemistry, and then inserted into a quartz cell with 1.0mm path
length. To test the stability of the secondary structure of the peptide coatings, peptide-
conjugated quartz slides were immersed in PBS at 37°C for up to 7 d. After that, the
quartz slides were cleaned, dried, and re-tested to evaluate the secondary structure of the
peptides in the remaining coatings. The acquired CD spectra were converted to mean
residue ellipticity. To examine the percentage of secondary structure of peptides, all
spectra were fitted using three different programs (CDSSTR, CONTINLL and

SELCON3) in CD Pro and the averaged percentage was used in this report.
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Statistical Analysis

Statistically significant differences among groups were assessed using one-way ANOVA
Tables with post-hoc tests (p<0.05). Multiple comparison LSD and Dunnett's T3 tests
were performed when equality of variances between compared groups was or was not

assumed, respectively.

4.4 Results and Discussion

Antimicrobial Effects of GL13K Coatings on Titanium Surfaces

The antimicrobial effects of peptide coatings were assessed by the activity of
Streptococcus gordonii on the tested surfaces. The commensal species S. gordonii is a
primary colonizer in oral biofilms that, significantly, constitutes an attachment substrate
for the secondary colonization and biofilm accretion by the potential pathogen of peri-
implantitis, P. gingivalis. Adherence of P. gingivalis to surfaces in the developed biofilm
depends on deposition of S. gordonii cells on the salivary pellicle at the colonized surface
[149]. If S.gordonii is not present in the biofilm, only a few P.gingivalis cells are able to
attach on the surface and as a result they are easier to detach and remove from the
compromised surface [150]. Therefore, strategies that prevent S.gordonii adhesion on the
surface compromise the biofilm formation, and therefore minimize the risk of developing
peri-implantitis. The Colony Formation Unit (CFU) assay was used to test the amount of
viable bacteria and the Adenosine Triphosphate (ATP) assay was used to investigate the

metabolic activity of the bacteria. The combined results showed statistically significant
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reduced S.gordonii activity after overnight culture on cov-GL13K surfaces in comparison
with non-coated control eTi surfaces and surfaces coated with control peptides, cov-
GL13KR1 or cov-GK7NH2 (Figure 4.1A). Chitosan (a known highly-cationic
antimicrobial agent) was immobilized on titanium surface and tested as positive control
group for this experiment. Results showed that cov-GL13K surfaces had higher
antimicrobial effect than the chitosan coated surfaces, although differences were not

statistically significant.

Live and dead cell staining assay showed the sustained antimicrobial effect of GL13K
coatings after 2, 4, 6 hours, and overnight culture with S.gordonii (Figure 4.1B). The
controls gradually accumulated bacteria as incubation time increased, and thick biofilms
were grown after overnight culture. GL13K-coated surface presented significantly
reduced bacterial adhesion at each time point. Growth of the S.gordonii biofilm was
inhibited throughout the experiment on GL13K-peptide coatings, and the scarce bacteria
visualized on the GL13K coatings were predominantly dead bacteria. Thus, the GL13K

coatings on titanium surfaces showed “killing by contact” effect on bacteria.
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Figure 4.1 Antimicrobial effects of coatings were tested by A) CFU and ATP activity assays and B)
Live/dead cell fluorescence staining. A) GL13K-coated surface showed a statistically significant reduction
of CFU and ATP activity in comparison to all negative controls. Error bars are the standard deviation of at
least three samples in each group. B) Live and dead cell staining showed the sustained antimicrobial effect
of GL13K-peptide coatings after 2,4,6 hours and overnight culture with S.gordonii. GL13K surface had

reduced bacterial adhesion at each time point and “killing by contact” effect to the bacteria.
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Scanning Electron Microscopy (SEM) showed the morphological change of S.gordonii
after overnight culture on the different tested surfaces (Figure 4.2A). Low magnification
pictures confirmed results obtained for the live/dead experiment; that is, GL13K-peptide
coatings inhibited biofilm formation. The majority of bacteria visualized by SEM on the
GL13K-coated surface were isolated cells with bead-like morphology. In contrast, most
of the bacteria in the biofilm grown on control surfaces were mature cells with rod-like
and/or chain-like morphologies. High magnification images demonstrated that the bead-
like cells on cov-GL13K surfaces had morphology of S.gordonii which is typical of its
planktonic state (Figure 4.2A, lower row). This suggested that GL13K coating stopped

the S.gordonii developmental process at an early stage; thus, preventing biofilm growth.

We then discerned the viability of bacteria with planktonic morphology and hence their
potential to grow and further develop biofilm. We matched fields of images obtained with
both SEM and fluorescence microscope after live/dead cell staining (Figure 4.2B). Most
of the bacteria on cov-GL13K surfaces, including those that showed planktonic
morphologies in SEM images (dashed arrows) were dead bacteria. Only a few bacteria
with chain-like morphology were alive (solid arrow). Given that bacterial biofilms grown
on medical devices are up to 1000-fold more antibiotic resistant than bacteria in
planktonic state [151, 152], the occasional remaining bacteria that are alive or transitory
alive on the cov-GL13K surfaces would be more vulnerable to additional antibiotic

treatment after implantation as well as more easily cleaned by the immune system.
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Figure 4.2 SEM images showed the morphology of S.gordonii after overnight culture. A) cov-GL13K
surfaces prevented biofilm formation and growth. Bacteria on GL13K-coated surfaces showed planktonic
morphology, whereas well-established biofilms on control surfaces showed mature cells with chain-like
morphology, typical of established biofilms. B) Matched image fields obtained by SEM (right) and
live/dead cell fluorescence staining (left) revealed that most of the bacteria on GL13K-coated surfaces,
including bacteria with planktonic morphologies (dashed arrows) were dead. Only a few mature bacteria
with chain-like morphology were still alive on the antimicrobial surfaces after overnight culture (solid

arrow).

It is worth noting that GL13K and GL13KR1 sequences that shared the same amino acids
but in different ordered sequence showed notable different antimicrobial activity. Further

investigation to discern the key properties contributing to the effective antimicrobial
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activity of the GL13K-peptide coatings constitutes the rest of the study discussed in this

chapter.

Key Factors for the Antimicrobial Activity of GL13K

It is well accepted that hydrophobicity and charge greatly contribute to the antimicrobial
effect of antimicrobial peptides [153]. However, as previously introduced, we
hypothesized that the secondary structure of the peptides in the coating is also a key
factor affecting its antimicrobial effect. By optimally distributing (location and density)
the hydrophobic and charged domains, the secondary structure of the peptides can
mediate specific interactions between structural components of the bacteria membrane
and the peptides in the coatings. Others have investigated the effect of the secondary
structure of the antimicrobial peptides on their efficacy as an isolated factor with also
controversial conclusions [154, 155]. Here, we explored the three factors that we
anticipate are key for the bioactivity of the antimicrobial peptides and coatings made of
them. Thus we analyzed and compared surface hydrophobicity, surface charge and the
secondary structure of the antimicrobial GL13K-petide coating and the non-antimicrobial

control GL13KR1-peptide coating.

Surface Hydrophobicity

Surface hydrophobicity was tested by water contact angle using the sessile drop method

(Figure 3.1 A). Both GL13K and GL13KRI1 coatings had very high hydrophobicity, but
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with no statistically significant difference. This indicated that surface hydrophobicity

alone was not the key factor determining the activity of the GL13K-peptide coatings.

Surface Charge

Surface charge of GL13K and GL13KR1 coatings determined by surface C potential also
showed only minor differences between these two surfaces (Figure 4.3). At pH 7.4,
etched Ti, CPTES silanized Ti and cov-GK7NH2  surfaces were markedly
electronegative with zeta potential at -30.4+4.8, -38.3+4.6, and -34.8£3.8 mV,
respectively. This was due to the anionic potential of the surface created by the hydroxyl
groups formed after NaOH etching. Adding to that, the chloride groups in the CPTES-
silanized surfaces added more negative charges to the eTi-Sil surfaces. Cov-GL13K and
cov-GL13KR1 groups showed significantly increased (less negative) surface charge due
to the abundant cationic amino acids contained in these two immobilized peptide
sequences. This greatly minimized the overall negative charge of the coated surfaces with
-10.14+4.8 and -14.043.3 mV for the GL13K and GI13KR1 coatings, respectively. The
difference in the average surface charge between cov-Gl13K and cov-GL13KR1 surfaces
was not significantly different. This further indicated that neither surface hydrophobicity
nor surface charge were the determinant(s) for the activity of the GLI13K-peptide

coatings.
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Figure 4.3 Zeta (£) potential values of the different surfaces were tested. Etched Ti, silanized Ti and cov-
GK7NH2 surfaces were highly negatively-charged at pH 7.4. GL13K and GL13KR1 coated surfaces
showed significant reduction of the overall negative charge due to the highly cationic nature of these two

peptides. Error bars are the standard deviation of three samples in each group.

Secondary Structure of the Peptides and Peptide Coatings

We also investigated the difference between secondary structures of the GL13K and
Gl13KR1 peptides both in solution and covalently-anchored to a surface using silane
chemistry. Computer prediction of the secondary structure was conducted by using the

web server PSIPRED (http://bioinf.cs.ucl.ac.uk/psipred/; last access 04/16/2014) from the

Department of Computer Science at UCL-University College London, UK. GL13K is
predicted to have B-sheet structure at the KIIKLLKA domain, with the two terminal sides
predicted to form random coil structures. However, GLI3KR1 is predicted to form an a-
helix structure through almost the entirety of the aminoacid sequence, GIKLLKSKLKA,

with only the C- and N-terminal aminoacids having random coil conformations (Figure
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4.4). To verify the computer prediction, the secondary structures of the two peptides were

tested by CD Spectroscopy.

A GL13K

cont : JlzAlNaREazaalt
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Legend:
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- +

= strand Pred: predicted secondary structure

= coil RAA: target sequence
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Figure 4.4 Computer prediction of the secondary structure of A) GL13K and B) GL13KR1

Firstly, we investigated the conformation of GL13K and GL13KR1 peptides in buffered
solution. Both GL13K and GL13KR1 showed dominant random coil structures at pH 7.4
(Figure 4.5 A). The spectra consisted of a minimum at ~200nm, which is a characteristic
CD spectroscopic signal given by random coil structures. This was consistent with results
from V. Balhara [156]. However, when we dissolved the peptides in buffer at pH 10.5,

which is the buffer we used for covalently bonding the peptides on the silanized titanium

84



surfaces, the two peptides changed their conformations and the conformations reached by
each of the peptides were significantly different. The secondary structures attained by the
two peptides in solution at pH10.5 were those of the computer prediction. On one hand,
the CD spectra for GL13K peptides consisted of a maximum at ~195 nm, and a broad
minimum at ~215nm, which revealed a conformational state with combined  sheet, o
helix and random coil structures, but with a notable prevalence for the B sheet structure.
On the other hand, the CD spectra for GL13KR1 peptides showed a maximum at ~190
nm and a broad minimum at ~207nm, indicating a mixture of a helix and random coil
structures, with a helix dominance and almost absence of 3 sheet structure (Figure 4.5 B).
Thus, we observed that a pH shift towards more basic conditions triggered folding of the
two peptides from a prevalent random coil conformation at pH 7.4 into their predicted
structures. These conformational changes are most likely triggered by neutralization of
the cationic side chains in the peptides [157]. This leads to decreasing molecular
repulsion between peptide molecules and thus, formation of hydrogen bonds and
hydrophobic interactions between the molecules is favored. To verify this, we prepared a
series of sodium borate buffers at pH 8.5; 9; 9.2; 9.4; 9.6; 9.8; 10; 10.2; 10.4; 10.6. With
the gradual pH increase from 8.5 to 10.6, both GL13K (Figure 4.5 C) and GL13KR1
(Figure 4.5 D) peptides progressively modified their structures from prevalent random
coil conformations to either B sheet (Figure 4.5 C) or a helix (Figure 4.5 D) structures,
respectively. These results suggested that basic solutions triggered and stabilized peptide

self-assembly to form their respective favored structural conformations.
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Thus the prevalence of the B sheet structural domains formed by GLI13K peptides in
comparison to the prevalence of o helix structural domains formed by GLI13KRI

peptides is a distinctive factor between the two peptides investigated here.
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Figure 4.5 Circular Dichroism (CD) spectra. A) GL13K and GL13KR1 in pH 7.4 buffer; B) GL13K and
GL13KR1 in pH 10.5 buffer; C) GL13K and D) GL13KRI1 in buffers from pH 8.5 to pH 10.6; E) GL13K-
peptide coating and F) GL13KR1-peptide coating after different times of immersion in PBS (pH 7.4) up to

7days.

V. Balhara et al investigated the antimicrobial mechanism of GL13K peptides in solution

[156]. They found that GL13K peptides had random coil structures in a biological
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solution at pH 7.4. However, upon binding with model cellular membranes (1, 2-
dioleoylphosphatidylglycerol (DOPG)); (that is, when interaction of the peptides with
bacteria membranes is simulated in vitro), GL13K peptides changed their conformation
into B-sheet. The authors suggested that the peptides optimize their interaction with the
model amphiphilic bi-layer membrane, which in turn disrupts the integrity of the

membrane.

Our results and those by Balhara et al indicate that the formation of B sheet structures
with the GL13K peptide either in basic solutions or when recruited to the bacteria
membrane is key for their effective antimicrobial activity. Therefore, retention and
stabilization in the peptides coatings of the B sheet structures by GL13K peptides should

be also key for the antimicrobial activity of these coatings.

To validate this, we assessed the effective retention of B sheet and a helix structures on
GL13K and GLI13KRI coatings, after covalent-bonding on the surfaces from basic
solutions. In fact, we selected a basic buffer (pH 10.5) for the peptide covalent-bonding
to the silanized surfaces because it favors the nucleophilic substitution reaction between
the silanes and the peptides. Then, the use of this buffer not only improves bonding
efficacy of the peptides on the surface, but it also triggers the molecular assembly to form
the distinctive secondary structures for each of the peptides. CD spectra of GL13K and
GL13KR1 coatings which immobilized on quartz slides using the same CPTES-
silanization method to coat Ti surfaces are shown in Figure 4.5 E and Figure 4.5 F,

respectively. In the dry state (0 min), GL13K peptides in the coatings conformed a
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prevalent B sheet structure, whereas GL13KR1 coatings displayed dominance of the a
helix conformation. Thus, both peptides retained in the coatings the same conformational
structures they had in solution at pH 10.5. The relative structure content of B sheet, a

helix and random coil calculated by CD pro is shown in Figure 4.6.

Finally, the stabilization after retention of the secondary structures of the peptides in the
coatings is a crucial property for the effectiveness of the coatings both in vitro and in
vivo. Dental implants, after surgery, are surrounded by biological fluids with neutral pH.
Therefore, if the B sheet structure of GL13K peptides in the coatings is not stable and the
peptides re-conform back to the random coil structures at neutral pH solutions, its
antimicrobial effect will be compromised. To investigate this, GL13K and GLI3KRI
coatings on the quartz slides were immersed in PBS (pH7.4) for up to 7 days at 37°C.
Samples were tested by CD after 20 min, 3d and 7d, in PBS. Secondary structures of the
peptides in the coating did not change as incubation time increased (Figure 4.5 E and F).
This result demonstrated that the originally retained molecular conformations were stable
after exposure to a simulated biological environment. The mean ellipticity was gradually
attenuated from time 0 to 7 d, which suggests that some of the peptides were released

from the surface during this period.

Overall, these results demonstrate that the secondary structure of the peptides in the
coatings is a distinctive key factor that determines their antimicrobial efficiency.
Moreover, GL13K-peptide coating displayed its remarkable antimicrobial effect against

S. gordonii because the coating not only is highly cationic and amphiphilic but also
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retains and stabilizes the B sheet structure of the peptides initially formed in a basic

solution.

Unordered
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Figure 4.6 Relative structural components (B sheet, o helix and random coil) of the GL13K and GL13KR1

peptides in solution at pH 7.4 (left), and pH 10.5 (center) as well as in the coatings (right).

Interestingly, the MIC value for GL13K against S. gordonii was 256 pg/ml, which
reveals a limited efficiency of the antimicrobial activity of GL13K peptides in solution.
This effect of the peptides in solution differed from the high efficiency of the GL13K-
peptide coatings tested here. The concentration of GL13K peptides on the titanium
surfaces after covalent-bonding (54.4+34.4 pg/cm®) is much higher than the
concentration of GL13K peptides used in solution against S. gordonii (100ug/ml) [134].
The high peptide concentrations on the surface may prevent bacteria mechanisms for
resealing and self-repairing their phospholipid membrane bilayer, which have been
observed when bacteria are exposed to GL13K peptides in solution after initial damage of

their membrane [156]. G. Gao et al also reported that in contrast to peptides that are free
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standing in solution, where membrane interaction and perturbation are diffusion limited,
the high concentrations of peptides that are achieved when they are tethered on surfaces
produced more extended damage to the membrane permeability barrier of the bacteria
[158]. Additionally, we propose that the high efficiency of the antimicrobial GL13K-
peptide coatings is favored by the strong stabilization of the B-sheet structures of the

peptides before and during their interaction with the bacteria membrane.

Figure 4.7 is a schematic representation of the conformational changes of GL13K and
GL13KRI1 peptides and their consequential effects on interactions with bacteria. Both
GL13K and GL13KRI1 peptides show random coil structure in buffer at pH 7.4. In the
immobilization solution at pH 10.5, GL13K and GLI3KR1 peptides preferentially
change their conformation to  sheet and a helix structures, respectively. When peptides
are immobilized on the surfaces the conformational states of the two peptides are retained
on the obtained coatings. Those secondary structures of the peptides in the coatings are
stabilized and no notable reverse conformational changes occur when exposed to
solutions at neutral pH. The stabilized B sheet structure of GL13K peptides in the coating
assists membrane disruption; however, the o helix structure of GL13KR1 peptides in the

coating does not favors membrane disruption.

Membrane disruption is the well accepted mechanism responsible for the antimicrobial
effects of antimicrobial peptides [159, 160]. We did not observe any specific pattern of
membrane damage to the surface membranes, but S. gordonii have a thick and stiff

peptidoglycan wall that prevents them from collapsing or bursting.
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Figure 4.7 Schematics of the conformational changes of GL13K and GL13KR1 peptides in solution and
after being immobilized on the coatings. The consequential antimicrobial activity of the peptide coatings is

also displayed.

4.5 Conclusions

GL13K-peptide coatings killed S.gordonii at their planktonic or early growth stage,

preventing the maturity of the bacteria and biofilm formation and growth.

The antimicrobial GL13K and the non-antimicrobial control GL13KR1 coatings had
similar hydrophobicity and surface charge, but the two peptides acquired different
conformations both in basic solutions and once immobilized in the coatings. GL13K
peptides conformed to preferential B-sheet structure, whereas GL13KR1 peptides

conformed to a-helix structure. The distinctive conformational changes were triggered by
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the high pH of the solution used for immobilizing the peptides on the surface, and it is
retained and stabilized in the coatings. Thus, GL13K-peptide coating displayed its
remarkable antimicrobial effect against S. gordonii because the coating not only is highly
cationic and amphiphilic but also retains and stabilizes the B sheet structure of the

peptides initially formed in a basic solution.

The stabilized B-sheet structure of GL13K coatings may contribute to the long term in

vivo antimicrobial effects of the GL13K coating.
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Chapter 5

Cell Wall Damage of Gram Positive
Bacteria by GL13K Coating in a Drip

Flow Bioreactor
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5.1 Objective

The chapter aims to examine the antimicrobial effects of GL13K coating on S. gordonii
in a drip flow bioreactor. The culturing conditions in a drip flow bioreactor simulate more
reliably the biological environment in the oral cavity; i.e., comparable shear forces to the
ones exerted by saliva in contact with surfaces and biofilm and a sustained nutrition
supply for the microflora. The antimicrobial effects and the prevention of biofilm growth
on GL13K-peptides coatings under these simulated bacterial culture condition will be

investigated.

5.2 Introduction

Infection is one of the most prevalent causes for implant failure. Antimicrobial peptides
are promising alternatives to currently used antimicrobial agents. In our previous work,
we tethered the antimicrobial peptide GLI3K (a sequence derived from the parotid
secretory protein), onto a Ti surface for obtaining coatings with notable antimicrobial
effect against Porphyromonas gingivalis bacteria [135]; that is, a pathogen species that
are closely associated with the development of biofilms and dental peri-implantitis. In
addition, the GL13K-peptides coating was cyto-compatible to osteoblasts and human

gingival fibroblasts.

In chapter 4, we presented the antimicrobial effects of GL13K against Streptococcus
gordonii, a primary colonizer on the surface that provides attachment for the biofilm

accretion by P. gingivalis [149]. However, our previous work and most in the literature
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was performed to assess the bioactive effects of the antimicrobial coatings on the targeted
bacteria under static or mildly shaking culture conditions. Those culture conditions do not
simulate the conditions of biofilm formation and growth in the oral cavity. In the mouth
the salivary flow over the coating is persistent and applied continuous shear force and
supplies sustained nutrition to bacteria. This may accelerate bacteria metabolism and
biofilm formation and growth. SN Sawant et al showed that the formation and growth of
E.coli biofilm on surfaces in a drip flow bioreactor was twice more than that in a shaker
[161]. Both CFU amount (from live bacteria) as well as carbohydrate and protein
concentration (from live and dead bacteria) showed higher values on surfaces in a drip
flow bioreactor than that in a shaker. This indicates that the drip flow bioreactor system
will generate a greater challenge to the antimicrobial peptide coatings than the one under

regular culture conditions.

Here we tested the antimicrobial effects of our GL13K coating against Streptococcus
gordonii by using the drip flow biofilm reactor system. In this system, media was

pumped onto the coating surface with a flow rate simulating the salivary flow rate.

5.3 Material and Methods

Immobilization of Peptide Coatings on Ti Surfaces

See chapter 3.3. In addition, Polymyxin was used as a positive control. CPTES silanized

Ti discs were immersed in 0.1mM polymyxin in 0.5mg/ml Na,COj3 solution overnight
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(cov-polymyxin). The successful immobilization of polymyxin on surfaces was

confirmed by water contact angle test.

Bacteria Culture in the Drip Flow Bioreactor

Streptococcus gordonii ML-5 was inoculated in 2ml Bacto Todd-Hewitt broth (BD
Biosciences, US) overnight. Titanium discs were UV sterilized for 10min then placed
into sample holders in the four channels of the drip flow biofilm reactor (BioSurface
Technologies Corp., USA) (Figure 5.1A). Four groups: eTi, cov-polymyxin, cov-GL13K
and cov-GLI13KR1 were placed into the four channels respectively. Three discs were
used each group. The bacteria culture was conducted in 2 phases. The first phase, static
phase, consisted in an overnight culture under static conditions to stabilize the biofilm
(Figure 5.1B) and the second phase, dynamic phase, consisted of 48h of culturing under
continuous flowing conditions (Figure 5.1C). During the static phase, 20ml of 107 cfu/ml
Streptococcus gordonii dilution were loaded in each channel and the bioreactor was
positioned parallel to hood floor. The bioreactor was heated with a hotplate (Corning,
USA). A highly conducting metal plate made of aluminum was positioned between the
hotplate and the bioreactor to evenly distribute the heat among the different channels and
positions in each channel. The temperature inside the channels was adjusted to 35°C in
the inlet and monitored with a digital temperature controller (BriskHeat
Corporation,USA). After the overnight static culture, the effluent tubing was unclamped
and a 10° inclined base was added underneath the bioreactor to aid the flow of the media

throughout the channels during the dynamic culturing phase. A peristaltic pump (Cole

96



Parmer, USA) was used to force the Todd-Hewitt broth media from an Erlenmeyer flask
into the bioreactor channels at a flow rate of 0.3ml/min. The flow rate was selected from
the range of un-stimulated salivary flow rate--- 0.1-2 ml/min [162]. The low end of the
range was selected in this experiment because the salivary flow rate surround the dental
implants; i.e. in gingival sulcus is expected to be much lower than the average flow rate
in the mouth. The temperature inside the channels was 29°C in the dynamic stage.
Samples were collected at the end of second phase and rinsed gently with 0.9% NaCl

before characterizing biofilms formed on the different tested surfaces.
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Figure 5.1 Drip flow biofilm reactor system. A) Ti samples with or without coatings were loaded in each of
the four channels of the bioreactor. B) S.gordonii were cultured overnight under static conditions followed

by C) 48h cultured with a continuous media flow rate.
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Bacteria Culture in Regular Conditions

Streptococcus gordonii ML-5 was inoculated in 2ml Bacto Todd-Hewitt broth (BD
Biosciences, US) overnight. Ti discs were UV sterilized for 10min then transferred into a
48-well plate. 1ml of 10" cfu/ml Streptococcus gordonii was loaded in each well. The
plate was incubated in 35°C incubator on a shaker (stovall life science, USA) with mild
shake (60rpm) for the same time period as the samples in the bioreactor. Samples were
collected at the end of the culture period and rinsed with 0.9% NaCl gently before

characterizing biofilms formed on the different tested surfaces.

CFU and ATP Activity Assay

Samples were sonicated in 300ul 0.9% NaCl for 10 min to release bacteria adhered to the
surface into solution. 100ul of the collected solution was mixed with 100ul of the
BacTiter-Glo™ Microbial Cell Viability kit (Promega, US) and the luminescence was
measured by microplate luminometer (BioTek, US). Another 100ul of the collected
solution was used for CFU test. Briefly, 100ul of the obtained solution was diluted
serially in 10, 100, 1000 and 10000 folds. 10ul of each concentration were plated on
Todd-Hewitt Agar plates and incubated overnight at 35°C. The number of CFU was

counted after the incubation period.

Live and Dead Cell Staining

LIVE/DEAD® BacLight™ Bacterial Viability Kits (Invitrogen, US) was used for live and

dead cell staining. Briefly, Equal volumes of green and red dyes in the kit were mixed
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and diluted to concentration 0.3% in H,O. 10ul of diluted dye was dropped and spread on
each test-surface and incubated in the dark for 15 minutes. Samples were transferred to

fluorescence microscope for visualization.

Scanning Electron Microscopy

The morphologies of bacteria and structural visualization of the grown biofilms on the
tested surfaces were analyzed using field-emission scanning electron microscopy (JEOL
6500 FE-SEM, Japan) at 5 kV. The bacteria were primarily fixed with 2%
glutaraldehyde and 0.15% alcian blue in 0.1M sodium cacodylate buffer (pH 7.4) for 1h.
Then the samples were washed with 0.1M sodium cacodylate buffer for 5 min. They were
secondarily fixed with 1% OsO4 in 0.1M sodium cacodylate buffer for 1 h and washed
with sodium cacodylate buffer. After fixation, samples were dehydrated with ethanol
solutions at increasing concentrations (50%, 70%, 80%, 95% and 100%, 5 min each). All
samples were critical-point dried (Tousimis Samdi-780, USA). They were mounted on

aluminum stubs with double-sided copper tape and sputter coated with 5 nm Pt.

Statistical Analysis

Statistically significant differences among groups were assessed using one-way ANOVA

Tables with LSD post-hoc tests (p<0.05).
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5.4 Results and Discussion

Bactericidal Effect of GL13K-peptide Coatings

The bactericidal effect of the antimicrobial peptide coatings were assessed by evaluating
the activity of S.gordonii on the tested surfaces. The commensal species S. gordonii was
selected because it provides an attachment substrate for colonization and biofilm
formation by P. gingivalis. Adherence of P. gingivalis to a surface depends on the
deposition of S. gordonii cells on the salivary pellicle that form on the surfaces at the oral
cavity [149]. CFU assay was used to test the amount of viable bacteria and Adenosine

Triphosphate (ATP) assay was used to investigate the metabolic activity of bacteria.

After culture in the bioreactor the combined results showed statistically significant
reduced S.gordonii viability and metabolic activity on cov-GL13K surfaces than on
control surfaces; that is, non-coated eTi and coated with the control peptide GL13KR1
(Figure 5.2A). Coatings of immobilized polymyxin, a well-known strong antimicrobial
peptide, were used as the positive control group. The cov-GLI3K surfaces had

significantly higher antimicrobial effects than the positive control.

Live and dead cell staining assays revealed that after 3 d of culture in the bioreactor, very
thick S. gordonii biofilms grew on top of all the negative control surfaces (Figure 5.2B).
However, the GL13K-peptide coatings significantly reduced bacterial adhesion and
prevented the biofilm formation and growth. The dominance of dead bacteria on the cov-

GL13K surfaces indicated the effective bactericidal effect of the antimicrobial peptides in
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the coating. The bioactivity of the GL13K coating against S.gordonii was previously
described in our work (chapter 4) in overnight culture under standard culturing conditions
in an orbital shaker (60RPM). Our results here demonstrated that the GL13K-peptide
coatings preserved their remarkable antimicrobial effect when tested using the simulated
and more challenging culturing conditions applied with the bioreactor system. This
suggests that the cov-GL13K surfaces are preferential candidates to sustain the peri-

prosthetic infectious challenges if they are translated to clinical applications.
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Figure 5.2 Antimicrobial effects on S.gordonii of tested surfaces after 3d incubation in a drip flow
bioreactor A) CFU and ATP activity; and B) Live/dead cell fluorescence staining. Error bars are the

standard deviation of at least three samples in each group.

101



Cell Wall Damage by GL13K-Peptide Coatings

SEM visualization of the S. gordonii biofilms formed in the bioreactor revealed the
morphology, surface topography, integrity, and structure of bacteria and biofilms grown
on the different tested surfaces. Low resolution SEM images confirmed the live/dead test
result as very thick biofilms were detected on the control surfaces; whereas the GL13K-
coated surfaces had very low numbers of bacteria adhered and biofilms did not form on

them (Figure 5.3, 1% row).

Most notably, high resolution SEM pictures of the bacteria that attached to GL13K-
peptide coatings in the bioreactor revealed that a number of cells had a disrupted cell wall
(Figure 5.3, 2™ row). They displayed an open-shell morphology (arrow). None of the
bacteria in biofilms grown in the bioreactor on the control surfaces (eTi and cov-
GL13KR1) exhibited such cell wall damage. These experiments were triplicated with

consistent results.

We further investigated the unique occurrence of the observed cell wall rupture by
running new experiments with the same surface groups and periods of incubation (up to
three days), but under mild shaking (60rpm) conditions. Under these culturing conditions,
again the GL13K-peptide coatings prevented biofilm formation whereas dense biofilm
was grown on all control surfaces (Figure 5.3, 3" row). However, damage to the cell wall
of the bacteria was not observed in any of the tested cov-GL13K surfaces (Figure 5.3, 4™
row). Figure 5.4 showed that the cell wall rupture was already produced at the initial

stages (after 6h) of initiating the dynamic phase in the drip-flow bioreactor.
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Figure 5.3 SEM images of biofilms grown on the tested surfaces, Low (1 and 3™ rows) and high
magnification (2™ and 4™ rows) images of surfaces tested in the drip flow bioreactor (1 and 2" rows) and

the orbital shaker (3" and 4™ rows).

All of the evidence demonstrated that the presence of the GL13K-peptide coating alone
had bactericidal activity and prevented S. gordonii biofilm formation and growth; which
has been related to its ability to interact and disrupt the bacteria membrane [156].

However, only when in combination with other specific biological factors of the
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simulated oral conditions in the bioreactor system, the GL13K-peptide coating produces
disruption of the cell wall in this Gram positive bacteria. In comparison with the limited
supply of nutrients in the orbital shaker the sustained supply of media in the bioreactor
increases the metabolic activity of the bacteria. In fact, biofilms grown on control
surfaces in the bioreactor showed much thicker biofilms with smaller and more actively
divided bacteria than the ones grown in the orbital shaker (Figure 5.3). Thus, an increased
autolysin enzymatic activity is expected in the bioreactor which can assist the damage
produced by the GL13K peptides to disrupt the cell wall. Further studies will aim to test

this hypothesis.

Figure 5.4 SEM showed cell wall damage on the GL13K surface after 6,24,30 and 48 hr of continuous flow

culture. Cell wall rupture was formed at the very beginning of flow in stage (6h).

A more detailed look at the morphological features of the disrupted bacteria supports this
hypothesis. Figure 5.5 presents high resolution SEM images of multiple bacteria on
GL13K coatings with a disrupted wall. Bacteria with two general types of disrupted-wall
morphologies were identified: Rupture of the bacteria cell wall with (dashed arrow) or
without (solid arrow) the protoplast (Figure 5.5A). Figure 5.5B, D, E showed bacteria
with burst cell walls that did not retain their protoplast. This left empty shell-like wall

structures of bacteria. Figure 5.5F and G showed splitting of the cell wall that led to
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exposed bacteria protoplast. The cracking of the cells commonly occurred in their septum
and/or polar area (Figure 5.5C and E, arrow), which are the areas where enzymatic
activity is enhanced to initiate the process of severing the cell during the active phases of
bacterial division [163]. After enzymatic digestion of the cell wall, the protoplast can be
stabilized in an osmotic condition in which cell lysis does not occur. We collected our
samples in isotonic solution (0.9% NaCl) so that the morphology of the protoplast was
maintained. However, it is noteworthy that the cell membrane in bacteria visualized in
Figure 5.5.F and Figure 5.5.G showed localized morphological disturbances (arrows) that

may indicate their compromised function.

It is well accepted that antimicrobial peptides base their activity on inducing pore
formation on the bacteria membrane through different proposed mechanisms [96]. Our
collaborators also concluded that the GL13K peptides in solution can optimally interact
with an amphiphilic model bi-layer membrane and hence compromise its integrity [164].
However, Gram positive bacteria possess a thick peptidoglycan cell wall, which protects
the cell and provides shape and rigidity to the cell. It has been assessed that the wall of
the Gram positive bacteria delays the action of the antimicrobial peptides by trapping
them inside the cell wall and thus retarding their interactions with the phospholipid

membrane [165]. Here we have shown for the first time that under specific conditions an
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Figure 5.5 SEM pictures show the disruption of Streptococcus gordonii cell wall on GL13K surface after a
3d bioreactor culture. A) displayed a number of ruptured cell walls with (dashed arrow) or without (solid
arrow) protoplast. B)--E) were the high magnification of the rupture of cell wall; F) and G) showed the

cracking of cell wall with the popping out protoplast.
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antimicrobial coating made of GL13K-peptides damaged the cell wall of Gram positive
bacteria assisting to its disruption and hence suggesting an enhanced and faster exposure
of the cell membrane to the peptides in these antimicrobial coatings. One of the possible
literature explanations for antimicrobial peptides inducing cell wall damage is that the
cell wall disruption is induced by the molecular interaction between GL13K and the wall
teichoic acid (WTA). WTA has a molecular structure that is covalently linked to
peptidoglycans. WTA contains repeating units of ribitol or glycerol phosphate that can be
modified by glyosyl substituents or D-alanine esters. WTA obtains strong affinity for
antimicrobial peptides due to their highly anionic properties [166]. Koprivnjak T el al
showed that in the absence of WTA, S.aureus is 100-fold more resistant to antimicrobial
peptides [167]. Moreover, WTA plays an active role in the regulation of the autolytic
activity of Gram positive bacteria [166, 168, 169]. Biswas R et al demonstrated the
mechanism by which WTA regulates cell wall autolysis activity of the cell [170]. The
autolysin activity is known to decline at lower pH. Then, WTA participates in the
regulation of the autolysin activity as it has a substantial contribution to the proton-
binding capacity of the cell wall. Under normal conditions, the negatively charged WTA
phosphate groups trap protons in the cell wall, creating an acidic environment that keeps
autolysin activity at a low level (Figure 5.6A). The cationic antimicrobial peptides can
strongly interact with the phosphate groups of the WTA leading to the release of protons.
The resulting increased local pH activates autolysin, which would weaken the cell wall

by breaking down glycosidic bonds and peptide crosslinks (Figure 5.6B). The weakening
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of the cell wall through this mechanism would further lead to cell wall rupture when

assisted by other factors in the bioreactor system as discussed earlier.
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Figure 5.6 Schematics of the hypothesized mechanism by which antimicrobial peptides weaken the bacteria
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wall via electrostatic bonding to teichoic acid molecules.

It is worth noting that GLI3KR1 sequences which share the same charge with GL13K
did not present cell wall damage, indicating the molecular interaction between WTA and
antimicrobial peptides relies on more than just charge attraction. Our previous work

showed that GL13K and GL13KRI1 on the coatings had different secondary structures,
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which influenced their antimicrobial activity. Here we further speculate that the
preferential B-sheet structure in the GL13K peptides optimizes its interaction with WTA,
leading to a maximum occupation of the phosphate groups of the WTA. Further

experiments are needed to validate this hypothesis.

Conflicting recent unpublished results from the lab of our collaborator, Professor Sven
Gorr, with D-GL13K peptides --D-peptide version of GL13K, showed that D-GL13K
peptides formed B-sheet structures at lower pH than L-GL13K. This implies that D-
GL13K, which has the mirror structural image of GL13K, has an even higher tendency to
form this favourable structure for killing bacteria than GL13K. However, D-GL13K
peptides rescue the autolysis of S. gordonii induced by triton instead of enhancing
bacteria autolysis. Therefore, further experiments are needed to validate the functionality
of the interactions between teichoic acid and GL13K peptides in the coatings to induce

cell wall damage.

5.5 Conclusion

The antimicrobial peptide coating made of immobilized GL13K peptides had excellent
antimicrobial activity when exposed to S. gordonii cultures in a drip flow biofilm reactor
system. These culturing conditions in combination with the activity of the GL13K-

peptide coatings result in the cell wall damage.
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Chapter 6

Conclusions
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We have successfully developed a simple route to covalently co-immobilize two different
oligopeptides on Ti surfaces. The obtained peptide coatings showed strong mechanical

stability as well as enhanced osteoblast adhesion.

We also successfully covalently bonded antimicrobial peptide GL13K coatings on Ti
surface. The obtained coatings are resistant to simulated mechanical, hydrolytic, and
proteolytic clinical challenges with sustained bioactivity after cycles of body fluid

incubation and autoclaving.

The antimicrobial peptide GL13K coating prevented biofilm formation by killing
S.gordonii at their early developmental stage and the antimicrobial effect of GL13K-
peptides coating depended on the prevalent B sheet secondary structures formed by the

tethered GL13K peptides.

Cell wall damage of S.gordonii was observed on GL13K-coated surface when cultured
under dynamic conditions in a drip flow bioreactor. The effect of the GL13K peptides
assisted by the enhanced autolytic activity of S.gordonii when cultured under this
dynamic condition may be responsible for the damage of the cell wall and its final
disruption, which might be mediated by the molecular interactions between GL13K

peptides in the coating and teichoic acid molecules in the cell wall.

Future works include investigating the antimicrobial mechanism of GL13K-peptide
coating, assessing the interactions between the peptides and teichoic acid molecules

resulting in enhanced autolysis activity of the bacteria, evaluating the in vivo
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antimicrobial effect of GL13K coating, and developing a multifunctional coating with

both bone-regenerative and antimicrobial bioactivities.
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