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Abstract

This Master’s thesis studies the activity of an antimicrobial coating designed for the battle
against S. epidermidis biofilms, which are the leading cause for nosocomial infections related
to implants and medical devices, including prosthetic joint infection, an important worldwide
consideration nowadays. New strategies based on the design of antimicrobial coatings are under

current research to prevent and treat such infections.

The antimicrobial property of the investigated coating is conferred by LL-37, an antimicrobial
peptide. The coating is constructed using the Layer-by-Layer self-assembly technique, allowing
easy immobilization of proteins and other charged compounds on a surface. These multilayered
films constitute a powerful tool for nanoscale surface functionalization. Here, LL-37 was im-

mobilized together with chitosan and heparin, two bioactive PEs.

Two different LL-37-based coatings were constructed. A first coating was made of bare, posi-
tively-charged, LL-37, alternately adsorbed with negatively-charged heparin ((bare LL-37-
HEP),). The second coating was made of LL-37 whose charges had been standardized by com-
plexation with heparin to form Protein-Polyelectrolyte Complexes or PPCs, displaying a nega-
tively-charged corona, and alternately adsorbed with positively-charged chitosan ((PPCs-
CHI),).

Coatings activity was assessed through two approaches. The first objective was to study the
secondary structure of LL-37 released from the coatings. The bactericidal activity of the peptide
is conferred by its a-helical conformation, which could be revealed by circular dichroism (CD).
To enable such analysis, the release protocol had to be optimized to maximize the concentration
of the released peptide. Despite the use of different strategies to maximize this concentration,
results showed that the concentration of LL-37 released by the coatings was not high enough
for CD analysis.

Secondly, activity of the coating with bare LLL-37 was assessed by studying its potential syner-
gistic effect with four routinely-used antibiotics. Results showed a potential synergistic activity
with all four antibiotics regarding the reduction of the biofilm biomass. In contrast, no signifi-
cant effect of the coating compared to antibiotics alone was revealed for the reduction of met-

abolic activity of the biofilm.

This work brings a contribution to the understanding of the activity of LL-37-based antimicro-
bial coatings, that offer new ways to prevent prosthetic joint infections.
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PART I - Introduction and context of the research

1. Prosthetic joint infection

Today, the ageing and enhanced sedentary lifestyle of our population leads to important under-
lying issues. One of them is the increasing number of people suffering from osteoarthritis, a
degenerative joint disease characterized by the breakdown of joint cartilage and subchondral
bone. [1] The most common joint disorder is hip osteoarthritis. To cure this particular disease,
hip replacement surgery, also called hip arthroplasty, is performed to restore mobility and
reduce pain for the patient. This intervention involves surgically removing the damaged or dis-

eased parts of the hip joint and replacing them with a prosthetic one. [2]

Unfortunately, prosthetic joint infection (PJI) affects a significant number of patients world-
wide. According to statistical data, PJI occurs in approximately 1 to 2% of patients who have
undergone hip replacement surgery, making the prevention of such infections an important con-
sideration in the medical field, highlighting the importance of further research to reduce these

figures and increase patient’s well-being and functional post-arthroplasty capacity. [2]

PJIs arise from various factors but primarily from contamination of the equipment used during
surgical interventions. In addition to poor surgical techniques and underlying medical condi-
tions, factors contributing to the development of such infections include compromised immune
systems due to various diseases, such as obesity and diabetes, or the use of immunosuppressive
drugs. The microorganisms settle on the surface of the prosthetic joint, which causes infection.
In nosocomial infections, these microorganisms often are biofilm-forming bacteria, a very

resistant organization that makes the fight against the infection even more fastidious. [2], [3]

When a PJI takes hold, it initiates a cascade of significant medical complications and challenges.
Beyond the physical health repercussions, patients may experience substantial psychological
and financial burdens. Treatment typically involves prolonged courses of antibiotics, repeated
surgeries to address the infection, and in severe cases, removal of the infected prosthesis. These
interventions not only disrupt the patient's daily life but can also result in loss of joint function-
ality, reduced mobility, and heightened healthcare costs for both the patient and the
healthcare system.

2. The issue of antibiotic resistance

The rise of antibiotic-resistant bacteria is currently an undeniable issue. Every year, antimi-
crobial resistance (AMR) is responsible for 700,000 patients’ death worldwide, a number ex-
pected to increase even more to reach 10 million by 2050 if no viable alternative therapy to
antibiotics is found. Drug-resistant bacteria have made scientists wondering if the time of anti-

biotics was up, a question that led them to focus on finding new alternatives. [4]
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Biofilms, surface-attached groups of bacteria embedded in an extracellular matrix, are signifi-
cantly less susceptible to antimicrobial agents than free-floating, or planktonic, bacteria. [S] As
biofilm-associated bacteria are highly resistant to antibiotics [6], it brings an important is-
sue, in the case of hip joint prosthesis especially: in the long term, antibiotics alone cannot be
the unique solution to cure biofilm-based infections.

Fortunately, other attractive antimicrobial compounds than antibiotics exist. Some of them are
synthetically-designed strategies while others are naturally-occurring alternatives such as phage
therapy, bacteriocins, and antimicrobial peptides (AMPs). Our research focuses on the latter
and on one AMP in particular, LL-37. AMPs are promising alternative to traditional antibiotics
thanks to their distinct mode-of-action (MOA) and underlying activity toward a broad spec-
trum of bacteria, both Gram-positive and Gram-negative. [7], [8] MOAs of antibiotics, AMP in
general, and LL-37 in particular, are developed in the State of the art.

In this work, LL-37 has been chosen to be used as a constituent of an antimicrobial coating
(AMC) designed to cover the hip prosthetic joint, conferring it the ability to prevent and fight
biofilm-based infections. The coating is built using the Layer-by-Layer self-assembly (LLbL)
technique, a straightforward method enabling protein immobilization at interfaces. [9]

Hoping to completely replace traditional antibiotics by AMPs to limit bacteria resistance and
expect to reach the same bactericidal result might be an idealist vision. Indeed, resistance to
AMP could also be developed by bacteria overtime as it has already been observed. [10] Addi-
tionally, nowadays, antimicrobial results of antibiotics are still undeniably more attractive that
the one offered by AMPs. [11] Following this idea, a part of the short-term solution would be
to find treatments offering satisfying results and avoiding the rise of AMP- and/or antibiotics-

resistant bacteria.

To do so, an eventual synergy between the AMC and routinely-used antibiotics could allow
to use less of both treatments. Therefore, we focused on studying the activity of LL-37 and

traditional antibiotics working in concert.

These experiments are conducted on Staphylococcus epidermidis, a human skin colonizer re-
sponsible for most of nosocomial infections. Even though this pathogen may have been re-
garded as having a benign relationship with its host, it is now widely studied for being an im-
portant opportunistic pathogen.

All in all, this work stands as a contribution to medical science, with a primary focus on en-
hancing the prevention and management of PJIs. Through leveraging the unique antimicrobial
properties of LL-37 as well as its synergistic effect with antibiotics, and employing advanced
techniques such as the LbL technique, we endeavor to develop novel and efficacious strategies

aimed at reducing these infections.
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The following part lays the foundations of our work by developing important constituting as-
pects and elements aiming to help the understanding of the subsequent objectives and chosen

strategies.

1. Hip joint replacement and underlying challenges

1.1 Arthroplasty and hip joint replacement

Arthroplasty, also known as joint replacement surgery, is a major surgical intervention aimed
at restoring joint functionality and mobility in patients suffering from severe joint pain or de-
creased joint function due to injuries, degenerative, and chronic diseases such as osteoarthritis
and rheumatoid arthritis, or other conditions. Yearly, joint replacement surgery is performed on

millions of individuals worldwide.

The obvious primary goal of arthroplasty is to relieve pain for the patient and restore joint
function by replacing the damaged joint surface with artificial components. This procedure can
be performed on various joints in the body, including hips, knees, shoulders, elbows, and an-
kles, depending on the patient’s specific needs. Since these various types of joint replacement
are becoming increasingly available, the total number of patients experiencing arthroplasties
continues to grow. While most joint replacements offer pain-free function, a minority of pa-
tients may experience device failure, requiring additional surgery at some point during the de-
vice's lifespan. Among the different types of arthroplasties, hip replacement is one of the most
performed interventions. [1], [2]

The OECD! 2022 report confirms that hip replacements are among the most common non-ur-
gent surgical procedures in the European Union (EU). In 2019, Germany, Austria, Finland, and
Belgium had the highest rates of hip replacement surgeries in the EU. The report also notes that
Belgium is in the top five for inpatient hospitalizations, with day surgery hip replacements rising
from 0.1% in 2019 to 0.2% in 2021. The incidence of these surgeries is influenced by demo-
graphic factors such as age and gender, as well as the healthcare system, economic strength,
availability of medical services, and patient expectations for quality of life. These factors are
the reason why the number of hip replacement surgeries are expected to continue to rise. [2],
[12], [13]

! Organization for Economic Co-operation and Development. The OECD is an international organization that
works to promote policies that improve the economic and social well-being of people around the world. It provides
a platform for governments to work together and share experiences to seek solutions to common problems.
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The hip is a complex joint that connects the femur to the pelvic bone and plays a crucial role in
body mobility and stability. [1] Hip replacement procedure typically involves removing the
damaged hip joint, including the femoral head, followed by its substitution with a hip prosthesis.
Such prostheses are usually made of materials such as metal, plastic, and ceramic, designed to
mimic natural joint surfaces and ensure optimal joint function. [14] The main process of hip
joint replacement is visualized in Figure I, showing the femoral stem, femoral head and ace-
tabular cup, which are composing parts of the hip prosthesis.
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Figure 1: Hip joint replacement surgery process. During total hip replacement surgery, the damaged bone and cartilage are
removed from the hip joint and replaced with synthetic parts. A zoom of the femoral head removing for further substitution is
visualized in square 1. [14]

Different types of hip prostheses exist, including total hip prostheses, which replace the entire
hip joint, and partial hip prostheses, to replace only part of the joint. The choice of prosthesis
type will depend on various factors, such as the extent of joint damage, the patient's age and

activity level, and other medical considerations. [14]

After a hip arthroplasty, patients may experience significant decrease of pain and improvement
in mobility, making this procedure one of the major advancements in the field of orthopedic
surgery. Although being considered as a high success rate intervention, 7% to 27% of the pa-
tients complain of persistent postsurgical pain 1 to 4 years post-arthroplasty. In fact, like any
surgical intervention, hip replacement surgery involves potential risks, including post-operative
complications such as aseptic failure or PJIs. [15], [16]

1.2 Arthroplasty failure and aseptic post-operative complications

Arthroplasty failure can either be aseptic, or infection-related. PJIs are the central part of this
Master’s thesis and will be described in more details in the following section: 2. Prosthetic joint
infection. However, aseptic failure and especially aseptic loosening is an important considera-

tion in the case of hip joint replacement and is worth further development.
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The most common failure in the implantation of joint prostheses is the aseptic loosening of said
prostheses at the interface with the bone. This complication is characterized by the loss of fix-
ation of the implant in the bone, at the femoral stem or acetabular cup levels and leads to tech-
nically demanding and expensive revision surgeries. Aseptic loosening can be heavily avoided
by optimal osseointegration and prevention of wear and corrosion of the implant’s material. [1],
[17]

Osseointegration is the process by which the implant and the surrounding bone establish direct
contact at the microscopic level and is essential for the prothesis durability. This process is
crucial for the long-term stabilization and success of the implant, preventing inflammatory re-
action or bone resorption. [1], [17] During hip replacement surgery, achieving stability is cru-
cial for promoting osseointegration. Cemented surface replacement arthroplasty is one way to
increase the desired initial stability through immediate fixation. This cementing is performed
on the parts of the prosthesis in contact with the bones. A study conducted by B. Johnstone et
al., revealed that aseptic loosening occurred more often in the uncemented surface replacement

arthroplasties. [18]

However, their study was conducted in the short-term (5 years) and it is not excluded that in
the long-term cemented surface replacement increases the risk of aseptic cement loosening.
Additionally, in the event of an infection in a cemented prosthesis, it becomes more challenging
to remove and replace the prosthesis, especially if osseointegration has already begun. This is
why advancements in implant technology and surgical techniques have made uncemented im-
plants more popular, particularly in younger, more active patients, as they may provide better
long-term outcomes and reduce the risk of complications associated with cemented implants.
[19]

The experiments in this Master’s thesis were carried out on polystyrene plates. It is interesting

to note that other materials are also of interest, such as titanium (T1).

Ti is the preferred material for implant manufacture due to its unique properties that enhance
the longevity and effectiveness of prostheses. Compared to other metal alloys, like cobalt-chro-
mium, Ti has lower rigidity, which ensures better load distribution with the host bone and min-
imizes stress shielding, a phenomenon that can cause bone atrophy and implant loosening. Its
biocompatibility is excellent, as Ti integrates well with the body's physiological environment,
is resistant to corrosion, and does not trigger immune responses or inflammation, thus reducing

the risk of allergic reactions or local toxicity. [20]

Ti also excels in promoting osseointegration, encouraging bone cells to adhere to its surface,
which is crucial for the long-term stability of cementless prostheses. Clinical studies have
shown that Ti provides superior cell adhesion compared to other alloys, enhancing the bond
between bone and implant. Additionally, Ti is compatible with hydroxyapatite coatings, which
further improves bone adhesion and implant fixation. [20], [21]
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2. Prosthetic joint infection

2.1 Occurrence and challenge

As previously mentioned, another important case of post-operative complication is PJI. Alt-
hough only a small percentage of joint arthroplasties develop infections (approximately 1 to 2%
of patients who have undergone hip replacement surgery), it is essential to recognize and man-
age them effectively to maintain or restore proper joint biomechanics and prevent unwanted
complications, especially considering the number of cases expected to keep increasing in the
years to come. All of this together makes PJIs a real burden for both individual patients and the
global healthcare industry. [2]

A PJT occurs when the joint prosthesis and adjacent tissue become infected. Progress in under-
standing the epidemiology, diagnosis, treatment, and prevention of PJI over the past 25 years
has resulted in improved outcomes for this complex infection and allowed to identify the main

causes for such infection.

Firstly, the majority of PJIs occurring within the first year following the surgery are typically
initiated by the introduction of microorganisms during the surgical procedure. This introduction
can occur either through direct contact, or through aerosolized contamination of the prosthesis

or surrounding tissue. Once these microorganisms encounter the implant surface, colonization
takes hold. [2]

Another mechanism through which infection can start is the contiguous spread from an adjacent
site in the body. In the early post-operative period, superficial surgical site infections may pro-
gress to involve the prosthesis, especially if there are incompletely healed superficial and deep
fascial planes. However, contiguous spread can also occur later if the normal tissue is disrupted
again due to trauma or surgery at a nearby location. Additionally, erosion of the implant through
an impaired soft tissue envelope can predispose patients to a delayed onset of contiguous infec-
tion. [22]

Lastly, the prosthesis remains at risk of hematogenous seeding throughout the lifespan of the
arthroplasty. This means that microorganisms can enter the bloodstream from other sites in the

body and potentially seed the prosthetic joint, leading to infection. [22]

2.2 Economic impact

The economic impact of hip replacement failure cannot be overlooked. The costs associated
with the management of PJIs are significant. The annual hospital cost associated with hip and
knee PJIs in the USA was estimated: it could reach $1.85 billion by 2030, including $753 .4
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million for hip prothesis PJIs alone. These costs are mainly due to an increase in the number of
cases, even though the incidence of PJI and the cost per case remained relatively constant from
2002 to 2017.[12]

A study conducted by S. Klouche et al. has shown that hip replacement revisions due to infec-
tion cost 3.6 times more than primary operations. These additional costs are mainly due to a
longer hospital stay and rehabilitation, which requires significant human and material resources.
[23]

These mentioned studies highlight the importance of developing effective preventive strategies
and treatments to reduce PJI rates, and underlying economic burden after total hip and knee
arthroplasties. As a last information to insist on the importance of the research on PJI, the eco-
nomic burden of osteoarthritis accounts for up to 1-2.5% of the gross national product of West-

ern nations. [24]

2.3 Infection-causing pathogens

2.3.1 Resistance, tolerance, and persistence

Before developing which microorganisms are at the forefront of PJIs, and therefore why is S.
epidermidis the microorganism studied in this Master’s thesis, a closer look will be taken on
the term “resistance” and the other strategies (tolerance and persistence) used by bacterial cells
to survive during exposure to antibiotics. These three strategies adopted by bacteria, and espe-
cially biofilm-forming bacteria, will be for now on referred as “recalcitrance”, a term to group

resistance, tolerance and persistence mechanisms together.

Resistance to antibiotics is typically caused by inherited mutations within the bacterial strain?.
This defense behavior is associated with numerous molecular mechanisms that have been com-
prehensively studied through isolation and genetic characterization of antibiotic-resistant bac-
terial strains. The genes that are involved in these mechanisms are now commonly called the
“resistome”. Some of the most studied resistance mechanisms are described in a following sec-

tion, including biofilm formation, the central mechanism studied in this Master’s thesis. [25]

In practice, microorganisms that have acquired resistance for a specific antibiotic are able to
grow at high concentrations of the said antibiotic. Mechanisms of bacterial resistance therefore
decrease the effectiveness of the antibiotic. Indeed, a higher concentration of the antibiotic is
required to produce the same effect in a resistant strain as for a susceptible strain. Resistance is
quantified by the minimum inhibitory concentration (MIC) of the antibiotic, the minimum

amount of antibiotic required to inhibit visual bacterial growth, irrespective of the duration of

2 A bacterial strain is a genetic variant or subtype of a bacterial species. Strains can arise from small genetic
variations within a species, often due to mutation, horizontal gene transfer, or adaptation to different environments.
For example, ATCC 35984 is a specific strain of S. epidermidis species.
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treatment. The MIC, therefore specific for each strain and antibiotic, is experimentally deter-
mined. A bacterial strain with a higher MIC for one antibiotic will be considered more resistant

to this particular antibiotic that to another one with a lower MIC. [26]

Unlike resistance, persistence and tolerance do not lead to an increase in the MIC compared
with susceptible bacteria, as shown on Figure 2(a). This lack of a quantitative indicator, such
as MIC for resistance, results in tolerance to be poorly characterized, and often leads to the
misclassification of tolerant strains as resistant, or vice versa, resulting in ineffective treatments.
There is therefore a serious need for accurate definition and metric for tolerance and persistence
in order to identify the different strategies used by bacterial cells to survive during exposure to
antibiotics. Following this idea, a newly defined quantitative indicator of tolerance is the mini-
mum duration for killing (MDK). [27]

Tolerance can be acquired through a genetic mutation or by environmental conditions and may
be inherited, or not. The genes that are associated with increased tolerance are called the
“tolerome”. [25]

This survival strategy of bacteria is generally described as the ability of the microorganism to
survive transient exposure to high concentrations (that far exceed the MIC) of an antibiotic
without a change in the MIC. Tolerance is often achieved by slowing down an essential bacterial
process (slow growth) resulting in a slower killing (Figure 2(b)). An example would be the
slowing down of the cell wall assembly processes, being the target of several antibiotics. “Dor-

mancy” is considered as an extreme case of slow growth. [25]

Resistance and tolerance, described above, are strategies adopted by a whole bacteria popula-
tion while persistence only applies to a subpopulation. The surviving bacterial cells, the sub-
population persisting for a much longer period of time, are commonly called “persisters”. [27]

In fact, some antibiotic treatments effectively kill the majority of the bacterial population but
subpopulations, typically less than 1% of the bacterial population as shown on Figure 2(c),
survive exposure to high concentrations of an antibiotic, leading to an heterogenous response
compared to susceptible strains, and a biphasic killing. The presence of a bimodal (or multi-
modal) time—kill curve that deviates from the simple decay expected from a uniform, non-per-

sistent, bacterial population, allows the detection of persisters®. [25]

The slower rate of killing observed in the persistent subpopulation is not inherited. When iso-
lated, regrown, and re-exposed to the same antibiotic treatment, persistent bacterial cells exhibit
the same heterogeneous response to the drug as the original population, maintaining the division

between the two phenotypes inside the population: susceptible and persistent. [25]

3 Pure exponential killing of the susceptible strain is rarely observed because most bacterial cultures have some
level of persistence. [24]
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Figure 2: Resistance, tolerance and persistence are distinct responses to antibiotic treatment that lead to increased survival
compared with susceptible cells. (a) To inhibit the growth of resistant bacteria, a substantially higher MIC of the antibiotic is
needed than for susceptible bacteria. Notably, persistence and tolerance do not lead to an increase in the MIC compared with
susceptible bacteria. (b) By contrast, tolerance increases the MDK (MDK; for example, for 99% of bacterial cells in the pop-
ulation (MDK99)) compared with susceptible bacteria. (c) Persistence leads to a similar MIC and a similar initial killing of
the bacterial population compared with susceptible bacteria. However, the MDK for 99.99% of bacterial cells in the population
(MDK99.99) can be substantially higher owing to the survival of the persistent cells. [24]

2.3.2 Identification of the common pathogens in prosthetic joint infection

A clinical study was carried out by Z. Li et al. to identify the most common PJI-causing micro-
organisms and to test the resistance spectrum against different antibiotics for each microorgan-
ism. Through the experiment, scientists have identified the pathogens at the origin of PJIs as
being essentially Gram-positive bacteria and more precisely, Staphylococci. [28]

The experiment’s microbiological cultures yielded positive results, and a total of 69 pathogen
strains were isolated: 60 Gram-positive bacteria strains (86.96%), eight Gram-negative bacteria
strains (11.59%) and one fungus (1.45%). Among Gram-positive bacteria, Staphylococcus ep-
idermidis was the most common pathogen (27.54%), followed by Corynebacterium (10.14%),
and Staphylococcus aureus (7.25%). [28]

S. epidermidis and S. aureus are bacteria known for their ability to form robust biofilms on
implanted structures. This represents a major challenge in the treatment of PJIs, as already
mentioned. S. aureus is notorious for its resistance to antibiotics. It is also the main cause of
blood-borne infections in total knee arthroplasties, making them less receptive to treatment.
[29]

2.3.3 Staphylococcus epidermidis

As the previously mentioned study has demonstrated, S. epidermidis is the most common PJI-
causing pathogen. [28] Staphylococci are Gram-positive bacteria and traditionally present on
human and other mammalian’s skin and mucous membranes. Among them, S. epidermidis
stands out as the most frequently encountered species on human epithelial surfaces, especially
in areas like the axillae, head, and nares. [30]
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While typically non-pathogenic, S. epidermidis can opportunistically cause nosocomial infec-
tions, especially on implanted medical devices, owing to its ability to form biofilms. These
biofilms, multicellular surface-adherent agglomerates, pose significant challenges in treatment
due to their high resistance and tolerance to antibiotics and host defenses. Such infections stem
primarily from S. epidermidis' widespread presence on the skin, facilitating contamination of
medical equipment. Despite their typically benign and non-fatal nature, the frequency and treat-

ment-resistant nature of these infections pose significant challenges for healthcare systems. [30]

The virulence of S. epidermidis is primarily attributed to its biofilm formation and is kept rela-
tively low compared to its cousin, S. aureus. Despite this, it significantly contributes to the
persistence of the bacteria on medical devices and their resistance to therapeutic interventions.
It is then vital to prevent and eliminate the biofilm to avoid recurrence of the infection, and

allow joint replacement durability. [29], [31]

2.4 Biofilms

2.4.1 Biofilm formation

It is commonly known that a symbiotic, mutually beneficial, relationship exists between the
human body and microorganisms. Nevertheless, under certain circumstances, infections can
appear due to the formation of biofilms, a consequence of the incontrollable growth of these

symbiotic microorganisms. [32]

Bacterial species such as Staphylococci form a biofilm that can attach to foreign surfaces, like
implants, in a living organism. Biofilms are microorganisms communities, living biomass, pos-
sessing sophisticated social structure and able to live and reproduce themselves as a collective
entity. [32]

Biofilm-forming bacteria or surface-adherent bacteria, oppose themselves to planktonic or free-
floating bacteria. When bacteria attach to a surface, it triggers quick change in the expression
of genes associated with maturation and production of extracellular polymeric substances
(EPS). EPS are primarily composed of polysaccharides (glycocalyx), proteins, and extracellular
DNA, serving to shield the cells from harmful environmental factors, including antibiotics and
the host immune system. This transition between the non-adherent and biofilm-forming states
initiates the immediate formation of this protective barrier, part of which is the glycocalyx,

upon bacterial colonization of both living and non-living surfaces. [32]

The growth stages of biofilms encompass attachment of microbial cells to a surface, initial sur-
face growth, biofilm maturation, and eventual detachment and dispersal. Mature biofilms ex-
hibit a multicellular, non-homogeneous structure wherein microbial cells can communicate
with one another, often through quorum sensing (QS). In this community, different subpopula-
tions may serve different functions, collectively supporting the entire biofilm. [10]

10



PART II — State of the art

Biofilm formation begins with the attachment of individual planktonic bacteria to the surface.
The repulsion forces of the surface are countered by forces from the bacteria that allow it to
irreversibly attach to the surface. This sticking ability from the bacteria is the result of the cu-
mulative effect of hydrophobic, electrostatic, van der Waals, and protein adhesion forces. The
formation of an external matrix of complex, multilayered biomolecules, and the formation of
microcolonies, accompany the secretion of the EPS constituting this external matrix. Polysac-
charide secretion in biofilm-forming strains facilitates aggregation, adhesion, and surface toler-
ance, enabling improved surface colonization. As biofilms mature, they acquire a three-dimen-
sional structure based on the components of a self-produced extracellular matrix. Once fully
matured, biofilms detach, allowing bacterial cells to return to a planktonic state and establish
themselves in other locations. A schematized biofilm life cycle is illustrated below, on Figure
3.[32]

1. Single bacteria land on surface

2. Bacteria aggregate and attach

e

Biofilm
Life Cycle

ofe

4. Maturation 3. Microcolony formation of bacteria

Figure 3: Schematic representation of growth cycle of a biofilm by a single bacterium species on a solid (living) surface.

Again, the extracellular matrix of biofilms is made of EPS, including exopolysaccharides form-
ing the glycocalyx, but also proteins, lipids and extracellular DNA, with its composition varying
among different organism types, and even within the same organism. [33]

Although the study of biofilms has historically focused on classic surface-attached structures,
new research is demonstrating more nuanced and diverse patterns. It is essential to treat gener-
alizations about biofilms with caution. The variations observed in their structures, the involved
biochemical processes, and their interactions with the environment prove that each case of bio-
film formation is unique, influenced by a multitude of both external and internal factors. So,
while the traditional five-step approach (Figure 3) is useful from a pedagogical point of view,
it may not fully reflect the complexity and diversity of biofilms, particularly under dynamic and
heterogeneous environmental conditions. [34]

11
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2.4.2 Mechanisms of recalcitrance in a biofilm

The resistance mechanisms in biofilms differ from the well-known plasmids, transposons, and
mutations that provide inherent resistance to individual bacterial cells, essentially relying on
genetic modifications, as explained above. In biofilms, resistance appears to rely on multicellu-
lar strategies such as the formation of a mechanically-hard to penetrate extracellular matrix,
horizontal gene transfer (HGT), or QS. [10], [35]

As for tolerance, it has been suggested that cells within a biofilm exhibit a tolerance to antibi-
otics and AMPs that is 10 to 1,000 times greater than the tolerance of planktonic cells. While
some antibiotics and AMPs exhibit a reduced ability to penetrate the biofilm matrix, the primary
reason for the high tolerance of biofilms to therapeutic agents is the slowed down cell metabo-
lism within the biofilm. Additionally, Staphylococcal biofilms in particular display a significant
degree of cell heterogeneity, with distinct specialized subpopulations contributing to their high
tolerance and the development of persistent cells subpopulations. [10]

This section is dedicated to review some of the most common recalcitrance mechanisms in
biofilms. These multifaceted defenses highlight why biofilms are notoriously difficult to eradi-

cate and why antibiotics often fail to clear infections involving biofilm-embedded bacteria.

24.2.a Hard-to-penetrate extracellular matrix

The production of the EPS matrix is one of the distinguishing characteristics of biofilms. It has
been suggested that this matrix, among other functions, prevents the access of antibiotics to the
bacterial cells embedded in the community. It consists of a physical barrier which allows shield-
ing of the bacterial cells. EPS matrix is considered as a mechanism of resistance since it has
been shown to decrease AMPs and antibiotics ability to penetrate the biofilm and display their
bactericidal effect. [10], [36]

2.4.2.b Horizontal gene transfer

HGT occurs through three main pathways: transformation, transduction, and conjugation, and
is a critical mechanism that contributes also significantly to the development of antibiotic re-
sistance in biofilms. In these densely packed communities, the proximity and stable nature of
the bacteria facilitate the efficient transfer of genetic material, including resistance genes. This
transfer is notably more effective within biofilms than in planktonic bacterial cultures, making
biofilms potent breeding grounds for the spread of antibiotic resistance. [5], [26], [37]

24.2.c Slow growth as a stress response

Nutrient scarcity more often occurs in biofilms than in planktonic bacteria, due to several factors
intrinsic to the biofilm structure and environment, such as gradients within the biofilm, compe-
tition, or diffusion limitations inside the matrix. When they are starved of specific nutrients,
phenomenon of slow growth in bacterial cultures takes hold, which is closely related to in-

creased recalcitrance to antibiotics. [38]

12
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This reduced growth rate is a common observation in mature biofilms. The link between nutri-
ent scarcity and slow growth activates several mechanisms that collectively enhance bacterial

tolerance and resistance to antibiotic treatments. Hereunder are two examples:

o Reduced metabolic activities: Direct consequence of nutrient limitation within biofilms.
As bacteria downregulate their metabolic processes to conserve energy and resources,
they also decrease the activity of cell systems that are typically targeted by antibiotics.
These systems include cell wall synthesis, protein production, and DNA replication.
[38]

o Gene expression changes: The stress of nutrient starvation triggers a sophisticated re-
sponse in bacteria, characterized by altered gene expression. This adaptive response of-
ten involves the upregulation of specific genes associated with antibiotic resistance,
such as those coding for efflux pumps and antibiotic-degrading enzymes. Efflux pumps
expel antibiotic molecules from the cell, while degradative enzymes break down the
antibiotic before it can exert its harmful effect. These changes ensure that the bacteria
can not only survive in a hostile environment, but also resist the actions of antimicrobial
agents. [38]

24.2.d Quorum sensing

Cell density and QS mechanisms are important in biofilm communities. High cell density en-
hances bacterial communication through QS, a process that regulates gene expression based on
the local concentration of signaling molecules. This coordinated communication can lead to the
increased production of molecules that fortify the biofilm's defense against antibiotics, such as
the collective expression of resistance genes. [5], [38]

3. Infection prevention and antibacterial strategies

3.1 Asepsis measures

Several measures can be taken to avoid contamination of prostheses during surgery. These in-
clude controlling air quality in operating rooms, using laminar airflow to prevent bacteria from
depositing on the prosthesis, and using ultraviolet (UV) light*. Of course, disinfection of skin,

surgical instruments and orthopedic equipment is essential to avoid all kinds of potential

4 UV light can help reduce contamination essentially through several mechanisms: direct microbial killing through
DNA and RNA damage, sterilization of surgical instruments and air, and surface decontamination helping to main-
tain a sterile environment by continuously killing airborne pathogens, and those on surfaces that might be missed
by conventional cleaning. Some studies suggest that UV light can inhibit the formation of biofilms.
Implementing UV light in surgical settings requires careful planning to ensure the safety of patients and medical
staff, as direct exposure to UV light can be harmful for human tissues. [39], [40]

13
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contamination. Human factor as the operating personnel also play an important role in prosthe-

sis contamination and subsequent post-operative infections. [24]

These measures are designed to minimize the risk of contamination and are essential to prevent
the formation of biofilms on implanted prostheses. Nevertheless, despite these precautions, con-
tamination and underlying infection can still occur in 1 to 2% of the cases, an important per-
centage considering the millions of patients undergoing hip joint replacement every year. [2]
Finding additional efficient methods like antibiotics or AMPs to prevent biofilm formation and

treat formed biofilms is therefore crucial.

3.2 Antimicrobial treatment

3.2.1 Antibiotics and antimicrobial resistance

Antibiotics, described as "magic bullets" against bacteria, mark one of the most important med-
ical breakthroughs of the 20th century. Their introduction revolutionized medical treatment,
saving millions of lives from bacterial infections. Beyond their medicinal applications, antibi-
otics have become indispensable in fields such as animal breeding and agricultural production,
acting as preventive measures in many countries for decades. However, the widespread and too
frequent inappropriate use of antibiotics has led to the emergence of AMR. Antibiotics are
compounds that inhibit bacterial growth or act as bactericides, playing a crucial role in the
treatment of bacterial infections. Their MOAs include inhibition of cell wall synthesis, disrup-
tion of cell membrane, interference with protein synthesis, and inhibition of nucleic acid syn-
thesis. With AMR on the rise, prudent use of these drugs and research into new classes of treat-

ments are imperative to counter resistant bacterial strains. [41]

AMR allows microorganisms, such as bacteria, viruses, fungi, and parasites, to proliferate de-
spite exposure to drugs designed to eradicate them. Infections caused by antimicrobial-resistant
organisms pose significant challenges for treatment, increasing the risk of severe illness and
mortality. Various types of antimicrobial agents, such as antibiotics, antifungals, antivirals, dis-
infectants, and food preservatives, are designed to either inhibit microbial growth (bacterio-
static) or completely eradicate microbes (bactericides). Among these, antibiotics are promi-
nently used to combat bacterial infections, but their overuse contributes to the development of

resistance.

AMR, an inevitable evolutionary process driven by genetic mutations, renders antibacterial
drugs ineffective as bacteria adapt to survive to environmental conditions. The escalating use
of antibiotics, particularly in developing countries, exacerbates the risk of AMR, leading to
higher morbidity and mortality rates. The alarming rise in antimicrobial-resistant bacterial in-
fections poses a silent pandemic, necessitating urgent interventions to safeguard global public

health. AMR transcends borders, affecting individuals worldwide regardless of age or gender,

14
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posing a significant threat not only to global health but also to food safety. The evolution and
spread of AMR are influenced by a multitude of interconnected factors encompassing
healthcare, agriculture, pharmaceuticals, waste management, trade, and finance, making it one
of the most complex public health concerns. The rapid dissemination of "superbugs", microor-
ganisms resistant to most known antimicrobials, amplifies the urgency of addressing drug-re-
sistant pathogens. Recognizing its severity, the World Health Organization identifies AMR as
one of the top three major public health threats, underscoring the critical need for collective

action to minimize its impact. [42]

It is now obvious that relying heavily on antibiotics for treatment is not without drawbacks.
Currently, it is imperative to explore alternatives that reduce antibiotic consumption. One such
approach involves harnessing the synergistic effects between AMPs, like LL-37 in AMC, and
traditional antibiotics to allow reduced use of antibiotics but reaching a comparable overall
antibacterial result. LL-37 is known for its ability to disrupt cell membranes through pores for-
mation, which can enhance the efficiency of intracellular-acting antibiotics by facilitating their
entry into cells. This combined action may offer a more effective strategy for combating infec-

tions while minimizing antibiotic usage. [11]
3.2.2 Antimicrobial peptides

AMPs are key components of the innate immune system, playing an essential role in defense
against pathogens. These peptides are produced by almost all living organisms, from microor-
ganisms to plants, animals, and humans. AMPs are particularly interesting because of their
broad spectrum of activity, their speed of action against microbes, and their ability to prevent
the rapid development of resistance, which distinguishes them from traditional antibiotics.
Structurally speaking, they can easily be part of an AMC. [43], [44]

The fact that microbial and multicellular organisms’ membranes differ in their lipid composi-
tion allow AMP to be highly specific and weakly cytotoxic. In fact, bacterial membranes are
rich in negatively-charged phospholipids, whereas multicellular organisms are zwitterionic.
The overall negative charge of the membrane is largely due to the presence of lipopolysaccha-
rides (LPS) and teichoic acids in the outer leaflet of Gram-negative and Gram-positive bacteria,
respectively. Consequently, the cationic nature of AMPs accounts for their specificity against
bacterial membranes. [45], [46]

The structure of AMPs varies considerably, but most share certain structural and physicochem-
ical features that contribute to their antimicrobial activity. Typically, AMPs are composed of
10 to 50 amino acids (aa) and possess a structure that may include a-helices, -sheets, loops,
or a combination of these. These structures favor interactions with the lipid membranes of target
cells. In addition, AMPs tend to be cationic (positively-charged) and amphipathic, enabling
them to bind to the anionic (negatively-charged) cell membranes of microbes.
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AMPs are characterized by their versatility of action against a wide range of pathogens, includ-
ing antibiotic-resistant bacteria, viruses, fungi, and parasites. Their unique MOA and ability to
target a broad spectrum of microbes make AMPs particularly promising potential therapeutic
agents in the fight against drug-resistant infections. The ability of AMPs to prevent biofilm
formation and to act against biofilm-forming microorganisms offers another major advantage

over traditional antibiotics, which are often less effective against biofilms. [47]

These peptides primarily function by targeting the cell membranes of microorganisms through
contact with lipids, causing disruption or lysis. AMPs can form pores within membranes, dis-
turbing the cell's osmotic balance and ultimately cause cell lysis. The interaction between cati-
onic AMPs and the negatively-charged microbial membranes enhances membrane permeabil-
ity, which leads to the release of intracellular contents and cell lysis. This MOA provides a
significant advantage over traditional antibiotics, particularly in the face of rising antibiotic re-

sistance. [48]

Beyond their effect on the membrane, some AMPs are able to cross this barrier without dam-
aging it, acting directly inside the cell. These other AMPs act by interfering with internal cel-
lular processes, such as protein synthesis or DNA replication (i.e. Proline-Arginine-rich peptide
with 39 aa - PR-39 and Human Neutrophil Peptide 1 - HNP-1), specifically targeting ribosomes
or other components, like DNA or RNA (Buforin II), essential to cell processes. [48], [49],

In addition, some AMPs interact with cell wall precursors such as lipid II, inhibiting cell wall
synthesis and causing cell death (i.e. Nisin). It is to note that enzymatic mechanisms are not
usually targeted by the antimicrobial activities of AMPs. [48], [50]

AMPs therefore represent a promising avenue for the development of new antimicrobial thera-
pies. Their unique MOA, their ability to modulate the immune response, their efficacy against
biofilms and a variety of pathogens, and broad spectrum of activity offer significant advantages
over traditional antibiotics, underlining their potential importance in the development of new

antimicrobial strategies. [47], [51]

However, some resistance mechanisms to AMPs have already been observed in bacteria, in-
cluding Staphylococci strains. The latter mechanisms include proteolytic degradation, cell wall
alteration, and active secretion. Staphylococci also employ regulatory systems to enhance their
resistance to AMPs. This consideration led scientific community to primarily focus on finding
synergy between AMPs and other antimicrobial strategies, such as antibiotics, to fight bacteria
and avoid development of further resistance in the susceptible strains. [10]

3.2.3 LL-37

LL-37 is the only peptide member of the cathelicidin AMP family in humans. LL-37 stands for
the mature peptide, starting with two leucine residues (LL), containing 37 aa for a total of 4.5
kDa, and having a isoelectric point (pI) of 11. [52] Like the other AMPs, LL-37 plays a crucial
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role in human innate immunity as being released from precursor proteins in tissues that first
make contact with intruders. This peptide, naturally produced by many human cells, is known
for its ability to combat a wide range of resistant and susceptible pathogens. These include
Gram-positive and Gram-negative bacteria, along with other bacterial pathogens with undetect-
able or weak Gram staining results (i.e. Mycobacterium tuberculosis, Mycoplasma pneumoniae,
etc.), or even yeasts. [46], [53], [54]

3.2.3.a Structure and activity

LL-37 is amphipathic with a strong net positive charge at physiological pH (pI = 11), enabling
it to interact effectively with negatively-charged microbial membranes, as explained in the pre-
vious section. Numerous factors, including pathogen-associated molecular patterns and pro-
inflammatory cytokines, can trigger the expression of LL-37 from its precursor, the human
cathelicidin called hCAP-18, leading to the accumulation of a high concentration at the infec-
tion site. [55]

LL-37 has a secondary a-helical structure. In fact, in phosphate-buffered saline (PBS) solution,
LL-37 exhibits an a-helical content of approximately 34%. The adoption of this a-helical con-
formation plays a crucial role in antimicrobial activities by enabling deep penetration into the
bacterial cell membrane. The C-terminal LL-37 helix is not involved in antimicrobial activity
of the peptide. In fact, the linear terminal tail residues 32—-37 do not play a role in the peptide’s
interactions with bacterial membranes, as multiple studies have indicated through the truncation
of residues 31-37 which did not impact the bactericidal activities of LL-37. In contrast, further
truncation in the central helix, specifically in residues 17-31, does reduce the killing abilities
of the peptide. [45]

The LL-37 a-helical structure is shown on Figure 4(a). Figure 4(b) shows the organization of
the aa in the amphipathic peptide structure. A quite obvious separation takes hold between hy-
drophobic aa, mainly non-polar hydrophobic (shown in yellow), and hydrophilic aa, mainly
positively-charged (shown in blue) and negatively-charged (shown in red).
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Figure 4: (a) LL-37 a-helical structure. (b) LL-37 composition in aa and subsequent separation between hydrophobic and
hydrophilic parts of the peptide. The colors of the aa indicate: red = negatively charged (acidic), blue = positively-charged
(basic), pink & magenta = polar uncharged, green, yellow & grey = non-polar. [56]

As mentioned before, this o-helical structure also helps promoting selectivity for the anionic
membranes of bacteria over the zwitterionic membranes of mammalian cells, in addition to the
net positive charge of the peptide at physiological pH (Figure 5). When binding to the bacterial
membrane, LL.-37's helicity increases, a commonly observed trait in lipid-binding AMP. [57],
[58]
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Figure 5: Mechanism of selectivity of LL-37 AMP for bacterial cytoplasmic membrane rather than for mammalian cells’.
Negatively-charged phospholipids are shown in blue. Cholesterol is shown in light brown. [46]

LL-37 acts by disrupting microbial membranes, resulting in the formation of aqueous channels
or pores that lead to hypoosmotic lysis and bacterial death. Circular dichroism (CD) and nuclear
magnetic resonance (NMR) studies have provided valuable information on the a-helical con-
formation of LL-37 in solution and in interaction with membranes. These studies have shown
that LL-37 adopts an a-helical structure in environments mimicking the presence of mem-
branes, and aligns itself with the surface of model membranes, suggesting surface interaction
with membrane lipids rather than transmembrane insertion. [53]
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3.2.3.b LL-37 actions on biofilms

It was mentioned above that AMPs could be used as treatment as well as prevention for bio-
films. In the case of LL-37, treatment of biofilm is made possible by its bactericidal effect ex-
plained above.

Additionally, in 2008, a study performed by J. Overhage et al. has demonstrated that LL-37 had
also prevention role on biofilms of Pseudomonas aeruginosa, a previously unrecognized role.
Their research has showed that subinhibitory concentration of LL-37, meaning concentration
below the MIC, could already have a significant inhibitory effect on biofilms formation. They
estimated the effect of 1/128 MIC to reduce 40% of biofilms biomass compared to biofilms
formed in absence of LL-37 treatment. [59]

Lastly, LL-37 possesses other beneficial effects, including immunomodulatory activities, pro-
moting wound healing, angiogenesis, chemotaxis and high-affinity binding to bacterial LPS,
thereby neutralizing the inflammatory effects of LPS. [54]

3.23.c LL-37’s MIC

LL-37 MIC was determined by Cédric Vranckx in the framework of its thesis’. Experiment was
performed multiple times across a concentration range of 1 to 512 pug/mL. The MIC was finally
determined as >512 ug/mL.

3.2.4 Antimicrobial coatings

New strategies focused on designing AMCs are under research to answer the problem of the

rising number of nosocomial infections associated with implants and medical devices.

AMC:s technologies are based on different principles to kill microorganisms on the top of the
coated surface (i.e. prosthesis surface). According to a review in microbiology from W. Baum-
ler et al., AMCs can be classified in five main MOAs: anti-adhesive, contact-active, release of
substances based, photocatalytic, and photodynamic (Figure 6). [60]

5 MIC of LL-37 was determined for S. epidermidis ATCC 35984 in RPMI medium as experiments of this Master’s
thesis were performed under these particular conditions (see Materials and Methods section).
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Figure 6: Types of AMCs. Alive bacteria are shown in green and dead bacteria are shown in brown. (a) Anti-adhesive coating.
This coating repels bacteria attachment and avoid biofilm formation but has no biocidal activity. Example of repelling with
polymer brushes. (b) Contact-active coating. Biocidal substances (blue) are chemically bound to the surface. (c) Release-
active coating. Biocidal substances (blue) are released from the coating. (d) Photo-active coating. Biocidal substances are
ROS derived from molecular O.. [60]

As mentioned above, AMC can have anti-adhesive action. Super-hydrophobic surfaces and
zwitterionic polymer brushes are some examples among others to delay or prevent attachment
of the microorganism on the surface. AMC can also display a contact-active action through
contact-killing of bacteria, which involves the antimicrobial agents being covalently bound to
the surface without being released from the coating, most of the time quaternary ammonium
compounds or copper as ions or nanoparticles. [60]

Photo-active AMCs use photo-activated molecules, most of the time ROS generated from mo-
lecular oxygen, for microorganism counteraction on environmental surfaces. Photocatalytic ac-
tion is mainly obtained through TiO, absorbing UV radiation from (400 to 250 nm) and reacting
with water and oxygen on its surface to generate mainly hydroxyl and superoxide radicals.
Photodynamic action takes place when using photosensitizer absorbing visible light. Excited
photosensitizer transfers the absorbed energy via its triplet state to adjacent molecules, includ-
ing molecular oxygen leading to ROS generation. [60]

Other technologies rely on the release of the active biocidal agent from the coating such as
antibiotics to provide local antibiotic prophylaxis directly at the implant-tissue interface to pre-
vent initial infection®. In this research, we will be looking at the development of a LL-37-re-
leasing coating, as a way to prevent and treat biofilm formation. The said peptide would be
immobilized on the surface using two types of coatings, both built thanks to the LbLL method.
[58]

¢ Hydrogel coatings can be used to provide a physical barrier and controlled release of antibiotics at the implant.
[57]
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Note that even if this Master’s thesis reviews widely AMPs and antibiotics as bactericidal
agents, metals with antimicrobial properties are also widely used in AMCs. The antimicrobial
properties of materials such as silver and copper (ions, nanoparticles) makes metal toxicity the

most frequently published technology for AMC. [58]

Also, topographical and chemical modification of implant surfaces exist to create surfaces that
minimize bacterial adhesion while promoting osseointegration. This is achieved by adjusting
surface roughness, applying nanostructured coatings, and altering surface chemistry to influ-

ence interactions between the implant and bacteria or host cells. [58]

3.3 Coatings components and Layer-by-Layer self-assembly technique

In the development of antibacterial surfaces for prosthetic applications, the LbL technique
proves indispensable due to its versatility in controlling the deposition of AMP such as LL-37.
This method facilitates the assembly of polyelectrolytes (PEs) in layers through electrostatic
interactions, along with hydrogen bonds and hydrophobic interactions, enhancing the chemical
stability and robustness of the resulting films. These multilayered structures are not static; they
continuously undergo molecular and chemical reorganization influenced by environmental con-

ditions.

Hereunder is developed the LbL technique, and further, the PEs used in the two studied coating
types ((bare -37-HEP), and (PPCs-CHI),) are presented. A section on coating thickness presents
the evolution of LbL coatings’ growth evolution.

3.3.1 Layer-by-Layer self-assembly technique

The LbL technique is a versatile and powerful method to build a multilayered coating. This
technique exploits electrostatic interactions to successively assemble oppositely-charged mol-
ecules on a surface (whether planar or colloidal). Among these charged molecules stand pro-
teins, nanoparticles, PEs and DNA. The process starts by immersing a support material in a
solution of positively-charged PE (polycation), which readily adsorbs to the surface. After a
wash step to remove weakly attached PEs, a negatively-charged PE (polyanion) is adsorbed
onto the now positive surface, followed by a similar wash (Figure 7). This repeatable sequence
produces a PE multilayered film whose thickness and chemical composition can be controlled
by the number of adsorption cycles. This self-assembled multilayered structure is formed only
by alternating adsorption of PEs, and relies heavily on charge overcompensation with each new
layer of adsorbed material, resulting in a surface charge inversion that allows adsorption of an

additional layer of oppositely-charged material. [6], [25]
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Figure 7: LbL method: step-by-step overview. The initial surface is modified with a charged layer. The surface is immersed
in a polycation and a polyanion aqueous solution, respectively (i.e. protein, nanoparticles, PEs, DNA). [61]

In reality, electrostatic forces are not the only forces acting between PEs in a LbL coating.
Forces in action include hydrogen bonds, and hydrophobic and hydrophilic interactions that
contribute to layer stability. In addition, the formation of bridging bonds between layers en-
hances the chemical stability and robustness of the resulting films. [62]

Even if oppositely-charged layers assemble spontaneously, this LbL arrangement is not ther-
modynamically stable. Alternatively put, the film would not spontaneously arrange itself like a
succession of layers if the solutions were put together all in once. The thermodynamically un-
stable construction then depends on the order of the operations, such as altering the charged
solutions, including a washing step between each step, and preparing PPCs solutions in ad-
vance. Indeed, PPCs are not thermodynamically stable structures either (see section 3.3.3. Pro-
tein-Polyelectrolyte Complexes for better understanding). There is therefore a need for prepar-
ing complexes by mixing the components before adsorption and adsorbing the building blocks
sequentially. For this reason, the PPCs solution is prepared prior to adsorption.

Moreover, the obtained LbL film is not “perfectly stratified”. These multilayers are not just the
result of successive stacking of layers; as said before, they are also shaped by factors such as
pH, ionic strength and temperature, which influence the interactions between the PEs and can
induce predominantly exponential or linear growth of the films (see section 3.3 .4 Coating thick-

ness, exponential versus linear growth). [63]
3.3.2 Polyelectrolytes

Polymers known as PEs are indispensable in LbL coatings due to their unique ability to disso-
ciate into highly-charged polymeric molecules when exposed to an ionizing solvent, like water.
This dissociation creates polymers that are either positively-charged (polycations), negatively-
charged (polyanions), or both (polyampholytes). The intrinsic charges on the repeating units of
these polymers are counterbalanced by smaller ions of the opposite charge, ensuring the mainte-

nance of overall electro-neutrality within the system.

Natural polymers, such as proteins, chitosan (CHI), and heparin (HEP), are examples of PEs
that exhibit variable properties influenced by environmental conditions such as pH and ionic
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strength. For instance, proteins are polyampholytes, featuring both positively- and negatively-
charged groups among their polypeptide chains. Variations in pH can cause these groups to
protonate or deprotonate, significantly altering the proteins' electrostatic interactions, solubility,
conformation, and overall functional activity. Similarly, CHI and HEP, also categorized as nat-
ural PEs, display properties that are depending on the nature and charge of their functional
groups and how these groups interact with surrounding ions. Recognizing these dynamics is
crucial for tailoring the LbL construction process, particularly by carefully monitoring the pH
and ionic strength to optimize the functionality and stability of the resulting AMC. [64]

3.3.2.a Heparin

HEP, approved in 1935, is the world's oldest and most widely used anticoagulant. This PE is a
highly sulfated linear glycosaminoglycan’ (GAG) with a wide range of molecular weight (M)
as HEP is a polydisperse mixture of GAG chains of varying lengths. Distributions of charge
density of HEP also varies since the degree of sulfation is not uniform and different chains can
have different charge densities.

These structural properties enable HEP to interact selectively with multiple proteins, leading to
diverse pharmacological functions such as anticoagulant, antiviral®, and anti-inflammatory® ac-
tivities. Its anticoagulant activity is the result of the selective binding of HEP with the serine
protease inhibitor antithrombin-III whose role is to inhibit thrombin (factor IIa) and other pro-
teases involved in the coagulation cascade, such as factors IXa, Xa, XIa, and XIla. The binding
of HEP to antithrombin-III significantly enhances its anticoagulant activity. [65]

Such biocharacteristics make of HEP an interesting choice for being part of an AMC. Along
with these medical advantages, HEP has the highest negative charge of all biological polyanions
because of its high content in sulfonate (pKa 0.5 - 1.5) and carboxyl groups (pKa 2 - 4)1°, mak-
ing it a very promising candidate for LbL technique. [65], [67]

This natural PE’s backbone is composed of a repeating sulfated disaccharide unit linking o-L-
iduronic acid (IdoA) or B-D-glucuronic acid (GlcA) to D-glucosamine (GIcN), with a trisulfated
disaccharide unit GIcNS6S (1—4) IdoA2S as the major repeating unit. [65]

Figure 8 shows how HEP displays a negative net charge. This molecule will be used as poly-
anion to immobilize the net positively-charged bare LL-37 peptide in the LbL built coating

7 HEP is obtained from animal tissues (i.e. pig intestinal mucosa and bovine lung). [65]

8 HEP is undergoing research for its potential antiviral activity, as being a structurally competitive inhibitor for
pathogens’ binding on heparan sulfate, target for pathogens adhesion and invasion on host cell surface. [65]

% It is thought that HEP shows anti-inflammatory activities by binding to IFNy cytokine. [66]

10 As a reminder, pKa value gives information about the ionization state of individual acidic and basic groups on
the molecule. The net charge of the PE is obtained by summing the charges of all ionizable groups. When pH is
above pKa value, the groups are deprotonated. In this case, the small pKa values of the ionizable groups of HEP
means they are mostly deprotonated, in this case negatively-charged, for the pH used for this research.
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(bare LL-37-HEP), as well as for protein-polyelectrolyte complexes (PPCs) formation, as ex-
plained in the section 3.3.3 Protein-Polyelectrolyte Complexes.
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Figure 8: Structure of HEP major repeating unit (disaccharide). [65]

3.3.2.b Chitosan

CHI is a derivate from a partial deacetylation of chitin, and is the next most abundant natural
polysaccharide after cellulose. This biopolymer is a linear polysaccharide composed of glu-
cosamine (GlcN) and N-acetylglucosamine (GlcNAc) residues linked by B(1—4) bonds. Figure
9 shows the deacetylation of chitin into CHI. Functional groups of CHI such as hydroxyl and
amide groups allow interactions, making it a promising component for CHI -based architectures
such as LbL. [67], [68]
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Figure 9: Deacetylation of chitin to form CHI. [69]

Soluble in acidic media thanks to the protonation of its primary amine groups (pKa 6.5), CHI
stands out for its unique biological and technological properties, which depend on two factors:
its My, and its degree of deacetylation. CHI has, among others, anti-inflammatory, antioxidant,
antimicrobial and antifungal properties. This PE is the only natural polycation, with a charge
density influenced by its degree of deacetylation and the pH of the medium. Its solubility is
essential for its applications. [68]

The biological properties of CHI are crucial for a variety of therapeutic and industrial applica-

tions. CHI’s antimicrobial activity is particularly notable against a wide range of
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microorganisms, including bacteria, fungi, and yeasts. This activity is attributed to the interac-
tion of CHI’s amine groups with the cell membranes of microorganisms, affecting their perme-

ability and function. Due to these properties, it is interesting to use CHI in an AMC. [70]
3.3.3 Protein-Polyelectrolyte Complexes

The immobilization of proteins is quite straightforward due to their ability to spontaneously
adsorb on surfaces. However, controlling the peptide charge can be challenging due to their
polyampholyte nature, and this spontaneous adsorption may affect the protein functionality

through conformation and orientation changes.

As explained before, PEs macromolecules display a uniform charge and exhibit flexibility. Pro-
teins, however, are polyampholytes with differing degrees of charge anisotropy'!, and low con-
formational entropy!?. Consequently, the growth of the multilayered coating may be affected
based on the protein, PE, pH, and ionic strength used for the assembly. This effect is primarily
attributed to the absence of charge overcompensation by the protein layer, resulting in repulsion
between the further adsorbed PE and the protein patches of similar charge, resulting in a lower
quality adsorption of the next layer and lower adsorption of PEs in the coating overall.

Considering this, PPCs are good candidates to serve as versatile and robust building blocks for
LbL coating. Indeed, the charge of the protein can be normalized by electrostatic complexation
with a PE, and the architecture and charge of the resulting PPCs can be more closely controlled.
PPCs with a given charge and PE crown can be obtained and further used in the LbL coating
(PPCs-CHI),. They provide a way to “standardize” the charge of the peptide and are free to
interact with the oppositely-charged PE of the AMC. These complexes, measuring a few hun-
dred nanometers, are colloidal particles. Their apparent charge, which can be positive or nega-
tive, influences their behavior in solution, where forces of attraction or repulsion dictate the

movement of these complexes. [9]

PPCs allow the crucial conservation of the protein bioactivity through protein structure confor-
mation in a more hydrated and preserved environment. In this Master’s thesis, the protein to be
used is LL-37, displaying a net positive charge, and it is complexed with HEP to create a crown,
leading to apparent negatively-charged PPCs (Figure 10).

"' In the case of proteins, charge anisotropy refers to the uneven distribution of charged aa residues within the
protein's three-dimensional structure.

12 Conformational entropy refers to the degree of freedom or disorder associated with the possible conformations
(shapes) a molecule can adopt while maintaining its overall, or primary, structure. A low conformational entropy
indicates that the molecule has fewer possible conformations available to it, which usually occurs when the mole-
cule is constrained or restricted in its movements. This restriction in conformational flexibility can have implica-
tions for various biological and chemical processes, such as protein folding. [71]
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Figure 10: PPCs formation through LL-37 complexation with HEP.

For PPCs use in a coating, pH and ionic strength must be closely monitored since they signifi-
cantly influence PPCs formation and assembly. Indeed, an experiment performed by A. vander
Straeten et al., involving PPCs formed by lysozymes and poly(styrenesulfonate) (PSS), demon-
strated that low pH and low ionic strength result in highly negatively-charged PPCs. [9]

The effect of pH on the formation of PPCs can be attributed to lysozyme molecules having a pl
of 11. At lower pH values, lysozyme becomes more positively-charged, enhancing its interac-
tion with the negatively-charged PSS. This strong net positive charge on the protein favors the
formation of PPCs due to the increased electrostatic attraction between the protein and the op-
positely-charged PE. [9] pl of LL-37 being around 11 too, a similar effect can be expected.

Conversely, higher ionic strength leads to significant charge screening, which reduces the elec-

trostatic interactions between the protein and the PE, thereby hindering complex formation. [9]

PPCs formation, such as the size and number of complexes, will differ according to protein and
PE concentration, ionization degree, charge distribution, hydrophobicity, ionizable group na-
ture, and My.

Charge ratio of PPCs specifically denotes the proportion of negative charges (from either the
protein or the polyanion component, here polyanion HEP) to positive charges (from either the
protein or the polycation component, here LL-37 peptide), in the case of a -/+ charge ratio'3,

within the complex.

However, PPCs charge distribution representations can be misleading. Indeed, -/+ charge ratio
above 1 does not mean that negative charges, even in greater numbers, are on the outside of the

complex, enveloping positively-charged peptide. As a matter of fact, PPCs are not in

13 If the ratio is balanced (1:1): The complex is likely to be electrically neutral overall.
If there is an excess of negative charges (-/+) > 1: The complex may exhibit an overall negative charge.
If there is an excess of positive charges (-/+) < 1: The complex may exhibit an overall positive charge.
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thermodynamic equilibrium and do not organize themselves spontaneously. Former { poten-
tial'* measurements, performed by Cédric Vranckx, allowed to define charge distribution of
PPCs and a negative outer corona is observed near 1.5 -/+ charge ratio. Charge ratio of PPCs
will be studied and the confirmation of the previously determined optimal charge ratio for PPCs
synthesis will be part of this Master’s thesis experiments.

It is to note that, from now on, LL-37 complexed with HEP will be referred to as “PPCs” and
non-complexed LL-37 will be referred to as “bare LL-37”. If the wide term LL-37 is used, the
latter will refer to the AMP in general, whether complexed or not.

3.3.4 Coating thickness, exponential versus linear growth

In the case of linear growth, the thickness of the films increases uniformly with each new added
layer, thanks to robust interactions between the PEs that ensure complete coverage of the sur-
face without the molecules significantly penetrating the lower layers. In contrast, exponential
growth occurs when the PEs interpenetrate more intensely, allowing deeper and more extensive
integration into existing layers. This rearrangement can expose more charged sites, increasing
the number of available charges that can interact electrostatically with the subsequently added
layer of oppositely-charged PE.

Figure 11 represents the evolution of film thickness according to the number of bilayers (BLs)
for three different coatings studied by J. Borges and J. Mano on their research on the molecular
interactions driving the LbL of multilayers. The evolution is linear for (PEI/MTM), and expo-
nential for (PEI/PAA),. Linear and exponential growth modes significantly affect the structural
and functional properties of LbL films. Linearly grown films tend to have more defined and
controlled layer structures. In contrast, exponentially grown films may exhibit improved me-
chanical properties due to layer entanglement, or enhanced functionality due to a larger active

surface area. [63]

14 £ potential gives information about the charge of the ions surrounding the particle. Colloids in solution will then
repel each other if they have a large negative or positive { potential. In the case of PPCs used in this research, such
measurements give an indication about the apparent charge, or the charge of the outer region of the PPCs. [72]
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Figure 11: Thickness evolution of linearly and exponentially growing LbL films as a function of the number of layers, with
and without MTM, measured by ellipsometry on a silicon substrate. PAA is poly(acrylic acid) / PEI is poly(ethylenimine) /
MTM is Na+-montmorillonite. [63]

Increasing temperature tends to favor an exponential growth pattern by enhancing the mobility
of PE chains, allowing more active and deeper intercalation into pre-existing layers. pH modi-
fies the charge of PEs, affecting their interactions. Depending on the PE’s pKa!’, pH can de-
crease its charge (by protonation of basic groups or deprotonation of acidic groups), reducing
strong electrostatic interactions and encouraging less structured and more dynamic interactions.
If pH significantly diverges from the pKa, the PE may lose its charges entirely, leading to a
complete cessation of electrostatic-based interactions within the multilayered structure. [63]

On the other hand, an increase in ionic strength can shield electrostatic interactions between
PEs, decreasing structured organization and encouraging more disordered, or even exponential,
growth. Indeed, a high ionic strength allows greater freedom for PE chains to interpenetrate,
leading to a significant increase in film thickness. [63]

The use of PEs in the LbL technique offers an exceptionally flexible method of modifying sur-
faces for a variety of applications, including the controlled release of drugs, the creation of
antibacterial surfaces, or the enhancement of materials' compatibility with biological tissues,

all of this having the major advantage of being achievable under soft conditions. [73]

However, in the case of the present research, immobilizing proteins on prosthetic surfaces pre-
sents several technical challenges, including protein stability, orientation, and bioactive activity
after immobilization. Proteins, being complex macromolecules, can easily lose their native con-
formation when attached to a surface, which can lead to a decrease in their biological activity.
Furthermore, the efficiency of binding between the protein and the surface can be affected by
environmental conditions such as pH and salinity, which can limit the effectiveness of coatings
under in vivo conditions. These concerns can apply to many proteins such as enzymes, antibod-
ies, etc. [74]
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3.4 Synergy between LL-37 and antibiotics

3.4.1 Expected effects

The synergistic effects of combining AMPs, such as LL-37, with traditional antibiotics offer a
promising approach to improving infection control while mitigating the disadvantages gener-
ally associated with antibiotic therapy, as well as preventing development of resistance mech-
anisms regarding AMPs if used in too high quantity. This collaboration between AMPs and
antibiotics could lead to a synergistic effect that significantly exceeds the additive contributions
of each component independently. In particular, LL-37 enhances the efficiency of antibiotics
by disrupting the integrity of microbial membranes, thereby increasing their permeability and

making bacterial cells more sensitive to these agents.

This dual-action mechanism does not only facilitate the collapse of bacterial defenses more
effectively than either agent alone, but also enables antibiotic doses to be reduced. Conse-
quently, this reduces potential undesirable side effects, such as the development of antibiotic
resistance. In our research, we will specifically explore the synergy of LL-37 with four antibi-
otics: vancomycin, tobramycin, doxycycline, and linezolid. By taking advantage of the unique
properties of AMPs and antibiotics, this integrated approach aims to improve treatment efficacy
and to reduce the risks associated with high doses of antibiotics, offering a more effective strat-
egy in the fight against infections. [44]

3.4.2 Vancomycin, tobramycin, doxycycline, and linezolid

34.2.a Vancomycin

Vancomycin is a therapeutic agent used to treat serious infections caused by Gram-positive
bacteria such as Staphylococci. This drug belongs to the class of tricyclic glycopeptide antibi-
otics, which act on cell wall synthesis. Glycopeptides then act outside the membrane, and are
used to combat and prevent a spectrum of bacterial infections specific to Gram-positive strains,

and as a prophylactic measure, against infections in joint prostheses. [75]

The MOA of vancomycin on bacteria takes hold through peptidoglycan biosynthesis inhibition.
This antibiotic disrupts peptidoglycan polymerization, essential to bacterial cell wall synthesis,
and structure. Since peptidoglycans are present on the vast majority of bacteria and nowhere

else, this makes the inhibition of its synthesis a key mechanism for bacteria killing. [75]

The bacteria cell wall is composed of a robust network of peptidoglycan chains, featuring re-
peating units of N-acetylmuramic acid (MurNAc) and N-acetylglucosamine (GlcNAc). Vanco-
mycin's mechanism is to bind to the D-alanyl-D-alanine (D-Ala-D-Ala) groups of the pepti-
doglycan molecule, thereby disrupting the action of enzymes such as glucosyltransferase, which
is crucial for peptidoglycan synthesis, and lipid transporters, essential for the assembly and
integration of MurNAc and GlcNAc into the cell wall. This blockage disrupts the integrity of
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the cell wall, triggering the leakage of cell contents, leading to bacterial cell death. Under nor-
mal circumstances (without vancomycin), a bacterial enzyme catalyzes the formation of a cross-
link between the pentapeptide of one disaccharide chain and the D-Ala of the neighboring chain
to reinforce the cell wall. In the presence of vancomycin, the antibiotic prevents this reaction
by binding strongly to the D-Ala-D-Ala ends of the pentapeptides. This binding disables the
formation of pentaglycine cross-bridges. This weakens the cell wall and prevents bacterial
growth. [76], [77]

The GlcNAc-MurNAc disaccharide chains are represented on Figure 12 by the light purple and
pink hexagons connected in a long chain. These chains form a mesh that is linked by pentagly-
cine cross-bridges. This structure lends a certain rigidity to the bacterial wall. [77]

GlcNAc-MurNAc disaccharide glycopeptides

\

pentaglycine

\
D-Ala-D-Ala pentapeptide

Figure 12: MOA of vancomycin (glycopeptide). By binding to the C-terminal D-Ala-D-Ala residues of the pentapeptide,
glycopeptides inhibit the cross-bridge formation between pentapeptide and pentaglycine. GlIcNAc = N-acetylglucosamine,
MurNAc = N-acetylmuramic acid. [77]

Vancomycin is an antibiotic that has been used as a last resort medication in the treatment of
infections caused by Gram-positive bacteria. Unfortunately, the number of vancomycin- re-

sistant microorganisms has increased.

34.2.b Tobramycin

Tobramycin is an aminoglycoside antibiotic used to treat a variety of bacterial infections. This
drug is effective against Gram-negative bacteria, and some Gram-positive bacteria. As all ami-
noglycosides, tobramycin inhibits protein synthesis. Antibiotics involved in protein synthesis
are very different structurally but act similarly: they block ribosomes “pockets” intended for
bacterial RNA synthesis by lodging themselves inside these pockets. [78]

In normal conditions, ribosomes move along the messenger RNA (mRNA) and add the appro-
priate aa one by one to form a polypeptide chain, then folding into a functional protein. Tobra-
mycin induces misreading of the mRNA template, resulting in the incorporation of incorrect aa

into the growing polypeptide chain. The result is a malformed and non-functional protein,
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which causes the death of the bacteria, which can no longer supplement itself with working
proteins. [78]

Figure 13 is an overview of the tobramycin mechanism, showing a ribosome and its two subu-
nits: the 30S subunit and the 50S subunit. Ribosomes allow cells to read mRNAs to synthesize
proteins useful for cell function. Tobramycin (represented by the red triangles in the image)
binds irreversibly to the 16S rRNA of the bacterial 30S ribosomal subunit and this binding
interferes with the formation of the initiation complex between mRNA and the 30S subunit.
This impairing of proofreading results in the production of faulty proteins. [78]
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Figure 13: MOA of tobramycin (aminoglycoside). Site of inhibition on the prokaryotic ribosome by the drug aminoglycoside,
which has a general effect of blocking the protein synthesis. [79]

Tobramycin is highly effective against aerobic Gram-negative bacteria, with a rapid bactericidal
effect. It can act against multi-resistant bacteria. Thanks to its broad spectrum of action, tobra-
mycin is a powerful agent for treating complicated infections and reinfections. [80]

34.2.c Doxycycline

Doxycycline is an antibiotic belonging to the tetracycline antibiotics family. It is synthesized
from a compound naturally present in the Streptomyces bacterial species. As a member of tet-
racyclines, doxycycline is designed to combat a wide range of bacterial infections (both Gram-
negative and Gram-positive) by inhibiting the production of proteins necessary for bacteria to
grow and multiply. [81]

Doxycycline inhibits protein synthesis by binding to the 30S subunit of the ribosome, just as
tobramycin does, but inhibits the attachment of tRNA to mRNA, as depicted in Figure 14. This
mechanism prevents aa from being added to growing protein chains, and stops protein produc-
tion, eventually preventing bacterial growth. This antibiotic is also being studied for its potential
anti-cancer properties. Some evidence suggests that doxycycline may inhibit the growth of can-
cer cells and induce malignant cell death. [81]
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Figure 14: MOA of doxycycline (tetracycline). Tetracyclines reversibly bind to the 30S subunit of the bacterial ribosome,
which prevents acyl-transfer RNA (tRNA) from binding to the ribosome. Thus, protein synthesis is ceased which stops growth
and replication of the bacterial organism, producing a bacteriostatic effect. [82]

In conclusion, tobramycin and doxycycline are both antibiotics that inhibit the protein synthesis
of bacteria but have a different mechanism of action. Tobramycin is found at the 30S subunit
of the bacterial ribosome and causes misreading of the mRNA, leading to the creation of mal-
formed proteins and therefore death of the bacteria. Doxycycline also binds to the 30S subunit
but blocks access of the tRNA, which corresponds to stopping the addition of aa to the nascent

protein. It is effective against a wider range of bacteria, both Gram-positive and Gram-negative.

34.2.d Linezolid

Linezolid is an oxazolidinone antibiotic, antibiotics that are a fully synthetic class of bacterio-
static agents. Oxazolidinones bind to the 50S ribosomal subunit, and therefore also inhibit the
biosynthesis of bacterial proteins. [83]

Linezolid prevents the formation of the protein synthesis initiation complex by binding to rRNA
and thereby reducing the length of developed peptide chains and lowering the rate of translation
elongation reactions. It specifically targets protein synthesis in Gram-positive bacteria by bind-
ing to ribosomal RNA in the 50S subunit of the ribosome. This mechanism is not as effective
against Gram-negative bacteria, as there are structural differences in their ribosomes, and their

outer membrane limits the drug's access to ribosomal targets. [84]

Figure 15 shows the different parts of the ribosome and how the antibiotic linezolid interacts
with them. On the left, we see the 50S subunit of the ribosome which, together with the 30S
subunit, forms the complete 70S ribosome complex of bacteria. On the right is the 70S initiation
complex, a combination of the 30S and 50S subunits attached to an mRNA strand. In the pres-
ence of linezolid, this structure cannot take shape, as the antibiotic binds to the 70S subunit and
inhibits its formation. This binding inhibits a crucial step in bacterial protein synthesis, thus
exerting its antibacterial effects.
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Linezolid was previously used to treat bacteria resistant to antibiotics like vancomycin. How-
ever, at the start of the 21st century, reports emerged of a resistance mechanism against line-
zolid, involving changes to the antibiotic's binding site in the bacteria. This resistance mecha-
nism, known as alterations in the binding target, has been identified in several bacterial strains.
[85]
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Figure 15: MOA of linezolid (oxazolidinone). By binding on the 50S large subunit of the ribosome, linezolid disables the
binding of the 50S subunit with the 30S initiation complex, and therefore the 70S initiation complex formation.
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PART III - Objectives and Strategies

1. Objectives

The objective of this Master’s thesis is to study the activity of the LL-37-based AMC. This
activity will be studied in two ways, and this section develops the two subsequent objectives

followed.

The AMC is considered as being release-active, meaning its activity against bacteria is dis-
played through release of antimicrobial agent, here LL-37. Therefore, we firstly attempt to de-
termine the conformation of LL-37 when released from two types of LL-37-based coatings:
(bare LL-37-HEP), and (PPCs-CHI),. As it is widely explained in the State of the art, the con-
formation (a-helical structure) plays a crucial role in this AMP’s MOA.. This first objective then
pursues to assess AMC'’s activity through the determination of the secondary structure of LL-

37 when released and, consequently, encountering bacterial membranes.

Activity of the AMC is then secondly assessed by studying the activity of LL-37 when put
together with four traditional antibiotics: vancomycin, tobramycin, doxycycline, and linezolid,
to determine whether there is or not an interaction between the AMP MOA and their respective
MOAs. In fact, as LL-37’s MOA mainly targets bacteria membrane, when it is under its a-
helical structure, a possible interaction with the MOAs of the antibiotics suggests a possible
synergistic effect. Since vancomycin is a glycopeptide targeting bacteria cell wall peptidogly-
can, its effect is more comparable to the one of the LL-37. Therefore, its synergistic effect with
the peptide is expected to be less important compared to the other three, taking action intracel-
lularly, and potentially taking advantage of the LL-37’s attack on the bacteria membrane to

enter the cell more easily.

2. Former research on LL-37 conformation

CD experiments conducted by Cédric Vranckx have shown that in the conditions used to build
the coatings ((bare LL-37-HEP), and (PPCs-CHI),), namely in aqueous solution at pH 3.5 and

5, bare LL-37 does not adopt an a-helical conformation (Figure 16).

CD spectroscopy allows to determine whether a peptide displays an a-helical structure by ana-
lyzing its CD spectrum for the characteristic patterns associated with its secondary structure.
This powerful technique works based on the differential absorption of left and right circularly
polarized light by chiral molecules, and in this case, peptides. [86]

In an a-helical structure, the peptide backbone forms a right-handed spiral, with the carbonyl

oxygen atoms and amine hydrogens oriented along the axis of the helix. This arrangement
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results in a characteristic CD spectrum with two negative bands around 208 nm and 222 nm,

and a positive band around 193 nm. [86]

The said experiments conducted by Cédric Vranckx allowed to obtain a CD spectrum of LL-37
in different conditions (Figure 16): aqueous solution at pH 3.5 and 5, physiological conditions
(PBS) and a positive control in a solvent that promotes hydrophobic interactions and stabilize
helical structures (EtOH).
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Figure 16: CD spectra of (a) LL-37 and (b) PPCs in different solutions by Cédric Vranckx. X axis represents the wave-
length (A) of light in nanometers (nm) and Y axis the ellipticity of polarized light passing through a sample (®) in millidegrees
(mdeg).

When analyzing the CD spectrum of bare LL-37 (Figure 16(a)), the peptide exhibits these char-
acteristic negative bands at 208 nm and 222 nm, and a positive band at 193 nm, suggesting the

presence of an a-helical structure in EtOH, as expected, and in PBS solutions. Conversely, the
absence of these bands for LL-37 in water indicate a different secondary structure, or a random

coil conformation.

Figure 16(b) displays the CD spectrum of PPCs and shows quite clearly that PPCs allow LL-
37 to keep its a-helical structure even in aqueous solution. The fact that PPCs allow the con-
servation of bioactivity of the complexed peptide make them a very interesting tool in the con-
text of this research and will therefore be further studied.

3. Strategies

3.1 Conformation of released LL-37

To mimic the release of LL-37 from both coatings as it would be in physiological environment,
the coatings are constructed under acidic conditions (water at pH 3.5 or 5 as a solvent) allowing
them to release the immobilized LL-37 when put in physiological conditions (pH around 7.4).
In fact, the difference between the acidic conditions at which the coating is built and the
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physiological pH reduces the opposite charges between the PEs in the BLs and causes their

release into the physiological environment.

Given the results obtained by former CD analysis described above, the first objective of our
Master’s thesis aims to determine whether the bare LL-37 released from the coating re-adopts
a a-helical structure in PBS, after having been immobilized from an aqueous solution, where it
is not in a oa-helical conformation. Same experiment is performed for PPCs to determine
whether the a-helical conformation of the LL-37 is kept after immobilization and release. As-
sessing this secondary structure could give information on LL-37 potential activity when re-

leased from the coating and when entering in contact with bacteria.

To perform a new CD analysis, there is a need for a certain concentration of released LL-37 to
exceed the limit of quantification (LOQ). Experiments was conducted by building both types
of coatings in a polystyrene microwells plates with the goal to release enough LL-37 for the

new CD analysis.

Following these release experiments, a study on what quantity of LL-37 is left in the coatings
in the microwells was also conducted to leverage some questions and hypothesis arisen from
the release experiment, as well as to determine what was adsorbed best between bare LL-37
and PPCs and then select the alternative that constituted the best stock of AMP in the AMC.

3.2 Synergy between LL-37 and traditional antibiotics

To quantify the antimicrobial activity of the bare LL-37-based coating and antibiotics, resazurin
and crystal violet analysis were performed to assess biofilm’s metabolic activity and biomass,

respectively.

Experiments on biofilms of S. epidermidis (here, ATCC 35984 strain) were performed with and
without coating, meaning under antibiotics treatment only, in order to determine what part of
the observed effect are effectively related to a synergy between the coating and the antibiotics,

and not due to the simple antibiotic treatment.

For each experiment, different multiples of the MIC have been tested on the ATCC 35984 strain
(MRSE). MIC is specific to each antimicrobial agent and each bacterial strain, and indicates the
minimum amount of antibiotic required to inhibit bacterial growth. Testing to treat the biofilm
with higher multiples of MIC (2x MIC, 5x MIC and 10x MIC) in addition to 1x MIC gives

mainly two types of information.

Firstly, experiments at higher concentrations can reveal the presence of specific resistance
mechanisms that may not be apparent at the MIC. This is particularly relevant in the context of

biofilm-associated infections, where additional factors such as reduced antibiotic penetration
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and altered bacterial physiology, increase their resistance to antibiotics compared to planktonic

bacteria.

While a lower concentration of antibiotic may inhibit bacterial growth (MIC), higher concen-
trations may be required to achieve complete eradication of biofilms. This test allows us there-
fore to assess the appropriate dosages for effective treatment.
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PART IV - Materials and Methods

1. Coatings construction

1.1 Layer-by-Layer self-assembly protocol

In order to pursue the main objectives of this Master’s thesis, the LL-37-based AMC is always
used as a starting point. To study the release and adsorption of LL-37 from and in the AMC,
two different types of coating ((bare LL-37-HEP), and (PPCs-CHI),) were built. But only the
bare LL-37-based coating ((bare LL-37-HEP),) was used to determine how does the AMC in-
teract with antibiotics through bacterial assays. Both coatings were assembled in polystyrene
microwell plates through an equivalent protocol for every experiment, following the LbL
method described in the State of the art. One BL is formed by the adsorption of two oppositely-
charged PEs.

The successive adsorption of PEs to form a BL is performed as shown schematically on Figure
17. This image shows the construction of a BL. made of a layer of positively-charged PE (in
red) and a layer of negatively-charged PE (in blue).

This method requires an anchoring layer (AL) formed by two BLs, each composed of CHI and
HEP ((CHI-HEP),). The positively-charged CHI binds to the negative charges of the polysty-

rene microwell plates, initiating the coating formation (see Figure 17).

As previously mentioned, in this Master’s thesis, two different types of coating were built to
study separately the effects of bare LL-37 and complexed LL-37 as PPCs. The first coating type
((bare LL-37-HEP),) is made of HEP (-) and bare LL-37 (+). The second coating ((PPCs-CHI),)
contains CHI (+) and PPCs (-), the latter allowing LL-37’s charge to be standardized by HEP,
as described in the State of the Art. Combining these various components (AMP and other PEs)
allows to exploit their biological properties.

Technically speaking, between each layer, a washing step with ultrapure water is performed
before introducing the second component to form a BL, the latter being set for 20 minutes
before the next washing step. The process is repeated to assemble as many BLs as required for

the experiment.

In this experiment, 200 L of solution is added for each step, and solutions’ concentration and

preparation are described in the next section.
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1. Wash 1.  Wash
2. Adsorption of Chitosan 2. Adsorption of PPCs
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2. Adsorption of bare LL-37 2. Adsorption of Heparin

Figure 17: Step-by-step schematic representation of the LL-37 immobilization technique for the construction of a mul-
tilayered coating in a polystyrene microwell, starting with an AL. Positively- and negatively-charged PEs are represented in
red and blue, respectively. One BL is formed by the adsorption of two oppositely-charged PEs, one red and one blue. This

representation is not on scale.

1.2 Solutions preparation

The concentrations of the solutions used to build the coatings, being the starting point for each
experiment of this Master’s thesis, are mostly identical between the experiments, and their prep-

aration is described hereunder.

It is to note that pH conditions for each solution do vary between experiments. In fact, tests
were carried out for two different pH values: pH 3.5 and pH 5. The two values are determined
to promote different levels of charge density for LL-37. Which pH was applied to which solu-

tion is explained in more details in the section 2.3 Experiment protocols.

It is important to note that coating construction for bacterial assays is carried out under sterile

conditions, in a laminar flow hood.
1.2.1 Ultrapure water

For washing steps as well as for coatings solutions preparation, ultrapure water (Elga Purelab
Chorus 1, 18.2 MQ2 cm, Veolia, United Kingdom), or milli-Q type water, is used to ensure an
ionic strength as low as possible (meaning the closest to 0 mM). This enables the ionic strength
of solution to be precisely controlled, minimizing the contribution of ions from the solvent.
Significant charge screening due to higher ionic strength (I) is therefore avoided. The use of
ultrapure water then allows to be more confident that the observed variations are primarily due

to the species of interest rather than contaminants or undesirable ions present in the water.
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Milli-Q water is pH-adjusted by adding either HC1 12 M or NaOH 10 M and is used as a solvent
to set pH values for the following solutions. pH values were measured with a pH indicator strip
(MQuant, Merck, Darmstadt, Germany). pH adjustment of the solutions of course brought ions
into the ultrapure water, causing the ionic strength to slightly increase. According to a paper on
LbL using PPCs written by Cédric Vranckx et al., the increase in ionic strength for the ultrapure
water is equal to 1.8 and 0.25 mM at pH 3.5 and 5, respectively. [52]

1.2.2 Chitosan solution

CHI solutions were made at a concentration of 500 pg/mL, starting with 50 mg of CHI, My, =
10 - 50 kDa, deacetylation degree of 95% (Heppe Medical Chitosan Gmbh, Halle, Germany).
To dissolve the CHI, which does not dissolve in water, 60 L of 12 M HCI is added, and the
mixture is then heated to 60°C for 1h. Once cooled, 27.8 uLL of 10 M NaOH is added to the
solution to neutralize the acid, and the final volume is adjusted to 100 mL with milli-Q water.
The solution is then filtered to remove impurities with 5 ym cellulose filter and 0.2 ym poly-
ethersulfone filter. pH of the solution is then adjusted to 3.5 or 5. Due to the pKa's of its amine
groups (pKa = 6.5), the charge level of CHI (+) is the same at these two pH values.

1.2.3 Heparin solution

HEP solutions are also prepared at a concentration of 500 pg/mL. A stock solution of HEP
sodium (B. Braun, Melsungen, Germany) 5000 IU/mL and 200 IU/mg (equivalent to 25
mg/mL) is used. The term "IU" stands for International Unit and is a measurement in pharma-

cology to quantify the amount of a substance based on its biological activity or effect.

By diluting 1 mL of this stock solution into 49 mL of milli-Q water with adjusted pH, the
desired concentration of 500 pg/mL is reached (dil 50x). Again, solutions at two different pH
are prepared: one solution at pH 3.5 and another at pH 5. Due to the pKa of its sulfonate groups
(pKa=0.5 - 1.5) and carboxyl groups (pKa = 2 - 4), the charge of HEP (-) is the same at these
two pH values.

1.2.4 Complexed LL-37 in PPCs

1.2 4.a Solution preparation

As it has been assessed by Cédric Vranckx, and will be shown once again in this Master’s thesis,
ideal PE-to-protein charge ratio, or -/+ charge ratio, for PPCs formation is 1.5.

15 As a reminder, pKa value gives information about the ionization state of individual acidic and basic groups on
the molecule. The net charge of the PE is obtained by summing the charges of all ionizable groups. When pH is
above pKa value, the groups are deprotonated. In the case of CHI, the pKa values of its ionizable amine groups
being above 3.5 and 5 means they are mostly protonated, in this case positively-charged, for the pH conditions
used in this research.
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Since the pl of LL-37 is 11, under the two pH conditions listed above, 3.5 and 5, the protein
will carry a net positive charge's. However, at pH 3.5, which is more acidic than pH 5, the
peptide would be more protonated. Therefore, the net positive charge of the peptide at pH 5 is
lower than at pH 3.5, but would still be positively-charged overall. The number of charges of
LL-371s 10.39 and 7.02 at pH 3.5 and 5, respectively'’.

For PPCs formation, this particular (-/+) charge ratio of 1.5 will be used in this Master’s thesis.
In order to prepare PPCs respecting this ratio, 3 volumes of 0.5 mM(-) of HEP will be mixed
with 10 volumes of 0.1 mM(+) LL-37 (FITC'3-labeled or unlabeled).

Heparin dilution factor

To prepare the 0.5 mM(-) HEP solution, a dilution is performed from the 500 pg/mL stock
solution, whose preparation was explained above. The dilution factor is obtained from the fol-

lowing calculations:

For this experiment, the sulfate groups of HEP were considered as fully negatively-charged. In
this case, one trisulfated disaccharide unit of HEP carries 4 negative charges (3 from the sulfate
groups and 1 from a carboxylate ion). Since this unit has a My of 665 g/mol, the stock solution
of 0.5 g/mL then carries 3 mM(-) and has to be diluted 6x.

LL-37 dilution factor

For the 0.1 mM(+) LL-37 solution, dilution factor also has to be calculated as a stock solution
of 500 ug/mL was also prepared. In this case, the dilution factor will vary according to pH and
whether the LL-37 is FITC-labeled or not, as their My differ. FITC-labeled LL-37 was used for
fluorimetry quantification, as explained further on the section 2./.1 Calibration through fluo-

rescence-based protein assay.

Unlabeled LL-37 solution has a My of 4493.26 g/mol. At pH 3.5, LL-37 carries 10.39 positive
charges. The 0.5 g/mL stock solution then presents a concentration of 1.15 mM(+). The dilution
factor to reach a 0.1 mM(+) solution is then 11.5.

16 As a reminder, if the pH conditions are lower than the pl of a protein, the protein will carry a net positive charge
since the acidic groups on the protein (like carboxyl groups) will tend to gain protons, becoming neutral, while the
basic groups (like amine groups) will remain protonated and therefore positively-charged.

17 Charges of LL-37 have been calculated by former students, Coralie Nerincx et Noémie de Suray, thanks to the
PDB2PQR server (an automated pipeline for the setup of Poisson—Boltzmann electrostatics calculations). This
server allows to calculate charge as a function of pH from protein structure and aa sequence (file 2K60 for LL-37
from Protein Data Bank was used). [87]

18 FITC stands for Fluorescein IsoThioCyanate and is used for protein quantification through fluorescence intensity
measurement.
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Unlabeled LL-37 solution has a My of 4493.26 g/mol. At pH 5, LL-37 carries 7.02 positive
charges. The 0.5 g/mL stock solution then presents a concentration of 0.78 mM(+). The dilution
factor to reach a 0.1 mM(+) solution is then 7.8.

Unlabeled LL-37 solution has a My of 4995.8 g/mol. At pH 3.5, LL-37 carries 10.39 positive
charges. The 0.5 g/mL stock solution then presents a concentration of 1.04 mM(+). The dilution
factor to reach a 0.1 mM(+) solution is then 10.4.

Unlabeled LL-37 solution has a My of 4995.8 g/mol. At pH 5, LL-37 carries 7.02 positive
charges. The 0.5 g/mL stock solution then presents a concentration of 0.7 mM(+). The dilution
factor to reach a 0.1 mM(+) solution is then 7.

Volumes used for PPCs formation at a charge ratio (-/+) of 1.5 at pH 3.5 and 5

Table 1: Volumes used for PPCs (unlabeled LL-37 — HEP) formation at pH 3.5 and pH 5. pH of the solution was determined
by adjusted pH of the ultrapure water.

pH 3.5 pHS

HEP 0.5 mM(-) (uL) 49.88 49.88
LL-37 0.1 mM(+) (L) 86.45 128.01
Ultrapure water (uL) 1163.6 1122.1

Table 2: Volumes used for PPCs (FITC-labeled LL-37 — HEP) formation at pH 3.5 and pH 5. pH of the solution was determined
by adjusted pH of the ultrapure water.

pH 3.5 pHS

HEP 0.5 mM(-) (uL) 49.88 49.88
LL-37 0.1 mM(+) (L) 96.12 142.33
Ultrapure water (uL) 1154 1107.8

1.24.b PPCs optimal charge ratio determination

This part is a digression from this part on Solutions preparation for coatings construction, aimed
at explaining the protocol of the confirmation of the optimal (-/+) charge ration for PPCs for-
mation, which was taken as reference for the PPCs solution preparation explained in the section

right above.

To determine charge ratio between the PE (HEP) and the protein (LL-37) that will allow the
successful LbL of the PPCs with CHI is therefore an important predisposition prior to coating
building. Former studies on the subject have been performed by Cédric Vranckx but we chose
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to redo the experiment for further checking. To do so, PPCs are studied in suspension by turbi-
dimetry.

The charge ratio describes the relationship between positive and negative electrical charges in
a system. In our case, PPCs are built using HEP, which carries a negative charge, and LL-37,
which is positively-charged, in the used pH conditions, at a chosen charge ratio of 1.5 (-/+).
Following this logic, varying the amount of one of the two components subsequently changes
the charge ratio. Working at an optimal charge ratio is crucial for producing PPCs in sufficient
size and quantity. To investigate this effect, PPCs at different charge ratios were formed and

examined using turbidity measurements, or turbidimetry.

Turbidimetry is the measurement of the degree of turbidity in a suspension. In other words, it
is a method for dosing molecules/particles in suspension (in this case, PPCs), using optical
means to measure the turbidity they produce in a liquid medium. Turbidimetry relies on meas-
uring the decrease in intensity of light as it passes through the sample containing the suspended
PPCs particles. This decrease is caused by scattering, where light is deflected by particles in
different directions. The extent of this scattering provides information about the number and
size of the particles, allowing for the quantification of turbidity.

To build these PPCs, 0.5 g/L stock solutions of HEP and LL-37 are used, both at pH 3.5. Vol-
ume of HEP were varied to make the (-/+) charge ratio vary. Exact volumes used are visualized
in Appendices, Table I. Results are obtained by analyzing the plate by absorbance at A = 450

nm.
1.2.5 Bare LL-37 solutions

As explained in the previous section on PPCs solution preparation, LL-37 will carry a net pos-
itive charge as the two pH conditions we are working at, 3.5 and 5, are below its pI (11). As a
reminder, the number of charges of LL-37 is 10.39 for pH 3.5 and 7.02 at pH 5.

As 10 volumes of LL-37 solution have been mixed with 3 volumes of HEP for PPCs prepara-
tion, the bare LL-37 solution has been diluted 1.3 times. The experiment aims at introducing a
similar quantity of LL-37 for both coatings: bare LL-37 and PPCs-based. Note that the engaged
quantity is the same but does not reflect the quantity effectively adsorbed in the coating. Indeed,
depending on the experimental conditions and the nature of LL-37 (PPCs or bare LL-37), the
adsorbed quantity will differ. Considering this, the desired concentration of bare LL-37 is then
0.1 mM (+) solution diluted 1.3 times, being 0.08 mM (+).

To reach this concentration from a 500 pg/mL stock solution, similar calculations as the ones
performed for PPCs solution preparation are done, taking into account the number of charges
for LL-37 in both pH conditions and its My. As a reminder, My of unlabeled LL-37 is 4493.26
g/mol and My, of FITC-labeled LL-37 is 4995.8 g/mol. Tables 3 and 4 show volumes used for
0.08 mM (+) LL-37 solution.
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Table 3: Volumes from a 500 pg/mL stock solution used for unlabeled bare LL-37 solution at pH 3.5 and pH 5. pH of the
solution was determined by the adjusted pH of the ultrapure water.

pH 3.5 pH S
LL-37 (uL) 66.49 98.48
Ultrapure water (uL) 9335 901.5

Table 4: Volumes from a 500 pg/mL stock solution used for FITC-labeled bare LL-37 solution at pH 3.5 and pH 5. pH of the
solution was determined by the adjusted pH of the ultrapure water.

pH 3.5 pH S
LL-37 (uL) 73.93 10948
Ultrapure water (uL) 926.1 890.5

2. Circular dichroism analysis of LL-37 released from the coating

This experiment will study the structure of the LL-37 peptide when released from the two types
of coating. As explained in the State of the art, the AMC being studied is expected to display
antimicrobial activity as follows. During prosthesis implantation, LL-37 previously immobi-
lized in the surface coating, is released by conditions difference with physiological pH to pre-
vent biofilm formation by targeting pathogens’ membrane. As LL-37 manifests its antibacterial
properties only in its a-helix form, as explained in the State of the art, CD would aim to confirm
whether LIL-37 is under its active form when released from the AMC, under its two forms stud-
ied: (bare LL-37-HEP), and (PPCs-CHI),.

To study the structure of the released peptide, its release is triggered by a medium mimicking
human physiological conditions, a PBS solution at 37°C. The samples obtained by the release
of LL-37 from both coatings (bare LL-37-based and PPCs-based) are then analyzed by CD, a
spectroscopic method that evaluates the difference in absorption of right- and left-handed cir-
cularly polarized light.

CD analysis requires a sufficient concentration of the compounds to enable detection and anal-
ysis, which was estimated to be close to 30 yg/mL. The first goal of this Master’s thesis was
therefore to improve the protocol of LL-37 release for both bare LL-37 and PPCs in order to
obtain a concentration that exceeds CD analysis LOQ. Released peptide quantification in the

following experiment will be carried out using fluorescence-based protein assay.
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2.1 Analytical methods

2.1.1 Calibration through fluorescence-based protein assay

2.1.1.a Context and principle

Fluorescence-based protein assay, or fluorescence spectroscopy, is an analytical technique used
to measure the concentration of molecules in solution by exploiting their fluorescence and was
used in this Master’s thesis for accurate quantification of FITC-labeled LL-37 released from the

coatings.

FITC is a fluorophore widely used to label molecules such as proteins, antibodies and peptides.
This molecule emits green light (Acmission = 520 nm) when excited by UV or blue light (Aexcitation =
490 nm), making the labeled molecules visible by optical detection techniques. FITC contains
an isothiocyanate group (-N=C=S) which reacts readily with amine groups. This reaction forms
stable covalent bonds, enabling molecules such as LL-37 to be durably marked. [88]

Fluorescence is a luminescence phenomenon. When a fluorescent molecule (here, the FITC-
label) receives energy in the form of UV light, it will re-emit light (photons) as long as the light
source is applied. Some molecules, called fluorophores, are capable of fluorescence. When these
molecules are excited by light energy (UV), their electron delocalizes to a higher energy layer.
While other molecules would dissipate this absorbed energy by releasing heat for example,
fluorophores will release a photon. This photon will be of lower energy than the absorbed en-
ergy, since some of this energy is dissipated through relaxation upstream, and will therefore
emit light in the visible wavelength range. This phenomenon is described by the Jablonski dia-
gram in the Figure 18. The blue arrow representing the absorbed energy (UV) is, as previously
stated, larger than the green arrow, the emitted energy (visible). This difference is due to the
different vibrational relaxations that dissipate the energy (orange) as heat before releasing the
visible photon. [89]

52 A Excited state
levels
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Figure 18: Principle of fluorescence illustrated by the Jablonski diagram (simplified).
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The advantage of this technique over BCA assay, explained in the section 3. Study of LL-37
adsorption in the coatings, s its greater selectivity. Indeed, the only molecule that emits a signal
is the FITC-labeled LL-37. It is not affected by interference from CHI or HEP, as they are not
fluorophores. The signal we obtain is therefore only due to the emission of light from the pep-
tide, which is not the case of BCA assay (see section 3.1 Calibration through BCA assay).

Additionally, fluorimetry stands out from many other techniques for its sensitivity, being able
to detect very low concentrations of fluorescent substances. The notable disadvantage of this
technique is the requirement for coating building in dark conditions to avoid early reactivity of
LL-37 with daylight. Lack of visibility can be a considerable constraint when working with
small volumes, giving rise to risk of experimental error.

2.1.1.b Calibration curve

Fluorescence of the molecule is then linked to LL-37 quantity present in the sample through the
relationship depicted by an upstream elaborated calibration curve. To construct the calibration
curve to quantify LL-37, dilutions were made from a stock solution of 0.02 g/L FITC-labeled
LL-37 with PBS to give a final volume of 150 uL.

Then, the plate is measured in a spectrophotometer (SpectraMax iD3, Molecular Devices) with

Aexcitation at 490 nm and Aepission at 520 nm. The following polynomial calibration curve is obtained

(Figure 19), which enables to determine the quantities of labeled LL-37 in the experimental
samples.
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Figure 19: Calibration curve for a 0-3 ug range of FITC-labeled LL-37 by fluorescence spectroscopy.
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2.1.2 Circular dichroism

CD is a spectroscopic technique measuring the difference in absorption of left and right circu-

larly polarized light by a substance.

Visible light is made up of photons traveling as electromagnetic waves. When light is circularly
polarized, the electric field of the light describes a helix in space as the wave advances. There
are two types of circular polarization: right and left. In right-hand polarization, the direction of
the electric field turns clockwise as you look at it, and vice versa in left-hand polarization. A
chiral molecule can absorb left- and right-hand circularly polarized light differently, depending
on its structure. This difference in absorption results in a characteristic spectrum that can be
measured. This is ellipticity, which is a measure of the difference in absorption of left- versus
right-hand circularly polarized light by chiral molecules, that can be identified in a CD spec-

trum.

CD can be used to obtain information on the secondary structure of a protein, i.e. a-helix or j3-
sheet. This is of interest to us in determining the conformation of LL-37 when released from

the coatings and whether it is in its active form when released or not.

Figure 20 displays an example of CD spectra. In this case the spectra show results for LL-37
peptide in different solutions: water at different pH values, PBS and ethanol (EtOH). In CD
spectroscopy, Y axis often represents the measured signal in terms of the ellipticity of polarized
light passing through a sample (®). The unit "mdeg" stands for millidegrees, meaning the meas-

urements are in millidegrees of ellipticity.

30 208 222 — LL-37/H,0pH 3.5
LL-37 /H,O pH 5
25+
10 + — LL-37/PBS
LL-37 / EtOH
5_

O / mdeg

T T 1
220 240 260

Al nm

T
200

Figure 20: Example of CD spectra by Cédric Vranckx. LL-37 in different solutions. X axis represents the wavelength (A) of
light in nanometers (nm) and Y axis the ellipticity of polarized light passing through a sample (®) in millidegrees (mdeg).

In a CD spectrum, a-helices (right-handed coiled structure where the polypeptide chain is
tightly wound around a central axis, like a spiral staircase) are distinguished by two absorption
minima at 222 nm and 208 nm, and a maximum at 190 nm, as shown in Figure 20, while [3-
sheet structures show a minimum at 218 nm and a less pronounced maximum at 195 nm. If LL-

37 is not in an a-helix conformation, it is likely in a random coil conformation. This structure
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lacks a regular repeating pattern and does not form any specific secondary structure like an a-
helix or B-sheet. However, the presence of coil conformation in a protein can contribute to the

overall CD signal, particularly in the absence of well-defined secondary structure elements.

2.2 PBS solution preparation

For release experiments, a PBS solution is used. This buffer simulates the ionic environment
and pH similar to the human body’s (7.4), enabling the peptide's behavior to be tested under
conditions that mimic those in which it will eventually act naturally. This allows to predict more

accurately the peptide’s efficiency and stability in a biological environment.

It is specifically the difference between conditions of pH 3.5 and 5 at which the coatings are
built and the physiological pH 7.4 of PBS that makes it possible to reduce the opposite charges
between the PEs in the BLs and causes their release into the PBS solution.

The 1x PBS solution is obtained by dilution of a 10x PBS solution containing 80.15 g/L. NaCl,
2.0015 g/L KCl, 14.203 g/L. Na,HPO,.2H,0, 2.003 g/L. KH,PO, in milli-Q water.

2.3 Experiment protocols

2.3.1 Determination of optimal conditions for LLL.-37 release

LL-37 from the coatings is released into PBS by difference of pH conditions, as explained be-
fore. For both types of coating (bare LL-37-based and PPCs-based), the LL-37 used in this
experiment is FITC-labeled. It is detectable and quantifiable by fluorescence spectroscopy to
measure LL-37 concentration through accurate quantification and according to the fluorescence
calibration curve on Figure 19. This concentration is influenced by several factors, such as the
pH of the solutions used, the number of BLs for the coating building, and the volume of PBS
used for the release of the peptide. The goal of this experiment was to determine which condi-
tions would optimize the concentration of released LL-37 in PBS.

To determine the optimal pH for LL-37 peptide release from a coating PPCs- or bare LL-37-
based, the process was tested at two different pH levels, 3.5 and 5. Coatings of both 16 and 20
BLs were built on 48 microwells plates (CELLSTAR®) from Greiner Bio-One. To assess
whether a larger volume of PBS could influence the amount of LL-37 released, we carried out
trials with 200 L and 300 L of PBS. Larger volume could avoid saturation of LL-37 in the
PBS solution. Frequent renewal of PBS solution was performed to potentially accelerate the
release process as well as to study the release kinetics of the peptide. The tested conditions are
shown in the Table 5.
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Table 5: Tested conditions for coating building to determine which condition(s) allowed optimized release of LL-37. All 6
conditions were performed once for PPCs- and bare LL-37-based coatings each.

Condition 1 2 3 4 5 6
PBS (zL) 300 300 200 300 300 200
BLs (number) 20 16 16 20 16 16
pH 35 5

The release method involves to regularly replace volumes of PBS for analysis and quantifying
the amount of LL-37 released at different intervals. 13 release measurements were carried out
at specific times: every 30 min for six hours and one last time 24h after the beginning of the
experiment. This monitoring gives information on LL-37 release kinetics and allows identifi-

cation of potential “burst release” of the peptide.
2.3.2 Protocol for LL-37 release preceding CD

Based on the results obtained in the previous experiment, presented in the Results and Discus-
sions section, the optimal conditions for coatings construction and release have been identified.

These will allow the peptide to achieve a sufficient concentration that could be analyzed in CD.

Concerning the sampling times and the PBS volume used for LL-37 release from the coatings,
the release was carried out in two stages. The first volume of PBS remains for 6 hours in the
wells as an intense release of the peptide have been identified during first this time period, called
the “burst release”. After these 6 hours, a new PBS volume is added and removed 24 hours after
the addition of the first PBS volume. This second sampling is carried out after 24 hours to allow
LL-37 to be released and accumulate in the PBS because the release is no longer as intense as
in the first hours (see Figure 32 and 33 of the Results and Discussions section). These two
volumes of PBS used for this release were of 100 uL each.

In the previous experiment (2.3.1), a plate of 48 microwells was used. 48 microwells plates
(CELLSTAR?®) from Greiner Bio-One offer a minimal working volume of 200uL. This second
experiment, using a volume of 100uL of PBS for release then required to use 96 microwells
plates (CELLSTAR®) from Greiner Bio-One, whose minimal working volume is 50 pL.

The coatings (50 BLs) were then applied to 10 wells for PPCs at pH 5 and to 10 wells for bare
LL-37 at pH 3.5. As we have two samples of 100 uL for each well, the total volume of PBS for
each type of coating is 2 mL.

2.3.3 Circular dichroism analysis

To prepare this experiment, the protocol developed above from the conclusions drawn from the
section 2.3.1 Determination of optimal conditions for LL-37 release is used to prepare the
coated plates and carry out peptide release. The resulting samples, containing PPCs and bare
LL-37 in PBS, are analyzed by CD. As the concentration in the samples is not quantified
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upstream, the exact concentration is not known. Additional samples were prepared to complete

the analysis and compare obtained CD results with standard solutions:

e LL-37inPBS at 30 pg/mL
e PPCs" in PBS at 30 ug/mL
e HEP in PBS at 30 ug/mL

e CHI in PBS at 30 pg/mL

e PBS (as blank)

CHI and HEP samples are used to verify the presence of detectable CD signals. This method
helps to refine the results for LL-37 and PPCs by eliminating potential interference caused by
these two compounds, which are also released from the coatings, along with the peptide of
interest. The same goal to eliminate potential interference of the solution applies to PBS.

In addition, analysis of bare LL-37 and PPCs samples at 30 yg/mL offers an overview of the
response curve when LL-37 is in PBS solution. If a signal is detected with these prepared sam-
ples, this indicates that LL-37 is indeed detectable at this concentration. This observation is
essential to determine whether the concentration of LL-37 is sufficient in samples with released
LL-37. If no signal for the samples containing the bare LL-37 and LL-37 in PPCs released is
obtained, it means, most likely, that the obtained concentrations after LL-37 release from the
coatings did not reach 30 yg/mL.

3. Study of LL-37 adsorption in the coatings

Additional experiments were conducted on the plates after the release experiment to assess the
adsorption capacity of bare LL.-37 and LL-37 contained in PPCs. The LL-37 remaining in the
coatings after the release experiment was quantified using a BCA assay. That way, the remain-
ing and released amount of LL-37 together enable to deduce the adsorbed LL-37 quantity in the
microwells during coating formation. Optimal conditions for the coatings construction to
achieve a substantial LL-37 reservoir will be determined. This experiment also allows to answer

some questions and hypothesis risen from the release experiment results.

19 An experimental mistake was made while preparing PPCs in PBS. Volumes used for PPCs formation were the
ones for a -/+ charge ratio of 1.5 in pH 3.5 in ultrapure water, and not pH 7.4. This error led to uninterpretable
results regarding PPCs. More about this in the Results and Discussion section.
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3.1 Calibration through BCA assay

3.1.1 Principle

The BCA assay is an effective method for determining the concentration of proteins in solution.
In this research, BCA assay was used to measure the quantity remaining on the coated mi-

crowells plates after release of LL-37 in PBS.

This assay is based on the formation of a colored complex between copper(l) ions (Cu*) and
BCA under alkaline conditions. Initially, copper(Il) ions (Cu?*) are reduced to Cu* by proteins
present in the sample. Subsequently, Cu*reacts with BCA, under the form of an “AB reagent”,
to form a purple complex whose color intensity, measured at A = 562 nm, is proportional to the
amount of protein present in the sample. [73] The reactions of the BCA assay principle are
schematized on the Figure 21:

OH-
BCA-Copper
Cu? ¥> Cu*+ 2 BCA sodium salt =——> PP
PROTEIN colored complex

(Peptide bonds)

Figure 21: BCA assay reaction. AB reagent reaction quantifies peptide present in a sample. “BCA sodium salt” stands for the
“AB reagent”. [90]

3.1.2 Solutions preparation

In a BCA assay, AB reagent is prepared by mixing product A (Thermo Scientific™ Pierce™
BCA Protein Assay Reagent A) with product B (Thermo Scientific™ Pierce™ BCA Protein As-
say Reagent B), at a 50:1 ratio. The reagent is then added in required quantities in the mi-
crowells, whether to establish the calibration curve, or to measure the amount of LL-37 remain-
ing in the coatings after the release experiment. Incubation takes place at 60°C for 1h, allowing
the AB reagent to react with the Cu*ionreduced by the proteins present, producing a colored

signal.

A 5% sodium dodecyl sulfate (SDS) solution is used to prepare the BCA calibration curves as
it denatures proteins by breaking down their secondary, tertiary, and quaternary structures. This
process exposes the peptide bonds and functional groups of aa, making them more reactive for
interaction with the BCA reagent. It is prepared by dissolving 5 g of SDS in 100 mL of ultrapure
water, as 5% is the compatible concentration for BCA assays according to ThermoFisher™ .

3.1.3 Calibration curve

A 0.5 g/L solution of LL-37 is used as a base to build a O - 8 yg range calibration curve. This
stock solution is diluted to obtain a volume of 16 uL for each LL-37 quantity, with ultrapure
water volumes varying to get a range of different LL-37 concentration. SDS solution always
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accounts for 1/5 of the total volume, then 4uL is added to obtain a final volume of 20 uL. A
well containing 0 yg of LL-37 is used as blank.

The alkalinity? of the AB product allows the calibration curve to be applicable to any pH con-
dition of the ultrapure water used for the calibration curve or in which the coatings were con-
structed. Indeed, 200 uLL of AB product is added to the total 20 yL developed above. This
significant quantity thus allows the alkalinity to prevail, and the small difference of pH is con-

sidered non-significant.

It is essential to consider potential interferences with other components also present inside the
coatings. To identify interferences of HEP and CHI, specific calibration curves were built by
replacing the volumes of LL-37 with equivalent volumes from stock solutions of HEP and CHI
at 0.5 g/L. The calibration curves are shown on Figure 22.

LL-37

0.30 { — y =-0.0014x2 + 0.0491x + 0.0015

R? = 0.9974 °
Chitosan

y = 0.0032x - 0.0024

2 =
025 R? = 0.9297
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—— y =0.0008x - 0.0003
R? = 0.9689

o
N
o
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o
-
wv

o
=
o

0.05

0.00

0 1 2 3 4 5 6 7 8
Mass (ug)

Figure 22: Calibration curve for pure (unlabeled) LL-37, pure CHI and pure HEP quantification through BCA assay

Results showed that CHI, which contains amine groups (-NH,) on its glucosamine structure,
can complex copper ions (Cu?*). This interaction can interfere with the BCA assay, in which
Cu?*ions are normally reduced to Cu* by proteins, then react with BCA reagent to form a col-
ored complex. The presence of CHI can therefore lead to premature Cu?* reduction or the for-
mation of stable complexes with Cu?*, altering the measured spectral absorption and affecting
the test results accuracy. However, the exact contribution of CHI in the obtained results is un-
known. Considering this, it will be assumed that the absorbance measurements used to quantify
LL-37 are fully attributable to the presence of the latter, but CHI could have contributed to the

20 The AB reagent used for BCA assays is alkaline primarily due to the presence of sodium hydroxide (NaOH).,
Alkaline pH facilitates the reduction of Cu*ions to Cu* (see previous section 3.1.1 (BCA assay) principle).

52



PART IV — Materials and Methods

BCA reaction, causing to overestimate in a certain extent the quantity of LL-37 still remaining

in the microwells plate after LL-37 release.

Conversely, HEP, predominantly sulfated GAG, interacts differently with metal ions. Its nega-
tive sulfate groups can bind to cations such as sodium (Na*) or calcium (Ca?*), but this binding
does not promote the reduction of copper ions in a way that significantly interferes with the
BCA assay. Although HEP can bind to metal ions, this interaction does not substantially influ-
ence the necessary reduction of Cu?* to Cu* in the BCA assay. In conclusion, the interference
with HEP is virtually non-existent.

The LL-37 quantification equation used in BCA assay in this Master's thesis is shown in Figure
22.

3.1.4 Samples quantification

The LL-37 remaining in the microwells following the release experiments is quantified by
simply adding 600 L of AB reagent to perform the BCA assay in the 48 microwells plates.
The samples are then placed in an oven at 60°C for 1h, before being analyzed in a spectropho-
tometer (A = 562 nm).

The BCA assay is proving to be an essential and reliable tool for quantifying LL-37, being a

simple, sensitive, and effective method for protein quantification.

3.2 Adsorption experiment

BCA assay was then performed on the plate containing the coatings after release experiment to
determine the remaining quantities of LL-37 in the coatings®'. As this experiment is considered
as a closed system, the initially adsorbed quantity in the coatings can be obtained with the sim-

ple formula:

Adsorbed LL — 37 = Released LL — 37 + Remaining LL — 37

4. Study of the antibacterial synergy between L1-37 and antibiotics

In this research, S. epidermidis ATCC 35984 strain is used to explore the synergistic effect of
the LL-37 AMP with four routinely-used antibiotics in the fight against S. epidermidis biofilm.
These antibiotics are vancomycin, tobramycin, doxycycline and linezolid, proposing different
MOAs, as detailed in the State of the art section, able to show variable synergy with the LL-37
peptide, which acts on bacterial membranes. To assess this potential coupled effect, two types

2l The coatings here are not compared to the initially engaged quantity of LL-37, as we consider the obtained
coatings after all the steps for their construction, including losses due to washing steps and partial release into the
water used for storage overnight (as the coatings were never built in one single day).
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of tests were performed: quantification of the reduction of biomass through crystal violet stain-

ing, and of metabolic activity through resazurin testing.

4.1 Analysis methods

4.1.1 Crystal violet staining

The first analysis carried out allows to quantify the biomass of bacterial biofilm using crystal
violet, whose structure is represented on Figure 23. This fluorescent compound is a basic dye
with the ability to bind to negatively-charged cell components such as bacterial walls and
plasma membranes, as well as EPS of the extracellular matrix, thanks to its cationic properties.
In this experiment, crystal violet acts by binding to the bacterial biomass. Excess dye is washed
away, resolubilized and analyzed by measuring the absorbance of the resulting solution at A =
570nm. The greater are the absorbance values, the greater is the dye’s quantity, and the greater
is the biomass of the biofilm. [91]

Figure 23: Crystal violet dye cationic structure.

4.1.2 Resazurin

The second method to quantify the effect of antibiotics combined with the AMC is resazurin.
This technique is fluorescence-based and assesses bacteria's metabolism. Resazurin is a non-
fluorescent blue substance reduced by metabolically active cells, converting the molecule into
a pink-red fluorescent compound: resorufin. This reaction, showed on Figure 24, makes it pos-
sible to assess the metabolic activity of the cells: the more cells are alive and metabolically
active, the greater the quantity of fluorescent resorufin. [92], [93] Analysis is performed by

fluorescence at Aemission = 390 nm and Acxciation = 350 nm.
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NADH NAD*

HO\/\/O
[\/H\N U ]g

Resazurin Resorufin

Figure 24: Structure of blue resazurin substrate reduced into the pink fluorescent resorufin product by viable cells metabolism
(NADH is the electron donor, oxidized in NAD*). [94]

4.2 Experiment protocol

To study the synergistic effects between the bare LL-37 immobilized in the coating and vanco-
mycin, tobramycin, doxycycline, and linezolid in the fight against S. epidermidis biofilm, the
experiments will be divided in two parts. These two parts use a similar protocol, with the only
exception that the first experiment makes the biofilm grow on the AMC, where the second ex-
periment does not use the AMC, in order to assess the activity of the antibiotics acting alone.

For the first experiment, microwell plates are coated with one AL ((CHI-HEP),) and 14 BLs of
bare LL-37 and HEP, finishing with one layer of bare LL-37 (1 AL and 14.5 BLs in total). The
obtained coating can then be referred as (LL-37 — HEP),45.

Due to a lack of time, no experiment was performed to test the synergistic activity of antibiotics
with PPCs-based coating. However, this test is an interesting perspective to determine whether
PPCs, apparently allowing to preserve the conformation of LL-37 in the coating, also allow a
subsequent increased activity of the peptide on bacteria compared to bare LL-37. More about
this perspective is detailed in the Future prospects section.

To avoid any contamination that might distort the results, the whole experiment, from coating
construction to bacterial assays, was performed under sterile conditions, in a laminar flow hood.
Laminar flow hoods are designed to create a particle-free work surface by drawing air through
a high-efficiency filtration system and exhausting it across the work surface in a unidirectional
airflow. [95] All equipment used was sterilized with 70% ethanol to eliminate any contamina-

tion risk, and all solutions were prepared in sterile conditions (by filtration or autoclaving).
4.2.1 Solutions preparation

4.2.1.a PBS

A solution of sterile PBS is prepared at pH 7.4. This buffer solution is used to wash the mi-

crowells and remove any residual culture medium. Like said previously, PBS has the
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particularity of providing an ionic environment similar to the human body’s and has a pH mim-
icking the physiological one, in body fluids. The PBS solution is the same as the one used for
the LL-37 release experiment, as for difference that it has then been prior sterilized by auto-

claving.

4.2.1.b RPG Medium

The medium used for bacteria growth is RPG medium, made of RPMI 1640 cell culture medium
at adjusted pH of 7.4 (ThermoFisher Gibco™ RPMI 1640 Medium , powder), to which a glu-
cose solution of 100 g/L is added, to meet the energy needs of the cultured bacteria. For 50 mL
of RPG, 5 mL of glucose solution is added to 45 mL of the RPMI medium.

RPMI medium contains aa, vitamins, mineral salts, glucose, and buffers such as sodium bicar-
bonate. This provides cultured bacteria with a favorable environment for growth proliferation.
[61] To prepare it, 10400 mg RPM1/1640 powder, 6800 mg KH,PO,, 13200 mg Na,HPO,.2H,0O

and 950 mL of ultrapure water were used.

4.2.1.c Resazurin and crystal violet
The resazurin solution is at 10 xg/mL in PBS. To prepare the solution, 500 L of a resazurin 1
mg/mL stock solution is put in 49500 xL of PBS for it to be diluted 100x.

The crystal violet dye solution is diluted at 1% with ultrapure water.

4.2.1.d TSA plates

Tryptic Soy Agar (TSA) plates are required for bacteria growth. TSA is a culture medium that
allows bacteria to grow on petri dishes. TSA powder (Ph. Eur., USP, JP; Casein soya bean
digest agar; 84602.0500) and milli-Q water were used for a 40 g/L. TSA solution, further auto-
claved for sterilization, and flowed on the plates.

4.2.1.e Heparin and bare LL-37

The HEP and bare LL-37 solutions used for coating construction are at pH 3.5 and in same
concentrations as explained in the section /. Coatings construction, except that they are pre-

pared and used under sterile conditions.

4.2.1.f Antibiotics solution preparation

To study the effect of antibiotics on biofilms, the MICs of the four antibiotics (Table 6) were
prior determined by Cédric Vranckx for ATCC 35984 strain in RPG. As a reminder, MIC rep-
resents the minimal concentration of an antimicrobial agent required to inhibit the growth of
bacteria. [96]
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The potency of an antibiotic (%) represents how much of the active ingredient in the antibiotic
is present and active compared to the amount specified on the label?.

Table 6: MIC and potency of vancomycin, tobramycin, doxycycline and linezolid

Antibiotic MIC (ug/mL) Potency (%)
Vancomycin 1 97.5
Tobramycin 256 99
Doxycycline 0.25 100

Linezolid 1 100

To obtain the desired MICs, stock solutions of 1 mg/mL for vancomycin, doxycycline and line-
zolid and 12.8 mg/mL for tobramycin are prepared.

Next, stock solutions of vancomycin, doxycycline and linezolid 1mg/mL are diluted 20x by
diluting 250 uL of these solutions in 4750 L of RPG. This new solution of 50 yg/mL is added
to RPG to reach various final concentration, for the preparation of the different MIC solutions.
Tobramycin is not diluted 20x, as strain ATCC 35984 is resistant to this antibiotic. The MIC for
tobramycin is therefore higher, as explained in the State of the art and as presented on Table 6.

These stock solutions were used to prepare the MICs 1x, 2x, 5x and 10x solutions. Exact vol-
umes used to reach these different concentrations of antibiotic are presented in the Appendices,
Tables VIII, IX, X and XI.

4.2.2 Inoculation and biofilm formation of S. epidermidis

Around 20h before the beginning of the experiment, S. epidermidis ATCC 35984 strain is inoc-
ulated onto TSA plates and placed in a 37°C incubator. S. epidermidis is not let to grow on TSA
plates for more than 24h to avoid the potential activity of autolytic enzymes. In fact, prolonged
incubation of §. epidermidis on TSA plates can cause nutrient depletion as growing bacteria
consume available nutrient. Nutrient limitation triggers the activity of major autolysin AtIE,
responsible for cell wall turnover and separation of daughter cells during cell division. [97] 20h
was then a good compromise between avoiding AtIE activity?® and having colonies grown

enough for uptake.

After the 20h incubation, the grown colonies are suspended in PBS to obtain a McFarland index
of 1.8, measured with a densitometer. The McFarland index is a scale used to estimate the

22 Potency should not me mistaken with purity as the latter is a measure of how chemically pure the antibiotic is.
This measurement is useful to ensure the product is not contaminated during the manufacturing process, or to
identify the presence of impurities. Potency, on the other hand, is a measure of how active the antibiotic is. This
efficacy is measured using microbiological assays, chemical assays, or immunological assays. However, impurities
may influence the potency of the antibiotic.

23 This hypothesis of autolysin activity rose from unexpected and non-reproductible results from this very same
experiment, performed on 72h incubated S. epidermidis ATCC 35984 strain. Said results are presented in Appen-
dices in section 3.3 Results after potential autolysin AtIE activity on S. epidermidis ATCC 35984 strain.
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turbidity of a bacterial suspension, making it possible to standardize the concentration of bac-

teria prior to microbiological testing. [98]

This suspension is then diluted 40x in RPG. Each of the following wells is filled with 200 xL
of our bacterial suspension as shown in the Figures 25 and 26:

IOGTMMmMOoOO W >»

Figure 25: Coated 96 microwells plate. Wells on which biofilms of S. epidermidis ATCC 35984 are grown are shown with
blue crosses. Said wells were all coated upstream with a (LL-37 — HEP)u15 coating.
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Figure 26: Uncoated 96 microwells plate. Wells on which biofilms of S. epidermidis ATCC 35984 are grown are shown with
grey crosses. Said wells were all not coated upstream.

The plates are then placed in an incubator at 37°C for 24h. Bacteria then grow and form a 24h
pre-formed biofilms on the surface of the bottom of the microwells. The plates are then washed
2x with 200 uL of PBS to remove unattached bacteria and residual medium. After washing,
200 uL of antibiotic solutions with different MICs, as explained above, are added as shown in
the following Figures 27 and 28.
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1 2 3 4 5 6 7 8 9 10 1" 12 Vancomycin
A
B 1X)(5X 1X )(5X)(1X )(5X)( C* C

1X )(5X 1X)(5X 5X)( C+ C .
C X)SONE Doxycycline
D 1X )(5X 1X)(5X)(1X)(5X)( C+ C
E 2X)(10X 2x)(10X)(2x ) (10x)( C* C Linezolid
F 2X )(10X 2X)(10x)(2X ) (10x)( C*+ C X . X
C* = Coating with bacteria

G 2X )(10X 2X )(10X)(2x)(10x)( C* C
H C- = Coating without bacteria

Figure 27: Introduction of antibiotics at different concentrations, corresponding to a multiple of their MIC (1x, 2x, 5x, or
10x) on 24h-preformed biofilms of S. epidermidis ATCC 35984 on coated wells.

1 2 3 4 5 6 7 8 9 10 1 12 Vancomycin
A
B 1X)(5X 1X)(5X)(1X)(5X)( C+( C+)( C+
1X)(5X 1X)(5X)(1X)(5X)( C+( C+)( C* .
C N ¢ Doxycycline
D 1X (5% 1X)(5X)(1x )(5X)( ([ C+) [ C+
= 2x)(10X 2x)(10X)(2x)(10x)( c#)(c#)( ¢+ Linezolid
F 2X ) (10X 2X)(10X)(2X)(10X)( C+)( C*)( C* .
C* = Bacteria
G 2X (10X 2X )(10X)(2X )(10X)( C*+)( C+)( C*
H

Figure 28: Introduction of antibiotics at different concentrations, corresponding to a multiple of their MIC (1x, 2x, 5x, or
10x) on 24h-preformed biofilms of S. epidermidis ATCC 35984 on uncoated wells for the study of biomass and metabolism
reduction.

Once the antibiotics have been added to the microwells, the plates are incubated for 24h at 37°C
and then washed with PBS. Plates used for the crystal violet testing are placed in an oven at

60°C for 24h to remove residual PBS and stabilize the biofilm. The other plates used to study

bacterial metabolism (resazurin) are processed after the 2 washes.
4.2.3 Crystal violet test

24h after the plate has been placed in the oven at 60°C, 200 L of 1% crystal violet is added to
the microwells and allowed to act for 10 min in the dark. Excess crystal violet is then removed
by rinsing the wells with demineralized water to remove crystal violet not attached to the bio-
mass. In order to resolubilize the crystal violet and analyze it by absorbance at A = 570 nm, 200
uL of 66% acetic acid are set into the microwells for 1h.

4.2.4 Resazurin test

200 uL of resazurin 10 mg/L solution is obtained from the 100x dilution in PBS of a stock
solution of Img/mL. After 4h incubation at room temperature and protected from daylight,
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analysis under fluorescence in a Spectramax at Acpmission = 590nm and Aexcitation = 550nm is per-

formed.
4.2.5 CFU counting

CFU, or Colony-Forming-Units, counting, was also performed to test antibiotics and coating
treatment on bacteria. Unfortunately, experimental error based on misuse of the sonicator led
the wells to mix with each other and distorting results. Protocol and results for CFU counting

are available in Appendices in section 3.2 CFU counting.
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PART V - Results and Discussions

The results of the various experiments mentioned in the Materials and Methods section will be
presented in this section, organized in four parts.

The first part will describe and analyze the results concerning the formation of PPCs. The charge
ratio at which the formation of PPCs seems favored will be identified. The second part will
focus on the optimization LL-37 release from the multilayered coatings to enable CD analysis.
As a continuation of this second part, a third part is dedicated to the determination of the best
conditions for LL-37 adsorption in both types coatings, from results of LL-37 remaining in the
microwells after the release experiment. Finally, the last part will discuss the synergy between
the bare LL-37-based AMC and the four studied, routinely-used, antibiotics.

1. PPCs optimal charge ratio determination

This experiment was conducted to assess what charge ratio would seem to optimize PPCs for-
mation. In other words, what ratio of negatively-charged HEP and positively-charged bare LL-
37 will be used to assemble the PPCs-based coating used in further experiments, as being the
ratio at which PPCs are formed, and especially at which the most PPCs are formed.

As explained in the Materials and Methods section, turbidimetry measures the reduction in light
intensity as it passes through the sample containing the PPCs. This reduction occurs due to light
scattering, where particles deflect light in various directions. The degree of scattering is function

of the number and/or size of the particles.

The experiment gave absorbance values as a function of charge ratio to quantify reduction of
light intensity. The experiment was carried out with pH 3.5 solutions and in triplicate to obtain
reliable statistical data (see Appendices, Table II).

The mean and standard deviation were calculated from the results of the triplicate values ob-

tained for this experiment and plotted on Figure 29.
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Figure 29: Absorbance as a function of charge ratio (-/+) used to form PPCs.

Data reveals that absorbance values increase progressively with charge ratio, reaching a maxi-
mum when the negative charges of HEP and the positive charges of LL-37 reach a total net
ratio of 1.5 (-/4), before decreasing, and then stagnate. This maximum indicates the optimum
charge ratio for PPCs formation, being the value for which the solution is the most turbid. Under
these conditions, the light is the most scattered by PPCs meaning they are in the highest number
or in the biggest size possible.

As explained in the State of the art, molecular charges play a crucial role in PPCs formation.
At a charge ratio (-/+), the opposing charges are visibly balanced in a way that allows maximum
interaction between HEP and LL-37 molecules, resulting in the formation of numerous, or large,

complexes.

The obtained results for experiment in pH 3.5 conditions give information on the charge ratio
for which the solution is the most turbid. For further experiments, the charge ratio (-/+) will be
respected, varying quantities of LL-37 according to its charge level in the pH conditions of the
said experiment (see Materials and Methods). Indeed, for experiments at pH 5, the quantities
of LL-37 must be adjusted accordingly, taking into account the differences in charge of the
molecules under these modified pH conditions, as shown in the Materials and Methods section.

As mentioned from the beginning of this section, a more turbid solution can either be a result
of a higher number of complexes, as well as complexes of more important size. Either way, our
hypothesis would be that adsorbing PPCs at charge ratio (-/+) in the AMC could allow to have
an optimized reservoir of LL-37 in the coating, whether PPCs are bigger or more numerous.
However, we also think that size of PPCs may affect coating’s formation dynamics or further

rearrangements within the coating, resulting in a more heterogenous charge compensation of
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the layer and further repulsion of the next layer, all in all leading to a lower quantity of LL-37
adsorbed in the coating.

To determine whether the optimal charge ratio is due to the high number of PPCs or their large
size, a dynamic light scattering (DLS) analysis could be considered. Although beyond the scope
of this thesis, such a study is an interesting prospect.

2. Study of LL-37 release from the coating

2.1 Determination of optimal conditions for LLL.-37 release

Hereunder are presented the results and the discussion of the experiment aiming to determine
the optimal conditions for coatings construction (pH and number of BLs) as well as the volume
of PBS for LL-37 sampling when released from the coatings. As a reminder, this experiment
aims at finding conditions to release as many LL-37 as possible from the AMC, to detect a
signal in CD, and finally determine LL.-37 conformation while released from the coatings. To
detect LL-37 signal in the PBS solution by CD, it is necessary to reach a sufficient and detect-
able concentration (estimated around 30 pg/mL), to gather information on the peptide's second-
ary structure. The experiment was quantified through fluorescence spectroscopy as described in
Materials and Methods section, using labeled LL-37 in the two types of coatings (bare LL-37-
based and PPCs-based).

2.1.1 Results

Results were then obtained in duplicate, for 6 different conditions (varying the volume of PBS
for release, the number of BLs of the coating, and the pH used for coating construction), for
both types of coating, at 13 different times. Indeed, release of LL-37 was performed in 13 steps,
at 13 different times for sampling the released peptide in the PBS volume present in the coated
microwells. For each step, the PBS solution in the microwells was renewed and each solution
of PBS containing the released LL-37 was quantified through fluorescence spectroscopy. The
calibration curve showed in the Materials and Methods section allowed to determine the mass
of released peptide at each sampling time, for each condition, from the obtained fluorescence
data. Quantities in ug of released LL-37 (PPCs and bare) from the coating for 13 sampling
depending on the condition at different times are available in Appendices, Tables 11l and IV .

PBS solution renewal was performed to study release kinetics, but also to prevent the solution

from becoming saturated with the released peptide, and thus maintain continuous release.

As CD analysis will be performed on one single sample, optimal conditions for LL-37 release
must be determined from one final concentration. Indeed, technically speaking, for CD analysis,
all solutions sampled would be gathered in one final sample, in one final tube, giving one final

63



PART V — Results and Discussions

concentration that corresponds to the mean of the concentration of all the samples added. Using
the quantities released for each condition obtained by fluorescence spectroscopy, the final con-
centrations are obtained by dividing the total mass of released peptide by the total volume of
the solution (13 times 300 L or 200 uL) and are presented in the following table (Table 7).

Table 7: Concentration of released LL-37 from a coated polystyrene microwell obtained by summing quantities released for
13 sampling times and divided by total PBS volume, meaning 13 x 300 xL or 200 xL, depending on the condition. (#g/mL)

Condition 1 2 3 4 5 6
PBS (uL) 300 300 200 300 300 200
BL 20 16 16 20 16 16
pH 3.5 5
LL-37 in
PPCs 0.86 0.80 0.90 1.77 143 201
(ug/mL)
Bare
LL-37 13.36 7.54 13.17 4.10 2.90 3.35
(ug/mL)

Note to reader: The authors made the choice to present data from Table 7 in several graphs (Figures 31 and 34 use
concentration values from Table 7, Figures 30 and 32 use mass values derived from Table 7) to illustrate the effect
of different conditions on LL-37 release. The displayed data on the figures is then every time obtained from Table
7, but according to the section, a variable (BLs number or PBS volume) will be fixed to observe the influence of
the other variable.

Results show that concentrations for PPCs and bare LLL.-37 released, at any condition, are not
sufficient to enable CD analysis (all < 30 ug/mL). However, thanks to these results, it is possible
to discuss and identify the best conditions to exploit for coating construction, to optimize pep-
tide release for further experimentation.

As concentration of PPCs released is very low at both pH conditions, even if the latter will be
discussed, this part will focus essentially on optimizing the conditions for bare LL-37 release.
Nevertheless, the following part, discussing LL-37 adsorption, will attempt to identify what
factor could have led to a small release of PPCs.

Attention must be paid to the fact that fluorescence spectroscopy calibration curve was per-
formed for a 0-3 ug range (see Materials and Methods section) considering the small quantity
of LL-37 expected to be released between each sampling (every 30 min for 6h and then once
after 24h). However, samples for release after first 30 min and 24h for bare LL-37 at pH 3.5
gave results way above 3 g (max = 24.51 ug). This must be taken into account as the values
may have diverged from the calibration curve, and may have been underestimated or overesti-
mated. Indeed, we do not know whether the calibration curve follows the same trend for larger
quantities. With hindsight, we realized that we could have performed a 10X dilution of the
samples presenting a released quantity above 3 g, to quantify more accurately the LL-37 in
this new sample. Although non as precise as desired, the obtained results already give a general
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idea on LL-37’s release behavior in different conditions. These conditions are discussed here-
under.

2.1.2 Discussion of conditions studied for LL-37 release

This section will discuss the optimal conditions for LL-37 release. Highlighting these optimal
conditions aims to remodel the protocol to obtain a sufficiently high, analyzable concentration
of LL-37 by CD.

2.1.2.a Optimal PBS volume for LL-37 release

The release in PBS of the LL-37 contained in the coating was performed using two volumes:
200 uL and 300 pL. To enable consistent comparisons, data obtained at pH 3.5 and pH 5 with
16 BLs (conditions 2 and 3, and conditions 5 and 6) for PPCs and bare LL.-37 are compared,
giving results for a fixed number of BLs (16) and varying PBS volume, to study the effect of
this variable.

Results are displayed for accurate comparison in terms of mass since a smaller volume (200
uL) of PBS would anyways lead to a higher concentration than a higher volume (300 yL).

PPCs Bare LL-37

200 pL
300 pL

351 - 200 L

Z3 300 pL
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Quantity of released LL-37 (ug)
Quantity of released LL-37 (ug)
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Figure 30: Quantity of released LL-37 as a function of PBS volume in pg (left = PPCs, right = bare LL-37) for a 16 BLs coating.

Graphs in Figure 30 show that, for PPCs and bare LL-37, at the two pH values, the mass re-
leased is comparable for 200uL or 300uL. As a reminder, the purpose of using 300 L was to
determine whether the solution was saturated at 200 pL, and to assess the kinetics of the release.
Results, especially for bare LL-37, led us think that PBS solution is not saturated in released
peptide while working with a volume of 200 L, since the quantity released in 200 L and 300
uL are comparable.

In the interest of continuity between the results presented in this section, the quantities released
are expressed in terms of concentration (see Table 7). Figure 31 then presents the results of
Figure 30 in pg/mL.
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Figure 31: Concentration of released LL-37 as a function of PBS volume (xg/mL) (left = PPCs, right = bare LL-37) for a 16
BLs coating.

When taking into account the total PBS volume, the results expressed in concentration show,
as expected, that for any condition, 200uL of PBS allows to reach a higher concentration than
a volume of 300uL. The difference between the two PBS volume conditions is more obvious
for bare LL-37 at pH 3.5. Anyways, given that a minimal concentration of 30 yg/mL must be
achieved for CD analysis, results suggest that using a high volume of PBS for releasing the
peptide is not relevant as it dilutes too much the LLL.-37 in the solution.

In conclusion, it is necessary to minimize the release steps and use small volumes of PBS to
avoid diluting the peptide too much in solution. To do so, the used PBS volume to optimize
released LL-37 concentration for CD analysis has then been chosen to be 100uL. As results
showed no saturation of the solution for 200x L, we made the hypothesis that there would be no
saturation of the released LL-37 in 100uL either.

Since the coating has been constructed with 200uL of each condition, 100uL of PBS do not
cover the entire surface of the coating, leaving some non-submerged coating on the wells’ walls.
However, the submerged surface for 200 uL of PBS is 1.56 cm?, versus 0.95 cm? of the coated
well covered by 100 L of PBS. For a volume reduced by a factor 0.5, the coating surface
releasing in the volume is only 0.61 times lower. Ratio of these factors show that there is an
advantage to reduce PBS volume even more as it will cover more coating in comparison, and
potentially allow a better concentration of the LL-37 released from the submerged coating?.

2.1.2.b Optimal sampling times for LL-37 release

Another factor increasing LL-37 dilution in the final solution is the too recurrent PBS solution
renewal. Indeed, Figure 32 shows the cumulative curve of the quantity of bare LL-37 released
for bare LL-37 for condition 1, and shows that there is little interest in replacing the PBS solu-
tion often, as the gain in mass between each step is not very significant, which leads to a dilution

24 Afterthought leads us to say that building the coating with 100 uL to avoid coatings losses on the wells’ walls
could have been of interest in this case. However, since release experiment has been undergone on a turntable, we
allow ourselves to think that the 100 zL. PBS solution could have partially covered the coating left on the walls
(that would not be submerged in 100 xL of PBS without the turntable).
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of this released quantity, resulting in a non-optimized final concentration of the sample to be
analyzed by CD.

20 1

Cumulative quantity of released LL-37 [pg]

T
OO 0258,9,8 15,05 O 2

Time [h]
Figure 32: Cumulative curve of bare LL-37 release kinetics (#g) (PBS volume = 300, pH = 3.5, BLs number = 20)

Figure 32 also shows that the quantity contained in the volume of the first sampling (30
minutes) is greater than the sum of all the quantities released between 30 minutes and 6 hours
(20.77 pg against 15.51 ug). In fact, a burst release is then observed during the first 30 minutes
of release, which is very interesting. This trend can be observed for all other conditions, for
bare LL-37 and PPCs. This observation can also be confirmed by Figure 33, thanks to the results
of former students, Coralie Nerincx and Noémie de Suray, in their Master's thesis?.

This graph also shows that release of LL-37 is still important after 24h of release. However, it
gave no information on whether the released stopped before 24h after the experiment. Yet,
Figure 33 shows that LL-37 release does continue after 24h.

25 This discussion will refer several times to the work of Coralie Nerincx and Noémie de Suray. All the experiments
we will refer to are obtained from their work performed in the context of their Master’s thesis on Preventing
bacterial infections of hip prostheses: study of interactions between antimicrobial agents and of LL-37 release
from a coating.
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Figure 33: Cumulative curves of the mass of LL-37 released per square centimeter of coating from different bare LL-37 -
based multilayers constructed at pH 3.5 (ug/cm?)

After the kinetics analysis of the LL-37 release from the coating, samples were chosen to be
taken out after 6h and 24h. These times were chosen because, as shown in Figures 32 and 33,
the amount of LL-37 released is significant during the first 6 hours. The second sampling is
carried out after 24 hours to allow LL-37 to be released and accumulate in the PBS, as we can
see that the release is no longer as intense as in the first hours. This minimizes the number of
steps and avoids diluting the amount of peptide.

To enable CD analysis, a volume greater than 200 uL (2 times 100 uL., sampled after 6h and
24h) is needed. To achieve this volume, 10 coatings (in 10 microwells) were constructed. All
samples were mixed, giving a total final volume of 2 mL, sufficient for CD analysis. The ex-
periment is performed for bare and complexed LL-37, resulting in two tubes of 2 mL, one con-
taining the released bare LL.-37 obtained from the two sampling times of 10 coatings, and the
second one containing PPCs.

2.1.2.c Optimal bilayers number

To assess whether increasing the number of BLs during coating construction improves the re-
lease, Figure 34 shows the concentration of released LL-37 from Table 7, for a fixed PBS vol-
ume (300 xL) for release, under conditions 1 and 2 at pH 3.5 (Table 7), and under conditions 4
and 5 at pH 5 (Table 7).
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Figure 34: Concentration of released LL-37 as a function of BLs number (zg/mL) (left = PPCs, right = bare LL-37) for a
fixed PBS volume for release (300pL)

In both cases, the concentration of LL-37 released increases when the coating is constructed
with more BLs, even if this tendency is less pronounced for PPCs at pH 3.5. These results seem
logical, as it would be expected from a coating with more BLs to adsorb more LL-37, and
subsequently release more of the said peptide. This hypothesis will be discussed in the section
3. Study of LL-37 adsorption in the coatings.

To determine the number of BLs needed to reach a concentration of 30 ug/mL of the released
peptide, results shown in Figure 33 were used. We chose to use these data for our predictions,
as our values in Table 7 are higher than those obtained by Coralie Nerincx and Noémie de
Suray, then certainly overestimated. The option to base our predictions on their smaller values
allowed to minimize the risk of overestimation of the released quantity of the new experiment.
Prediction based on their data, obtained from a 96 microwells plate, led us to build 50 BLs in
96 microwells plate. In these conditions, the expected concentration released of bare LL-37
would be 54.15 pg/mL (see Appendices, Table VII).

2.1.2.d Optimal pH for coating construction

Figure 31 and Figure 34, displaying our results for PBS volume and BLs number variables,
respectively, show that the concentration of LL-37 released is higher for bare LL-37 when pH
3.5 is used for coating construction, and pH 5 for PPCs. To optimize LL-37 release, coatings
were then built at pH 3.5 for LL-37 and pH 5 for PPCs.

2.1.2.e Specific area

As Figure 34 showed an increased release potential for LL-37 in plates containing more BLs,
this led us to think that a coating that have adsorbed a more important quantity of LL-37 up-
stream would allow a more important release of its components. In order to increase the amount
of LL-37 adsorbed in the coatings, increasing the specific surface area on which the coatings
would be constructed may be an interesting option. Specific surface area is a measure of the

total surface area of a material per unit mass, volume or quantity. [99]
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As the experiment was carried out on a 48 microwells plate, calculations were performed to
study a new method that would allow an increase in specific area. In fact, we implemented a
whole different protocol involving the use of 20 nm diameter gold nanoparticles, in stabilized
suspension in citrate buffer (Sigma-Aldrich®). After nanoparticles washing, LbL process is per-
formed by immersing the suspended nanoparticles in PEs solutions, in 2 mL Eppendorf tubes.
After being set for 20 minutes, the suspension was centrifuged, the supernatant collected and
the pellet recovered, which was then resuspended with the new PE solution of opposite charge

after washing.

With these nanoparticles, we planned to increase the specific surface area of the microwells by
25 times compared with the initial microwells surface. Once again, prediction calculation of the
amount of LL-37 these nanoparticles could release was performed based on results obtained by
Coralie Nerincx and Noémie de Suray, as our results in Table 7 seem to have been overesti-
mated. According to their data, the amount of LL-37 released per unit of area (xg/cm?) for 20
BLs, after 24h, is 6 ug/cm?. After prediction calculation, the expected concentration of bare LL-
37 released from a 20 BLs coating built on the gold nanoparticles was expected to reach 64.1
ug/mL after 24h (see Appendices, Table V). Unfortunately, during coating construction, two

major problems arose.

Firstly, centrifugation to recover the pellet containing nanoparticles was not optimal. Some of
the nanoparticles remained in suspension, resulting in a loss at each centrifugation when the
supernatant was collected. To reach the concentration of 64.1 yg/mL with 20 BLs, 88 washes
and 44 solution changes (20 BLs + 1 AL) would have had to be performed. After the 132 cen-
trifugations to construct the 20 BLs, the nanoparticles loss was too important. The hypothesis
made was that this low-quality centrifugation was due to the quite small size of nanoparticles,
which are colloidal particles. At this scale, van der Waals and other intermolecular forces could

prevent the eased separation of colloids and the supernatant after centrifugation.

Secondly, an aggregation problem has arisen. During AL formation, the positively-charged CHI
adsorbs itself on nanoparticles, as required to initiate LBL. After removal of the CHI solution
and two washes, the HEP solution resuspended the nanoparticles in order to continue AL con-
struction. However, when this solution was added, a black aggregate formed. The positively-
charged nanoparticles reacted with the negatively-charged HEP, forming a nanoparticle com-
plex, making LbL impossible.

In conclusion, although theoretically promising for increasing the concentration of LL-37 ad-
sorbed and then released, the nanoparticles presented separation and aggregation problems that

prevented us from pursuing this approach.
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2.2 Released LL.-37’s conformation determination by CD

The previous experiment allowed us to assess the parameters optimizing the release of bare LL-
37 and complexed LL-37. Table § summarizes the conditions used to build the coating and to
release the LL-37, for further CD analysis.

Table 8: Conditions for coatings building to maximize release of LL-37 in PBS.

Coating PPCs LL-37
PBS (uL) 2 x 100
BL 10 coatings of 50 BLs
pH 5 35
Sampling time 6h and 24h
Microwells plate 96

Samples of LL-37 released from the 50 BLs coating formed with bare LL-37 and complexed
LL-37 as PPCs were analyzed by CD. The following graphs show the obtained results. Firstly,
the signals for standard solutions, being the PBS solution and LL-37, PPCs, HEP and CHI pre-
pared at 30 yg/mL in PBS, are shown on Figure 35:
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Figure 35: CD spectra of PBS and CHI, HEP, LL-37 and PPCs at 30 pzg/mL.

CD analyses the secondary structure of proteins or other chiral molecules in solution (a-helices
and B-sheets). HEP and CHI show stereogenics centers, but the CD signals oscillate around
zero over the entire wavelength range. This observation suggests the absence of well-defined
secondary structures, or that the structures are poorly organized. As explained in the State of
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the art, CHI and HEP, being polysaccharides, show little conformational regularity, which ex-
plains their weak signal. Finally, PBS is a buffer that shows no CD signal, as it contains no
chiral molecule.

LL-37 at a concentration of 30 yg/mL in PBS seems to adopt an a-helix conformation, as re-
vealed by the minima observed at 208 and 222 nm, and the positive band around 193 nm (not
shown on the graph?®). However, the curves are not as defined as those shown in Figure 16
(Cédric Vranckx's results), suggesting that the concentration of LL-37 in the PBS solution may
not be sufficient to achieve comparable precision. These results then seem to confirm that 30
ug/mL is the minimal concentration allowing to identify the peptide conformation, and provide
non-precise but acceptable signal.

The signal obtained by PPCs did not display the recognizable spectrum of an a-helical. In fact,
this solution was wrongly prepared with the same volumes of HEP and LL-37 used for a charge
ratio (-/+) of 1.5 at pH 3.5 (see Table 1). To maintain this charge ratio at 1.5, it would have been
necessary to adjust the volume of LL-37, whose charge varies according to the pH, which cor-
responds to the physiological pH of 7.4 for PBS. The obtained (-/+) ratio has been calculated
afterwards, in a similar way as the calculations in the Materials and Methods section, as being
2.58%. Figure 29 shows that this ratio is not optimal for PPCs formation. It is then possible that
the complexation did not take place, which could have led to the aggregation of the components
used for PPCs formation instead, being the potential reason that the expected pattern of the

signal showing an a-helical structure is not observable on the spectrum.

Additionally, the ionic strength of PBS, different from that of ion-free ultrapure water, could
have influenced PPCs formation. Indeed, when PPCs are in ultrapure water, the ionic strength
is very low, allowing the opposite charges to interact without interference. However, when the
two oppositely-charged compounds are in PBS solution, the ions in the PBS screen the charges

of the compounds, reducing their electrostatic interactions.

An experiment was conducted by Zhang et al. to study the influence of ionic strength on the
stability of PPCs formed by positively-charged poly(diallyldimethylammonium chloride) and
negatively-charged poly(sodium 4-styrenesulfonate). The study found that in low ionic strength
environment, PPCs remain stable, with strong electrostatic interactions preventing aggregation.
However, as ionic strength increases, added salt screens these interactions, leading to larger

aggregates and instability. At very high ionic strengths (e.g., 3.0 M NaCl), PPCs may de-

26 When CD analysis is performed, voltage values are used to compensate for sample absorbance. If the absorbance
of the sample is too high, the compensation voltage can reach considerable values. When these voltage values
reach around 600V or more, the data obtained by CD becomes unreliable and is therefore not taken into account.
For this reason, values between 190 and 200 nm are not shown on the graph. As a result, the positive band at 193
nm is not visible.

27 The (-/+) charge ratio is then more important since the LL-37 is less positively-charged at pH 7.4 (+6) than at
pH 3.5 (+10.39). The charge ratio was calculated for PPCs formation in ultrapure water and did not take into
account the ionic strength of PBS.
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complex back into individual PE chains due to excessive screening of electrostatic interactions.
[100]

To avoid the risk of aggregation, PPCs should be constructed at different charge ratios in PBS
and the same turbidimetric analysis, as described in the section /. PPCs optimal charge ratio
determination, should be performed to identify the charge ratio favorable to their formation in
PBS.

Figure 36 shows the signals for LL-37 released from both types of coating, following the pro-
tocol showed in Table 8. These signals were obtained by subtracting the contributions of HEP
and PBS in the case of the coating with bare LL-37, as it is found in PBS and HEP is also
released with the peptide. For the coating constructed with PPCs, the contributions of HEP,
PBS and CHI have been subtracted.
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Figure 36: CD spectra of released LL-37 from PPCs-based and bare LL-37-based coatings at unknown concentration, estimated

around 30 pg/mL.

The signals in Figure 36 do not allow to determine the conformation of LL-37 when released.
The curves obtained for bare LL-37 and PPCs are similar, and the signals obtained are quite
low (same order of magnitude than signals obtained from PBS, CHI and HEP in Figure 35).
This suggests that the LL-37 concentration in the samples is not sufficient. As explained after
the presentation of the results of the released LL-37 (Table 7), PPCs-based coating does not
have an important release capacity. It is then not surprising that the 30 yg/mL concentration
was not reached for PPCs.

However, in the case of bare LL-37, we can also see that the concentration released did not
reach 30 pg/mL, as we did not detect the minimal signal that would allow us to determine its
conformation, which is surprising as our calculations predicted a concentration of 54.15 yg/mL.
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The first hypothesis as to why this concentration was not achieved is that the amount before the
release was not optimal. Given that a BL requires 50 minutes to construct, the formation of the
50 BLs took place over a period of 5 days. When the plate was kept refrigerated overnight,
water at pH 3.5 or 5 was added to the microwells, depending on the coating. It is possible that
some of the LL-37 was released into the water during these waiting periods, resulting in peptide
losses. In addition, LL-37 may have degraded over time, leading to its denaturation and conse-

quent loss of a-helix conformation.

A second hypothesis can be also considered. The fact that the 30 pg/mL concentration was not
reached could mean that the LL-37 released only concerns the surface layers in contact with the
PBS, meaning that increasing indefinitely the numbers of BLs for coating formation has no
interest. By optimizing conditions such as the number of BLs, the stock of LL-37 may be
greater, but the release would not be more intense. To verify this hypothesis, an experiment
could be carried out to determine whether the increase of LL-37 release due to an increase of
the BLs reaches a threshold before 50 BLs.

3. Study of LL-37 adsorption in the coatings

LL-37 remaining in the coatings after the release experiment was quantified through BCA assay
(see Materials and Methods section) to determine what conditions were optimal for LL-37 ad-
sorption, to pursue the following goals.

Firstly, the previous experiment showed that LL-37 release from the coating is not as straight-
forward as we thought. Indeed, after 24 hours, the coating did not even release a concentration
of 30 ug/mL of the peptide. This following experiment will therefore determine whether this
small release concentration is due to a small amount of LL-37 adsorbed in the coating upstream,
when it was constructed, or a small release rate.

Also, in the previous section 2. Study of LL-37 release from the coating, we made the hypothesis
that a coating with more LL-37-containing BLs was destined to release more LL-37, following
the observation that a coating of 20 BLs released more LL-37 than a 16 BLs coating. This
section would then confirm whether this assumption was correct or if something else explained
the difference in release of the two different coatings.

Lastly, the following section covering LL-37’s synergy with antibiotics shows a significant ac-
tivity of the peptide on biomass (through synergy with antibiotics). The AMC is thought to be
release-active, but the release experiment showed that even after 24 hours, the latter did not
release a concentration close to its MIC (>512 pug/mL), showing that the released LL-37 can
either have an effect on bacteria below its MIC, or that the activity of the coating is partially
due to the LL-37 immobilized. In this idea, the following experiment would be interesting to
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assess the optimal conditions for LL-37 immobilization, and therefore, for coating’s potential
contact-activity on bacteria?.

3.1 Remaining LL-37 in the coatings after release

The experiment enabled to determine the quantities (through BCA assay) of LL-37 remaining
after release. Knowing the quantities released from and remaining in the coating will allow to
deduce the mass of LL-37 adsorbed during coating construction for a certain polystyrene mi-
crowell area® (in yg/cm?).

Table 9: Quantity of LL-37 remaining per cm? of coated polystyrene microwell after LL-37 release in PBS. (ug/cm?)

Condition 1 2 3 4 5 6
PBS (uL) 300 300 200 300 300 200
BL 20 16 16 20 16 16
pH 3.5 5
LL-37 in
PPCs 18.40 18.01 18.26 17.72 17.72 17.46
(uglem?)
Bare
LL-37 11.58 13.52 13.20 16.40 16.80 16.76
(ug/cm?)

The values in Table 9 show that the amount of the AMP remaining in the microwells seems to
be more important in the case of PPCs. But, attention must be paid that, in the case of PPCs-
based coating ((PPCs- CHI),), CHI is also quantified through BCA assay since its amine groups
also reacts in the BCA reaction. As explained in the Materials and Methods section, the exact
interference of CHI is unknown, but estimated quite low. Considering this, the BCA signal will
be fully attributed to LL-37 in our discussions, but the potential of an overestimation of LL-37
quantity due to CHI quantification cannot be ignored.

While quantities remaining at pH 5 for PPCs and bare LL-37 at pH 5 are comparable, at pH 3.5
however, the difference between PPCs and LL-37 coatings is quite important. A higher quantity
remaining in the PPCs-based coatings at pH 3.5 than for bare LL-37-based coating can either
be due to a lower PPCs release, or to a higher adsorption of PPCs inside the coating during
coating construction, or both. Next section will allow us to answer this question.

28 The authors made the hypothesis that, if the coating reveals in the future to be contact-active, a higher quantity
of LL-37 adsorbed in the coating would lease to an increased activity of the coating. However, nothing now allows
us to say that all the LL-37 immobilized in the coating can enter in contact with bacteria cell membrane. This
hypothesis is more developed in the Future prospects section.

2 Area of the coating on a polystyrene microwell was determined by summing the bottom area of the microwell
with the walls area coated by the 200 L solution volume added for each step of the LbL construction.
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3.2 LL-37 adsorbed in the coatings

The total quantity of LL-37 adsorbed during the coating’s construction, corresponds to the re-
leased quantity of the peptide (#g/cm?) shown in Table 10, adapted from Table 7, summed with
the remaining quantity (#g/cm?) in the microwells after release experiment, shown in Table 9.
These values enable us to assess the adsorption capacity of the different coating conditions.
They are shown in Table 11 (sum of Table 9 and Table 10 values).

Before further discussion of the results, to conclude the previous section 2. Study of LL-37
release from the coating, the values of Table 11 allow us to think that the higher values of
complexed LL-37 remaining in the PPCs-based coating after release experiment compared to
the bare LL-37-based coating is well due to a lower PPCs release potential, and not to a higher
adsorption of PPCs inside the coating during coating construction.

When the coating is constructed with PPCs, two parameters differ from a coating constructed
with bare LL-37: the use of CHI as an oppositely-charged PE and the complexation of LL-37
with HEP. The lower release capacity can be explained either by the CHI, which could reduce
release, or by the PPCs themselves. A study of the dynamism of PPCs could provide an answer
to these hypotheses.

Table 10: Quantity of released LL-37 per cm? of coating polystyrene microwell obtained by summing quantities released for
13 sampling times and divided by the total coating area (xg/cm?)

Condition 1 2 3 4 5 6
PBS (uL) 300 300 200 300 300 200
BL 20 16 16 20 16 16
pH 3.5 5
LL-37 in
PPCs 1.96 1.82 1.37 4.05 3.26 3.05
(ng/cm?)
Bare
LL-37 3048 17.20 20.04 9.35 6.61 5.09
(ng/cm?)
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Table 11: Quantity of adsorbed LL-37 per cm? of coating in polystyrene microwell obtained by summing quantities released
and remaining in the microwells (xg/cm?)

Condition 1 2 3 4 5 6
PBS (uL) 300 300 200 300 300 200
BL 20 16 16 20 16 16
pH 35 5
LL-37 in
PPCs 2036 19.83 19.62 2176 2098 2051
coating
(uglem?)
LL-37 in
bare LL-37| 1 06 30.72 3324 2575 2341 21.85
coatlng
(ug/cm?)

Results from Table 11 show that LL-37 adsorption is favored when bare LL-37 is used rather
than when it is complexed with HEP, even if this tendency is more pronounced at pH 3.5 than
at pH 5. As HEP and CHI charges are stable at pH 3.5 and 5, the change in adsorption capacity
according to the pH is most certainly due to a different charge density of the LL-37. This could
explain the increased adsorption of bare LL-37 at pH 3.5 compared to its quantity adsorbed at
pH 5. Indeed, at pH 3.5, LL-37 has a higher charge density than at pH 5, which may allow it to
interact and bind more efficiently to HEP in the coating, as well as to diffuse more easily be-
tween the layers.

PPCs do not show a significant variation in adsorption capacity when comparing values at pH
3.5 and pH 5°°. A hypothesis for this non-obvious difference would be that the negative corona
of the complexes made of HEP maintains a certain homogenous charge density, not varying
with pH. With CHI also displaying a homogenous charge density at both pH values, this could
explain why no significant change is observed in the adsorption capacity of PPCs.

The first stated goal of this experiment was to test whether the relatively small released quantity
of LL-37 was due to a small quantity of LL-37 immobilized in the coating upstream. This ex-
planation will not be retained as the quantity of LL-37 released from the coating seems to be a
relatively small part the quantities adsorbed during coating construction, for every condition.
Indeed, quantities left in the wells after release of the LL-37 seem to still offer a reasonable
stock of LL-37 (see Table 9).

Results obtained for LL-37 adsorption led us to discuss three parameters to assess optimal con-
ditions to immobilize bare LL-37 and PPCs in the coating. This discussion will then firstly focus
on the effect of the number of BLs, following with the effect of the pH, and lastly, we will
discuss the intrinsic adsorption ability of both used forms of LL-37 used: bare and complexed.

30 The fact that PPCs did not show in our results a significant difference in adsorption between pH 3.5 and 5 has
led us to build a coating at pH 5 for PPCs coating to improve their release (see Table 8).
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The results presented in Table 11 enabled the construction of Figure 37 (conditions 1,2 and 3,
4). They show that the amount of LL-37 adsorbed in the coatings, per cm?, does seem to increase
with the number of BLs, especially for bare LL-37. This observation could confirm our hypoth-
esis that a coating that have immobilized more LL-37 upstream would offer a better release of
the components and responds to the second goal stated at the beginning of this section.

Note that the difference in adsorbed quantity per cm? is most marked between 16 and 20 BLs
for bare LL-37 at pH 3.5. This significant variation can be seen in Appendices, Table IV which
details the quantities released of bare LL-37. After 30 minutes, the difference between the 20
and 16 BLs is more than double the amount released at 16 BLs, which seems anomalous. We
believe this is due to an experimental error in filling the microwells prior to analysis. In fact,
the filling, carried out in the dark, may have been carried out with a larger volume, which would
explain the large quantity released with 20 BLs. In our case, the main aim is to identify a general
trend from these results, which minimizes the impact of this imprecision.
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Figure 37: Adsorbed LL-37 per square centimeter as a function of pH for different number of BLs (xg/cm?) (left = PPCs, right
= bare LL-37)

This observation that the adsorbed LL-37 quantity increases with the number of BLs has been
confirmed by Coralie Nerincx and Noémie de Suray in former experiments. Figures 38 and 39
depict the amount of LL.-37 adsorbed in g g/cm?, in the case of PPCs and bare LLL.-37 for differ-
ent numbers of BLs, at pH 3.5 and 5.
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Figure 38: Average mass of LL-37 per square centimeter in different bare LL-37 film constructions at pH 3.5 (light blue dots)
and pH 5 (dark blue dots) by Coralie Nerincx and Noémie de Suray
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Figure 39: Average mass of LL-37 adsorbed per square centimeter in different PPCs film constructions at pH 3.5 (light orange
dots) and pH 5 (dark orange dots) by Coralie Nerincx and Noémie de Suray

Overall, for every condition, it is clear that the amount of LL-37 adsorbed in the coating in-
creases as the number of BLs increases.

The pH variable can also be discussed as both Figures 38 and 39 highlight the importance of
pH in the adsorption of bare LL-37, a tendency that our results also display (Figure 38) in the
case of bare LL-37.

For PPCs-based coatings (Figure 39), adsorption shows linear evolution with the number of
BLs, the slopes varying according to pH values. This graph shows favored adsorption of LL-
37 as PPCs at pH 3.5, an observation that our data does not display as clearly. In fact, results
from Figure 33 shows a difference of adsorbed LL-37 between pH 3.5 and 5 of ~ 4 pg/cm? for
20 BLs, while our data from Table 11 shows a difference of ~ 1 pg/cm?. Either way, the ad-
sorption of PPCs compared to bare LLL-37 is not favored and will be discussed further on.
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As for bare LL-37-based coatings (Figure 38), we note an exponential increase in adsorption at
pH 3.5 and a linear increase at pH 5. Indeed, above a certain BLs number, we observed a trend
towards a better adsorption of bare LL-37 at pH 3.5, a tendency we had also observed and
explained by the fact that the peptide's charge density was greater at this pH value. A higher
charge density could confer the LL-37 the ability to diffuse into the film, as shown by the ex-
ponential nature of its adsorption.

Let us now discuss the intrinsic adsorption ability of both used forms of LL-37: bare and com-
plexed. Our observation that PPCs do not adsorb in a coating as well as bare LL-37 can explain
why this type of coating has a low release capacity, which led to no signal detection of the PPCs
in CD.

This observation that bare LL-37 adsorbs better than complexed LL-37 does not follow the
conclusion of the similar experiment performed by Aurélien vander Straeten showing a better
adsorption of lysozyme when complexed with PSS. [9]

Factor that can explain this difference is the LL-37 structure (Figure 4), way different from the
lysozyme’s. Thanks to the specific arrangement of its aa, two parts are distinguishable in LL-
37 structure: polar and non-polar. A hypothesis would be that this polar part interacts effectively
with oppositely-charged layers through electrostatic interactions and dynamic rearrangement
within the coating. Although PPCs have a net negative crown, the rearrangement within PPCs
could distribute the charges heterogeneously. The adsorption capacity of LL-37 is therefore
higher when bare, as it has more interaction sites and can arrange itself to interact more intensely
through electrostatic forces.

3.3 Conclusion and perspectives

This experiment allowed us to confirm some hypothesis and answer to several questions raised
from the release experiment. First, the results showed that the higher values of complexed LL-
37 remaining in the PPCs-based coating, after the release experiment, compared to the bare LL-
37-based coating is well due to a lower PPCs release potential, and not to a higher adsorption
of PPCs inside the coating during coating construction.

Results showed that the release potential of the coatings is not fully exploited, as a high quantity
of LL-37 remained in the wells. The data also allowed to confirm the hypothesis stated in the
release experiment, which was that a coating containing a higher number of BLs contains a
higher quantity of LL-37, and allows to reach a higher released concentration of LL-37. This
observation answered the second goal of this experiment.

The third goal stated for this experiment was that quantifying the adsorption capacity was in-
teresting to assess the optimal conditions for LL-37 immobilization, and therefore, for coating’s
potential contact-activity on bacteria. To this end, three factors have been discussed: the number
of BLs, the pH values, and the intrinsic adsorption ability of both forms of LL-37 used: bare
and PPCs.
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Results showed that the adsorption efficiency of LL-37 can be improved by using bare LL-37
rather than PPCs. Adjusting pH to 3.5 and increasing the number of BLs also have a significant
impact on the adsorption capacity of LL-37, as shown by our results and those obtained by
Coralie Nerincx and Noémie de Suray.

If further experiments demonstrate the contact-killing activity of LL-37, it could be interesting
to build the AMC following the variables, highlighted by this experiment, that optimize the
AMC’s LL-37 stock, if it shown that LL-37 contained in the lower layers of the coating can
also enter in contact with bacteria through coating’s dynamic behavior.

However, even if it would be interesting to build AMCs from bare LL-37, as it offers increased
adsorption capacity, constituting a better stock, there is a first need for a prove that its activity
on bacteria is comparable to (or better than) the one offered by LL-37 contained in PPCs coat-
ing. Indeed, if bare LL-37 offers a lower activity compared to the complexed LL-37, the use of
PPCs-based coating may be more interesting in the fight against bacteria, even if the adsorption
of the constituting components is less straightforward.
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4. Antibiotics synergy with LL-37-based antimicrobial coating

To follow the second objective of this Master’s thesis, the activity of the coating has been tested
on pre-formed biofilms of S. epidermidis, through the assessment of whether a synergistic effect
of the coating is obtained when put together with antibiotics treatment, or not.

Figures 40 and 41 present the results for, respectively, biomass and metabolism reduction of
24h pre-formed biofilms of S. epidermidis ATCC 35984 that have undergone the antibiotic
treatment as described in the Materials and Methods section. Red data on the figures present
results for biofilms treated with antibiotics alone while green data show the obtained results
when antibiotics are put together with the (bare) LL-37-based AMC.

On the graphs, X axis represents the different concentrations for each antibiotic, as described
in the Materials and Methods section. C* are positive control values that correspond to biofilms
non-treated with antibiotics. In the case of the green data, C* values are then associated with the
effect of the LL-37 coating acting alone on biofilms formation.

Y axis shows the reduction of whether biomass (Figure 40) or metabolism (Figure 41) in per-
centage values by comparison with biomass and metabolism of biofilms that have been grown
on non-coated plates, and on which no antibiotics treatment was applied at all, corresponding
to the C* value of the red results (0%).

All conditions were performed in triplicates (n = 3) (see Materials and Methods section) and
the whole experiment has been performed three times (N = 3). The means of the results for
three replicates and three repetitions are represented on the graph + SEM3!. Student’s #-tests
were performed for statistical analysis of the two values (coating and no coating), for each
condition of MIC of each antibiotic, and represent if there is a significant effect of the antibiotic
along with the coating compared to the same conditions without the coating. Whether #-tests
are significant or not is assessed by the p-values as explained in Figures 40 and 41’s legends.

31 SEM stands for Standard Error of the Mean and is a measure that quantifies the amount of sampling variability
or uncertainty in the estimation of the population mean.
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Figure 40: Percentage biomass reductions for 24h pre-formed S. epidermidis ATCC 35984 biofilms when combining a LL-37-
based coating with different multiples of the MIC of either vancomycin, tobramycin, doxycycline, or linezolid. C* = untreated
biofilm (positive control). Values are mean + SEM. Statistical analyses were performed by Student’s t-tests (N=3, with n=3 per
replicate). The significantly different values between LL-37 coated and non-coated surfaces, for a given MIC value of the
antibiotic, are shown by the p-values as follows: ns = non-significant, * = p<0.05, ** = p<0.01, *** = p<0.001, **** =
p<0.0001.

Figure 40 shows that when bacteria are exposed only to the LL-37 coating and no antibiotics
treatment is applied (C* results for green data), a very slight effect on the biofilm’s biomass is
observable. The diminution being so small, the effect of the coating alone compared to untreated

S. epidermidis ATCC 35984 biofilm (C* results for red data), is considered non-significant (ns)
by Student #-test.

Results show that for antibiotic treatment alone (red data on Figure 40) no significant efficacy
of the antibiotics is observed on biomass, for any antibiotic concentration. In other words,
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results for antibiotic treatment without coating show no net decrease of biomass, even when the
biofilm is exposed to doses of the antibiotic way above its MIC. As a matter of fact, this treat-

ment even results in a slight increase (negative reduction) in biomass in most conditions.

However, biomass reduction is superior for antibiotic treatment put together with LL-37 from
the coating (green data) compared to when it is not coupled with AMC (red data). In addition,
antibiotic treatment with LL-37 coating do present a tendency of offering a better reduction in
biomass when the biofilm is exposed to a higher multiple of the MIC, at least before reaching
a certain observable concentration threshold after 2x the MIC for vancomycin, doxycycline,

and linezolid.

Results for vancomycin do not all show a significant effect when antibiotics are coupled with
the LL-37 coating compared to the treatment without LL-37 (ns for 5x and 10x MIC). For all
other three antibiotics, there is a significant effect of the treatment when put in coated wells
conditions (p<0.01 to p<0.0001) in exception for 1x the MIC of doxycycline (ns).
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4.2 Results for metabolic activity reduction
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Figure 41: Percentage metabolism reductions for 24h pre-formed S. epidermidis ATCC 35984 biofilms when combining a LL-
37-based coating with different multiples of the MIC of either vancomycin, tobramycin, doxycycline, or linezolid. C* = un-
treated biofilm (positive control). Values are mean + SEM. Statistical analyses were performed by Student’s t-tests (N=3, with
n=3 per replicate). The significantly different values between LL-37 coated and non-coated surfaces, for a given MIC value of
the antibiotic, are shown by the p-values as follows: ns = non-significant, * = p<0.05, ** = p<0.01, *** = p<0.001, **** =

p<0.0001.

Results for metabolism reduction of 24h pre-formed biofilms of S. epidermidis that have under-
gone the antibiotics treatment explained in the Materials and Methods section are shown on
Figure 41. As for biomass reduction results, Figure 41 shows no significant effect of the coating
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alone, when green C*data is compared with red C* data, non-treated biofilms.
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Figure 41 displays metabolic activity reduction results as being quite different from the bio-
mass’ results. Indeed, for tobramycin, doxycycline, and linezolid, all treatment conditions,
whether LL-37 and antibiotics-based or antibiotics acting alone, allow the global metabolic
activity of the biofilm to decrease.

The only condition showing significant (p<0.001) effect of the coating and antibiotics on met-
abolic activity, compared to the antibiotic treatment alone, is 10x MIC for doxycycline. All
other conditions do not allow to see any significant (ns) effect on metabolism for antibiotic

treatment coupled with AMC in comparison with the same antibiotics’ treatment alone.

For vancomycin-based treatment, no significant decrease in metabolic activity for antibiotic
treatment in the presence of coating, compared to the antibiotic treatment alone is observed
(ns). As a matter of fact, in opposition to the other three antibiotics treatment, coated and non-
coated vancomycin-based treatment do not allow to observe a decrease in metabolism in the
biofilm and, subsequently a significant effect of the LL-37-based treatment compared to a treat-

ment without the coating.

4.3 Discussion on treatment’s effect on biomass and metabolic activity

The (red) results for antibiotics treatment alone on the biofilm do not show effect on biomass
for any condition. This observation could lead to think that the treatment had no activity on the
biofilm, maybe not being able to penetrate the extracellular matrix and reach bacteria cells.
However, attention must be paid to the fact that the quantification of biomass through crystal
violet staining cannot tell the difference between dead and alive biomass. The bacteria inside
the biofilm, as well as the extracellular matrix, can have been altered by the antibiotics in a way
that is detectable with the resazurin and not the crystal violet dye. Indeed, such results are ob-
tained for tobramycin, doxycycline, and linezolid, the three treatments showing significant ef-
fect on metabolism while no effect on biomass is detected, leading to think that the chosen
antibiotics do have an important activity on metabolism reduction, at least before reaching an
apparent plateau around 5x CMLI. It is then totally plausible than the antibiotics treatment alone
do have a bactericidal or bacteriostatic effect on bacteria that was not detected by the biomass
quantification method used.

However, the fact that biomass reduction is non observable while metabolic activity is present
can also lead to another hypothesis, if we consider that the quantified biomass still contains
viable cells. The hypothesis is based on recalcitrance mechanism of a whole population of bac-
teria being the slow metabolic rate, as described in the State of the art. As a matter of fact, the
biofilm could, as a response to an environmental stress caused by biofilm conditions, be influ-
enced by antibiotics presence, adopt a slow metabolic rate while keeping the same biomass.

However, this second hypothesis has not been retained as a similar behavior would have been
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expected from bacteria in contact with vancomycin, although no reduction of metabolism is

observed.

Considering the vancomycin treatment alone, as for the other three treatments, no effect is de-
tected on biomass. But, nor for metabolism of the biofilm. As a reminder, vancomycin is the
only of the four antibiotics acting extracellularly, on cell wall synthesis, while the other three
drugs have intracellular activity, targeting essentially protein synthesis. Vancomycin could then
have less activity on bacteria metabolism compared to tobramycin, doxycycline, and linezolid,

for whose it is the first target.

As for results for antibiotics treatment when coupled with the LL-37-based AMC, the tested
synergistic effect was not observed for metabolism activity. Indeed, tobramycin, doxycycline,
and linezolid treatments allowed obvious decrease of metabolic activity, with and without LL-
37 coating (except for 10x the MIC of doxycycline). No synergistic effect was neither observed
for vancomycin, as Figure 41 shows no decrease of metabolic activity for vancomycin with the

coating compared to the treatment based on vancomycin alone.

The results of Figure 40, between antibiotics and the LL-37-based AMC, for all four antibiotics,
showed that the biomass decreases significatively compared to the antibiotics treatment alone,
leading us to think of a potential synergy*? between the coating and the chosen antibiotics.
However, not all concentration conditions of vancomycin treatment showed significant de-
crease compared to the antibiotics treatment alone (ns). Presence of LL-37 does not seem to
increase in any way the MOA of vancomycin on metabolism, maybe due to the fact that the
drug does not directly target cellular metabolism, as do the MOAss of the three other antibiotics.

For vancomycin, doxycycline, and linezolid, we can visually assess that concentration of anti-
biotics higher than 2x the MIC do not lead to better reduction of biomass. On the other hand,
tobramycin graph suggests that an increase in the concentration could increase the biomass
reduction even more, in opposition to all three other treatments that have reached an observable
threshold after 2x the MIC. This could be due to the fact that the ATCC 35984 strain is already
resistant to tobramycin, as shows its high MIC of 256 ug/mL and, subsequently, a higher con-
centration of tobramycin could be necessary to achieve the same results as for antibiotics to

which the strain is not resistant yet.

From results shown on Figure 40, synergy of antibiotics and LL-37 acting on biofilm’s biomass
seems quite obvious. However, the whole challenge lies in the identification of the mechanism

that would allow such coupled and enhanced effect.

First hypothesis is that this activity is attributed to the only presence of LL-37. This hypothesis
is plausible since the coating could have prevented the growth of the biofilm on the coated well.
Indeed, as already mentioned in the State of the art, a study performed by J. Overhage et al in
2008 has demonstrated that LL-37 had also prevention role on biofilms of Pseudomonas

32 As a reminder, synergy could be seen as a 1 + 1 = 3 effect, being distinct from an additive effect (1 + 1 = 2).
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aeruginosa. Indeed, they have shown that concentration below the MIC of LL-37 could already
have a significant inhibitory effect on biofilm formation. They estimated the effect of 1/128
MIC to reduce 40% of biofilms biomass compared to biofilms formed in absence of LL-37
treatment. [59] Unfortunately, C* results for green data, displaying the results for LL-37-based
coating working alone, shows ns activity of the LL-37 on the biofilm’s biomass. Moreover, an
effect of the antibiotics’ concentration is observable, since for each antibiotic, the diminution

of the biomass for 2x the MIC is more important than the 1x MIC condition.

We secondly considered the possibility that the diminution of the metabolism could be the cause
for biomass decrease. In fact, the EPS constituting the extracellular matrix are made of proteins,
extracellular DNA, and mainly polysaccharides depending on enzyme activity for their biosyn-
thesis, regulation, or even transport. Altering the cell metabolism could be the reason for a less
developed extracellular matrix, contributing to the biomass of the biofilm. However, this hy-
pothesis is not consistent as a diminution of metabolism under the antibiotics’ treatment of
tobramycin, doxycycline, and linezolid acting alone did not lead to subsequent biomass de-

crease.

The other way around, we assessed the question of whether it was this decrease of biomass,
when the antibiotics and LL-37 work together, that led to a diminution of the global biofilm
metabolism. As the antibiotics and the LL-37 together may have altered the biofilm’s biomass
through the inhibition of cell growth, this could lead to less total metabolic activity of the bio-
film. However, again, this hypothesis has been refuted as no significant decrease in metabolism
was observed when LL-37 and antibiotics act together compared to the previous treatment of
antibiotics acting alone, showing that this metabolic activity decline was not due to biomass
reduction. Indeed, 10x the MIC of doxycycline do offer a significant effect on the biofilm’s
metabolism of doxycycline and LL-37 compared to doxycycline alone. Moreover, the tendency
of having greater metabolism reduction for green data is observable for other conditions of
doxycycline, and for linezolid. However, all these conditions are considered ns by Student #-
test, and no such effect is observed for vancomycin, nor tobramycin. The hypothesis that the
reduction of metabolism is due to an upstream diminution of biomass caused by the LL-37

working together with antibiotics can then not be confirmed.

Lastly, a plausible hypothesis would be that antibiotics along with LL-37 target the EPS, the
extracellular matrix. This would explain a decrease of the biofilm’s biomass, not directly cou-
pled with the decline in metabolic activity of the cells, kept alive even if not encased in a pow-
erful extracellular matrix. CFU analysis could help determine whether the viable cells amount
decreases in a similar way as does the total biomass, or not, the latter potentially confirming
this hypothesis. Unfortunately, the CFU experiment conducted in this Master’s thesis is not
presented as the experimental error was too high to consider the obtained results reliable (see
Appendices section 3.2 CFU counting).
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In conclusion, it is quite undeniable that LL-37 displays a significant synergistic activity on
biofilms’ biomass when coupled with antibiotics. First hypothesis is that the LL-37 released
from the coating can have an effect on bacteria, even under its MIC3?. But LL-37 could also
have an activity on bacteria while still inside the coating. Indeed, contact-killing AMCs do exist,
and, furthermore, even if it was shown by CD in the past that bare LL-37 was not in a-helical
conformation in the solutions used to build the coating; firstly, nothing showed that it did not
readopt this structure somehow inside the coating and, secondly, this a-helical conformation
could be readopted when the AMP binds to bacteria cell membrane since it has been showed
that the helicity of LL-37 increased while in contact with bacteria, as explained in the State of
the art.

Indeed, said pores could be a way exploited by tobramycin, doxycycline, and linezolid to enter
the bacteria more easily and allow increased activity on biomass, either through inhibition of
EPS synthesis, transport, etc., or through cell lysis. Vancomycin’s activity on biomass would
be less enhanced by pore formation as it has no intracellular effect and this membrane disruption

caused by LL-37 will have lower effect on cell wall synthesis inhibition.

However, the mechanism allowing this synergistic activity of LL-37 and antibiotics on biomass
has not been highlighted by our research and there is a need for further experimentation, such
as CFU counting. More experimentation is also needed to assess why an obvious decline of
biomass has no effect on the biofilms’ global metabolic activity. This experiment has also high-
lighted the difference in MOAs of vancomycin compared to the other three antibiotics’

3 It is assessed that the peptide is acting under its MIC as a 14.5 BLs coating could not have released a concentra-
tion of >512 pg/mL, considering that former experiments have shown that a 50 BLs coating did not even allow a
release of 30 pg/mL.
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PART VI - Conclusion

This Master’s thesis studied the activity of an AMC whose antimicrobial’s properties are im-
parted by to the LL-37 AMP. The said AMC have been constructed by LbL. methods, in two
different ways. A first coating was based on bare LL-37 and a second one was built with LL-
37 complexed with HEP under the form of PPCs.

Experiments have been performed on PPCs to determine their optimal PE-to-protein, or HEP-
to-LL-37 (-/4) charge ratio to use for PPCs formation. Results showed that (-/+) charge ratio of
1.5 optimized PPCs formation, which matched former results obtained by Cédric Vranckx.

Activity of LL-37-based AMC has been assessed following two objectives and subsequent strat-
egies. First objective was based on the hypothesis that the studied AMC displays an antimicro-
bial activity by release of the antimicrobial agent. Following this idea, CD analysis was per-
formed to determine whether the LL-37 was released under its active conformation (a-helix)
or not. This experiment was nourished by the fact that bare LL-37, when not-complexed in
PPCs, do not display this secondary structure in the aqueous solutions used to form the coating.
Note that no experiment was done to determine the conformation of LL-37 inside the coating.
This means that the a-helix form could have been re-adopted by bare LL-37 before being re-
leased from the coating. Additionally, PPCs could decomplex and consequently free LL-37,

which could also lose its a-helical conformation, yet maintained in aqueous solution.

Unfortunately, despite experiments performed to determine which conditions would optimize
the release of LL-37 from the coating, no sufficient concentration (30 pg/mL) could have been
reached to detect a signal in CD for either bare or complexed LL-37. No conclusion can be
made on the structure of the released peptide.

Nevertheless, this experiment allowed to confirm that 30 yg/mL of LL-37 is around the minimal
acceptable concentration for CD signal detection and subsequent acquisition of interpretable
results. This conclusion showed that LL-37 released from 50 BLs did not reach such concen-
tration and that LL-37 quantity released from the coating is not directly linked to its adsorbed
quantity. A hypothesis was evoked that the main reason for this insufficient concentration was
that only the layers in contact with the PBS used to release the LL-37 do release the peptide.
Increasing the numbers of BLs for coating construction for a higher quantity of LL-37 adsorbed
would not indefinitely allow better release of the coating. In other words, a higher stock of LL-
37 in the coating would not directly lead to a higher concentration of released LL-37.

The second strategy to test the AMC activity was to study its coupled activity with routinely-
used antibiotics, in order to highlight a potential synergistic effect of the LL-37 with either
vancomycin, tobramycin, doxycycline, or linezolid, on 24h pre-formed biofilms of S. epider-
midis. Results showed significant synergistic effect of the antibiotics coupled with LL-37 for

biomass reduction. In the case of metabolic activity, no significant effect of the antibiotics with
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the coating whether with or without the coating was observed. Indeed, in the case of vancomy-
cin, no effect on metabolism was observed with and without the coating, while tobramycin,
doxycycline and linezolid showed significant, but similar, effect on metabolism either way. The
reason why vancomycin showed no effect on biofilm’s metabolism can be due to its MOA, not

directly targeting cell metabolism, in contrast with the other three antibiotics.

The fact that the biomass of the biofilm was reduced in the case of the presence of the coating
for all four antibiotics but that the same trend was not observed for biofilm’s metabolism has
led to several hypothesis. The hypothesis that LL-37 alone could prevent biofilm formation
upstream and therefore reduce the total biomass was not retained as the effect of the AMC alone
on the pre-formed biofilm showed no significant effect, highlighting the importance of the cou-
pled effect of antibiotics.

Therefore, the most plausible hypothesis to date would be that antibiotics together with LL-37
have effect on EPS, reducing the extracellular matrix formation, which accounts for the biomass
of the biofilm but has no direct effect on the cell’s metabolism. This hypothesis is to be consid-
ered with caution and further experimentation, such as CFU counting, needs to be performed to
further study the mechanism of this obvious synergistic effect between LL-37 and antibiotics.

However, the experiment showed that the AMC could display an antibacterial activity when
coupled with antibiotics, even when releasing concentration of LL-37 under its MIC (>512
ug/mL). Indeed, AMC used for second objective experiment was made of 14.5 BLs of bare LL-
37 and must have released a small concentration of LL-37 considering the concentration below
30 pg/mL of LL-37 released from a 50 BLs.

Bare LL-37 displaying antimicrobial activity under its MIC led us to think of two hypotheses
concerning LL-37 structure when released. First, bare LL-37 may re-adopt its a-helical confor-
mation at some point after the construction of the coating, either when immobilized inside the
latter, or when it is released. In this case, this re-adoption of the structure could be thanks to
physiological conditions of PBS which offer soft conditions under which bare LL-37 could re-
adopt this secondary structure, even after losing it in aqueous solution. This also shows that
aqueous solution at pH 3.5 and 5 did not cause the peptide to completely denature. Secondly,
LL-37 could also re-adopt its a-helical conformation when entering in contact with bacteria, as

it has been shown that the helicity of LL-37 increases when it encounters cell membrane.

Yet, another reason for the coating’s activity could be that the AMC, firstly thought to display
antimicrobial activity through release of antimicrobial agent, could actually also have a contact-
killing activity. Subsequently, maximize the release of LL-37 could maybe not be the best strat-
egy to increase activity of the AMC. Conserving a certain amount of the AMP inside the coat-
ing, and find a compromise between LL-37 being released and remaining immobilized, could

be an interesting proposition.
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PART VII - Future prospects

This part will focus on interesting prospects to further study the coating’s structure, behavior,
and activity. Different experiments that could help confirm or pursue the goals of our research
are described below. Additionally, perspectives for the application of the coating on hip joint
prostheses are presented.

Firstly, PPCs should be further studied as it has been showed by Cédric Vranckx that they
allowed LL-37’s secondary structure to be conserved in aqueous solution, which was not the
case when the latter was bare, non-complexed as PPCs. In this interest, their structure and be-
havior should be studied in more details, since their formation and dynamism in the coating are
still poorly understood. DLS analysis could be performed to determine whether the optimal
charge ratio for their formation favors a higher quantity or a higher size of the formed com-
plexes, which could lead to a different interaction with CHI to form the multilayered coating.
Inside the said layers, the behavior of PPCs could also be studied. In fact, if the complexed form
of the PPCs is not maintained inside the BLs, the positively-charged LL-37, not standardized
by the negative charges of HEP anymore, could find itself repulsed by the positively-charged
the CHI, causing the PPCs-based coating to adsorb less LL-37, more easily washed out. A fol-
lowing interesting prospect would be to test whether, if the a-helical structure of LL-37 is more
conserved in PPCs than when bare LL-37 is immobilized in the coating, PPCs-based offer a
better activity on S. epidermidis biofilm.

Secondly, we would find interesting to study the mode of action of the coating. In fact, whether
the AMC is release-active or contact-acting, or both, may have an influence on the conditions
followed for coating construction. However, an experiment that would confirm if the activity
of the LL-37 is either due to released LL-37 immobilized or released is not straightforward.
Additionally, attention must be paid that that a-helical conformation does increase when the
peptide encounters bacteria’s membrane, meaning that the activity of the LL-37 can be recov-
ered and that upstream secondary structure might not be a condition sine qua non for LL-37
activity. In this idea, experimentation to prove whether a-helical structure of the LL-37 is con-
served in the coating, or rather when released from the coating, is not a sufficient condition to

confirm one MOA of the coating rather than the other.

In this context, we would preconize to study a coating whose specific area would be increased,
for example, through nanotexturing, micro texturing, or using a porous support. [101] Indeed,
both MOAs could take advantage of this increased specific area. If the release-active coating
proves itself to release LL-37 only from the external parts in contact with the physiological
environment, this would explain why the released quantity of LL-37 was insufficient to allow
a detectable signal in CD. Consequently, increasing the amount of adsorbed LL-37 by adding

more BLs would be of limited interest. Instead, increasing the specific surface area of the
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coating to enhance its contact with the physiological environment is a promising approach. This

would take advantage of the potential of the external BLs to release peptides from the coating.

On the contrary, or complementarily, if the LL-37 is active when still immobilized in the coat-
ing, such MOA also could take advantage of a higher specific area, which not only increases
the interaction surface but also the adsorption potential of the peptide. Additionally, for contact-
active coating, increased number of BLs may be of interest, only if it is shown that the lower
layers have an antimicrobial activity, through BLs rearrangement in the dynamic rearrangement

of the coating.

As for the prospects regarding AMC application on protheses, current experiments conducted
on polystyrene could be replicated on Ti, which is the preferred material for implant manufac-
ture due to its unique properties that enhance the longevity and effectiveness of prostheses. Ti
allows excellent biocompatibility, enhanced osseointegration, corrosion resistance, and reduced
the risk of allergic reactions or local toxicity. [20] Along with its interesting characteristics as
material for medical implant, the charges of Ti have a different behavior than polystyrene’s. In
fact, while polystyrene is a polymer that can acquire negative charges when interacting with
certain substances, a mechanism essential for the LbL technique used in this Master’s thesis, Ti
alloys can develop different set of surfaces properties, such as surface charges since they don’t
carry an inherent charge such as polymers. Surface properties of Ti can be influenced by several
factors, a property that can be exploited to make Ti surface more reactive than polystyrene. In
fact, after treatment like anodization, plasma spraying or chemical etching, the first layer of the
LbL coating can see its affinity enhanced for Ti material. More stable and uniform coatings can

therefore be achieved thanks to Ti use.

These perspectives, in our vison, may provide a promising path for the continuation of this
project, focusing on technical innovation and clinical application to enhance the prevention and

treatment of bacterial infections on hip joint prosthesis.
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Appendices

1. PPCs charge ratio determination

Table I : Volumes of HEP, LL-37 and ultrapure water used to build PPCs for PPCs charge ratio determination experiment.

Charge ratio (-/+) LL-37 (uL) HEP (uL) Ultrapure water (xL)

0 172.90 0 627.10
0.25 172.90 16.63 61047
0.5 172.90 33.26 593.84
0.75 172.90 49.89 57721
1 172.90 66.52 560.58
1.25 172.90 83.15 543.95
15 172.90 99.78 527.32
1.75 172.90 11641 510.69
2 172.90 133.04 494.06
225 172.90 149.67 47743
2.5 172.90 166.30 460.80
2.75 172.90 182.93 444.17
3 172.90 199.56 427.54

Table II: Untreated absorbance values obtained by PPCs charge ratio determination experiment (3 plates) with means and their
associated standard deviation.

Charge ratio r (-/+) Plate 1 Plate 2 Plate 3 x x- Blank S

Blank 0.039 0.042 0.042 0.041 0 0.0013
0 0.049 0.051 0.051 0.050 0.0096 0.0013
0.25 0.068 0.081 0.065 0.071 0.030 0.0086
05 0.076 0.090 0.089 0.084 0.043 0.0073
0.75 0.12 0.11 0.093 0.11 0.066 0.013
1 0.13 0.12 0.10 0.12 0.080 0.015
1.25 0.14 0.13 0.12 0.13 0.088 0.0069
1.5 0.13 0.16 0.16 0.15 0.10 0.016
1.75 0.095 0.22 0.16 0.13 0.088 0.061
2 0.082 0.12 0.10 0.10 0.060 0.017
2.25 0.074 0.096 0.11 0.094 0.053 0.018
2.5 0.097 0.12 0.10 0.11 0.065 0.010
2.75 0.087 0.11 0.10 0.10 0.060 0.013
3 0.081 0.11 0.16 0.12 0.079 0.040
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2. Study of LL-37 release from the coating

Table III: Quantity of released complexed LL-37 (PPCs) from a coated polystyrene microwell for 13 sampling depending on
the condition at different times. (#g) Each condition has been performed in duplicate.

PBS 300 300 200 300 300 200
BL 16
pH 35 5
30" 0321033026 [027[0.19]0.19]039[040[035]035]025]029
1h 025]025]0231023[023]0.16]052|043|042]034]027|030
1h30 [024]025]023|024(021]0.16]041|042[037]033]028|032
2h 025]02410231023[0.17]0.16]036| 040|036 |032]027 | 031
2h30 024 024023 |023(0.16|0.16 038|038 (033 (035|028 030
3h 0240231023 1023|0.16]0.16]035|037[032]032]025|028
3130 | 023 ]023]023]023]021(0.16[033]033]031[031[027]024
4h 0240231023023 [0.17]0.15]033|033[031]030]024|026
4h30  |024]025]023 023|021 ]0.16]032|032[030]029]022 024
5h 0270241024 024 |017]0.15]037037[030]029]022|023
5h30 | 024 [023]022]022]0.18|0.15]037]035]031 033|024 026
6h 02310241022 1023|0.18]0.15]034|042[033]032]023|024
24n  |038[036[030(032]030(023|252]231156|173|1.79 236

CUMUL
e | 338[331[308 | 31412541214/ 7.00 | 683 | 557 | 559 | 480 | 5.63

MOY (ug) | 335 3.11 234 6.92 5.58 522

Cf (ugmL)| 086 0.80 0.90 1.77 1.43 201
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Table IV: Quantity of released bare LL-37 from a coated polystyrene microwell for 13 sampling depending on the condition at
different times. (#g) Each condition has been performed in duplicate.

PBS 300 300 200 300 300 200
BL 20 16 16 20 16 16
pH 35 5
300 |20.77]24.51] 806 [ 7390756 [ 7.13 | 181 ] 1.64 | 087 [ 086 [ 0.61 [ 0.62
1h 227215150 | 157 | 1.11 | 1.55 | 091 | 0.71 | 0.68 | 0.65 | 0.56 | 0.56
1h30 [ 1.19]122]102]101 082|090 |073]067]066]|061|041]042
2h 104 | 116 | 092 | 085|077 | 0.79 | 0.67 | 0.61 | 0.50 | 0.52 | 0.38 | 0.38
2030 | 1.03 | 127097089 072|076 [ 0.64 | 0.60 | 0.52 | 0.52 ] 0.36 | 0.40
3h 102 093|089 | 093|080 |0.74061|062]065]|049|035]0236
3130 | 099 | 1.020.85]086]1.00]073]064|063|047]046]034]035
4h 108 | 1.16 | 090 | 0.86 | 0.71 | 0.72 | 0.66 | 0.60 | 0.49 | 0.54 | 0.39 | 0.39
4h30 [ 193204 | 129142075077 |1.01]062]089| 086037039
5h 127 | 119 [ 1.17 | 1.13 ] 061 | 0.16 | 1.03 | 056 | 0.46 | 048 | 032 | 0.31
5h30 | 200 | 157 [ 127125071 | 084 1.20|080|058]058]039|042
6h 168 | 125112127100 | 105|068 | 054 | 048|053 042|049
24h  [14.86(13.58|10.46| 8.94 |18.35(17.43| 7.33 | 5.46 | 4.49 | 3.75 | 3.54 | 3.89

CUMUL
e |S114|5303(3042|28.37|34.91|33.58|17.91 | 14.04| 11.74| 10,87 | 843 | 8.98

MOY (ug) | 52.09 29.39 34.24 15.98 11.30 8.70

Cf ugmL)| 1336 7.54 13.17 4.10 2.90 335

Table V: Calculations for the predicted released concentration of bare LL-37 obtained by using gold nanoparticles. (3 g/mL)

48 microwells plate
Bottom area (mm?) 100
Wall area (mm?) 70.95
Total area (wall + bottom) (mm?) 170.95
Nanoparticles
Wanted specific area with np (mm?) 4273.63
Specific area for 1 np (mm?*np) 1.26E-09
np/mL in the suspension (np/mL) 6.54E+11
Specific area for 1 mL of suspension (mm?/mL) 821.82
Volume of suspension for specific area (mL) 5.20
Quantity released (¢ g/cm?) 6
Expected quantity (zg) 256.42
Volume for the release (mL) 4
Expected released concentration of LL-37 (xg/mL) 64.10
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Table VI: Quantity of LL-37 released according to the BLs number based on data from Figure 33. (ug/cm?)

BLs Released LL-37 (ug/ cm?) | ug/(cm**BL)
9 4 /
12 4.6 0.2
20 5.8 0.15
25 6.8 0.2

Table VI shows the amount of LL-37 released for each number of BLs per unit area. When we
calculate the difference in quantity per unit area between a higher and a lower number of BLs,
then divide this difference by the difference in the number of BLs, we obtain the amount of LL-
37 gained for each additional BL. On average, we have 0.183 g more LL-37 released per BL
added. Following this linear trend, for a coating of 50 BLs, this gives a total of 11.4 ug/cm? of
LL-37 released.

Given that release takes place with a volume of 100 uL of PBS after 6 and 24 hours in 10
microwells of a 96-well plate, the total volume is 2 mL and the contact surface between PBS
and microwell is 9.5 cm?. The predicted concentration of LL-37 released is 54.15 pg/mL.

Table VII: Calculations for the predicted released concentration in LL-37 for 96 microwells plate based on data of Figure 33
(ng/mL)

Area of a 96-well plate (cm?) 0.95
Predicted released quantity of LL-37 per surface | 11.4
unit for 50 BL (#g/cm?)

Microwells number 10
Released quantity of LL-37 (#g) 108.3
Volume total PBS (mL) 2
Expected concentration in LL-37 (#g/mL) 54.15
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3. Antibiotics synergy with LL-37-based antimicrobial coating

3.1 Antibiotics solutions preparation

Table VIII: Volumes used of vancomycin solution (50 yg/mL) and RPG to prepare the different MIC (1x, 2x, 5x, 10x) solutions.

Dilution of the stock

MIC solution (1 mg/mL) 50 pg/mL solution (uL) RPG (uL)
1x S0x 100 4900
2x 25x 200 4800
Sx 10x 500 4500
10x 5x 1000 4000

Table IX: Volumes used of tobramycin solution (12800 yg/mL) and RPG to prepare the different MIC (1x, 2x, 5x, 10x) solu-
tions.

Dilution of the stock so- 12 800 pg/mL solution

MIC lution (12.8 mg/mL) (uL) RPG (uL)
Ix 50x 100 4900
2x 25x 200 4800
S5x 10x 500 4500
10x 5x 1000 4000

Table X: Volumes used of doxycycline solution (50 yg/mL) and RPG to prepare the different MIC (1x, 2x, 5x, 10x) solutions.

Dilution of the stock so-

MIC lution (1 mg/mL) 50 pg/mL solution (xL) RPG (uL)
Ix 200x 25 4975
2x 100x 50 4950
Sx 40x 125 4875
10x 20x 250 4750

Table XI: Volumes used of linezolid solution (50 #g/mL) and RPG to prepare the different MIC (1x, 2x, 5x, 10x) solutions.

Dilution of the stock so-

MIC Jution (1 mg/mL) 50 pg/mL solution (uL) RPG (uL)
x 0% 100 4900
2x 25x 200 4800
Sx 10x 500 4500
10x 5x 1000 4000
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3.2 CFU counting

3.2.1 Protocol

For CFU counting testing, the protocol for coating, biofilm formation, antibiotics solutions
preparation, etc. was done as described in Materials and Methods section. Again, this experi-
ment was performed with and without coating to study the activity of antibiotics alone and with
the AMP on viable cells.

Coating of the plate for CFU counting was done as follows:

IO TMmMoOO >

Figure I: Coated 96 microwells plate for CFU counting experiment. Wells on which biofilms of S. epidermidis ATCC 35984
are grown are shown with blue crosses. Said wells were all coated upstream with a (LL-37 — HEP)145 coating.

Antibiotics solution prepared as described in the Materials and Methods section were intro-
duced on the coated plate as shown on the following figure. C* stands for positive control and
no antibiotic treatment was introduced in these two wells.

A Vancomycin

B 1X)(1X 1X)(1X)(1X ) (1X)(C+)( C+

C 2X)(2X 2X)(2X)(2x )(2X

D 5X)(5X 5X)(5%)(5x) (5x Doxycycline

E 10X)10X 10X)(10X) (10X) 10X . )

E Linezolid

G C* = Coating with bacteria
H

Figure II: Introduction of antibiotics at different concentrations, corresponding to a multiple of their MIC (1x, 2x, 5x, or 10x)
on 24h-preformed biofilms of S. epidermidis ATCC 35984 on coated wells for CFU counting experiment.

In order to carry out this part of the experiment, the bottom of each microwell containing the
bacteria must be scraped for about one minute in order to detach and destroy the biofilm. Next,
200 uL of PBS are added to each biofilm-containing microwell, and the plate is introduced into
the sonicator for 30 seconds at an amplitude of 60. This sonication step is crucial as it loosens
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and disperses the biofilm elements throughout the PBS, ensuring greater homogeneity. Unfor-
tunately, misuse of sonicator during this experiment made the wells to inter-mix and led us to
be not confident about the obtained results.

On a new 96-well plate, 100 uL of each duplicate for each condition is introduced into the first
microwell of the new plate at dilution 100.

As shown on the Figure Il and IV, 200 uL of each condition for each antibiotic are placed on
the first row of the new microwells plates. Next, 10x dilutions up to dilution 10° are made for
each antibiotic. These will go up to 10° for the positive control. To do this, 180 L of PBS are
added to the microwells from 10! to 105/10°. Then, 20 uL of solution 10° is mixed with 180 uL.
of dilution 10', and so on, until the desired dilutions of 10°/10%re reached.

10° 10 102103 10* 105
1x 20uLL

2(\! Y Kl MY
= (2X

5x

o 10x

Vancomycin

12

10

Doxycycline

<« (1x
o (2X
~ (5x
-~ (10X

<o O0OnowwOzI

Figure I1I: Serial dilution protocol for CFU counting experiment (plate 1)

107



Appendices

10°10' 10% 10° 10* 10° 108

o (x Linezolid

= (2 C* = Coating with bacteria
o (5x

o (10X

o (C*

< m OO wWwuwOzIT

Figure IV: Dilution protocol for CFU counting experiment (plate 2)

Once the dilutions have been made, the rest of the experiment takes place on TSA plates. Once
these have been prepared, 50 uL of dilutions 103, 10* and 10° for each condition of each antibi-
otic are laid on TSA plates. For the positive control, 50 uL of dilutions 10, 10* and 10° and 10°
are disposed on TSA plates. Meticulous spread of the solutions on the plates are done thanks to
sterilized beads. This step is crucial for good colony dispersion on the plates and subsequent
easier counting.

Plates should remain in the incubator for at 37°C overnight. Counting can be done from the day
after. The colonies formed on the Petri dishes are counted to determine the quantity of bacteria

for each condition.
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3.2.2 Results for antibiotics activity with coating

Hereunder are presented the results for "Antibiotics synergy with LL-37-based antimicrobial
coating" experiment obtained for CFU counting after experimental error that let the wells inter-
mixing. Indeed, the misuse of the sonicator led the wells to mix with each other and being
conscient this issue, following results have to be considered with caution.

5 1e6 CFU for vancomycin with coating 5 1e6 CFU for tobramycin with coating
44 ® 441 &
-
3 3
=2 =2
T T
o o
2 2
1 . 1
s - - -
-
0 1 2 5 10 0 256 512 1280 2560
Concentration (ug/mL) Concentration (ug/mL)
@ & & @ & &
& N N » x L N S
GO = < ¢ & <
5 1e6 CFU for doxycycline with coating 5 1e6 CFU for linezolid with coating
44 ® 4{ ®
3 3
=2 =2
T T
=) =)
2 2
-
1 1
-
- - - - - -
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Figure V: CFU number for 24h pre-formed S. epidermidis ATCC 35984 biofilms when combining a LL-37-based coating with
different multiples of the MIC of either vancomycin, tobramycin, doxycycline, or linezolid. C* = untreated biofilm (positive
control).
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3.2.3 Results for antibiotics activity without coating (Cédric Vranckx)

5 1e6 CFU for vancomycin without coating 5 1e6 CFU for tobramycin without coating
4 4
3 3
2 2
] - ] -
2 2
-
1 . . 1
- - - -
-
0 1 2 5 10 0 256 512 1280 2560
Concentration (ug/mL) Concentration (ug/mL)
¢ ¢ & ¢ ¢ &
&N N ) &N N A
O W o \’@- O W o \’@-
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Figure VI: CFU number for 24h pre-formed S. epidermidis ATCC 35984 biofilms without a LL-37-based coating with different
multiples of the MIC of either vancomycin, tobramycin, doxycycline, or linezolid. C* = untreated biofilm (positive control)
obtained by Cédric Vranckx.

110



Appendices

3.3 Results after potential autolysin AtIE activity on S. epidermidis ATCC
35984 strain

Hereunder are presented the results for antibiotics activity being tested with the LL-37-based
AMC. The S. epidermidis colonies being let for incubation for close to 72h, hypothesis has been
raised that the bacteria have undergone the activity of autolysin AItE after resulting in uneven
biofilm formation as the obtained results for the three following tests were not reproductible
with prior and later same experiments’ results. Protocols were the same as the one explained in
Materials and Methods section for biomass and metabolism tests, and the same as the one ex-
plained in the previous section for CFU counting.

3.3.1 Biomass reduction test through crystal violet staining

Results are represented in means of two repetitions (N = 2) in triplicates (n = 3). Error bars are
the SEM.
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Figure VII: Percentage biomass reductions for 24h pre-formed S. epidermidis ATCC 35984 biofilms when combining a LL-
37-based coating with different multiples of the MIC of either vancomycin, tobramycin, doxycycline, or linezolid. C* = un-
treated biofilm (positive control) after potential autolysin AtIE activity.
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3.3.2 Metabolic activity reduction test through resazurin method

Results are represented in means of two repetitions (N = 2) in triplicates (n = 3). Error bars are
the SEM.
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Figure VIII: Percentage metabolism reductions for 24h pre-formed S. epidermidis ATCC 35984 biofilms when combining a

LL-37-based coating with different multiples of the MIC of either vancomycin, tobramycin, doxycycline, or linezolid. C*

untreated biofilm (positive control) after potential autolysin AtlE activity.
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Appendices

3.3.3 CFU counting
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Figure IX: CFU number for 24h pre-formed S. epidermidis ATCC 35984 biofilms when combining a LL-37-based coating with
different multiples of the MIC of either vancomycin, tobramycin, doxycycline, or linezolid. C* = untreated biofilm (positive

control) after potential autolysin AtIE activity.

113






Preventing infections of hip joint prostheses: activity of an

antimicrobial coating based on the LL-37 peptide

Bastien Croés and Juliette Dewez

This Master’s thesis studies the activity of an antimicrobial coating designed for the battle against S.
epidermidis biofilms, which are the leading cause for nosocomial infections related to implants and
medical devices, including prosthetic joint infection, an important worldwide consideration nowa-
days. New strategies based on the design of antimicrobial coatings are under current research to pre-
vent and treat such infections.

The antimicrobial property of the investigated coating is conferred by LL-37, an antimicrobial pep-
tide. The coating is constructed using the Layer-by-Layer self-assembly technique, allowing easy
immobilization of proteins and other charged compounds on a surface. These multilayered films con-
stitute a powerful tool for nanoscale surface functionalization. Here, LL-37 was immobilized together

with chitosan and heparin, two bioactive PEs.

Two different LL-37-based coatings were constructed. A first coating was made of bare, positively-
charged, LL-37, alternately adsorbed with negatively-charged heparin ((bare LL-37-HEP),). The sec-
ond coating was made of LL-37 whose charges had been standardized by complexation with heparin
to form Protein-Polyelectrolyte Complexes or PPCs, displaying a negatively-charged corona, and al-
ternately adsorbed with positively-charged chitosan ((PPCs-CHI),).

Coatings activity was assessed through two approaches. The first objective was to study the secondary
structure of LL-37 released from the coatings. The bactericidal activity of the peptide is conferred by
its a-helical conformation, which could be revealed by circular dichroism (CD). To enable such anal-
ysis, the release protocol had to be optimized to maximize the concentration of the released peptide.
Despite the use of different strategies to maximize this concentration, results showed that the concen-
tration of LL-37 released by the coatings was not high enough for CD analysis.

Secondly, activity of the coating with bare LL-37 was assessed by studying its potential synergistic
effect with four routinely-used antibiotics. Results showed a potential synergistic activity with all four
antibiotics regarding the reduction of the biofilm biomass. In contrast, no significant effect of the
coating compared to antibiotics alone was revealed for the reduction of metabolic activity of the bio-
film.

This work brings a contribution to the understanding of the activity of LL-37-based antimicrobial
coatings, that offer new ways to prevent prosthetic joint infections.
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