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Abstract

The covalent immobilization of antimicrobial molecules on biomedical devices could
represent an effective strategy to prevent bacterial colonization of implants and reduce
the use of antibiotics. The antimicrobial peptides (AMPs) are emerging as promising
candidates in this regards due to potent microbicidal properties that can be retained
upon immobilization.

In the present thesis the widely used biocompatible material Titanium (Ti) was
functionalized via thiol-maleimide chemistry with BMAP27(1-18), an a-helical
cathelicidin peptide previously shown to retain potent staphylocidal activity when
immobilized on agarose beads. Contact angle, Quartz Crystal Microbalance with
Dissipation monitoring and X-ray Photoelectron Spectroscopy analyses confirmed
successful peptide functionalization. A contact killing effect was observed on a reference
biofilm-forming S. epidermidis strain, regardless of peptide C- or N- terminal orientation,
by using CFU counts and SEM analyses. The immobilized peptide was not toxic to
osteoblasts, which adhered and spread better on functionalized Ti also when co-
cultured with bacteria, compared to non-coated surfaces.

An optimal design of antimicrobial coating requires a deep understanding of the
mode of action of the immobilized molecules on whole bacteria. A part of this thesis was
dedicated to the development of a rapid fluorescence microplate assay based on the
combination of the potential-sensitive dye 3,3'-Dipropylthiadicarbocyanine lodide,
Propidium lodide and CFU counts, which allows to distinguish between membrane
depolarization due to ion movements across the membrane and membrane
permeabilization due to pore formation. Applying this novel method, BMAP27(1-18)
free and anchored to a model support via C- or N- terminus was evaluated for its
membrane perturbing and bactericidal activity. Results showed a clear permeabilizing
effect in solution, while alternative/additional mechanisms could be implicated for the
immobilized peptide.

This assay could be applied in ‘mode of action’ studies of other soluble and
immobilized membrane active AMPs and could be useful to further improve the design
of peptide coated biomaterials. In the case of BMAP27(1-18), results obtained with

grafted titanium support its potential for biomedical applications.






Reading notes

Chapter 1 Introduction - Global introduction to biomaterials, antimicrobial peptides and

coating strategies.
Chapter 2 Aim of this thesis

Chapter 3 Covalent Anchoring of an alpha-helical Cathelicidin Peptide to reduce
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apter 1 — Introduction

1.1. Material used for bone replacement
1.1.1. Biomaterials

Biomaterial is an external material to the body designed to substitute a specific

function or a part of the patient in a safe and physiologically acceptable way'=3.

Biomaterials have been used in humans since about 2000 years. Ancient civilizations,
such as ancient Romans and Aztecs used gold, silver, wood and animal bones as dental
replacement, and tendons and fibers as suture material. These kind of substitutions
were not successful due to the use of incorrect materials and their subsequent infections
due to non-aseptic procedures. During the 1860s, aseptic surgery technique was
developed, and the implantation of devices was improved, promoting an increment of

the use of stainless steel and of the material engineering for biomedical applications.

Metals .
Ceramics

Strong, tough, ductiie .
very compatible
dense, difficult to make,

may corrode weak in tension, brittle,

not resilient
DENTAL ROOT  IMPLANTS,

PACER AND SUTURE WIRE, DENTAL AND ORTHOPAEDIC

JOINT REPLACEMERNT, SCRE IMPLANTS
AND BOME PLATES
Composites Polymers

tailor-made, strong
difficult to make

DENTAL RESIN, BONE
CEMENT

easy to produce, resilient

deforms with time, may
degrade, not strong

LENSES, SUTURES, HIP
SOCKET, NOSE, EAR, BLOOD
VESSELS

Figure 1.1. Different biomaterials with advantages (green), drawbacks (red) and their applications in

medicine.



Biomaterials can be classified grouping them into several families: glasses, metals,

ceramics, polymers and composites materials (Figure 1.1.)*>.

Biomaterials find a high number of applications in the medicine field. Some of these

are hip prostheses, dental implants, knee prostheses, cardiac valves, intraocular lenses

and left ventricular assist devices (Table 1.1.).

Table 1.1.: Some Applications of Synthetic Materials and Modified Natural Materials in Medicine.

Obtained from Ratner et al. 20045,

Application

Types of materials

Skeletal system
Joint replacements (hip, knee)

Bone plate for fracture fixation
Bone cement

Bony defect repair

Artificial tendon and ligament
Dental implant for tooth fixation

Cardiovascular system
Blood vessel prosthesis
Heart valve
Catheter

Organs
Artificial heart
Skin repair template
Artificial kidney (hemodialyzer)
Heart—lung machine

Senses
Cochlear replacement
Intraocular lens

Contact lens
Corneal bandage

Titanium, Ti—Al-V alloy, stainless steel,
polyethylene

Stainless steel, cobalt—chromium alloy
Poly(methyl methacrylate)
Hydroxyapatite

Teflon, Dacron

Titanium, Ti—Al-V alloy, stainless steel,
polyethylene Titanium, alumina, calcium
phosphate

Dacron, Teflon, polyurethane
Reprocessed tissue, stainless steel, carbon
Silicone rubber, Teflon, polyurethane
Polyurethane

Polyurethane
Silicone—collagen composite
Cellulose, polyacrylonitrile
Silicone rubber

Platinum electrodes

Poly(methyl methacrylate), silicone rubber,
hydrogel

Silicone-acrylate, hydrogel

Collagen, hydrogel

Titanium is the most used biomaterial for dental implants, but it is also extensively

employed in orthopaedics, where higher mechanical requirements exists”8.

1.1.2. Titanium as biomaterial

Titanium (Ti) is the ninth element most abundant in the world, discovered by William

Gregor in 1791. During the 1940s, some researchers performed animal studies in order

to analyse the bioactivity of stainless steel, CrCoMb and Ti, and they discovered that Ti



had the lowest elastic modulus, ductility, high strength and good biocompatibility®. This
promoted the use of Ti as a material for implants®?©,

Regarding physical properties, Tiis a transition element such as iron, nickel or cobalt.
Ti can be considered a lightweight metal, with an excellent relationship between
resistance/density. It has a high melting point, which allows its handling at high
temperature. Moreover, it isimportant to highlight its low thermal capacity, comparable
to stainless steel, its low conductivity coefficient and low thermal expansion.

Concerning Ti chemical properties, it can be noted that it has 5 stable isotopes, with
atomic weights between 46 and 50. The most abundant is Ti*®. One of the most
important characteristics of Ti is its thermal reactivity at high temperatures. Titanium
thermal reactivity is highly increased, which can be observed with the extreme reactivity
between titanium and oxygen or other gases at high temperatures that are spread to
the crystalline titanium network. This high reactivity with oxygen results in a fast
formation of an oxide surface layer (passivation) with heterogeneous grading depending
on the diffusion. This layer is impermeable, allows the metal to be completely protected,
and for that reason, titanium has the characteristic of high corrosion resistance®?°,

Usually Ti has a low mechanical resistance. The mechanical properties of Ti depend
on the percentage of contaminant interstitial elements (oxygen, nitrogen, carbon and
hydrogen). For this reason, different degrees of commercially pure titanium are defined
based on the content of these elements (which determine resistance and fragility) and
iron (which affects their resistance to corrosion). Extra Low Interstitial (ELI) alloys are
also defined with very low contents in interstitial elements, which guarantee good
plasticity and low toxicity® .

Table 1.2. reports the classification of commercially pure titanium according to ISO

5832-2, as well as the mechanical properties of the different Ti purity grades®,



Table 1.2. Mechanical properties of titanium depending on purity degree for biomedical

applications. Obtained from Brunette et al. 2001 and Adamovic et al. 2018%1,

Properties CPTigradel CPTigrade2 CPTigrade3 CPTigrade4
Yield strength (MPa) 170 275 380 485
Tensile strength (MPa) 240 345 450 550
Elongation (%) 24 20 18 15
Reduction in area (%) 30 30 30 25

Titanium grade 2 has bone-like mechanical properties, chemical stability, a good
corrosion resistance and biocompatibility. For these reasons, it is the most widely used
material in medicine®1%1? in particular for use in bone prostheses, dental implants and

in other medical applications*1%12,
1.2. Problems derived from the interaction prosthesis-body

During the last century, the increment of degenerative diseases of the bone such as
wear or excessive loading, deficiency of biological self-healing processes, degeneration
of human joints, generated a rise of the use of biocompatible materials for bone
replacement. A 70-80% of biomedical implants are composed of metallic materials®. In
addition, the number of elder people demanding a substitution for failed-tissue is
rapidly growing and the population life expectance is increasing. Furthermore,
approximately a 90% of population over 40 is affected by some kind of degenerative
disease’3.

Nevertheless, an increment of replacement surgery is directly related to a rise in
revision surgery for prosthesis failure. The implant failure can be caused by factors such
as host response, allergy, stress shielding effect, poor osseointegration and infection.
1.3. Host response

Once a prosthesis is implanted in the body, this causes a response that is named
foreign body reaction where the macrophages, lymphocytes and neutrophils try to start
the wound healing process and at the same time neutralize the foreign material. It is
important to prevent any exaggerated response caused by the implant during the
healing process, because it could alter tissue repair, promoting pathological

inflammation, and lead to implant failure.



1.3.1. Wound healing process

Wound healing process is composed by four combined and overlapping phases:
hemostasis, inflammation, proliferation and tissue remodelling'4'® (Table 1.3.). The
process could be affected resulting in a chronic wound. If any phase is interrupted,

aberrancies are promoted or prolonged in time?®,

Table 1.3. Normal Wound-healing process. Obtained from Guo et al. 2010%.

Phase Cellular and Bio-physiologic Events

Hemostasis 1. Vascular constriction
2. Platelet aggregation, degranulation, and fibrin
formation (thrombus)

Inflammation 1. Neutrophil infiltration
2. Monocyte infiltration and differentiation to
macrophages

Proliferation Re-epithelialization
Angiogenesis
Collagen synthesis
ECM formation
Collagen remodelling

Vascular maturation and regression

Tissue remodelling

NP R WNRE

1.3.2. Foreign body reaction

Subsequently to prosthesis implantation, the body has an inflammatory and wound
healing response where the foreign body reaction (FBR) is the final-phase response.
FBRs to titanium and other materials have been studied in material sciences and
orthopaedics for long time and are considered as multifactorial, immune-modulated,
and complex healing processes where a high number of cells and mediators are

implicated?!’.

The reaction of the host depends on physico-chemical implant characteristics and
starts 2-4 weeks after implantation although this response is always present at the
tissue-material interface®. It involves macrophages and giant body cells that can affect
the biocompatibility of the implanted prostheses. After surgical implantation, a protein
layer composed by fibrinogen, albumin, fibronectin and other proteins, adheres to
prosthesis surface where its interaction with adhesion receptors present on
inflammatory cell populations can regulate the subsequent inflammatory and wound

healing process'®.



1.4. Infection

During the last decades, biomedical implants have transformed medicine, but
unfortunately these devices also promoted an infection risk increment?°. One of the
principal problems of implants is their infection that implies complex interactions

between the biomaterial, the pathogen and the host immune response.

In the infection associated to prosthesis, the implant induces an on-site tissue
reaction that usually involves acute and chronic inflammation, a foreign body reaction,
granulation tissue formation and fibrous encapsulation that make the implant
susceptible to bacterial colonization, infection and subsequent biofilm formation??.
Bacterial pathogenicity is mainly correlated to the capacity to adhere onto materials?223
and develop a multi-layered biofilm. The biofilm is composed of an aggregate of
microorganisms, where the bacteria, often enclosed within a self-produced matrix of
extracellular polymeric substances, adhere to each other and/or to the surface?*. Biofilm
formation allows pathogens to remain as reservoirs and to overcome innate immune
defences resulting in long-term persistence of these infections?>. Biofilm formation is
composed of two phases. The first is the attachment of microbial cells to the surface,
which depends on the physicochemical forces between the material and bacterial
surface proteins, and the specific recognition between bacterial receptors and plasma
and connective tissue proteins which cover prosthetic devices once implanted?®. The
second phase is the multiplication and accumulation of microorganisms, leading to the
formation of multi-layered bacteria clusters via expression of specific polysaccharides
and proteins on the surface of colonizing bacteria?’. The orthopaedic prosthetic
infections are usually caused by Gram-positive staphylococci, such as Staphylococcus
aureus but also by some opportunistic pathogens, otherwise considered commensals,

such as Staphylococcus epidermidis?®?8,

An international team from USA and EU reported differences in geographical
distribution of orthopaedic implant infections caused by staphylococci. Specifically, they
observed that S. aureus was the most frequent pathogen associated with total
arthroplasty in the USA, whereas S. epidermidis was slightly more common in Europe
(Table 1.4.). In the USA, 25.6% of all healthcare-associated infections are caused by

infections related to biomedical devices?®. A vast review of published reports



considering the distribution of causative agents of prosthetic joint infections indicated
that coagulase-negative staphylococci, such as S. epidermidis, and S. aureus were found
in equal proportions (about 30%)%. In infections caused by S. aureus, methicillin-
resistant S. aureus (MRSA) was predominant in early infections, while methicillin-
sensitive S. aureus (MSSA) was predominant in delayed and late infections°. Antibiotic
resistance is a critical question in orthopaedic implant infections?3. Nearly 32% S. aureus
and 40% S. epidermidis strains recollected from orthopaedic postsurgical and prosthesis-

associated infections were observed to be resistant to gentamicin3%32,

Table 1.4. Major implant-infecting bacteria causing orthopaedic infections. Obtained from Arciola et al. 2018?°

Species Prevalence in Prevalence in Prevalence in Prevalence in  Prevalence in Refs
medical device knee arthroplasty hip arthroplasty infections infections
infections (%) infections (%) infections (%) involving external involving
fixation (%) internal fixation
(%)
Staphylococcus aureus 31.7 21.1 22.2 54.5 47.8 &
33.8 26.4 24.4 47.8 42.5 S
13.0 (EU)*— 12.1 (EU)° - 13.6 (EU)°— ND ND 3
31.0 (US)? 29.6 (US)? 32.6 (US)?
Coagulase-negative 20.2 (US)?— 21.7 (US)2— 18.4 (US)*— ND ND B2
staphylococci 39.3 (EU)? 37.0 (EU)? 40.7 (EV)?
Staphylococcus 39.0 52.6 48.1 18.2 26.1 &
epidermidis 31.5 41.8 43.6 15.2 21.9 e
Coagulase-negative 11.6 ND ND ND ND 23
staphylococci other than 12.8 ND ND ND ND e
Staphylococcus
epidermidis
Streptococcus spp. and 10.3 (US)2— 10.3 (US)2— 9.1 (US)2— ND ND B2
Enterococcus spp. 14.5 (EU)? 14.5 (EU)? 12.1 (EU)?
Enterococcus faecalis 2.4 2.6 0.0 0.0 6.5 =
4.4 0.5 3.5 8.7 5.3 e
Gram-negative bacteria ND 4.5 (EUu)a— 4.2 (EU)*— ND ND B2
6.4 (US)? 6.8 (US)?
Pseudomonas 6.1 10.5 3.7 18.2 4.3 32
aeruginosa 6.7 4.4 2.9 141 8.9 e
Escherichia coli 2.4 5.3 0.0 0.0 0.0 e
1.6 ND ND ND ND e

EU, data from a European reference clinical setting; ND, not determined; US, data from a US reference clinical setting. Infections after

total arthroplasty



1.5. Antimicrobial coatings

Some of the first attempts to perform antimicrobial coatings for orthopaedic implants
were made with conventional antibiotics, such as vancomycin and gentamicin3®.
However their limited antimicrobial activity and the delivery of these drugs at sub-MIC
levels could evoke bacterial resistance3”8, Antibiotic-resistant bacteria are considered
by the World Health Organization as one of the greatest threats to human health in the
future and, specifically, as an important problem in orthopaedic implant infections®. It
has been reported that some bacteria, such as S. aureus, show high rates of antibiotic
resistance, and other species, such as S. epidermidis are developing an increase of
antibiotic resistance®.

Consequently, it is crucial to adopt strategies to prevent bacterial adhesion to and
biofilm formation on the implant surfaces. Several approaches already exist, such as the
screening and decolonization of MRSA in carriers, application of prophylactic antibiotics
before implant surgery, skin preparation immediately before incision with an antiseptic
solution, and others?®®. As they are not enough, it is important to improve the
perioperative preventative measures, and to develop osteoblast-compatible
biomaterials resistant to bacterial infection.

The many events that happen upon prosthesis implantation can be described by the
‘race for the surface’ concept. In the case that the tissue cells win this race, the implant
surface is coated by tissue and would be more resistant to bacterial colonization. But if
bacteria win this competition, they will promote the formation of biofilm on the implant

surface reducing the possibility of tissue integration (Figure 1.2.)%%,
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Figure 1.2. Representative illustration of the process of biomaterial colonization starting from individual
bacteria adhesion micro-colonies towards formation and maturation of biofilm (1), Schematic
illustration about the “Race for the surface” Concept (2); illustrative image about the repulsion on

bacteria in suspension caused by anti-adhesive coating. (3). Obtained from Gallo et al. 2014

Nowadays, diverse strategies are under study for orthopaedic applications36444°,
which try to prevent the bacterial adhesion and adsorption, such as anti-adhesive
polymers*4’, super-hydrophobic surfaces*®4°, nano-patterned surface>®>?, application
of hydrogels®>°3; or which attempt to kill bacteria via inorganic coatings, such as silver
nanoparticles®*>>, zinc>®>’, selenium>%°° and copper ions®%; or organic coatings, such as
chitosan derivatives®%?, cytokines®® or enzymes®, surfaces covalently coated with
antibiotics®>%, and also by using AMPs®”%8, Among these strategies the formation of
biomaterials with antimicrobial peptides attached to the surface could represent an

effective approach to prevent bacterial colonization®”:6%7°,

1.6. Antimicrobial Peptides

Antimicrobial peptides (AMPs) represent an untapped reservoir of natural molecules
with antimicrobial properties’>72. They are potential candidates as bactericidal agents,
which have demonstrated their efficacy as a part of innate immunity’3. AMPs or “host
defense peptides” are components of the innate immune system, present in all living
species, including bacteria, fungi, plants, insects, amphibians as well as other
eukaryotes’®. AMPs are molecules with high variability in size (<100 amino acids) and
sequence. They are usually small, cationic and amphipathic. Many of them are

membrane-active’>’®, usually with broad spectrum activity including bacteria, fungi and,



in some cases parasites, enveloped viruses, and even cancerous cells’>”’. There is no
definite consensus about the amino acid sequence determining their biological activity.
Nevertheless, some conserved traits exist, such as charge, hydrophobicity, and
amphipathicity. These features helped to define a well-accepted classification, based on
the secondary structure. It divides AMPs into four groups: a-helical peptides, B-sheets,

mixed structures and extended peptides (Figure 1.3.)’87°,

Antimicrobial peptides (AMPs)

¥ ¥ 2
a-helical AMPs B-sheet AMPs Extended structure AMPs
Cathelicidins (e.g., LL-37) Gramicidin S Histatins &
Magainin-2 Hepcidins

Defensins
s
Defensins

(contain 6 Cys residues)

[ |

Disulfide bridges link Cys Disulfide bridges link Cys Two distinct nonapeptides
1-6,2-4and3-5 1-52-4and3-6 linked by 3 disulfide bonds
Human Neutrophilic Peptides (HNPs) 1 -4 Human beta defensins (HBDs) 1-3 Retrocyclin-1
Human defensins 5 and 6 Rhesus 8-defensin-1

\ A
GOGRQOGOR
»ﬂ ﬁl DOOCHOBES

Figure 1.3. Classification of AMPs based on their structure. Obtained from Chakraborti et al.(chapter 5)
2018% and corrected with Lehrer et al. 20128,

A detailed description of the various classes of AMPs goes beyond the scope of this
thesis. The experimental part of this study is focused on the a-helical peptides, which
appear the most suitable for prosthetic coatings applications due to their mode of action
(see below). They are one of the most abundant AMPs that are present in insects,
amphibian, and mammals. The AMPs of the cathelicidin family have been isolated from
many different species of mammals. Cathelicidin proforms share a well-conserved N-
terminal prodomain (cathelin domain), for its more than 70% homology to cathelin, and
inhibitor of cathepsin L.22. Nevertheless, these molecules are considerably different in
the C-terminal antimicrobial domain, corresponding to the mature AMP, which becomes
active upon its release from the holoprotein. Taking into account the structure of this
domain, cathelicidins are additionally classified into cyclic and linear molecules. The
cyclic peptides could contain one disulphide bond (e.g. cyclic dodecapeptide®3), two
disulphide bonds (e.g. protegrins®¥), could be rich in tryptophan residues (e.g.

indolicidin®) or with a short tandem-repeat sequences (e.g. bovine bactenecins Bac5
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and Bac7 ). However, the major part of cathelicidin peptides are linear with 23-40
amino acids, which adopt an a-helical conformation in anisotropic environments like the
biological membranes (some examples of a-helical cathelicidins are rabbit CAP-18 &7,
mice CRAMP®, porcine PMAP-36 & and -37 °, ovine SMAP-29 °! and -34 °2, bovine
BMAP-27, -28 % and -34 °* and human hCAP-18 % and LL-37 °6%7).

Most of these molecules have a mode of action based on membrane
permeabilization. This accounts for a broad spectrum activity including antibiotic-
resistant clinical isolates®, efficacy against biofilm-embedded microorganisms, and low
level of resistance induction’®%7191 Taking into consideration the increment of
antibiotic-resistance problem??, thanks to these properties AMPs may represent an

advantage respect to other strategies.

As was mentioned previously, AMPs are molecules with high variability in sequences
and size, thus they also have many different target sites or in other words many
mechanisms of action depending on their targets. Currently, the first contact between
AMPs and bacteria occurs at the microbial surfaces. As peptides are mainly cationic
molecules, they interact with the anionic phospholipids of bacterial cytoplasmic
membranes, such as the phosphate groups on Gram-negative outer membrane
lipopolysaccharide (LPS), or the teichoic acids of Gram-positive bacterial
peptidoglycan'®3104 After the first contact with microbial surface, these peptides can
interact in some different ways, such as disrupting the membrane integrity leading to
cellular inactivation, or crossing the bacterial membrane without membrane
permeabilization to reach intracellular targets that are essential for microbial metabolic
pathways'®. Currently, AMPs with membranolytic activity have two principal
mechanisms, which depend on the relative position of the peptide respect to the
bacterial membrane surface, that are called "carpet-like model" and "toroidal-pore

model" (Figure 1.4.)7>1%,
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Figure 1.4. Schematic representation of the diverse events happening at the bacterial cytoplasmic
membrane since initial AMP adsorption. These phenomena are not exclusive of each other and neither
are inclusive. In this figure are described the classical models of membrane disruption (Toroidal pore
model, Carpet-like model and Barrel stave model), other less common such as disordered toroidal pore,
membrane thinning, charged lipid clustering, non-bilayer intermediate and also more specific situations
as electroporation, non-lytic membrane depolarization, anion carrier and oxidized lipid targeting.

Obtained from Nguyen et al. 20117>,

In the toroidal-pore model peptides lying onto the membrane are adsorbed with their
axes parallel to bacterial surface, forcing the lipids to fold inwards, building a pore
delimited by lipid headgroups and associated peptides!?®1%, Moreover, another version
exists, called “disordered toroidal pore model” which involves the stochastic formation
of the pore with lower peptides participation'®’. However, the resulting pores induce a
strong membrane depolarization and escape of the cytoplasmic components which
cause the cell death®, In the carpet-like model, the molecules of AMPs always remain
positioned in parallel to the bacterial membrane surface and cover it in a disordered
manner until they reach a critical concentration where the membrane integrity is

affected losing its electrostatic interactions and consequently collapsing to micellar
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form108109 |n the barrel stave model, peptide aggregate and reorientate, inserting
perpendicular into the bacterial membrane with their hydrophobic regions aligned with
acyl fatty chains and hydrophilic regions towards the central aqueous lumen, forming a
membrane-spanning pore such as a classical protein pore!l®. Anyway, the insertion of
any molecule into the bacterial membrane would modify the membrane stability and
the membrane-protein functions. The formation of pores and channels, or less defined
lesions could provoke a distinct leakage of essential cytoplasmic components, which
could induce the membrane depolarization and membrane permeabilization
phenomena. Hence, once AMPs reach the bacterial membrane surface or pass through
the membrane arriving into the intracellular space, they can interact with crucial targets
and promote cell degradation by induction of hydrolases or inhibiting cell-wall synthesis

or metabolic enzymatic activity, and finally inducing cell death103109,111,112

Moreover, several AMPs possess modulatory host cell functions’?, also in the bone
environment, such as LL-37 that promotes bone regeneration in vivo by diverse
mechanisms implicating stimulation of other cell types!*3-11>, or the B-defensins that
elicit stimulatory effects on osteoblast proliferation and differentiation'*®. In view of
these characteristics, AMPs could be helpful not only to kill bacteria, but also to promote
bone regeneration. Hence, prosthetic implants functionalized with AMPs would be an

interesting target to study the "Race for the Surface" concept.

Several recent publications show successful binding of short cationic antimicrobial
peptides to titanium (Ti) or other metals by using several different coupling

117125 These approaches include substantially the decision of tethering

methodologies
position (N- or C-terminus) and the nature and size of a possible spacer®”.6%126, However,
many researchers discuss about the antimicrobial efficacy of AMPs upon surface
anchoring!?’-13%, The efficacy depends on several variables associated to structural
characteristics of the peptide and to coupling strategies. This means that an immobilized
peptide could show distinct antimicrobial properties respect to the free peptide?31133,
Numerous examples of antimicrobial peptides covalently immobilized to titanium are

reported in the upper part of Table 1.5. Other useful information concerning coupling

strategies and functional characterization are also provided. In addition, the lower part



of this table lists numerous examples of studies where AMPs were non covalently

incorporated in various matrices for controlled release upon implantation.

Taking into consideration covalent surface immobilization, membrane-active AMPs
arise as the most appropriate candidates as they would not require to penetrate into
the bacterial cell to reach intracellular targets. Moreover, the creation of short

antimicrobial sequences would have a positive impact on the production costs.



Table 1.5. Examples of AMPs immobilized on titanium with different strategies. Obtained from Andrea et al. 2018*.

) ) . ) . ) . . Biocompatibility
Biomaterial AMP Sequence Coating Method Bacteria In Vitro Testing In Vivo Testing Ref.
Tested on
Immobilized
Three-step:
1. Silanization with APTES! through vapour Mouse and rat subcutaneous
Titanium disks or Melimine CTLISWIKNKRKQRPRVSRRRR  deposition. S. aureus strain 38 Bacterial adhesion via infection models. CEU n/a 135
hollow round casings RRGGRRRR 2. Cross-linker addition sulfo-SMCC? by P. aeruginosa PAO1 fluorescence microscopy determination :
immersion.
3. Cys-peptide addition by immersion.
Tw9—st§p: . . Drip Flow Bioreactor
Titanium, commercially 1. Silanization with (3- Streptococcus gordonii Culture
) _ : f 136
pure Grade Il disks GL13K GKIIKLKASLKLL-NH, chI0|topropyAI)AtrlethoxysHa'ne. strain ML-5 CFU assay, ATP assay, L/D n/a n/a
2. Peptide addition on the silane by - .
. . staining BacLight, SEM
immersion.
Three-step:
4-methylhexanoyl-Cys-D- 1.Silanization with APTES®. E. coli DH5a .
- . . . CFU assay, L/D staining . 137
Titanium GZ3163 Dab-Dab-Dab-Leu-D-Phe- 2.PEGylation with NHS-PEG,4-MAL 3 ester, P. aeruginosa ATCC27853 X n/a Mouse blood cells lysis assay
. . Baclight, SEM
Dab-Dab-Leu-NH, by immersion. S. aureus®
3. Peptide coating by immersion.
Three-step: Bacterial killing assay

L CLLGDFFRKSKEKIGKEFKRIVQ, 1.Silanization with APTES?. . . L L 138

Titanium, platelets LL-37 RIKDFLRNLVPRTES 2. PEG linker NHS-PEG-Mal®. E. coli strain K12 (Prf)p}dlum iodide n/a n/a
. . . staining)

3. Incubation with peptide.

Three-step:

1. Copolymer brushes > synthesized on Ti.
Titanium, deposited on 2. Modification of the grafted chains using  P. aeruginosa PAO1 . 139
silicon wafer Tet213 KRWWKWWRRC 3-maleimidopropionic acid N- (luxCDABE) CFU assay, luminescence  n/a n/a

hydroxysuccinimide ester.

3. Peptide conjugation via cysteine residue.

Three-step:

- . 1. Silanization with APTES! through vapour . . MG-63 human osteoblast-like
TAItAamum' deposited on Tet-20 RWRIRVRVIRKC deposition. P. aeruginosa PAO1 CFU assay, luminescence, Rat subcutaneous infection model cells, Platelet activation, 140
silicon wafer R . (luxCDABE) SEM L .

2. N-substituted polyacrylamide brushes. Complement activation analysis
3.0ne-end tethering of AMP.
Three-step: CFU assay, L/D staining

Titanium, 1. Silanization with APTES 1. 1o BackLight,

commercially pure hLF1-11 MPA-AhX-Ahx-Ahx 2. Bifunctional cross-linker iodoacetic S. sanguinis CLSM, n/a Human foreskin fibroblasts 121

Grade Il

GRRRRSVQWCA-NH, ©

acid N-hydroxysuccini- mide ester
3. Peptide addition, by immersion.

L. salivarius *°

BacTiter-Glo Reagent
for biofilm




Three-step:

1. Silanization with either APTES * or
Titanium, CPTES 7. s CFU assay, SEM,
commercially pure hLF1-11 MPA-AhX-Ahx-Ahx 2. Addition of the bifunctional cross linker 5 sar?gun'ws luminescence BacTiter- n/a Human foreskin fibroblasts 120
GRRRRSVQWCA-NH, © L B L. salivarius ** L
Grade Il 3-(maleimide)propionic acid N- Glo Reagent for biofilm
hydroxysuccinimide ester.
3. Peptide addition, by immersion.
Titanium, Two-step: Human gingival fibroblasts
. [ . Porphyromonas X
commercially pure GL13K GKIKLKASLKLL-NH, 1. Silanization with CPTES 7. S ATP assay, CFU assay n/a (HGF) and MC3T3-E1 murine 141
. " . . gingivalis ATCC 33277
Grade Il 2. Peptide addition by immersion. osteoblasts
N . Ti-binding- . . . N - S. gordonii ATCC - .
9 i - -
Tﬁ:'“m foils 99.2%  Jirier- mi’g:mfémwm gz;:‘:izc peptide, with titanium-binding o, 0 0 ouis ATCC E/Lz:/lta'"'"g Baclight, n/a MC3T3-E1 Osteoblasts Culture 142
P IPH8194 : 10556
Rat model, Ti rods were Histopathology evaluation of
N lle-Cys-Leu-d-Glu-lle- X . . "
Titanium alloy, Bacitracin cy(Lys-d-Orn-lle-d-Phe- Polydopamine S. aureus ATCC 25923, n/a implanted into the femurs. the bone tissue around the Ti 143
Ti6AL4AV y A ydop MRSA CFU on the implant and at the rod implant. nephrotoxicity of
His-d-Asp-Asp) i . . S S
peri-implant tissues. bacitracin-modified Ti in vivo
5. aureus ATCC 29213 rabbit keratitis model
Titanium SESB2V [(RGRKVVRR),K],KK Polydopamine P. aeruginosa ATCC L/D staining BacLight ! n/a 144
CFU/cornea
9027
Titanium alloy, ] B. cereus ATCC 14579 L/D staining, Human corneal stroma cells 142
Ti6Al4V SEsB2v [(RGRKVVRR);K,KK Polydopamine E. coli ATCC 35218 fluorescent microscopy n/a from donors tissue
AMP1 LKLLKKLLKLLKKL E. coli ATCC 2592 SYTO9 green
Titanium, grade V Chimeric peptide, with titanium-binding S. mutans ATCC 25175 fluorescent nucleic acid n/a n/a 125
powder domain. S. epidermidis ATCC stain fluorescent
AMP2 KWKRWWWWR 29886 microscopy
Release
P. aeruginosa
Titanium HHC-36 KRWWKWWRR-NH, hydro'gel, cathehol functionalised, E. coli CFU assay, SEM n/a human mesenchymal stem 146
addition of AMP S. aureus cells
S. epidermidis
Mouse subcutaneous and
Ac- PLEX 8 coating, mixed with peptide. . qureus clinical strain CEU assav, Crvstal Rabbit intramedullary nail
Titanium OP-145 IGKEFKRIVERIKRFLRELVRP  Immersion for in vitro testing, spraying . v, LIy infection models. Biopsy fom n/a 147

LR-NH,

for in vivo.

JAR060131

violet

skin, subcutaneous tissue and
implant.




Calcium phosphate by electrolytic

P.
aeruginosa H1001: lux-

CFU assay,

MG-63 human osteoblast-like

. . 148
Titanium Tet213 KRWWKWWRRC deposition, soaking in the AMP solution. CDABE luminescence n/a cells
S. aureus ATCC 25293
LBL ° coating. Three layers of vertically P. ’c\ﬂeﬁfs human osteoblast-like
Titanium HHC-36 KRWWKWWRR-NH, oriented Ti0, nanotubes, a thin layer of - aeruginosa H1001: lux- oy oco semp n/a Platelet activation s
calcium phosphate coating and a CDABE Red blood cell (RBC)
phospholipid. S. aureus ATCC 25293 X
haemolysis assay
F. nucleatum ATCC MC3T3-E1 cells, a clonal
Titanium GL13K GKIIKLKASLKLL-NH TiO, nanotubes 25586 CFU assa n/a mouse preosteoblastic cell 150
2 2 ) P. gingivalis ATCC v line, J774A.1 mouse
33277 macrophage
TiO, nanotubes, adsorption via a simple
Titanium HHC36 KRWWKWWRR vacuum-assisted physical adsorption S. aureus ATCC 25293 CFU assay, SEM n/a n/a 151
method.
Titanium alloy, ;‘Zﬁ/‘:ﬁi'h;?j: Zzgia:;rzllginate P. gingivalis ATCC Alamar Blue cell
f ) ) 3 . - L . 152
TiGAIV Cateslytin RSMRLSFRARGYGFR modified by catechol groups along the 33277 \éfgtzaassay n/a Gingival fibroblasts HGF-1
polymer chain. v
mouse model of subcutaneous
Titanium, solid Ac- . . . S. aureus JAR060131, - L biomaterial-associated
medical grade SAAP-145  LKRLYKRLAKLIKRLYRYLKKP B:"iiej;adab'e PLEX was mixed with MDRSS. :LZ'?:SS';T]C'Zd'"e infection. CFU on the implant ~ n/a 153
implants VR-NH, peptide. aureus LUH15101 and at the peri-implant area.
Biopsies.
| -by-I ly, chi icity A . HaCaT cell
I?yz:[u:)yni:\;iridassemb Y chtosen. 5. aureus ATCC CFU and fluorescent mice, intraperitoneal E\L/Jt;?nxgt{hr?:iesaca “r
Titanium plaHNUtes Tet213 KRWWKWWRRC AT\/IP was coval(.antl linked to free 25923, P. microsco admilnistrafion haemol siz assa ;e =
v gingivalis ATCC 33277 Py v v

amines of collagen IV

In vivo immunotoxicity assay.

L APTES: 3-Aminopropyl

triethoxysilane; 2 Sulfo-SMCC:  4-(N-maleimidomethyl)cyclohexane-1-carboxylic

3-sulfo-N-hydroxysuccinimide ester; 3 NHS-PEG2s-MAL:

succinimidyl-[N-maleimidopropionamido]-

poly(ethylene glycol); * NHS-PEG-Mal: a-N-hydroxysuccinimidyl-w-maleimidyl-PEG; > Copolymer brushes: N,N-dimethylacrylamide-co-N-(3-aminopropyl)-methacrylamide hydrochloride); ® Ahx: 6-aminohexanoic

acid, as spacer, MPA: 3-mercaptopropionic acid, as anchoring group; 7 CPTES: (3-chloropropyl)triethoxysilane; 8 PLEX: biodegradable Polymer-Lipid Encapsulation MatriX, consisting of poly lactic-co-glycolic acid,

dipalmitoyl phosphatidyl choline, distearoyl phosphatidyl choline and cholesterol; ° LBL: Layer-by-Layer; 1 Strains not specified; ** Streptococcus sanguinis (CECT 480, Coleccién Espafiola de Cultivos Tipo (CECT),

Spain) and Lactobacillus salivarius (CCUG 17826, Culture Collection University of Goteborg (CCUG), Sweden). n/a: not applicable, CFU: Colony Forming Units, L/D staining: Live/Dead staining, SEM: Scanning Electron

Microscopy, CLSM: Confocal laser scanning microscopy.
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hapter 2 — Aim of the thesis

2.1. Aim

Bacterial infection of orthopaedic implants represents one of the major challenges in
orthopaedic surgery being associated with huge morbidity, and healthcare and social
costs. The problem is critical also in view of the increment of antibiotic resistance,
particularly in hospital settings. The development of infection-resistant biomaterials
could represent an effective strategy to prevent bacterial colonization of implants,
reducing the need for antibiotics. The antimicrobial peptides are receiving increasing
attention in this regard due to their potent antimicrobial and antibiofilm properties also
upon immobilization, and low tendency to induce resistance?.

Bovine cathelicidin BMAP-27 is a well-characterized a-helical peptide expressed by
bovine neutrophils?. It displays potent antimicrobial activity against bacteria and fungi
but also relevant cytotoxicity towards mammalian cells®. Previous studies focused on a
fragment of this peptide, BMAP27(1-18), which maintained high bactericidal activity
while displaying significantly lower cytotoxicity?*. Specifically, this BMAP27 derivative
was effective against Gram-positive isolates, its activity was retained also in the
presence of biological components such as serum, hyaluronic acid and synovial fluid and
proved biocompatible to osteoblasts, highlighting its potential for orthopaedic
applications®. Notably, BMAP27(1-18) immobilized on solid support showed potent
killing capacity against Staphylococcus aureus and Staphylococcus epidermidis®.

In view of all these properties, it was decided to covalently immobilize BMAP27(1-18)
peptide onto Titanium (Ti), a widely and routinely used metal for orthopaedic
implants>®, in order to possibly exploit the BMAP27(1-18) properties to inhibit bacterial
colonization and enhance osseointegration of implants. The covalent immobilization
was performed via thiol-maleimide chemistry and the functionalized Ti samples were

physicochemically characterized and tested against a reference biofilm forming strain of



S. epidermidis’. Furthermore, osteoblast biocompatibility was evaluated in bacteria-

osteoblasts co-cultures in the frame of the “Race for the Surface” concept.

In order to analyse the mechanism of action of the immobilised BMAP27(1-18) peptide,
a relevant fraction of this thesis was dedicated to the development of a novel assay to
get mechanistic and kinetic insights on the interaction of membrane active peptides with
cytoplasmic membranes of whole bacteria. This rapid fluorescence based microplate
assay was initially set up for soluble peptides using peptides with well-known
mechanism of action as standards. In a subsequent step, this test was also applied to
surface anchored peptides to gain mechanistic information that could be useful to

further improve the design of peptide coated biomaterials.
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apter 3 — Covalent Anchoring of an alpha-helical
Cathelicidin Peptide to reduce Staphylococcal to
Titanium surfaces

3.1. Introduction
As was mentioned in the previous chapter, the infection of implanted prostheses is

the most serious trouble in arthroplasty procedures and it may lead to prosthetic
failure!. Medical treatment is arduous mainly due to microbial biofilm formation on
device surfaces'™. Bacterial biofilms are less sensitive to antibiotics compared to
planktonic organisms, and only few antibiotics with anti-biofilm efficacy are available3"
>, The principal microorganisms which cause prosthetic joint infections are Gram-
positive bacteria®, mainly Staphylococcus aureus (20 — 30 % of cases) and coagulase-
negative staphylococci (20 — 30 % of cases)*. In healthy subjects, Staphylococcus
epidermidis is an inoffensive commensal bacteria, but is being considered an
opportunistic pathogen in immunocompromised patients, and patients with inserted
medical devices’. Additionally, its ability to adhere and form biofilm on biomedical
surfaces is recognized as a true virulent factor®. Taking into consideration all this
information, it is crucial to adopt strategies for the prevention of bacterial adhesion to
and biofilm formation on the prosthetic surfaces.

At present, many strategies are under study for orthopaedic applications®*'. Among
these, the development of biomaterials coated with antimicrobial peptides (AMPs)
could represent an effective approach to prevent bacterial colonization of implants'?4,
Some AMPs have been reported to regulate host cell functions'®, also in the bone

18

environment'®8, |n this respect, several studies report on successful coating of

Titanium (Ti) or other metals with short cationic AMPs by applying diverse linking

19-27 which differ principally by the nature and length of a possible spacer and

strategies
by tethering orientation (N- or C-terminus) of the selected peptide!?*328, |t is important

to keep in mind that depending on coupling strategies and peptide structural
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characteristics, an immobilized peptide could have different antimicrobial properties
with respect to its soluble form?9-31,

At the beginning of my doctorate | was involved in the characterization of a
cathelicidin derived a-helical peptide, namely BMAP27(1-18), which was selected for
immobilization on solid support32. In solution this peptide presented potent bactericidal
activity against Gram-positive clinical isolates, was active also in the presence of relevant
biological components such as serum, hyaluronic acid and synovial fluid, and was
biocompatible to osteoblasts*’. Moreover, an N-biotinylated analogue bound to
streptavidin resin beads exhibited potent killing capacity against S. aureus and S.
epidermidis®?.

Based on these characteristics, in this part of my thesis a derivative of BMAP27(1-18)
was covalently immobilized on the surface of titanium, which is a widely and routinely
used metal for orthopaedic implants3334. Functionalized Ti samples were characterized
by contact angle (CA), quartz crystal microbalance with dissipation monitoring (QCM-D)
and X-ray photoelectron spectroscopy (XPS). Their antimicrobial efficacy was
investigated against a biofilm-forming S. epidermidis reference strain by colony forming
unit (CFU) counts, evaluation of metabolic activity, and scanning electron microscopy
(SEM). The aim was to assess whether Ti-immobilized BMAP27(1-18) was able to inhibit
bacterial colonization in order to exploit the potential of this peptide for the production

of infection-resistant titanium surfaces.



3.2. Results and Discussion
3.2.1. Coupling strategy

In collaboration with Biomaterials, Biomechanics & Tissue Engineering research
group (BiBiTE) of the Polytechnic University of Catalonia (Barcelona, Catalonia, Spain),
we decided to covalently bind BMAP27(1-18) to titanium surface via maleimide-thiol
chemistry. To this purpose, the peptide was modified by attaching at the N-terminus
three units of 6-aminohexanoic acid (Ahx) as a spacer and one unit of 3-
mercaptopropionic acid (MPA) as anchoring moiety bearing a free thiol. The derivative
MPA-(Ahx)3-BMAP27(1-18) is hereafter referred to as B27(1-18)°". In order to check
whether the antimicrobial properties of the peptide derivative B27(1-18)°" have been
affected by this modification, the minimum inhibitory concentrations (MIC) of both
peptides against representative Gram-positive and Gram-negative bacterial species
were determined (Table 3.1.). Apparently, B27(1-18)°" lost efficacy against gram-
negative bacteria, maintained efficacy against S. aureus and improved against S.
epidermidis (Table 3.1.), but given the small differences in MIC values (one well

corresponding to one double concentration), these can be regarded as negligible.

Table 3.1. Antimicrobial activity of soluble

peptides against reference strains.

BMAP27(1-18) 32 B27(1-18)%"
MIC (uM)>P
S. epidermidis ATCC 35984 2 1
S. aureus ATCC 25923 4 4
E. coli ATCC 25922 2 4
P. aeruginosa ATCC 27853 2 4

2 Determined in MH broth.
®Data are means of at least 3 independent experiments.

Given the long year experience of the BIiBiTE research group in peptide coupling to
various metals, we decided to apply the simple strategy that already gave satisfactory
results with the cell adhesive RGD peptide, and the antimicrobial peptide hLF1-11
tethered to tantalum and titanium, respectively?>2335> and which is schematically

illustrated in Figure 3.1. By using this procedure, B27(1-18)*" was covalently anchored



to titanium via its N-terminus and the coating was performed using two different

peptide concentrations in the coupling solution.
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Figure 3.1. Schematic representation showing the coupling procedure of B27(1-18)*" to titanium by

maleimide-thiol chemistry.

The procedure consists in the modification of Ti disks surface (Ti) with oxygen plasma
treatment (Ti_PI) to produce hydroxyl groups, required for the subsequent silanization
of samples with the (3-aminopropyl)triethoxysilane (APTES). Afterwards, the surface is
treated with the bifunctional crosslinker N-succinimidyl-3-maleimidopropionate (SMP),
which reacts with the amino groups of the organosilane and bears the maleimide
function (Ti_A), needed for the reaction with the thiol group on the peptide N-terminus

(Ti_A_B27(1-18)") (Figure 3.1.).



3.2.2. Physicochemical characterization of titanium samples

To verify whether Ti functionalization was successful, Ti samples underwent
physicochemical characterization by static contact angle (CA) measurements and XPS.
CA technique allows to determine the hydrophilicity/hydrophobicity of the Ti surface
(Figure 3.2.), which is supposed to change following the various treatments. CA thus
gives information about physical modifications of the surfaces during the coupling

procedure.

Figure 3.2. Representative image of a water drop on Titanium. Ysv=interfacial energy
between solid-vapor; Ylv= interfacial energy between liquid-vapor; Ysl = interfacial

energy between solid-liquid.; §: contact angle of the liquid (L) and solid (S).

CA analysis showed considerable and statistically significant modifications in
wettability as a result of plasma treatment (Ti_Pl vs. Ti samples), as well as upon
silanization (Ti_A vs. Ti_Pl). The subsequent peptide coupling caused significant
modifications respect to controls (Ti_A_B27(1-18) 100 uM vs. Ti_Pl, and Ti_A_B27(1-
18)*H100 uM vs. Ti_A; Ti_A_B27(1-18)" 200 uM vs. Ti_PI, and Ti_A_B27(1-18)%" 200 uM

Table 3.2. Average values of contact angles and calculation of surface free

energy and of its polar and dispersive components.

CAw (°) POL (mJ/m?)  DISP (mJ/m?) SFE (mJ/m?)
Ti 70.4+0.5 8.0+0.3 37.0+0.2 45.1+0.2
Ti_PI 7.5+0.2° 324+0.1° 46.5+0.1° 78.9+0.1°2
Ti_A 62.7+0.9%" 12.0+0.5 %" 36.8+0.5° 489 +0.6>°

Ti_A_B27(1-18)*"100 uM 68.3+0.9>°¢ 8.6+0.4°¢ 38.4+052° 47.0+0.6>"°

Ti_A_B27(1-18)*"200uM 67.4+0.5*¢ 91+04%>c  383+1.1° 47.4+0.9 %"

CAw: contact angle water; POL: polar component; DISP: dispersive component and SFE: surface free energy.
a Statistically significant differences versus control Ti (P < 0.05).
b Statistically significant differences vs. Ti_PI (P < 0.05).

¢ Statistically significant differences vs. Ti_A (P < 0.05).



vs. Ti_A) (Table 3.2.). However, no difference was noted between samples obtained with
the two different concentrations (i.e. 100 vs. 200 uM) of B27(1-18)>". Based on these
results we can conclude that the expected changes have occurred and that data are
overall in line with others found in the literature??%33>, obtained by using the same

coupling strategy.

The high-resolution spectra recorded using X-ray photoelectron spectroscopy (XPS)
showed the chemical composition of the modified Ti surfaces (Figure 3.3.A). The
presence of silicon (Si 2p) and the increment in carbon (C 1s) and nitrogen (N 1s) content
in Ti_A vs. Ti disks favours proper silanization of samples. Moreover, the increment of
carbon (C 1s) and nitrogen (N 1s), and the decrement of oxygen (O 1s) and titanium (Ti

2p) percentage in Ti_A B27(1-18)" 100 uM samples, respect to Ti_A and Ti disks,
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Figure 3.3. Chemical composition (atomic percentage) obtained by XPS analysis of the indicated
titanium surfaces. (A) Comparison of chemical compositions of Ti, Ti_A and Ti_A_B27(1-18)°" 100 uM.
(B) Comparison of chemical compositions of Ti, Ti_A_B27(1-18)*" 100 uM and Ti_A_B27(1-18)*" 200

UM. Results are the means + SD of at least two independent experiments performed in duplicate.



respectively, indicates that the peptide molecules are stably and strongly bound to the
silanized metal surfaces. Moreover, the chemical composition of samples obtained with
different peptide coupling concentrations was very similar (Figure 3.3.A and B), in
keeping with the findings reported for functionalization of titanium with the
antimicrobial peptide hLF1-11 22. Thus, the XPS data confirm that the employed

procedure for peptide tethering to titanium was sound and reliable.

To quantify the peptide layer generated on Ti surface, the Quartz Crystal
Microbalance with Dissipation monitoring (QCM-D) was used. This technique allows to
quantify masses in the ng/cm? range3®. It is based on monitoring the resonance
frequency of a suitable piezoelectric sensor crystal, which decreases proportionally to
the adsorbed mass (defined as “adlayer”) on the surface of the sensor itself.
Additionally, monitoring the dissipation factor enables a more accurate mass estimation

because it takes into account the contribution of the adsorbed water to the adlayer

mass?’.
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Figure 3.4. Resonance frequency (A, C) and dissipation (B, D) of a Ti crystal sensor upon addition of
100uM (A, B) and 200uM (C, D) B27(1-18)*" solution in a QCM-D assay. Prior to addition of peptide
solution in PBS, the sensor has been treated as described in Materials and Methods. Data were fitted in

the Voigt viscoelastic model to obtain surface mass density and thickness values.



In our case, to quantify the molecular layer formed by the peptide bound covalently
to titanium, titanium crystal sensors were first treated with oxygen plasma, APTES and
crosslinker, as described above for Ti disks, and extensively washed with PBS. Then, 100
MM or 200 uM peptide solution was added and, as expected, changes in resonant
frequency (AF, Figure 3.4.A, 3.4.C) and dissipation (AD, Figure 3.4.B, 3.4.D) were
observed. The curves shown in Figure 3.4.C and 3.4.D indicate that at 200 uM peptide
concentration the deposition of B27(1-18)" did not occur properly. One possible
explanation could be the formation of peptide dimers in the more concentrated peptide
solution. In this case, the thiols would be engaged in disulfide bond formation and would
not be available for the reaction with the maleimide groups. On the contrary, the
changes observed after addition of 100 uM peptide solution (Figure 3.4.A and 3.4.B)
indicated a stable layer deposition with a rapid AF drop, corresponding to a rapid AD
increase, in the first 5 - 6 min, followed by stabilization of both parameters in the next
15 — 20 min. The peptide solution was then replaced by PBS and the resonance
frequency and dissipation were monitored for the subsequent 80 min without observing
appreciable modifications, suggesting the formation of a stable peptide monolayer over
the silanized surface. An average surface mass density of 456.32 + 7.61 ng/cm? and a
layer thickness of 3.08 £ 0.06 nm were calculated after fitting data using the Voigt

model32.

The results obtained with QCM-D measurements are in line with the values reported
for cell-adhesive peptides adsorbed to CoCr sensors3® and for antimicrobial peptides
attached to Ti sensors*®. Moreover, the peptide layer thickness is equivalent to that
achieved by a basically similar binding strategy for the antimicrobial peptide Dhvar5
grafted on chitosan'® and for the titanium bound lactoferrin peptide?3, both monitored
by ellipsometry. Our surface mass density data are comparable to those obtained by
other researchers with colorimetric methods®?°, Taking into consideration the
physicochemical data, these indicate effective functionalization of Ti disks with the
cathelicidin peptide derivative B27(1-18)°" at 100 uM. Hence, the analysis of the
antimicrobial properties was performed on samples obtained by using this peptide

concentration.



3.2.3. Analysis of antimicrobial properties of titanium samples

The antimicrobial efficacy of peptide-functionalized surfaces was analysed in two
steps, first testing the bacterial adhesion inhibition, and second, monitoring the

bacterial ability to grow after being in contact with the functionalized surface.

The adhesion of microorganisms is the first and crucial step for the bacterial
colonization of implants and consequently its prevention would logically avoid the

development of infection.

Titanium samples were exposed to a suspension of Staphylococcus epidermidis ATCC
35984, a reference strain with a well-documented biofilm-forming ability’, that is

related to the pathogenicity of this commonly harmless microorganism?”’.

S. epidermidis was allowed to adhere to Ti samples for 2h at 37°C, at that time
planktonic cells were washed away and survived bacteria adhered to Ti surface
recovered by a two-step vortexing procedure. The colony forming units (CFU) of S.
epidermidis found on Ti_A_B27(1-18)" disks were significantly less than those
recovered from both controls, i.e. Ti and Ti_A samples (Figure 3.5.). These data would
indicate that bacteria have been killed as a result of their contact with the peptide-
functionalized titanium, and/or their adhesion to Ti_A_B27(1-18)" disks has been

hindered in some manner.
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Figure 3.5. Adhesion of S. epidermidis to the indicated Ti samples. Following 2 h incubation at 37 °C, the

0

CFUs of adherent microorganisms were recovered by a vortexing procedure, serial dilutions and plating
on solid medium. Results are expressed as percent CFU respect to CFU recovered from bare titanium
(Ti) and are the means + SD of at least three independent experiments performed in triplicate. *

Statistically significant difference vs. Ti and vs. Ti_A (P < 0.05).



In order to understand the events that take place at the metal surface during
staphylococcal adhesion, in parallel to CFU determination, the morphology of the
attached bacteria was analysed by SEM. This analysis revealed remarkable differences

in the morphology of S. epidermidis cells on the different substrata (Figures 3.6.1.-

3.6.3.).
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Figure 3.6.1. Morphology of S. epidermidis on titanium samples analysed by SEM (Panels A — F). Upon 2 h
incubation samples were rinsed, fixed and processed for SEM analysis. Panel B and D are a higher magnification
of the images presented in Panel A and C, respectively. Arrows indicate, division septa (A), contact junctions (
T ), pseudopod-like structures ( t ). Representative images from two experiments performed in duplicate are

shown.



S. epidermidis cells on control Ti samples were opaque, round in shape, with smooth

surface and with division septa clearly evident (Figures 3.6.1.E and 3.6.2.E).
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Figure 3.6.2. Morphology of S. epidermidis on Ti_A samples analysed by SEM (Panels A — F). Arrows indicate,

respectively, division septa (&), contact junctions (1), halos ( T ), pseudopod-like structures ( t ). Representative

images from two experiments performed in duplicate are shown.
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Bacteria presented the expected size, with average diameter values between 0.55
pum to 0.85 um. Dividing microorganisms were frequent. This means that bacteria on
bare titanium and Ti_A were viable and growing (Figures 3.6.1.E and 3.6.2.C-F). There
were also many microbial agglomerates covered by a dense and grey layer, similar to a
blanket (Figures 3.6.1.A, 3.6.1.C-D and 3.6.2.A-D). Single bacteria were tightly related
to each other and connected by junctions (Figures 3.6.1.B, 3.6.1.D and 3.6.2.C).
Moreover, in several clusters a halo surrounding the bacteria at the contact interface
between bacterial and Ti surfaces was observed (Figure 3.6.2.D). In some groups of
bacteria it was possible to see fimbriae-like surface appendages connecting bacteria to
Ti (Figure 3.6.1.F and 3.6.2.F). All the observed elements probably represent
extracellular matrix components and/or adhesion structures, what indicates early
biofilm formation**~*3, The morphological characteristics of bacteria visualized by SEM
are in agreement with the well-known biofilm forming properties of S. epidermidis ATCC
35984, which is a recognized heavy matrix producer’®. Remarkably, we did not see
significant morphological differences between bacteria adhered to bare Ti (Figure 3.6.1)

and those attached to silanized Ti disks (Figure 3.6.2).

On the contrary, Ti_A B27(1-18)" samples presented a lower number of S.
epidermidis remaining attached to their surfaces, and bacterial morphology was
dramatically affected (Figure 3.6.3). Dead S. epidermidis cells showed increased size and
elongated shapes, and remarkably, bacteria lost their division septa (Figure 3.6.3.D).
Furthermore, bacterial surface did not have a smooth appearance, many bacterial cells
were collapsed, deflated, and appeared embedded into a layer of amorphous material
deposited on Ti surface (Figures 3.6.3.A-D). In numerous cases, the dead elongated
bacteria, similar to ghosts, were surrounded by an empty circle (Figure 3.6.3.E), and in
some of them it was possible to observe extrusion of cytoplasmic material out of the cell

(Figure 3.6.3.F).
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Figure 3.6.3. Morphology of S. epidermidis on Ti_A_B27(1-18)°" samples analyzed by SEM (Panels A — F).
Arrows indicate, respectively, empty circles (?), extruded cytoplasmic material (/E\). Representative images

from two experiments performed in duplicate are shown.



These severe modifications of bacterial morphology pointed out that microbial cell
growth has been impaired, as well as the cell division process, which is normally
accomplished through formation of the division septum. In addition, the layer of
amorphous material present on these samples could plausibly derive from dead S.
epidermidis such as those appearing collapsed. In any case, the bacteria "deflated bag"
morphology, in the absence of evident surface damage such as blebs or holes*, would
indicate that digestion of bacterial content has occurred from inside, possibly upon
activation of autolytic enzymes*. The changes in morphology observed in Ti_A_B27(1-
18)H samples matched with the reduction in CFUs, demonstrating killing ability of Ti-
immobilized B27(1-18)°". This finding was not unexpected, taking into consideration
that BMAP27(1-18) has proved able to kill staphylococci when N-terminally attached to

a model support®2.

However, all the collected data make us wonder what was the mode of action of
B27(1-18)" covalently anchored to a surface. The antibacterial activity of this peptide
free in solution relies on its ability to perturb microbial membranes, and is closely
correlated to its ability to adopt an amphipathic conformation®#’. It looks quite evident
that, considering their limited mobility, the peptide molecules attached to Ti surface
could interact only with superficial components of the bacterial cell. This means that the
mode of killing action could be totally different from that displayed by this type of
peptides in solution*#®4’ |t is important to recall that the bovine cathelicidin BMAP-27,
i.e. the molecule from which B27(1-18) was derived, shares highly similar structural and
membrane perturbing properties with other a-helical AMPs of the same family such as
for example the sheep cathelicidin SMAP-29%, In this respect, it is intriguing to note that
the staphylococci adhered to peptide-functionalized Ti (Figure 3.6.3) were remarkably
different from those examined in a previous study after treatment with the sheep
peptide SMAP-29 free in solution, where bacteria presented extensive surface
roughening and blebbing*. Such modifications were ascribed to the potent
permeabilizing activity of this alpha-helical peptide in solution*. Interestingly, both
peptides, SMAP-29 and BMAP-27, demonstrated antimicrobial efficacy when anchored
to a solid support, but their mode of action in the immobilized state has not been

elucidated yet*°,



It could be that the negatively charged bacteria were initially attracted by the highly
cationic B27(1-18)" (net charge +10 3?), but the microorganisms were killed upon their
contact/adhesion to the metal surface, according to what suggested by other
authors?3°, The morphological modifications could be the consequence of events
triggered by a peptide-induced perturbation at the bacterial surface, as described with

free peptides in solution*°'°2, and also suggested for immobilized AMPs3053,

Although Ti_A B27(1-18)°" samples presented dead or heavily damaged bacteria,
occasionally microcolonies with normal appearance adjacent to dead bacteria were also
found (Figure 3.6.3.A and 3.6.3.C). This result prompted us to investigate whether the
surviving bacteria could be able to regrow. Considering this objective, Ti samples have
been exposed to a S. epidermidis suspension for 2 h as above and, after removal of
planktonic bacteria and washings, the incubation has been extended for additional 22 h
in fresh MH broth. As the presence of metal disks in the wells would not allow optical
density measurements, bacterial growth was kinetically monitored by the PrestoBlue®

dye, which emits fluorescence upon conversion by metabolically active microorganisms.
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Figure 3.7. Growth kinetics of S. epidermidis on the indicated Ti samples (Ti, circles; Ti_A, squares;
Ti_ A _B27(1-18)*" triangles). After 2 h incubation and washing, fresh MH supplemented with the
metabolic dye PrestoBlue® was added and adherent bacteria were allowed to grow overnight at
37 °C. Growth kinetics was monitored by measuring fluorescence emission that is directly
proportional to microbial viability. Results are reported as relative fluorescence units (RFU) and

are the means + SD of at least three independent experiments performed in triplicate.



S. epidermidis growth on control Ti disks (Ti and Ti_A) became detectable at 7 - 8h
post-adhesion, with an exponential phase between 10 - 15 h, and a final plateau at 18-
20 h. On Ti_A_B27(1-18)°" samples, the survived bacteria showed an about 1.5-h delay
both at the beginning and onset of the exponential growth phase, supposedly associated
with their decreased initial number, in accordance with the results of bacterial adhesion
assays (Figure 3.5.). Therefore, a reduction or total inhibition of early bacterial adhesion

remains critical for long-lasting antimicrobial efficacy?©.

It must be emphasized that the experimental settings applied in our in vitro assays
such as for instance a relatively high initial inoculum, could be different from those
occurring in clinical conditions where a possible bacterial contamination would take
origin from a very low bacterial number, as also verified by animal model studies>*>>,
According to what suggested by other authors?%, one could reasonably expect a more
effective protection under medically relevant conditions with only few bacteria present

at the implant surface thanks to strictly antiseptic surgical procedures.



3.3. Conclusions

Data acquired by contact angle, XPS and QCM-D analyses indicate successful
attachment of B27(1-18)*" to titanium surface.

The attempt to increase peptide concentration in the coupling solution did not
increase surface coverage. To improve it, | would probably need to modify the
coupling strategy substantially.

The bacterial inhibition tests showed that the adhesion of S. epidermidis to peptide-
functionalized titanium disks was remarkably inhibited respect to bare titanium,
suggesting effective coupling of B27(1-18)°" to the metal surface in a form that
preserves its activity.

Regarding the titanium anchored peptide, the remarkable changes in bacterial
morphology observed by SEM suggest a different mode of action respect to that
displayed in solution.

The results obtained in the present study are promising, highlighting the potential of
B27(1-18)" for the development of biomaterials refractory to microbial

contamination.



3.4. Experimental procedure

3.4.1. Peptide synthesis and characterization
3.4.1.1. Reagent for peptide synthesis and characterization

Polyethylene glycol-polystyrene (PEG-PS) resins, coupling reagents for peptide
synthesis and 9-fluorenylmethoxy carbonyl (Fmoc)-amino acids have been purchased
from Applied Biosystems, Novabiochem and Chemlmpex. Peptide synthesis-grade
N,N,dimethylformamide (DMF), dichloromethane, piperidine and HPLC-grade
acetonitrile have been purchased from Biosolve (Valkenswaard, The Netherlands).
Trifluoroacetic acid (TFA), trifluoroethanol and N-methylmorpholine have been
purchased from Acros Chimica. (Beerse, Belgium). 6-aminohexanoic acid (Ahx) and 3-
mercaptopropionic acid (MPA) were purchased from Fluorochem Ltd (Hadfield,

Derbyshire, UK).

3.4.1.2. Peptide synthesis

All peptides have been synthesized on a Biotage Initiator+ microwave-assisted
automated peptide synthesizer in standard solid-phase using Fmoc-chemistry,

according to published procedures3?.

The amino acid sequence of the a-helical cathelicidin derived peptide BMAP27(1-18)
32 has been modified at the N-terminus by addition of three units of 6-aminohexanoic
acid (Ahx) and one unit of 3-mercaptopropionic acid (MPA) as spacer and anchoring
group, respectively. The resulting peptide MPA-(Ahx)3-BMAP27(1-18) is hereafter
referred to as B27(1-18)°" (Table 3.3.).

Table 3.3. Amino acid sequence of the selected AMP and its

modifications at the N-terminus.

Peptide Sequence

BMAP27(1-18) GRFKRFRKKFKKLFKKLS-NH;

B27(1-18)%" HS-MPA-(Ahx)3;-GRFKRFRKKFKKLFKKLS

After cleavage and deprotection, the peptide was purified by reverse phase high
performance liquid chromatography (RP-HPLC) on a C18 Delta-Pak column (Waters;
USA) and confirmed by mass spectrometry using a Q-STAR hybrid quadrupole time-of-
flight mass spectrometer (Applied Biosystems/MDS Sciex, Concord, ON, Canada)

equipped with an electrospray ion source.



3.4.2. Determination of peptide concentration

The concentration of the peptides in Table 3.3. has been determined in aqueous
solution by measuring the UV absorbance at 257 nm taking into account the molar

extinction coefficient (195.1 cm™*M1) for each phenylalanine (Phe) residue3?.

3.4.3. Reverse phase chromatography

Peptide purification was carried out with a semi-preparative reverse-phase high
performance liquid chromatography (RP-HPLC) with a linear aqueous acetonitrile

gradient containing 0.05% TFA on a C18 Delta-Pak column.

3.4.4. Mass Spectrometry

The Mass spectrometry is a sensitive and powerful analytical technique that provides
qualitative and quantitative measures on nanomolar to attomolar amounts of
molecules?®. It is primary composed by an ion source, where the molecules may be
ionized, a mass analyser that distributes ions according to their mass-to-charge ratio
(m/z), a detector which measures the abundances of the separated ions as an electrical
signal, and the recording device which modifies the detector signal into appropriate way
for subsequent study and processing>®. Mass spectra have been acquired and analysed

to validate the peptide synthesis (Bruker Daltonics Esquire 4000).

3.4.5. Peptide Immobilization on Solid support
3.4.5.1. Titanium Preparation

Commercially pure Titanium (Ti) grade Il disks have been obtained from Technalloy
S.A. (Sant Cugat del Vallés, Spain). The disks of 10 mm diameter and 2 mm height, have
been polished with wet abrasive paper (800, 1200 and 2400 — European P-grade
standard) and smoothed with an alumina suspension (1 um and 0.05 um particle size)
on cotton clothes. Before the activation and silanization process, the samples were
ultrasonically washed with cyclohexane, isopropanol, distilled water, ethanol and

acetone and finally stored dried under vacuum.

3.4.5.2. Activation and Silanization of titanium samples
Ti surfaces have been activated by 10 min oxygen plasma treatment at 100W power
in a Standard Plasma System (FEMTO, Diener electronic GmbH, Germany). Samples have

been silanized with (3-aminopropyl)triethoxysilane (APTES) (2%, v/v) (Sigma-Aldrich, St



Louis, MO, USA) in anhydrous toluene for 1 h at 70 °C under agitation and nitrogen
atmosphere. Ti samples have been sonicated for 5 min and rinsed with toluene,
isopropanol, distilled water, ethanol and acetone, and dried with nitrogen. Thereafter,
aminosilanized samples have been immersed in a 7.5 mM solution of N-succinimidyl-3-
maleimidopropionate (SMP) bi-functional cross-linker agent in N,N-dimethylformamide
(DMF) for 1 h under agitation at room temperature. At last, aminosilanized samples with
SMP group (Ti_A) have been washed with DMF, distilled water, ethanol and acetone,

and dried with nitrogen.

3.4.5.3. Immobilization of peptide onto Ti samples

B27(1-18)*" peptide has been dissolved in phosphate buffered saline (PBS), pH 6.5 at
100 uM final concentration. Afterwards, it has been deposited onto the Ti_A samples
(100 pL/disk) and incubated overnight at room temperature. Successively, B27(1-18)"
peptide functionalized titanium samples have been rinsed with PBS and dried with

nitrogen. These samples have been designated as Ti_A_B27(1-18)%".

3.4.6. Physicochemical Characterization of the Biofunctionalized Titanium
Surfaces
3.4.6.1. Static Contact Angle Measurements and Surface Energy Calculations

The sessile drop method has been used to determine the hydrophilicity of the Ti
surfaces by a Contact Angle System (OCA15 plus, Dataphysics, Filderstadt, Germany). All
measurements have been done at room temperature using Ultrapure distilled water
(Millipore Milli-Q, Merck Millipore Corporation, USA) and diiodomethane (Sigma-
Aldrich, Spain) as wetting liquids (drop volume of 1 pL and 1 uL/min dosing rate). Static
contact angles have been calculated using Laplace-Young fitting with SCA 20 software
(Dataphysics). Young described the contact angle as the mechanical equilibrium of a

liquid drop on an ideal solid surface under the action of three interfacial tensions®’.

Ys = Vs, + VL cost (1)

1 1
v+ cos0) =2 ((riivd) 7 + (0¥0) 72) @)
where y9, y% is the dispersive part and y”;, yPsis the polar part, respectively,
of the liquid and solid surface tension (yL and ys). 8 is the contact angle of

the liquid (L) and solid (S).



The surface free energy and its dispersive and polar components have been
determined by Young-Laplace (1) and Owens, Wendt, Rabel and Kaeble (2) equations

applied to both water and diiodomethane measurements?2>%,
Data are means of five measurements per disk for three sample replicates.

3.4.6.2. X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) is a technique to allow the semiquantitative
analysis of surface composition. XPS can determine the elemental composition,
empirical formula, chemical state and electronic state of the elements within a material.
It is mainly composed by X-ray source, chamber sample, electron energy analyser and
detector. It is based on the irradiation of a solid surface with a beam of X-rays while
simultaneously measuring the kinetic energy and electrons that are emitted from the

first 10nm of the material surface being analysed.

The chemical composition of the surface of the Ti functionalized samples have been
analysed using an XPS equipment (D8 advance, SPECS Surface Nano Analysis GmbH,
Germany) with an Mg anode XR50 source operating at 150W and a Phoibos 150 MCD-9
detector. High-resolution spectra have been registered with pass energy of 25 eV at 0.1
eV steps at a pressure below 7.5 x 10°° mbar. Binding energies have been referenced to
the Cls signal at 284.8 eV. Two samples were studied for each working condition. Finally,
data were analysed using the CasaXPS software (Version 2.3.16, Casa Software Ltd.,
Teignmouth, UK).
3.4.6.3. Quartz Crystal Microbalance and Dissipation monitoring (QCM-D)

Quartz Crystal Microbalance and Dissipation monitoring (QCM-D) is a reliable and
sensitive method to measure very small masses in the order of ng/cm?. In this technique
a piezoelectric quartz sensor undergoes oscillation upon application of an alternating
electric field across the crystal. If a material is adsorbed on the crystal, the resonant
frequency decreases proportionally to the mass of the component. The contribution of

water to the mass of the adsorbed layer can be estimated from the dissipation factor.

QCM-D measurements were performed on titanium crystal sensors (QSX 310, Q-
Sense, Sweden) in a D-300 instrument (Q-sense, Sweden), in order to quantify and

characterize the peptide layer attached to the surfaces. Ti sensors, have been washed



as previously described??, have been activated with O, plasma and subsequently treated
with APTES and SMP as described above for Ti_A samples. Before studying the
adsorption of B27(1-18)H, the baseline was stabilized with PBS for 30 - 60 min.
Subsequently, the B27(1-18)" derivative was added (100 uM in PBS, pH 6.5) and
changes in resonant frequency and dissipation was monitored at 25 °C for 100 minutes,
in real-time employing a Qsoft software (Q-Sense, Sweden). Frequency and dissipation
curves were fitted to a Voigt viscoelastic model®® to yield the adsorbed mass and
thickness of the peptide layer, as well as kinetic information, by using the Q-tool data
analysis software (Q-Sense, Sweden).

3.4.7. Bacteria and antimicrobial activity assays

The bacterial assays were performed with the reference strains Staphylococcus
epidermidis ATCC 35984, Staphylococcus aureus ATCC 25923, Escherichia coli ATCC
25922 and Pseudomonas aeruginosa ATCC 27853. Bacteria were cultured either in liquid
Brain Hearth Infusion (BHI) (both Staphylococcus species) or in Mueller-Hinton (MH)
(both Gram-negatives) overnight at 37 °C. Antimicrobial activity of the titanium bound
peptide was tested with S. epidermidis ATCC 35984. Stationary phase bacteria were
harvested by 10 min centrifugation at 1000 x g and resuspended in sterile PBS (pH 7.4).
Bacterial density was assessed by turbidity at 600 nm, with reference to previously
determined standards. For the experiments, bacterial suspensions was prepared in MH

broth at optimal density.

3.4.7.1. Determination of the Minimum Inhibitory Concentration (MIC)

The MIC of B27(1-18)*" in solution was determined by a broth microdilution assay in 96-
well microtiter plates, using MH broth with logarithmic-phase microorganisms at 5 x 10°
CFU/mL, as previously reported??, following Clinical and Laboratory Standards Institute

(CLSI) guidelines.

3.4.7.2. Evaluation of bacterial adhesion to titanium surface

The evaluation of bacterial adhesion was studied by adapting a previously described
protocol?3. Before use in antimicrobial assays Ti, Ti_A and Ti_A_B27(1-18)" samples
were sterilized by 30 min treatment with 70 % ethanol, and washed with sterile PBS.
Titanium samples were placed in a 24-well plate for better handling of samples and

incubated with 1 mL of S. epidermidis at 1 x 10°> CFU/mL for 2 h at 37 °C. The medium



containing planktonic bacteria was then aspirated and the samples rinsed three times
with sterile PBS. Subsequently, disks were transferred to sterile tubes containing 1 mL
of 50 % Mueller-Hinton in sterile PBS (MH-PBS), and adherent bacteria were detached
by 10 min vortexing. To make sure that dislodging of bacteria from the surfaces was
effective, after the first vortexing step the disks were transferred in new sterile tubes
containing 1 mL of MH-PBS and vortexed again for 5 min. Bacterial suspensions from
each vortexing step were then serially diluted in MH-PBS and seeded on BHI agar plates.
The plates were incubated at 37 °C for 24 h and the resulting colonies counted. All

experiments were performed in triplicate for each type of surface.

3.4.7.3. Scanning Electron Microscopy (SEM)

Scanning Electron Microscopy (SEM) is a technique to easily visualize specimens
displayed as three-dimensional objects. Electron microscopes use electrons for imaging
in a similar way that light microscopes use visible light. Specifically, SEM employ the
electrons that are reflected or knocked off the near-surface region of a sample to create

an image that is displayed on the computer screen.

Nowadays, SEM is one of the best techniques among others to observe bacteria in a

3D-high resolution.

S. epidermidis morphology, when adhered to titanium samples, was studied by
means of SEM (Quanta250 SEM, FEI, Oregon, USA) operated in secondary electron
detection mode. The working distance was adjusted in order to obtain the suitable
magnification; the accelerating voltage was set to 30 kV. SEM was performed in
duplicate for each sample. Briefly, upon 2 h incubation as described above, all samples
were rinsed three times with filtered sterile PBS, fixed with 2.5 % (v/v) glutaraldehyde
for 30 min at 4 °C, washed three times with filtered sterile PBS and MilliQ ultrapure
water, and dehydrated in graded series of ethanol solutions (20 min each). Immediately
prior to SEM analysis, samples were sputter-coated with gold (Sputter Coater K550X,

Emitech, Quorum Technologies Ltd, UK).

3.4.7.4. Bacterial growth kinetics on titanium surfaces

Titanium samples, placed in triplicate into 48-well plates, were immersed in 1 mL of

S. epidermidis (6 x 10* CFU/mL) suspension in MH for 2 h. The medium containing



planktonic bacteria was removed, titanium disks washed with sterile PBS, and adherent
bacteria allowed to grow at 37 °C for 22 h in fresh MH medium supplemented with 10
% (v/v) PrestoBlue® metabolic dye. Bacterial growth kinetics was monitored
fluorometrically according to PrestoBlue® manufacturer’s instructions by using a

Multimode Plate Reader (EnSpire™ 2300, PerkinElmer, Waltham, MA, USA).

3.4.8. Statistical analysis
Data, presented as mean values + standard deviations, have been analysed by a non-
parametric U Mann-Whitney test (IBM SPSS Statistics 20 software, Armonk, NY, USA).

Statistical significance was set at P value <0.05.
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apter 4 — Development of a rapid fluorescence-
based microplate assay to obtain mechanistic
insights on the interaction of membrane active

peptides with whole bacterial cells

4.1. Introduction

The World Health Organization identified Antibiotic-resistant bacteria as one of the
greatest threats to human health in the future. Antimicrobial Peptides (AMPs) are
potential candidates as bactericidal agents, which have demonstrated their efficacy as
part of innate immunity!. For development of novel antimicrobials, an interesting target
is represented by bacterial cytoplasmic membrane where vital processes take place?.
Membrane interactions of AMPs have been extensively investigated by using model
membrane systems3™. However interactions of AMPs with whole bacteria could be
different due to complexity of living microbial membranes®. The membrane-targeting
AMPs can alter the membrane function rising the membrane ion-permeability,
promoting the formation of ion-conducting membrane pores or simulating an ion
carrier’™. For this reason, one of the key experiments to analyse the mode of action of
membrane-targeting AMPs is the evaluation of membrane permeability. Nowadays,
membrane impermeable fluorescent dyes such as Propidium lodide (Pl) 1° or SYTOX
green! are employed to detect alterations in membrane permeability. These nucleic
acid staining dyes increment their fluorescence when the membrane integrity is critically
damaged or large pores are formed*'™*3, but they are not useful to detect modifications
in membrane potential*. The modifications in ion permeability could be studied using
membrane potential-sensitive fluorescent distributional probes, for example oxonols,
such as Bis-(1,3-Dibutylbarbituric Acid)Trimethine Oxonol (DiBAC4(3)) *°, or cationic dyes
such as  3,3'-Dihexyloxacarbocyanine  lodide  (DiOCg(3)) ®* and 3,3'-
Dipropylthiadicarbocyanine lodide (diSCs(5)) ’.
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In this chapter we described the development of a rapid fluorescence based microplate
assay, by combining a potential sensitive dye with a nucleic acid stain, to get mechanistic
and kinetic insights on the interaction of membrane active peptides with cytoplasmic
membranes of whole bacteria, by monitoring simultaneously the phenomena of
membrane depolarization, due to ion movements across the membrane, and membrane

permeabilization, due to pore formation, in Staphylococcus species.



4.2. Results and Discussion
4.2.1. Compatibility between the fluorescent dyes

The fluorescent dyes used to develop this assay were DiBACa(3), diSCs(5) and PI.
DiBAC4(3) is a membrane-potential sensitive bis-oxonol dye that can penetrate bacterial
cells and bind to intracellular proteins or to the membrane when these cells are
depolarized®®. This is observed as an increment of DiBAC4(3) fluorescence caused by a
higher influx of the anionic dye into the microorganisms where it binds to the
hydrophobic residues of the proteins!>. On the other hand, Propidium lodide is a
classical intercalating dye which displays increase in fluorescence upon binding to

nucleic acids?®.

Table 4.1. Reported fluorescent excitation and emission wavelengths of the tested dyes.

Molecular Excitation Emission
Solubility Charge References
Weight (A) (A)
DiBAC4(3) 516.64 DMSO Anionic 494 .5 516 15
Pl 668.4 H,0 Cationic  490—>535 617 18
diSC;3(5) 546.53 DMSO Cationic 640-652 670 19-21

To check whether the spectroscopic properties of the selected dyes were changed in
our experimental conditions, excitation and emission spectra of 125, 250 and 500 nM

DiBAC4(3) and 5, 10 and 20 pg/mL Pl were first measured (Figure 4.1.).

As shown in Figure 4.1.A and 4.1.B, for DiBAC4(3) the maximum excitation and
emission wavelengths were 496 nm and 516 nm, respectively, in agreement with values
reported by other authors (Table 4.1.). Moreover, the Figure 4.1.C and 4.1.D showed
that the maximum excitation and emission wavelengths of Pl are 490 nm and 617 nm,
respectively. These data are in line with values obtained by other researchers (Table
4.1.), but it is important to take into consideration that the maximum excitation
wavelength of Pl will shift from 490 nm to 535 nm in the presence of nucleic acids (Table

4.1.).
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Figure 4.1. Fluorescence Excitation (A, C) and Emission (B, D) spectra of DiBAC4(3) (A—B) and Pl (C—D). A,
excitation spectra with 516 nm detection wavelength and B, emission spectra with 496 nm excitation
wavelength of three different DiBACs(3) concentrations. C, excitation spectra with 617 nm detection
wavelength and D, emission spectra with 490 nm excitation wavelength of three different Pl
concentrations. The maximum excitation and emission wavelengths are reported in each graph. For

technical reasons due to instrument settings, spectra in A and B could not be measured at wavelengths

>496 nm and <510 nm, respectively.

When the spectra of DiBAC4(3) were repeated in the presence of 10 ug/mL Pl (Figure
4.2.A - B), the excitation spectrum was completely modified with a decrease in
fluorescence at its maximum excitation wavelength (496nm) from 3000 relative
fluorescence units (RFU) (Figure 4.1.A) to less than 200 RFU (Figure 4.2.A) at 500 nM
DiBACa4(3). Hence, excitation of DiBACa(3) in this condition was virtually absent. Also the
emission spectra were remarkably changed, with a drop at its maximum emission
wavelength (516nm) from =5000 RFU (Figure 4.1.B) to less than 400 RFU (Figure 4.2.B),
at 500nM DiBAC4(3). On the contrary, the emission of Pl at 617nm was clearly evident
(Figure 4.2.B). This means that Pl strongly affected DiBACa(3) fluorescence.

The spectra were repeated in the presence of S. epidermidis (Figure 4.2.C — D). The
excitation and emission spectra of DiBAC4(3) (Figure 4.2.C — D) were very similar to those

obtained without bacteria (Figure 4.1.A — B). When DiBAC4(3) and Pl were combined,
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DiBAC4(3) excitation and emission spectra were clearly modified again (Figure 4.2.C - D)

similar to what was observed in the absence of bacteria (Figure 4.2.A — B).
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Figure 4.2. Fluorescence Excitation (A, C) and Emission (B, D) spectra of DiBAC4(3)+PI (A — B), and
DiBAC4(3) alone, and DiBACa4(3)+ PI, in the presence of bacteria (C — D). A, excitation spectra with 516
nm detection wavelength (the error bars are not shown for clarity purposes) and B, emission spectra
with 490 nm excitation wavelength of three different DiBACs4 (3) concentrations + 10 ug/ml PI. C,
excitation spectra with 516 nm detection wavelength and D, emission spectra with 490 nm excitation

wavelength of three different DiBACs (3) concentrations and 250nM DiBAC4(3) + 10 ug/ml Pl in the

presence of S. epidermidis.

At least two hypotheses could be postulated to explain why the excitation and

emission peaks of DiBACa4(3) disappeared in the presence of PI.

Competition between dyes. Both dyes have very similar excitation wavelengths, but
Pl is present at about 30-120-fold higher concentration, on a molar basis, respect to
DiBAC4(3). This means that Pl could be preferentially excited by the light pulse,
preventing light absorption by DiBAC4(3) and, consequently, its excitation.

FRET phenomenon. Both fluorescence dyes are excited by the light pulse, but the light
emitted by DiBAC4(3) (Aem=516 nm) is absorbed by PI as it falls in the range of PI

excitation wavelengths. So, only Pl emits fluorescence.
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We feel that the most realistic explanation could be a combination of both
hypotheses, with a clear competition between both dyes for being excited by the light
pulse and, at the same time, absorption by Pl of the DiBAC4(3) emission (Figure 4.3.).
Taken together, all these results made the combination of DiBAC4(3) and Pl unsuitable

for our purposes.
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Figure 4.3. Final hypothesis representation.

Given the interference of the oxonol dye with PI, in the next set of experiments it was
replaced by diSCs3(5), a cationic carbocyanine fluorescence probe with short alkyl tail (<4
carbon atoms)?°. It is membrane-permeable and accumulates on polarized cells until a
Nernstian equilibrium across the membrane is reached?2. The strong accumulation in
energized cells causes quenching of its fluorescence. Once membrane is depolarized,
the dye is quickly released in the medium and, as a consequence, its fluorescence is

dequenched (Figure 4.4.)%2.
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Figure 4.4. Schematic representation of diSCs(5) fluorescence kinetics following interaction with cell

membrane of metabolically active cells, and subsequent addition of a depolarizing agent.

To verify the compatibility between the two dyes in our experimental conditions,

excitation and emission spectra of diSCs3(5) alone and in the presence of Pl were first

measured. As shown in Figure 4.5.A — B, the maximum excitation and emission

wavelengths were confirmed and diSCs(5) fluorescence was not affected by PI. On the

other hand, it was also necessary to verify whether Pl fluorescence was affected by
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Figure 4.5. Fluorescence Excitation (A, C) and Emission (B, D) spectra of diSCs(5) and Pl. A, excitation

spectra with 672 nm detection wavelength and B, emission spectra with 652 nm excitation wavelength of

0.4 uM diSCs (5) + 5, 10 and 20 ug/mL PI (error bars are not shown for clarity purposes). C, excitation

spectra with 617 nm detection wavelength and D, emission spectra with 490 nm excitation wavelength of

0.4 uM diSCs (5) + 5, 10 and 20 ug/mL PI. For technical reasons due to instrument settings, spectra in A

and B could not be measured at wavelengths >650 nm and <670 nm, respectively.
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diSCs3(5), so measures were repeated by using the excitation and emission wavelengths
reported for PI. Spectra show that there was no interference between the two dyes and
that increased Pl fluorescence intensities were well correlated to increased PI

concentrations (Figure 4.5.C — D).

A 3500+ . 'd_is:s hoy= 652 B 25007  -hem= 672 - diSC4(5)
= 30004 Pl fluorescence | ﬁuor':ts:oncﬁ E = 20004 + ST d?303{5} + 20 ug/mL Pl
. 2500 : o . diSC4(5) + 10 ug/mL Pl
= = diSC4(5) + 5 pg/mL Pl
8 2000 : 8 15001 3
Jihex=490 [ @
% 150!:'.: : E 1000-
£ 10004 g
] 1: - S 500-
& S5004: - S
- " T T b T T 'u- L] * T T i T 1
500 550 600 650 670 700 T30 T60 790
C Wavelength (A, nm) Wavelength (A, nm)
2000- shg =480 3500- hom= 617 o diSC4(5)
= 30004 diSC4(5) + 20 ugfmlL PI
1500+ & 25001 & diSC4(5) + 10 ug/mL PI
8 2000- diSC4(5) + 5 pg/mL PI

500+

Fluorescence (RFU)
=)
=1
=

Fluorescen
="
=
=]
&=

=

T ¥ T | Y T 04 T T ¥ v T
400 450 500 550 550 600 650 700 750
Wavelength (A, nm) Wavelength ()., nm)

Figure 4.6. Fluorescence Excitation (A, C) and Emission (B, D) spectra of diSCs3(5) with different PI
concentrations in the presence of S. epidermidis. A, excitation spectra with 672 nm detection wavelength
and B, emission spectra with 652 nm excitation wavelength of 0.4 uM diSCsz (5) + 5, 10 and 20 ug/mL PI
(error bars are not shown for clarity purposes). C, excitation spectra with 617 nm detection wavelength

and D, emission spectra with 490 nm excitation wavelength of 0.4 uM diSCz(5) + 5, 10 and 20 ug/mL PI.

Very similar spectra were measured in the presence of metabolically active S.

epidermidis (Figure 4.5. and 4.6.).

Therefore, the fluorescent probes diSC3(5) and Pl were compatible because they did
not show any interaction between them. Consequently, these dyes were suitable to

function as membrane depolarization and membrane permeabilization markers in our

assay.
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4.2.2. Selection of membrane-active antimicrobial peptides

The next step was the selection of the antimicrobial peptide (AMPs) candidates as
positive controls of membrane depolarization and membrane permeabilization events.

We selected four membrane-active AMPs based on scientific literature: Gramicidin
D, Cecropin A, Magainin 2, and Melittin. Gramicidin D is a bacterial antibiotic produced
by Bacillus brevis. It is composed by a mixture of highly similar pentadecapeptides
consisting of about 85% gramicidin A. The principal structural feature of this peptide is
alternating hydrophobic L- and D-amino acid residues, and their organization in the
membrane environment leads to the formation of an ion channel. The insect peptide
Cecropin A, the frog peptide Magainin 2, and the cytolytic peptide Melittin from bee
venom, are all cationic a-helical AMPs known to permeabilize bacterial membranes.

Melittin in particular is well-known as a pore-forming peptide (Table 4.2.).

Table 4.2. Selected membrane-active antimicrobial peptides for the development of the fluorescence-

based microplate assay.

Molecular
Peptide Sequence Solvent References
weight

KWKLFKKIEKVGQNIRDGIIKAGPAVAVV
Cecropin A 4003.78 DMSO 23-25
GQATQIAK-NH,

Magainin 2 GIGKFLHSAKKFGKAFVGEIMNS-OH 2466.90 H,O 26-28

Melittin GIGAVLKVLTTGLPALISWIKRKRQQ-NH, 2846.46 H-.O 29-33
formyl-VGALAVVVWLWLWLWG-

Gramicidin D 1880.00 DMSO 3437
NHCH,CH,0OH

All these peptides are membrane-active and their antimicrobial activities are well
characterized. However, it was necessary to verify their active concentrations in our
experimental conditions. To this aim, the peptides were first tested against
representative Gram-positive and Gram-negative reference strains in a standard broth

microdilution assay.



Table 4.3. Antimicrobial activities of selected AMPs against

reference Gram-positive and Gram-negative strains.

Cecropin A Melittin Magainin 2 Gramicidin D

MIC (MBC) (uM)>P

S. epidermidis ATCC 35984 > 128 0.5 (0.5) >128 2 (4)
S. aureus ATCC 25923 > 128 0.5(1) 64 (128) 4(8)
E. coli ATCC 25922 0.75 (0.75) 1(1) 8(16) >32
P. aeruginosa ATCC 27853 1(2) 1(2) 64 (64) >32

2 Determined in MH broth at 5-10° CFU/mL.

b Data are means of at least 2 independent experiments.

Results in Table 4.3. show that only melittin and gramicidin D displayed activities
against the Gram-positive S. aureus and S. epidermidis, which are the principal target of
the present thesis.

These results have been confirmed in the “adapted” assay conditions, i.e. with a
higher inoculum (107 CFU/mL) and 30 min incubation in phosphate buffered saline (PBS)
supplemented with 25 mM glucose (PBS-glc) (see paragraph 4. Experimental
procedures). Based on their activity against S. aureus and S. epidermidis, melittin and
gramicidin D were selected for further experiments.

4.2.3. Interference of uncouplers and peptides with the fluorescent dyes

To test whether the selected peptides display any interference with diSCs(5) or with
Pl, the fluorescence of both probes mixed together in the same wells was monitored
kinetically at their specific excitation and emission wavelengths before and after the
addition of the AMPs, without bacteria. The uncouplers Carbonyl cyanide 3-
chlorophenylhydrazone (ccep) and Carbonyl cyanide 4-
(trifluoromethoxy)phenylhydrazone (FCCP), as well as the solvent dimethyl sulfoxide

(DMSO), were also included in these experiments (Figure 4.7.).
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It was observed that, at difference with both uncouplers which decrease diSCs(5)
fluorescence, the peptides and the negative control (1% DMSO) display the same
kinetics meaning that they have no interference (Figure 4.7.A). Likewise, no interference
between PI and the added molecules was recorded (Figure 4.7.B). Unfortunately, the
interference of the uncouplers with diSC3(5) fluorescence precluded their use in this
assay.

4.2.4. Correlation of membrane alterations with bacterial killing

The interactions of membrane-active AMPs with target membranes have been
extensively studied in artificial systems. Hence, in the present study our goal was to
monitor the peptide-induced changes in membrane permeability in whole bacterial
cells. By using membrane-targeting AMPs with well characterized mode of action, we
wanted to monitor the phenomena of membrane depolarization and membrane
permeabilization simultaneously, thanks to the combination of diSC3(5) and PI. The
experiments were performed by incubating S. epidermidis ATCC 35984 and S. aureus
ATCC 25923 with the ion channel forming gramicidin D and with the pore-forming
melittin in PBS-glc containing 0.4 uM diSCs(5) and 5 pg/mL Pl at 37 °C in low binding 96-
well black microtiter plates. Fluorescence was monitored throughout the assay and, at
30 min incubation, aliquots were taken to determine bacterial viability by CFU counts.

As shown in Figure 4.8., gramicidin D induced in both Staphylococcus spp. a
significant increase of diSCs(5) (Figure 4.8.A and 4.8.D), but not of Pl fluorescence

(Figure 4.8.B and 4.8.E). The increase was rapid at bactericidal concentrations (i.e. >92%



killing), while it slowed down at descending peptide concentrations that also produced

lower killing. Hence, there was a clear correlation between gramicidin D concentrations,

bacterial killing, and diSCs(5) fluorescence kinetics, whereas in none of the cases PI

fluorescence increased. This means that gramicidin D killed S. epidermidis and S. aureus

by membrane depolarization without formation of larger pores that could enable PI

uptake.
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Figure 4.8. Membrane depolarization (diSCz (5)) (A, D), Permeabilization (Pl) (B, E) and Killing percentage
(C, F) of S. epidermidis (A — C) and S. aureus (D — F) caused by gramicidin D. Experiments were performed
with 108 CFU/mL of the indicated strains in PBS-glc with 0.4 uM diSCs(5) (Aex= 652 nm, Aem= 672 nm) and 5
ug/mL Pl (Aex= 535 nm, Aem= 617 nm) at 37 °C. CFU counts were determined at 30 min incubation. diSCs(5)

and Pl kinetics are in separate graphs and only the initial 20" are shown for clarity purposes. (*) peptide

addition.
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Moreover, it is important to note that diSC3(5) and Pl per se were not toxic to bacteria
because neither of the two probes showed an increase of fluorescence, or caused a
decrease of CFUs.

Our data are in line with those reported in the literature which reveal that gramicidin
D causes a rapid and full dissipation of membrane potential by forming small cation
specific channels343% and for this reason, many authors used this peptide as a positive
control of membrane depolarization3*-%°. However, it is important to note that the
diameter of gramicidin D-induced channels is estimated to measure about 4 A, which is
sufficient to accommodate the passage of monovalent cations34, but not the uptake of
larger molecules such as Pl (MW=668.4). As a consequence, interaction of Pl with nucleic

acids is precluded despite bacteria are dying?'®.

The results obtained with melittin (Figure 4.9.) showed a completely different
picture. This pore forming peptide caused a remarkable increase of Pl fluorescence, with
slower kinetics at sub-MIC and more rapid kinetics at bactericidal concentrations
(killing>95%). Interestingly, diSCs(5) fluorescence increased only at bactericidal melittin
concentrations. This means that the increase of diSCs(5) fluorescence did not indicate
membrane depolarization as a primary event but was rather a consequence of
irreversible membrane permeabilization, which appears as the key event in the case of
melittin, it was for that reason that many authors use melittin as a positive control of

the membrane permeabilization phenomenon®:=%3,

Taking into consideration that melittin induced pores with a diameter of 25-30 A 44
are large enough to accommodate the passage of large molecules such as Pl (Figure
4.9.), one can reasonably expect that ion leakage may also occur. So, in principle melittin
has the ability to alter the membrane potential. It is interesting to note, however, that
melittin at sub-MIC concentrations induced slower Pl uptake, correlated with lower
killing activity, but no increase of diSCs(5) fluorescence (Figure 4.9.). This observation
would suggest a limited membrane damage, probably caused by formation of transient

pores, as reported in the literature33, and that bacteria could recover to some extent.
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and Pl are displayed in separate graphs, and error bars are not shown for clarity purposes. (*) peptide addition.

The findings observed thanks to the combination of both fluorescent dyes have

important implications for the advancement of our knowledge concerning the mode of

action of gramicidin D and melittin. If for instance the assay would have been performed

by using diSC3(5) only, we would conclude that both peptides, gramicidin D and melittin,

caused membrane depolarization (Figure 4.8. A, D and Figure 4.9.A, D) and in this case,

the result obtained with melittin would be a false positive. On the contrary, if we had

used only PI, the result of gramicidin

D would be a false negative (Figure 4.8. B, E and

Figure 4.9.B, E). We would speculate that gramicidin D, at difference with melittin, did
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not cause membrane permeabilization and, perhaps it killed bacteria by acting on some

internal target(s).

Conversely, by using the combination of diSC3(5) and Pl we measured the phenomena
of membrane depolarization and permeabilization on the same bacterial population
simultaneously. This assay thus enables to distinguish between these two phenomena
and contributes to shed light on the mode of action of membrane-active agents such as
the AMPs. This study confirmed that gramicidin D causes membrane depolarization and
melittin induces membrane permeabilization. We also provide an additional evidence
that melittin at low concentrations probably creates transient pores, which cause a

membrane permeabilization which is reversible to some extent.

With the aim to better understand the phenomena induced by melittin and
gramicidin on S. epidermidis, at the end of fluorescence kinetics (30 min incubation)
bacteria were processed for analysis by Field Emission Scanning Electron Microscopy

(FE-SEM) (Figures 4.10.1. - 4.10.3.).

Images of untreated bacterial cells, reported in Figure 4.10.1., show the normal,
round and smooth appearance of vital and growing staphylococcal cells, similar to those

observed in Chapters 3 and 5.
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Figure 4.10.1. Morphology of S. epidermidis on polycarbonate filters analysed by FE-SEM (Panels A — F).
Arrows indicate, respectively, division septa (¥), bacterial aggregates (ﬁ ). Representative images from
two experiments performed in duplicate are shown.

On the contrary, filters containing melittin treated S. epidermidis displayed a lower
number of bacteria which presented clearly affected morphology in many cases (Figure
4.10.2.). Dead bacteria had increased size, lost their division septa (Figure 4.10.2.B and
4.10.2.D), their surface lost the smooth appearance, and many of them have some

protrusions similar to blebs (Figure 4.10.2.B). These results are in agreement with the

85



fluorescence data and with the literature demonstrating that melittin causes a huge

membrane damage*>4>~4,
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Figure 4. 10 2. Morphology of S. epidermidis treated with 1 ,uM mel/ttm analysed by FE-SEM (Panels A

— D). Arrows indicate, respectively, division septa (* ), bacterial aggregates ﬂ ), collapsed bacteria (7 )and
deflated bag (T). Representative images from two experiments performed in duplicate are shown.

The bacteria treated with gramicidin D, besides a lower number of bacteria on filter
surface, also showed clearly affected morphology (Figure 4.10.3.). In addition, many
bacteria were collapsed (Figure 4.10.3.C — D), some bacterial clusters presented
extrusion of cytoplasmic material (Figure 4.10.3.B — C) and in many cases the “deflated
bag” morphology was observed, suggesting impaired microbial cell growth as well as the

cell division process, similar to what observed for Gramicidin S$*.
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Figure 4.10.3. Morphology of S. epidermidis treated with 30 uM Gramicidin D analysed by FE-SE
(Panels A — D). Arrows indicate, respectively, extruded cytoplasmic material (1k ), collapsed bacteria (T)

and deflated bag ( T ). Representative images from two experiments performed in duplicate are shown.

4.2.5. Adaptation of the assay to lower bacterial loads

Once the experimental conditions for the membrane depolarization and
permeabilization assay were established, we wanted to adapt the assay to lower
bacterial concentrations with the aim to make the assay more sensitive. In order to
assess which of the fluorescent probes was more sensitive, the membrane
depolarization and permeabilization events were analysed by using each probe with

gramicidin D or melittin, in the presence of decreasing concentrations of S. epidermidis.

Membrane depolarization kinetics of 108, 107, 5-10°, 10°® CFU/mL S. epidermidis,
treated with gramicidin D, were monitored by using 0.4 uM diSCs(5), with killing activity
performed in parallel (Figure 4.11.). As shown in Figure 4.11.A - B and 4.11.C - D, with
10% and 107 CFU/mL, respectively, the membrane depolarization phenomenon in S.

epidermidis, induced by a bactericidal concentration of gramicidin D, was clearly
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evident. It was still evident at 5-:10° CFU/mL (Figure 4.11.E - F), although with a less clear
accumulation phase (see Figure 4.4.). Finally, with further lowering to 10® CFU/mL, the
membrane depolarization event was far less evident with only a small increment in
fluorescence respect to higher (Figure 4.11.G) bacterial concentrations (Figure 4.11.A,C
and E). In this latter condition the duration of the accumulation phase almost doubled
because it was difficult to establish when the potentiometric dye reached an equilibrium
prior to adding the depolarizing agent. So we can conclude that membrane
depolarization of S. epidermidis can be monitored with 0.4 uM diSCs(5) at 108, 107, and
5-108 CFU/mL. All these experiments presented a clear correlation between membrane

depolarization and killing activity (Figure 4.11.B, D, F and H).
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Figure 4.11. Membrane depolarization (A, C, E, G) and Killing percentage (B, D, F, H) of S. epidermidis by
gramicidin D. Experiments were performed with (A-B) 10%, (C-D) 107, (E-F) 5-10° and (G-H) 10° CFU/mL of
the indicated strain in PBS-glc using 0.4 uM diSCs (5) (Aex = 652 nm, Aem = 672 nm) at 37 °C. At 30 min

incubation aliquots were taken to determine bacterial viability by CFU counts. The time necessary for the

addition of molecules (indicated by an *) was about 5-8 minutes.
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To test Pl sensitivity, the fluorescence kinetics was studied at 5 and 10 pg/mL Pl and
102 and 107 CFU/mL S. epidermidis, treated with a bactericidal concentration of melittin.
As reported in Figure 4.12.A and 4.13.A, with bacteria at 108 CFU/mL melittin addition
induced an increment of Pl fluorescence at both PI concentrations, in good correlation

with bacterial killing (Figure 4.12.B and 4.13.B), whereas at 10’ CFU/mL, it was
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Figure 4.12. Membrane permeabilization (A, C) and Killing percentage (B, D) of S. epidermidis by melittin.
The experiment was performed with (A-B) 108, (C-D) 10’ CFU/mL of the indicated strain in PBS-glc using 5
ug/mL Pl (Aex = 535 nm, Aem = 617 nm) at 37 °C. At 30 min incubation aliquots were taken to determine
bacterial viability by CFU counts. The time necessary for the addition of molecules (indicated by an *) was
about 4 minutes.
impossible to measure membrane permeabilization (Figure 4.12C and 4.13C) despite
100% killing (Figure 4.12.D and 4.13.D). This happened at both Pl concentrations (Figure
4.12. and 4.13.), thus indicating that the limiting factor is not Pl concentration but the
number of bacteria, or better, their nucleic acid content. As Pl emits fluorescence only
upon binding to DNA, fluorescence intensity will depend on the concentration of PI-DNA
complexes. These will in turn reach a detectable concentration only with a sufficiently
high inoculum. These considerations are of course limited to the instrument we selected

to detect fluorescence because in flow cytometry*®, for example, it was possible to



detect Pl uptake with a lower bacterial suspension even in the case of staphylococci
which are notoriously small. However, in the present thesis my attention was focused
on the possibility to analyse fluorescence kinetics in multiple samples simultaneously,

and this is possible to achieve with a multiplate reader.
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Figure 4.13. Membrane permeabilization (A, C) and Killing percentage (B, D) of S. epidermidis by
melittin. The experiment was performed with (A-B) 108, (C-D) 107 CFU/mL of the indicated strain mid
log phase in PBS-glc using 10 ug/mL Pl (Aex= 535 nm, Aem= 617 nm) at 37 °C in 96 low binding black well
plate. At 30 min incubation aliquots were taken to determine bacterial viability by CFU counts. The time

necessary for the addition of molecules (indicated by an *) was about 4 minutes.
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4.3. Conclusions

By combining the potential-sensitive dye diSCs(5) and the DNA staining dye PI, it was
possible to discriminate between membrane depolarization and membrane
permeabilization in whole Gram-positive bacteria.

Concerning sensitivity, a limiting factor using a microplate reader is the concentration
of PI-DNA complexes which is correlated to bacterial density. Nevertheless, diSCs(5)
allows to detect membrane depolarization at lower bacterial concentrations. This
fact suggests that concerning membrane perturbation, diSCs(5) is a more sensitive
tool for fluorescence-based assays using a microplate reader.

The use of microtiter plates allows the simultaneous evaluation of several membrane
active antimicrobial agents.

Concerning timing, one limiting factor of a multiplate kinetic assay could be the time
needed to add several agents simultaneously. This could be a problem with very fast
acting antimicrobial agents.

FE-SEM analysis of melittin- and gramicidin-treated S. epidermidis confirmed
different effects on bacterial morphology.

The assay was validated with soluble peptides. It would need further optimization for

applications to surface immobilized peptides.



4.4. Experimental procedure
4.4.1. Peptides and Uncouplers

The selected membrane-active peptides Gramicidin D, Cecropin A, Magainin 2, and
Melittin were purchased from Sigma-Aldrich® (USA). Cecropin A and Gramicidin D were
dissolved in DMSO, and Magainin 2 and Melittin were dissolved in pyrogenic water. The

stock solutions were kept at -20 °C.

4.4.2. Bacteria and bacterial cultures
Two Gram-positive, Staphylococcus epidermidis ATCC 35984 and Staphylococcus

aureus ATCC 25923, and two Gram-negative, Escherichia coli ATCC 25922 and
Pseudomonas aeruginosa ATCC 27853 reference strains were obtained from American
Type Culture Collection (ATCC; Manassas, VA). Bacteria were maintained on Mueller-
Hinton (MH) agar plates. For antimicrobial assays, bacteria were cultured in liquid Brain
Heath Infusion (BHI) overnight, 1:50-diluted in fresh medium and allowed to grow in
orbital shaker at 37 °C. Mid-log phase bacteria were harvested after 10 min
centrifugation at 1000 x g and resuspended in PBS to optimal density assessed by
turbidity at 600 nm, with reference to previously determined standards. For
fluorescence kinetics, mid-log phase bacteria were collected by centrifugation at 1000 x
g, washed two times with PBS (pH 7.4), and finally resuspended in PBS supplemented
with 25 mM glucose (PBS-glc) at the desired density assessed by turbidity at 600 nm,

with reference to previously determined standards

4.4.3. Determination of the standard Minimum Inhibitory Concentration
(MIC) and Minimum Bactericidal Concentration (MBC)
The minimum inhibitory concentration (MIC) of selected peptides was determined by
a broth microdilution assay in 96-well microtiter plates, using MH broth with
logarithmic-phase microorganisms at 5 x 10°> CFU/mL, as previously reported®°,
following CLSI guidelines. The minimum bactericidal concentration (MBC) was
determined seeding aliquots from wells showing no visible growth on solid medium to

allow colony counts.



4.4.4. Reagent preparation

Stock solutions were prepared as follows: 400 uM diSCs3(5) in 100% DMSO, 50 uM
DiBAC4(3) in 100% DMSO, and 1 mg/mL PI in 4qH,0 (Pl would precipitate in a more
concentrated solution). All stocks, protected from light by aluminium foil, are stable at -

20 °C for at least 6 months.

4.4.5. Compatibility between fluorescence dyes

The fluorometric measurements using membrane potential-sensitive fluorescent
distributional probes (Bis-(1,3-Dibutylbarbituric Acid)Trimethine Oxonol (DiBAC4(3)) *°
(Figure 4.13.A) and 3,3'-Dipropylthiadicarbocyanine lodide (diSCs(5)) ) (Figure 4.13.B),
and the membrane impermeable fluorescencent dye Propidium lodide (PI) ° (Figure
4.13.C) were performed with a Multimode Plate Reader (EnSpireTM 2300, PerkinElmer,
Waltham, MA, USA) by using low-binding surface 96-black polystyrene microtiter plates
(PerkinElmer), in order to prevent unspecific binding of the molecules used in the study
to polystyrene surface of conventional plates.
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Figure 4.13. Chemical structures of (A) DiBAC4(3), (B) diSC3(5) and (C) PI.

4.4.6. Excitation and Emission spectra

To verify the correct excitation and emission wavelengths of each fluorescent dye,
their excitation and emission spectra were measured in our assay conditions. DiBACa(3)
was studied at 125, 250 and 500 nM (Aex=490 nm, Aem=516 nm), and Pl at 5, 10 and 20
pg/mL (Aex=535 nm, Aem=617 nm) in PBS supplemented with 25 mM glucose (PBS-glc).
Moreover, the excitation and emission spectra of DiBACa(3) were recorded in the
presence of 10 pg/mL PI, with and without S. epidermidis, in PBS-glc. Furthermore, the

excitation and emission spectra of 0.4 uM diSC3(5) alone (Aex=652 nm, Aem=672 nm) and



0.4 uM diSCs(5) plus 5, 10 and 20 pg/mL Pl (Aex=652 and 490 nm, Aem=617 and 672 nm),

were measured in PBS-glc, in the presence and in the absence of S. epidermidis.

4.4.7. Interference of uncouplers and peptides with the fluorescent dyes

To evaluate if the uncouplers [Carbonyl cyanide 3-chlorophenylhydrazone (CCCP) and
Carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone (FCCP)], the solvent
(dimethylsulfoxide (DMSQ)) and the selected peptides (melittin and gramicidin D) have
any interference with diSCs(5) or with PI, both fluorescent dyes combined together in
the same wells [black-wellplate (Optiplate)] were monitored kinetically for 30 minutes
at 37 °Cin PBS-glc (diSC3(5); Aex=652, Aem= 672 nm and PI; Aex= 490, Aem=617 nm).
4.4.8. Kinetic fluorescence measurements to detect membrane depolarization

and permeabilization

Mid-log phase S. epidermidis and S. aureus, resuspended at 1-108 CFU/mL in PBS-glc
were incubated in the orbital shaker at 37 °C for 15 min. Therefter, diSCs(5) and Pl were
added at final concentrations of 0.4 uM and 5 pg/mL, respectively. The solution was
mixed by short vortexing and 200 pL were added in duplicate to the wells of a black 96-
well plate (Optiplate, PerkinElmer). The samples were preincubated at 37 °C with
fluorescence measurements every minute for 5-10 min, or until readings were stabilized
(Accumulation phase). After this time, the plate was ejected. Depolarizing agents were
added to their respective wells to the final concentrations of 15 - 30 uM gramicidin D,
62.5 nM - 1 uM Melittin, 1% DMSO. The plate was placed back into the reader as quickly
as possible to continue monitoring diSCs(5) and PI, every 0.5 minutes for around 10 — 20
min. At the end of incubation (around 30 min), aliquots were withdrawn from each well,

serially diluted and plated on MH agar to allow CFU determination.

4.4.9. Field Emission Scanning Electron Microscopy (SEM) of S. epidermidis on
Polycarbonate membrane filters

The morphology of S. epidermidis, deposited on polycarbonate filters was studied by
Field Emission Scanning Electron Microscopy (FE-SEM) (JEOL model JSM-7610FPlus)
operated in secondary electron detection mode. The working distance was adjusted in
order to obtain the suitable magnification; the accelerating voltage was set to 5 keV.

SEM was performed in duplicate for each sample. Briefly, upon 30 min incubation as



described above, all samples were collected by centrifugation at 1000 x g for 10 min and
fixed with 5% (v/v) glutaraldehyde in PBS for 2h at room temperature. Fixed bacteria
were deposited on 0.2 um Isopore polycarbonate membrane filters (Merck Millipore),
extensively rinsed with filtered sterile PBS and dehydrated in graded series of ethanol
solutions (20 min each). Immediately prior to SEM analysis, samples were sputter-

coated with a thin gold layer.
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— Mode of action of AMPs in the

immobilized state

5.1. Introduction

To obtain effective antimicrobial coatings with AMPs, it is crucial not to compromise
their functionality upon immobilization. Several studies addressed these aspects by
investigating the coupling chemistry, the role of spacer length or site of peptide
anchoring, or peptide orientation on immobilized peptide activity>2. Among these, some
studies demonstrated ability of anchored peptides to permeabilize artificial lipid
vesicles®>, and Gabriel et al. demonstrated that N-terminally conjugated LL-37 was
capable to permeabilize E. coli®. However, it is not clear how can membrane-active
peptides, covalently anchored to a solid support, interact with the cytoplasmic
membrane of whole bacteria, causing membrane permeabilization. This is particularly
difficult to understand in the case of Gram-positive microorganisms, which are wrapped
by a thick peptidoglycan layer’. Some authors suggest that an electrostatic imbalance
on bacterial surface would affect the Donnan potential across the membrane, which
would in turn activate lethal cellular events such as the activation of autolytic enzymes,
or disruption of electrostatic balance of internal layers®. Although the exact molecular
mechanism has not yet been unravelled, Hilpert et al. demonstrated by using the
membrane potential-sensitive fluorescent distributional probe 3,3"-
Dipropylthiadicarbocyanine lodide (diSCs(5)), that the immobilized peptides were able

to destabilize the cell envelope of Gram-positive bacteria®.

In this chapter we investigated the mode of action of surface-anchored B27(1-18).
First we studied how peptide orientation, i.e. N-terminal or C-terminal immobilization,
influences peptide behaviour on titanium. This was accomplished by comparing the
antimicrobial efficacy of titanium samples functionalized with the cysteinylated
derivatives B27(1-18)%* and “*B27(1-18), against S. epidermidis. Additional mechanistic

insights were obtained by applying the fluorescence-based assay, developed in the



previous chapter (chapter 4), to resin-bound analogues of B27(1-18). By using this
approach it was possible to determine how antimicrobial activity was affected by
orientation and to compare peptide efficacy and mode of action of free and anchored

peptide derivatives.



5.2. Results and Discussion

As continuation and deepening of the study described in chapter 3, in collaboration
with Biomaterials, Biomechanics & Tissue Engineering research group (BiBiTE) from
Polytechnic University of Catalonia (Barcelona, Catalonia, Spain), we decided to
investigate the influence of peptide orientation on the antimicrobial performance of
titanium functionalized with BMAP27(1-18)°. Similar to what reported in chapter 3, the
amino acid sequence was modified at the N-terminus or C-terminus by addition of three
6-aminohexanoic acid (Ahx) units as a spacer and one cysteine residue as anchoring
moiety. The derivatives BMAP27(1-18)-(Ahx)s3-Cys and Cys-(Ahx)3-BMAP27(1-18) are
hereafter referred to as B27(1-18)% and “*B27(1-18). In order to verify whether the
antimicrobial properties have been affected by this modification, their minimum
inhibitory concentrations (MICs) against two Gram-positive bacterial species were
determined in a standard MIC assay (Table 5.1.). Although the two cysteinylated
derivatives displayed slightly lower MIC values (one well difference) against both strains
compared to the original BMAP27(1-18), the differences are too small to be considered

significant. Most important, the two derivatives did not display any difference in activity.

Table 5.1. Antimicrobial activity of soluble
cysteinylated peptides against two Gram-positive

reference strains.

BMAP27(1-18) B27(1-18)% ©»B27(1-18)

MIC (uM)>P
S. epidermidis
2 1 1
ATCC 35984
S. aureus
4 2 2
ATCC 25923

@ Determined in MH broth.

®Data are means of at least 3 independent experiments.

For peptide coupling to titanium the same strategy described in chapter 3 was

applied (Figure 5.1.).
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Figure 5.1. Schematic representation of covalent anchoring of B27(1-18)%* or ¥*B27(1-18) to titanium by

maleimide-thiol chemistry. NB: the amino acid sequence of B27(1-18)%* is written backwards and it does

not represent a retro analogue.

5.2.1. Physicochemical characterization of titanium samples

To verify whether Ti functionalization occurred properly, Ti samples were
characterized by static contact angle (CA) measurements and XPS essentially as
described in chapter 3. CA analysis revealed considerable modifications in wettability as
a result of each treatment (Ti_Plvs. Ti; Ti_Avs. Ti_Pl; Ti_Avs. Ti_A_B27(1-18)% and Ti_A
vs Ti_A_“B27(1-18)) (Figure 5.2.). Based on these findings, which are in line with
previous reports'®!l we can reasonably deduce that the expected modifications have
taken place. In addition, another important observation was the absence of any
significant difference in wettability between Ti samples functionalized with B27(1-18)¥

and ©sB27(1-18).
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Figure 5.2. Average values of contact angles of the indicated Ti samples in duplicate. The experiment
was performed two times. Asterisks denote statistically significant differences between the indicated
samples (P < 0.05).
The XPS spectra (data not shown) gave similar results, with an equal increment in
carbon (C 1s) and nitrogen (N 1s) contents, along with reduction of oxygen (O 1s) and
titanium (Ti 2p) percentages in Ti_A_B27(1-18)“*and Ti_A_“B27(1-18) respect to Ti_A

and Ti samples, indicating stable binding of peptide molecules to titanium.

5.2.2. Analysis of antimicrobial properties of titanium samples

The antimicrobial efficacy was analysed as explained in chapter 3, testing first the
inhibition of bacterial adhesion. Ti samples were immersed in a suspension of S.
epidermidis for 2 h at 37°C, then planktonic cells were rinsed away and adherent
bacteria recovered by vortexing and plating on solid medium. The colony forming units
(CFU) of S. epidermidis on Ti_A B27(1-18)% and Ti_A_®*B27(1-18) disks were
remarkably less than those recovered from bare Ti, and also respect to Ti_A, without
significant difference between N- or C-terminally immobilized peptides (Figure 5.3.).
These results would suggest that bacteria have been killed upon contact with the bio-

functionalized titanium, regardless of peptide orientation.
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Figure 5.3. Adhesion of S. epidermidis to the indicated Ti samples. Following 2 h incubation at 37 °C, the
CFUs of adherent microorganisms were recovered by a vortexing procedure, serial dilutions and plating
on solid medium. Results are expressed as percent CFU respect to CFU recovered from bare titanium (Ti)

and are the means + SD of at least three independent experiments performed in triplicate.

To better understand the events occurring during staphylococcal adhesion, in parallel
to CFU determination, the morphology of adhered bacteria was studied by SEM. This
analysis revealed remarkable differences in the morphology of S. epidermidis cells on
the different substrata (Figures 5.4.1. — 5.4.2.).

S. epidermidis cells on Ti and Ti_A samples had normal round shape, with smooth
surface and evident division septa (Figure 5.4.1.F). Microorganisms in division phase
were frequently observed, often forming multilayer agglomerates (Figure 5.4.1.A, B),
covered by a dense and grey layer resembling a blanket (Figure 5.4.1.C — E). In these
clusters bacteria were tightly connected by junctions (Figure 5.4.1.C, 5.4.1.E and
5.4.1.F). At the contact interface between bacterial and Ti surface a halo (Figure 5.4.1.D)
and fimbriae-like surface appendages were observed (Figure 5.4.1.E — F). These
structures, likely representing extracellular matrix components, together with the
formation of multilayers with tightly interconnected individual cells firmly attached to
titanium surface by adhesion structures, indicate early biofilm formation?*, Taking into
consideration the well-known biofilm properties of S. epidermidis ATCC 35984, a
recognized heavy matrix producer®™'®, the morphological characteristics of titanium
attached bacteria observed by SEM are in line with the literature. The morphological

differences between S. epidermidis attached to bare Ti (Figure 5.4.1.A, 5.4.1.C and



5.4.1.F) and those attached to silanized Ti disks were not significant (Figure 5.4.1.B,
5.4.1.D and 5.4.1.F).

Figure .4. orpholgy of S. epidermidis on Ti (Panels A, C, an i_ A (Panels B, , F) samples
analysed by SEM. Upon 2 h incubation all samples were rinsed, fixed and processed for SEM analysis.
Panel E is a higher magnification of the image presented in Panel C. Arrows indicate division septa (&),
halos ( i ), contact junctions (1), pseudopod-like structures ( t ). Representative images from two

experiments performed in duplicate are shown.
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On the contrary, a lower number of intact S. epidermidis cells were attached to
Ti_A_B27(1-18)® and Ti_A_9°B27(1-18) samples (Figure 5.4.2.). Instead of typical
biofilm structures, remains of dead cells were observed on both types of peptide-
functionalized titanium samples (Figure 5.4.2.B — D). On Ti_A_©B27(1-18) samples it
was also possible to note structures with ragged surface, probably extruded cytoplasmic
material from dead cells, near intact bacterial cells (Figure 5.4.2.E), and in other fields,
dead S. epidermidis cells appeared collapsed, with dramatically affected morphology

(Figure 5.4.2.F).

Collectively, based on SEM analysis and CFU counts we can reasonably deduce that
immobilized BMAP27(1-18), regardless of its orientation on metal surfaces, was able to
kill S. epidermidis, although SEM images do not add a clear-cut information on possible
different effects between the two analogues. Concerning contact killing, our
observations are in line with previous findings reported in chapter 3, while concerning
orientation-dependent activity, the lack of a significant difference between the N- and
C-terminally immobilized peptides appears in contrast with the literature®>#17-1°, Some
authors suggest that the antimicrobial efficacy of tethered peptides could be affected
by the position of cationic and hydrophobic residues®2%21, In particular, in a study
involving the sheep cathelicidin SMAP-29, an alfa-helical peptide highly similar to BMAP-
27 %2, Soares et al. registered remarkably better antimicrobial activity with the peptide
immobilized via its C-terminus'®. A comparative analysis of the amino acid sequences of
BMAP27(1-18) and of the AMPs studied by others can help explain these apparent
discrepancies. In comparison to SMAP-29, BMAP27(1-18) lacks the C-terminal
hydrophobic tail?3, and the 1-18 segment of BMAP-27, containing 10 cationic residues
(3 Arg and 7 Lys), results in a highly cationic sequence. Moreover, the first amino acid of
SMAP-29 is an Arginine, followed by a Glycine residue, whereas the same amino acids
are present at inverted positions (GR instead of RG)??>%3 in BMAP-27, as well as in
BMAP27(1-18). This could at least partly explain why masking of the N-terminal Arg upon
tethering of SMAP-29 via its N-terminus resulted in decreased activity, whereas killing
ability of BMAP27(1-18) seemed not much affected by tethering orientation. An
additional evidence that antimicrobial activity of BMAP-27 is relatively independent on

anchoring position was provided by Rapsch et al.?%. In that study the full length BMAP-



27 was randomly immobilized on glass surface by utilizing various chemistries exploiting
its amino groups, without any spacer, and the immobilized peptide was active against E.
coli. In this respect it is important to note that in our hands, N-terminally biotinylated
BMAP-27 and BMAP27(1-18), immobilized on streptavidin resin beads, proved
bactericidal to a similar extent against two Staphylococcus spp°. In comparison with
melittin3 or with Dhvar5 peptide!’, the cationic groups of BMAP27(1-18) are evenly
distributed along the peptide sequence, being cationic residues regularly interspersed
with hydrophobic ones. Hence, its amphipathicity is conformation-dependent, at
difference with melittin and Dhvar5, both characterized by sequence-dependent
amphipathicity with hydrophobic and cationic residues segregated at the N-terminus
and the C-terminus, respectively. In both cases tethering orientation affected the
activity of the immobilized peptides, but with opposite results. C-terminally immobilized
melittin was more active respect to the N-terminally anchored peptide3, whereas C-
terminally immobilized Dhvar5 was less effective than the N-terminally linked
analogue®’. This means that besides structural features such as amino acid sequence,
conformation, and amphipaticity, there are other variables to be considered when
analysing the peptide efficacy in the immobilized state. In this respect, researchers of
the field agree on the necessity to elucidate the antimicrobial mode of action of surface

immobilized AMPs.
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Figure 5.4.2. Morphology of S. epidermidis on Ti_A_B27(1-18) % (Panels A-C) and Ti_A_9°B27(1-18)

(Panels D-F) samples analysed by SEM. Upon 2 h incubation all samples were rinsed, fixed and processed
for SEM analysis. Panel B is a higher magnification of the image presented in Panel A. Arrows indicate
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extruded cytoplasmic material (i), dead bacteria residues (i ). Representative images from two

experiments performed in duplicate are shown.

112



5.2.3. Mode of action studies of free and anchored B27(1-18)

To address this issue we applied the fluorescence-based assay developed in Chapter
4. We were interested in particular whether a membrane-active peptide such as
BMAP27(1-18), when immobilized on solid support, retained its capacity to interact with
the cytoplasmic membrane of target microorganisms. In order to compare the
membrane-perturbing ability of free and anchored BMAP27(1-18), we needed to keep
both peptide forms in solution and to know their respective concentrations. To meet
both requirements we decided to use a streptavidin/biotin-based anchoring method

applied to an agarose-based commercial resin.

-Biot —Lys —(Ahx):— SLKRFLRRFRRRFRKFRG

B217(1-18)-C-Biot-Res

-Biot —Lys —(Ahx)s— GRFKRFRKKFKKLFKKLS-NH,

Res-Biot-N-B2'7(1-18)
Figure 5.5. Coupling of B27(1-18)-C-Biot and Biot-N-B27(1-18) to Streptavidin resin beads. NB: the

amino acid sequence of B27(1-18)* is written backwards and it does not represent a retro analogue.
We synthesized two biotinylated derivatives of BMAP27(1-18) by following exactly
the same scheme as for titanium bound cysteinylated peptides, with the only difference
that the C- or N-terminal Cysteine was replaced by a Lysine residue for the subsequent
biotinylation. These biotinylated peptides are referred to as B27(1-18)-C-Biot and Biot-
N-B27(1-18) (Figure 5.5.). Prior to coupling to streptavidin-resin beads, the antimicrobial
properties of these new derivatives have been checked against S. aureus and S.

epidermidis in a standard MIC assay (Table 5.2.).
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Table 5.2. Antimicrobial activity of soluble biotinylated

peptides against two Gram-positive reference strains.

BMAP27(1-18) B27(1-18)-C-Biot Biot-N-B27(1-18)

MIC (uM)xP
S. epidermidis
2 2 2
ATCC 35984
S. aureus
4 1 1
ATCC 25923

2 Determined in MH broth.

®Data are means of at least 3 independent experiments.

B27(1-18)-C-Biot and Biot-N-B27(1-18) peptides maintained and slightly improved
efficacy against S. epidermidis and S. aureus, respectively (Table 5.2.), but without

differences in MIC values between them.

The two derivatives were then coupled to streptavidin-resin beads to mimic an
immobilized condition but in a fluid state, suitable for the microplate fluorescence assay.
In order to make quantitative pairwise comparisons between the free and anchored
peptides, and between the N-terminally and C-terminally resin-coupled peptides, it was
mandatory to determine peptide concentration of all samples by using the same
method. To this aim, the resin-bound peptides were eluted and their concentration
determined by UV absorbance at 257 nm. This information was used to normalize the
concentration of anchored and free peptides in the following assays by adjusting resin

volumes accordingly.

5.2.4. Interference of free and resin-bound peptides with the fluorescent dyes

To test whether the two biotinylated peptides, both free and bound to streptavidin
resin beads display any interference with diSC3(5) or with PI, the fluorescence of both
probes, mixed together in the same wells, was monitored kinetically at their specific
excitation and emission wavelengths before and after the addition of the AMPs or resins,
without bacteria. The kinetics in Figure 5.6. show that there is no interference between

dyes and peptides or resins.
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Figure 5.6. Interference of peptides with the fluorescent dyes. The kinetics of (A) diSC3(5) (Aex= 652 nm, Aem = 672
nm) and (B) Pl (Aex= 535 nm, Aem = 617 nm) are shown in separate graphs for clarity purposes. The time necessary

for the addition (indicated by an *) of peptides and resins was about 7 minutes.

5.2.5. Correlation of membrane alterations with bactericidal activity of free
peptides

In this part of my thesis, | had the dual goal to verify the membrane-perturbing ability
of soluble biotinylated peptides, and to compare it with possibly different effects of C-
and N-terminally anchored AMPs on whole bacteria by using the combination of the
fluorescent dyes diSCs(5) and PI. The experiments were first performed by incubating S.
epidermidis ATCC 35984 with free peptides in PBS-glc containing 0.4 uM diSCs3(5) and 5
ug/mL Pl at 37 °C in a low binding 96-well black microtiter plate. The fluorescence of
both probes was monitored kinetically and at 30 min incubation, aliquots were taken to
determine bacterial viability by CFU counts. The ion channel forming Gramicidin D was
used as positive control (100% depolarization).

As expected, Gramicidin D induced increase of diSCs(5), but not of Pl fluorescence

(Figure 5.7.), in line with the results reported in chapter 4.2.4.. On the contrary, both



free peptides (B27(1-18)-C-Biot and Biot-N-B27(1-18)) showed a picture more similar to
the effects of melittin (chapter 4.2.4.). In fact, both peptides caused a rapid increase of
both, diSCs(5) and PI fluorescence, at their bactericidal concentrations (1 — 8 uM, i.e.
those causing >90% killing), while at lower peptide concentrations (125 — 250 nM), that
also produced lower killing, only Pl showed an increment, whereas the fluorescence of
diSCs(5) remained at baseline level (Figure 5.7.). This means that the increase of diSC3(5)
fluorescence was rather a consequence of irreversible membrane permeabilization,
which appears as the key event in the case of both peptides, and did not indicate a

mechanism primarily based on membrane depolarization.
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Figure 5.7. Membrane depolarization (A, D), permeabilization (B, E) and killing (C, F) of S. epidermidis by
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nm) at 37 °C. At 30 min incubation aliquots were taken to determine bacterial viability by CFU counts. The

kinetics of diSCs(5) and Pl are displayed in separate graphs, and error bars are not shown for clarity

purposes. (*) peptide addition.

These results are in line with previous findings, although obtained with a different

experimental approach using as target E. coli ML35%3, and in partial contrast with the
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findings by Lee et al?®> which used the same potentiometric dye with S. aureus as target.
According to their experiments, at difference with the full length BMAP-27, BMAP27(1-
18) would not cause calcein release from large unilamellar vesicles, whereas both
peptides would be equally able to depolarize whole S. aureus?. Hence, the authors
concluded that BMAP27(1-18) did not act by membrane permeabilization but by
membrane depolarization. Based on the findings reported in this thesis we can conclude
that the increase of diSCs(5) fluorescence observed by Lee et al was a consequence of
bacterial membrane permeabilization induced by BMAP27(1-18). As the molecular
weights of calcein (MW 622.53) and Pl (MW 668.4) are very similar, it is not clear why
this phenomenon could not be detected by calcein release, but we cannot exclude that
for some reason BMAP27(1-18) was less able to interact with the LUVs that were used

in the cited study?®.

Another interesting observation was the lack of proportionality between PI
fluorescence and bactericidal peptide concentrations. At difference with melittin that
caused a dose-dependent increase of Pl uptake (see previous chapter), 1 uM BMAP27(1-
18) produced higher increment of PI fluorescence than 4 uM and 8 uM, while the
increase of diSCs(5) fluorescence observed at these peptide concentrations was dose-
dependent. As all these concentrations were highly bactericidal, one can argue that
when membrane damage is extensive, highly cationic peptide molecules bind to

bacterial DNA thus displacing PI.

Notably, by investigating the membrane-perturbing ability of BMAP-27-derived
peptides we validated the fluorescence-based microplate assay, developed in chapter
4, that allowed us to obtain some mechanistic insights concerning the interaction of

these peptides with whole bacterial cells.

5.2.6. Correlation of membrane alterations with bactericidal activity of resin-

bound peptides

Due to relatively low peptide loading on resin, the fluorescence assay developed in
the previous chapter was adapted to a lower bacterial concentration, i.e. 10’ CFU/mL
instead of 108 CFU/mL. As reported in chapter 4, this bacterial density, though not

sufficient to detect Pl uptake, is still sufficient to detect fluorescence of diSCs(5).



Knowing from the previous paragraph that the fluorescence of diSCs(5) increased in a
dose-dependent manner at bactericidal peptide concentrations, we were confident that
the assay was suitable for resin-bound peptides. To study the mode of action of
immobilized B27(1-18)-C-Biot and Biot-N-B27(1-18), the assay was performed by adding
free peptides or their corresponding resin equivalents to 10’ CFU/mL S. epidermidis in
PBS-glc containing 0.4 uM diSCs3(5) in a black microtiter plate. Gramicidin D was the
positive control (Figure 5.8). Aliquots were withdrawn at 30 min incubation to

determine bacterial viability.
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to determine bacterial viability by CFU counts. The membrane depolarization caused by each of the two

peptides is displayed in separate graphs (A and B) for clarity purposes. (*) peptide or resin addition.
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As expected, 4 uM free B27(1-18)-C-Biot and Biot-N-B27(1-18) showed the same
behaviour by promoting a rapid increase of diSC3(5), correlated to 100% killing (Figure
5.8.). On the contrary, at an equivalent peptide concentration the resin-bound peptides
showed a distinct behaviour with the C-terminally immobilized peptide more active than
the N-terminal counterpart. This difference was even more evident when the resin
amounts were increased to 8 UM peptide concentration equivalents. In fact, B27(1-18)-
C-resin, at concentrations equivalent to 4 and 8 uM free peptide, promoted a dose-
related increase of diSC3(5) fluorescence, correlated to a killing activity higher than 99%
(Figure 5.8.A, C). On the other hand, both resin-N-B27(1-18) concentrations
(corresponding to the same 4 and 8 uM free peptide), caused a remarkably lower
diSCs(5) fluorescence, which was nevertheless associated with >90% killing (Figure

5.8.B, C).

Interestingly, both peptides coupled to resin beads showed kinetics of diSCs(5)
release similar to those caused by melittin (chapter 4, Figure 4.9.), where at low
concentrations the diSCz(5) increment reached approximately =20% of the maximum
fluorescence. This type of kinetics was completely different from that observed with
Gramicidin D where, at all concentrations, the diSCs(5) fluorescence always reached the
maximum, although with less steep curves (chapter 4, Figure 4.8.). Hence, we can
deduce that both peptides in the anchored state acted by permeabilization of the
bacterial cell membrane, like the free B27(1-18)-C-Biot and Biot-N-B27(1-18) peptides.
It remains to be established why the N-terminally bound peptide was less efficient than

the C-terminal one.

5.2.7. SEM analysis of membrane alterations induced by free and resin-bound
peptides
To shed light on the events that took place at the staphylococcal surface during mode
of action studies, the bacteria morphology was analysed by SEM. We were curious to
see possible differences in the morphology of S. epidermidis upon treatment with free
and resin-bound peptides (Figures 5.9.1. — 5.9.6.). Biotinylated streptavidin-resin beads

were used as negative controls (Figure 5.9.1.).

Untreated S. epidermidis cells and those put in contact with the control resin had

normal appearance. Bacteria were opaque, round in shape, with smooth surface and



with clearly evident division septa (Figure 5.9.1.B — C and F). Bacteria exhibited the
expected size, with an average diameter value around 0.8 um, clearly and easily
distinguishable from resin beads. Bacteria formed clusters throughout the filter
extension, also on the surface of biotinylated streptavidin resin beads (Figure 5.9.1.). As
dividing bacteria were frequently observed, this means that bacteria were viable and
growing (Figure 5.9.1.). Of course, as the assay was performed in solution, typical biofilm

structures (as those visualized in chapter 3) were not observed.

absence (Panels A—C) and in the presence of biotinylated streptavidin resin beads (Panels D —F). Arrows

indicate, respectively, resin beads (T ), division septa (¥ ), bacterial aggregates (T ). Representative images

from two experiments performed in duplicate are shown.
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In contrast, the filters containing S. epidermidis treated with free biotinylated
peptides presented a lower number of bacteria with some agglomerates and many S.
epidermidis cells were dramatically affected (Figure 5.9.2. and 5.9.3.). In some cases
dead bacteria appeared swelled, without division septa, and in others were collapsed,
deflated and appeared to merge into the filter (Figure 5.9.2.D — F and I). In numerous
cases, a mix of live and dead bacteria in the same cluster were observed, appearing as a
big amorphous mass deposited on filter (Figure 5.9.2.C). Moreover, some bacteria
appeared collapsed with extrusion of cytoplasmic material out of the cell (Figure 5.9.2.G

—H).
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Figure5.9.2. Morphology of S. epiderdis treted with BZ7(1-18)-C—Bot on polycarbonate filters
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analysed by SEM (Panels A — 1). Panels F and H show a higher magnification of images presented in
Panels E and G, respectively. Arrows indicate, respectively, division septa (*), bacterial aggregates (T ),
extruded cytoplasmic material ( i\ ), collapsed bacteria ( T ), deflated bag (7 ). Representative images from
two experiments performed in duplicate are shown.

On the filters presenting S. epidermidis treated with Biot-N-B27(1-18) peptide,

bacteria with their division septa (Figure 5.9.3.D), and sometimes microorganisms with
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a perfect appearance near a big mass of extruded cytoplasmic material were visualized
(Figure 5.9.3.D). Moreover, a high number of agglomerates containing live bacteria and
residues of bacterial cell membranes (Figure 5.9.3.C), and in many cases dead elongated
bacteria (Figure 5.9.3.E — F) were observed, surrounded by an amorphous material
(Figure 5.9.3.E), probably extruded cytoplasmic content. These modifications in
morphology went in parallel with the reduction in CFUs and, together with the
increment of Pl fluorescence also at low peptide concentrations, demonstrate that
BMAP27(1-18) in solution induces membrane permeabilization of bacteria in a similar
way to melittin. Moreover, there are some differences that may be important to
emphasize: S. epidermidis treated with B27(1-18)-C-Biot showed many bacteria
collapsed with extrusion of cytoplasmic material; bacteria treated with Biot-N-B27(1-18)
displayed numerous dead elongated bacteria which in some cases were surrounded by

an amorphous material.
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Figure 5.9.3. Morph
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analysed by SEM (Panels A — F). Arrows indicate, respectively, division septa (*), bacterial aggregates (
1), extruded cytoplasmic material (1), collapsed bacteria ( T). Representative images from two
experiments performed in duplicate are shown.
On the other hand, when both peptides (B27(1-18)-C-Biot and Biot-N-B27(1-18))
were attached to streptavidin resin beads, a reduced number of S. epidermidis cells with
some clusters and many morphologically modified bacteria were observed (Figure 5.9.4.

and 5.9.5.). On the filters containing bacteria treated with B27(1-18)-C-Biot-Res, a

=3 acoss e :
ology of S. epidermidis treated with Biot-N-B27(1-18) on polycarbonate filters
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cluster of big balls corresponding to resin were observed (Figure 5.9.4.A), some of them
carried on surface a mix of live and dead bacterial aggregates (Figure 5.9.4.D) and
collapsed bacteria (Figure 5.9.4.G). Near to these beads, accumulation of S. epidermidis
residues and dead elongated bacteria surrounded by an amorphous material were
observed (Figure 5.9.4.E - F) similar to the deflated bag observed by Biot-N-B27(1-18)
peptide treatment (Figure 5.9.3.E — F). However, in most of the cases S. epidermidis
appeared collapsed on resin surface (Figure 5.9.4.G) and on the filters (Figure 5.9.4.H -

1), with extrusion of cytoplasmic material out of the cell (Figure 5.9.4.1).

Figu5.9.4. rphology of S. epideris treate with 327(1-18)-C—Biot— on polarate filters
analysed by SEM (Panels A — I). Panels C, F and | show a higher magnification of images presented in
Panels B, E and H, respectively. Arrows indicate, respectively, resin beads (T ), division septa (*), bacterial
aggregates (T ), collapsed bacteria (7 ), extruded cytoplasmic material ( f ), collapsed bacteria 2 (T ).

Representative images from two experiments performed in duplicate are shown.
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The filters containing bacteria treated with Res-N-Biot-B27(1-18) also presented
many clusters of big balls corresponding to resin beads (Figure 5.9.5.A). Besides bacteria
with normal morphology with well-defined division septa, some agglomerates of

collapsed bacteria or with cytoplasmic material were visible (Figure 5.9.5.B). In addition,

LE]
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Figure 5.9.5. Morphology of S. epidermidis treated with Res-Biot-N-B27(1-18)
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on polycarbonate filters

analysed by SEM (Panels A—F). Panel Fis a higher magnification of the image presented in Panel E. Arrows
indicate, respectively, resin beads (T ), division septa (*), bacterial aggregates (T ), extruded cytoplasmic

material (1‘), deflated bag (T) and collapsed bacteria (T). Representative images from two experiments

performed in duplicate are shown.
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the surface of many resin beads brought bacterial aggregates with blebs (Figure 5.9.5.C)
and dead elongated bacteria (Figure 5.9.5.E — F). Close to these beads, accumulation of
bacterial residues (Figure 5.9.5.B) and aggregates of live and dead bacteria were

observed (Figure 5.9.5.D).

These marked changes in bacterial morphology indicated that S. epidermidis viability
was strongly affected. However, the "deflated bag" morphology, in the absence of
visible surface damage as for example blebs or holes?, would suggests the digestion of
S. epidermidis content occurred from inside, probably upon activation of autolytic

enzymes?,



5.3. Conclusions

The antimicrobial assays showed that the adhesion of S. epidermidis to peptide-
functionalized titanium samples was remarkably inhibited respect to bare titanium,
suggesting effective coupling of B27(1-18)“¥s and ©*B27(1-18) on to the metal surface.
The antimicrobial efficacy of titanium-immobilized B27(1-18)%* or ©*B27(1-18) was
very similar. This is probably due to the uniform charge distribution along the peptide
sequence, with cationic residues regularly interspersed with those hydrophobic.
Titanium attached peptides induced remarkable modifications in bacterial
morphology, as observed by SEM, supporting a contact-killing action by the
immobilized AMP and opening the question concerning its mode of action in the
immobilized state.

To address the mode of action issue, biotinylated peptide derivatives were coupled
to streptavidin resin beads as a model support. The biotin-streptavidin bond, though
not covalent, is strong and stable for months if the resins are kept at 4 °C in sterile
condition.

As assessed by the fluorescence measurements, the mode of action of free B27(1-
18)-C-Biot and Biot-N-B27(1-18) peptides is implemented by membrane
permeabilization similar to what observed with melittin.

Both resin-immobilized peptides killed S. epidermidis by membrane permeabilization
similar to what observed with their free counterparts, with the C-terminally
immobilized peptide showing better efficacy respect to the N-terminal analogue.
SEM analysis revealed remarkable changes in morphology of bacteria treated with

the biotinylated peptides free in solution and attached to streptavidin resin beads.



5.4. Experimental procedure

5.4.1. Peptide synthesis and characterization

The peptides (B27(1-18)¥s and *B27(1-18)) used for coating of titanium were
purchased from NovoPro (Shangai, China). The two biotinylated peptides were
synthesized on a Biotage Initiator+ microwave-assisted automated peptide synthesizer
using Fmoc-chemistry, essentially as described in Chapter 3. All the corresponding
amino acid sequences are illustrated in Table 5.3. The sequence of BMAP27(1-18) was
modified either at the C-terminus or at the N-terminus by addition of three units of 6-
aminohexanoic acid (Ahx), similar to what described in Chapter 3, and a Cysteine residue
to introduce an —SH anchoring group, or a Lysine residue for biotinylation (Table 5.3.).

Table 5.3. Peptide sequences of the AMP derivatives used in this

study.

Peptide Sequence

B27(1-18)%* GRFKRFRKKFKKLFKKLS-(Ahx)s-Cys

%B27(1-18) | Cys-(Ahx)s-GRFKRFRKKFKKLFKKLS-NH,

B27(1-18)"* GRFKRFRKKFKKLFKKLS-(Ahx)s-Lys

sB27(1-18) | Lys-(Ahx)s-GRFKRFRKKFKKLFKKLS-NH,

Biotinylation was performed off-line by coupling 5 equivalents of D(+)-biotin to the
fully protected resin-bound peptides in the presence of equimolar 2-(1H-benzotriazole-
1-yl)-1,1,3,3-tetramethylaminium tetrafluoroborate (TBTU) and 1H-
hydroxybenzotriazole (HOBt) in N,N-dimethylformamide (DMF) containing 0.6 N N-
methylmorpholine for 4h at room temperature. The reaction completion was monitored
by the Kaiser test?’. After cleavage and deprotection, the peptides have been purified
by reverse phase high performance liquid chromatography (RP-HPLC) on a C18 Delta-
Pak column (Waters; USA) and confirmed by mass spectrometry using a Q-STAR hybrid
quadrupole time-of-flight mass spectrometer (Applied Biosystems/MDS Sciex, Concord,
ON, Canada) equipped with an electrospray ion source. The biotinylated peptides are
referred to as B27(1-18)-C-Biot and Bijot-N-B27(1-18). Peptide concentration was

determined as described in Chapter 3.



5.4.2. Peptide Immobilization on titanium disks

The cysteinylated B27(1-18) derivatives were coupled to titanium disks by applying

exactly the same procedure used in Chapter 3.

5.4.3. Physicochemical Characterization of the Biofunctionalized Titanium
Surfaces

This was done by Static Contact Angle Measurements and X-ray photoelectron

spectroscopy as described in Chapter 3.

5.4.4. Immobilization of peptide onto resin beads

To this purpose, the high performance streptavidin-Sepharose® resin (GE Healthcare
Life Sciences) was used. It is composed of highly cross-linked agarose beads with a mean
diameter of about 30 um, functionalized with streptavidin. It is designed for purification
of biotinylated molecules and is supposed to have high binding capacity, as stated by
the manufacturer. Prior to peptide immobilization, 400 pL resin aliquots were
transferred in Eppendorf tubes and extensively washed three times with 1.6 mL sterile
PBS by 5 min centrifugation at 300 g at room temperature, to remove the ethanol
solution used for resin storage. Biotinylated peptides (Biot-N-B27(1-18) and B27(1-18)-
C-Biot) were dissolved in sterile PBS at 1 mM concentration. 400 uL of each peptide
solution were added to the same volume of washed resin samples and allowed to react
overnight at 4°C under agitation. As a control, a resin sample was coupled in parallel
with biotin. Samples were then allowed to re-equilibrate at room temperature,
centrifuged, and rinsed 5 times with 1.6 mL of PBS. The UV absorbance at 257 nm of the
resin supernatants was monitored throughout the coupling procedure. Washings
stopped when the absorbance reached the baseline level. All the procedures were

performed under sterile conditions. Derivatised resins were kept at 4 °C.

5.4.5. Determination of resin loading

To estimate the amount of resin-bound peptides, their concentration was
determined by measuring the absorbance at 257 nm of resin supernatants containing
eluted peptides. First, 400 pL aliquots of each resin, including that coupled with biotin
used as reference, were washed three times with 1.6 mL of sterile water by

centrifugation, to remove the salts present in PBS. Thereafter, peptides were eluted



from the resins by addition of 1.6 mL 0.05% TFA. The elution was repeated twice, the
obtained supernatants were combined and freeze-dryed. After lyophilization, peptides

were dissolved in 400 pL water and their concentration determined by UV absorbance.

5.4.6. Bacteria and antimicrobial activity assays

The reference strains Staphylococcus epidermidis ATCC 35984 and Staphylococcus
aureus ATCC 25923 were cultured as described in Chapters 3 and 4.
5.4.6.1. Determination of the Minimum Inhibitory Concentration (MIC)

The MIC of B27(1-18)%, ©sB27(1-18), B27(1-18)Y and YB27(1-18) peptides in
solution was determined by the standard broth microdilution assay as described in
Chapter 3.
5.4.6.2. Evaluation of bacterial adhesion to titanium surface
Adhesion of S. epidermidis ATCC 35984 to titanium samples was investigated as in

chapter 3.4.4.2.. All experiments were performed in triplicate for each type of surface.

5.4.6.3. Scanning Electron Microscopy (SEM) of S. epidermidis on Ti samples
SEM of titanium samples was performed on duplicate samples by applying the same

procedure used in Chapter 3.

5.4.7. Kinetic fluorescence measurements to detect membrane depolarization

and permeabilization

The procedure developed in Chapter 4 was applied. Mid-log phase S. epidermidis,
resuspended at 1-:10” CFU/mL or 1-:108 CFU/mL in PBS-glc were incubated in the orbital
shaker at 37 °C for 15 min. Therefter, diSCs (5) alone, or diSCs(5) and Pl together were
added at final concentrations of 0.4 uM and 5 pg/mL, respectively. The solution was
mixed by short vortexing and 200 pL were added in duplicate to the wells of a black 96-
well plate (Optiplate, PerkinElmer). The plate was preincubated at 37 °C for 5 - 10 min
until readings were stabilized. After this time, the plate was ejected for addition of free
and resin-bound peptides. The plate was placed back into the reader and fluorescence
monitored for additional 10 - 20 minutes. At the end of incubation (around 30 min),
aliguots were withdrawn from each well, serially diluted and plated on MH agar to allow

CFU determination.



5.4.7.1. Field Emission Scanning Electron Microscopy (SEM) of S. epidermidis on
Polycarbonate membrane filters

The morphology of S. epidermidis, treated with free and anchored peptides, and

deposited on polycarbonate filters, was studied by Field Emission Scanning Electron

Microscopy (FE-SEM) (JEOL model JSM-7610FPlus) as described in Chapter 4, on

duplicate samples.

5.4.8. Statistical analysis
Data, presented as mean values + standard deviations, have been analysed by a non-
parametric U Mann-Whitney test (IBM SPSS Statistics 20 software, Armonk, NY, USA).

Statistical significance was set at P value <0.05.
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ghapter 6 - Osteoblasts compatibility of peptide-
functionalized titanium samples and the “Race for the

surface” concept

6.1. Introduction

As already mentioned, it is crucial to adopt strategies for the prevention of bacterial
adhesion to and biofilm formation on the prosthetic surfaces, not only by enhancing the
perioperative preventative measures but also by developing biomaterials resistant to
bacterial infection and compatible with osteoblasts cells. A complex dynamics of events
occurring during and after implantation, like the osteoblasts attachment, growth and
differentiation, should be considered to reach a complete implant integration. In fact,
the events that follow prostheses implantation can be regarded as a "race for the
surface": if it is won by host tissue cells, the implant surface is covered by tissue and
becomes less susceptible to bacterial colonization. However, if the race is won by
bacteria, then biofilm formation on the implant surface reduces the likeliness of tissue

integration®=3,

In this chapter we investigated the compatibility of titanium samples functionalized
with BMAP27(1-18) to osteoblast cells. Moreover, to address the “race for the surface”
issue, peptide-grafted titanium samples were tested in bacteria-osteoblasts co-culture
experiments. In addition, the influence of peptide orientation was also studied in these
experiments. Titanium samples prepared and analysed for antimicrobial properties in

Chapters 3 and 5 were used.
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6.2. Results and Discussion
6.2.1. Evaluation of compatibility of titanium samples to osteoblast cells
The biocompatibility of our Ti samples to osteoblasts cells was addressed by
incubating Ti samples with the osteosarcoma-derived MG-63 cells, used as a model, in
a 48-well plate. After 4 h incubation, the metabolic activity of the attached cells was
evaluated by a PrestoBlue® metabolic assay. The viability of cells attached to Ti_A and
Ti_A_B27(1-18)°" samples was comparable to cell viability on bare titanium, which is
known for its biocompatibility (Figure 6.1.A). Highly similar results were obtained with

a different batch of samples, including Ti_A_B27(1-18)“* and Ti_A_©*B27(1-18), and
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Figure 6.1. MG-63 osteoblast viability upon adhesion to functionalized Ti samples using the metabolic
dye PrestoBlue®. Results are expressed as percent cell viability respect to cells seeded on bare titanium
and are the means + SD of at least three independent experiments performed in triplicate. Differences

between samples did not reach statistical significance. Panels A and B refer to titanium samples

described in Chapters 3 and 5, respectively.
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their respective controls (Figure 6.1.B). These data indicate that cells were vital and able
to adhere to different substrata without significant toxic effects neither by the peptide,
regardless of its orientation, nor by the other organic molecules present on Ti (e.g. Ti_A).
This observation adds to previous studies reporting absence of cytotoxic effects of
BMAP27(1-18) against several host cell types both in solution®®, and upon

immobilization’.

Taking into consideration the cytocompatibility of the functionalized Ti samples, we
next investigated their antimicrobial efficacy in a more sophisticated context by
addressing the issue of "race for the surface". This concept derives from the observation
that the surface of an ideal prosthesis should be resistant to bacterial invasion and at

the same time prone to colonization by host tissue cells'32,

In order to analyse if the colonizing capacity of osteoblast cells could be hampered
by bacteria attached on Ti itself, a co-culture experiment of MG-63 cells and bacteria
was performed. Prior to seeding osteoblasts on Ti samples, Ti samples were incubated
with S. epidermidis for 2 h at 37 °C, similar to the antimicrobial assays described in
chapter 3. After withdrawal of planktonic bacteria and washings, the bacteria-
contaminated Ti samples were seeded with freshly resuspended MG-63 cells in
antibiotic-free DMEM medium supplemented with 2% MH, and incubated for additional
6 h and 24 h. These time points were selected to follow cell adhesion (6 h) and early
proliferation (24 h). Thereafter, Ti disks were processed and analysed by confocal

fluorescence microscopy in order to evaluate MG-63 cell number, size and morphology.
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Figure 6.2. Osteoblast adhesion to the indicated Ti samples in a cell-bacteria co-culture experiment.

24h

MG-63

MG-63 cells were seeded on functionalized Ti disks, previously incubated with S. epidermidis, and co-
cultured in antibiotic-free medium for additional 6 h (A, C) and 24 h (B, D). At these time points, samples
were fixed and stained with Alexa Fluor 488-phalloidin and Hoechst. Osteoblast cell number and
morphology were evaluated by CLSM with a Leica TCS SP8 X microscope followed by quantification with
the Imagel software. Five optical fields were analysed for each condition on duplicate samples. A, B:
percent cell surface coverage in the presence of bacteria respect to bacteria free controls. C, D: mean
cell area values in the presence (Ti, Ti_A, Ti_A_B27(1-18)") and in the absence (Ti_cells) of bacteria.
Asterisks denote statistically significant differences between the indicated samples (P < 0.05).
Representative images for each condition are shown in the lower part of the figure. Scale bar = 100 um.

Results refer to titanium samples described in Chapter 3.



The results and their representative CSLM images are displayed in Figure 6.2.. Data
refer to titanium samples described in Chapter 3 and were calculated as percent cell
surface coverage respect to bacteria-free Ti controls (Figure 6.2.A, B), and mean cell
area (Figure 6.2.C, D). It is obvious that the presence of S. epidermidis affected cell
adhesion and spreading on distinct Ti samples to different extents. In Figure 6.2.A (6-h
time point), osteoblast adhesion to Ti and Ti_A samples was 40% inhibited, but MG-63
cell adhesion to Ti_A_B27(1-18)°" samples was not impaired but rather enhanced.
Moreover, as at this time point osteoblast size (Figure 6.2.C) and morphology (Figure
6.2., images in the upper row) were on average highly comparable, the increment of
surface coverage on Ti_A B27(1-18)°" samples could be reasonably attributed to a
higher number of adhered MG-63 cells. This data would indicate that the bactericidal
action exerted by peptide-functionalized Ti, as observed by SEM (Chapter 3, Figure
3.6.3.) and confirmed by CFU counts (Chapter 3, Figure 3.5.), was effective to enable
displacement of S. epidermidis by osteoblasts cells, which could thus predominate and
spread onto the Ti surface. This idea seems further supported by the increase of surface
coverage (Figure 6.2.B), and mean cell area (Figure 6.2.D) observed after 24 h co-
incubation on BMAP27(1-18)-functionalized samples. However, this explanation does
not take into consideration possible specific effects of the Ti-anchored peptide on
osteoblasts cells. This question was not addressed in these experiments because in a
previous study’ BMAP27(1-18) proved neutral with respect to MG-63 cell growth and
differentiation. Interpretation of results is additionally complicated by the intriguing
observation that at 24-h time point a slight improvement of osteoblast adhesion and
spreading compared to bacteria-free control was found in Ti and Ti_A samples, which
were devoid of antimicrobial properties (Chapter 3, Figure 3.5. — 3.7.). This would
suggest that bacterial killing may not be the only explanation and also other phenomena
in the complex network of multiple interactions between bacteria, implant surfaces, and

relevant tissue cells»®19 should be considered.



6h MG-63
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T
S. epidermidis + MG-63
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Ti_A_B27(1-18)** Ti_A_“*B27(1-18)

S. epidermidis + MG-63
Figure 6.3. Representative images of osteoblast cells adhered to Ti, Ti_A, Ti A B27(1-18)" and

Ti_ A _9°B27(1-18) at 6 h and 24 h in the absence and in the presence of bacteria. At these time points,
samples were fixed and stained with Alexa Fluor 546-phalloidin and Hoechst. Images were taken by
CLSM with a Leica TCS SP8 X microscope. Only red stained cells (Alexa Fluor 546-phalloidin) are shown.

Scale bar = 100 um. Results refer to titanium samples described in Chapter 5.



To go deeper into these aspects, we performed a more detailed analysis of osteoblast
cells on Ti samples by following essentially the same experimental protocol, with a lower
initial cell number (1x10*/mL instead of 4x10%/mL), and the difference that each type of
sample was incubated with cells in the presence and in the absence of bacteria. In this
way we wanted to distinguish between results due to direct antimicrobial activity, and
other possible effects of Ti-anchored peptides on cell adhesion and spreading. We also
wanted to understand whether these variables could be affected by peptide orientation.
Specifically, in these experiments Ti, Ti_A, Ti_A B27(1-18)%* and Ti_A_“B27(1-18)
samples (described in Chapter 5) were incubated in the absence and in the presence of
S. epidermidis ATCC 35984, and after 2 h were washed and seeded with osteoblast cells
in antibiotic-free DMEM medium supplemented with 2% MH. Samples were then fixed
and processed for CLSM at 6 h and 24 h incubation as described previously.
Representative images are shown in Figure 6.3.. Images were analysed by Image)
software as in the previous experiments, but the pairwise combination of samples
enabled us to improve data analysis. We first focused on the spreading ability of

osteoblast cells on different substrata by analysing mean cell area values (Figure 6.4.).
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Figure 6.4. MG-63 mean cell area values on Ti, Ti_A, Ti_A_B27(1-18)% and Ti_A_“*B27(1-18) at 6 h (A,
B) and 24 h (C, D) in the absence (A, C) and in the presence (B, D) of bacteria. Osteoblast cell number
(Table 6.1.) and morphology were evaluated by CLSM with a Leica TCS SP8 X microscope followed by
quantification with the Imagel software. Nine optical fields were analysed for each condition on
duplicate samples. Asterisks denote statistically significant differences between the indicated samples

(P < 0.05).
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At 6 h incubation, these values were increasingly higher going from Ti to Ti_A to
Ti_A B27(1-18)%* and Ti_A_“B27(1-18), incubated without bacteria (with statistically
significant difference respect to Ti controls) (Figure 6.4.A). Similar results were also
observed for titanium samples pre-incubated in the presence of S. epidermidis (Figure
6.4.B). Remarkably, at the same time point the osteoblast numberson Ti_A_B27(1-18)%s
and Ti_A_“B27(1-18) samples were around 5 times higher than on bare Ti (Figure 6.4.A
and Table 6.1), and similarly higher osteoblast numbers (around 4-5 times more than on
Ti disks) were also detected on peptide-functionalized titanium samples that were pre-
incubated with bacteria (Figure 6.4.B and Table 6.1). Apparently, comparing data
presented in panels A and B of Figure 6.4. (i.e. presence vs. absence of bacteria), one
would say that mean cell area values of cells adhered to different substrata have exactly
the same increasing trend, regardless of the presence of bacteria, suggesting some cell
adhesion-promoting effects of the anchored peptides. It is important to note, however,
that in all titanium samples that have been pre-incubated with bacteria, total cell
numbers were significantly higher respect to their bacteria-free counterparts (Table
6.1). This observation is intriguing because it suggests that bacteria themselves could in
some way affect cell adhesion!!. Taking into account what has been reported for the
oral environment!?®3, currently we cannot rule out possible stimulating effects of
bacteria on tissue cell expression of adhesion molecules that would in turn improve cell
adhesion and spreading.

Table 6.1. Total number of MG-63 cells and MG-63/field obtained from 9 fields on

duplicate samples for each Ti condition using Confocal Laser Scanning Microscopy.

6 hours ! 24 hours

MG-63 S. ep.+MG-63 | MG-63 S. ep.+MG-63

Total Cells Total Cells Total Cells Total Cells

cells field cells field cells field cells field
Ti 40 2.2 276 15.3 853 47.4 1156 64.2
Ti_A 135 7.5 391 21.7 965 53.6 1130 62.8

Ti_A_B27(1-18)% 207 115 1184 65.7
Ti_A_9*B27(1-18) 197 109 1271 706

1153 641 1376 764
974 541 1268 704
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On the other hand, at 24-h time point osteoblast spreading was highly comparable
on diverse Ti substrates (Figure 6.4.C), with values between 750 - 1000 um?, and with
globally higher cell numbers respect to those detected at 6 h (Table 6.1.), suggesting
that in the absence of bacteria cells were able to proliferate on all substrates. In general,
this holds true also for cells on samples pre-incubated with S. epidermidis, but it is
important to note that in this case, mean cell area values of cells on Ti_A_B27(1-18)%s
and Ti_A_“*B27(1-18) were significantly higher respect to Ti_A samples (Figure 6.4.D).
However, total cell numbers on all bacteria pre-incubated samples at 24 h, though
increased respect to their bacteria-free counterparts at the same time point, show a
notable difference between samples, functionalized with peptides, and controls (Table
6.1). In fact, comparing cell numbers registered on bacteria-preincubated samples at 6
and 24 h, there was a higher increase of total cells in Ti and Ti_A than in each peptide-

grafted titanium (Table 6.1). This apparent discrepancy (respect to data reported in

Ti cell

Ti Bac cell
Low Bacterial density area = High Bacterial density area

Figure 6.5. Representative images of MG-63 cell morphology in the absence and in the presence of S.

epidermidis. Samples were fixed and stained with Alexa Fluor 546-phalloidin and Hoechst as above and
observed by CLSM with a Leica TCS SP8 X microscope. Both colours (Alexa Fluor 546-phalloidin and
Hoechst) are shown. The diffused blue layer in the lower right picture indicates bacterial biofilm on the

sample. Scale bar = 10 um.



Figure 6.4.D) could be explained by the observation that MG-63 cells on contaminated
Ti samples were apparently smaller with obvious modifications in morphology as a
consequence of biofilm formation, which was clearly evident in some areas (Figure 6.5.)
and which was not observed on peptide-functionalized samples. Another possible

explanation could be that cells simply reached a plateau at this time point.

By analysing CLSM images, it was possible to calculate percent cell surface coverage
on Ti_A, Ti_A B27(1-18)%s and Ti_A_“B27(1-18) samples both in the absence and in
the presence of S. epidermidis ATCC 35984, at 6 h and 24 h, by taking as 100% their
corresponding Ti controls. As shown in Figure 6.6, at 6 h incubation this analysis revealed
significant differences between silanized and peptide-functionalized samples in both
conditions, i.e. in the absence and in the presence of bacteria (Figure 6.6.A — B), which
were not unexpected given the number of cells observed on these samples (Table 6.1.).
On the contrary, the differences between samples were not significant at the early
proliferation point (24 h), regardless the presence of bacteria (Figure 6.6.C and Figure
6.6.D), although the mean values appeared different between silanized and peptide-

functionalized samples.
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Figure 6.6. MG-63 surface coverage percentages on Ti_A, Ti A B27(1-18)%% and Ti_A_9*B27(1-18)
respect to Ti at 6 h (A, B) and 24 h (C, D) in the absence (A, C) and in the presence (B, D) of bacteria.
Data were obtained by analysing CLSM images with the Imagel software. Nine optical fields were
analysed for each condition on duplicate samples. Asterisks denote statistically significant differences

between the indicated samples (P < 0.05).



For a more proper understanding of the differences in surface coverage upon pre-
incubation of samples with bacteria, we calculated the osteoblasts surface coverage on
each titanium sample, pre-incubated with S. epidermidis, taking as 100% the
corresponding sample, incubated with cells only. These data, reported in Figure 6.7. for
the 6-h time point, indicate that osteoblast surface coverage was in general incremented
on all samples, with slightly higher values on peptide-functionalized titanium.
Concerning bacteria, as mentioned before the presence of S. epidermidis on titanium
surface could have some influence on cell adhesion. In this respect, it has been reported

that dead S. aureus enhances osteoblast adhesion and differentiation to bone-

associated biomaterials®?.
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Figure 6.7. MG-63 surface coverage percentages on Ti, Ti_A, Ti_A_B27(1-18)% and Ti_A_%°B27(1-18)
samples in the presence of S. epidermidis respect to Ti, Ti_A, Ti_ A B27(1-18)% and Ti A_“*B27(1-18)
samples without bacteria. Data were obtained by analysing CLSM images with the ImageJ software.
Nine optical fields were analysed for each condition on duplicate samples. Asterisks denote statistically

significant differences between the indicated samples (P < 0.05).

Concerning the peptide BMAP27(1-18), all the analyses presented in this chapter
indicate improved osteoblast adhesion on peptide-grafted titanium. This could be
explained by its antimicrobial activity when considering bacteria-contaminated samples.
Moreover, increased osteoblast surface coverage on Ti_A B27(1-18)%* and
Ti_A_“*B27(1-18) samples in the absence of bacteria would suggest possible effects of

the anchored peptide on osteoblast adhesion and spreading. It is important to note in



this respect that antimicrobial peptides free in solution, e.g. LL-37 and -defensins, have

been reported to promote various processes implicated in bone repair'*’.

Finally, as already observed for the antimicrobial properties of the tethered peptides
(see Chapter 5), none of the analyses reported in this chapter revealed significant
differences between the two peptide analogues, immobilized via their N- or C-termini.
A lack of influence of peptide orientation would mean that the protective effects
towards osteoblasts cells are probably mediated by a direct antimicrobial effect (i.e.
killing), rather than by a more sophisticated cell-mediated mechanism. This reasoning is
based on several studies demonstrating equal if not better antibacterial efficacy of
diastereomers, retroanalogs and all-D enantiomers of AMPs8-2, thus indicating that the
effects of AMPs on bacteria do not require a stereospecific or sequence-dependent
recognition by bacterial components. Nevertheless, many effects elicited by AMPs on

host tissue cells are not canonical receptor-mediated phenomena??.



6.3. Conclusions

- The immobilized peptide did not produce any cytotoxic effect on osteoblast-like
cells regardless of its orientation.

- MG-63 cells adhered and spread better on peptide-functionalized Ti than on bare
and silanized titanium. This would mean that the immobilized peptide promotes
cell adhesion in some way.

- Itseemsthat S. epidermidis promotes osteoblast cells adhesion with an unknown
mechanism.

- Osteoblast-like cells adhered and spread better on functionalized Ti when co-
cultured with bacteria compared to non-coated surfaces. This could be the
combined result of peptide-mediated killing and of dead-bacteria mediated

stimulation of cell adhesion.



6.4. Experimental procedure

6.4.1. Cell culture

The purpose of the cell culture is to determine if cells are able to adhere, remain
viable and able to compete for the surface in a prosthetic device for bone applications.
Usually, the cells implicated in bone formation are osteoblasts and mesenchymal stem
cells. In this study, the human osteoblast-like MG-63 cell line was employed as a model.
This bone osteosarcoma cell line could represent a realistic way to understand the
events that take place when a prosthetic device isimplanted in the body. MG-63 cell line
was obtained from ATCC (Manassas, VA, USA).

MG-63 cells were maintained in complete Dulbecco’s Modified Eagle Medium
(DMEM) supplemented with 10 % (v/v) heat inactivated FBS, 2 mM L-glutamine, 100
units/mL penicillin and 100 pug/mL streptomycin., in a humidified incubator at 37 °C and
5 % CO, atmosphere. Culture medium was changed every 2 days to conserve the
appropriate levels of nutrients, growth factors and hormones for cell growth as well as
for the pH and the osmotic pressure of the culture. MG-63 cells were maintained at
optimal density for continued growth and to stimulate further proliferation. When cells
decrease or stop their proliferation, they reach confluence, and were detached and
seeded in a new flask.

6.4.2. Cell adhesion and viability assay

The biocompatibility of titanium samples was evaluated by measuring viability of the
MG-63 cell line by using the metabolic dye PrestoBlue®. Cells were seeded onto titanium
samples in a 48-well plate at a density of 4 x 10* cells/well in complete medium and
allowed to adhere for 4 h at 37 °C. Next, the medium was aspirated, cells were washed
with sterile PBS and incubated at 37 °C for 90 min in fresh complete medium containing
10 % (v/v) PrestoBlue®. Cell metabolic activity was measured fluorometrically according
to PrestoBlue® manufacturer’s instructions by using a Multimode Plate Reader
(EnSpire™ 2300, PerkinElmer, Waltham, MA, USA). All experiments were performed in

triplicate for each type of surface.



6.4.3. Cell-bacteria co-culture

This assay was performed according to previously reported studies®°. Titanium
samples were incubated with 1 mL of S. epidermidis (6 x 10* CFU/mL) in a 48-well plate
for 2 h at 37 °C as described above. The medium was then removed and the samples
were rinsed three times in sterile PBS. Afterwards, MG-63 cells, freshly re-suspended in
DMEM medium without Penicillin and Streptomycin, supplemented with 2% MH broth,
were seeded on bacteria-covered surfaces at a density of 4 x 10* cells/well in the batch
of Ti samples with B27(1-18)" and at density of 1 x 10* cells/well in the batch of Ti
samples with B27(1-18)%* and ©°B27(1-18) peptides. Bacteria and MG-63 cells were
incubated at 37 °C in humidified 5% CO; for 6 and 24 h. At these time points, samples
were fixed in 3% Paraformaldehyde, stained with Alexa Fluor 488 or 546-phalloidin and
Hoechst 33342 and examined by Confocal Laser Scanning Microscopy (CLSM) with a
Leica TCS SP8 microscope (Leica Microsystems GmbH, Wetzlar, Germany). Images were
analysed using Imagel 1.51w software (NIH, Bethesda, MD, USA) to determine cell area
and surface coverage. All experiments were performed in duplicate for each type of

surface.

6.4.4. Statistical analysis
Data, presented as mean values + standard deviations, have been analysed by a post-
hoc HSD tukey non-parametric U Mann-Whitney test (IBM SPSS Statistics 20 software,

Armonk, NY, USA). Statistical significance was set at P value <0.05.
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hapter 7 — General conclusions and future outlook

In order to obtain titanium with anti-infective surface, in the present thesis Ti samples
were successfully functionalized with the cathelicidin a-helical peptide B27(1-18)", as
assessed by contact angle, XPS, and QCM-D analyses. The attempt to rise the peptide
concentration in the coupling solution did not increase surface coverage. To improve
functionalization, | would need to modify the coupling strategy substantially. This could
be done at various levels. One could for example modify the molecule to be immobilized,
for instance by synthesizing more complex derivatives (i.e. dendrimers) carrying
multiple copies of antimicrobial sequences, or by synthesizing constructs containing
multiple (e.g. antimicrobial and cell-adhesive) functionalities. Another level where it
would be possible to introduce modifications would be on titanium surface, for example
by applying a chemistry producing polymer brushes, which would increase the number

of anchoring points for the AMPs.

Adhesion of S. epidermidis to peptide-functionalized titanium disks was remarkably
inhibited respect to bare titanium, suggesting effective coupling of B27(1-18)%", B27(1-
18)%s and “¥*B27(1-18) to the metal surface in a form that preserves their activity. The
antimicrobial efficacy of B27(1-18)%* or ©*B27(1-18) was comparable, probably as a
consequence of a uniform charge distribution along the peptide sequence, with cationic
residues regularly interspersed with those hydrophobic. The altered bacterial
morphology on peptide-functionalized Ti samples, as assessed by SEM, indicate a
contact killing effect of the attached peptide and suggests a diverse mode of action

respect to that displayed in solution.

Surface immobilized BMAP-27(1-18), regardless of its orientation, displayed good
compatibility to osteoblast-like cells and favoured their adhesion and spreading in co-
culture with bacteria, presumably by virtue of a direct, microbicidal effect. In addition,

MG-63 cells adhered and spread better on peptide-functionalized Ti than on Ti controls



also in the absence of bacteria. This could indicate that the immobilized BMAP27(1-18)
promoted cell adhesion with an as yet unknown mechanism. Hence, further studies to
analyse these findings more in depth are required. Another interesting aspect that arose
from co-culture experiments, though not related to AMPs, was the unexplained effect
of bacteria on osteoblast cells. It would be very interesting to understand whether live
or dead bacteria, or their components, elicit specific effects on osteoblast cells,

promoting their adhesion and spreading.

By applying the developed microplate assay based on the combination of a potential-
sensitive dye with a nucleic acid stain, we were able to distinguish membrane
depolarization and permeabilization on whole bacteria. The phenomena of membrane
depolarization, due to ion movements across the membrane, and membrane
permeabilization, due to pore formation, were monitored by using gramicidin D and
melittin, two peptides with well-known mechanism of action, on Staphylococcus
species. To increment the sensitivity of this microplate assay, in order to use it with
lower concentrations of bacteria, one possibility could be the replacement of Pl by

another nucleic acid stain with higher fluorescence emission upon binding to DNA.

By using the fluorescence assay we were able to demonstrate that B27(1-18)-C-Biot
and Biot-N-B27(1-18) peptides in solution displayed a mode of action where membrane
permeabilization was the key event. Furthermore, the assay was feasible also for the
resin-anchored peptides. Both immobilised B27(1-18)-C-Biot and Biot-N-B27(1-18)
peptides eliminated S. epidermidis via permeabilization of the bacterial membranes
similar to both free peptides in solution. In addition, in the fluorescence assay the C-
terminal immobilized peptide showed better efficacy respect to the N-terminal
analogue. The subsequent analysis by SEM highlighted significant alterations of bacterial
morphology treated with free and immobilized peptides. These data suggest that
membrane permeabilization is only one of the phenomena caused by these molecules
while alternative/additional mechanisms could be implicated for the anchored peptide.
These alternative mechanisms could be related to activation of autolytic enzymes. This
hypothesis could be verified using a S. epidermidis mutant with a reduced content of

WTA/LTA, and in turn a reduced capacity to activate autolysins.



For further development in perspective of orthopaedic applications, it would be
valuable studying the stability/efficacy of Ti-attached peptide in the presence of human
serum and/or other relevant biological components such as hyaluronic acid, or in the
presence of proteases. Although these aspects have not been addressed yet, data
collected in the present thesis are promising, highlighting the potential of BMAP27(1-

18) for the development of biomaterials refractory to microbial contamination.
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Introduction

For.

of nove| fals, an ting target is
e by bacterial lasmi where vital

_processes take place’'l, of

Peptides (AMPs) were extensively investigated by using madel
membrane systems'? *. However interactions of AMPs with whole
hacteria could be different due to complexity of living microbial

membranesl,

Aim of the study -

The aim of the present study was to develop a rapid fluorescence-
based mi assay to get and kinetic insig

interaction of membrane active peptides with cytaplasmic
membranes of whole bacterla,

How have we done it? =

We wanted to distin
to ion across the and

due to po fon, z species.
To monitor both phenomena simultaneously, bacteria were
incubated with a combination of the patential-sensitive dye 3,3
Dipropylthiadicarbocyanine lodide (diSCS)I® and the DNA
stalning dye Propidium lodide (P17,

due

N N
J L
r 3
. &
disc; (5) Pl
The study wa by using b and "

¥
concentrations of the ion channel forming peptide gramicidin DI,

A Rapid Fluorescence-based Microplate Assay to
Mechanistic Insights on the Interaction of Membrane
Peptides with whole Bacterial Cells

Gerard Boix-Lemonche; Francesca D'Este; Barbara Skerlavaj
Department of Medicine (DAME); University of Udine (UNIUD); Udine; Italy.

and the pore forming peptide melittin®®

MIC (MBC)

The minimum inhibitory (MIC) and bactericidal (M8C)
concentrations of the membrane active peptides were
determined by a broth microdilution assay following Clinical and
Laboratory Standards Institute (CLSI) guidelines,

~

5 epidermidis ATCC358 0505 2id]
5 ourrus ATOC25523 o5(1) 418l
£ coft ATCC 25002 1y 32
£ oerughosa ATCEDESS  1(2) 2

* Dt in MK srin e 5 16 CFUfml
PData ae means of at east 2 ndependent exparlmants.

Fluorescence dyes
have any interference?

The experiment was performed in phosphate buffered saline
(PBS) supplemented with 25mM glucose (PBS-glc), using 0.4pM
disC.i5) (A,=8520m; A.,=672nm] and 5 pa/mL Pl (,=535nm;
A,=617nm] in 8-black well plate. We did not observe any
Interference between diSC,(5) and P1. *= molecules addition.

Interference of uncouplers and peptides with disC, (5)

lncubiation time {1

Interference of uncouplers and peptides with PI
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What happens when we use Melittin?

The experiment was performed with 10° CFU/mL of the indicated strains (mid-log phase} in PBS-glc, using 0.4uM diSC, [5) and 5 pg/mL Pl at 37°Cin
96-black well plate. At 30 min. incubation, aliquots were taken to determine bacterlal viability by CFU counts. *= molecules addition.
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The pore forming peptide melittin, at sub-MIC and i ions caused, increase in Pl nly or of both dyes
I i p as key event.
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What happens w!

The experiment was with 10¢ CFU/mLof 5. is {mid-log phase) in the same canditions as above. *= molecules addition
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Gramicidin D induced rapid increase in diSC,(5); but not PI flucrescence, with slower kinetics at descending peptide concentrations. In this case
bacterial death is related to formation of ien channels causing membrane depolarization.

[ Conclusions

By combining the potential-sensitive dye diSC,(S) and the
DNA staining dye PI, it was possible to discriminate between
membrane depolarization and membrane permeabilization
in whole gram-positive baclerla, Moreover, the use of
microtiter plates allows the simultaneous evaluation of
several membrane active antimicrobial agents. We believe
that this assay could be applied in mode of action studies of
other membrane active AMPs.
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The development of biomaterials coated with antimicrobial
peptides could represent an effective strategy to prevent bacterial
colonization of implants!’*. The design of such coatings could be
improved by deeper understanding of the mode of action of
immobilized maleculest.

Aim of the study

The aim of the present study was to investigate the mode of
action of a membrane active peptide, free and surface-anchored,
against Staphylococeus epidermidis ATCC 35984, a microorganism
with known adhesive and biofilm forming properties!'l.

Experimental approach

The cathelicidin peptide BMAP27(1-18)*) was evaluated for its
membrane perturbing and  bactericidal  activities In a
fluorescence-based microplate assay by using the potential-
sensitive dye 3,3"-Dipropylthiadicarbocyanine lodide [diSC3(5))1¢
and CFU counts. The assay can be applied to free peptides in
solution and to peptides immobilized on solid support, provided
that the latter do not interfere with the assay. We found that
streptavidin-functionalized agarose resin was suitable for this
purpose”l.

The cathelicidin derived peptide BMAP27(1-18):
GRFKRFRKKFKKLFKKLS,

was slightly madified and biotinylated at the N-or the C-terminus:

and bound to streptavidin resin beads to evaluate the effect of
peptide orientation on its activity.

In addition, to mimic orthopaedic settings, a BMAP27(1-18)
derivative was immobilized on titanium disks:

%:FHM,‘HWn i
ity
£

TA Bt

The minimum inhibitory (MIC) and bactericidal (MBC)
of BMAP27(1 ati dbya

broth microdilution assay following Clinical and Laboratory

Standards Institute (CLSI) guidelines.

s &
NPT LE] Ba7(I 1" oienb  Buch
MIC bt}
S emiderals ATCC 350 7 T 7 7
5. aureus ACTCC 25923 . . z
£ cob ATCE 25822 2 & z
ATcc 27853 2 s 3 05

* Determined in M beoth at & 30" CFU/mL
* Data ace neans of at least Jindependent expesiments.

\

What happens with BMAP27(1-18) in solution?

The experiment was performed with 10° CFU/mL 5. epidermicis (mid-log phase) in PBS supplemented with 25mM glucose, using D.4uM diSC,(S)
and 5 g/mL Pl at 37°C in 96-black well plate. At 30 min. incubation, aliquots were taken to determine bacterial viability by CFU counts. Only
results with BISNb are shown. *= molecules addition.

e g e

Membrane Permeabilization (P1) | .- ... L2 Killing activity

Membrane Depolarization (diSC,(5))

2000 1000 1
e = - R e e saums
_em _
g w0 g m =
£ im0 2w z
§ 1o § o }e
£ £ o i
£ an 5 00 L
= = 2o
= 10
" o
o 510 i 0 5 0 v s 15 2 2 ] v | w | onee | anm
Iosbaton ime{in] e vt

Incibation s (e}

At difference with the channel forming gramicidin D, B18Nb and B18Cb at s induced rapid f both
dyes simultaneously, confirming that the mode of action is based on the membrane permeabilizing ability of this type of peptides. In this case,

f this ability and itori 5(5) and PI

membrane depolarization appears as a obvious

What happens with BMAP27 (1-18) attached to resin beads?

Th was p in the same condi bove with 107 CFU/mLS. idis (mid-log phase] without PI.*= molecules addition.

Membrane Depolarization (diSC,(5)}

S —

B18N Killing activity

fra——
Peorescnc e

bession i o o i)
Similar to peptides in solution those immobilized, at concentrations causing 90-39% killing, induced rapid increase in diSC,(5) fluorescence, but
with different efficacy between B18Cb and B18Nb. These variations could be attributed to different antimicrobial efficacy in the immabilized state
or to different peptide accessibility on the resin. Anyway, data indicate ability of the immobilized peptides to interact with bacterial cytoplasmic
membrane causing bacterial death.

Morphological analysis =

To get claser to settings, the anti efficacy was upon peptide tethering to titanium. Morphology of
S. epidermidis adhered to peptide-functionalized metal disks upon 2h. incubation was analysed by Scanning Electron Microscopy.

5. epic idis adhered to peptids titanium revealed marked morphological modifications (elongated shape, absence of division
septa, extrusion of cytoplasmic material) that correlated with the drop in CFU counts (50-65% respect to bara titanium) indicate a bactericidal
I effect of the immobilized peptide.

The simultaneous increase of both dyes fluorescence upon incubation of bacteria with BMAP27(1-18) in solution indicates that the bactericidal action Is caused by irreversible gross membrane perturbation. The increase in

diSC,(5) a pel

The peptide immobilized on streptavidin resin beads is able to kill bacteria by membrane perturbation, although with lower efficacy respect ta the soluble form, depending also on peptide orientation.

SEM analysis of idis adhered to peptid

titanium showed marked ations in

indicating ability of the titanium bound peptide to exert bacterl tivity, It remains to elucidate wheth

should be

this effect is i b ilization or whether
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Introductlon

titanium impl Hawever,
Several causes such as poor bone-implant integration, incorrect prosthesis
deslgn or bacterlal infection may lead to implant fallure[1].

Infeciion of arthopagdic implants s difficult 1o treat due to farmation of biafilm

which protects bacteria from the immune system and decreases suscentibility

to sntiboyes|1]. Staphylococcus ureus and Stapllococcus epidermidls are
Th

=

among the mest eamman

of blamaterials coated with antimicrablal pepides soud represent 4 valuable
strategy ta prevent bacterial colonization of implants[3],

Aim of the study

The airm of the present work was 1o Covalently limobilize BMAP27(1-18), 3n a-
hetical cathelicidin derived peptide, onto Titanium surfaces, in order to inhibt
bacterial calenization and enhance osseaintegration of implants,

The antimirobial pepride BMAP2T (1-18] was e
V.ES \Z is active in zﬁz

[ ]
Which coupling strategy

has been used? o

Titaniam disks (1em diameter) were preteated with Oxygen plasma, silanized
with (Hmmmpynmmm ne (APTES) and the bifunctianal crassinker
ester was then added ta
the sifanized surface. The last step was the coupling of the BMAP2] (1-18]
derative that was %lhhﬁbﬂ‘ with & free thiol MA spacer at the N-
terminus In order 10 react with the maleimide groups.

AN
Characterization of
functionalized surfaces

The functionalized surfaces have been characterized in terms of wettability,
surface mass density and chemical composition by contact angle, Quartz Crystal
Microbalance with dissipation monitoring (QCM-D) and X-ray Photaelectron
Spectroscony [XPS| respectively.

QEM-D s a reliable and sensitve method to megsure very small masses in
the order of ngfemé. In this technique & piesoslectric quartz sensor
underzoes ascilation upan application af an alternating electric field across
the erystal. If a mass s adsorbed an the crystal, the resonant frgquanw
decreases praportionally 1o the mass of the peptide. The

1. Department of Medicine (DAME]; University of Udine (UNIUD}; Udine; ftaly.

3. Barcelona Research Center in Multiscale Science and Engineering-UPC; Barcelona; Spain

Chemical composition 8

The XPS analysis was performed with an XRS0 Mg anode source operating at

150W and & Phaibos 150 MED-8 detector (DB advance, SPECS Surface Nano

Analysis GmbH, Germany). High-resplution specira were recorded with pass.
ey stepsatap below 7.5 - 10%mbar

Silanization of Ti samples was deduced by the presence of silicon (51 2p) In Ti_A
and TI_A_Pep samples. Moreaver, an Increase in the percentages of carbon (¢
15) and nitrogen (N 1s), and a reduction in the percentages at oxygen (0 1s)
- and titanium [Ti 2p), were ahserved in Ti_A and Ti_A_Pep samples campared
ta cantrals (1. The covalent sttechment of peptide was supporled By an
Inerease In nitrog d In silicon (¢ (€ 1s) contents
InTLA_Pep compared to TI_A samples.

Table 2: Chomicel commpasiion fatomie 4 and ST ot o i,

- 15084032 0594003 47.16:0.66 0.70:0.6 153aDJ0 3L55:020 0OLO.OC

0774018 3564003 3752015 12184038 500,02 208650.05 056001

Wettability =

o define the wettabillty, contact angle measurements were performed with
the sessile drop method with ultrapure disclled water and the apolar liquid
diiodomethane, Surface free enargy was then caloulared using the following
equation according to Owens, Wends, Rabel and Kaslble (OWRK) method:

] alt + e = 2| () + )|
where |7, is the dispersive part and ", is the polar part,
ol cspiccitvely, of the iguld surface tension (. D & the
cantactangle of the fiquid (L) and safid ().

ca e Ti_A_Pep samales disaleyed !\gmﬁ[anﬂy
§ | different contect angle values {non-
!:; ! parametric  Mann Whitney  U-test,
o |

£<0.05) In comparison with those of
Ti_Pland TLA samples.
Tome ma mAse
‘The surface free enery values show that wettability was remarkably different
In TLPI versus Tland both T_A& and TI_A_Pep vs TPl samples, Conversely the
small diference n surface free enetgy vailes between TLA and TLA_Pep
y be explzined by th properties of the peptide.
the ce treatment and linkags of the

peptide.

angies coamed e e T and
1 i () ore chgpersiee 5 renponans ard

Covalent Anchoring of an a-helical Cathelicidin Peptide
to Reduce Staphylococcal Adhesion to Titanium Surfaces
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Biofilm formatio

To evaluate the capacity of the functionalized surfaces to Inhibit the nisial
stages of biofilm formation, 5. epidermidis ATCC 35584 (6-10'CFU/ml
inoculum] was allowed 10 adhere to Ti samples for 2 hours in Miller-Hintan
brath. The Ti samples have been sterilized as described previously and put in
triplicate in & 48-well plate. After adhesion, planktonic bacteria were removed,
Tl samples were washed 2 times with sterlle PBS and allowed 10 grow In
Mulier-Hinton broth at 3790 for additional 20h, Biofilm development was
fallawed by using the metabolic dye Presto-Biue® according to the
manufzcturers instructions.

=

Mstabollcsctivity

n
Time by

After 200, an early biofilm has developed. The apparent delay [1h 30min) of

curve on Ti_A_Pep samples was aresumably dus to inhibition of the

growth
initis! bicterial sdhesion.

Osteoblast Viability

The biecompatbity of the functionalacd 11 samles was evaluated by

bllity of the human derived MG-63 cell line by
uslnsmemﬂsh@m dye Presta-blue®, MGE3 cells cn-m‘wxfwena wiere seaded
in camplate DMEM medium on Ti samples, previously sterilized as described,
in triplicate in a 08-well plate. After Shours of adhesion at 379C, cell medium
wirs removed, samples were washed wilh sterile PBS 2 Umes and incubated 90
i In complete DMEM containing Presto-blue® at 372C,

y of the cells by measuring B

A=560-590nm, and reported as percent call viability with respect to untreated
surfaces(Ti).

e of peptid tionalized Ti samples with
osteoblast cells. e iy

w36 3

Dl v v

TU3E1051 46974038 GU3L026 3702L0LE 65052023
T4920.17 23932031 32392006 46.52¢0.11 78.91=0.05
627085 45281085 12052006 35 E1L043 158/2061
BORSRGN o0 291000 axzranss weriosz samsom rskioss )

Bacterial adhesi

Antimicrobial efficacy was evaluated by measuring adhesion of the reference

strain 5. epidermidis ATEC 35084 {1-10-CFU/ml inoculum) to Ti samples upon 2
haur incubation in Moller-Hinton breth, The Ti samples have been previously
sterilized by soaking in 70% ethanal for 30min, washed 2 tmes with sterlle PBS
and put in triplcate |n a 24-well plate. After incubation, planktonic bactera
were removed, Ti samples were washed 2 times with sterile PBS and mamnnf
of Thadhered bacteria was determined by CFU

sy8838E
|}
H |

- Collectively the results obtained with contact angle, XPS and QCM-D
‘analyses indicate successtul attachment o<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>