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A mio papà

“Soffierà nel vento una lacrima
Che tornerà da te

Per dirti ciao, ciao!
Mio piccolo ricordo in cui

Nascosi anni di felicità, ciao
E guardami affrontare questa vita

Come fossi ancora qui”
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Chapter 1

Introduction

The increasing resistance of bacteria to conventional antibiotics and the limited ther-
apeutic efficacy of current alternative antimicrobial agents have propelled society to
a post-antibiotic era. Dental implants have been the focus of extensive investigation
in recent years with the fundamental aim of preventing implant failure and antimicro-
bial resistance. The principal etiologic factor that causes inflammation condition of
peri-implant tissues is the oral biofilm in the trans-mucosal region, particularly around
the collar and abutment of the implant, which significantly differs from the interface
between the gingiva and natural teeth. Antimicrobial peptides (AMPs) have gained
attention as possible alternative drugs thanks to their advantages, including the ability
to hamper the development of resistance by pathogens and their high selectivity. How-
ever, AMPs have shown clinical issues (mainly their enzymatic degradation) that limit
their possibility of being put on the market with success. Peptoids are a group of syn-
thetic and bio-mimetic biomolecules, also known as poly-N-substituted glycines, whose
success is in continuous growth. These compounds have been investigated as novel
biologically active thanks to their important biochemical properties, including struc-
tural diversity compared to peptide, resistance to proteolytic degradation, reduced
immunogenicity, enhanced cellular permeability, and ability to fold into higher-order
nanostructures.

This thesis aims to investigate the behavior of a chemically treated (CT) tita-
nium surface, functionalized with a peptoid, to promote adhesion and proliferation
of gingival fibroblast while simultaneously reducing bacterial adhesion. A synthesized
peptoid GN2-Npm9 was chemically adsorbed on the titanium alloy Ti6Al4V (ASTM
B348 Grade 5) and its properties were investigated. Firstly, surface characterization
was conducted using the XPS analysis, zeta potential titration curves, and confocal
microscopy. The results confirmed the homogeneous dispersion and electrostatic ad-
sorption of the peptoid on the CT surface, which has a negative surface charge at
pH 7.4. Biological tests were performed on CT specimens and CT_GN2-Npm9 spec-
imens: a test was conducted on cultured human mesenchymal stem cells to evaluate
the cytocompatibility, while the antimicrobial properties were studied against oral mi-
crobiota from healthy and pathological patients. The biological evaluations confirmed
that CT_GN2-Npm9 surfaces emerge as a promising combination of nano-topography
and bioactive compounds. They exhibit a selective ability to hinder bacterial infection
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CHAPTER 1. INTRODUCTION

while preserving the cells’ capacity to colonize the device, making them particularly
attractive for potential biomedical applications.
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Chapter 2

An Introduction to Peptoids

2.1 A growing oral health crisis

2.1.1 The urgent need for alternative solutions

The discovery of penicillin in 1928 and the introduction of antimicrobial drugs in 1940s
have had a significant impact on human health, thanks to the utilization of widespread
antibiotics. However, the prevalence of bacterial resistance to conventional drugs has
increased, resulting in a reduction of their effectiveness in treating certain bacterial
infections1. In advanced countries, antimicrobial resistance (AMR) is the third most
prevalent cause of mortality, primarily attributed to antibiotics-resistant diseases. Ap-
proximately 700 thousand deaths occur in a year, a number that may dramatically
surges to 10 million by 20502. Many research findings have illustrated the disas-
trous financial impact of AMR, including increases in healthcare costs attributed to
higher hospital admissions and escalated drug consumption3. Therefore, the growing
of pathogenic organisms’ resistance to common antibiotics and the limited therapeutic
efficacy of current antimicrobial agents have propelled society to a post-antibiotic-era
where the demand of alternative drugs is essential to prevent and hinder the growth of
pathogens1.
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CHAPTER 2. AN INTRODUCTION TO PEPTOIDS

Figure 2.1: A prediction of the mortality by 2050, due to the increased AMR, according
to a 2017 report from the United Nations Foundation and the Wellcome Charitable
Trust. The map shows the inequal distribution: the deaths in Asia and Africa are
expected to be about twice the deaths in North America, Europe, and Australia2.

2.1.2 Oral implant complications

Bacterial resistance is typically a mechanism that involves drug inactivation, target site
modification and biofilm growth. The latter one is particularly common in bacterial
pathogens and leads to in-vivo treatment failure and mortality. The field of contem-
porary dentistry is highly interested in studying the biological complications that arise
in relation to osseointegrated implants and biofilm formation. Peri-implant mucositis
and peri-implantitis are the two distinct clinical trials that can be identified. Although
both conditions share the presence of an inflammatory lesion associated with bacterial
resistance, peri-implantitis have the loss of bone support, while in peri-implant mucosi-
tis only the soft tissue is involved. It has been studied that mucositis typically occurs
before the development of peri − implantitis4. Peri-implantitis has a social impact,
because it significantly affects patient’s quality of life, causing elevated levels of anxiety
and limitation in social interactions and privaterelationships5. A significant percent-
age of worldwide adult population experience periodontal diseases, about 20-50%, and
it is identified as the main reason of tooth lack. This entails a clinical challenge among
the nations because the inflammatory condition may provoke the development of other
diseases, including obesity and autoimmune disorders6.

Nowadays, several risk indicators that accelerate the advancement of bone degen-
eration have been identified, including inadequate oral hygiene, previous history of
periodontitis, tobacco smoking, and diabetes, but the principal etiologic factor that
cause inflammation conditions of peri-implant tissues is the oral biofilm8. Therefore,
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Figure 2.2: Clinical characteristic of health and ill peri− implant7.

there is a pressing requirement to identify antibacterial agents with the capability to
inhibit biofilm growth and effectively combat the increasing problem of antibiotic re-
sistance.

2.2 Antimicrobial peptides (AMPs)
Antimicrobial resistance requires concerned research efforts to prevent the emergence
of drug-resistance infections and guarantee the efficacy of alternative classes of an-
tibiotics, preserving human and animal health. During the last decades, a group of
emerging molecules named antimicrobial peptides (AMPs), also called host defense
peptide, have been investigated as potential therapeutic agents for drug evolution and
pharmacological applications, since their discovery in the 1980s. AMPs play a critical
role in the innate immune system of a big number of organisms, including animals,
humans, plants, and microorganisms, as summarized in Figure 2.3, and are involved in
important biological processes, including wound repair, inflammation responses, home-
ostasis control and angiogenesis. They have been found to inhibit growth or kill a wide
range of invading pathogenic microorganisms, such as filamentous fungi, enveloped
viruses (including feline calicivirus, RNA and DNA viruses), Gram-positive and Gram-
negative bacteria, and parasites species, showing versatility, high selectivity and low
propensity to biofilm development and de novo resistance9. To date, 4571 sequences
of AMPs (both natural and synthetic) have been isolated and stored in the database
DRAMP (data repository of antimicrobial peptides)10.
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Figure 2.3: AMPs have been isolated from several living species in nature, ranging from
prokaryotes to humans. Here some examples of AMPs as natural component with a
focus on the different structures9.

2.2.1 Structure and mode of action

AMPs are characterized by short peptides with a variable number of amino acids
residues (typically between twelve and one hundred) classified into different families,
according to amino acid composition and length. Most AMPs display a net positive
charge (+2 to +9), heat stability (100 °C, 15 min) and no drug resistance. In addition,
they typically have an amphipathic structure that allows their accommodation into
bacterial cytoplasmatic membranes.9,11.
It has been studied that the overall biological activity is influenced by a combination of
size, charge, helical content, hydrophobicity, and amphipathic stereo geometry. Smaller
AMPs have the advantages of swift diffusion and secretion, ensuring a faster defense
response. Hydrophobic residues selectively target prokaryotic membranes and incite
more folding of AMPs, which improves antibacterial activity. Positive charge is identi-
fied as decisive distinguishing feature for selective and strong electrostatic interaction
with negatively charged lipids on bacterial surfaces, which leads to the disintegration
of the bilayer. Negatively charged AMPs have shown an active action against a big
number of bacteria as well. Accordingly, AMPs are divided in two categories: cationic,
with a substantial number of lysine and/or arginine, and anionic, containing aspartic
and glutamic acids.12,13 AMPs have been found to exist in four main structural con-
formation: alpha-helices (the most common), beta-sheet, which is combined with one
or more disulfide bonds, extended conformation, and loop. The variety of secondary
structure is essential for their antimicrobial activity.

The differences in bacterial and eukaryotic membrane composition make the an-
timicrobial action of AMPs more selective towards bacterial cells than the eukaryotic
ones, because of the high percentage of negative charges displayed by phospholipids,
contrary to plants and mammals’ membranes, which leads to the disruption of the
integrity of bacteria membranes, without compromising the host cells. Furthermore,
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Figure 2.4: Structure of A Clavavin (alpha-helices) B Protegrin (beta-sheet) C Tem-
porin B (linear extension) and D Human beta-defensin-1 (both alpha-helices and beta-
sheet).14

cholesterol, absent in bacterial cells, and transmembrane potential in eukaryotic cell
produce a zwitterionic surface, which also prevents the attack by AMPs (figure 2.5).15,16

Despite a great number of characteristics related to AMPs have been identified, their
mechanism of action at molecular level have still to be analyzed exhaustively. The
most common involves the bound of AMP both to the interface of hydrophilic head
groups and to hydrophobic fatty acyl chains in order to permeabilize the cytoplasmatic
membrane. Permeabilization leads to the collapse of transmembrane electrochemical
gradient and to the disruption of membrane integrity. Alternatively, they can form
pores or accumulate on microbial membranes, causing cell lysis and death.16

Figure 2.5: . Major differences in interaction between AMPs and mammals’ membrane
and between AMPs and AMPs and bacteria membrane.16

2.2.2 Clinical trials

AMPs have gained attention as possible alternative drugs thanks to their ability to
make the development of resistance difficult for pathogens, wide range of antimicrobial
activity, fast mechanism of action, and immunomodulatory properties. However, AMPs
show clinical issues, that limit their possibility to be put on the market with success.
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They often display toxicity, even if administered locally, and have revealed a lower
potency in vitro than the expected one. In Figure 2.6 an overview about advantages
and disadvantages of AMPs as alternative to potential antibiotics.17,18

Figure 2.6: A summary of AMPs as prospective drugs.

2.3 Peptidomimetics
To provide a resolution, molecular modelling and rational drug design have identified
strategies to optimize in vivo metabolic stability against proteolysis, reactivity, and
bioavailability, while retaining potency and selectivity of the original AMP against bio-
logical targets. Peptidomimetics are synthetic compounds that mimic peptide structure
and function, using a peptide or a protein as pharmacore. They are synthesized through
chemical modification of peptide structure (size, length, hydrophobicity, charge) and
the incorporation of non-conventional amino acid residues. Peptidomimetics offer nu-
merous advantages over the previous peptides, such as an enhanced resistance to enzy-
matic degradation and the possibility to add hydrophobic residues, increasing transport
through lipid bilayer of cells. Among the great number of studied strategies, approaches
that incorporate single non-natural amino acid residues and approaches that completely
change the backbone of the peptide have been identified. Peptoids belong to the latter
one.19. In Figure 2.7 a schematization of common strategies of peptidomimetics.
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Figure 2.7: Common strategies to synthesize peptidomimetics and chemical difference
with peptides.20

Peptoids are a class of non-natural sequence-specific heteropolymer peptidomimet-
ics, whose success is in continuous growth. These compounds have been investigated as
novel biologically active and nanostructured materials, thanks to their important bio-
chemical properties, such as structural variety, resistance to proteolysis and hydrolysis,
reduced immunogenicity, enhanced cellular permeability, and ability to fold into higher
order nanostructures. However, peptoids still face challenges hindering the large-scale
production, including the complexity of the synthesis and the high cost of production,
partly due to the elevated waste generation.21

2.4 Peptoids: Origins and Solid Phase Synthesis
Peptoids are a group of synthetic and bio-mimetic polymers, also known as poly-N-
substituted glycines, developed for the first time in California in the late 1980s by
Zuckermann and coworkers. Since their development, they have gained significant
attention in various field, including chemical biology and drug discovery. Nowadays,
researchers continue to expand their potential applications and explore their distinctive
properties.22 Since the discovery of peptoids, the interest and development of peptoid
synthesis strategies have increased. Peptoids are usually synthesized using solid phase
synthesis, similar to that of peptides, which completely allow sequence and side chain
control. This process involves stepwise addition of monomers on a solid support, a
resin. One of the key advantages of using an excess of reagents is that the progress of
the reaction can be driven, through the incorporation of diverse side chains to create
a peptoid with tailored properties, such as hydrophobicity and charge. Any unused
reagents and by-products can be conveniently removed trough washing. After com-
pleting the entire sequence, the peptoid is separated from the solid support through
acidic cleavage conditions. This separation enables the purification of the peptoid.22,23

Solid phase synthesis can be automated, because of its repetitive steps and high sta-
bility. Firstly, a monomer approach was implemented. Later, an enhanced approach
known as sub-monomer method was developed.

9
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2.4.1 Monomer approach

The synthesis of peptoid oligomers was initially approached involving the utilization of
monomer method. In this approach, Fmoc-protected monomers are sequentially added
into the growing peptoid chain on a solid resin support, that is insoluble. The Fmoc
group the monomers serves as a temporary protecting group for the N-terminus, and it
helps in the prevention of secondary reactions, contributing to the final purification of
the product by reducing the presence of undesired products. Its removal does not ham-
per the bound between the peptoid and the resin.24 The coupled of each monomer to the
previous is facilitated by common coupling activators. After each coupling step, Fmoc
protecting group is removed, similar to the process in peptide synthesis, and the next
monomer is incorporated. The chain extension proceeds from the carboxy terminus
(C) to the amino terminus (N), until the desired sequence is achieved.22 In Figure 2.8
the monomer approach is schematized. The monomer approach demonstrated efficacy
on a broad-spectrum of monomers. However, the process needs a laborious and time-
consuming preparation of Fmoc protected peptoid building blocks. The time required
for producing Fmoc protected N-substituted glycine monomers often far surpasses the
time taken to synthesize an entire collection of peptoids on a resin. Therefore, it is
more convenient when a few peptoid building blocks are desired, and less useful when
a high diversity of residues must be incorporated.22

Figure 2.8: Scheme of monomer approach. Acylation step uses conventional activating
agents. Deprotection step is conducted with 20% piperidine in DMF.25

2.4.2 Sub-monomer approach

Sub-monomer method is currently the most used approach among scientist researchers
for synthesizing peptoids. This method has guaranteed several advantages, including
a greater variety of side chains that can be incorporated, improved efficiency in the
reactions and higher yields in the process.22 In 1992, Zuckermann and colleagues dis-
covered a significant advancement in peptoid synthesis compared to the limitations
of the traditional monomer approach. They introduced a new method named sub-
monomer approach, which provides more efficiency in synthesizing peptoid molecules.
This technique involves two main steps: acylation and displacement. The first step
entails a haloacetic acid, such as bromo or chloroacetic acid, that is used to attach an
acyl group to the increasing chain. Then, a displacement step uses a primary amine to
replace the halogen atom, thereby integrating the desired side chain onto the peptoid.
This approach is summarized in Figure 2.9.26

10
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Figure 2.9: Submonomer approach. Acylation step is conducted with appropriate cou-
pling activator and bromoacetic (or chloroacetic) acid. Successively, SN2 displacement
with a primary amine.27

In the acylation step, bromoacetic acid is typically used in combination with the
activating agent N,N’-diisopropylacarbodiimide (DIC). However, sometimes the side
chain of the peptoids contains unprotected heteroatoms, such as imidazoles or pyridines.
In these cases, chloroacetic acid is preferred to bromoacetic acid, because the latter one
is a richer alkylating agent, which means it is more likely to cause undesired alkyla-
tion (chemical reaction that inserts an alkyl group) at the heteroatoms in the side
chain. However, chloroacetic acid has a limitation: it reduces the speed of the follow-
ing displacement step, which involves the addition of the amine to get the desired side
chain. This slowdown can be overcome using iodide, that reacts with chloroacetic acid
through a process called Finkelstein halide exchange, forming a reactive compound:
iodoacetamide.22,28 Generally, protecting groups are not necessary, unless the specific
amine side chain functionality requires. Additionally, there is a wide range of afford-
able available amines that can be used. Researchers have also developed numerous
submonomers that can be incorporated into peptoids. They often possess chemical
features that enable selective conjugation and efficient connections between different
peptoids.29 In summary, using sub-monomer approach has several benefits, because
it allows the introduction of a large variety of chemical components into peptoid li-
braries. This means that potentially more diverse side chains can be used compared to
traditional peptide synthesis. However, it’s important to notice that the methods for
protecting the side chain need to be investigated, because they are not as developed as
peptide one.

Challenges in sub-monomer approach

Sub-monomer synthesis allows accurate control over the sequence and can be auto-
mated using robotic synthesizer. However, this method is technically challenging,
expensive, and time-consuming, because it is typically limited to milligram scales and
short oligomers. For longer chain lengths, that require the incorporation of specific side
chains or functional groups, the cumulative yield loss in individual reaction becomes
significant, resulting in lower overall reaction yields. These characteristics can limit
the diversity of peptoid structures, the accessibility of high molecular weight polypep-
toids and the scalability of peptoid synthesis. Nevertheless, all necessary reagents for
peptoid synthesis are commercially available, and internally synthesized amines can

11
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also be incorporated. Peptoids display the advantage of a variety of side chains with
significant properties in diverse applications, but some of these, such as hydrophobic,
chiral, and charged, may require a unique synthetic protocol. Despite appropriate
chiral amines are selected to induce chirality and decrease backbone flexibility, high
steric hindrance of chiral amines often leads to lower yields, slower reactivity, lower
efficiency, and difficulties in the purification, with consequent higher reaction time and
temperatures. Moreover, side chain with functionalities (e.g amino or carboxyl groups)
need protection strategies, while side chain protecting groups need deprotection step
to prevent undesired reaction.21

Figure 2.10: Challenges in peptoid synthesis.21

Although these methods currently limit monomer diversity, the resulting chains
have well-defined lengths and minimal dispersity. As synthesis involves the translation
of peptoids from laboratory to industrial scale, it will be crucial to develop versatile
synthetic approaches that create a link between scalability and sequence specificity.21

2.5 Experimental secondary structures
Peptoids are characterized by a variety of secondary structures, similar to those studied
in peptides. However, the higher flexibility of the backbone and the lack of hydrogen
bonding lead peptoids to adopt configurations diverse from the traditional well-defined
structures formed by peptides. Furthermore, the lack of chiral centers involves the
control of peptoids secondary structures by non-covalent bonds (steric and electrostatic
interactions), unlike the amino acids linked by covalent interactions in peptides. Stable
peptoids configurations have been identified, such as helices Alpha-peptoids and Beta-
peptoids.

2.5.1 Differences between peptide and peptoid structures

As illustrated in figure 2.11, peptoids share with peptides a similar structure. However,
despite both peptide and peptoid consist of amido acids sequence, there are notable
differences. The side chain group in each peptoid is functionally bound to the amide
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nitrogen atom, instead of Alpha-carbon. Therefore, the repeating units of the peptoid
are N-substitute glycine monomers. The loss of amide proton implicates the lack of a
stereogenic center on the backbone of the peptoid, in contrast to peptide that has a
chiral backbone.22

Figure 2.11: A comparison between peptide and peptoid structure. The loss of
the amide proton has considerable effects on the distinctive chemical properties of
peptoids.30

Structural advantages and limitations

The N-substitution enhances peptoids cell-permeability and improves their proteolytic
stability compared to their peptide counterparts. Consequently, peptoids emerge as
promising peptidomimetic candidates for drug development. However, although the
loss of amide proton and chirality provides several advantages over peptides, they also
implicate some limitations. In peptides, amide protons allow intra-chain hydrogen
bonds, which are essential for the formation of secondary structural conformations,
such as Alpha-helices and Beta-sheet, while in peptoids the lack of amide hydrogen on
the backbone hinders inter- and intra- chain hydrogen bonds. Moreover, amide bonds
in peptoid can isomerize between cis and trans conformation (Figure 2.12) more quickly
and willing than secondary amides in peptide. These characteristics lead to an increased
peptoid chain flexibility in comparison to peptides. Peptoid conformational flexibility
is also due to the absence of both backbone chirality and hydrogen bond donors in the
backbone, which hamper backbone aggregation. These properties result in a greater
chain diversity and improved bioavailability, that is an important characteristic for
drug discovery.31,33

However, the absence of amide protons and the consequent lack of inherent hydrogen
bonds make peptoids structure less defined compared to peptide one. These features
obstruct the design of well-developed secondary structures. This means that often
peptoids have not the ability to form defined Alpha-helices and Beta-sheets, which
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Figure 2.12: Peptoid backbone in trans and cis conformation.33

are important in most biological processes, limiting their functionality in particular
applications. For instance, most peptoid ligands exhibit a moderate binding affinity
to their biological target due to their inherent conformational flexibility, which leads
to a significant reduction in entropy during the binding process between peptoids and
biomacromolecules. In addition, peptoids generally lack the ability to fold into intricate
tertiary structure, which limits their potential mimicking of complex folding patterns
and the achievement of functional properties of proteins.33,34

2.5.2 Linear and cyclic peptoids

Linear and cyclic peptoids are relatively simple molecules usually synthesized with
solid-phase strategy. Linear peptoids are made up with straight chain of N-subsituted
glycine monomers and can adopt various secondary structure, including helical and
random coil conformations. Cyclic peptoids have a closed ring structure designed by
covalent bonds between carboxylic acids and terminal amines, as shown in Figure 2.13.5

Figure 2.13: General structures of cyclic and linear peptoids.35

2.5.3 α-peptoid helices

Alpha-ppeptoid oligomers have been deeply studied because of their well-defined struc-
tures and chemical and thermal stability shown by helices, which reduce the denatura-
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tion. Researchers have explored a lot of strategies to design peptoids that can mimic
the well-defined structure and function of stable Alpha-peptides. Predictive design
rules have been established: i) the oligomer must have at least 50% of Alpha-chiral
monomers; ii) carboxyl terminus must contain an Alpha-chiral, aromatic monomer; iii)
in order to have enhanced stability (thanks to a greater number of steric and electro-
static interactions) and more supported helix conformation, the oligomer must contain
at least sixteen residues.36,37

Figure 2.14: (a) peptoid helix containing 3 residues per turn and all cis-amide bonds.
(b) peptoid threaded loop, which can easily be converted to peptoid helix through the
disruption of intramolecular hydrogen bonds. 38

In this context, the mentioned design rules can be studied on the peptoid of interest
GN2-Npm9, an Alpha-helices lysine/tryptophan-rich peptoid.

Figure 2.15: Peptoid GN2 – Npm9.39

Firstly, the peptoid has more than 50% of Alpha-chiral monomers; specifically,
lysine and tryptophan-like monomers are Alpha-chiral, which constitute approximately
90% of its structural composition. Secondly, the carboxyl terminus incorporates N-
(1-phenylmethyl)glycine, an aromatic and chiral N-substituted glycine. Thirdly, the
peptoid is composed of 9 monomers. Despite the third rule is not followed, previous
studies on GN2 peptoids demonstrated that shortened peptoids can exhibit improved
antibacterial activity and lower retention time, concluding that the effect of chain length
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on the antimicrobial activity and selectivity should be analyzed with considerations
about hydrophobicity, amphiphilicity and the charge of the peptoid, as examined in
the following chapter.40

2.5.4 β-peptoids

In the context of antibacterial research, they are interesting molecules with an easy
preparation, due to the unnecessary chiral Beta-amino acids production. Beta-peptoids
are usually synthesized via solid-phase methods and exhibit numerous functions. How-
ever, their practical use and large-scale industrial production are hindered by their
complex and time-consuming synthesis with elevated cost.41 For these reasons, Beta-
peptoids are a class of potential peptidomimetics that has been much less studied than
Alpha-peptoids.

Figure 2.16: Peptidomimetics architecture from peptides to peptoids.42

2.6 Zeta potential measurement for biological analy-
sis

2.6.1 Zeta potential

Zeta potential is an important electrokinetic property that describes the charging be-
havior at the solid-liquid phase. In this project, the electrochemical double-layer model
(Chapter 2.4.2.1) has been used to define the zeta potential. Here, zeta potential is de-
scribed as the electric potential at the shear plane of molecules dispersed in a solution,
and the shear plane is described as the region at the interface between the stationary
solid surface, where the charge is established, and the mobile surrounding liquid. It is
important in the determination of biomedical systems, including an implant in contact
with fluids in the body.43 It is related to the pH of solution, but it also depends on
other several factors, including temperature, ionic strength, and concentration of the
solution.44 Zeta potential is generally measured using laser Doppler velocimetry. This
technique involves the application of an electric field to two gold electrodes (previously
added to solution) and the subsequent measurement of the resulting particle velocity as
a function of voltage. When a laser hits the particles in the cell, each particle advances
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through the laser and the velocity is evaluated by analyzing the frequency of scattered
light, as it is proportional to the speed. The magnitude of zeta potential is an essential
parameter for understanding the stability of the particle. Specifically, a higher abso-
lute potential value indicates an increased stability, as electrostatic repulsion increase.
Conversely, lower magnitude reveals particle aggregation and instability. 45,46

Zeta potential measurement

In general, the zeta potential is employed to investigate the behavior of colloidal sys-
tems, such as emulsions, and to assess their stability. However, zeta potential can
also be employed as a significant parameter in analyses of macroscopic solid surfaces,
using the same theorical concept, but with a different purpose. In this sense, zeta
potential is an important in analyses of functionalized or treated titanium samples.
Indeed, peptoids can have charged side chain or functional groups, which contribute
to functionalization of titanium surfaces to optimize biological properties, such as the
prevention of bacterial colonization. As such, zeta potential of functionalized surfaces
can be obtained in function of pH to have information about the stability of modified
layer and surface charge. In addition, it can be used to understand how the function-
alization influence the electrostatic attraction or repulsion between titanium surface
and the interacting peptoid, that affects bacterial attachment. Finally, zeta potential
can also be used to control the release on the surface, improving localized delivery
of antibacterial agent.47 Zeta potential of solid surfaces can be assessed through the
application of the electrical double layer model (EDL) by measuring an electrokinetic
phenomenon due to the relative motion of solid-liquid interface. In this model, when a
solid surface encounters an aqueous solution, it acquires a charge, leading to a distinct
charge distribution in the liquid phase. Consequently, a double layer forms, compris-
ing a stationary immobile layer and diffusing mobile layer of counterions (ions with
opposite charge to the surface charge on the solid). The interface plane delineating
these two layers is referred to as shear plane, as previously explained, and the electrical
potential in this juncture is the zeta potential (Figure 2.17).48

Figure 2.17: Model of the electrical double layer at solid-liquid interface.48
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The surface charge induces a variation in potential that is related to the distance
from the surface. This relationship is depicted in Figure 2.17, where the potential
decreases as the distance increases. Electrokinetic phenomena are observed at the
interface. Specifically, when an aqueous solution flows through a capillary system,
it triggers an electrical response. Depending on the measurement conditions, this
response can manifest as either a DC current or a continuous voltage.43 As the aqueous
solution enters in the capillary, it induces the generation of a charge on the solid
surface, which is balanced by counterions present in the aqueous solution, resulting
in the development of a shear force on the counterions causing them to move in the
direction of the flow. Consequently, an electric force opposing the liquid flow emerges.
This electric force generates an electrical potential difference, which is subsequently
detected by electrodes. Various factors can influence the measurement. The shear
rate at the solid-liquid interface which affects the charge separation; it depends on the
capillary size and solution flow rate. The occurrence of charge separation is conditioned
by the quantity and strength of ions within the aqueous solution. The capillary’s
geometry plays a role in determining the generated current or voltage. The generation
of charge at the solid-liquid interface is a result of both acid-base reactions and the
physical adsorption of water ions. Both of these mechanisms are influenced by the
pH level of the aqueous solution, making it the most crucial factor affecting the zeta
potential. Figure 2.18 illustrates how the zeta potential of solid surfaces with acidic,
basic, and amphoteric properties changes at various pH values. It becomes evident that
at a specific pH value, the zeta potential reaches 0 mV and changes its polarity. This
point is referred to as the isoelectric point (IEP), which is defined as the pH level of the
aqueous solution where there is a balance between positively and negatively charged
surface groups. When the zeta potential is plotted as a function of pH using well-
defined curves, surfaces display only one type of functional group. The curve exhibits
a plateau at different positions depending on whether the surface demonstrates acidic,
basic, or amphoteric behavior.

Figure 2.18: Dependence of the zeta potential for surfaces with acidic, basic, amphoteric
properties.48
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To calculate the zeta potential, the Helmholtz- Smoluchowski equation (1) is used,
which provides a linear relationship between fluid flow rate and the zeta potential.

Where Istr is the flow current, Deltap is the pressure difference within the cell, Eta
is the viscosity of the electrolyte solution, Epsilon*Epsilon0 is the dielectric coefficient
of the electrolyte solution, L is the length of the rectangular channel formed by the two
parallel samples, and A is the area defined by the distance between the two samples
and their width.48

2.6.2 Isoelectric point

The isoelectric point (IEP) is the pH of a solution at which the protein carries no net
electrical charge. When IEP is lower than the pH of the solution the net protein charge
is predominantly negative, while IEP value above the pH of the solution occurs when
the surface charge of the protein is mostly positive. Therefore, IEP is the value at which
there is a balance of positive charges (protons) and negative charges. This is due to the
decrease of repulsive electrostatic forces at the IEP and, consequently, the prevalence
of attractive electrostatic forces, that leads to aggregation and/or precipitation.

Figure 2.19: Diagram of zeta potential vs. pH, which show the isoelectric point and
the areas of stability. 49

It is influenced by the type and the number of groups ionizable in solution. There-
fore, isoelectric point in a protein can be calculated by the average of acid dissociation
constant (pKa) values of ionizable groups. For instance, lysine has two amino acid
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groups that must be considered, that can gain or lose protons, depending on the pH
of the environment. The difference is that the isoelectric point provides information
about the global basic (IEP>7) or acid (IEP<7) character of protein, while pKa alone
is not a significant value. 50 Isoelectric point can be determined through zeta potential
measurement (Figure 2.19) and can be useful in evaluating the success of functionalized
titanium on the surface and investigate changes in terms of surface charges. In addi-
tion, IEP provides information about the stability of antibacterial agent on titanium
substrate, peptoid’s adsorption, and pH value at which the electrostatic interaction
between the biomolecule (the peptoid in our case) and the surface is the highest.47

2.7 Applications
Peptoid have gained significant interest in biomedical applications, including drug dis-
covery and development, medicine, and nanotechnologies. They have shown to be an
important resource in biomaterial research for several reasons, e.g degradable back-
bone, simple synthesis, biocompatibility, low toxicity, stability, and tolerance to ther-
mal processing. Peptoids have shown considerable potential in neurotherapy, diagnostic
and therapeutic, especially in neurological disorder and neurogenerative diseases51, as
well as lung surfactants.52 They can also be used as tools to investigate biological
processes and chemical reactions. In this area, they can be applied as ligands for rele-
vant targets in pharmaceutic context53, inhibitors of protein-protein interaction54, and
biosensors55. Furthermore, peptoids have demonstrated promising clinical perspective
to create antifouling coating on the surface of medical devices.56 Thanks to their ability
to simulate nature self-organization, they have also been explored as drug deliverer57,
molecular scaffolds58, and nanotubes.59

Figure 2.20: Main applications of peptoid in biomedicine and nanotechnologies. 60
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2.8 Future perspectives
The significant progress and the unique advantages in peptoids have increased the in-
terest in the scientific community. However, there are still several critical issues that
may hinder the translation of peptoids into practical applications. These have pro-
pelled researchers to face different challenges to increase the industrial production and
development of peptoids. To date, the research is mainly focused on the prediction
of structure-activity relationship, basing on peptoid sequences. It is necessary to un-
derstand how the specific modification of the sequence (e.g hydrophobicity or cationic
content) may influence the properties and the biological activity. Conventional tech-
niques commonly employed for studying peptides, such as X-ray crystallography or
NMR, present challenges when applied to peptoids. This is essentially due to the lack
of an amide proton, the amide bond isomerization and the little size possessed, mak-
ing data interpretation arduous. The lack of high-quality structural characterization
methods hinders the validation and the optimization of peptoid design and reduce
the comprehension of peptoids conformation and dynamics.62 Other issues about pep-
toids concern toxicity and susceptibility to hydrolytic degradation. Despite the high
number of identified potential antimicrobial peptoids with negligible or absent tox-
icity, some studies have demonstrated that some peptoid compounds increase their
toxicity on mammalian cells with the increase of their antimicrobial activity, resulting
in a lower biocompatibility, compared with natural peptides.63 The susceptibility to
hydrolytic degradation may limit peptoid stability and bioavailability in diverse thera-
peutic applications.52 Concurrently, there is growing research on solid-phase synthesis
methods to address its limitations and produce polypeptoids with higher molecular
weight. It is intended to delineate approaches to enhance solid-phase synthesis, of-
fer technical insights into automated synthesizers, and provide a perspective on the
progress in synthetic methodologies.21
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Chapter 3

Peptoids Antibiofilm Activity

3.1 Oral implant infections

3.1.1 Microbiota correlated with healthy implant tissue

The oral microbiota in health conditions involves harmless microorganisms known
as commensal. Healthy peri-implant tissues are predominantly populated by a high
number of coccoid aerobic Gram-positive species, including Streptococcus species,
Granulicatella species, Abiotrophia species, Methanogens (Methanobrevibacter oralis,
Methanobrevibacter massiliense) and Gemella species. Gram positive filamentous
(Actinomyces), and Gram-negative cocci (Veillonella and Neisseria) are also observed.
On the other hand, anaerobic species, Gram-negative species and periodontopathogenic
bacteria are in low proportions.1,3 A microbial balance within the oral microbiome
has a key role in strengthening the immune system through a phenomenon known as
“colonization resistance”. This mechanism guarantees the bacteria action as a pro-
tective barrier against harmful external microorganisms.4,5 In addition, oral bacteria
have been shown to convert nitrate into nitrite, which is then transported through
the bloodstream and converted into nitric oxide, a natural molecule that helps the
regulation of blood pressure. Oral bacteria that reduce nitrate into nitrite have been
found to have antimicrobial effects against acid-producing bacteria like Streptococcus,
preventing caries.6,7

3.1.2 Microbiota correlated with implant infections

Humans and bacteria generally have a symbiotic relationship, wherein unicellular or-
ganisms depend on nutrients and biochemical signals provided by multicellular or-
ganisms. Scientific studies have demonstrated that maintaining a balance of resident
microflora in human body is extremely important for the overall health, because these
microorganisms in human mouth play a crucial role in regulating host metabolism
and immune system. However, oral homeostasis can be disrupted by physiological and
environmental factors, including immune dysregulation, the placement of implants or
the use of antibiotic therapy. When the organization of bacteria is not balanced, the
condition is known as dysbiosis, a condition in which bacteria possess the ability to
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negatively influence host immune response, leading to a damage of periodontal tis-
sues through the production of enzymes and metabolites. In this situation, a more
aggressive immune-inflammatory response occurs and, consequently, the disruption of
periodontal tissue is more rapid and intense (figure 3.1).7,8

Microbiota associated with peri-implantitis are more complex and diverse compared
to the microbiota found in healthy peri-implant conditions. The analysis on biofilms
in peri-implantitis revealed the prevalence of Aggregatibacter actinomycetemcomitans,
Bacteroidetes spp., Actinomyces spp., Campylobacter rectus, Treponema denticola P.
gingivalis, F.nucleatum, Tanerella forsythia, S. aureus and Prevotella intermedia, ab-
sents in healthy and periodontal implants. Researchers also observed a predominance of
Eubacterium nodatum, Fusobacterium spp., Veillonella spp., Treponema spp., and Syn-
ergistetes cluster A around diseased implants. Therefore, the microbiome associated
with unhealthy conditions is characterized by Gram-positive aerobe rods, bacillo and
bacillo-cocci anaerobic Gram-negative bacteria, and fusiform pathogens P. nigrescens
and E. nodatum.1,2

Patient health condition is also relevant in implant infections microbiota studies.
For instance, smokers tend to exhibit a higher microbial diversity in both healthy and
diseased states in comparison with non-smokers.2

Figure 3.1: Impact of unbalanced microbiota on the whole human health in the oral
cavity.9

28



CHAPTER 3. PEPTOIDS ANTIBIOFILM ACTIVITY

3.2 Biofilm
Biofilms are described as complex aggregation of bacteria enclosing and growing in an
exopolysaccharide matrix, through which they are attached to the tooth surface. The
increasing problem of antibiotic resistance has led to the ineffectiveness of antibiotics
and the generation of infections related to biofilm formation.10 Biofilm found on the
tooth surface is named dental plaque. Dental plaque is the main etiologic cause of
dental diseases (about 65%), including periodontitis, caries and peri-implantitis. It is
also the principal reason of implant failure.11

3.2.1 Common dental implants

In order to understand the material properties and functionality of an implant, it is
essential to know its various component parts. Each implant may exhibit some varia-
tions, but the fundamental components remain consistent across the different systems.
Dental implants essentially consist of three primary components: the screw, also known
as the implant, which is insert into the alveolar bone through surgical procedure, the
abutment, positioned on the top of the implant, serving as a connection between the
screw and the external part of the device, the crown, bridge, or denture, that is the ex-
ternal part (figure 3.2). Oral implants can be fabricated using metals and their alloys,
ceramics, and polymers.12

Figure 3.2: The different components of a dental medical device.13

3.2.2 Dental plaque formation on titanium surfaces

The formation of the oral biofilm, also known as dental plaque, on the surface of dental
implants involves several sequential steps. The immediate biological response of the
human body to the insertion of a titanium implant in the oral cavity involves a pro-
cess of protein adsorption. The rapid contact of titanium surface to the protein-rich
fluid, saliva or blood plasma, lead to the formation of a thin protein layer on titanium
surface. This biological interaction is facilitated by the proteins that compose the thin
layer formed on titanium, including fibronectin, serum albumin, apolipoprotein, and
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fibrinogen, and the corrosion on titanium surface is prevented by the organic and inor-
ganic species that predominantly compose the salivary pellicle, such as glycoproteins,
lipids, calcium, phosphate, and amino acids. However, high bacterial density can limit
this protective mechanism. The subsequent step involves the adhesion of bacteria on
the surface. Oral bacteria can adhere to the surface through multiple interactions with
host molecules and receptors of other bacteria, such as electrostatic forces, Van der
Waals forces and hydrogen bonding.14 The attachment of bacteria on the tooth sur-
face through interactions involves the so-called pioneers (or early colonizer), acting as
receptors for late colonizer bacteria. Pioneers bound to tooth surface are represented
by Streptococcus, Actinomyces spp., Haemophilus spp., Capnocytophaga spp., Veil-
lonella spp., and Neisseria spp.. They provide additional binding sites for subsequent
bacteria, known as late colonizer, including Aggregatibacter actinomycetemcomitans,
Porphyromonas gingivalis, and Fusobacterium nucleatum, which recognize receptors
on the bacterial surface and promote biofilm growth and higher pathogenicity over
time, causing the maturation of dental plaque.14,15 This attachment of bacteria entails
the formation of an organized microbial accumulation and the subsequent develop-
ment of biofilm. The well-structured bacterial community produce a matrix, known
as extracellular polymeric substance (EPS), in which bacteria are embedded. EPS
enhances microbial adhesion, establishes an acidic microenvironment, and provides nu-
trients, hindering the mechanical removal of the biofilm and increasing the resistance
to antimicrobial drugs on the metal surface.14

Figure 3.3: Steps involved in the formation of biofilm on dental implants and their
impact on the progression of diseases related to titanium implant.14

3.2.3 Quorum sensing

Quorum sensing (QS) is a vital mechanism employed by oral bacteria within biofilm
to communicate each other and coordinate their activity via chemical signaling. QS
involves the release of signaling molecules known as autoinducers (AI), into the sur-
rounding environment, which grows with bacteria density. Once the extracellular con-
centration of AI reaches a particular threshold, biofilm bacteria detect the presence
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of these signaling compounds and consequently modulate gene expression, resulting in
coordinate responses among bacteria, which act as a collective entity, permitting more
effective response to environmental changes. These responses can include the regula-
tion of biofilm development, such as the secretion of EPS, as well as biofilm maturation
and dispersal, and the production of virulence factors.16 The accumulation of biofilm
bacteria within the self-induced EPS, generally made of polysaccharides, allows an
increasing bacteria resistance against antimicrobial agents and host immune defenses
and the alteration of gene expression contribute to the resistance of biofilm to common
drugs, that are not able anymore to target specific active pathways in biofilm.16,17 An
explored study of QS has demonstrated that the majority of pathogenic microorgan-
isms involved in periodontitis is associated with the Gram-negative anaerobe P. gingi-
valis, which presence in significant proportion drive to dysbiosis throughout the entire
microbiota. Generally, the researchers are mainly focus on the red-complex species,
including P. gingivalis, T. denticola and T. forsythia, because of their crucial role in
periodontal pathogenesis. F. nucleatum has also been recognized as the responsible for
the accumulation of commensal bacteria and pathogenic periodontal microorganisms
in EPS.16

3.3 Antimicrobial peptoids mode of action
The development of antibiofilm compounds is a critical tool in managing human in-
fections. The presence of EPS reduces the effectiveness of conventional drugs, as they
can’t penetrate through the biofilm and reach bacteria inside. Furthermore, biofilms
are typically less metabolically active than planktonic bacteria, reducing the suscep-
tibility to antibiotics used for metabolic processes. Antimicrobial peptoids have been
proposed as potential anti-biofilm therapeutic agents, which can substitute the ineffi-
cient common drugs.17,18

3.3.1 Bacterial classification and membrane composition

Bacteria can be classified as Gram-positive or Gram-negative based on the character-
istics of their cell wall, as depicted in Figure 3.3.
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Figure 3.4: Schematic diagram that shows the differences of Gram-positive and Gram-
negative cytoplasmatic membranes.19

Gram-negative bacteria are composed of a double bilayer structure, with a thin (2-3
nm) peptidoglycan layer included between the two bilayers. In addition, they have an
outer membrane with lipopolysaccharides. Consequently, increasing the hydrophobicity
is believed to enhance peptoids’ insertion into the core of the membrane, leading to
improved permeabilization. On the other hand, Gram-positive bacteria are made up
of a single lipid bilayer with a thick (20-80 nm) outer layer of peptidoglycan. They
generally exhibit greater susceptibility to membrane-active compounds, due to the
absence of an outer lipid membrane.19,20 These differences in membrane composition
among pathogenic bacteria are important to understand peptoids response.

It is believed that the antimicrobial peptoid mechanisms of action that lead to
membranes destabilization show a lot of similarities to those of antimicrobial peptides.
This is reinforced by findings indicating that these two classes of molecules exhibit a
synergic action.26 Based on structural similarities, it is also thought that the mechanism
of action of peptoids strongly relies on charge and hydrophobicity, like AMPs. In AMPs,
a balance between charge and hydrophobicity facilitates electrostatic interactions with
bacterial cell wall, leading to membrane lysis. With this in mind, the mechanism of
action for these antimicrobial agents is closely associated with either the creation of
pores, that disrupt bacterial membranes, or the penetration of bacterial membranes
and subsequent targeting of cytoplasmatic compartments.21

3.3.2 Linear and cyclic peptoids

Linear and cyclic structures exhibit a non-significant damage on erythrocytes’ mem-
branes and a strong and selective antimicrobial activity against a wide range of mi-
croorganisms, including bacteria and fungi. Peptoids with a cyclical structure are
more active than their linear counterpart, because of their higher conformational rigid-
ity, stability, and well-defined secondary structure, which allow the ability to form
tighter bounds with microbial targets, without considerable entropy penalty. There-
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fore, cyclic peptoids are particularly used as targets of intracellular proteins. However,
cyclic peptoids have shown lower cellular uptake, regardless of their size and side chains,
indicating that linear peptoids may have an enhanced cellular permeability. Therefore,
linear peptoids have a considerable ability to interact with biological target and mimic
some peptide motifs. These results suggest that peptoids structural characteristics can
condition and modulate their biological activity.22,23

3.3.3 α-peptoid helices

An investigation on the effect of hydrophobicity and amphipathicity on linear α-
peptoids noticed that an increased hydrophobicity in helical peptoids leads to a greater
antibacterial activity (comparison between 1 and 2, Figure 3.5). It was also studied
the effects of the length, demonstrating a lower potency in shorter peptoids (peptoid 3
with 6 residues shows a higher MIC value against E. coli compared to peptoid 4 with
15 residues), but a greater hemolysis in longer peptoids. In addition, it was noticed
that positively charged side chains increase peptoids antibacterial potency (in peptoid
5 the negative charge result in an almost inactive compound).24

Figure 3.5: A summary of mentioned peptoids and their associated antibacterial data.
The selectivity ratio is SR = (10 % hemolytic dose)/ (MIC E. coli). Minimal inhibitory
concentration (MIC) is the lowest concentration of an antimicrobial agent to be inhibit
the proliferation of a particular bacteria.

The findings regarding (NLysNspeNspe)-motifs appear to be aligned with previous
studies on the α-peptoids GN-2, which will be examined in depth in the following
chapters.25,27

3.3.4 β-peptoids

The antibacterial activity of βpeptoid was studied by Shuey and coworkers, which in-
vestigated a screening of twenty-one βpeptoid compounds with different hydrophobic
and cationic content. They noticed that the positive charges allowed an easier disrup-
tion of membranes integrity and, consequently, bacterial death. The lowest activity
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of 128 micro-g/mL against E. coli had been displayed in six peptidomimetics, about
one order of magnitude lower than natural antimicrobials one, revealing a significant
antibacterial activity.28

3.3.5 Investigation of GN-2 peptoid as antibacterial agents

GN-2 peptoids are a collection of peptoids modeled upon the synthetic GN-2 pep-
tides, which were identified through a QSAR-based in silico approach as part of a
cohort of peptides. Preliminary investigations have shown promise as effective an-
timicrobial agents, indicating that both the peptoid variants and the original peptide
GN-2 displayed antimicrobial properties, as they induced significant membrane dam-
age. However, it is important to note that while GN-2 peptides and GN-2 peptoids
share some similarities, they are not exact analogues, suggesting potential differences
in their mechanisms of action or spectrum of activity.29

Figure 3.6: Chemical configuration of GN-2 peptide on the left, and chemical structure
of GN-2 peptoid on the right.30

GN2-Npm9 has emerged as a promising alternative in antimicrobial research due
to its high level of potency against biofilms, which is achieved even at low concen-
trations. Many studies have investigated the mode of action of diverse GN2 peptoids
against biofilm bacteria.29,31,32 Particular interest was showed for peptoids GN-2, GN-
2-Nlys1-4-Ntrp5-8, and GN2-Npm9. The investigation of GN2 and GN2-Npm9 has
revealed important insight into their penetration mode of action in Gram-negative E.
Coli. The concentration of peptoid was found to influence its penetration through
the outer membrane, with higher concentrations promoting greater penetration. Once
across the outer membrane, GN2-Npm9 showed a lower penetration compared with
GN2, probably due to the presence of the aromatic Npm residue, which enhanced the
hydrophobic interactions with the outer membrane lipids. However, these interactions
were facilitated by electrostatic forces between positively charged antimicrobial surface
and lipid bilayer.

Investigated GN2 peptoids demonstrated a potential to undergo oligomerization
trough aromatic side-chain interactions, enabling deeper penetration into the hydropho-
bic extracellular polymeric substance matrix, that protects bacterial biofilms. The re-
markable efficacy of these antimicrobials against biofilms is given by the significantly
higher tolerance of antibiotic concentration, compared to the tolerance of planktonic
cells. In Figure 3.8, a comparison between GN2 peptides and peptoids structures show
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Figure 3.7: Schematic representation of AMPs and peptoids mode of action.31

the significant improvement in biofilm eradication of peptoids. This confirms the high
potential role of peptoids as alternative drugs to prevent infections.

Figure 3.8: Biofilm eradication in peptides and peptoids. 29

3.4 Structure-activity relationship in GN2 peptoids
With the goal of enhancing the effectiveness of AMPs, the properties charge, hydropho-
bicity and amphipathicity have been considered as the most significant structural ele-
ments which influence the overall peptoid antimicrobial activity. The combination of
these three elements lends diverse physio-chemical properties that affect how peptoids
interact with bacterial and mammalian membranes. Therefore, it is important to find
a balance between these properties to guarantee efficient activity and selectivity, while
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minimizing toxicity towards mammalian cells.27,30 Chongsiriwatana’s group demon-
strated that helical peptoids possess broad-spectrum antimicrobial activity. They ob-
served that peptoids with an appropriate net charge and moderate hydrophobicity
exhibited significant antimicrobial activity, while peptoids with high hydrophobicity
and amphipathicity were more likely to cause hemolysis, the disruption of red blood
cells.26 The effect of these properties was deeply studied in GN2 peptoids by Jenssen
and colleagues. In Figure 3.9 and table 3.10 the obtained results are shown.10

Figure 3.9: Analytical retention time (Rt) in vitro, hemolytic concentrations and cyto-
toxicity of GN2 peptoids against Gram-positive S. aureus bacteria and Gram-negative
E. coli and P. aeruginosa. Retention time is, in pharmacokinetics, the duration of a
drug remains in the body after administration.30
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Figure 3.10: MIC and selectivity ratio of GN-2 peptoids against selected Gram-negative
and Gram-positive bacteria.30

3.4.1 Effect of charge

Studies have suggested that the charge has an effect on activity and selectivity.28,33

Chongsiriwatana and coworkers observed that peptoids with a lower charge have less
effectiveness against bacteria and similar levels of cytotoxicity. They replaced NLys (N-
lysine) side chain groups with zwitterionic NGlu (glutamic acid), noticing the negative
impact on antibacterial properties. Their lower antibacterial activity was explained
by the lack of strong electrostatic interactions between the peptoid and the negatively
charged bacterial membranes. However, it is also important to notice that totally re-
placing Nlys with uncharged NGlu showed a completely inactive sequence against con-
sidered bacteria.26 In another study on lysine-peptoids, a strong correlation between
the hemolytic activity and the number of NLys residues in the sequence was success-
fully demonstrated. They found that the hemolytic activity was significantly lower,
retaining the antibacterial activity, when the number of NLys is higher. However, re-
lying solely on the net charge may not be the most accurate method for the prediction
of peptoid hemolytic activity. Instead, the consideration of charge distribution over
the entire peptoid can be more beneficial. Recent research findings on lysine-peptoid
hybrids have indicated that the charge distribution significantly influences the over-
all hemolytic activity and antimicrobial activity of the peptoids. Placing all cationic
residues at a single end resulted in an increase of hydrophobicity, consequently leading
to a higher hemolytic activity, while a pairwise distribution of cationic residues main-
tained negligible hemolytic effect despite a slightly higher hydrophobicity. Moreover, a
distribution with separated charge had the potential to prevent self-association without
the alteration of the helix structure, which is important fot its bioactivity. In addition,
it was observed that separate distribution of positive charges decreased the hemolytic
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activity of peptoids with similar hydrophobicity, but only if a balance between peptide
hydrophobicity and charge distribution occured.27 The overall findings indicate effec-
tive strategies for achieving a balance between the hydrophobicity of peptides and their
charge distribution, facilitating their efficient penetration and disruption of bacterial
membranes while retaining the integrity of mammalian (host) membranes.

3.4.2 Effect of hydrophobicity

Studies conducted on AMPs have shown a relationship between the hydrophobicity
of the sequence and the antimicrobial activity. This correlation is attributed to the
strong hydrophobic interaction with the target membrane, especially when it is com-
posed of zwitterionic lipids, which is a characteristic of mammalian cells.30 Barron and
coworkers also studied the effect of hydrophobicity. They discovered that higher hy-
drophobicity is correlated to an increase in antimicrobial activity. However, an increase
in the level of hydrophobicity was found to be associated with increased cytotoxicity,
leading to lower selectivity ratios.20 These findings were also demonstrated in the in-
vestigation of GN2, GN4 and GN6 peptoids by Jenssen’s group. In order to investigate
these connections, in Figure 3.9 and 3.10 GN peptoids are reported. Hydrophobicity
was increased by substituting Ntrp monomer in peptoid 1 with Ndpe (peptoid 6), re-
sulting in a notably increased antibacterial activity against all tested bacteria, despite
it also resulted in higher retention time. However, this also led to a higher toxicity
in both human red blood cells and Hela cells, resulting in the lowest selectivity ratios
when compared to the other investigated GN-2 peptoids. Moreover, peptoid 3 exhib-
ited higher antimicrobial potency against E. Coli than peptoid 2, suggesting that the
position of the individual hydrophobic monomers along the peptoid chain may play a
role in the observed behavior.

Jenssen’s group observed that an excessive level of hydrophobicity resulted in a
dramatic reduction in antimicrobial activity and, consequently, a selectivity ratio, see
peptoid 16, whose SR values are 0.25 and 1. Furthermore, they thought that the dimin-
ished antimicrobial activity associated with high hydrophobic profiles, was attributed
to the strong self-association of the peptoid caused by its excessive hydrophobicity,
which hinders its ability to penetrate through the bacterial cell walls. Therefore, main-
taining a balance between hydrophobicity and cytotoxicity is crucial for further clinical
development, as noticed in chapter 3.4.1.30 Peptoid 3 and 4 exhibit an excellent hy-
drophobicity, leading to the highest selectivity ratios, see Figure 3.10. It suggested
that the presence of Nlys in the hydrophobic region in peptoid results in a significant
reduction of the toxic effect.30

3.4.3 Effect of amphiphilicity

The effect of amphiphilicity on peptoid activity was examined through structural
analogs designed to investigate if the potency could be affected by altering the se-
quence of monomers along the peptoid chain, leading to changes in amphiphilicity and
charge distribution. In one case, a rearranged version of peptoid 8, resulting in peptoid
4, disrupted the charge cluster located at the N-terminal end, resulting in increased
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hydrophobicity. However, this did not significantly show increase in its activity against
S. aureus; instead, it exhibited four times higher potency against Gram-negative bac-
teria E. coli and P. aeruginosa. Despite peptoid 4 appeared to have higher level of
toxicity to HeLa cells, the disrupted amphiphilic nature suggested that imperfect sep-
aration between charged and hydrophobic monomers can enhance its ability to disrupt
bacterial membranes.10 These results confirmed the previously considerations about
lysine-peptoid hybrids analyzed 3.4.1.27 Another sequence rearrangement involved pep-
toid 1, where charged residues were placed differently along the peptoid chain. This
produced peptoids 2 and 3, with distinct retention times. Peptoid 3, showing increased
hydrophobicity at the C terminus, showed enhanced activity against Gram-positive S.
aureus, and significantly higher effectiveness against an E. coli. However, no difference
in antibacterial activity was observed against P. aeruginosa strains. Regarding toxicity,
all three peptoids displayed low hemolytic activity and slightly different toxicity pro-
files against HeLa cells.30 Finally, sequence rearrangement in peptoids 1 and 8 resulted
in two peptoids, 3 and 4, with optimal hydrophobicity, yielding the highest selectivity
ratios among the investigated peptoids.30

3.4.4 Overall antimicrobial activity

GN2 peptoids revealed consistently high to moderate antimicrobial activity compared
to structurally similar AMPs, retaining the broad-spectrum antibacterial activities.
The selectivity ratio provides information about peptoids cell selectivity. Remark-
ably, different peptoids within the library distinct selectivity in killing specific bacterial
strains, indicating the likelihood of diverse mechanism of antibacterial activity. High
selectivity ratios exhibited by peptoid 3 and 4 lead to the conclusion that these two
peptoids show the highest selectivity. This means that they can selectively target and
kill bacterial over mammalian cells. In addition, peptoid 3 and 4 have demonstrated a
higher protease stability than previous peptide.30

3.5 Peptoids activity against F. nucleatum
Fusobacterium nucleatum was studied for its critical role in the formation of oral plaque
biofilms. This bacterium facilitates the adherence of pathogenic Gram-negative bac-
teria to the commensal microorganisms, which can lead to oral infections, discussed
previously. As alternative approach to antibiotic, AMPs with demonstrated efficacy
against F. nucleatum were considered to design new potential peptoids

Figure 3.11: Peptoids considered to reduce the presence of F. nucleatum in oral
biofilm.33

Fibroblasts are important components in oral wound healing, involving ECM syn-
thesis, tissue remodeling, and immune response modulation. Therefore, a considerable
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vitality of fibroblast must be guaranteed. In a study, peptoid 1 and peptoid 2 was
identified as effective inhibitors of the formation of F. nucleatum biofilms. The re-
duction of fibroblasts vitality was also evaluated, and the result were very successful,
showing a no significant decrease in the vitality. This study has increased researchers’
interest in considering peptoids as promising compounds to combat diseases related to
oral biofilms.33
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Chapter 4

Surface Functionalization of Titanium
and its Alloys

Dental implants offer a variety of options in terms of materials, shapes, and surface
treatments. Titanium and its alloys have been widely utilized because of their outstand-
ing mechanical and physiological properties, including high resistance to corrosion, low
elastic modulus, biocompatibility, minimal reactivity, and significant fatigue strength,
attributing the necessary criteria for biomedical application.1 Among these, the most
significant one is their biocompatibility, which refers to their ability to safely interact
with host tissue when it is placed in human body, without causing harmful reactions.2
Titanium is classified as the most biocompatible metal.3 The resistance to corrosion also
plays a crucial role, since it prevents the release of metal ions, which cause allergic and
toxic reactions in the host.4 However, despite the big number of advantages of titanium
and its alloys, the failure of these implants poses important economic and healthcare
challenges, due to growing occurrence of simultaneous microbial infections and poor
osseointegration.1 Typically, among dental application, Ti6Al4V alloy is commonly em-
ployed, thanks to its higher compressive strength, fatigue and corrosion resistance, and
lower density.5

4.1 Osseointegration of dental implants
The long-term success of dental implants relies on the osseointegration, which is defined
as the direct contact between bone and the endosseous implant without the growth of
the fibrous tissue at the interface. This biological process guarantees the complete
integration of the implant with the bone, and typically takes 3 to 4 months in the
mandibular arches and 4 to 6 months in the maxillary arches.6,7 An implant is consid-
ered successfully integrated when there is no movement between the implant and the
adjacent bone. Several factors can influence the interface between implant and bone
and the progress of the osteointegration, such as the applied load, the characteristics
of the surface, the properties of the implanted material, the method of the surgery,
the quality and quantity of poor bone.7 The healing process in the implant closely
resembles the natural healing of bones.8 Initially, a layer of water molecules covers the
surface, followed by proteins adsorption. This, combined with the release of cytokines
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from damaged cells and blood coagulation, represents the reaction of the host to the
foreign body.9 Osseointegration occurs when mesenchymal stem cells differentiate into
osteoblasts and osteocytes, stimulating new bone formation. This process is initiated
by an inflammatory response, where neutrophils and monocytes are attracted to the
implant site. If this response is not triggered, fibroblast proliferation and the formation
of fibrous capsule can hinder a proper contact with the bone tissue.9 After implanta-
tion, a blood clotting forms in close proximity to the implant surface, and, within 24
hours, neovascularization initiates. Whitin 2 to 4 days after implant placement, the
peri-implant gap is characterized by a growing influx of monocytes and macrophages,
which play a crucial role in the removal of the debris during the healing process. In-
deed, they can fuse together to form foreign body giant cells. These cells can also
activate platelets (a rich source of growth factors) on the inside of blood clotting. By
the fourth day, mesenchymal cells are recruited from the bone marrow that surrounds
the new vessel to gradually replace the blood clotting. The activated platelets allow
the differentiation of mesenchymal cells into osteoblasts. This enables the so called
“contact osteogenesis” by 4 weeks, in which immature bone formed by collagen fibers
without a regular arrangement is observed on the implant surface. Upon reaching 8
to 12 weeks, bone is remodeled into mature lamellar bone, which establishes a direct
contact with the surface.9,10

Figure 4.1: Progress of osteointegration in dental implants over time.10
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4.2 Challenges in the field of dental implantology
Over the years, numerous implant systems with different design have been developed
to restore missing teeth. Despite the high success, there are still failures that lead
to the removal of the implant. A study conducted on about eighty thousand implants
revealed a higher failure rate in the upper jaw (3.14%), while lower jaw failure rates were
1.96%.11 Several factors contribute to implant failures, including biological features,
surface treatments of the implant, site of the implant fixture, an inadequate bone
quality and quantity to support the implant and systemic diseases.12

4.2.1 Lack of osseointegration in dental diseases

Peri-implantitis is defined as an inflammatory process that has an effect on the marginal
tissues, causing gradual loss of bone support. An insufficient support can’t maintain
osseointegration, leading to implant failure. The absence of proper osseointegration
can generally be identified by the presence of radiological radiolucency and no implant
stability.13

Figure 4.2: Complications of dental implants which lead to implant failure and
removal.14

4.2.2 Titanium issues

Despite the excellent biocompatibility, titanium and its alloys have shown biological
inertness, that means that no strong chemical bond forms between the implant and
the bone.16,17 They have a protective titanium oxide layer, usually only 2 to 5 nm
thick, that forms on the surface of titanium when it comes into contact with air or
other environments with the presence of oxygen. This layer is responsible for the resis-
tance of titanium and its alloys to corrosion, but it is not fully bioactive, meaning that
it lacks osseointegration, which can lead to failure over time.19,20 For these reasons,
researchers have investigated methods to improve titanium bioactivity and osteocon-
ductivity through the modification of surface properties. In this way, an increased
osseous tissue at the implant interface in terms of quality and quantity is achieved,
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which is particularly important in areas where the cortical thickness of the jam is not
sufficient for primary stability, like the edentulous posterior maxillae.16,17

4.3 Surface topographic modifications
Topography, roughness, and chemical composition of the surface are critical factors
for tissues and cells response. Roughness provides a better bone connection with the
implant surface, wettability and energy affect the interaction with the physiological en-
vironment, protein adsorption and osteoblast cells adhesion are essential for a successful
contact.16,17 The effect of surface wettability on bacterial adhesion varies depending on
the bacterial species. For instance, S. Epidermidis tends to adhere more to hydrophobic
surfaces, while S. Sanguinis does not show any preference for adhesion.18 Concerning
the energy, when a surface has high surface energy, it tends to adsorb biomolecules. As
a result, the presence of these biomolecules can influence how cells and tissues interact
with the material.19 Generally, high hydrophilicity and roughness on the surface have
shown better osseointegration.16,17 Concerning topography and roughness, it has been
shown that titanium implant with sufficient surface roughness and pores with diam-
eter of at least 100µm allow bone growth into the implant, and enhanced stability,
intensifying the contact between bone and implant.19 It was also demonstrated that
nano-textured surfaces and surfaces with low roughness don’t attract bacteria as much
as surface with roughness value above 0.2µm.21 Smooth surfaces attract fibroblasts
and epithelial cells, leading to strong adhesion, but rough surfaces promote osteoblas-
tic proliferation and collagen synthesis, encouraging a more direct contact with the
bone. This induces an optimized bone integration.22 To date, various surface mod-
ification techniques have been explored to improve implant performances, enhancing
bioactivity, reducing corrosion, and promoting osseointegration.19

4.3.1 Acid-etching

Acid-etching is a widely used process for roughening the surface of titanium implants,
which involves strong acids such as HCl, H2SO4, HNO3, and HF. By acid-etching it’s
feasible to create a uniform and micro-porous roughness on the surface, enhancing its
activity. In addition, it allows the growth of micro pits on the surface, with a diameter
that ranges from 0.5 to 2µm, as displayed in Figure 4.3. By adjusting the etching
parameters, such as the acid composition, exposure time, and temperature, it’s possible
to alter the texture of the surface, the thickness of the oxide layer, and the wettability
of the surface. It has been demonstrated that the modified surfaces improved the
proliferation of osteogenic cells, promoting their attachment to the surface. As a result,
the presence of pores on the implant surfaces enhances osseointegration and mechanical
stability by the growth of bone into the porous structure. This creates a strong contact
between the tissue and the implant, promoting better support.23 A technique combining
acid etching and thermochemical oxidation has been developed for dental application,
aiming to achieve a multi-scale topography and increased hydroxylation on titanium
surfaces. This process firstly involves etching with hydrofluoric acid (HF) and then
a thermal oxidation with hydrogen peroxide (H2O2). Hydroxyl groups play a crucial
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role, as they promote apatite precipitation. The result is a surface consisting of a nano-
texture with an overlay of micro-porous layer. These modifications on the surfaces
have allowed bioactive properties, improved wettability, resistance to friction during
the implantation process, and protein adsorption.24,25

Figure 4.3: : SEM images of titanium discs. (a) Polished disc. (b) Etched disk HCl.
(c) combined etching with HF and thermochemical oxidation.25,26

4.3.2 Anodic oxidation

Anodic oxidation, also known as anodization, is an electrochemical process that modi-
fies the characteristics of TiO2 layer on titanium implants, with a thickness that ranges
from hundreds of nanometers to hundreds of micrometers. The process involves the
immersion of the substrate of titanium in an electrolyte containing strong acids, such
as HNO3, and HF, H2SO4, H3PO4 and serves as the anode in an electrochemical cell.
The cathode is also submerged in an electrolyte, separated from the anode.27 The re-
sulting titanium has a porous surface, with size of 10-100 nm per pore. When a high
voltage is applied, the anodized surface is characterized by a lower uniformity, with an
increased number of pores.28 In this technique, the surface properties of titanium oxide
can be controlled and modified trough different factors. Increasing the applied voltage
leads to higher surface porosity, thickness, roughness, wettability, and crystallinity, due
to the bigger number of electrochemical reactions. A prolonged anodization time gen-
erally leads to higher spark frequency, leading to the formation of a highly crystalline
anodic layer and increased surface area. However, anodization time can’t exceed over
a limit, otherwise it may cause unstable sparks. Higher bath temperature improves
the photoelectrochemical property of titanium oxide, but it may inhibit the formation
of a porous oxide layer. Some studies have also shown that higher bath temperature
can reduce the thickness of the anodic layer. A higher electrolyte concentration leads
to higher surface porosity, thickness, roughness, and crystallinity of titanium oxide.27
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Figure 4.4: SEM image of anodized nanostructure formed with HF.29

Anodic oxidation has gained interest in biomedical applications for its high number
of advantages, including its simplicity and low cost. Furthermore, through anodic
oxidation the coating adhesion, and corrosion resistance are significantly improved,
ensuring the durability and long-term performance of biomedical device. One of the
key benefits is the creation of a porous structure that facilitates bone cells colonization,
enhancing biocompatibility.27

4.3.3 Grit-blasting

Grit-blasting is another technique that aims to regulate the surface roughness of biomed-
ical implants. It generates a rough layer without the production of pores, and this is
achieved by using particles of hard ceramic by selecting their specific sizes. In this
process, it is important that the used material is biocompatible, resorbable and os-
teoconductive. For this reason, commonly used materials include alumina, calcium
phosphate compounds, and titanium oxide.30 The common size of used material par-
ticles is 25 µm for dental implants, which creates a surface with moderate roughness
level, typically 1-2 µm.31

Figure 4.5: SEM images of a TiO2 surface with grit blasted method.

For this method, researchers have particularly investigated surface treated with tita-
nia (TiO2) and alumina (Al2O3) particles.31 They have shown superior osseointegration
rates at the interface. Alumina is the most used material for blasting titanium surface,
which offers the advantage of an easy adjustment of surface roughness by varying the
size of the grain. The resulting surface textures become randomized. This allows an
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increment of the surface area, but it may also lead to random bone cells orientations
and, consequently, to the formation of scarring tissue.32 Residual alumina particle on
the surface can persist despite various cleaning methods, including ultrasonic, acid
passivation and sterilization, causing inflammatory reactions. In order to address this
issue, alternative material can be used, such as titania, zirconia and hydroxyapatite.31

4.3.4 Plasma Spraying

Plasma spraying technology involves the deposition of titanium powders into a high
temperature plasma torch, where titanium particles are released onto the surface of
the implant, forming a film. Studies have shown that for the coating to be uniform,
the thickness needs to be in the range of 40-50µm, with a resulting coating roughness
of approximately 7µm, which increases the overall implant area.33

Figure 4.6: SEM images of titanium surface treated with plasma spraying technique.31

The resulting surfaces after the thermal spraying technique has higher rates of bone
formation and a relevant percentage of porosity, of about 15%.34 Metallic wear particle
from implant have been found in other parts of the body, including liver and spleen.
These occurrences can be attributed to the release of metal ions, due to processes like
wear, dissolution, and fretting, and, as a result, may have effect on the genesis of local
and systemic diseases, such as cancer.35

4.4 Antibacterial functionalization techniques
Once improved osseointegration, an important overview to increase antimicrobial prop-
erties on titanium surface need to be investigated. Peri-implantitis poses a signifi-
cant risk for implant related infections. The most effective approach to combat peri-
implantitis is preventing biofilm formation, as peri-implantitis is caused by its pres-
ence. Therefore, biofilm resistance to conventional antibiotics has led scientists and
researchers to develop implant surfaces with antibacterial properties. Antimicrobial
dental implants can either damage adhering bacteria or prevent their initial attach-
ment. Despite titanium and its alloys have shown to respect the criteria for a success-
ful implant material, it lacks antiseptic quality. Thus, it is essential to modify their
surfaces to improve antimicrobial potential.36 Different methods have been described
to convert the surface of biomedical devices into bacterial surface.
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Figure 4.7: Common antimicrobial coatings on titanium surface implants.37

Surface grafting of titanium implants involves the bonding of bioactive materials
to improve their performance and biocompatibility. In this chapter, some examples of
grating on titanium implants are exposed.

4.4.1 Polymer coating

Polyethylene glycol (PEG) is a widely utilized polymer for imparting antifouling prop-
erties to titanium surfaces. While PEG demonstrates remarkable bacteriostatic proper-
ties thanks to its hydrophilic and flexible chains, its highly potent antibacterial qualities
can hinder the osseointegration process, as it obstructs the attachment of osteoblasts.
To address this issue, scientists have shown that the introduction of cell adhesive se-
quences to maintain biocompatibility, such as short peptides composed of arginine,
glycine, and aspartic acid. This creation process can be expensive, and there is the
possibility of polymer breakdown over time, which could affect the surface’s durability
and effectiveness of the coating. Furthermore, some polymers are not viable for use
in polymeric coating for dental implant with titanium surfaces.38 Another challenge
involves the poor stability of PEG in biological environments. To overcome this issue,
zwitterionic copolymers have been explored as a suitable alternative. Studies have
shown that phosphonate zwitterionic copolymers prevent protein adsorption and bac-
terial adhesion on titanium surfaces, leading to a considerable enhancement of their
anti-biofouling characteristics. Moreover, the application of synthetic biopolymers de-
signed by combining elements of natural elastin and biopolymers on titanium surfaces
has shown promising result in terms of lower serum-protein adsorption.38

4.4.2 Inorganic antimicrobial agents

Metal ions, nanoparticles and non-metals can be added to titanium surface to opti-
mize antibacterial activity. Silver is extensively used in implant coatings because of
its ability to efficiently kill a wide range of bacteria, its biocompatibility, and its long-
lasting stability. Researchers has shown that silver nanoparticles are able to control
the quorum sensing, regulating gene expression of S. epidermidis and S. aureus.38 Sil-
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ver exerts its effect in two main ways. It can form Ag+ ions, and then enter in the
cytoplasm of bacteria, hindering cellular metabolism and, consequently, leading to cell
death. Otherwise, Ag can interact with bacteria cell walls and plasma membranes
through direct contact, resulting in bacterial cell death due to their loss of cytoplasm
and vital substances.39 Copper, zinc, and strontium are also used for their antibacterial
properties, bone-regenerating activity, and ability to enhance the biocompatibility of
the implant. Studies have shown that ceramics with strontium incorporated exhibit
increased bactericidal properties and contribute to the regeneration of bone tissue. In
addition, there are reports indicating that coatings containing zinc enhance the corro-
sion resistance of titanium and improve the differentiation of osteoblasts.38 Zinc is a
vital element in our body, and it offers safety, minimal side effects and a prolonged an-
timicrobial effect. The mechanisms used as antimicrobial agent are very similar to silver
activity.39 Hydroxyapatite is employed for its biocompatibility and structural similarity
to natural teeth. A variety of bioactive metals and metal oxide are used as additive
to improve the antibacterial and biomechanical characteristic of hydroxyapatite, such
as ZnO, which exhibits activity against E. coli and S. epidermidis. Coating supple-
mented with iodine also demonstrated efficacy in avoiding the presence of infections
after clinical operations.37

4.4.3 Antibiotics incorporation

Researchers have also explored the incorporation of antibiotics into titanium implant
coatings. Calcium is usually used as the base to form these coatings. They have demon-
strated efficient bacteriostatic activity and controlled release of antibiotics, including
cefthiophene, amoxicillin carbenicillin, vancomycin, cephalotin, and gentamicin.16,39,40

As bone healing involves intricate growth factor regulation, the used delivery system
is crucial for the success of the osteointegration to stimulate the regeneration of the
bone.41 The locally release of antibiotic have demonstrated to be a potential method
to target specific sites and guarantee high activity over an extended period, without
exerting systemic toxicity. The efficacy of this system and the release rate significantly
depend on the approach used to incorporate the drugs into the coatings.40 Typically,
growth factors are anchored onto calcium phosphate ceramics through protein ad-
sorption on titanium surface and under specific condition they will be released in a
controlled mode and prolonged time.41

4.4.3.1 The importance of calcium-phosphate coatings

Antibiotics can be administered either systemically or locally, with local administra-
tion offering several advantages, including cost-effectiveness, reduced toxicity risk, and
higher antibiotic concentrations at the specific treatment site. Loading devices with
antibiotics enables achieving the same local therapeutic effect while maintaining lower
systemic concentrations, thereby addressing issues associated with systemic adminis-
tration, including the emergence of antibiotic-resistant strains. Local drug delivery has
found applications in various fields such as orthopedics and dentistry. Sundblom and
coworkers investigated the loading and the delivery of gentamicin on calcium-phosphate
(CaP) and on titanium, concluding that among the clinically used materials, only CaP
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demonstrated the ability to load gentamicin, offering a promising avenue for targeted
antibiotic delivery in clinical settings.42 Calcium-phosphate coatings emerge as an at-
tractive option for antibiotic delivery due to their ability to promote implant integration
with surrounding bone tissue and their effectiveness in loading gentamicin, resulting in
a rapid release in vitro. This release aligns with the need for preventing peri-operative
infections immediately following surgery. Importantly, it was showed that the thin
CaP implant coating allows for efficient gentamicin loading within a minute, making
it compatible with routine surgical procedures. Notably, gentamicin did not inhibit
implant osseointegration, emphasizing the safety of this approach.43

4.4.4 Antimicrobial peptides

Surface treatments based on the presence of antimicrobial peptides are being recognized
as promising substitutes for common antibiotic-based coatings on titanium implants,
as they offer efficient action against microbes and demonstrated efficacy in combat-
ing infections even at low concentrations.7 Various researchers have investigated these
coating, discovering that the covalent bound of AMPs to titanium surface implants pro-
vides several advantages. It improves the long-term stability, retaining antimicrobial
activity and no toxicity effect to bone cells like osteoblasts. Moreover, AMP-coated
surfaces prevent the formation of biofilm. Continued research in this field, leading to
the creation of coatings with robust solid surface with effect against a wide range of
dental bacteria, such as S. epidermidis.38,39

Figure 4.8: Titanium surface functionalization employing elastin-like polypeptide. (a)
conceptual representation; (b) SEM images to observe the changes in the structures.37

4.4.5 Bioactive glasses

Bioactive glass coatings have shown the promotion of stability through the formation
of a strong contact with the bone that surrounds the implant, contributing to enhance
soft tissue integration around the implant. These coatings can also act as a shield for
the substrate from corrosion. Moreover, they serve as a scaffold for bone regeneration,
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guaranteeing a sufficient bone volume at the implant site. Furthermore, their presence
can prevent the release of potentially harmful metal ions that may be in the substrate
material, contributing to make them a more biologically compatible implant. They can
be constructed as drug delivery systems, which release antimicrobial agents, such as
antibiotics or growth factors or ions, to alter the biological response, in order to ensure
a faster tissue healing by their release.44

4.4.6 Silver nanoparticles

Historically, silver has demonstrated efficacy in treating infections by inhibiting bac-
terial growth at low concentrations. The antimicrobial efficacy of silver nanoparticles
(AgNP) is related to the potent oxidative properties of AgNP surfaces and the liber-
ation of silver ions in biological surroundings. However, these combined actions have
a negative impact on cell structures and functions, ultimately leading to cytotoxicity,
genotoxicity, immune responses, and, in some cases, cell death.45 The mechanism of
cytotoxicity is the production of free radicals, which lead to a state of oxidative stress.
At cellular level, the internalization of substances can occur in two ways: by interacting
with membrane proteins, triggering signaling pathways, or through passive processes
like diffusion and endocytosis. When it comes to the uptake of nano-silver particles,
it leads to the generation of reactive oxygen species (ROS) due to its interaction with
mitochondria, subsequently leading to mitochondrial dysfunction. When AgNPs are
internalized, they have the potential to damage nucleic acids by elevating the produc-
tion of reactive oxygen species (ROS), or by reducing ATP production. High levels
of ROS can result in cellular DNA damage, oxidative stress, and apoptosis.46,47 It is
therefore necessary to maintain a controlled release of silver particles above the an-
tibacterial threshold and below the cytotoxicity threshold. This is made difficult by
the set-up of the conductivity of the treated Titanium surface with silver nanoparticles
in antibacterial activity.48 When titanium surface encounters the silver nanoparticles,
galvanic pairs established, due to the different potentials of materials. In this process,
titanium oxidizes and donates electrons, which lead to the generation of ROS outside
the cell. Simultaneously, titanium can undergo electron transfer within the cell due to
the influence of silver nanoparticles, triggering the generation of ROS inside the cell.
In this scenario, the following reactions take place:
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In Figure 4.9 the induction of oxidative stress in both the surrounding solution and
inside the bacterial cells is shown.

Figure 4.9: Generation of oxidative stress in the solution and inside bacteria.
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Chapter 5

Materials and methods

5.1 Peptoid GN2 – Npm9
In the present project, we employed the design of a short (9-mer) GN2 peptoid, GN2-
Npm9, in order to explore its potential application in functionalizing a chemically
treated titanium alloy Ti6Al4V surface for antibacterial purpose. The peptoid was
selected from a collection of novel N-substituted glycines designed by Biljana et al.1 The
peptoid had been previously synthesized and evaluated for its antibacterial properties
and cytocompatibility1-4. It is mainly composed of lysine and tryptophan-like amino
acids (Figure 5.1). The peptoid GN2-Npm9 was synthesized using the solid-phase
Fmoc chemistry, involving amidation at the carboxyl terminus and purification through
reverse-phase HPLC with C18 column (Higgins Analytical Inc. 10 µm 250x10 mm)
and a gradient of water and acetonitrile. The accurate weight and purity levels of 95%
were verified using electrospray ionization mass spectrometry (Dionex Ultimate 3000
RP-UHPLC; C18 Kinetex 100 x 2.1 mm, 100 Å). It was possible to synthesize a total
amount of 34.5 mg of peptoid.

Figure 5.1: peptoid GN2 – Npm9.4

Lysine and tryptophan-like residues represent relevant amino acids in the develop-
ment of peptoid with antibacterial properties. Lysine is important in the electrostatic
interaction with negatively charged bacterial cell membranes because of its positive
charge under physiological pH, due to the protonation of primary amino groups.5 More-
over, lysine residues have the potential to inhibit bacterial growth and disrupt bacterial
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membranes through DNA binding activity.6 Tryptophan-like residue is a hydrophobic
amino acid capable of inserting inside bacterial membranes, disrupting their integrity.
In addition, peptoids containing tryptophan-like residue can selectively induce the cre-
ation of pores in bacterial membranes, leading to the efflux of strictly necessary cellular
contents (ions and nutrients), to the disruption of bacterial cell membranes and, con-
sequently, to bacterial death.7

5.1.1 Amines and calculations

Biljana et al. had previously analyzed a detailed protocol for tryptamine-rich peptoids,
including GN2-Npm9, in which they evaluated diverse synthesis protocols in order to
obtain the best result.4 Considering this information, we firstly wrote a protocol and a
calculation table detailing the required quantities of amino acids and other necessary
compounds. In Figure 5.2 a library of essential data is summarized.

Figure 5.2: Library of amines and chemicals used during the peptoid synthesis.
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5.1.2 Synthesis

Peptoid GN2-Npm9 was synthesized employing the common submonomer solid-phase
synthesis method, following a protocol defined by Biljana et al. in 2020 (Figure 5.3).
The synthesis was carried out manually using 100 mg of resin for the first synthesis (200
mg for the subsequent ones) within a 5 ml single-use polypropylene syringe equipped
with a PTFE filter.

Figure 5.3: Solid-phase sub monomer peptoid synthesis of GN2-Npm9. The amine Ntrp
requires displacement of 20 minutes, while Nlys and Npm require 1 hour of displacement
for manual synthesis.4

The purchased resin was TentaGel S RAM because of its higher purity in the final
product compared to Rink MBHA. It was previously demonstrated that TentaGel resin
shows a better performance than Rink MBHA thanks to its lower loading capacity
(respectively 0.22 and 0.65 mmol/g) and superior swelling in DMF (5 ml/g and 4
ml/g, respectively).4 Initially, the resin was swelled in DMF for 40 minutes at room
temperature and later washed 4 times. This was succeeded by Fmoc deprotection
with 20% solution of 4-methylpiperidine in DMF for two sessions of 20 minutes each.
Subsequently, the resin was rinsed using DMF for 8 times with a volume of 2 ml.
Bromoacetylation processes were executed utilizing 1 ml of 0.6 M bromoacetic acid in
DMF with 86 nanol of N,N’-diisopropylcarbodiimide (DIC). For each procedure, the
solution was added into the syringe and incubated for a period of 20 minutes (extended
to 30 minutes for the initial acylation step) at 35° and 200 rpm. The displacements were
attained using 1 ml of a 0.5 M solution of the selected amine in NMP, and incubated
for an hour, except for tryptamine which required 20 minutes. Before the cleavage, the
syringe was left on a liquid reservoir for 30 minutes to dry.

5.1.3 Cleavage and side-chain deprotection

The cleavage from the resin was achieved using a mixture of trifluoroacetic acid (TFA),
triisopropylsilane (TIPS) and water (TFA:TIPS:H2O, 95:2.5:2.5). TIPS was used
in order to reduce the process of acylation and the formation of carbocations when
the cleaved peptoid is produced. This is particularly crucial under acidic condition,
where the indole side chain in tryptamine amine potentially react with electrophilic
substances.4 The cleavage cocktail was insert from the top of the syringe and sub-
jected to shaking at room temperature for 30 minutes. Subsequently, the syringe was
placed on a stationary holder, and the resulting cleavage cocktail solution, containing
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the peptoid product, was collected. After completing the cleavage step, nitrogen gas
was employed to evaporate the TFA until a crude oil residue was obtained (figure 5.4).
This oil was then redissolved in a solution composed of acetonitrile and milli-Q water
in a 1:1 ratio.

Figure 5.4: Cleavage cocktail solution before and after the evaporation of TFA via
nitrogen gas.

The crude oil was then subjected to multiple freezing and lyophilization cycles until
a fine white powder was obtained (figure 5.5). Subsequently, the crude product was
accurately weighted and then stored as a dry powder at a temperature of -20°C.

Figure 5.5: Fine white powder obtained after three cycles of freezing and lyophilization.

5.1.4 Characterization

In the pursuit of characterizing and identifying the obtained peptoid, high pressure
liquid chromatography mass spectrometry (HPLC-MS) was employed. It involves the
separation of peptoid through liquid chromatography followed by a precise mass mea-
surement via mass spectrometry. This combination offers the possibility to quantify
the components in the retrieved sample and determinate its molecular weight and pu-
rity with high selectivity and sensitivity.8 The HPLC instrument forces the solvent
through a closed column (C18 column) with fine particles inside. When a mixture of
different substances flows through the column, the individual components interact with
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the beads in distinct ways, depending on their properties. Consequently, the compo-
nents with a lower interaction exit first, while those that interact more significantly
will be released last.9 Following the HPLC process, mass spectrometry (MS) analyzes
the molecular mass of the peptoid. This method separates ions based on the ratio
between mass and charge by capturing and detecting them. It is involved to identify
the presence of the peptoid, assess the purity of the compound and evaluate potential
errors.10

Figure 5.6: Components in HPLC-MS machine.11

The crude product of the peptoid was analyzed with mass spectrometry in order
to verify the success of the synthesis. Before the analysis, a preliminary examination
was executed. In this pre-analysis a solution of solely water and acetonitrile in ratio
90:10 was forced through the machine as a reference to test the presence of impurities
within the column. Subsequently, a previously weighted crude peptoid was dissolved
with a solution 90% water and 10% acetonitrile at a concentration of 200 nanog/ml.
The consecutive identifications were conducted at a concentration of 500 nanog/ml.
The mixture of the solution and the specimen of interest was forced into the HPLC-
MS machine in order to identify the peptoid and the evaluate its purity. To enhance
the understanding of the chromatogram’s peaks, we plotted the base peak data that
ranged from 250 to 2000.

5.1.5 Purification

The peptoid was purified using HPLC, which owns exceptional efficiency in separating
complex mixtures with high resolution and precision. HPLC is an analytical technique
employed as a tool to identify, quantify, and separate the constituents of the solution
containing the target peptoid. The process involves two phases: a mobile phase, also
known as column, which is the liquid that breaks down the peptoid, and a stationary
phase, that interacts with the peptoid based on its physicochemical properties. When
the solution of cleaved peptoid and acetonitrile/water is forced through the machine,
the mobile phase traverses through the column, forced by the high pressure of a pump.
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In the column, the peptoid is retained and subsequently eluted, resulting in a sepa-
ration of the components in the sample. Then they are delivered to the detector at
a constant flow regulated by the solvent delivery pump, identifying and quantifying
distinct fractions of purified compound.12

Figure 5.7: Components in HPLC machine and their role.12

In our project, the mobile phase, also used as pressurized liquids, was composed by
solvent A, a mixture of water and 0.1% acetonitrile, and solvent B, solely acetonitrile.
The pressure given by the solvents allows the utilization of smaller particles with a
grater surface area, which makes the interactions of the molecules of the peptoid flowing
through the column faster than column chromatography, resulting in a more detailed
separation of components. The diverse affinity between the absorbent particles in the
column and the mobile phase causes different elution rates and leads to the separation
of the components as they flow out the column. The stronger the affinity the faster the
component moves through the column along with the mobile phase. Once the machine
was turned on, the air was removed from the four lines (connected to the pumps) using
a syringe. A blank was sent into the system in order to clean and calibrate the machine.
Once the blank run, the purification started and HPLC separated the targeted peptoid
from other components in the solution. Throughout the experiment, we monitored the
chromatogram using a UV detector set at three different detection wavelengths: 280
nm, 235 nm, and 214 nm.
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Figure 5.8: Setup at Roskilde University for peptoid purification. In the image the bot-
tle with water and 0.1% acetonitrile and the bottle with acetonitrile, which constitute
the mobile phase, can be seen on the left. They are connected to the four pumps below,
that were previously checked to ensure the absence of bubbles to avoid electrical noise
phenomena. On the right, it can be seen the waste container and the glassware for
collecting the fractions expelled from the machine. On the computer screen, fractions
that must be collected are displayed.

After the cleavage, 1 mg of crude peptoid was mixed with 1 ml of solution of ace-
tonitrile and water, respectively 200 nanol and 800 nanol, and insert into the machine
using a syringe. A standard method for the purification of the peptoid was identified,
and it was implemented for the following batches. The purification of peptoid using
HPLC involves the optimization of various parameters to achieve the best separation
and purification. Adjusting the gradient is the most critical step in this process.

5.2 Preparation of the samples
In this project, titanium alloy Ti6Al4V (ASTM B348 Grade 5) was employed. In
Figure 5.9 the specific chemical composition of the alloy is reported in comparison to
pure titanium.

Figure 5.9: Chemical composition of pure titanium and titanium alloy Ti6Al4V.13
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Ti6Al4V is an α-beta alloy, in which aluminum is the α phase stabilizer and vana-
dium is the beta phase stabilizer. The alloy is characterized by remarkable specific
strength, high protection against corrosion, and impressive properties at high temper-
ature. In Figure 5.10 it can be noticed that Ti6Al4V has a higher yield strength and
tensile strength than pure titanium, but lower elongation.

Figure 5.10: Comparison of the properties of pure titanium and the titanium alloy
Ti6Al4V14

The samples were previously obtained through a process involving the precise cut-
ting of titanium cylindric bars into disks. These had a thickness of about 2 mm and
a diameter of 10 mm. The specimens were washed with the polishing machine model
Struers LaboPol-2 (Figure 5.11) using sequential grades of SiC abrasive papers under
water irrigation and operating at a rotation speed of 250 rpm. The presence of the wa-
ter was important to prevent any thermal or mechanical damage. Initially, each sample
was polished employing P120 grit abrasive paper on both sides in order to eliminate
the visible oxidative layer. Subsequently one side was marked with an electric pen. On
the unmarked face, a set of 20 samples was ground using a sequence of abrasive papers
with grits P320, P600, P800, P1200, P2500 and P4000, which allows optimal flatness
and refined surface, while the unmarked side of 38 samples were ground with abrasive
papers P320 and P400.

In order to remove residues and impurities resulting from the cutting and polishing
processes, the polished samples were immersed one time in acetone for 5 minutes and,
subsequently, two times in ultrapure water (milli-Q water) for 10 minutes each using
ultrasonic bath (Sonica 2400 ETH S3 machine, Figure 5.12). The samples were then
dried under a flow hood at room temperature.

5.3 Surface treatments
Surface treatments were conducted in pursuit of increasing micro-roughness, improving
bone integration (osseointegration) also in case of poor bone quality, exposing a high
density of hydroxyl groups to the surface, and enhancing biocompatibility. Moreover,
they aimed to endow the alloy with bioactivity and antibacterial proprieties. 12 samples
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Figure 5.11: Struers LaboPol-2 machine.

Figure 5.12: Sonica 2400 ETH S3

were not chemically treated but were investigated for comparative analysis. These
treatments were carried out through a patented thermo-chemical process.15 The process
involved a first acid etching in hydrofluoric acid, which aimed to remove the native
oxide layer (TiO2) characterized by a thickness of approximately 10 nm, followed by a
controlled oxidation in hydrogen peroxide, which had the aim of creating a new thicker
and rougher oxide layer on the surfaces. The samples were immersed in a solution of
hydrofluoric acid, washed, and treated in hydrogen peroxide according to the process
described in the European patent EP2214732B1. The obtained titanium oxide layer is
characterized by a different crystalline structure (H2Ti3O7) and a thickness of around
300 nm. The resulting surface exhibited a nanostructure with violet, red or green color
(depending on the thickness of the layer), that stimulated a favorable response from
osteoblasts and possessed an abundance of hydroxyl groups on the surface, making it
conducive to functionalization. The treated samples that were polished with a grain
size up to 4000 and that were not superficially treated will now be called mirror polished
(MP), while the treated samples that were polished to a grain size up to 400 will be
referred to as chemically treated (CT).
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5.4 Surface functionalization
In order to further activate the reactive hydroxyl groups on the surface, decrease the
content of water and impurities, and facilitate the functionalization, the treated samples
were exposed to UV irradiation for 1 hour. A solution containing PBS and GN2-
Npm9 at a concentration of 1 mg/ml was prepared in the interim using a steerer.
The peptoid was steered in PBS for 5 minutes at 300 rpm and subsequently filtered
through a sterilized syringe (0.2nano filter) to avoid bacterial contamination. After the
samples were removed from the UV exposure, they were carefully placed onto a Petri
dish (Figure 5.13). Subsequently, a 100-nanol droplet of the solution was meticulously
dispensed on each sample, ensuring the formation of a uniform layer that covered the
entire surface.

Figure 5.13: 100-µl drop onto CT_Ti6Al4V samples.

Subsequently, a moistened blotting paper was disposed along the interior perimeter
of the Petri dish in order to maintain the moisture level. The Petri dish was placed
within an incubator at 37°C for 2 hours. The samples were then rinsed in ultrapure
water to eliminate any residual peptoid that didn’t adhere to the surface and dried un-
der a hood. Functionalized samples are now referred to as CT_GN2-Npm9. In Figure
5.14 the treatment steps for the different samples and their respective designation are
reported.
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Figure 5.14: Treatment for the different samples.

Figure 5.15: Samples after the functionalization with GN2-Npm9.

5.5 Surface characterization

5.5.1 X-ray photoelectron spectroscopy - XPS

X-Ray Photoelectron Spectroscopy (XPS) is a quantitative method employed for de-
termining the chemical composition of a surface. It provides valuable insights into its
elemental composition and how these elements are chemically bonded to other elements.
The analysis is based on the photoelectric effect, illustrated in Figure 5.16.
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Figure 5.16: A scheme of the photoelectric effect. When an electromagnetic radiation
irradiates a material, it emits electrons characterized by KE values. By measuring KE,
an analysis on the chemical composition of the sample is carried out.16

When an atom or a molecule is invested by an electromagnetic radiation with energy
E= hv and absorbs an X-ray photon, it ejects electrons from the inner energy levels.
Electrons within the atom or molecule of the material are situated in specific energy
levels, known as orbitals, each associated with a distinct binding energy (BE), which can
be measured by analyzing the kinetic energy (KE) of the photoelectrons. Moreover,
the measurement of KE allows the discernment of the elements that constitute the
material’s surface, elucidate their chemical configurations, and determine the specific
binding energy of the involved electrons. In addition, this binding energy is influenced
by the chemical surrounding of the original atom, the type of element which emits the
electrons and the orbital from which it is ejected. Therefore, by examining the spectrum
of photoemitted electrons, the constituent element of the sample can be determined.
In this project, XPS was performed in order to investigate the chemical composition,
expressed in atomic percentage of the elements, of the uppermost layer of the sample
and to identify exposed functional groups and surface chemical bonds. A standard
XPS spectrum, commonly referred to as a "Survey spectrum," depicts the number of
detected electrons as a function of their binding energy. Each chemical element presents
a distinctive set of peaks at specific energy values within this spectrum. The quantity
of electrons exhibiting a particular kinetic energy corresponds to the amount of that
element present on the sample’s surface. To make meaningful comparisons of XPS
intensities, it’s most effective to express them as atomic percentage concentrations.
This approach considers that not all emitted electrons are detected by the instrument,
and it represents intensities as a percentage by relating the intensity of interest to
the total electron intensity involved in the measurement. Furthermore, high-resolution
analysis was performed, allowing for the differentiation of elements that might overlap
in the Survey spectrum. This approach is valuable not only for identifying individual
elements but also for discerning the oxidation state and the chemical environment
surrounding a specific element. XPS spectra were acquired using a monochromatic
Al x-ray source operated at a spot size of 100 nanom. High resolution spectra were
obtained to identify and quantify chemical elements, in the regions of Ti, Al, V, O, C
and N. The position of the elemental peaks on the binding energy scale provides insights
into the chemical state. The spectra were set by using the C1s peak of hydrocarbon as
internal standard at 284.80 eV.
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5.5.2 Confocal microscopy

In this thesis, confocal microscopy was employed to evaluate the fluorescence of the
targeted peptoid, which is attributed to the aromatic tryptophane-like residues. In-
trinsic fluorescence of tryptophan-like residue is a valuable tool for studying structure,
conformation and dynamic of peptoid.17 It enables the investigation of conformational
changes, measurement of enzyme activities, ligand binding investigations, and insight
into structural transition of protein.17,18,19 In general, among the three amino acids
showing a ring structure with fluorescent property (tryptophan, tyrosine and phenylala-
nine), tryptophan-like residue is generally the preferred choice for detection because of
its higher contribution to the intrinsic fluorescence emitted by the majority of protein.20

In our project, we employed a confocal microscope (Zeiss LSM900) to conduct advanced
surface imaging and evaluate the fluorescence of functionalized samples. The micro-
scope is equipped with fluorescence filters to detect the presence of fluorescent peptoid
on the functionalized sample. The process for acquiring images involved more steps.
We firstly placed the specimen onto the sample holder table. We then focused on a
control sample not to excessively stimulate functionalized specimen, which might di-
minish its fluorescence. Subsequently, we activated the fluorescence mode, optimized
the focus, and selected the acquisition area. Digital camera system was used for the
acquisition of the images.

Figure 5.17: Confocal microscope Zeiss LSM900.21

We analyzed three samples, capturing one image for each: CT_Ti6Al4V, CT_GN2-
Npm9_Ti6Al4V, and CT_GN2-Npm9_Ti6Al4V after a test release of 1 week. This
approach allowed us to visually highlight differences among the samples resulting from
the presence of tryptophan-like residues.

5.6 Zeta potential measurements of the peptoid in the
solution

The measurement of zeta potential of the peptoid in the solution was conducted using
the model of the Electric Double Layer (EDL), previously described in paragraph
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2.6.1. When a charged particle is dispersed in a solution containing ions, these ions
arrange around its surface because of the electrostatic interaction. On the surface of
the particle, a first layer of adsorbed ions with opposite charge to that of the particle
surface forms, and the electrostatic effect diminishes as the distance from the particle
increases. The composition of the diffuse layer is dynamic and varies over time due to
changes in pH, ionic strength, and concentration. When an electric field is imposed
on the particle suspension, the particles migrate towards the electrode possessing an
opposite charge. Between the first layer of adsorbed ions and the diffuse layer there
is the shear plane, that represents the interface between the moving particles and
the particles immobilized to this plane. The zeta potential is measured on the shear
plane.22 In dynamic light scattering (DLS) measurements, the motion of particles is
carried out by the application of an electric field while it is simultaneously exposed to
a laser beam. When the particle is in motion, the frequency of the light shifts (Doppler
effect) proportionally to the velocity of the particle. In this project, the instrument
consisted of a laser source that was split into two ways: one is used as a reference and
the second is used to examine the sample containing the dispersion. Therefore, the
frequency shift is determined, and the velocity of the particle and the zeta potential
can be calculated (see Figure 5.18).

Figure 5.18: Scheme of the instrument employed for zeta potential measurement.23

In this project, the instrument Litesizer 500 was employed for the determination
of the zeta potential of peptoid in solution. Two cuvettes were used to perform the
measurement, both equipped with two electrodes to apply the electric field to the
solution inside.
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Figure 5.19: Instrument Litesizer 500 with the cuvettes inside.23

Firstly, a solution of peptoid and water was prepared with concentration 0.5 mg/ml;
the zeta potential was measured as a function of pH in an electrolyte solution containing
0.001 M KCl. To create the zeta potential curve of the peptoid in solution as a function
of pH, seven measurements were conducted at pH values of 3, 5, 6.7, 8, 9, 9.5, 10. The
initial pH started at around 6.5, and it was changed using by adding either 0.05 M HCl
or 0.05 M NaOH.

5.7 Release test
In order to evaluate in vitro bioactivity and stability of the peptoid adsorbed on the
CT surface, a release test over the time was conducted in aqueous environment. 3
CT_GN2-Npm9_Ti6Al4V specimens were considered for the analysis and immersed
in 2 ml of water. In each tube, the sample was soaked with the treated head upward, and
the eventual release of the peptoid was investigated by the immersion of the material
of interest for a period of 3 hours, 24 hours, 48 hours, 5 days, and 9 days. During the
different period of time, the tubes were incubated at a controlled temperature of 37°C.

5.7.1 UV-Vis spectroscopy

Ultra-violet (UV) spectroscopy is an analytical technique used to examine solid or
liquid samples by exposing them to UV-Vis light. This technique assesses the sam-
ple’s properties by measuring how much light it absorbs or its transmittance, and
this data is recorded in relation to the wavelength of the irradiating light, expressed in
nanometers.24 Therefore, by employing spectroscopy, the release of the peptoid in water
solution was characterized by examining distinct peaks resulting from the inclination
of the atoms, functional groups, and complexes within the compound to interact with
UV radiation at specific wavelengths. In our project, the spectrometric analysis was
conducted using a UV-Vis spectrophotometer (UV2600 Shimadzu, Figure 5.20). The
instrument consists of a UV light source, a UV detector, and a PC for signal process-
ing and display. In UV spectroscopy, liquid samples are analyzed by placing them in
a cuvette, while water is put in another cuvette. The sample is positioned between
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the source and the detector. The source emits UV-Vis spectrum radiation, some of
which is absorbed, transmitted, reflected, or scattered by the sample. This happens
due to the energy accumulation after irradiation, which is then detected. The UV-Vis
spectrum characterizing the sample is the output of the measurement.25 The solutions
obtained after the release period of interest were analyzed, and their absorbance was
measured within the wavelength spanning from 200 to 600 nm. The absorption peak
corresponding to the solutions was plotted with the use of Versa Studio software.

Figure 5.20: UV2600 Shimadzu.26

5.8 Halo assay
We conducted a qualitative halo test against the non-pathogenic Gram-positive bac-
terium S. Epidermidis to qualitatively assess how the peptoid affects bacterial growth.
A standard concentration bacterial suspension was prepared and subsequently placed
on a blood agar plate to grow for 24 hours. For the preparation of selective agar
plate (Muller Hinton agar), we mixed nutrient broth with a little quantity of bacterial
colonies collected from the blood agar plate using a cotton swab. This process aimed
to achieve a McFarland index of 0.50, starting from a value of 0.0 for the physiological
solution, using a densitometer for the measurement of turbidity of the suspensions.
The value of 0.5 corresponds to 108 CFU/ml. Once we reached the desired McFarland
value of 0.5, we applied the contaminated solution uniformly onto the Muller Hinton
agar plate, including the edges. We then placed 3 CT_Ti6Al4V samples on the upper
side of the plate as a control, and 3 CT_GN2-Npm9_Ti6Al4V samples in the lower
side of the plate, with the treated face in contact with the plate. Finally, the plate was
incubated for 24 hours at 35°C.
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Figure 5.21: Muller Hinton plate with functionalized specimens tested with S. Epider-
midis.

Figure 5.22: Muller Hinton plate with specimens of control tested with S. Epidermidis.

5.9 In vitro bioactivity test
Two CT_GN2-Npm9_Ti6Al4V samples and two CT_Ti6Al4V samples were used to
examine in vitro bioactivity. The specimens were immersed in simulated body fluid
(SBF) and incubated at 37 °C for 1 week and 2 weeks. SBF is a prepared solution
that replicates the ionic concentration found in human plasma, and it was prepared
following the protocol outlined by Kokubo.27 In this method, 9 reagents were employed
per 1000 ml of SBF solution (Figure 5.23). After 1 week of incubation at 37 °C, the
solution was refreshed to simulate the natural exchange of physiological fluids in the
body and the pH of the solution was checked. After the two weeks of exposition, the
samples were washed and with ultrapure water and analyzed using FE-SEM to assess
whether hydroxyapatite might have formed on their surfaces.

The hydroxyapatite is the main mineral component of the bone. Therefore, the
development of a layer of apatite on the surface is crucial for the success of an im-
plant designed to bond with bone-tissue post-implantation. When the biomaterial is
immersed in SBF, calcium and phosphorus in the solution initiate the formation of
apatite nuclei, which subsequently expand and form on the surface of the material.
By immersing the specimen in BSF, we can investigate the potential formation of this
apatite layer in vitro and predict its bioactivity when implanted in a living organism.27
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Figure 5.23: Reagents used in the method

5.10 Biological evaluation
Pseudomonas aeruginosa, a widespread Gram-negative bacterium, plays a considerable
role in causing nosocomial infections and posing a grave threat to immunocompromised
individuals, including post-surgery patients. In 2017, the World Health Organization
designated P. aeruginosa as a priority pathogen for antibiotic research and develop-
ment due to its life-threatening nature. The bacterium’s intrinsic antibiotic resistance
and adaptability often render common antimicrobial agents ineffective, resulting in
higher mortality rates. Moreover, its ability to form protective biofilms obstructs the
treatment of infections inhibiting phagocytosis and enabling colonization and persis-
tence. This biofilm is frequently observed in chronic infections, such as those in the
lungs, wounds, and sinuses, affecting millions of patients in the United States alone
and incurring significant healthcare costs. In addition, P. aeruginosa ability to colo-
nize various surfaces, including medical devices and food industry equipment, notably
increases the urgency of addressing this pathogen.28 Therefore, early diagnosis is cru-
cial to combat P. aeruginosa infections to prevent biofilm formation, with alternative
therapeutic strategies beyond traditional antibiotics. In this context, in this project
the role of peptoid GN2-Npm9 as a potential solution had been investigated.

5.10.1 Bacteria cultivation

The dental plaque from patients affected by periodontitis was collected at the Dental
Clinic of the Maggiore Hospital in Novara, with a non-invasive procedure and after ob-
taining the patient’s informed consent according to the Declaration of Helsinki. Briefly,
the specimen was collected by curettage from the supragingival aspect of the premolars
or molars with Gracey curettes. After collecting the plaque, it is aseptically positioned
inside a sterile containment tube and sent to the biomedical materials laboratory of
the University of Eastern Piedmont. Here it was quickly dispersed inside a tube con-
taining 30ml of sterile ”cooked meat medium” (CMM, Merck, Darmstadt, Germany)
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and everything was positioned at 37 degrees in a hood suitable for the growth of anaer-
obic bacteria, i.e. growing in the absence of oxygen (Fig. 1). The anaerobic hood
uses nitrogen, a hydrogen-based mixture and palladium-based filters to remove oxygen
and create an environment suitable for the growth of anaerobic species. To preserve
the starting population, the bacteria are used immediately after the increase in the
exponential growth phase. Before the experiment, the number of bacteria is diluted in
medium until a concentration of 105/ml bacteria is obtained, in accordance with the
optical density (OD 600 nm) read on the spectrophotometer equal to 0.001.

Figure 5.24: Hood suitable for the growth of anaerobic microorganisms.

5.10.2 Biofilm assay

The effect of the supernatants and PBS that contain the bacteria detached from the
biofilm of different Ti-based surfaces (TI6AL4V, CT-GN-NpMg, CT) on multidrug-
resistant clinical isolate P. aeruginosa MMA8329 biofilm formation was monitored in
24-well microtiter plates with sterile glass slides (Sarstedt, Germany) using fluores-
cence microscopy (ZEISS Axioscope 5, Germany, 2000 × magnification). P. aeruginosa
MMA83 (previously adjusted to 105 CFU/ml) was incubated for 24h with supernatants
and the liquid after detaching the bacteria from the surface from different samples
(TI6AL4V, POLY, CT-GN-NpMg, CT) (1/10 V) at 37°C to monitor the prevention
of biofilm formation. After incubation, the planktonic cells were carefully rinsed three
times with sterile phosphate-buffered saline 1xPBS (137 mM NaCl, 10 mM phosphate,
2.7 mM KCl; pH 7.4). Biofilms were stained at room temperature for 30 min with 2.5
µM propidium iodide and 2.5 µM SYTO9 (Thermo Fisher Scientific) resuspended in
1xPBS. The MMA83 culture was incubated under the same conditions as an untreated
control.

5.10.3 Real time quantitative PCR (RT-qPCR)

RT-qPCR was used to analyze the effect of the supernatants of different Ti-based
surfaces (TI6AL4V, CT-GN-NpMg, CT) on the relative mRNA levels of the genes
QS (lasR. lasI, rhlR, rhlI,pqsA, pqsH mvfR,) and the genes involved in P. aeruginosa
MMA83 virulence (lasB, phzM, rhlC,) compared to control (POLY). MMA83 cultures
(adjusted to 1.5x107CFU/ml) were incubated overnight with supernatants collected
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from different samples (final concentration 1/10 V) at 37°C for 12 hours under aer-
ation (180 rpm). RNA isolation of the treated and untreated MMA83 culture was
performed using the RNeasy Mini Kit (Qiagen, Germany) according to the manufac-
turers’ instructions. Isolated RNA was purified from residual DNA using a DNA-free
DNA removal kit (Thermo Fisher Scientific). The concentration and purity of isolated
RNA were checked using the BioSpec-nano instrument (Shimadzu, Kyoto, Japan).
Reverse transcription was performed using a Rever-tAid RT Reverse Transcription
Kit (ThermoFisher) according to the manufacturer’s protocol. The mixture for real-
time quantification contained 2 × qPCR Universal Mix (Nippon Genetics, Dueren,
Germany), FastGene IC Green, appropriate primers (Table 1), cDNA, and bidestilled
water. The primers of the selected genes used in this analysis are listed in Table 1. RT-
qPCR analysis was performed in a 7500 Real-Time PCR System (Applied Biosystems,
Waltham, MA, USA) under the following reaction conditions: initial denaturation at
95 ℃ for 2 min and 40 cycles of denaturation 95 ℃/5 s, annealing and elongation 60
℃ /32 s. The rpsL was used as an endogenous control to normalize obtained data
following the 2-δδCt method.30 The changes in relative mRNA level of analyzing genes
were determined compared to untreated control. Analysis was performed in triplicate
and repeated three times.
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Figure 5.25: List of the primers used in this study.
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Chapter 6

Results and discussion

6.1 Characterization of the peptoid
In this project, five syntheses of the peptoid GN2-Npm9 were executed. The chro-
matograms have time as the independent variable on the x-axis and relative abundance
on the y-axis. Subsequently, for each peak in the chromatogram, spectra were created
to inspect the mass per charge molecules. These spectra were plotted with mass per
charge values on the x-axis and relative abundance on the y-axis. Figure 6.1 shows the
HPLC-MS results of peptoid GN2-Npm9 after the first synthesis.

Figure 6.1: HPLC-MS results first synthesis.

In HPLC-MS detection of the peptoid, the presence of multiple distinct peaks
indicates the presence of impurities in the solution. These impurities include sub-
monomeric sequences that differ from the targeted peptoid, resulting in shorter and

84



CHAPTER 6. RESULTS AND DISCUSSION

significantly distinct peptoid variation coexisting within the same solution. Further-
more, the solution could also be contaminated by the reagents used during the synthe-
sis process, such as DMF or DIC, that contribute to the impurity of the solution and
the appearance of additional compounds in the HPLC-MS results. In addition, the
intermitted interruption and resumption of each synthesis affected the overall yield.
Considering the available results, it is challenging to precisely pinpoint the stage at
which the impurities are introduced; a strategy to mitigate this issue involves the ex-
traction of the sample after each displacement and its analysis after a cleavage process.
Moreover, an incomplete TFA evaporation results in contamination during the initial
lyophilization process and, consequently, to the absence of a singular and well-defined
peak. TFA, being a small molecule, moves rapidly through the column during analysis.
In order to avoid this issue, multiple lyophilization processes were performed, but the
outcomes did not show substantial improvements. The presence of additional peaks in
the mass spectrometry makes it more challenging to interpret. However, the precise
evaluation of the presence of the peptoid in the solution remains determinable, thanks
to our knowledge of the average molecular weight of GN2-Npm9, which is 1477 amu.
This enables us to confirm the success of the synthesis by identifying the highest peak
in the spectrum, which closely matches the expected molecular weight of the peptoid.
Specifically, we observed a peak at 1478.87 amu, as shown in Figure 6.1, which corre-
sponds closely to the expected value 1477 amu. Below, HPLC-MS results for the crude
peptoid obtained after cleavage from second, fourth and fifth syntheses, are reported.

Figure 6.2: HPLC-MS results of the second synthesis. The success of the synthesis is
validated by the noticeable presence of a high peak, which has a molecular weight value
of 1477.75 amu, that closely aligns with the average molecular weight of the targeted
peptoid. Furthermore, by comparing this analysis with the previously collected data,
it is confirmed that the peptoid of interest eluted from the column at approximately 8
minutes, specifically at 8.79 minutes in this database.
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Comparing each subsequent synthesis with the first one was crucial. This step was
necessary because we already had confirmation of the success of the first synthesis,
which was previously verified trough analysis after purification.

Figure 6.3: HPLC-MS results from the fourth synthesis. The success of the synthesis
is confirmed by the presence of a predominant peak possessing a value of 1477.73 amu,
closed to the average molecular weight of the targeted peptoid.
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Figure 6.4: HPLC-MS results from the fifth synthesis. The success of the synthesis is
confirmed by the presence of a predominant peak possessing a value of 1477.69 amu,
closed to the average molecular weight of the peptoid of interest.

Figure 6.5 illustrates an unsuccessful synthesis. When comparing these graphs to
the previous analysis, we observed three significant differences: there was no prominent
peak with a molecular weight value close to 1477 amu, the compounds was not eluted
after about 8 minutes (there is a high peak at 10.15 minutes), and there was a notable
absence of signal intensity at a wavelength of 280 nm. This last information indicates
that the presence of tryptophan-like residues in the peptoid generates a signal intensity
at a wavelength of 280 nm, which was also visible in the other synthesis.
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Figure 6.5: HPLC-MS results of the third synthesis.

6.2 Purification of the peptoid
The first phase was to determine the solvent composition to elute the peptoid. To
achieve this, 1 ml of the solution was introduced into the analytical column, and it
was eluted with a gradient of 10% acetonitrile to 70% acetonitrile (Figure 6.6). Given
the lack of prior information about the peptoid, we implemented an extended gradient
with a longer duration in the first method to ensure that the peptoid was effectively
included in the analysis. Remaining material was directed to waste.
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Figure 6.6: First method employed.

Upon examining the chromatograph obtained using the first method (Figure 6.6),
we identified the region where the peptoid was located, corresponding to the fractions
20 and 21. In the subsequent method, we employed a gradient elution ranging from 20%
to 50% acetonitrile. This adjustment aimed to enhance the gradient and, consequently,
improve separation efficiency. Moreover, we directed the portions of the chromatograph
were the peptoid was not eluted to waste, so that the fractions were collected in the
portion of the gradient. This approach allowed for a more precise separation of solution
component, resulting in a purer peptoid.
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Figure 6.7: Second method employed.

By observing the chromatogram obtained with the second method (Figure 6.7), we
noticed that the peak was divided in half between two fractions. However, our goal was
to have the peptoid components in entire fractions. Moreover, we observed that the
peptoid was completely eluted at around 40% acetonitrile. Therefore, the third method
was implemented a gradient elution ranging from 25% to 35% acetonitrile in order to
essentially include the peptoid in the gradient and make the peak wider, enhancing the
separation.
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Figure 6.8: Third method. It was employed for the subsequent analysis.

After implementing the correct method (Figure 6.8), fractions containing the pep-
toid were collected and subjected to HPLC-MS analysis to assess their purity. The
results are shown in Figure 6.9. In the chromatogram and in the spectrum, we can
observe the presence of a single well-defined peak with a molecular weight value closer
to GN2-Npm9 molecular weight than the data obtained from the crude product. More-
over, we noticed a considerably smaller number of shorter peaks, which indicated im-
purities.
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Figure 6.9: HPLC-MS results of purified peptoid obtained with the first synthesis.

6.3 Surface characterization

6.3.1 XPS

Figure 6.10: Atomic percentage of the elements detected on CT, and CT_GN2-Npm9.
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Figure 6.11: Survey spectrum of CT specimen.

Figure 6.12: Survey spectrum of CT_GN2-Npm9 specimen.

XPS measurements were conducted to investigate the composition of the surface of
the functionalized samples and the mechanism by which the peptoid is bound onto the
titanium surface. CT_GN2-Npm9 spectra were compared with the CT control sample,
both with an information depth of about 10 nm. In Figure 6.10 the surface composition
of the specimens is reported, expressed as atomic percentage of the elements, and the
survey spectra are shown in Figure 6.11 and Figure 6.12. A significant amount of
oxygen was identified in the CT sample, which is attributed to the oxide layer formed
on its surface. The significant decrease in the amount of titanium in CT_GN2-Npm9
confirmed the presence of a functionalized layer on the surface of the sample which
does not allow the instrument to penetrate into the substrate. The presence of carbon
on the CT sample is due to atmospheric contamination, as the chemical treatment
performed did not involve the use of carbon compounds. Indeed, titanium and its
alloys are characterized by an easy adsorption of contaminant carbon on their surface.
The presence of the carbon doubles in the functionalized sample compared to the CT
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sample, which is attributed to the organic peptoid on the surface. For the same reason,
the percentage of the nitrogen significantly increased in the functionalized sample, while
the percentage of nitrogen on CT surface, due to a contamination, is very low and as
such negligible. The amount of oxygen in CT_GN2-Npm9 decreased because the oxide
layer on titanium surface was partially covered by the functionalized layer.

High resolution spectra for the carbon, and oxygen were obtained for each sam-
ple, while high resolution spectra of nitrogen was only obtained for the functionalized
sample, because the atomic percentage of nitrogen in CT sample was irrelevant. The
spectra aimed to investigate the chemical state of the elements and their binding energy.
Examining the oxygen spectra, the presence of distinctive peak associated with Ti-O
at 530.4 eV was evident in CT specimens. This confirms the passive oxide formation
after the chemical treatment, followed by an increase in the density of exposed hydroxyl
groups on the surface.1 It was also observed that the peak of OH acid (approximately
530.7 eV) was more significant compared to the peak of OH basic (approximately 531.6
eV).1 This result confirms that CT samples displayed a distinct signal characterized
by the acidic OH groups exposed on the surface. In addition, the peak of water at
the energy level of approximately 533 eV is due to physisorbed water.2 The spectrum
of the CT_GN2-Npm9 sample was fitted with three components. The component
at approximately 531.7 eV corresponds to the doubly bonded oxygen in the carboxyl
group (O=C-OH)5, while the component at 530.4 eV and 530.7 eV can be attributed,
respectively, to Ti-O and OH acid. The signal attributed to the Ti-O bond decreased
in agreement with the presence of a functionalized layer. The main contribution in
the region of the OH group is attributed to OH acid groups of the titanium oxide
layer (around 530.7 eV). The peak attributed to C-O bond was negligible in CT_GN2-
Npm9 because of the absence of this bond in the skeleton of the peptoid. The binding
scale energy was calibrated using the Ti-O bond at 530.4 eV as a reference.1 Exam-
ining the carbon spectra in detail (Fig. 6.12), it can be observed the presence of a
main peak around 285 eV, attributed to C-C, and C-H bonds, which are on titanium
surface because of incidental carbon contamination. It is caused by atmospheric car-
bonaceous contaminants that have adhered to the surface due to titanium affinity for
these elements.3 These chemical bonds were also found in the functionalized sample,
attributed to the peptoid chain onto the surface. The contributions at 286 eV and 289
eV can be attributed, respectively, to C-O-C bond and carbonates.4 The appearance of
a carbonate-related peak in the CT specimen may be attributed to the presence of im-
purities. In the carbon spectrum of CT_GN2-Npm9 specimen the main peak observed
at 285.0 eV was associated with the carbon atoms linked exclusively to other carbon
atoms or hydrogen atoms, identifiable in the skeleton of the peptoid. In addition, the
presence of aromatic rings in the structure of tryptophan-like residues is indicative of
the presence of carbon atoms in sp2 hybridization state. These carbon atoms have a
binding energy of 284.5 eV.5 The component observed at about 286 eV corresponds
to sp2 hybridized carbon atoms bonded to nitrogen, denoted as C-N.5 Furthermore,
the presence of double carbon-oxygen (C=O) bond at approximately 288 eV is inferred
from the characteristic chemical bonds within the peptoid chain.6

The high-resolution nitrogen spectrum shows two distinguishable peaks (as indi-
cated in Figure 6.13). It is of interest to specify that for amino acids and proteins, the
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C-N bond is typically found in the range of 398.2-398.8 eV, the -NH2 group is located
at 399.7-400.0 eV, and the NH3+ group (characteristic of electrostatic adsorption) is
observed in the range of 401.3-400.8 eV.7 Concerning the peptoid, the first peak, with
a lower binding energy of approximately 400 eV, is attributed to the secondary amines
(nitrogen within the C-NH-C group). Meanwhile, the second peak, appearing at 401.5
eV, corresponds to the tertiary amines (– NH2).5,6 The nitrogen spectrum of the func-
tionalized sample reveals that the most prominent groups are attributed to the bound
-NH, present in the aromatic group of tryptophan-like residues. As a result, on the
surface the main exposition of the peptoid is provided by the tryptophan-like residues.
This aligns with the zeta potential results, where it is observed that the -NH2 groups
of lysine are involved in binding with the exposed OH groups on the titanium surface.
According to these results, it can be concluded that the functionalization process in-
volves the electrostatic attraction between the -NH2 groups and the exposed acidic OH
groups of the titanium oxide layer, exposing the groups of tryptophan-like residues.

Figure 6.13: High-resolution XPS spectra of C and O1s regions of CT and CT_GN2-
Npm9, and high-resolution XPS spectrum of N1s regions of CT_GN2-Npm9.
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Figure 6.14: Theoretical XPS values for the functional groups of interest.

Figure 6.15: XPS values obtained for the functional groups of interest.

6.3.2 Zeta potential

Zeta potential measurements have been conducted on peptoid in solutions at different
pH values (Figure 6.16).

Figure 6.16: Titration curve of GN2-Npm9. At low pH levels, there is a high zeta
potential. As the titration curve progresses, a slight decrease in the zeta potential is
visible. A first plateau can be seen at pH value ranging from 6 to 7. Then, the second
slight drop occurs. Overall, the curve shows a progressive lowering and not an abrupt
decrease at the IEP as usual for the single aminoacids.
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The zeta potential curve for a solution containing the peptoid GN2-Npm9 exhibits
a high zeta potential at low pH levels, followed by a gradual decrease as the pH in-
creases. A stable plateau is observed with onset pH 6, maintaining a zeta potential of
approximately 18 mV. This plateau suggests the presence of homogeneous positively
charged functional groups, primarily attributed to lysine-like residues. Subsequently,
a second drop in the zeta potential is observed, but it remains in the positive range
across the entire tested pH range, culminating in an isoelectric point (IEP) at approxi-
mately pH 9.5. This sustained positivity is attributed to the persistent positive charge
carried by lysine residues, while other residues, which are apolar and hydrophobic, do
not significantly impact the zeta potential. The observed curve can be explained by
examining the analogous peptide chemical composition and structure. The positively
charged residues in the peptide, lysine residues, are characterized by an IEP value of
9.7, pKa values of 2.2 for the alpha carboxylic group, 8.9 for the ammonium group, and
10.5 for the side chain.8 The other component of the peptide, tryptophan-like residue,
has an IEP value of 5.9, pKa values of 2.5 for the alpha carboxylic group and 9.4 for
the ammonium group. In addition, tryptophan-like residue includes a hydrophobic
and apolar side chain. Therefore, based on this information, the combination of lysine
and tryptophan-like residues to form polypeptides leads to expected isoelectric point
approximately at pH 10. It is expected to shift towards higher values when the peptide
length is extended, without being influenced by the rearrangement of the side chain.
This shift occurs because as more units are added, more carboxylic groups become in-
volved in peptide bonding, making them less available for deprotonation. Meanwhile,
the count of lysine’s basic side chains increases, and they remain fully available for
protonation. Considering the peptoid counterpart, the tryptophan-like residue is ex-
pected to exhibit a similar behavior, even if the titration curve can be altered in its
values due to the shift from alpha carbon to the nitrogen, which can cause change
in the pKa values. Indeed, the isoelectric point had been achieved at a pH value of
9.5. According to existing literature, the untreated MP_Ti6Al4V reaches an isoelec-
tric point at approximately pH=4.7.8 The surface modification achieved via chemical
treatment is expected to result in a shift of the isoelectric point towards lower pH values
(more acidic environment), approximately 3, due to the presence of acidic functional
groups on the surface. In addition, a distinct plateau should be noticed in the poten-
tial curve of the treated specimen, within the basic pH range. The plateau is related
to the presence of homogeneous functional groups on the surface, exhibiting the same
acidic behavior. These groups are identified as hydroxyl groups (OH) as a result of the
surface treatment. Indeed, at physiological pH (pH = 7.4), the surface of the treated
sample exhibits a negative charge on non-functionalized CT sample.9,10 This suggests
that the adsorption process is primarily driven by electrostatic interactions. These
findings indicate the titration curve of the peptoid of interest because it confirms that
this peptoid can have an antibacterial action through its positive charge and it can be
electrostatically adsorbed on the CT surface which has a negative surface charge at
pH 7.4. It is also of interest that the zeta potential of the peptoid has a progressive
lowering and not an abrupt decrease at the IEP as usual for the single aminoacids.
This is an important result, because it indicates a distribution of cationic residues on
the peptoid despite pH variations, which is essential for the electrostatic interaction
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with OH groups.

Figure 6.17: Titration curve of CT, CT_GN2-Npm9, CT_PBS.11

The functionalized CT_GN2-Npm9 specimen reaches an IEP value of approxi-
mately 6, which is shifted towards more basic values compared to CT, indicating the
success of the adsorption of the peptoid. However, it is of interest that the titration
curve of the functionalized surface is not equal to that of the peptoid evidencing a
partial covering of the CT surface. In addition, CT_GN2-Npm9 curve exhibits posi-
tive zeta potential at pH lower than 6, in contrast to CT titration curve, as previously
discussed, due to the exposed positively charge amine groups of the peptoid. At pH
4-5.5 the plateau indicates the deprotonation of CT’s OH groups. In this context, the
balance between surface-exposed species with different electrical charges plays a crucial
role. A higher inclination in the curve of CT_GN2-Npm9 compared with the solely
peptoid in the solution and the substrate CT, moving towards the basic range, can be
associated with a rapid increase in apolar and hydrophobic residues (tryptophan-like)
interacting with the surrounding solution, and, meanwhile, with an increase of the
electrostatic interaction between the hydrophilic residue of the peptoid, lysine, and the
OH groups on CT surface. This explanation aligns with the shift of IEP from 9.5 in
the titration curve of GN2-Npm9 to an IEP of 6 in the titration curve of CT_GN2-
Npm9. This is thus linked to the decreased exposure of positively charged groups by
the peptoid.

6.3.3 Confocal microscopy

In this analysis, the results anticipated the absence of fluorescence in CT_Ti6Al4V
specimen, which was instead expected to be highly visible in the functionalized sample
CT_GN2-Npm9_Ti6Al4V, as previously discussed in chapter 5. Moreover, from the
analysis of the sample after 1 week of release testing, we anticipated one of two possible
outcomes: either the absence of fluorescence, indicating the complete release of the
peptoid in water, or a reduced level of fluorescence when compared to fluorescence
analysis of CT_GN2-Npm9_Ti6Al4V, which would indicate a partial release of the
molecule from titanium specimen. The images obtained by subjecting the specimens
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to confocal microscopy are shown in Figure 6.18,6.19,6.20. In each image, the contrast
was adjusted to -50 to better appreciate the differences in term of fluorescence.

Figure 6.18: Fluorescence microscopy images of CT_Ti6Al_4V. No visible fluorescent
signal; the image appears almost totally black.

Figure 6.19: Fluorescence microscopy images of CT_GN2-Npm9_Ti6Al_4V. The sur-
face is highly fluorescent due to the presence of tryptophan-like residues in the peptoid.
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Figure 6.20: Fluorescence microscopy images of CT_GN2-Npm9_Ti6Al_4V after a
release testing of 1 week. A significant decrease in fluorescence can be seen.

The fluorescence microscopy clearly showed the uniform presence of red fluorescence
spots distributed on the titanium surface, providing evidence that the surface of the
sample had been successfully functionalized with the bioactive peptoid. Conversely, the
Ti sample lacking the peptoid exhibited no discernible presence of fluorescence probe.
Indeed, it has been observed that CT_Ti6Al4V does not show fluorescence, except
for some straight lines attributable to an imperfect polishing of the specimen. On the
other hand, the presence of peptoid in the functionalized sample renders the surface
highly fluorescent. It agrees with the zeta potential titration curve of functionalized
specimen, which shows considerable differences when compared to the titration curve
of control sample (CT_Ti6Al4V) and titration curve of a Ti6Al4V specimen immersed
in PBS.12 In Figure 6.19, the presence of some aggregates exhibiting heightened fluo-
rescence indicates the ascertainable homogeneity of the coating. However, there is not
a uniform distribution of these spots on CT surface. This observation aligns with the
zeta potential titration curve of the functionalized surface, clearly indicating that the
peptoid is homogeneously dispersed on the CT surface, but it does not cover it as a
uniform film. Following 1 week of release, in Figure 6.20, the persistence of straight
lines, previously addressed, remains evident. As anticipated, the presence of peptoid
is significantly reduced, indicating that the peptoid has been largely released into the
solution after the test, thus demonstrating its efficacy in being released within the
damaged site. However, even after the release, the peptoid is not uniformly distributed
on the CT surface, as discussed in Figure 6.19. This result is of interest, because it evi-
dences that a release of the peptoid occurs from the functionalized surface, and this can
be related to the antibacterial activity. On the other hand, the kinetic of the release is
slow and it is not complete after 1 week. Considering the risk of late infections and the
fact that most antibacterial agents are active only after few hours after implantation,
this is of great interest. This suggests that the peptoid can effectively be attached to
the treated surface of a titanium sample and be subsequently released, further sup-
porting the scientific interest that has already been established in the investigation of
antibacterial properties in titanium samples functionalized with peptides to prevent
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implant-associated infections.13,14

6.4 UV-Vis release
Most experiments utilizing UV-Vis spectroscopy typically focus on amino acids. How-
ever, it has been demonstrated that UV-Vis spectroscopy can also be carried out to
detect peptides and proteins containing aromatic amino acids.15 Tryptophan, which
possesses two aromatic rings (a pyrrole ring and a benzene ring), is one of the aromatic
residues that can absorb ultraviolet (UV) light for excitation. It functions as a natural
fluorophore in many proteins.15,17 The absorbance and fluorescence signals of trypto-
phan tend to increase as the concentration of tryptophan-like residues in the solution
rises, providing indications about their release in a solvent.15 Figure 6.21 illustrates
how aromatic amino acids and proteins containing aromatic amino acids are detected
with distinctive UV absorption profiles. The peak centered around 280 nm results from
the absorption of UV light by the aromatic ring component of their structure, specifi-
cally due to the excitation of π–π* transitions in the indole part of the molecule.14,17
Conversely, the lower-wavelength peak arises from the absorption of peptide and car-
boxylic acid groups within the compounds. Concerning molar absorbance, tryptophan
exhibits higher absorbance at 280 nm compared to the other two aromatic amino acids
capable of UV absorption, tyrosine, and phenylalanine. In the case of tryptophan, its
absorption spectrum is characterized by a strong band at 220 nm and a weaker one at
280 nm.19

Figure 6.21: Absorbance Spectral of the aromatic amino acid tryptophan (Trp) in
water solution, compared with tyrosine (Tyr), phenylalanine (Phe) and bovine serum
albumin (BSA) utilizing a Synergy HT multi-detection microplate reader.15

A recent study has also demonstrated that peptoids containing tryptophan-like
residues can also be detected using UV-Vis spectrometry. Specifically, this study has
shown that the peptoid GN2-Npm9, the tryptophan-rich peptoid of interest in our
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project, exhibits a single peak in the absorbance spectrum when immersed in water
and exposed to UV light. This peak is attributed to the absorption of the tryptophan-
like residue, typically detected at 280 nm, as previously discussed.19 The peak at 220
nm is lower when compared to peptide, likely due to the diverse structure of the peptoid
compared to peptide.

Figure 6.22: Absorbance Spectral of the peptoid GN2-Npm9 in water; concentration 1
mg/ml.

However, the absorption maxima (λmax) of UV/Vis spectra are influenced by the
local environment surrounding the aromatic acid.14 These shifts in the wavelength at
which a molecule absorbs or emits light can be toward longer wavelengths (redshift)
or shorter wavelengths (blueshift), depending on the specific interactions between the
molecule and the solvent. High polarizability of the solvent leads the absorption peak
to shift towards lower-energy regions. This blueshift is generally related to intermolec-
ular interactions and it occurs because the excited state becomes more stable as a
result of the induced dipole interaction between the transition moment and the solvent
molecule. Factors such as the charge in dipole moment during electronic transitions,
solvent dipole moment, and the sizes of solvent and solute molecules play a crucial role
in these interactions. In polar or hydrogen bonding solvents with permanent dipole
moments, a blue shift occurs in λmax with increasing solvent polarity. The inter-
action of polar solvents, including those capable of hydrogen bonding, with various
chromophores leads to changes in charge distribution within the molecule, resulting
in increased delocalization.21 Besides the shifts in wavelength in terms of absorbance,
the solvent also influences the way tryptophan behaves in terms of fluorescence. When
the solvent becomes less polar, the fluorescence spectrum moves towards shorter wave-
lengths and becomes more intense. This is why tryptophan residues located within the
hydrophobic regions of folded proteins often show a spectral shift of 10 to 20 nm.15.
In our project, we examined the UV spectra of three functionalized samples, whose
release of peptoid was analyzed and compared at various time intervals (see paragraph
5.7). In Figure 6.23, 6.24 and 6.25 the results are shown.
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Figure 6.23: UV spectra of release solutions of the first sample analyzed. The release
was investigated after 3hours (green), 24 hours (orange), 48 hours (grey), 5 days (yel-
low), and 9 days (blue).

Figure 6.24: UV spectra of release solutions of the second sample analyzed. The
release was investigated after 3hours (green), 24 hours (orange), 48 hours (grey), 5
days (yellow), and 9 days (blue).
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Figure 6.25: UV spectra of release solutions of the third sample analyzed. The release
was investigated after 3hours (green), 24 hours (orange), 48 hours (grey), 5 days (yel-
low), and 9 days (blue).

As previously discussed, the use of water as solvent results in peaks shift toward
lower wavelength due to its polarity. However, with the increase of the soaking time,
the peaks are shifted toward the expected longer wavelengths. Especially, the second
peak expected at 280 nm is also more defined when the soaking time increases and
seems to be higher than the peak at 220 nm in relation with time. This aligns with
the reported spectrum in Figure 6.21. A possible explanation of this behavior can be
related to a previous study in which a linear correlation between the concentration of a
tryptophan-like residue (L-tryptophan) and its absorbance at the expected wavelength
value was demonstrated.20 These results seem to confirm this relationship. At low
concentrations, tryptophan can be well dissolved in water. In this case, the solution
is still largely polar due to the abundance of water molecules, and the peaks are more
distant from the wavelength at which tryptophan-like residue absorbs. As the concen-
tration of tryptophan in the solution increases, the polarity of the solution may start to
change. The polar part of tryptophan can interact with water molecules, maintaining
some polarity in the solution. However, if the concentration of tryptophan becomes
significantly high, tryptophan molecules tend to interact with each other through hy-
drophobic interactions involving their nonpolar parts. These interactions can reduce
the overall polarity of the solution. If the concentration of tryptophan continues to in-
crease, the polarity of the solution may decrease due to the aggregation of tryptophan
molecules into non-polar regions. Under these conditions, tryptophan molecules may
form hydrophobic aggregates, which can shift the peaks toward right. Therefore, the
peaks are moved toward longer wavelength as the solution polarity decreases because
of the increased concentration of tryptophan. In this context, after 3 hours, the second
peak is not visible, due to the low concentration of tryptophan in the solution, indicat-

104



CHAPTER 6. RESULTS AND DISCUSSION

ing a negligible release of peptoid. After 24 hours, the second peak begin to be more
detailed, but a significant change in the spectrum is visible after 9 days of soaking,
when the second peak overcomes the first. It suggests that the release of peptoid is
not instant. This aligns with the results observed in the fluorescence images detected
on the functionalized sample after 1 week of release (Figure 6.20). In summary, we
can conclude that for all the analyzed samples, there is a shift of the peaks to the
left, as previously discussed, due to solvent-solute interactions, as tryptophan tends
to interact with water through hydrogen bonds and dipole forces, which influence the
electronic transitions of the peptoid.22 Moreover, the peaks corresponding to the the-
oretical wavelength of 280 nm do not appear prominently and visibly until at least 48
hours, becoming more defined on day 9. This leads to the conclusion that after 3 hours,
the concentration of tryptophan is very low relative to the quantity, making the peak
invisible, as shown in Figures 6.18,20 With increasing soaking time, the graph consis-
tently rises, indicating a higher concentration of peptoid GN2-Npm9 released into the
water.

6.5 Halo test
The halo assay aimed to evaluate the sensibility of the bacterium to the peptoid GN2-
Npm9. Although the peptoid had still demonstrated an antibacterial activity against S.
Epidermidis (chapter 6.3.1, 6.3.2, and 6.3.3), the test didn’t show the expected results,
as there were no differences compared to the control sample, due to the absence of
a halo around the functionalized samples. After the incubation time of 24 hours,
as depicted in the photograph (Figure 6.26), each sample did not exhibit a zone of
inhibition. These results may be associated to different explanations: the nature of the
bacterium, a non-pathogenic and non-biofilm forming bacterium, or an antibacterial
action not involving a release of the peptoid in the surrounding, or the absence of a
killing action on bacteria. Experimental errors occurred in the analysis and/or in the
functionalization of the sample cannot be completely excluded, but we had no evidence
of them during the experiments. The fluorescence images detected on the functionalized
samples after 1 week of release (Figure 6.17) evidence that a partial release occurs, at
least after 1 week. In addition, UV spectra of release solutions (Figure 6.18, 6.19, 6.20)
do not show a significant release of peptoid after 24 hours. The antibacterial action of
the peptoid needs a further investigation.
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Figure 6.26: Agar plate with samples of control and samples functionalized with GN2-
Npm9 peptoid, after incubation of 24 hours at 35°C. There were no differences among
the considered specimens, and the absence of halo.

6.6 Biological evaluation

6.6.1 Antibacterial activity

The Figure 6.27 below shows the metabolic activity of the bacteria in close contact with
the surface of the samples. Both CT and CT-pep significantly reduce the metabolic
activity of the bacteria compared to the titanium-based control. Furthermore, the
metabolic activity of bacteria grown in CT-pep is significantly lower than that of CT.

Figure 6.27: Evaluation of antibacterial activity. * p<0.05 vs Ti(Ctl); $ p<0.05 vs Ct
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6.6.2 Peptoids surface prevent biofilm formation - UoB

To evaluate the effect of PBS that contains the bacteria detached from the biofilm
surface on clinical isolate P. aeruginosa MMA83 biofilm formation, fluorescence mi-
croscopy was applied. Compared to the untreated control, the biofilm formation of P.
aeruginosa MMA83 was significantly inhibited in the presence of PBS that contained
the bacteria detached from the biofilm surface of TI6AL4V, POLY, and CT-GN-NpMg
(Fig.6.26) After the treatment the MMA83 biofilm was hindered, and a significant de-
crease in confluence and density with more dispersed biofilm aggregates was observed.
However, after the treatment with PBS that contained the bacteria detached from the
biofilm surface of CT, the impact on biofilm formation of MMA83 was not observed,
compared to the untreated control (MMA83). The obtained results show the strong
effect of the supernatant of CT-GN-NpMg sample on MMA83 biofilm formation (Fig.
6.27). Compared to the control, the biofilm formation of P. aeruginosa MMA83 was
significantly inhibited in the presence of the supernatant of CT-GN-NpMg sample,
resulting in a very loose biofilm with a considerable number of individual cells.

Figure 6.28: The effect of PBS that contains the bacteria detached from the biofilm sur-
face on biofilm formation of multidrug-resistant clinical isolate P. aeruginosa MMA83.
Fluorescence micrographs of the MMA83 biofilm (2000 × magnification) show the effi-
ciency of TI6AL4V, POLY and CT-GN-NpMg to prevent biofilm formation. The effect
of CT on biofilm formation of MMA83 was not recorded.
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Figure 6.29: The effect of supernatant of different Ti-based surfaces (TI6AL4V, CT-
GN-NpMg, CT) and POLY on biofilm formation of multidrug-resistant clinical isolate
P. aeruginosa MMA83. Fluorescence micrographs of the MMA83 biofilm (2000 ×
magnification) show the high efficacy of CT-GN-NpMg in preventing biofilm formation.

The oral cavity is a dynamic environment that contains a broad spectrum of bacte-
rial species that form oral microbiota. It is showed that only a few bacterial species are
connected with oral infections such as dental caries and periodontitis.19 Their eradica-
tion from dental plaques seems to be more challenging due to their higher resistance
to antibiotics and ability to form complex and very resistant biofilms.20 Pseudomonas
aeruginosa is described as one of the bacterial species with increasing incidence of caus-
ing oral infections such as dental caries and periodontitis.21 The initial burst release of
peptoids coupled with CT could explain the most stricking anti-quorum sensing and
antibiofilm effect of supernatant after 24h of incubation with CT-GN-NpMg sample.22

These results are in line with previously reported data about the ability of peptoids to
effectively inhibit P. aeruginosa biofilm formation.24

6.6.3 RT-qPCR

The RT-qPCR results showed that supernatant obtained from the chemically treated
(rough) material which is functionalized with the peptoid (CT-GN-NpMg) has the most
striking effect on the relative mRNA level of genes involved in QS of MMA83. The ex-
pression of rhlI, rhlR, pqsA, and mvfR is reduced by 35, 25, 45, and 55%, respectively,
while it almost completely prevents the expression of the pqsH gene of MMA83. It also
showed that pqsH gene expression was significantly reduced in all samples (Fig.6.28)
Also, supernatant obtained from the chemically treated (rough) material which is func-
tionalized with the peptoid (CT-GN-NpMg) reduces the relative mRNA of the lasB
gene, which is involved in elastase synthesis, by 40%. The reduction of the relative
mRNA level of lasB gene was observed after treatment with the supernatant obtained
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from the CT and POLY, for 40 and 30% respectively. The reduction was not de-
tected after treatment with the supernatant obtained from the sample with TI6AL4V
(Fig.6.29).

Figure 6.30: The effect of supernatant of different Ti-based surfaces (TI6AL4V, CT-
GN-NpMg, CT) and POLY on relative mRNA level of genes involved in the QS system
of P. aeruginosa MMA83. The results were obtained using RT-qPCR. Unpaired Stu-
dent’s t-test was used to evaluate if there was a significant difference between the
control and treated group (*p<0.05, **p< 0.01, ***p<0.001).

Figure 6.31: The effect of supernatant of different Ti-based surfaces (TI6AL4V, CT-
GN-NpMg, CT) and POLY on relative mRNA level of virulence factor genes of P.
aeruginosa MMA83. The results were obtained using RT-qPCR. Unpaired Student’s
t-test was used to evaluate if there was a significant difference between the control and
treated group, (**p< 0.01).

Considering the poor penetration of antibiotics into biofilms and the easy spread of
antimicrobial resistance genes between bacteria within the biofilm28, preventing biofilm
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formation and disrupting preformed biofilms may increase the susceptibility of P. aerug-
inosa to antibiotics or phages. These results indicate that peptoids could be promising
agents to prevent bacterial colonization of medical implants and impair the quorum
sensing signaling network of pathogenic bacteria. Considering that QS plays a vital
role in biofilm formation by P. Aeruginosa29 we further evaluated the expression of the
QS genes belonging to three QS networks las, rhl, and pqs. Results show that the
supernatant derived from the CT-GN-NpMg sample exhibited the capacity to reduce
the expression of rhlI (C4- HSL synthase gene); rhlR (the response regulator gene);
pqsA (the first gene in the PQS synthesis gene cluster), and mvfR (the transcriptional
regulator) of P. aeruginosa MMA83. Notably, the observed reduction in lasB elastase
gene expression in the CT-GN-NpMg supernatant-treated MMA83 cannot be solely
attributed to a reduction in QS, because RT-qPCR results did not demonstrate down-
regulation of the las system gene expression, which is a principal regulator of lasB
gene expression.30 However, it is crucial to recognise that the regulation of lasB gene
expression is not regulated by the las system alone, but that the rhl system is also
involved in its regulation.31 Furthermore, we have to keep in mind that the QS signal-
ing network of P. aeruginosa operates within a complex, multilayered hierarchy that
includes interconnected signaling mechanisms that control gene expression in intricate
ways, the full regulation of which is still unknown.32 In addition, it is important to
note that the interaction of dental plaque bacteria incubated with the samples could
have a different interaction with P. aeruginosa MMA83 that affects quorum sensing
and virulence factor expression in MMA83. However, the exact mechanisms underly-
ing this interaction are not yet known and require further investigation. Nonetheless, it
is evident that the functionalization of chemically treated (rough) titanium alloy with
peptoids, owing to their antiquorum sensing and antibiofilm properties, stands out as
the most auspicious strategy for advancing the design of innovative medical devices
when compared to alternative materials.
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Chapter 7

Conclusion

In conclusion, this thesis has presented a comprehensive investigation into the syn-
thesis, purification, characterization, and antibacterial properties of the peptoid GN2-
Npm9, as well as its application as antimicrobial agent on chemically modified surface
of Ti6Al4V alloy, widely used in orthopedic and dental implants. The research encom-
passed several key aspects, each contributing valuable insights into the behavior and
potential applications of GN2-Npm9 to prevent bacterial adhesion and biofilm forma-
tion, also with the purpose of promoting osseointegration through chemical treatments
of titanium substrates. To accomplish these goals, our attention was directed towards
a controlled surface oxidation procedure aimed at rendering the surface both chemi-
cally and topographically suitable to enhance the attachment of the positively charged
peptoid onto the surface, for their antibacterial properties, and to promote osseointegra-
tion. The synthesis of the peptoid GN2-Npm9 was undertaken through solid-phase syn-
thesis at Roskilde University (Copenhagen). Firstly, the resulting chromatogram and
mass spectrum revealed multiple peaks, indicating the presence of impurities. These
impurities posed a significant challenge, as they could be attributed to sub-monomeric
sequences, reagent contamination, or incomplete synthesis. Therefore, purification of
GN2-Npm9 was explored to obtain a more defined product. The chromatogram and the
spectrum showed that purification indeed resulted in a single, well-defined peak with
a molecular weight closer to the expected value, which had demonstrated the success
of the synthesis. The surface treatments and the functionalization of titanium surface
with the molecule were conducted at the laboratories of Politecnico of Turin, includ-
ing zeta potential analysis, XPS, halo assay, UV-Vis release, fluorescence microscopy
and biological evaluation. The zeta potential curve of the peptoid GN2-Npm9 solu-
tion displayed a distinct pattern, showing a high positive zeta potential at low pH
levels, followed by a gradual decrease as pH increased and indicating the presence of
positively charged functional groups, with an isoelectric point at 9.5. This sustained
positivity was attributed to the persistent positive charge carried by lysine residues,
while other apolar and hydrophobic residues had minimal impact on the zeta poten-
tial. This information supported the potential antibacterial action of the peptoid due
to its positive charge. On the prepared samples, surface characterizations by XPS
analyses were carried out, concluding that the functionalization process involved the
electrostatic attraction between the positively charged -NH2 groups and the exposed
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negatively charged acidic OH groups of the titanium oxide layer. On the surface of the
functionalized sample the exhibition of the tryptophan-like residues groups was dis-
played. Fluorescence microscopy also revealed the successful functionalization of the
titanium surface with a bioactive peptoid, as evidenced by the presence of uniform red
fluorescence spots. In contrast, the peptoid was absent on the untreated titanium sam-
ple, except for some imperfections probably due to polishing. After 1 week, straight
lines persisted, indicating the peptoid’s release into the solution, demonstrating its
efficacy in targeted release within damaged areas. This release suggested potential
antibacterial activity. The slow-release kinetics, coupled with the sustained presence
of the peptoid, hold promise for preventing late infections in functionalized titanium
implants, supporting ongoing research into antibacterial properties. The UV-Vis re-
lease also indicated a gradual release of peptoid into the water. The halo assay was
performed in a period of 24 hours, and it indicated there were no observable differ-
ences compared to the control sample, and no halo formed around the treated samples.
Possible explanations included the non-pathogenic nature of the bacterium and the
slow release of the peptoid in solution. Indeed, although fluorescence images after a
week suggested some peptoid release, UV spectra after 24 hours didn’t show significant
release. Biological evaluation demonstrated that both CT and CT-pep significantly
reduced the metabolic activity of the bacteria compared to the titanium-based con-
trol. Furthermore, the metabolic activity of bacteria grown in CT-pep is significantly
lower than that of CT. Currently, commercially available titanium implants with an-
tibacterial features are lacking. The promising solution lies in the development of
surfaces that can not only effectively exhibit antimicrobial activity but also maintain
this action over an extended period. Furthermore, these surfaces should seamlessly
integrate with the host bone without causing any cytotoxicity concerns. Oral bacteria
are linked to dental infections, and Pseudomonas aeruginosa is increasingly causing
them. Peptoids in CT-GN-NpMg samples inhibit P. aeruginosa biofilms and quorum
sensing, potentially increasing antibiotic effectiveness. While some gene expression
changes are observed, complex interactions with dental plaque bacteria require further
study. Overall, peptoid-functionalized titanium alloy shows promise for medical device
design compared to other materials.
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