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Abstract
Infectious diseases are the leading cause of death worldwide, while the constantly

raising antimicrobial resistance (AMR) is a major concern for the public health. During
the infection establishment, bacterial pathogens communicate via expression of
signaling molecules, controlled through a phenomenon called quorum sensing (QS). As
a result of this, bacteria produce virulence factors and form resistant biofilms on living
and non-living surfaces causing persistent infections. The infection complexity,
especially in chronic diseases, requires the use of broad-spectrum antibiotics responsive
for the appearance and the spread of drug resistant species. Infections caused by
antibiotic-resistant pathogens are associated with high morbidity, mortality, and huge
economic burden. Unlike the decrease over the past three decades of the number of
novel marketed antimicrobial drugs, the number of antibiotic resistant bacterial strains
steadily increases. Thus, there is an urgent need for development of alternative

strategies to manage difficult-to-treat infections.

This thesis aims at the engineering of advanced nano-enabled materials and
nanostructured coatings for controlling bacterial pathogenesis and resistance
occurrence. To achieve this, biopolymers, antibiofilm and anti-infective enzymes, and
inorganic compounds were nano-hybridized as alternative modalities to the
conventional antibiotics. The nanoform was able to provide enhanced interaction with
bacterial cell membranes and easier penetration into biofilms, increasing the
antimicrobial efficacy at lower dosages, while preventing from development of
antimicrobial resistance. Additionally, specific targeting moieties increased the
nanomaterial’s interaction with the pathogens, avoiding the drug resistance appearance

and cytotoxicity.

The first part of the thesis describes the functionalization of biologically inert
nanoparticles (NPs) with membrane disturbing antimicrobial aminocellulose (AM) and
biocompatible hyaluronic acid (HA) in a layer-by-layer (LbL) fashion for elimination of
medically relevant pathogens. The generated nanoentities demonstrated high potential to

inhibit the biofilm formation, without affecting the human cell viability.

Further, the LbL technique was applied to decorate antimicrobial, but potentially toxic
silver (Ag) nano-templates with biocompatible AM and quorum quenching (QQ)
acylase in order to obtain safe antibacterial and antibiofilm nanomaterials. The

deposition of acylase and AM on the Ag core interfered with the QS signaling and



bacterial pathogenesis, and enhanced the NPs interaction with the bacterial membrane.
The integration of triple mechanisms of action in the hybrid nanoentities resulted in

complete bacteria and biofilm eradication and improved biocompatibility of the AgNPs.

The thesis also describes the development of targeted nanocapsules (NCs) for selective
elimination of Staphylococcus aureus. Herein, self-assembling nanoencapsulation
technology using the biocompatible and biodegradable protein zein was applied for the
generation of zein NCs loaded with bactericidal oregano essential oil (EO). An antibody
specifically targeting S. aureus was covalently grafted on the NCs surface. The obtained
targeted NCs demonstrated antibacterial selectivity in a mixed bacterial inoculum, and
the treatment efficacy was validated in an in vitro coculture model of bacteria and

mammalian cells.

Finally, high intensity ultrasound (US) process was employed for engineering of
durable antibacterial/antibiofilm coating on urinary catheters. The simultaneous
deposition of zinc oxide (ZnO) NPs and a matrix-degrading amylase enzyme improved
the NPs adhesion on the silicone material, and prevented its bacterial colonization and
biofilm formation in vitro. The hybrid nanostructured coating prevented the occurrence
of early onset urinary tract infections (UTIs) and showed excellent biosafety in an in

vivo animal model.

Key words: biopolymers, enzymes, essential oils, metal nanoparticles, Layer-by-Layer
assembly, sonochemistry, bacteria targeting, antibacterial and antibiofilm properties,

antibiotic resistance
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1 Introduction



In the past decades, the discovery of antibiotics has been a breakthrough in the
management of infectious diseases.! However, the AMR is a natural evolutionary
response whereby bacteria evoke mechanisms to overcome the antimicrobial therapies.?
The AMR is now described as the “silent pandemic™ of 21st century, associated with
impaired treatment and prevention of infections caused by parasites, fungi, bacteria, and
viruses.> The misuse and overuse of antibiotics led to the appearance of multidrug
resistance (MDR) strains capable to withstand the effects of the conventional
antimicrobials.* The high incidence of MDR is responsible for 700 000 deaths annually
worldwide and is expected to grow to 10 million deaths by 2050.>° Moreover, bacteria
have affinity to attach and colonize surfaces, such as those of indwelling devices,
tissues, and organs, forming microbial communities, called biofilms, which are up to
1000 times more resistant to the existing antibiotics than the free-floating cells.” In these
communities, the bacterial cells are protected by multi-layered self-produced
extracellular polymeric matrix (EPM), able to restrict the antibiotic penetration, causing
severe chronic infections.® Frequently, the treatment of biofilm-related infections
involves intensive antibiotic therapies, associated with side effects, such as
inflammatory response or cytotoxicity.” Given the growing impact of antibiotic
resistance, there is an urgent need to develop novel non-antibiotic antibacterial
strategies with different mechanisms of action to outsmart the bacterial evolutionary

mechanisms and resistance occurrence.

Significant attention has been posed to the nanotechnology as a novel emerging branch
for engineering of non-conventional antibacterial chemotherapies to tackle the current
challenges for managing the MDR and bacterial diseases.'® Natural polymers and
natural-occurring compounds have received considerable attention due to their
antibacterial features and are suggested as powerful alternatives for controlling bacterial
infections.!"!? Furthermore, approaches which interfere with the bacterial pathogenesis-
regulating QS system, make the bacteria more susceptible to antibacterial agents and the
host immune system, reducing the risk of resistance development.!*> The
nanoformulation of materials and their targeted delivery may overcome most of the
limitations of the traditional bulk therapeutics with the same composition, and improve

their antibacterial activity and therapeutic index.'*!?

In this thesis, innovative highly efficient antibiotic-free nano-composites and

nanocoatings were developed for prevention and reduction of bacterial



contamination and biofilm formation, minimizing the spread of drug resistance.
This was achieved by an innovative platform of: i) hybrid assemblies of antibacterial
and antifouling (bio)polymers onto inert NP template, ii) hybrid nano-assemblies of QQ
enzymes/antibacterial polymers onto active NP template, iii) antibody-enabled NCs for
targeted drug delivery and selective bacterial elimination, and iv) hybrid nanocomposite
coatings of bactericidal metal/antibiofilm enzyme NPs for prevention of bacterial

infections.

The rationale of these innovative nano-enabled materials and coatings for infection

control was based on the synergy of:

» Biopolymers with intrinsic antimicrobial activity hybridized with inorganic and
polymeric NPs able to eradicate the pathogens through unspecific interactions
with bacterial cell membranes.

» Anti-biofilm and anti-infective enzymes to break down the QS signals in the
extracellular space of Gram-negative, unlike conventional biocides, and inhibit
the virulence and capacity of bacteria to establish biofilms. Combination of
these enzymes with inorganic NPs, adding a new mechanism to their action- a
membrane disturbing capacity due to the nanoform- will further reduce the
possibility of resistance development.

» Biofilm matrix-degrading enzymes that degrade the adhesive components of the
EPM weakening and dispersing the biofilm. Enzyme induced EPM degradation
will significantly reduce the biofilm occurrence and increase the susceptibility of
both Gram-negative and Gram-positive bacteria to antimicrobials.

» Nano-sized combination of the new antimicrobials with targeting moieties will
allow the development of highly potent and specific targeted nanosystems able
to address both evolutionary and cooperatively acquired AMR. Such therapeutic
approach was expected to eliminate the targeted pathogen, exerting less selective
pressure for resistance development, lowering the side effects to human cells and

maintaining the microbiome balanced.






2 State-of-the-art



2.1 Antimicrobial resistance
AMR and the spread of drug-resistant pathogens with new resistance mechanisms have

emerged as a major public health issue of the 21st century that threatens the effective
prevention and treatment of bacterial infections.'® Since the number of drug-resistant
strains constantly increases, while novel and efficient antimicrobials are not entering the
market, there is a serious concern about the dramatically growing number of untreatable
infections.!® AMR infections are the main reason for the increased morbidity and
mortality in the healthcare facilities, longer hospital stays, and elevated financial burden
worldwide.!” Assessment of the future impact of AMR predicts almost 10 million
deaths annually worldwide by 2050 if new antibiotic alternatives are not developed.’
The antibiotic over usage is interconnected with the transmission of AMR to the
humans via animal products as well. Diverse studies have reported that the antibiotic
administration duration, the selected drug, and the indications are irrelevant in 30-50 %
of the prescribed antibiotic therapies. Moreover, the antibiotics are applied as growth
promoters in livestock.!® The majority of nosocomial infections or hospital-acquired
infections occurs after the patient received healthcare treatment.!” The patient’s
exposure to the microorganisms in the hospital settings, to medical personnel or visitors,
increases the risk of infections occurrence within 48 h after hospital admission, or in up
to 30 days after surgery.’’ Besides, the risk of infections with MDR pathogen is
increased in patients with compromised health conditions, such as cancer, diabetes,
human immunodeficiency virus, and renal failure.?!*> Some drug-resistant bacteria can
infect children, immunodeficient patients, and elderly, causing worse clinical outcomes

or death.?

Bacteria possess multiple mechanisms to evade the actions of antibiotics. This AMR
can be intrinsic (naturally occurred) or acquired (caused by the mutations in the genetic

materials).?*

The intrinsic form of resistance is inherent and specific class of antibiotics
can be ineffective against certain bacterial specie.>’ The outer membrane of the cell wall
in Gram-negative bacteria and the efflux pumps are the most common intrinsic drug
resistant mechanisms.??> Gram-negative bacteria demonstrate intrinsic resistance to
glycopeptide antibiotics, e.g. vancomycin, due to its incapability to pass through the
outer cell membrane.?? For example, triclosan has been widely used against Gram-
positive bacteria and some Gram-negative species; however, it is inactive against

Pseudomonas due to its intrinsic resistance to this bactericidal agent.!'®



The antibiotics act against bacteria through obstructing certain targets, such as nucleic
acid replication or protein and cell wall synthesis*® (Figure 2.1). The bacterial
pathogens can develop several acquired resistant mechanisms that can “neutralize” the
antibiotic action, such as altering the drug target site and enzymatic degradation of the
drugs.?® The bacteria secrete enzymes, e.g. B-lactamases, phosphorylases, adenylases,

and acetylases that can modify and destroy the antibiotic structure.

The antibiotics, depending on the class, act by binding to a specific site in the selected
bacteria. The evocation of changes in the structure of the targeted site may cause drug
disability for binding to the target.?’ Additionally, the bacteria have evoked multiple
mutations that led to development of MDR, generally defined as “superbugs”,
associated with the occurrence of severe infections. This form of resistance is related to
mutations in the bacterial genome, which mutations can be in the bacterial chromosomal
deoxyribonucleic acid (DNA) or can be acquired genetically, and subsequently

transferred to the next generation of bacteria.>*
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Figure 2. 1 Mechanisms of antibiotic action. Antibiotics are able to inhibit the cell wall
synthesis or injure the bacterial cell membrane. Other targets are the synthesis of essential
metabolites, DNA and protein synthesis.

S. aureus is one of the most common Gram-positive pathogens responsible for serious

nosocomial infections, including skin, bloodstream, and surgical wound infections.
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Staphylococci sp., producing penicillinase acount for more than 90 % of the patient
isolates, making the penicillin no longer usable for treatment of staphylococcal
infections.”® Furthermore, the appearance of methicillin-resistant S. aureus (MRSA)
strains is the main clinical problem and one of the leading cause for the high incidence
of nosocomial infections. Meta analytical studies reported that MRSA bacteremia is
associated with a significant increase in mortality and prolonged hospitalization among
patients with bloodstream infections.?” Methicillin-resistant staphylococci are sensitive
only to small number of antibacterial agents and often are characterized with MDR to
large number of antibiotics such as macrolides, [-lactams, lincosamides,
aminoglycosides, and tetracycline.®® The continuous growth of drug-resistance
community-acquired MRSA and the decreased susceptibility of MRSA to the main
antibiotic vancomycin used for staphylococcal infections is an urgent matter for the

8 Additionally, of great concern are the Escherichia coli and

public healthcare.
nontyphoidal Salmonella resistance to fluoroquinolones, impairing the treatment of
UTIs and diarrhea, respectively. Currently, many species of tuberculosis, staphylococci,
and pneumococci are insusceptible to most of the existing antibiotics, increasing the

economic and human burden.>'

2.2 Bacterial biofilms and quorum sensing system

2.2.1 Biofilms and biofilm-related bacterial resistance
Bacteria adhere on living or non-living surfaces forming communities of cells encased

in self-produced EPM, called biofilms.** The bacterial transformation from planktonic
to sessile mode of growth involves multiple and complex processes (Figure 2.2).
During the first stage, the bacterial cells not adhered to the surface are susceptible to
antibiotics. The free-floating bacteria interact with solid surfaces via pili, flagella,
fimbriae, and production of exopolysaccharide (EPS), leading to bacterial attachment
and formation of micro-colonies. The EPM substances secreted around the colonies
comprise mainly polysaccharides (50-90 %), extracellular DNA (eDNA), lipids, and
proteins. The pathogen proliferation and the secretion of EPM components result in
establishment of three-dimensional mature biofilm structures. Subsequently, the
morphology and topography of these biofilm structure alter and the pathogens disperse

from the biofilm colonizing other solid surfaces.*?
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Figure 2. 2 Biofilm growth cycle. Initially the free-floating bacterial cells attach to a solid
surface, and secrete matrix components, leading to formation of mature biofilm structure.
Finally, parts of the established biofilm and bacteria are dispersed in the surrounded
environment able to attach and colonize new surfaces and start the biofilm cycle again.

An increased percentage of bacterial planktonic cells is already resistant to most of the
existing antibiotics; however, their biofilm-mode of growth is even more challenging
for eradication by the available therapeutics. The formation of the densely packed EPM
makes the cells within the biofilm 100 to 1000 times more insusceptible to
antibacterials, than their free-floating counterparts.*> The formation of biofilms is
responsible for more than 60 % of infectious diseases such as cystic fibrosis, sepsis,
otitis, endocarditis, chronic wounds, periodontitis, and dental caries.>* The treatment of
biofilm-associated infections involves the combination of various antibiotics at high

dosages.*

The Gram-negative E. coli, Klebsiella pneumoniae, Pseudomonas
aeruginosa and Proteus mirabilis, and the Gram-positive Enterococcus faecalis, S.
aureus, Staphylococcus epidermidis, as well as the yeast Candida albicans, are among
the most common biofilm forming species found in severe and persistent nosocomial
infections.*® Several mechanisms, such as limited drug penetration, decelerated bacterial
growth in the biofilm structure, and enzyme drug neutralization have been proposed for
the high level of biofilm-related bacterial resistant nature.’® P. aeruginosa is an

opportunistic Gram-negative bacterium able to form drug resistant biofilms, responsible

for cutaneous wound infections and chronic leg ulcers.>” The alginate-producing P.



aeruginosa and mucoid-biofilms in the patient’s lungs cause persistent and chronic
infections, associated with increased morbidity and mortality.>® The presence of EPM
reduces the aminoglycosides and fluoroquinolones penetration, allowing the pathogen
to respond to the stress via acquired defensive mechanisms. For example, the secretion
of cephalosporinase AmpC enzymes in cystic fibrosis is responsible for the P.
aeruginosa resistance to B-lactam.>? Another study proposed that EPM could retard the
drug penetration and trigger the expression of genes that induce drug resistance and
genetic adaptation to various conditions.** In similar fashion, the biofilm matrix can
limit the nutrient availability to the bacterial cells, decelerating the growth rate, and
increasing the antibiotic resistance. Several antibiotics such as ampicillin and penicillin
can act only when bacterial cells are growing. The Gram-negative E. coli and P.
aeruginosa have demonstrated resistance to cetrimide and tobramycin, respectively due
to the slow bacterial growth.*? Despite growing in single strain biofilms, these bacterial
species are also able to communicate and interact, forming even more resistant sessile
structures. For example, the Gram-positive S. aureus colonizes chronic wounds and

frequently forms mixed-species biofilm structures in infectious conditions.*°

The frequent usage of indwelling devices, medical contact lenses, organ transplantation,
and intervention therapies led to an increased occurrence of nosocomial infections
heavily affecting the patients with serious illnesses. The most common infections in
intensive care hospital facilities are the UTIs (40 %),*' bloodstream infections (10.5 %),
skin and soft tissue infections (6.7 %),** respiratory tract infections and pneumonia
(22.8 %), surgical-site infections (15.7 %),*® associated with drug resistant biofilms. For
instance, patients with long-term inserted central venous catheters (CVC) have an
increased risk of bloodstream infections. It has been reported that the bacterial
pathogens colonized the CVC already after one day of catheterization.*®** Bacteria have
affinity to attach to endotracheal tubes, forming drug resistant biofilms within 24 h
causing ventilator-associated pneumonia, leading to prolonged hospitalization and
increased mortality rates.® Surgical-site infections due to Staphylococcus sp. are
frequently occurring within 30 days after the surgery.** The catheter-associated UTIs
(CAUTIs) account for 80 % of all UTIs and are the main cause of prolonged
hospitalization and increased risk of resistance occurrence. The bacterial pathogens
have affinity for colonization of catheter’s surface and can easily enter in contact with

tissues and organs, leading to occurrence of UTIs. The bacteria can gain access to the



patient’s body during the catheter insertion, or from the urethral meatus together with
the catheter-urethral interface, or due to contamination of the drainage system. Upon
insertion, the indwelling urinary catheters provide a suitable surface for pathogenic
colonization. Furthermore, during the catheterization, the device may cause damage of
the uroepithelial mucosa, favoring the bacteria to attach on new surfaces.*’ Several
studies reported that the insertion of indwelling urinary catheter increased the risk of
infection appearance by 10 % in the urethra, bladder or kidney, and 10-50 % of the
patients have developed asymptomatic bacteriuria after the short-term catheterization

(0-2 weeks).3646

2.2.2 Quorum sensing systems in bacteria
Bacteria have the ability to “talk” in a cell density dependent manner through a process

called QS.*’ It has been reported that the microbial pathogenesis and biofilm formation
is under the control of the QS system. In QS, bacteria release signaling molecules-
autoinducers (Als)-into their surrounding that after reaching high concentrations are
recognized by the intracellular receptors of Gram-negative or the membrane receptors
of Gram-positive bacteria. The signals for cells communication are different in Gram-
negative and Gram-positive bacteria. Gram-negative bacteria use acyl-homoserine
lactones (AHLs),*** while Gram-positive bacteria produce oligopeptides, termed

autoinducing peptides (AIPs) (Figure 2.3A).%°

There is also a third QS signal type, Al-
2, which is found in both bacteria, and have gained the interest as target to control

multispecies infections.”!

The QS signals of Gram-negative bacteria are produced by LuxI-type AHL synthases,
using AHL precursors acyl-acyl carrier protein and S-adenosyl-methionine. The signals
accumulate and saturate in the extracellular environment and when the concentrations
are above the threshold level they pass through the cell membrane via diffusion. >
Once in the cells, the AHLs conjugate to specific QS transcription regulators, frequently
from the LuxR family, which in turn promote the target genes expression (Figure
2.3A).% Unlike the communication system in Gram-negative bacteria, the signals for
Gram-positive bacteria are small AIPs that are post-translationally synthesized in the
bacterial cells and subsequently exported through specific membrane bound

transporters. When their concentration exceeds the threshold level, these peptides bind

to a two-component histidine kinase sensor, which auto-phophorylates and in turns alter
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the target genes expression and corresponding group related behaviors (Figure 2.3B).
The QS system in S. aureus, for example, is under the control of the accessory gene
regulator (agr) locus which encodes the AIPs secretion.>**> The agr system regulates
the expression of many toxins and degradative exoenzymes, predominantly controlled
by P2 and P3 promoters, producing two divergent transcripts respectively RNAII and
RNAIILThe RNAII transcript is composed of four genes -agrA, agrB, agrC and agrD
-encoding the production of AIP precursors, the signal maturation and its transduction
by histidine kinase. The RNAIII is an intracellular effector molecule and is responsible
for the upregulation of a-haemolysin and proteases, as well as for the downregulation of

surface proteins, such as protein A among others. >’

Except for the interspecies way of talking, bacteria possess the ability to “understand”
the messages sent by other species present in the environment.’® In this case, they use
another type of QS molecules procured from 4, 5-dihydroxy-2, 3-pentanedione, also
termed AI-2 interspecies signal. The synthesis of AI-2 signal, obtained from S-
ribosylhomocysteine is catalyzed by the LuxS type synthase involved in the regulation
of the AI-2 QS system in multiple bacterial species.®’ LuxS, for example controls the
expression of over 400 genes involved in surface adhesion, motility and toxin

production by E. coli. °!

11



uwul

CECEEDIIDID> (O (-(-(-(-(—)-)—)—)-)
CECECEEDIDIDID CECECECEDIDIDD>
CEEECEDIIID> CECCCEDIDIDID>
O €€€CEEDIIDD> CCCCEIIIDID>

O
@®
t |
- ‘E-V Expression
AHL synthase l::

Promoter  Genes

B o 3 .9
o o %

4
CEECEEDIDIDID>

CEECEEDDIIDd>

CEEECEDDIIDID> €CECECCECOIIIDID>
CEEECEDDIIDD> CEEECEDDIIDID>

CECCCEIIIDD> CECCCETOIIIDD>
CEECECEDIIID> O €ceecced>>>>
€€CLLCLCDOIOIIZDID> CECCECECOIDOD>
CEEESDIIDD> €CECCCEDOIIDD>
Q cecceced>3>>> (-(-(-e(—)-)-)-)-)

Pro-AlP 4
- P Expression
AIP synthase ._l:::’

Promoter Genes

Figure 2. 3 QS signaling in Gram-negative (A) and Gram-positive bacteria (B). In Gram-
negative bacteria, AHL QS signals (orange circles) are produced by AHL synthases (red
rectangle) and secreted in the cells surrounding. When the concentration of AHLs in the

12



surrounding is above the threshold, the signals pass through the cell membrane via diffusion and
activate specific AHL receptors (blue motif), promoting the target genes expression. In Gram-
positive bacteria, small AIPs (grey pentagons) are post-translationally synthesized in the cells
and exported through specific membrane bound transporters (light blue motif). At threshold
level, AIPs bind to a two-component histidine kinase sensor, which auto-phosphorylates and
alters the target genes expression.

2.3 Therapeutic strategies to manage bacterial infections and antibiotic resistance
The usage of antibiotics to treat and control bacterial infections has a huge impact on

the public healthcare. However, the misuse or overuse of antimicrobial agents
progressively led to development of drug resistance and occurrence of life-threatening
infections.®” The ability of bacteria to encase in self-produced EPM onto medical
devices or living tissues is associated with severe bacterial infections with restricted
antibiotic efficacy and resistance to the host defense mechanisms.®> The current
strategies to prevent and treat drug-resistant infections involve prolonged administration
of aggressive combinations of antibiotics. However, these intensive therapies may
provoke hypersensibility, cytotoxicity, inflammatory response or development of MDR
bacterial strains.®* Taking into consideration the failure of conventional antibiotics, the
spread of AMR, drug resistant biofilms, and the small pipeline of novel therapies, there
is an urgent need for development of new efficient antimicrobial alternatives with
different mechanisms of action. Effective strategies for prevention and treatment of
bacterial infections with lower risk of resistance appearance should integrate: 1)
bacterial eradication without creating selective pressure for development of new

66,67

resistant mechanisms,% ii) prevention and elimination of biofilm formation, iii)

biocompatibility, protection of the beneficial strains and host environment,®

1v) long-
term stability.® Targeting the essential for bacterial pathogenesis QS system and
biofilm matrix are viable alternatives to impair the bacterial virulence and biofilms
formation.”® Significant efforts have been directed to the application of natural and
synthetic materials due to their broad-spectrum antibacterial activity and
biocompatibility.”! Taking into account the key factors involved in the drug resistance
occurrence, the combination of different actives with complementary modes of action is
a new paradigm for designing biosafety highly effective therapeutics. Thus, special
attention is devoted to the nano-sized hybrid materials and targeted nanoentities as

promising therapies for overcoming the current antibiotic challenges in treating

infectious diseases without inducing toxicity to mammalian cells and beneficent flora.”
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The nanomaterials possess several advantages over their bulk counterparts, such as
enhanced antibacterial efficacy and lower risk of resistance development. Moreover, the
development of nanostructured coatings onto medical devices, hindering the bacterial
viability and mitigating the bacterial colonization, is an innovative approach for

prevention and control of device-associated infections.'*

2.3.1 Anti-virulent strategies-inhibition of bacterial pathogenesis
Targeting QS system is an attractive strategy to reduce the QS-controlled virulence

factors expression and prevent biofilm formation, without affecting the bacterial growth,
making the pathogens more susceptible to the antibiotics and host immune response.’*"
Recently, numerous anti-QS compounds, altering the pathogenic behavior, without
inhibiting the bacterial growth have been developed. Different strategies interfering QS
process have been developed as new alternatives to tackle the antibiotic challenges in

managing infectious diseases.

Table 2. 1 Common QS inhibitors and their application in infection control.

Compound Mechanism of Main achievements
action

Adenosyl- Inhibition of AHL  Attenuation of QS regulated toxins secretion

homocysteine synthesis in P. and prevention of bacterial infections >
aeruginosa

Lactonase AHLs lactone ring Inhibition of Vibrio parahaemolyticus
hydrolysis biofilm growth and intestinal colonization in

shrimp 7

Acylase AHLSs amide bond Coating of medical devices for controlling
hydrolysis biofilm related urinary tract infections’’

Flavanoids Blocking the QS Suggested as alternatives to the traditional
receptors antibiotics for treatment of P. aeruginosa

associated infectious diseases
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Structural Blocking the QS Attenuation of P. aeruginosa pathogenesis

analogue of receptors through the decreased production of

AHL signal rhamnolipids, elastase and protease by the
bacterium’®

RNAIII- Inactivating Grafting on urinary stents to counteract S.

inhibiting staphylococcal aureus urinary tract infections 7

peptide (RIP) TRAP/agr system

Curcumin with Synergistic Development of combined therapy against

antibiotics mechanism of action bacterial pathogens %

For example, LuxI, HdtS and LuxM are identified as signal producers in Gram-negative
bacteria.®! In particular, LuxI has been found in many bacterial strains and has been
investigated as a potential target to control toxins secretion and biofilm formation. It has
been reported that compounds such as S-adenosylhomocysteine, butyryl-S-adenosyl
methione and sinefungin inhibit the in vitro AHL synthesis in pathogenic P.
aeruginosa.” Chang and co-authors have reported that trans-cinnamaldehyde was able
to efficiently inhibit the AHL production by Rhl QS system in P. aeruginosa. In
addition, trans-cinnamaldehyde could reduce the pyocyanin production in P. aeruginosa

by up to 40 % without affecting the normal bacterial growth.®?

Altering the QS signals in the extracellular environment is among the most promising
anti-QS approaches, avoiding the need to penetrate the cells and reach the specific
signal receptors. Several enzymes degrading the Als have been reported until now. They
are produced by bacterial strains such as Bacillus strain COT1, Bacillus sp. 240B1,
Agrobacterium tumefaciens, Arthrobacter sp. IBN110, Bacillus cereus, Bacillus

mycoides, Rhodococcus, Anabaena, Ralstonia, Bacillus thuringiensis, and Streptomyces

sp.53

Bacillus sp. possess aiiA that encodes AHL-inactivating enzyme lactonase. Lactonase
inhibits the QS regulated virulence in various Gram-negative pathogens via the
hydrolysis of the AHLs lactone ring.®* AHL lactonase, from metallo-p-lactamase
superfamily has been identified recently and characterized by Tang et al. The enzyme
has the ability to decompose AHLs with different side chain length, with or without

oxo-group at the position C-3.%% The lactonase did not affect the bacterial cells viability,
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but has the ability to increase the bactericidal activity of antibiotics and reduce the
sessile growth of P. aeruginosa and Acinetobacter baumannii.®® The QS inhibition by
lactonase has been utilized as a tool to boost the activity of gentamicin and
ciprofloxacin towards the drug-resistant biofilm forms of P. aeruginosa.’’ Furthermore,
the synergistic effect with ciprofloxacin has been demonstrated against P. aeruginosa
PAOI in a burn infection model on mice. Topical application of gels containing the
anti-QS enzyme lactonase inhibited the spread of skin pathogens and reduced to

minimum the mice mortality after the addition of lower antibiotic dosage.®®

Some bacterial strains such as Variovorax paradoxus and Ralstonia sp. produce another
AHL-degrading enzyme, named acylase. Acylase hydrolyzes the amide bond of the
AHLs and interrupts the QS pathways in plant and human pathogens.*> Acylase
expression in pathogenic P. aeruginosa PAO]1 significantly reduced the production of
pyocyanin and elastase, declined the bacterium swarming motility and weakened its
pathogensis in vivo in C. elegans infection model.** In our group, silicone urinary
catheters have been coated with fungal acylase from Aspergillus melleus using the LbL.
technique. The acylase-coated catheters disrupted the AHLs based QS signaling and
inhibited P. aeruginosa biofilm development in vitro under conditions simulating the
real situation during catheterization.”® Our group developed multi-enzymatic coatings
on silicone catheters comprised of acylase and another hydrolytic enzyme amylase,
which acts on the bacterial exopolysaccharides. The generated enzyme coatings
demonstrated better antibiofilm activity depending on the outer layer (acylase vs
amylase). The coatings with acylase as uppermost layer inactivated the QS signals and
demonstrated higher antibiofilm activity against P. aeruginosa and E. coli single and
dual species cultures. The enzymes multilayers could delay the in vivo biofilm

formation in a catheterized rabbit model.”’

Numerous components blocking the QS receptors have been described. Recently, it has
been demonstrated that flavonoids can bind to the QS receptors and significantly reduce
their ability to activate the corresponding genes expression in P. aeruginosa.’’ Yang et
al. reported a structural analogue of AHL signal, named N-decanoyl-L-homoserine
benzyl ester that blocks the cognate receptor in P. aeruginosa and counteracts the
production of rhamnolipids, elastase and protease, without killing the bacterial cells.
The receptor antagonist also potentiated the antibacterial activity on various antibiotics,

lowering their therapeutic concentrations for P. aeruginosa infections.”® Loughlin et al.
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synthesized metachloro-thiolactone, and meta-bromo-thiolactone, and demonstrated
their anti-virulent potential through the inhibition of pyocyanin production. The last one
not only could downregulate the virulence factors expression and biofilm formation, but
also could protect C. elegans and human lung epithelial cells from the virulent P.
aeruginosa.”® Geske et al. have developed AHLs analogues that can bind to the LuxR,
TraR and LasR receptors in Vibrio fischeri, A. tumefaciens and P. aeruginosa,
respectively.”® In another investigation, Kim et al. evaluated the potential of 6-gingerol
for controlling bacterial pathogenesis and infections occurrence. The authors confirmed
that this anti-QS compound was effective and can repress the QS genes involved in the

exoprotease, rhamnolipid and pyocyanin production in P. aeruginosa .>*

Targeting the agr operon in Gram-positive bacteria has received noteworthy attention.
Changing the amino acids or removing the side chain of the AIPs have been shown as
efficient methods for designing analogues that block the agr receptors.”® RIP is another
promising inhibitor targeting the staphylococcal TRAP/agr system. Animal model of
rats treated with RIP demonstrated its role in preventing methicillin-resistant S. aureus
infections. RIP has also been shown to be very effective in controlling biofilm related
staphylococcal infections caused by the use of ureteral stents, central orthopedic
implants, and venous catheters. The RIP deposition onto surface of the medical devices
resulted in suppression of S. aureus biofilm formation.” Other investigations have been
carried out to demonstrate the synergism of curcumin with antibiotics against P.
aeruginosa. Drastic decrease of virulent QS-genes expression and mini- mum inhibitory
concentrations of gentamicin and azithromycin was obtained when the actives were
applied simultaneously.®® These finding are considered significant, because the decrease
of the toxins production will increase host defense as well as the efficiency of the

antimicrobials, which is a promising strategy for treatment of infectious diseases.

2.3.2 Biofilm-disrupting enzymes
The disruption of the biofilm structure integrity may increase the bacterial susceptibility

to antibacterial agents. Thus, targeting the essential for the biofilms EPM is another
promising strategy to manage bacterial pathogenesis. Dispersin B is one of the most
studied enzymes able to degrade the poly-N-acetylglucosamine polysaccharide, playing
key role in the Actinobacillus actinomycetemcomitans attachment to the surfaces and

conducting the bacterial resistance to host immune cells and antibacterial agents.
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Pavlukhina et al. developed LbL matrices of poly (allylamine hydrochloride) and poly
(methacrylic acid) (PMMA), cross-linked with glutaraldehyde and pH-triggered
removal of PMAA, generating a stable poly (allylamine hydrochloride) hydrogel
matrix, employed for loading of matrix-degrading dispersin B. The presence of the
enzyme in the coating led to > 98 % biofilm inhibition of two S. epidermidis strains
compared to mock-loaded coatings, without affecting the human osteoblast cells
attachment and growth.”® In another study, dispersin B and antibacterial triclosan were
deposited on the surface of wvascular catheters. The developed hybrid coating
demonstrated synergistic antibacterial and antibiofilm activities against S. aureus, S.
epidermidis, and E. coli, compared to the pristine catheters.”” Deoxyribonuclease I
(DNase I) is another widely used enzyme, degrading the eDNA in biofilm matrix,
showing negative impact on the biofilm structure of medically relevant pathogens such
as P. aeruginosa, E. coli, S. aureus, and K. pneumonia. The employment of very low
concentration of DNase I increased the bacterial susceptibility to cefotaxime, rifampin,
ampicillin, azithromycin, and levofloxacin and increased the antibiotic efficacy.”®
Alginate lyase cleaves B-glycosidic bonds of alginate, presented in the biofilm matrix of
P. aeruginosa and reduces the bacterial colonization in the lungs of patients with cystic
fibrosis. The application of the enzyme in combination with antibiotics showed
enhanced the antibacterial efficacy for managing bacterial infections such as cystic
fibrosis, caused by P. aeruginosa infections.” The a-amylases have been demonstrated
very strong antibiofilm activity towards Gram-positive S. aureus. The enzyme
hydrolyzes the a-1,4-glycosidic linkages in polysaccharides in biofilm structures and

dispersed the S. aureus mature biofilms within less than 30 min of contact.!%

2.3.3 Antimicrobial polymers, biopolymers, and natural compounds
The antimicrobial polymers and biopolymers appeared as new promising agents against

bacterial contamination in the healthcare, food and textile industry with minimalized
risk of resistance development.!®' Natural polyphenols (e.g. gallic acid, tannic acid,
curcumin)'®>!% and polysaccharides (e.g. chitosan)'® have demonstrated strong
bactericidal activities and are considered as efficient antimicrobial agents able to
synergistically potentiate the bactericidal activities of the existing drugs at very low

concentrations.
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Biocidal polymer architectures are obtained by the polymerization of antibacterial
cationic, anionic or neutral monomers.!% Of particular interest is the engineering of
cationic polymers, acting as contact active agents due to their ability to interact with the
negatively charged bacterial cell wall membrane, causing bacterial cell to burst.!®
Generally, the engineered positively charged polymers have demonstrated selectivity to
bacteria over the mammalian cells, mimicking the host-defense antibacterial peptides.!'®
Poly(e-lysine) and chitosan exhibit strong antibacterial properties due to their cationic
nature and the availability of amino-bearing groups.!® Several studies have reported
that chitosan interacts electrostatically with the lipopolysaccharide of Gram-negative
bacteria, causing membrane disturbance and perforation, leading to cell death.
Moreover, the chitosan reduces the bacterial adhesion by affecting the protein
adsorption on the pathogen surface.!”” Similarly, poly(e-lysine) interact electrostatically
with the bacterial membrane, causing membrane disruption integrity, pores formation
that promoting the DNA binding associated with the generation of reactive oxygen
species (ROS), causing cell death.!®> AM is considered as an efficacious antibacterial
active able to disrupt the bacterial membrane through electrostatic interactions leading
to permeability of the cell membrane, osmotic damage, cytoplasmic leakage and cell
death.!%%19% The synthetic polymers have been reported as low-density antibacterial
agents with lessen risk of resistance development.'” Quaternary ammonium polymers
and polyhexamethylene biguanides have been demonstrated strong bacterial elimination
due to the electrostatic interaction between the ammonium groups and bacterial cell
membrane, causing membrane damage and cell lysis.!!®!!! Besides the contact killing
polymers, the antimicrobial materials can be biocide-releasing polymers. Compounds
containing N-halamine groups are associated with slow release of the halogens that
react with the thiol or amino groups of bacterial cells, causing cell death.'!?
Furthermore, polymers able to deliver reactive nitrogen species such as nitric acid have
shown broad antibacterial activity and are explored with variety of materials like
titanium (Ti)''® or polystyrene for biomedical and water treatment applications.''*
Phospho- and sulfo-containing polymers disturb the bacterial cell membrane. For
example, the phosphonium containing polycationic agents demonstrated strong

bactericidal properties.!!>

Recently, the potential of natural compounds as novel therapeutic agents to combat

bacterial resistance and infectious diseases was confirmed. EOs, plant extracts, and their
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derivatives are secreted as secondary metabolites, generally recognized as safe and are
widely exploited for multi-purpose applications in the food and pharmaceutical
industries. Nowadays, the EOs are employed to various medical conditions such as
stress, cancer, and infectious diseases.!! The EOs of thyme, oregano, clove, rosemary,
and cinnamon possess high antibacterial properties against Gram-positive and Gram-
negative bacteria. The strong antibacterial activity was associated with the presence of
carvacrol, eugenol, cinnamic aldehyde, and thymol. These plant-derived components
have demonstrated antibacterial potential against Vibrio vulnificus, E. coli, Listeria
monocytogenes, and Salmonella typhimurium.''” EOs from coriander, basil, and
oregano showed very strong inhibition towards S. aureus and P. aeruginosa at very low
concentrations.''® The proposed mechanisms of antibacterial action of EOs are various.
The EOs are able to destabilize the cell membrane integrity, causing membrane
permeability, disrupting the metabolic functions.!!® Furthermore, the EOs are reported
to easily penetrate through the bacterial membranes due to their lipophilic nature,
causing ions leakage and cell death. For example, tea three oil inhibited the E. coli and
S. aureus growth due to altered cell permeability and loss of K+ ions.!!*!?° The ability
of the EOs to pass through the cell membrane may disarrange the membrane
composition of polysaccharides and fatty acids. In similar fashion, the hydrophobic
carvacrol affects the fatty acids composition and permeability of the cell membranes,
leading to intracellular leakage and death. Likewise, citronellal and carveol have
demonstrated to disrupt the bacterial cell integrity, causing K+ ions loss.'?! Such

mechanisms of action are reported to have low risk of drug resistance development.'?

2.3.4 Nano-enabled materials to manage bacterial infections and resistance
development
Nano-sized materials are considered as a potential alternative to the conventional

antibiotics and could mitigate the drug failure due to their unique physico-chemical
properties such as greater surface area to volume ratio, size, chemical reactivity,
biological mobility.'*® Several studies of nanovehicles have reported to be more

effective towards MDR pathogens and biofilms, compared to their bulk solutions.!?*12°

Overall, the NPs may act via diverse mechanisms of action, such as disrupting the
membrane integrity or ROS production (Figure 2.4).'>° NPs are capable to interact

electrostatically with the bacterial cell membranes, causing membrane perforation,
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interruption of membrane transport functions, cell leakage, and cell death.'?® The
oxidative burst due to the large amount of ROS release causes damage to the cell
organelles, DNA and ribonucleic acid (RNA), enzymatic inhibition, and alteration of
macromolecules. The low ROS concentrations provoke mutations, whereas the high e

ROS concentrations lead to cell death.'?’

Inorganic  Non-metallic Hybrid
NPs NPs NPs

Cell membrane damage and © e- e
cellular leakage

Electron transport chain
@@b disruption
DR naee / ’ Enzyme inactivation /
‘ b

Damagel/inhibition ROS generation

of ribosomes  ~PW®¢—

Bacterial cell

Figure 2. 4 Schematic representation of the mechanisms involved in the NPs interaction with
free-floating bacterial cells.
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2.3.4.1 Inorganic nanoparticles
Metal and metal oxide NPs appeared to be more effective antimicrobial agents with

lower risk of resistance development, compared to many existing antibiotics.'?® The
most widely investigated metal and metal oxide NPs are Ag, ZnO, copper oxide (CuO),
titanium oxide (TiO2), magnesium oxide (MgO), calcium oxide (CaO), and iron oxide
(Fe304).'% The antibacterial mechanisms of action of the metal NPs involve cell
damage, disruption of bacterial cell wall, metal ion release, and ROS generation,
associated with lower risk of resistance development.'?#!?° Due to their antibacterial
potential, the metal NPs have been used in food processing and packaging, textiles,

surgical and medical devices.!'*°

AgNPs are recognized as potent antimicrobial agent against bacterial, viruses, and fungi
from ancient times. They are one of the most exploited metal NPs in medical devices,
wound dressing materials, textiles, and water membranes.'*! It is known that the
antibacterial properties are size-dependent and the smaller NPs demonstrate better
killing activities. Moreover, the bacteria are less vulnerable to develop resistance to Ag,
compared to existing antibiotics.'?® Despite that AgNPs could efficiently eradicate the
free-floating cells; their bactericidal activity was significantly decreased on the sessile
bacterial communities. This phenomenon is suggested to be due to the NPs aggregation
onto the established biofilms, causing loss of antibacterial properties.'> The
mechanisms of action of AgNPs are not clearly understood, however, several studies
have suggested that the NPs disturb the bacterial membrane, inhibit the respiratory
chains, or induce the ROS production. Nevertheless, the AgNPs application is limited
due to low stability and toxicity towards mammalian cells.'>* Gold (Au) NPs have been
widely used for theranostic applications (e.g. cancer therapy, biosensing), gene therapy,
and biological purposes. A number of reducing agents and stabilizers have been adopted
to obtain stable and biocompatible AuNPs with controlled size and shapes, able to
functionalize different antimicrobial peptides, capable to interact with bacterial cell

membrane and disintegrate it.'!>*

CuO NPs, ZnO NPs, and TiO; are considered as strong bactericidal agents towards
Gram-positive and Gram-negative bacteria.'>® In general, metal oxide NPs release metal
ions very slowly and can be easily up taken by the cell from the extracellular
environment. Inside the cell, they can react with carboxyl, thiol, and amino functional

groups from nucleic acids and proteins, causing cell structural changes and alteration of
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the normal cell physiological processes. Furthermore, the metal oxide NPs can interact
with the lipoproteins, phospholipids, and lipid polysaccharides from Gram-negative
bacterial cell wall, and with peptidoglycans in the Gram-positive bacterial membrane,
interrupting the cell functions.!*® For example, CuO NPs were widely used as anti-
septic compound in agricultural systems and antibacterial agent in skin healthcare for
controlling severe skin infections. The CuO NPs can induce ROS generation and harm
the lipids, proteins and nucleic acids, associated with cell death.!*” Over the past years,
the cytotoxicity and antibacterial properties of ZnO NPs have been substantially
investigated. Several studies demonstrated the strong bactericidal potential of ZnO NPs
against medically relevant pathogens.!*® Moreover, ZnO NPs have been widely used in

138,139 medical

combination with variety of polymers for functionalization of fabrics,
devices,'** and contact lenses.'*! Joost et al. reported that TiO, NPs disturbed the
bacterial cell membrane, associated with cell leakage and death.!** NPs, such as MgO
and CaO NPs, showed high antibacterial efficacy due to interaction with the bacterial

cell membrane, ROS production and alkalinity.'*?

Recently, the integration of two different metals in the same nanostructure is of
particular interest due to their enhanced synergistic antibacterial efficiencies compared
to the monometallic counterparts. For instance, ZnMgO nanocomposites have
demonstrated to be more antibacterial compared to the ZnO NPs and MgO NPs alone.
ZnO nanocrystals were more antibacterial towards Gram-negative E. coli and Gram-
positive Bacillus subtilis, in comparison to nano-MgO, however, the nano-ZnO was
toxic to human HeLa cells. The integration of both metal oxides led to safe-by-design
ZnMgO nanostructures with strong bactericidal activity towards B. subtilis and
improved biocompatibility, suggesting their potential as alternative therapeutics to
manage bacterial infections.!** In another study, Zhao et al. described the engineering of
Au/platinum (Pt) NPs as promising antibacterial agents towards sensitive and drug-
resistant pathogens, compared to the pristine AuNPs and PtNPs, which did not display
any antibacterial activities. The bimetallic NPs disrupted the bacterial cell membrane,
leading to dissipation of the diffusion potential in bacterial cell membrane and increased
the adenosine triphosphate levels. Moreover, the bimetallic Au/Pt NPs did not affect the
umbilical vein endothelial cells viability, providing new promising perspectives to

combat bacterial pathogens.!*
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2.3.4.2 Non-metallic nanoparticles
High interest is directed to the nanotransformation as a potential approach that may

solve the failure of existing antimicrobials.!?* The engineering of nanoscaled cationic
polymers, e.g. AM and chitosan resulted in stronger antibacterial activity, compared to
the bulk solutions due to the improved interaction with bacterial cell membrane and
enhanced membrane disturbance.!?® Phenolic compounds such as lignin in nanoform
demonstrated increased antibacterial properties against Gram-positive and Gram-
negative bacteria due to the stronger interaction with the bacterial species and inhibiting
essential biological processes.!*® The development of penicillin G nanospheres led to
elimination of penicillin-resistant Gram-negative E. coli and P. aeruginosa and
suppressed the biofilms growth.'”> Moreover, the nanoformulation of vancomycin
enabled the drug interaction with the bacterial cell membrane and boosted the
antibacterial activity towards Gram-negative FE. coli and P. aeruginosa. The
nanospherisation increased the bacterial susceptibility to the vancomycin in the biofilm
structure, compared to the pristine counterparts.'?* Nanotechnology, considered as a
strategy to improve the drug stability and antibacterial activity, and lower the risk of
resistance appearance, mostly relies on liposomes, lipid NPs, and NCs as drug carriers
to the site of infection.!”” The encapsulation of antibiotics such as streptomycin,
gentamicin, ciprofloxacin, and penicillin in liposomes gave them a “second life” against
MDR pathogens, compared to their pristine counterparts. Gentamicin-polyehylenglycol
liposomes demonstrated strong antibacterial activity against drug resistant K.
pneumonia in in vivo studies.'* Tobramycin-loaded liposomes resulted in enhanced
antibacterial activity towards medically relevant S. aureus, E. coli, and P. aeruginosa at

lower concentration of the antibiotic.'*

2.3.4.3 Hybrid nanoentities
The engineering of hybrid nanoentities composed of at least two different compounds is

appealing approach to overcome the limits of the single materials and/or to impart novel
multifunctional properties not possible for the individual nano-architectures.® The
most attractive approach is the combination of metals/metal oxides with
polymers/biopolymers for generation of stable hybrid nanocomposites with high
antibacterial efficiency at low non-toxic concentrations. Generally, the increased surface

area and the small size of the nanomaterials acquires an overage surface energy,
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compared to the pristine counterparts, making the NPs thermodynamically unstable, e.g.
unprotected Au or AgNPs showed irreversible aggregation and precipitation. Reduction
of the NPs’ surface energy could improve their thermodynamic stability and prevent
them from aggregation.'>! The reduction of the metal ions using polymers, biopolymers,
surfactants or enzymes enhanced the NPs stability and biological properties.!'>>!5
Chitosan was employed as reducing and capping agents for the synthesis of AgNPs with
long-term stability and enhanced antibacterial efficacy. The developed hybrid
nanoentities resulted in stronger bactericidal properties in comparison with pristine
chitosan and AgNPs due to the cationic nature of the polymer which increased the NPs
interaction with bacterial cell membrane, causing membrane disturbance.!>? In another
study, biocompatible lignin was used for the production of novel lignin-capped AgNPs
against MDR bacteria. The lignin shell enhanced the NPs surface activity and their
capability to interact with the bacterial membrane, eradicating Gram-positive and Gram-
negative MDR clinical isolates.!** Employing lignin as a reducing and capping agent,
hybrid lignin-tellurium NPs were developed. These hybrid nanocomposites showed
complete elimination of medically relevant Gram-negative E. coli and P. aeruginosa

and inhibited the Gram-positive S. aureus growth due to bacterial membrane

disturbance and ROS generation.'>

On the other hand, the antimicrobial peptides have demonstrated high potential to
manage MDR bacteria and inhibit biofilm formation. The engineering of hybrid
polymyxin B and AgNPs increased the bacterial membrane disturbance due to
interaction between positively charged NPs and the negatively charged bacterial
membranes, resulting in increased bactericidal activity, compared to the individual
compounds.'*® Non-specific mechanisms of action, such as membrane disturbance,

decreased the possibility of resistance development.'>!

Recently, two complementary strategies have been integrated to develop novel hybrid
nanocomposites of bactericidal Ag and biofilm degrading a-amylase with improved
functionalities against planktonic and sessile Gram-positive and Gram-negative
bacteria. The application of a-amylase could degrade the extracellular polymeric matrix

and increased the bacterial susceptibility to the bactericidal agent.'>?

QQ enzymes interrupt the processes implicated in the bacterial pathogenesis without
affecting the bacterial growth, possessing lower selective pressure, making the bacteria
more vulnerable to the antibacterial agents.!>” Vinoj et al. decorated AuNPs with
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lactonase against the biofilm formation of pathogenic Proteus species. The enzyme
coated NPs exhibited increased antibiofilm activity and decreased exopolysaccharides

production compared to the enzyme in bulk form.”®

Engineering of targeted NPs as drug delivery nanosystems showed high potential for
treatment of bacterial infections. The combination of a bactericidal nanoparticulate
carrier with specific targeting element drives the drug to the specific target increasing
the therapeutic index of the biocide and reducing its undesirable side effects.'?
Engineering of vancomycin-loaded NPs tagged with the cyclic 9-amino acid peptide
CARGGLKSC for selective elimination of S. aureus in infected tissues has been
reported. The developed targeted nanodevice increased the antibacterial activity
specifically towards S. aureus and decreased the needed systemic dose, reducing the

side effects in vitro and in vivo."

In another study, Meeker et al. developed
daptomycin-loaded polydopamine-coated Au nanocages, conjugated to specific
antibody as a hybrid photothermal and drug delivery nanocostruct targeting S. aureus.
The conjugation of antibody on the NPs surface demonstrated increased therapeutic
synergy and selective antibiotic efficacy towards both planktonic and sessile MRSA

strain.!>®

2.3.4.4 Hybrid nanostructured coatings
Significant efforts are being made for managing medical devices-associated bacterial

infections by engineering of hybrid nanostructured antibacterial/antibiofilm coatings on
the devices that integrate different antibacterial compounds with multimodal
antimicrobial mechanisms, acting synergistically to hinder the biofilm formation and
growth.!® Numerous studies of surface functionalization with hybrid nanocomposites

139149 polymeric NPs!% have been

of enzymes,”’ QS inhibitors,” metal/metal oxide NPs,
reported. For example, Wei et al. described the development of bifunctional AgNPs
with the antithrombotic enzyme nattokinase and subsequently embedded them into an
LbL implant coating in order to prevent bacterial infections and thrombosis. The coated
material displayed high antibacterial efficacy against E. coli and B. subtilis coupled to
anticoagulant activity.'®® A dual-level antibacterial coatings of Ag/chitosan or Ag/AM
synergistically inhibited the bacterial growth of the Gram-positive S. aureus and Gram-
negative E. coli during a 5-days course, and demonstrated long-term stability under

continuous flow of water, indicating their promising application for water treatment.'¢!
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A stimuli-responsive hybrid multilayer coating of AM nanospheres, combined with HA
onto silicone catheters has been developed. The obtained hybrid nanocoating was stable
in the absence of bacteria, whereas in the presence of bacteria, the produced by the
pathogen virulent factor hyaluronidase degraded the HA layer in the coating. Upon the
HA degradation the layers were disassembled, subsequently the bactericidal AM
spheres were released and the bacterial growth and biofilm formation on the catheters’
surface were impaired.!%® Anghel et al. developed nano-modified prosthetic device with
magnetic NPs coated with EO from Mentha piperita for prevention of colonization of S.
aureus. These dual-functional nanostructures impeded the bacterial colonization on the
material’s surface due to the bactericidal/anti-adherence properties of the EO and its
stabilization by the core/shell NPs, showing to be promising strategy to prevent
prosthesis-associated infections.!®?> Nanostructured coatings of bimetallic Ag/Ti NPs
decreased the bacterial cell viability of sensitive E. coli and P. aeruginosa, and MDR
Acinetobacter baumannii and P. aeruginosa within 3 h of contact.'®® In another study,
Srisang et al. reported the functionalization of Foley wurinary catheters with
chlorhexidine-loaded NPs (in form of nanospheres and micelles) using dip and spray
coating methods. The nanocoatings showed stability and impaired the encrustation and
crystallization on the catheters’ surface, compared to the pristine catheters in in vivo
model, suggesting the efficacy of these functionalization to delay the occurrence of

early onset of CAUTIs.!®

2.4 Layer-by-Layer assembly as a tool for engineering of highly efficient
antimicrobial nanomaterials
The LbL assembly approach is a simple and versatile technique for design and

engineering of multifunctional coatings on a diversity of surfaces without the utilization
of harsh chemicals and costly manufacturing processes.'® The technique was used to
coat substrates providing controlled thickness of the tailored multilayer structures for
various applications. The LbL method comprises spin, spray, and immersive assembling
strategies for development of innovative coatings with desirable nanofeatures,
integrating for instance enzymes, biomacromolecules, NPs, dyes, or viruses, onto

inert/active templates and 2D and 3D surfaces of medical devices (Figure 2.5).!%167

The main driving force implicated in spin assembly is the spin speed of the pristine

substrate enabling the layers’ deposition with well-defined micropatterns. The spinning
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assembly technology allows for faster and more homogeneous multilayers build up on
the substrate surface, compared to the immersive assembly, however, its application is
limited to small planar material surfaces.'®®!1® A set of forces, e.g. electrostatic
interactions, which cause the materials deposition and rearrangement, and viscous,
centrifugal, and air shear forces, enhancing the desorption of the weak bounds and film

dehydration are involved in this coating process.'®

The spray assembly strategy deposits aerosolizing polyelectrolyte solutions onto the
substrates. The bulk movement in the spray and the random movement in the liquid
layer are the main driving forces in the deposition process. The random movement in
the liquid layer leads to material arrangement and increases its convection close to the
substrate surface. Due to its simplicity and speediness in coating of large surfaces with
different topography, the spray assembly technique is suitable for industrial-scale

applications.'®’

The immersive assembly is the most common method enabling the engineering of
interpenetrated multilayer compositions based on dip-and-rinse principles. Practically,
due to its flexibility, the method is compatible for coating of different substrates with
any charged layer material. This approach has been applied for coating of a variety of
surfaces such as spherical nano/micro particles, planar surfaced or inside pores with
desirable materials. After each layer deposition, an additional washing step is required

for removing the excess of non-assembled material.'®’

The LbL assembly allows the formation of more homogenous coatings, compared to
other non-LbL methods, based on the alternate deposition of oppositely charged
polyelectrolyte layers without the necessity of any chemical modifications. In LbL the
electrostatic interactions are the main driving forces between the building layers,
however, other interactions can be also involved, such as Van der Waals forces,
hydrogen bonds, charge transfer, covalent bonds, and hydrophobicity.!”® The LbL
assembling allows to control the thickness and roughness of the multilayered structures
by varying the experimental conditions, including the concentration of the

polyelectrolytes, pH, and ionic strength.!"!

28



materials Substrates

* Immersive
Substrate

Repeat the process
* Spray

Substrate Substrate Substrate Substrate

Material 1 Wash Material 2 Wash
-_ a e \@ -a — pN
Repeat the process
« Spin

Material 1 Material 2 Material 3
~ ‘ Ny

Coating on a o
NP template Freestanding films

Coating on a support

Figure 2. 5 LbL assembly technologies. Schematical representation of the three major
technology categories for LbL assembly used for development of functional materials.
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The versatility in the control of the nanostructured architectures makes the LbL
technique an attractive approach in the biomedical field for engineering of
multifunctional nanocomposites,'® nanocoatings,”’ delivery nanoentities,'”> and
membranes.!”® The coating strategy has been employed for the generation of multilayer
films and stand-alone structures for biomedical applications.'” In the past three
decades, new therapeutic avenues have been developed to eliminate the bacterial

pathogens and inhibit the biofilm formation based on the LbL method.

The multilayer deposition on nanoparticle templates has found application in
biomedicine as drug delivery micro/nanosystems with controlled drug release and
improved drug stability. The delivery of the antibacterial cargo relies upon external
stimuli, such as temperature, pH, and electric field.'”*!”> Metabolites secreted by the
bacterial pathogens in the extracellular environment could also trigger the active agents’
release. Bacterial production of lactic acid and acetic acid, lowering the environmental
pH, leads to destabilization of the layers build up and elution of the bactericidals. For
example, Zhuk et al. developed pH-responsive self-defensive films of tannic acid and
positively charged tobramycin, gentamicin, and polymyxin B in an LbL fashion. The
increment of acidification causes the disassembly of the layers and drug liberation from
the films.!”® Despite the decrease of pH at the site of infection, the pathogens produce
multiple virulence factors such as toxins and enzymes.!”” The polymer-hydrolyzing
enzymes are able to degrade the layers, resulting in cargo release from the coatings.
Unlike the pH- or temperature-responsive strategies, the enzymes secretion is specific
for the bacterial species and could allow for a selective eradication of the targeted
pathogens from the multilayer structures.!’® Thus, the stimuli responsive nanosystems
could enhance the bacterial eradication and minimize the risk of drug resistance
occurrence.!”® Wu et al. reported enzyme-responsive biohybrid nanomaterials of drug-
loaded mesoporous silica NPs decorated by LbL with lysozyme, HA, and 1, 2-
ethanediamine modified polyglycerol methacrylate for eradication of the Gram-positive
S. aureus. The cationic nature of the polymers allowed the multivalent interaction with
negatively charged bacterial cell membrane, and the release of encapsulated drug upon
hyaluronidase production by S. aureus.'” In a similar fashion, Cortese et al. generated
biocompatible pH- and enzyme-responsive LbL NPs of drug loaded poly-caprolactone
NPs, decorated with AgNPs, pH-responsive chitosan, and an enzyme-sensitive polymer

for eradication of Gram-negative E. coli and Gram-positive S. aureus.'>
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Although the synthetic polyelectrolytes have been widely explored for development of
delivery systems, their clinical application is limited due to their non-biodegradability
and cytotoxicity. Natural polysaccharides and their derivatives have been used for
preparation of LbL drug delivery nanosystems due to their excellent biodegradability,
biocompatibility, and bioactivities. Multilayer building blocks made of chitosan, sodium
alginate, dextran sulfate, carboxymethyl cellulose, and HA have been described for
preparation of shell capsules.'®! For example, Cui et al. reported the engineering of
quaternized chitosan and HA multilayer contact-killing microcapsules on sacrificial
colloidal templates. The obtained capsules with upper layer of quaternized chitosan
demonstrated to be more efficient towards E. coli, compared to the capsules ending with
HA due to the enhanced microcapsule interaction with the bacterial cell membrane, and

further were not toxic to myoblast cells.!”

The possibility of incorporating different antibacterial compounds into the multilayer
capsules is one of the most appealing advantages of the LbL technique for drug
encapsulation coupled to reduced toxic side effects. Sangfai er al. described the
functionalization of Ti implant surfaces with vancomycin-loaded gelatin NPs, coated
with multilayers of gelatin and chitosan. The deposition of the LbL NPs onto Ti surface
led to better surface roughness-controlled osteoblast cells proliferation and showed
strong antibacterial activity towards S. aureus.'®? Gnanadhas et al. developed pH-
responsive LbL chitosan-dextran sulphate NCs, loaded with ciprofloxacin as efficient
targeted drug delivery nanosystem. The NCs targeted and eradicated intracellular
Salmonella infection at reduced dosage of the ciprofloxacin in the in vitro and in vivo
studies, compared to the bulk antibiotic.'®® In another study, a photosensitizer curcumin
was encapsulated in zeolitic imidazolate framework-8 nanomaterials and subsequently
decorated with biocompatible HA and amino-bearing chitosan using LbL technique.
The developed light responsive NPs synergistically eliminated E. coli and S. aureus
under blue-light irradiation due to the enhanced interaction with the bacterial cell

membrane and the generation of ROS. !4

The engineering of hybrid nanomaterials could synergistically improve the therapeutic
efficacy at lower concentrations of the antibacterials, reducing their cytotoxic effect.
Wang et al. have developed antibacterial and recyclable LbL AgNPs armed magnetic
nanoentities coated with lysozyme and tannic acid, responsive to the application of

magnetic field. The developed nanocomposites demonstrated strong efficiency against
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E. coli and S. aureus.'® Similarly, magnetic Fe2O3 NPs core were decorated with
chitosan/poly (ethylene glycol) shell and loaded with gentamicin to achieve a potent
antibiotic delivery. The chitosan/poly (ethylene glycol) shell was protonated under
acidic conditions, improving the drug stability at low pH and promoted the interaction
with negatively charged bacterial cell membrane. The developed nanocomposites
resulted in better antibacterial activity against S. aureus, compared to the antibiotic bulk
solution. Moreover, the employment of external magnetic field led to better NPs
penetration within established biofilm structure, allowing the antibiotic delivery for

elimination of mature biofilms.'%°

2.5 Sonochemistry for manufacturing of functional nanomaterials and
nanostructured coatings
Most of the methods for engineering of durable hybrid NPs coating on medical devices,

textiles, or water filter membranes are time-consuming and cost-inefficient and require
chemical pre-treatment and further processing steps.!*'8” Moreover, the complexity
and inability to transfer the technology from lab to large scale frequently limit their
industrial applications. Recently, the International Union of Pure and Applied
Chemistry (IUPAC) announced sonochemistry as a leading emerging technology in
chemistry in 2021 and highlighted the potential of US in manufacturing of functional
coatings.!®® US is considered as an environmentally friendly and highly efficient
technique for generation of different types of antibacterial/antibiofilm nanocomposites

and nanostructured coatings on medical devices!'*’

or textiles in a scalable one-step
process.!* This technique goes beyond the current “stepwise” approach for NPs
synthesis and their inclusion in the final products. The efficiency of US irradiation in
liquids induces acoustic cavitation phenomena, involving the formation, growth, and
collapse of cavitation bubbles (Figure 2.6A). The US generates a strong cavitation that
improves the homogeneity of the NPs solution, controlling the NPs aggregation.!4-189
The approach has been widely applied for the in sifu formation and simultaneous
coating of surfaces with multi-material NPs or in a “throwing stones” mode of
sonochemical coating with commercial NPs without damaging the coated
materials.!*®!°" The collapse of the cavitation bubbles formed upon sonication, produces
shock waves and microjets that drive the NPs with high velocities towards the

material’s surface (Figure 2.6B)."°! The versatility of the US method has been
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demonstrated by incorporating a variety of nanomaterials such as metal/metal oxides,
antimicrobial and antibiofilm polymers and enzymes on woven/nonwoven materials,

water treatment membranes, and medical devices. 39140187189
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Figure 2. 6 Main steps in the US process. (A) Formation, growth and collapse of cavitation
bubbles, generated upon sonication of liquids. (B) Microjets and shock waves produced upon
the collapse of the acoustic bubbles project the developed NPs at high velocities towards the
materials’ surface.

The sonochemical technology for engineering of multifunctional nano-enabled coatings
was recently widely employed due to its simplicity, fastness, and mild processing
conditions. Petkova ef al. generated hybrid coating of ZnO NPs and chitosan on cotton
fabrics in a one-step sonochemical process. The combination of metal NPs and
biopolymer improved the durability of the coating on textiles, maintaining strong
antibacterial activity against S. aureus and E. coli after multiple washing cycles.!* In
another study, cotton medical textiles were functionalized with bactericidal ZnO NPs
and gallic acid in a single step sono-enzymatic approach. The obtained hybrid coating
demonstrated strong stability and antibacterial activity after 60 washing cycles at

hospital laundry conditions.!*® US functionalization of urinary catheter with Zn-doped
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CuO NPs exhibited antibiofilm activity and biosafety in vitro and in vivo models,
showing to be a promising strategy to delay CAUTIs.'*® High intensity US has been
employed for the development of AgNPs, reduced in the presence of ethylene glycol
and ammonia and simultaneously deposited on nylon 6, 6 surfaces. The obtained
nanocoating displayed ability to eliminate Gram-positive and Gram-negative bacteria.'*?
Natal et al. developed ZnO and MgF> NPs coating on the cochlear implant that
synergistically inhibited the bacterial growth and colonization by S. pneumonia and S.
aureus.'® Hoyo et al. reported the functionalization of contact lenses with antibacterial
ZnO NPs, chitosan and antioxidant gallic acid in a one-step US process. The presence
of gallic acid and chitosan imparted antioxidant properties, increased the wettability of
the contact lenses and improved the comfort of the material. The engineered

nanostructured coating resulted in stronger antibacterial performance towards S. aureus,

without affecting the mammalian cell lines viability.!*!
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3 Objectives of the Thesis



The main objective of the thesis is to engineer nanomaterials for controlling the
bacterial pathogenesis and resistance occurrence. Novel strategies based on
nanotechnology, QS, biopolymers, and targeting elements will be employed to
develop antimicrobial and antibiofilm approaches with minimal risk of bacterial
resistance appearance. To achieve the main goal of the thesis, the following specific

objectives have been defined:

1) To develop multilayered coating of antibacterial amino-bearing AM and
biocompatible HA on biologically inert NP templates using the LbL technique. The
presence of cationic AM layers onto the NP template will create high local
positive charge density, which, synergistically with the nanoform would
enhance NPs interaction with the bacterial membrane, associated with

reduced risk of resistance development.

i1) To develop LbL hybrid enzyme/biopolymer/metal nanoentities with enhanced
antibacterial and antibiofilm activities against the Gram-negative P. aeruginosa.
The inclusion of QQ acylase on the bactericidal nano-Ag core will increase the
pathogen susceptibility to lower and safe to human cells AgNPs concentrations
and will inhibit the biofilm formation. The deposition of membrane disturbing
AM is expected synergistically with the nanotemplate to improve the hybrid NPs
interaction with the bacterial membrane, potentiating the bactericidal activity of

AgNPs.

ii1) To generate targeted antibody-enabled NCs loaded with antibacterial oregano
EO for selective elimination of Gram-positive S. aureus. The antibiotic-free EO
NCs grafted with a targeting antibody will increase the NCs bactericidal
efficacy against the Gram-positive S. aureus at a lower dosage and, at the same
time, will reduce the resistance development and the toxic effects on non-targeted

bacteria and human cells.

iv) To develop durable hybrid nanostructured coatings on urinary catheters in
a single-step high-intensity US process. The simultaneous deposition of
antibacterial ZnO NPs and matrix-degrading amylase, targeting the
extracellular matrix polysaccharide will inhibit the bacterial colonization on
the catheters surface providing bacterial susceptibility to ZnO NPs, and

further bacterial elimination. The engineered nano-enabled coating would
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impede the biofilm formation on indwelling medical devices and prevent the

occurrence of CAUTISs in an in vivo model.
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4 Materials and Methods



4.1 Materials and reagents
Microcrystalline cellulose (Avicel PH-101 from Fluka) was used for the preparation of

the 6-deoxy-6-(w-aminoethyl) AM (25 kDA) derivative as previously described.!®?
Negatively charged NPs of monobutyl ester of poly (methyl vinyl ether/maleic acid)
with hydrodynamic diameter 83.1 nm and zeta-potential —22.7 mV were produced
according to the proprietary technology of Bionanoplus (Spain).!”* HA, with an average
Mw~25 kDa was obtained from Lifecore Biomedical (USA). Acylase from A. melleus
(E.C 3.5.1.14; 4.5 % (w/w) protein content and 2.49 U mg™! specific activity, pI = 2.3)
was purchased from Sigma Aldrich (Spain). Zein, a protein extracted from maize was
obtained from Flo Chemical Corporation (MA, USA) and used for the NCs preparation.
Oregano EO from Thymbra capitata (100 % pure) was kindly provided by the TELIC
S.A. (Barcelona, Spain). AlamarBlue® cell viability reagent was purchased from
Invitrogen, Life Technologies Corporation (Spain). ZnO NPs (size < 100 nm, zeta-
potential = +28 mV) and o-amylase from Bacillus amyloliquefaciens (32 mg mL’!
protein content and 20 U mg™! specific activity) were purchased from Sigma Aldrich
(Spain). Ultrapure water (MilliQ® plus system, Millipore) with 18.2 MQ.cm resistivity
was used in most of the experiments. Nutrient broth (NB) was provided by Sharlab
(Spain). L-a-phosphatidylethanolamine (PE) from E. coli, was purchased from Avanti
Polar Lipids, Inc. (Alabama, USA). Polydimethyl/vinylmethyl siloxane urinary (Foley)
catheters were provided by Degania Silcone Ltd. (Israel). All other chemical and
microbiological reagents were purchased from Sigma Aldrich unless otherwise

specified.

4.2 Bacteria and human cells
The bacterial strains S. aureus (ATCC® 25923™)  E. coli (ATCC® 25922™)  P.

aeruginosa bacterium (ATCC® 10145™), the human foreskin fibroblast cells (ATCC®
CRL-4001™, BJ-5ta), and keratinocyte (HaCaT cell line) were obtained from American
Type Culture Collection (ATCC LGC Standards, Spain). Chromobacterium violaceum
(CECT 5999), a mini-Tn5 mutant of C. violaceum (ATCC® 31532™) which cannot
produce violacein without exogenous addition of AHLs, was purchased from Spanish

Type Culture Collection (CECT, Spain).
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4.3 Experimental methods

4.3.1 Layer-by-layer decorated nanoparticles with tunable antibacterial and
antibiofilm properties against both Gram-positive and Gram-negative bacteria

4.3.1.1 LbL coating of NPs
Multilayer NPs were developed in an LbL fashion (Scheme 4.1). Negatively charged

monobutyl ester of poly (methyl vinyl ether/maleic) acid NPs was used as a template for
alternating deposition of polycationic AM and oppositely charged HA. For LbL
assembly, 7.35 mL of NP template (in mQ water, pH 4.5) was mixed with 0.65 mL of
10 mg mL™' AM solution (in mQ water, pH 4.5). The samples were agitated for 5 min
and left for 1 h to allow the deposition of the first layer. Afterward, the NPammna-AM
was ultracentrifuged at 18 000g for 50 min. The pellets were resuspended in 7.35 mL of
water with pH 4.5 and then incubated for 1 h with the negatively charged HA (10 mg
mL~!, pH 4.5). The steps were repeated until five bilayers of AM/HA were formed. The
concentration of the NP template was 7.72 x 10'* NPs mL !, whereas the final

concentration of the LbL-coated NPs was adjusted to 8 x 10! NPs mL!.

Step 1: Step 3: Step 4:
AM deposition HA deposition Washing
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Scheme 4. 1 Schematic illustration of the polymeric NP template decoration in an LbL fashion
yielding 8 x 10'© NPs mL !
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4.3.1.2 LbL coating of NPs with fluorescein isothiocyanate-labeled AM
10 mg mL! solution of AM was prepared in sodium carbonate buffer pH 9. Fluorescein

isothiocyanate (FITC) was dissolved in anhydrous dimethyl sulfoxide (DMSO) at 1 mg
mL!. For each 1 mL of AM solution, 50 uL of FITC solution were added slowly under
stirring and then the reaction was incubated in dark for 8 h at 4 °C. The unreacted FITC
was removed using PD-10 desalting columns (Sigma Aldrich). The LbL assembly of
FITC labeled AM and HA was performed on the polymer NPs template. The coating of
colloidal particles was confirmed using fluorescence microscope. The detected
fluorescence is from the successful multilayered deposition of the cationic AM on the

NPs’ surface.

4.3.1.3 Characterization of the NPs
The successful buildup of the LbL constructs was studied by measuring the variation of

zeta-potential of the NPs after each layer of deposition. The zeta-potential of NPs in
water was determined using a Zetasizer Nano Z (Malvern Instruments Inc., U.K.). After
the LbL assembly, the size of the NPs was assessed by nanoparticles tracking analysis
(NTA) performed in flow mode with a NanoSight LMI10 instrument (Malvern
Instruments Inc., U.K.) equipped with LM10 Laser 405 nm NP viewing unit and
sCMOS camera. Software NTA 3.2 was used to capture several frames of the NP
suspension to obtain the size of particles and their final concentration. The reported
average particle size represents the mean values + standard deviations of five
measurements per sample. The size and morphology of the LbL NPs were also
examined by transmission electron microscope (TEM) using a TEM JEOL 1010
equipped with a camera CCD Orius (GATAN) at an operating voltage of 80 kV. The
sample was prepared by dropping the NP solution on formvar/carbon-coated grids and

stained with uranyl acetate.

4.3.1.4 Determination of primary amino groups on the NP surface
Fluorescamine is a nonfluorescent dye that reacts with primary amino groups and forms

highly fluorescent compounds.'®® It was used to determine the available amino groups
on the AM polymer and multilayered NPs. For the assay, 75 pL of the samples was
mixed with 25 puL of 3 mg mL™' fluorescamine reagent (dissolved in DMSO) and

incubated at room temperature (RT) for 3 min. Then, the fluorescence at 390/470 nm
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was measured and the amino groups were calculated from the calibration curve built

with L-methionine as a standard.

4.3.1.5 Antibacterial activity of LbL engineered NPs
The antibacterial activity of LbL decorated NPs was assessed toward Gram-positive S.

aureus and Gram-negative E. coli. Briefly, bacteria were grown overnight at 37 °C in
NB medium. Then, 50 puL each of the LbL NPamma-AM and LbL NPammua-HA with
concentrations 8 x 10'%, 4 x 10'°, and 2 x 10' NPs mL™! were mixed with 50 pL of
bacterial inoculum (optical density (OD)soo = 0.01), ~ 10° —10° colony-forming units
(CFU) mL™! in 96-well polystyrene plates. The samples were incubated for 24 h at 37
°C with shaking at 230 rpm. Then, bacterial growth in the presence of NPs was assessed
measuring the OD at 600 nm in a microplate reader (Infinite M200, Tecan, Austria).
The samples where no turbidity (no bacteria growth) was observed (ODgoo ~ 0) were
considered as minimum inhibitory concentrations (MIC). In addition, the number of
survived bacteria during NP treatment was determined after plating 15 pL of the
suspensions onto specific agar and further incubation for 24 h at 37 °C. Bacterial
inoculum without NPs served as the negative control (no inhibition) and gentamicin

(100 pg mL™") as a positive control (growth inhibition) in all of the experiments.

4.3.1.6 Antibacterial activity of AM against S. aureus and E. coli
The antibacterial activity of the AM was assessed against S. aureus and E. coli. The OD

measurements showed that 80 pg mL™! of AM (3.5 pmol mL™ amino groups) is the
minimal concentration needed to eradicate both bacterial strains. The amino groups
functionalities on the surface of the NPs (1.09 pmol mL ') and those present in the bulk
AM solution (3.5 pmol mL™') were different and confirmed the synergy between the

nanoform and amino groups.

4.3.1.7 Bacteria time-killing kinetics
The minimal time necessary for the NPs to eradicate bacteria was determined using a

time-killing kinetics assay. Overnight-grown bacterial suspensions were diluted in
sterile 100 mM phosphate buffered saline (PBS, pH 7.4) to an ODsoo = 0.01 (~ 10°—10°
CFU mL™). For the assay, 200 pL of the bacteria was mixed with 200 uL of the
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samples, 4 x 10! NPs mL ™! (concentration, corresponding to MIC), and incubated at 37
°C with 230 rpm shaking. At 15, 45, and 60 min, the survived bacteria were enumerated
using the drop plate method. In total, 15 pL of diluted E. coli and S. aureus suspensions
was plated on selective chromogenic coliform and Baird Parker agar, respectively. After
24 h incubation at 37 °C, the grown colonies were counted. Bacteria in PBS were used
as a negative control (no bactericidal activity). Bacterial cell viability was further
assessed with fluorescence microscopy using Live/Dead BacLight Bacterial Viability
kit comprising two nucleic acid fluorescent dyes, SYTO9 and propidium iodide (PI).
LbL-coated NPs ending with AM (100 uL) were incubated for 1 h with S. aureus and E.
coli and then mixed with 20 pL. of SYTO9 and PI in the ratio 1:1. After 15 min, the
samples were visualized under fluorescence microscopy using 100 x objective lens. The

live cells were stained in green and the dead ones in red.

4.3.1.8 Interaction of the NPs with cell membrane models
The mechanism of action of the developed NPs was studied under biomimetic

conditions by means of the Langmuir technique. The interaction of the NPs with a cell
membrane model-a monolayer composed of PE extracted from E. coli-was assessed in a
Langmuir trough equipped with two mobile barriers (KSV NIMA Langmuir-Blodgett
Deposition Troughs, model KN2002, Finland) mounted on an antivibration table and
housed in an insulation box at 23 = 1 °C. The surface pressure (1) was measured by a
Wilhelmy balance connected to the trough. The PE monolayer was prepared by
spreading 40 pL of 0.5 mg mL™' phospholipid on PBS (pH 7.4) subphase and
compressing until the pressure of natural cell membranes (r = 33 mN m™') was reached.
After stabilization of the monolayer, 300 uL of the NPs at concentration 8 x 10° NPs
mL™! was injected beneath the monolayer and the variation of the pressure over time

was recorded.

4.3.1.9 Biofilm inhibition test
The antibiofilm activity of the AM/HA decorated NPs was also evaluated using

colorimetric crystal violet assay. Briefly, 50 uL of 4 x 10'° NPs mL ™! NPamma-AM and
NPamma-HA and 50 pL of bacteria in tryptic soy broth (TSB) (ODeoo = 0.01) were
placed in a 96-well microplate. The microplate was then incubated for 24 h at 37 °C

under static conditions to allow bacteria to form biofilms. After the incubation, the non-
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adhered bacterial cells were washed three times with 200 uL of distilled H>O and the
microplate was incubated for 60 min at 60 °C for biofilm fixation. The biofilm was
stained for 5-10 min with 200 pL of 0.1 % (w/v) crystal violet solution, washed three
times with distilled H>O, and dried at 60 °C. Next, 200 pL of 30 % (v/v) acetic acid was
added to dissolve the crystal violet and the plate was incubated for 15 min at RT. Then,
125 pL of each well was transferred to a new 96-well microplate, and the absorbance
was measured at 595 nm. The amount of the dye is directly proportional to the total
biomass on the surface, including bacteria cells and EPM. Gentamicin (100 pg mL™)

was used as a positive control (biofilm inhibition).

4.3.1.10 Biocompatibility of NPs
Human fibroblast cell line BJ-5ta was used to determine the toxicity of the LbL-coated

NPs toward mammalian cells. Briefly, the cells were maintained in Dulbecco’s
modified Eagle’s medium (DMEM, ATCC) containing 10 % (v/v) fetal bovine serum, 1
% penicillin, and 200 mM glutamine, at 37 °C in a humidified atmosphere with 5 %
CO;. At preconfluence, the «cells were harvested using trypsin-EDTA
(ethylenediaminetetraacetic acid) (ATCC-30-2101, 0.25 % (w/v) trypsin/0.53 mM
EDTA solution in Hank’s BSS without Ca or Mg) and seeded at a density of 60 x 10*
cells per well on a 96-well tissue culture treated polystyrene plate (Nunc). After 24 h,
the cells were washed with sterile PBS (pH 7.4) and the NPs at their bactericidal
concentrations were placed in the wells. The cells were incubated at 37 °C for 45 min
within contact with the NPs. Then the samples were removed, the growth media
withdrawn, and the cells washed with 100 mM PBS, pH 7.4, and stained for 4 h at 37
°C with 100 pL of 10 % (v/v) AlamarBlue cell viability reagent in DMEM. Thereafter,
the absorbance at 570 nm was measured, using 600 nm as a reference wavelength, in a

microplate reader. All results are reported as mean values + standard deviations (n = 3).

4.3.2 Layer-by-layer coating of aminocellulose and quorum quenching acylase on
silver nanoparticles synergistically eradicate bacteria and their biofilms

4.3.2.1 AgNPs synthesis
Single step citrate reduction reaction was employed for the preparation of AgNPs. The

glassware used for AgNPs synthesis was thoroughly washed with aqua regia (HCl and
HNO:s in 3:1). 0.02 % Silver nitrate (AgNOs; w/v) was dissolved in 100 mL mQ water
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and boiled at 150 °C under continuous stirring. 2 mL of sodium citrate solution (in mQ
water) were added to the AgNOs solution dropwise. Then, the solution was left for =

3040 min at 150 °C under continuous stirring.

4.3.2.2 LbL coating of AgNPs with AM and acylase
Negatively charged AgNPs were used as colloidal templates for LbL deposition of the

positively charged AM and negatively charged acylase. AgNPs were diluted (2 X) in
mQ water and the pH was adjusted to 8. The deposition of each oppositely charged
layer onto the AgNPs template was carried out by mixing 7.35 mL of the diluted AgNPs
with 0.65 mL of 10 mg mL™! of AM (in mQ water) deposited as a first layer, and
acylase (in 100 mM Tricine buffer, pH 8.0) as a second layer. The samples were
agitated for 5 min and were left for 1 h at RT. After the AM deposition, the NPs were
ultracentrifuged at 18 000 rpm for 50 min, while after the acylase deposition the
centrifugation was carried out for 15 min at 15 000 rpm. Finally, the pellets of LbL
Ag@AM_AC NPs were collected and resuspended in 1 mL mQ water. In order to
outline the role of acylase in the hybrid nanoentities, further control was developed NPs
decorated with noncatalytically active 10 mg mL™! bovine serum albumin (BSA),
instead of QQ acylase. These samples (LbL Agl@AM _ BSA NPs) were used as a control

in the antibacterial test.

4.3.2.3 NPs characterization
Spectrophotometric measurements were performed in a microplate reader Infinite

M200, Tecan (Austria). The UV-vis spectra were collected in the range of 300-600 nm,
recording absorbance at a 2 nm step. TEM and dynamic light scattering was used to
determine the size and the zeta-potential of the AgNPs. The successful buildup of the
LbL constructs was studied by measuring the variation in zeta-potential of the NPs after
each layer deposition. The zeta-potential and the NPs concentrations were assessed
using Zetasizer Nano Z (Malvern Instruments Inc., U.K.) and NTA as previously
described in Section 4.3.1.3. The size and morphology of the LbL NPs were also
examined by TEM using a TEM JEOL 1010 equipped with a camera CCD Orius
(GATAN) at an operating voltage of 80 kV. The sample was prepared by dropping the

NP solution on carbon-coated grids.
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4.3.2.4 Enzymatic activity
The enzyme activity of LbL Ag@AM_AC NPs was evaluated by a colorimetric assay

using N-acetyl-L-methionine (NAMET) as a substrate and in a bioassay using C.
violaceum CECT 5999. In the colorimetric assay, 200 pL of tricine buffer (100 mM, pH
8.0) and 200 pL of 0.5 mM cobalt chloride solution were added to 200 uL samples and
equilibrated at 37 °C. Then, 200 uL of 100 mM NAMET in tricine buffer (100 mM, pH
8.0) were added, and the test tubes were incubated for 30 min. The reaction was stopped
by rising the temperature to 100 °C for 4 min. The product of the enzymatic reaction
was determined using the ninhydrin assay as follows: 200 uL of the sample was mixed
with 400 pL of 2 % w/v ninhydrin solution (prepared in 200 mM citrate buffer, pH 5
and ethylene glycol monomethyl ether (1:1)) and 20 pL 1.6 % w/v stannous chloride
solution. The samples were incubated for 20 min at 100 °C and cooled down before
measuring their absorbance at 570 nm. Noncoated AgNPs were used as a control in all

the experiments.

4.3.2.5 Quorum quenching activity
C. violaceum CECT 5999 was used to test the QQ activity of acylase and its ability to

interfere with the QS process through the degradation of C6-HSLs. C. violaceum CECT
5999 is a mutant bacterial strain that in the presence of AHLs produces the purple
pigment violacein. Briefly, the bacterium was grown on Luria Bertani broth (LB) agar
(supplemented with 25 ug mL™! kanamycin), and the plates were incubated at 26 °C for
48 h. Afterward, the bacterium was inoculated in LB medium supplemented with 25 pg
mL™! kanamycin at 26 °C for 12-16 h. For the bioassay, C. violaceum was diluted to
optical density 0.004 (ODgso) in fresh medium supplemented with 25 pg mL!
kanamycin and 5 x 10 uM AHLs (C6-HSL). Then, 350 pL of the inoculum were mixed
with 350 puL of LbL Ag@AM_ AC NPs and uncoated AgNPs template at their sub-
inhibitory concentrations, and the samples were left at 26 °C overnight with 550 rpm
shaking. Bacterium without NPs was used as a control. After the time of incubation, 200
uL of each sample were transferred in 2 mL Eppendorf, mixed with 200 uL of 10 %
sodium dodecyl sulfate and vortexed for 5 s. Following that, 500 uL of 1-butanol were
added for the violacein extraction and the samples were centrifuged for 5 min at 13 000
rpm. The butanol phase containing violacein was collected and the absorbance was

measured at 584 nm.

47



4.3.2.6 Antibacterial activity of the developed NPs
The MIC and MBC of AgNPs and LbL Aga@AM_ AC NPs were assessed toward the

Gram-negative P. aeruginosa. The bacteria were grown overnight at 37 °C in Mueller
Hinton Broth (MHB) medium. The antibacterial performance of the developed NPs was

assessed as previously described in Section 4.3.1.5.

4.3.2.7 Transmission electron microscopy observation of NPs interaction with
bacteria
LbL Ag@AM_AC NPs were incubated with P. aeruginosa (ODgoo = 0.01, = 10°-10°

CFU mL™") for 3 h at 37 °C with 130 rpm shaking. Afterward, the samples were
centrifuged at 4000 g for 5 min and resuspended in fresh fixative solution containing 2.5
% glutaraldehyde and 2 % paraformaldehyde 100 mM phosphate buffer (PB), pH 7.4.
The samples were incubated overnight at 4 °C, washed three times with 100 mM PB,
pH 7.4 and fixed in 1 % osmium tetraoxide. Then, the cells were stained with 2 %
uranyl acetate, dehydrated in an ethanol, and embedded in Spurr resin. Ultrathin
sections were obtained with an Ultracut E (Reichert-Jung) ultramicrotome and
counterstained with lead citrate. The slices were deposited on bare mesh copper grids
and the sections were observed using JEOL 1100 transmission electron microscope at

80 kV.

4.3.2.8 Determination of ROS generation
2, 7-dichlorodihydrofluorescein diacetate (DCFDA) assay was used to quantitatively

measurement of ROS produced in the bacterial cells. Briefly, the bacteria were grown
overnight in MHB and was centrifuged at 4000 g for 15 min and subsequently washed
in sterile 100 mM PBS, pH 7.4. Then, the bacterial cells ((ODgoo = 0.01), = 10°-10°
CFU mL™") were resuspended in sterile 100 mM PBS, pH 7.4 and were treated with
different concentrations of AgNPs and LbL Ag@AM_AC for 3 h at 37 °C at 230 rpm.
Then, 25 pL of 100 x 10 uM DCFH-DA were added to the samples and the
fluorescence was measured at Ex/Em = 485/535 nm. 2, 2-azobis (2-amidino-propane)

dihydrochloride (AAPH) was used as a positive control.
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4.3.2.9 Biofilm inhibition test
The antibiofilm activity of the AgNPs and LbL Ag@AM_ AC NPs against Gram-

negative P. aeruginosa was evaluated using colorimetric crystal violet and Live/Dead

assays. The crystal violet assay was performed as previously described in Section

4.3.1.9.

The live and dead bacteria into the biofilms were observed with fluorescence
microscopy using Live/Dead™ BacLight™ kit, which is comprised of the two nucleic
acid fluorescent dyes, SYTO9 and PI. After the incubation, the non-adhered bacterial
cells were washed three times with 200 pL sterile 100 mM PBS, pH 7.4 and the
microplate was incubated with 20 pL of SYTO9 and PI in ratio 1:1. After 15 min of
incubation in a dark, the samples were visualized under fluorescence microscopy using

20 x objective lens. The live cells were stained in green and the dead ones in red.

4.3.2.10 Biofilm eradication assay
The effect of the NPs on the already established P. aeruginosa biofilm was studied

using crystal violet and Live/Dead assays. 100 pL of bacteria in TSB (ODgoo = 0.01)
were placed in 96-well microplate and the biofilm was allowed to form for 24 h at 37 °C
under static conditions and the planktonic cells were washed with sterile 100 mM PBS,
pH 7.4. 60 pL of NPs and 60 uL of TSB were placed in the 96-well microplate,
subsequently left for 24 h at 37 °C under static conditions. After the incubation, the non-
adhered bacterial cells were washed three times with 200 uL sterile 100 mM PBS, pH
7.4. For determination of the total biofilm mass the biofilms were left for fixation for 1
h at 60 °C. Then, the formed biofilms were stained with crystal violet (0.1 % w/v) and
dried at 60 °C and further dissolved using 30 % v/v acetic acid. 125 uL were transferred
into 96-well microplate and the absorbance was recorded at 595 nm. The live and dead
bacteria were observed using fluorescence microscopy (20 x objective lens) after

incubation with 20 pL of SYTO9Y and PI in ratio 1:1.

4.3.2.11 Biocompatibility
The BJ-5ta cells were maintained as previously described in Section 4.3.1.10 and the

biocompatibility performance of the developed NPs is detailed below. The LbL
Ag@AM_AC NPs were placed in contact with the previously seeded cells and after 24

h the number of viable cells was quantified using Alamar Blue assay (AlamarBlue,
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Invitrogen) as described previously in Section 4.3.1.10. The cells’ morphology was
examined by Live/Dead kit assay for mammalian cells. Briefly, the cells were stained
for 15 min in the dark with a mixture of both stains in a ratio calcein: ethidium
homodimer (4:1) in 100 mM PBS, pH 7.4. The non-reacted stains were further washed
with 100 mM PBS, pH 7.4, and the cells were observed using a fluorescence

microscope.

4.3.3 Antibody-enabled antimicrobial nanocapsules for selective elimination of
Staphylococcus aureus

4.3.3.1 Protein A antibody interaction with S. aureus
The specificity of the antibody was assessed against the targeted S. aureus bacterium

and nontargeted P. aeruginosa (as a control). Briefly, bacteria were allowed to grow and
adhere on the surface of a 96-well polystyrene plate overnight at 37 °C. After being
washed with PBS, bacteria were incubated for 4 h at RT with 100 pL of a 1/500 dilution
(in 100 mM PBS, pH 7.4) of the specific antibody against protein A of S. aureus cell
wall. Then bacteria were incubated for 1 h at RT with a secondary antibody conjugated
to the enzyme horseradish peroxidase. Bacteria binding protein A-antibody were further
visualized in green upon the addition of a substrate mixture containing 6.5 mM 4-
hydroxybenzoic acid, 1.8 mM 2, 2'-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid),

and 5.1 mM hydrogen peroxide in 100 mM PBS, pH 7.4.

4.3.3.2 Antibody-enabled NCs formulation
For the EO NCs preparation, zein was dissolved in propylene glycol under magnetic

agitation. Then surfactant (Tween 20, Panreac, Madrid, Spain) and cosurfactants
(propanediol, Dupont Tate & Lyle Bioproducts, TN, USA; denatured alcohol, Valencia,
Spain; and oleic acid, Panreac, Madrid, Spain) were added under agitation until a clear,
transparent solution was obtained. Oregano EO was then added to that mixture to
achieve a homogeneous organic phase. The resultant surfactant-EO-zein mixture was
added under continuous agitation into water at a ratio of 3:7 (organic phase/water) to
form EO NCs. Afterward, 22.5 mL of the EO NCs (negatively charged) were mixed
with 5 mL of 10 mg mL~' AM aqueous solution, at pH 3.3, and incubated for 1 h at RT.
After that, the sample was centrifuged at 29 500g for 50 min, resuspended in 3.75 mL of
mQ water, and sonicated to disaggregate the NCs for 20 min at 20 °C. The NCs were
functionalized with rabbit protein A antibody using 50/20 mM/mM of EDAC/sulfo -
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NHS in 100 mM PB, pH 6.5. The reaction was performed at RT for 24 h with shaking.
Then the NCs were centrifuged for 40 min at 25 000g, resuspended in 500 pL of mQ

water, and subjected to further analysis.

4.3.3.2 NCs characterization
The encapsulation efficiency (EE) was determined by carvacrol quantification via high

performance liquid chromatography (HPLC). The zeta-potential of the NCs was
determined using a Zetasizer Nano ZS as described in Section 4.3.1.3. The NCs average
size, size distribution, and number of NCs per milliliter were assessed by NTA using the
NanoSight NS 300 (Malvern Instruments Inc., UK) in flow mode and software NTA 3.2
to capture several frames of the NCs suspension, obtaining the final concentration and
the hydrodynamic diameter of the NCs. Results are displayed as distribution plots of
concentration (NCs mL™'") versus particle size. The reported average NCs size
represents the mean values + standard deviations of five measurements per sample. The
size and the morphology of the NCs were examined by TEM (Tecnai G2 F20, FEI
company, USA) at 80 kV acceleration voltage. Prior analysis, 10 pL of the samples was
placed on an ultrathin carbon film on holey carbon grids and air-dried. The
immobilization of active antibody onto the EO NCs was assessed with FITC-labeled
protein A. Briefly, 200 pL of Ab@EO NCs and EO NCs (3 x 10° NCs mL ') was
incubated with 2 pL of FITC-protein A in the dark for 1 h with 160 rpm shaking. The
samples were centrifuged at 25 000g for 45 min to remove the excess of FITC-protein A
and then were resuspended in 200 pL of 100 mM PB, pH 6.5. One hundred microliters
of the NCs suspension was transferred to 96-well black plates and the fluorescence
intensity of each test sample was measured at Ex/Em = 490/525 nm using TECAN
Infinite M 200 (Austria). In addition, 20 pL of the samples was spread on a glass slide
and NCs were observed under a fluorescence microscope (Nikon/Eclipse Ti-S, The

Netherlands).

4.3.3.3 Quartz crystal microbalance with dissipation monitoring
The effect of EO and Ab@EO NCs on S. aureus was followed in real time with a

Quartz crystal microbalance with dissipation (QCM-D) (E4 system, Q-Sense, Sweden)
equipped with Teflon tubing. Gold sensors (QSX 301, QSense, Sweden) were

sequentially cleaned in acetone, ethanol, and isopropanol in an ultrasonic bath for 10
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min at 40 °C. The sensor was then dried with nitrogen and placed in the QCM-D flow
chambers at 37 °C. The experiments were performed under flow-through conditions
using a digital peristaltic pump operating in push mode for the solutions that were
injected into the sensor crystal chamber. At first, a stable baseline with sterile 100 mM
PBS, pH 7.4, was acquired at 20 uL min' at 37 °C. The deposition of S. aureus and P.
aeruginosa cells on the sensor was achieved after 3 h of circulating the inoculum
(ODgoo = 0.2) in MHB. Thereafter, PBS was flowed through for ~ 1h to remove the
loosely deposited bacteria and establish a second baseline. Afterward, EO and Ab@EO
NCs (3 x 10° NCs mL™!) were circulated for 30 min at 20 pL min!, and 100 mM PBS,
pH 7.4, was flowed to establish the third baseline. The experiments were performed in
triplicate for each sample. For simplification of the data interpretation, only the
normalized frequency (f) and dissipation (D) shifts as a function of time of one

representative sample per experimental group (fifth harmonic) are shown.

4.3.3.4 Antibacterial activity tests
The antibacterial activity of EO NCs and antibody-functionalized EO NCs was assessed

toward the targeted S. aureus in a single and mixed coculture with nontargeted P.
aeruginosa. Briefly, bacteria were grown overnight at 37 °C in a MHB medium. Then
50 pL of the EO NCs and Ab@EO NCs (3 x 10° NCs mL™!) were mixed with 50 pL of
a single S. aureus or dual S. aureus and P. aeruginosa inoculum in 100 mM PBS, pH
7.4 (ODgoo = 0.01, ~ 10°-10° CFU mL™!). The samples were incubated for 24 h at 37 °C
with shaking at 230 rpm. The number of surviving bacteria during the NCs treatment
was determined after the plating of 15 puL of the suspensions onto selective agar plates
and further incubation for 24 h at 37 °C. A bacterial inoculum without NCs served as

the negative control (no bactericidal activity).

4.3.3.5 Nanocapsules interaction with bacteria assessed by scanning electron
microscopy
The specific interaction of Ab@ EO NCs with S. aureus in a mixed bacterial inoculum

with non-targeted P. aeruginosa was studied by scanning electron microscopy (SEM).
Briefly, 250 uL of EO and Ab@EO NCs (3 x 10° NCs mL ') were mixed with 250 uL
of a bacterial inoculum of S. aureus and P. aeruginosa (ODeoo = 0.01, ~ 10°-10° CFU
mL™") in 100 mM PB, pH 7.4, for 3 h at 37 °C with shaking. After that, bacteria were
collected and purified with 100 mM PB, pH 7.4, by centrifugation (4000g, 15 min). The
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pellet was resuspended in 2 % paraformaldehyde/2.5 % glutaraldehyde fixative solution
(in PB, pH 7.4) and left overnight at 4 °C. Then 100 pL of the samples was deposited on
a glass slide piece. After 30 min, the cells were dehydrated using ascending grades of
ethanol (25 %, 50 %, 75 %, and 100 %, 1 h each). After the samples underwent
chemical drying with hexamethyldisilazane, they were sputter-coated with carbon using
Emitech K-950X and analyzed in a field emission SEM (JEOL, J-7001F), operating at

10 kV with a secondary electron detector.

4.3.3.6 Biocompatibility evaluation
AlamarBlue assay and Live/Dead kit assay were used to evaluate the toxicity of the

NCs towards BJ-5ta cells as previously described in Sections 4.3.1.10 and 4.3.2.11.

4.3.3.7 Antibacterial efficacy of the NCs in vitro in a coculture model of S. aureus
and human cells
The antibacterial efficacy of the NCs was evaluated in vifro in a coculture model of

human cells and S. aureus. The cells were seeded at a density of 60 x 10* cells per well
on a 96-well tissue culture treated polystyrene plate (Nunc) and incubated for 24 h at 37
°C. Afterward, the cells were washed with 100 mM PBS, pH 7.4, and inoculated with
100 pL of S. aureus (OD600 = 0.01) in DMEM (without antibiotic) for 1 h more to
allow bacteria to adhere to the cells. The cells were washed with PBS, and then 100 pL
of the NCs was added at their bactericidal concentrations to test their antibacterial effect
on S. aureus and the toxicity on the fibroblast cells. Control samples not treated and not
infected, not treated and infected, and also treated with 10 pg mL™!' gentamycin sulfate
were also performed. After 24 h of incubation, the cells were washed with 100 mM
PBS, pH 7.4, and 0.5 % Triton X-100 was added for 15 min at 37 °C to disrupt the cell
membrane and obtain the intracellular bacteria. The suspensions were then diluted in
100 mM PBS, pH 7.4, and further seeded on agar plates to count the live bacterial
colonies. In parallel, the cells treated with the NCs were washed and immediately
subjected to cytotoxicity assessment using a Live/Dead kit assay for mammalian cells as

described in Section 4.3.2.11.
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4.3.4 Nano-engineered hybrid zinc oxide/amylase coatings to prevent the
occurrence of catheter-associated urinary tract infections

4.3.4.1 Ultrasound-assisted coating of catheters with ZnO NPs and a-amylase
The sonochemical coating was carried out using an ultrasonic transducer Ti-horn (20

kHz, Sonics and Materials VC750, USA). At first, silicone Foley (size 16 French)
catheters were immersed in the ultrasonic pot containing 400 mL aqueous solutions of
ZnO NPs (1 mg mL!) and/or 3.4 % a-amylase (v/v) and the coating of the samples was
carried out during 15 min at 20 °C and amplitude of 50 %. The ultrasonic horn was
dipped 2 cm in the solution at a distance from the catheter of approximately 5 cm. After
the coating process, the samples were thoroughly washed with distilled water and air-
dried. For the in vivo studies, entire silicone Foley catheters (size 8 French) were US

coated following the same conditions as described before.

4.3.4.2 Surface characterization of the coated catheters
The surface morphology of the coated silicone catheters was studies by high resolution

SEM (HRSEM) (Quanta 200 FEG from FEI (USA)). Size histogram of the deposited
ZnO@AM NPs on the catheter was build using Image] software. The amount of the
zinc oxide in the coatings was determined after extraction with 0.5 M nitric acid by
Inductively Coupled Plasma (ICP)-atomic emission spectroscopy on an ICP-
spectrometer ULTIMA JY2501 (France). The content of the developed materials was

also assessed using energy dispersive X-ray (EDX).

4.3.4.3 Stability of the coatings
The treated silicone samples were incubated in 5 mL of artificial urine containing 25 g

L' urea, 9 g L! sodium chloride, 2.5 g L! disodium hydrogen orthophosphate, 3 g L™!
ammonium chloride, 2.5 g L'! potassium dihydrogen orthophosphate, 2 g L™! creatinine,
and 3 g L! sodium sulfite, pH 6.8. Then, the test tubes were placed at 37 °C under slow
shaking (20 rpm) for 7 days. The stability of the metal/enzyme coatings was further
studied through the changes of the amylase activity in the coatings before and after
incubation in artificial urine. ICP technique was used to determine the zinc oxide

leaching from the catheter surfaces.
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4.3.4.4 Amylase activity in the coatings
The enzyme activity in the coatings was determined using the 3, 5-dinitrosalicylic acid

(DNS) assay. Briefly, 1 cm of coated catheter was incubated with 2 mL of 1 % starch
(w/v) solution in 20 mM sodium phosphate buffer (pH 6.9) for 1 h, at 37 °C with 142
rpm shaking. Then, 1 mL of the sample was mixed with 1 mL DNS reagent for 15 min
at 100 °C. The samples were left to cool down on ice and the absorbance were measured

at 540 nm.

4.3.4.5 Quantification of the total biofilm formation
Biofilm formation on the modified silicone materials was assessed with E. coli and S.

aureus. Briefly, 1 cm of catheter samples and 1.5 mL of bacteria in TSB, (ODsoo = 0.01)
were placed in a 24-well microplate. The microplate was then incubated for 24 h at 37
°C under static conditions to allow bacteria to form biofilms. After the incubation, the
non-adhered bacterial cells were washed three times with 2 mL of distilled H>O and the
bacterial biofilms were fixed for 60 min at 60 °C and stained with 1 mL of 0.1 % (w/v)
crystal violet solution for 15 min. After being washed with water until no dye was
released, the silicone pieces were placed in vials containing 1 mL of 30 % acetic acid to
redissolve the crystal violet dye fixed on the samples. The absorbance of the resulting
solutions was measured at 595 nm. The same procedure was used to assessed the
durability of the antibiofilm activity of the coatings after their incubation in artificial

urine for 7 days.

4.3.4.6 Antibacterial activity
The antibacterial activity of the modified silicone materials was assessed against E. coli

and S. aureus. Briefly, 1 cm of catheter and 2 mL of bacteria in 100 mM PBS, pH 7.4
(CFU mL! ~ 10°) were placed in 15 mL sterile falcons. The falcons were then
incubated for 24 h at 37 °C with 230 rpm shaking. After the incubation, the survived
bacteria were plated on selective agars, the plates were incubated for 24 h for 37 °C, and

the survived bacteria were count using drop count method.
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4.3.4.7 Dynamic biofilm inhibition tests
The biofilm activity of the hybrid coating of ZnO@AM NPs was analyzed under

dynamic conditions using an in vitro physical model of catheterized human bladder
(Scheme 4.2) as previously described.”’ Briefly, the model was autoclaved (121 °C for
15 min), subsequently the non-treated and coated silicone Foley catheters were inserted
into the system and the catheter’s balloon was inflated with 5 mL sterile PBS, pH 7.4.
According to UNE EN1616 (Sterile Urethral Catheters for Single Use), the bladder was
filled up to the catheter’s eye with sterile artificial urine, pH 6.8 (supplemented with 1
mg mL"' TSB), containing Gram-negative E. coli or Gram-positive S. aureus (final
ODeoo = 0.01 for each bacterium). During the 7 days of catheterization, the model was
maintained at 37 °C and supplied with sterile artificial urine at a flow rate of 1 mL min"
I, Then, the catheter was removed, and the biofilm formation on the surface (catheter’s
tip and balloon) was assessed. Non-treated silicone Foley catheter served as a control
sample (no biofilm inhibition). The catheters were also subjected to Live/Dead
BacLight kit assay for evaluation of live and dead bacteria into the biofilms. Briefly, the
samples were stained with a mixture of Syto 9 and PI (1:1) for 15 min. Then, the
biofilms were rinsed with 1 mL of 100 mM PBS pH 7.4 and analyzed by fluorescent

microscope. The live cells were stained in green and the dead ones in red.

Peristaltic pump

— ®
Artificial urine supply
(1 mL/min)

Bladder —> Water (37 °C)

Catheter balloon

Water (37 °Cy—> Bacterial

suspension

— Catheter tube

Drainage

Scheme 4. 2 In vitro model of catheterized human bladder.

4.3.4.8 Biocompatibility assessment
The cytotoxicity of the coated catheters was evaluated using human fibroblast cells line

BJ-5ta and HaCaT keratinocytes. The functionalized catheters were placed in contact

with the previously cultured cells and after 24 h and 7 days of contact, the viable cells
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were quantified using AlamarBlue assay kit as previously described in Section 4.3.1.10.
The cells” morphology was also observed by Live/Dead kit assay for mammalian cells
after exposure of the cells to the coated catheters for 24 h and 7 days as previously

described in Section 4.2.11.

4.3.4.9 In vivo tests in rabbit model
The antibacterial efficacy of the hybrid NPs coatings of amylase and ZnO was assessed

in vivo. All the experiments were carried out in animal research facility in the Institute
of Experimental Morphology, Pathology and Anthropology with Museum, Bulgarian
Academy of Sciences (Permit number: 11 30 127) in accordance to the national
regulation Ne 20/01.11.2012 regarding laboratory animals and animal welfare, European
legislation, International Standard ISO 10993-1:2009 for biological evaluation of
medical devices and were also confirmed by the Institutional Animal Care and Use
Committee. New Zealand male rabbits (n = 9), 4-5 months of age and mean body
weight of 3 kg, were divided into 3 groups as follow: 1% group-is the control group of
non-catheterized animals; 2" group- is the group of animals catheterized with pristine
silicone Foley catheters (size 8 French) for 7 days and the 3™ group- is composed of

rabbits catheterized with hybrid ZnO@AM NPs-coated catheters for 7 days.

At the beginning of the experiment, all animals were checked clinically for their health
status and were diagnosed as healthy. The catheterization procedure was carried out
under general anesthesia using anesthesia mixture of tiletamine/zolazepam, xylazine and
butorphanol in doses 5 mg kg™, 4 mg kg'!, and 0.15 mg kg'!, respectively, intramuscular
administration. After application of lubricant, the sterilized under UV non-treated and
treated catheters were aseptically inserted in the orificium urethrae externum and the
lumen of the urethra. The insertion of the catheters was controlled and visualized using
ultrasound (Ultrasound “Mindray DP-20 Vet”). After the insertion, the catheter’s
balloon was inflated with air and the catheters of group 2 and 3 were secured with
several dermal sutures in ventral abdominal wall to prevent their removal from the
animal. Medical bandages of the pelvic zone and cervical collars were applied on the
rabbits for hygienic and safety purposes, without affecting their capability to feed and
drink freely. During the experiments, the heart levels, the breath rates and temperature

of the animals were monitored. All animals recover smoothly and no mortality during
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the anesthesia was observed. After the period of catheterization, blood and urine from

each animal group were collected for further analyses.

4.3.4.9.1 Microbiological tests
The urine samples from all groups were collected aseptically and subjected to

microbiological analysis. From the 1%'-control group, 10-20 mL urine was collected after
single catheterization followed by immediate removal of the device. In the
microbiological studies, 0.1 mL of the collected urine were seeded on a differentiation
medium (in triplicate). Additionally, the method of calibrated inoculating loops was
performed to detect the presence of microorganisms. Microbiological tests were also
performed for the catheters after their removal from the animals at the end of the
experiment. The indwelling urinary catheters were cut and placed on
ChromoBio®Urine and MH agar plates as well as in nutrient rich MHB (BUL BIO
NCSPB-Sofia). The results after incubation under aerobic conditions at 37 °C for 48-96
h were reported. The quantification of microorganisms was performed by determining
the arithmetic mean number of developing colonies and calculating the amount of CFU.
Microscopic examinations were performed by Pfeifer method with fuchsin staining and
performed under immersion with a digital microscope with a camera model B-190TV,
Optika, Italy. The isolation and identification of the bacteria and fungi was carried out

in accordance with the Bergey International Identifier.

4.3.4.9.2 Histopathological examination
On the seventh day of post-catheterization, the animals from each group were sacrificed

and humanely euthanized for collecting materials for histology and evaluation of the
local tissue reactions and inflammation indications. Tissue samples (1 cm? in size) from
urethra, urinary bladder and kidneys were first fixed in 10 % neutral buffered formalin,
then dehydrated in ethanol and embedded in paraffin. Tissue sections (3-5 um thick)
were stained in hematoxylin and eosin and examined by light microscope (Leica DM
5000B, Wetzlar, Germany). The sections were scored for the presence of epithelial
desquamation or erosions, fibrosis, inflammatory reactions and foreign body responses
or other pathological lesions to evaluate the morphological tissue reactions after the
catheterization in both cases. Tissue samples from the control rabbits were used for

comparison.
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4.3.4.9.3 Biochemical analyses
Blood for complete blood count and biochemical analysis were performed by Automatic

Hematology Analyzer “Mindray BC-2800 Vet” and Blood Chemistry Analyzer
“MNCHIP Celercare V2”. Urine test was carried out using urine analyzer with urine test
strips (“Urit-50 Vet”). Additionally, whole blood and urine sediment smears were
prepared for microscopic examination. Peripheral blood was obtained after puncture of
the marginal dorsal vein of the ear and drops were spread on clean sterilized slides and
left to air dry. Then, the dried samples were stained with DiaPath May-Grundwald
Giemsa Fast Method and were examined by light microscope (Leica DM 5000B,
Wetzlar, Germany).

Fresh and mixed sample of each urine was collected in a centrifuge tube and centrifuged
using Centrifuge 5702R, RH Eppendorf, AG, Germany. After removing of the
supernatant, the formed pellet was resuspended in 10 pL urine. The samples, were

further processed for microscopic observation.

4.3.4.10 Statistical analysis
All data are presented as mean + standard deviation. For multiple comparisons,

statistical analysis by a one-way analysis of variance (ANOVA) followed by posthoc
Tukey test or the unpaired two-tailed Student’s t-test method, carried out using Graph
Pad Prism Software 5.04 for windows (USA). P values less than 0.05 were considered

statistically significant.
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5 Results and Discussion



Layer-by-Layer Decorated Nanoparticles
with Tunable Antibacterial and Antibiofilm
Properties against both Gram-Positive
and Gram-Negative Bacteria
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In the current work, for the first

_ Live bacteria
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biocompatible polymer templates will avoid the need for core dissolution, which is a
critical step for preserving the integrity of the multilayered composite NP. The
deposition of cationic AM layers onto biologically inert NP templates was expected to
create high local positive charge density, which synergistically with the nanoform of the
template, would impart antibacterial efficiency to the nanoconjugates at very low
concentrations. The antibacterial and antibiofilm activities of the obtained NPs were
assessed against S. aureus and E. coli, in parallel to their cytotoxicity to human

fibroblast cells.

This section is based on the following publication:

Ivanova A, Ivanova K, Hoyo J, Heinze T, Sanchez-Gomez S, Tzanov T. Layer-by-layer
decorated nanoparticles with tunable antibacterial and antibiofilm properties against
both gram-positive and gram-negative bacteria. ACS Applied Materials & Interfaces,
2018, doi: 10.1021/acsami.7b16508.
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5.1.1 NPs characterization
LbL technique was used to functionalize the biologically inert monobutyl ester of poly

(methyl vinyl ether/maleic) acid NP template with AM and HA. The samples with
outermost layer AM are designated as NPammna-AM and those ending with HA as
NPamma-HA. The biopolymer multilayer buildup onto the NPs was confirmed by
variations in their surface charge after each polyelectrolyte deposition step (Figure 5.1).
The deposition of the first AM layer changed the template charge to a positive zeta-
potential around +35.0 mV (Figure 5.1). After the adsorption of the second anionic HA
layer, the surface charge reversed to approximately —38.0 mV, demonstrating the
successful polyelectrolyte assembly on the NP template. After five AM/HA bilayer
depositions, the zeta-potential of the NPs with AM in the outermost layer reached +40.6
mV, whereas the charge of those with HA was —26.7 mV (Figure 5.1). The presence of
AM on the inert polymer templates was further confirmed by the green fluorescence of

these NPs after five bilayer depositions of FITC-labeled AM (Figure 5.2).
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Figure 5. 1 Alternation of zeta-potential as a function of the AM and HA deposition on the NP
template.
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Figure 5. 2 Microscopic images of FITC-labeled AM/HA multilayers deposited on NPs surface.

The size and morphology of the NPs before and after the LbL coating with HA/AM
were assessed by NTA and TEM. The template demonstrated lower hydrodynamic
diameter (83.1 nm) and narrower size distribution compared to those of NPamma-AM
(95.8 nm) and NPamma-HA (124.1 nm). The increase in the hydrodynamic diameter
confirmed the coating of the inert NP template. Furthermore, TEM images revealed that
the spherical NP templates present an average size of ~ 30 nm (Figure 5.3), whereas
the size of the coated NPs increased up to ~ 40 and ~ 50 nm for NPammna-AM and
NPamma-HA, respectively. The difference before and after LbL evidenced the
biopolymer-shell buildup on the NP template. Moreover, the original spherical shape of
the polymer NPs was not altered during the LbL assembly. The differences in the NP
size obtained by NTA and TEM are due to the conditions used to measure the NPs, for

example, in liquid and dry states, respectively.
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Figure 5. 3 TEM images of the NP template (A), NPammua-AM (B), NPawua-HA (C).

AM is derivative of cellulose, which is synthesized by chemo- and regioselective
nucleophilic displacement reaction of p-toluenesulfonic acid ester of cellulose with
ethylenediamine.'®! The cellulose modification originated an antibacterial biopolymer
with free amino groups and positive charge (36.4 £ 0.75 mV). The amino groups per
gram of modified polymer were determined fluorimetrically by a fluorescamine reagent

(43.8 £ 0.08 pmol g ! polymer). In contrast to other colorimetric and ultraviolet tests for
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amino group detection, the fluorescent assay is more sensitive and allows the
determination of the surface amino groups rather than their total amount.!*® The amount
of available amino groups on the NPamma-AM was 1.09 £ 0.03 pmol mL™!, whereas
only 0.04 = 0.011 pmol mL™" was determined on the surface of the NPamma-HA. The
HA adsorption onto the previously deposited AM layer resulted in the reduction of the
surface available amino groups for interaction with the fluorescent dye. However,
because of the interpenetrating nature of the polyelectrolyte multilayer,'*’ some amino

groups were still present on the NPamma-HA surface.

5.1.2 Antibacterial activity of the NPs against S. aureus and E. coli.
The growth inhibition of the Gram-positive S. aureus and Gram-negative E. coli was

evaluated by measuring bacterial OD before and after 24 h treatment with NPamma-AM
and NPamma-HA. Five AM bilayers was the minimum number of layers needed to
obtain stable, small size LbL-coated NPs with desired antibacterial functionality, since
lower number of bilayers did not demonstrate antibacterial activity (Figure 5.4). The
NPamma-AM at concentration of 4 x 10! NPs mL™! was able to inhibit S. aureus and E.
coli growth (OD ~ 0), an effect not observed for the nonmodified NP templates and the
NPs with HA as the outermost layer (Figure 5.5 A, B). The high positive charge density
of NPamma-AM would facilitate their binding to the negatively charged bacterial

membrane, inducing cell damage.
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Figure 5. 4 S. aureus growth after 24 h incubation with NPs coated with 2.5 AM/HA bilayers.
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Cationic nanostructured materials with improved membrane-disturbing capacity and
antibacterial activity toward Gram-negative E. coli have been previously developed in
our group by the sonochemical emulsification method.'® This method utilizes high-
intensity US to synthesize oil-filled nano-sized capsules of the active agents. The
sonochemically-generated NCs contain surfactants in their shells that provide stability
and enhance the interactions with the membrane of Gram-negative bacteria. '*+!24125 In
the current work, we take advantage of the potentially enhanced interaction of the
carriers with bacterial cell membranes owing to their nanosize, to engineer stable
multilayered biopolymer-shell NPs without the addition of excipients and stabilizers.
The antibacterial potential of the nanoconjugates was a function of the AM position in
the layers. When AM was applied as an outermost layer, the NPs inhibited 100 % (OD
~ 0) S. aureus and E. coli planktonic growth (Figure 5.5). The bactericidal activities of
these LbL NPs were then proved by culturing the samples on specific agar plates.
Apparently, survived bacteria were not observed after 24 h exposure to the NPam/ma-
AM (Figure 5.5C, D). Moreover, the multilayered AM-shelled NPs demonstrated
improved bactericidal activity than that of the bulk AM (Figure 5.6). The quantity of
free amino groups on the NPamma-AM was 3.5-fold lower than in the free AM, which
demonstrates that the nanoform improves the AM activity, reducing the amount of the
cationic agent required for complete eradication of S. aureus and E. coli. The small size
and high surface-to-volume ratio of the NP template enhance the availability of the
positively charged amino groups and consequently define better the interaction with
bacterial cells. On the contrary, the NPs with an outermost HA layer were not able to
alter the bacterial membrane and induce cell death (Figure 5.5). These NPs inhibited
only 50 and 20 % of E. coli and S. aureus growth, respectively, acting as bacteriostatic
rather than as bactericidal agents, due to the insufficient positive charge available on
their surface. We reported that the specific activity of enzyme multilayer nanocoatings
toward bacterial cells and biofilms is a function of the number of deposited layers as

well as the position of the active agent in the assemblies.”’
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Figure 5. 5 (A) S. aureus and (B) E. coli growth after 24 h incubation with NP template and
LbL coated NPs. (C) and (D) Representative images after culturing the samples on specific agar
plates. (C) Black colonies of S. aureus and (D) blue colonies of E. coli were formed after 24 h
incubation with NPaw/mua-HA (left side images). No colonies were observed after incubation
with NPamma-AM (right side images).
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Figure 5. 6 Bacterial growth after 24 h incubation with different concentrations of AM bulk
solution.

Time-killing kinetics of the LbL-coated NPs (at concentration 4 x 10! NPs mL™!) was
performed to determine the viability-(CFU mL™!)-of the treated bacteria and define the
rate at which the NPs exert their bactericidal properties.!”® The killing kinetic curves of
NPammna-AM and NPamma-HA for both strains are shown in Figure 5.7. The NPs with
outermost layer of AM completely eliminated S. aureus within 15 min (10 logs
reduction). However, a longer incubation time was required in the case of E. coli, where
3 logs bacterial reduction was achieved within 15 min and 10 logs (full kill) after 45
min (Figure 5.7B). The different killing rates of the NPamna-AM against S. aureus and
E. coli could be explained with the specific structure of the bacterial cell wall in Gram-
positive and Gram-negative bacteria.'”® In Gram-positive bacteria, the thick outer cell
wall of negatively charged polysaccharides readily interacts with the antimicrobial
cationic AM, resulting in cell membrane damage. However, in Gram-negative bacteria,
the cell wall is a complex double membrane structure (composed of inner and outer
membranes), which is an efficient barrier to many available antimicrobials. It protects
bacteria and makes the cells more resistant to numerous drugs compared to the Gram-
positive bacteria.?®® From another side, NPs with HA outermost layer did not show any

bactericidal activity against the studied bacterial species over the time of incubation. All
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of these results demonstrated the importance of the active agent position in the NP
multilayer shell as well as the synergistically enhanced killing efficiency of the
combination of nanoform and high cationic surface charge density. The higher
antimicrobial efficiency of the NPs with AM outermost layer in comparison to that of
the NPs terminated with HA was due to the larger amount of surface available amino
groups (1.09 vs 0.04 umol mL™!, respectively) able to interact with the bacterial cell

wall of both tested strains.??!-2%>
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Figure 5. 7 Time-kill curves of LbL coated NPs against (A) S. aureus and (B) E. coli. S. aureus
and E. coli were incubated with 4 x 10'° NPs mL"' NPammua-HA (blue) and NPawma-AM (red)
and the bacteria surviving the treatment were estimated after 15, 45, and 60 min. All data are
mean values of three independent experiments.
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The membrane permeability of bacterial cells treated with NPammua-AM was further
evaluated using Live/Dead Kit assay. The assay contains two nucleic acid dyes- PI and
SYTO9. SYTQOY stains both live and dead bacteria in green, penetrating the cell
membranes, whereas the PI penetrates only the damaged membranes, displaces the
SYTO9, and stains the dead cells in red. The obtained microscopic images (Figure 5.8)
supported the viable-cell counting in the time-killing kinetic assay (Figure 5.7).
Microscopic images of live/dead stained S. aureus and E. coli cells after incubation with
the coated NPamua-AM (Figure 5.8) revealed the presence of only dead bacteria
visualized by red fluorescence. All results taken together demonstrated that the NPs
functionalized with an AM outermost layer were remarkably efficient against these

bacterial species.

Figure 5. 8 Fluorescence images (100 x magnification) of (A) S. aureus, (B) S. aureus treated
with NPamma-AM, (C) E. coli, (D) E. coli treated with NPamma-AM. The green and red
fluorescence images are overlaid. Nonviable bacteria are stained in red, while the viable bacteria
appear green.
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5.1.3 Interaction of the coated NPs with model bacterial membranes
To corroborate the in vitro results and confirm the bactericidal mechanism of action of

the multilayered biopolymer-shell NPs, solutions of the template and the LbL-coated
NPs were injected into the subphase beneath the model PE monolayer, previously
formed at 33 mN m!. The increase of the surface pressure (m) as a function of time
demonstrated the membrane disrupting effect of NPamma-AM, whereas no effect or
negligible effect was observed for the template and NPamma-AM, respectively (Figure
5.9). The disrupting effect of the AM-terminated NPs correlates well with the higher
concentration of the amino groups (27-fold more) in their outermost layer, compared to
that of the HA ending NPs. The latter NPs showed little or almost negligible membrane
disturbance effect and were not able to kill the cells because most of their amino groups
are buried under the HA layer and are not accessible for interaction with PE. Disrupting
bacterial cell membrane as a result of the electrostatic interaction between the positively
charged NPs and the negatively charged bacterial membrane is considered a valuable
alternative to effectively reduce bacterial spread and drug resistance occurrence.
Bacterial membrane is highly evolutionarily conserved, and the possibility to be

modified by fast single mutation is very low.?%
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Figure 5. 9 Kinetic adsorption process after the incorporation of the NP template and LbL
coated NPs into the air/water interface of the PE monolayer at © = 33 mN m™..

72



5.1.4 Biofilm Inhibition
The ability of the LbL-coated NPs of restricting S. aureus and E. coli biofilm growth on

a model polystyrene surface was further examined. Despite the different conditions used
in the biofilm inhibition tests (e.g., growth medium and static conditions), the AM-
terminated NPs inhibited by 94 and 40 %, respectively, the S. aureus and E. coli cells
adhesion and biofilm formation (Figure 5.10). At bactericidal concentration (4 x 10'°
NPs mL "), the NPs were able to interact with the negatively charged S. aureus cell
membrane, eradicate the bacteria, and consequently inhibit cell adhesion and biofilm
establishment on the surface. However, the NP antibiofilm potential toward Gram-
negative E. coli was significantly lower. The decrease in the antibiofilm activity of AM-
terminated NPs toward E. coli could be due to the diminished antibacterial effect of the
NPs on Gram-negative bacteria compared to that on Gram-positive species under the
conditions tested.!” Moreover, several studies have reported that positively charged
polymers may interact with E. coli, increase the cell aggregation, and stimulate bacterial
sedimentation on the surfaces. Zhang er al. found that the electrostatic interactions
between the positively charged polymer and negatively charged E. coli cells, instead of
killing the cells, increase the bacterium insusceptibility to antibiotics and induce biofilm
formation. In the presence of cationic polymers, the cells aggregated and formed
clusters where bacteria grew and accumulated signaling molecules inducing biofilm
formation.’** In a similar way, the NPammna-AM may bind to the outer cell membrane
and agglomerate the E. coli cells into biofilm clusters on the surface. At nonbactericidal
concentration, the NPawna-HA NPs were able also to affect planktonic cells and
prevent E. coli and S. aureus biofilm establishment. The addition of the NP formulation
in bacterial suspension reduced the surface colonization and the total biofilm growth of
E. coli and S. aureus by 62 and 99 %, respectively. HAs have been widely used in
engineering antifouling coatings on materials and surfaces to improve their stability and
functionalities for the intended biomedical application.?® Its antifouling properties
appeared very promising to reduce nonspecific protein adsorption and strengthen NP
stability in complex serum containing media. 2*® In this study, we employed the
antifouling HA to build an antibacterial multilayered shell with AM on a biocompatible
NP template. We found that the HA position as an outermost layer of the NPs defines
better efficacy toward E. coli biofilms. Nevertheless, the exact mechanism of

antibiofilm action of HA-terminated NPs is unclear; we believe that its deposition
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contributed to the improved colloidal stability of NPamma-HA in TSB growth medium

and consequently enhanced NP efficacy toward Gram-negative strains (Figure 5.10).
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Figure 5. 10 Crystal violet assessment of biofilm formation of S. aureus (black bars) and E. coli
(red bars) after incubation for 24 h with the biopolymer-coated NPs.

In general, the developed multilayer NPs of HA and AM demonstrated strong
antibacterial activity and ability of restricting the biofilm formation of common Gram-
negative and Gram-positive pathogens. The engineered LbL. NPs could be further
exploited in the development of skincare formulations for treatment of skin infections,
wound dressings, or coatings on medical surfaces for controlling bacterial infections

and developing drug resistance.

5.1.5 Biocompatibility of the LbL decorated NPs.
The biocompatibility of the antibacterial agents is a major issue for applications in

humans. Therefore, the potential toxicity of the coated NPs toward fibroblasts cells was
evaluated. A study with human fibroblast cells demonstrated that all coated NPs were
biocompatible, with no difference in cell viability observed among the experimental
groups (Figure 5.11). The morphology of the human cells treated with bactericidal

concentration of LbL-coated NPs was not changed when compared to that of the
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control-only fibroblast cells with growth medium (Figure 5.12). These results
demonstrate that the developed NPs are safe for uses in contact with human cells. The
mammalian and bacterial cells differ in the lipid composition of their membranes, which
is the reason for the highly selective toxicity of positively charged polymers toward
bacteria.?®” The LbL-engineered NPs showed high antibacterial and antibiofilm
efficiencies coupled to biocompatibility, which would make possible their fast uptake in

biomedical applications.
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Figure 5. 11 Viability (%) of human fibroblasts exposed to LbL coated NPs.

Figure 5. 12 Morphology of human fibroblasts exposed to (A) NPammua-AM; (B) NPammua-HA;
(C) Control human fibroblast cells.
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5.1.6 Conclusions
In an attempt to produce novel antibacterial agents, bioinert polymer NP templates were

functionalized with multilayers of biocompatible HA and antimicrobial AM in an LbL
coating approach. The LbL-engineered nanoassemblies were able not only to kill
planktonic bacterial cells, but also to prevent biofilm formation. The NPs with AM as
an outermost layer showed strong antibacterial efficiency against both Gram-positive
and Gram-negative bacteria for exposure time of less than 1 h. Moreover, the
functionalized NPs demonstrated enhanced capacity of the nanolayered AM to interact
with and disrupt the negatively charged bacterial cell membranes at lower concentration
in comparison to its bulk solution. On the contrary, the LbL functionalized NPs were
able to inhibit the formation of biofilm by S. aureus and impede biofilm growth by E.
coli, without affecting the morphology of human fibroblast cells. The antibacterial and
antibiofilm efficiencies of the AM-ended NPs coupled to their biocompatibility suggest
that this novel antibacterial agent may have a great potential in prevention of bacterial
infections. Further investigations in vivo should be pursued to study the potential of

these NPs for treatment of infectious diseases.
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Nanoparticles Synergistically Eradicate
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In the current study, the coating of
antibacterial AgNPs with membrane
disrupting biopolymer is expected to
create high local positive charge ’

density, which synergistically with the AgNPs Ag@AM_AC NPs

Bacterial elimination Live Human Cells
Ls v

activity of the nano-sized template will e:
improve the interaction of the novel \ '
hybrid NPs with bacterial membranes . A

and potentiate the bactericidal activity

of AgNPs at lower dosage. Furthermore, the inclusion of acylase in the nano-hybrids
will inhibit the establishment of P. aeruginosa biofilm, making the pathogen susceptible
to low and safe to human cells AgNPs concentrations. The functionality of the novel
NPs will be evaluated in terms of QS inhibition potential, antibacterial activity and
capacity to prevent and eradicate P. acruginosa biofilms. Finally, the cytotoxicity of the

NPs will be assessed in vitro toward human fibroblasts cells.

This section is based on the following publication:

Ivanova A, Ivanova K, Tied A, Heinze T, and Tzanov T. Layer-by-Layer Coating of
Aminocellulose and Quorum Quenching Acylase on Silver Nanoparticles
Synergistically Eradicate Bacteria and Their Biofilms. Advanced Functional Materials,
2020, doi.org/10.1002/adfm.202001284.
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5.2.1 NPs characterization
AgNPs were produced and used as an active antibacterial NP-template for LbL self-

assembling with amino-bearing AM and anti-QS acylase (Figure 5.14A). The synthesis
of AgNPs was carried out in an aqueous solution as previously described.?”® The change
from transparent to green-grey colored suspension and the appearance of the absorbance

peak at 400 nm confirmed AgNPs formation (Figure 5.13).
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Figure 5. 13 UV-Vis scan of AgNPs.

The resulting NPs, with —56,15 mV zeta-potential and 30 nm size were then
sequentially coated with oppositely charged AM and acylase in an LbL fashion. The
positively charged AM was applied as a first layer, changing the AgNPs zeta potential
to +30.8 mV. Subsequently, the deposition of negatively charged QQE acylase switched
the NPs surface charge to —29.97 mV forming stable LbL Ag@AM_AC NPs (Figure
5.14B). The morphology of the LbL Ag@AM AC NPs was further assessed using
TEM. TEM images (Figure 5.14C, D) revealed the generation of quasi-spherical in
shape NPs with an average size of 30-35 nm, which are embedded in a hybrid
macromolecular shell of AM and acylase. The data revealed a small size of the NPs
(Figure 5.14E). The scanning transmission electron microscope (STEM) mapping and
EDX spectroscopy of an individual LbL Ag@AM_ AC NP further confirmed the

presence of elemental silver in the metal NP core (bright central region), as well as
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carbon and oxygen in the AM and acylase shell (Figure 5.14F). The Cu ions detected
by the EDX (Figure 5.14G) are from the grid used for the analysis.
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Figure 5. 14 LbL Ag@AM AC NPs preparation and characterization. (A) Schematic
representation of AgNPs template coating with AM and AC using LbL approach. (B) Zeta-
potential of the NPs after each layer deposition. (C, D) TEM images of LbL Ag@AM_AC NPs
at different magnifications. (E) Histogram of LbL Ag@AM_AC NPs size distribution based on
the total count using ImageJ software. (F) Elemental mapping image and (G) STEM-EDX
spectrum of an individual LbL. Ag@AM_AC NP.

The activity of acylase in the LbL. Ag@AM_AC NPs was further assessed following a
colorimetric method and an in vitro bioassay with a reporter bacterial strain. In the
colorimetric assay, the enzymatic activity of acylase was confirmed via the degradation
of N-acetyl-L-methionine substrate to L-methionine and the subsequent development of

purple color upon interaction with ninhydrin”® (Figure 5.15).
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Figure 5. 15 L-Methionine production in the presence of AgNPs and LbL Ag@AM_AC NPs.

The QQ activity of the enzyme after its deposition onto the AgNPs templates was
demonstrated through the degradation of the QS signals in C. violaceum CV026. C.
violaceum CV026 is mini-Tn5 mutant that produces a purple pigment (violacein) upon
the addition of AHL signaling molecules.?”” The QQE degrades the AHL signals,
consequently inhibiting the violacein production.?!® This Gram-negative bacterium has
been used in our group to demonstrate the anti-QS potential of acylase from A.
melleus.””® LbL Ag@AM_AC NPs, at sub-inhibitory concentrations (1.56 x 107 NPs
mL™"), degraded the AHLs and disrupted the QS process, reducing the violacein
production by 45 % (Figure 5.16B, C), without affecting C. violaceum growth (Figure
5.16D). The same amount of pristine AgNPs, however, did not influence the production
of this pigment, confirming the presence of active enzyme on the nanotemplate, which
is able to quench the signals and inhibit the QS-regulated behavior in the Gram-negative
pathogen P. aeruginosa. Interruption of QS in the extracellular environment is a new
approach for attenuation of bacterial virulence and boosting the bactericidal activity of
existing antimicrobials at lower dosage.'”’” Moreover, the anti-QS based strategy

reduces the risk of drug resistance development.
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Figure 5. 16 Violacein production by C. violaceum. (A) The AHL signals bind to the
cytoplasmic QS receptor and switches on the vio genes, activating the violacein production
(left). The presence of QQ active NPs breaks down the AHL signals, silencing the expression of
the vio genes, subsequently inhibiting the violacein production (right). (B) Quantification of QS
regulated violacein production (%) by C. violaceum and (C) Representative images of violacein
production in presence of AgNPs and LbL Ag@AM _ AC NPs. (D) C. violaceum cell viability
after incubation with AgNPs and LbL. Ag@AM_AC NPs.

5.2.2 Antibacterial efficiency of AgNPs and LbL Ag@wAM_AC NPs
The stand-alone AgNPs demonstrated antibacterial activity against P. aeruginosa at

concentration of 1 x 10° NPs mL™!' (Figure 5.17). However, the functionalization of
AgNPs with AM enhanced their bactericidal activity by 2-fold. The nanoscale
transformation of amino-bearing polymers enhanced the availability of the positively
charged amino groups, resulting in increased interaction with bacterial cells and

stronger bactericidal effect than the pristine solution.!® Furthermore, the inclusion of
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QQ acylase improved 4-fold the NPs inhibitory efficacy against P. aeruginosa (Figure
5.17).

In order to study the physical changes of bacteria upon exposure to LbL Ag@AM_AC
NPs, ultrastructural analysis using TEM was performed. A clear difference in the
morphology between the non-treated (Figure 5.17C) and treated with NPs (Figure
5.17D) P. aeruginosa cells was observed. The LbL Ag@AM_AC NPs adsorbed onto
the bacterium surface, leading to outer membrane disintegration and cytoplasmic
leakage. Moreover, some of the LbL NPs were observed in the cytoplasmic space,
indicating their ability to penetrate the membrane and affect essential for bacterial cells

life-supporting metabolic processes as cells respiration (Figure 5.17D).
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Figure 5. 17 (A) P. aeruginosa growth after 24 h incubation with AgNP template, LbL
Ag@wAM_AC NPs, LbL Ag@AM BSA NPs, and LbL Ag@AM AC NPs at different
concentrations. (B) Representative images after culturing the samples on selective agar plates.
TEM images of P. aeruginosa (C) before and (D) after exposure to LbL Ag@AM_AC NPs.

The ability of acylase to interfere with QS in P. aeruginosa and attenuate its virulence is
thought to potentiate the bactericidal capacity of the actives, lowering their antibacterial
effective concentrations. In order to outline the role of the enzyme, the AgNPs template
were coated with antibacterial AM and a catalytically inert protein, e.g., BSA, instead of
acylase (Figure 5.17A). The obtained control NPs possess similar physicochemical
properties (i.e., size, zeta-potential and concentration) as the LbL. Ag@ AM_AC NPs,
but were less active toward P. aeruginosa, confirming the synergistic role of acylase
and AM in enhancing the antibacterial properties of the AgNPs template. The
bactericidal activity of LbL Ag@AM_ AC was further confirmed after plating onto
selective Cetrimide agar. The LbL Ag@AM_AC NPs completely eliminated the P.
aeruginosa cells at lower concentrations when compared to the same amount of AgNPs
due to the complementary action of the bactericidal nano-sized core and the anti-QS
acylase (Figure 5.17B). Although, our pervious findings in Section 5.1 have shown that
higher number of layers is needed to introduce desired antibacterial functionality on
inert NP template, herein the deposition of more AM/acylase layers did not result in
enhanced bactericidal activity. In contrary, more layers diminished the effect of the
active AgNPs template and no synergy between the nanoform and polymeric AM

acylase shell was observed (Figure 5.17A, B).

84



It could be anticipated that the novel hybrid NPs kill bacteria via a combination of
mechanisms including interaction with bacterial cell wall, ROS production®'' and
modulation of microbial signal transduction pathways.?!> The potential of AgNPs
template and LbL Ag@AM_ AC NPs to generate ROS and kill P. aeruginosa was
further investigated. In contrast to the positive control, (ROS inducer-bacteria incubated
with AAPH, the AgNPs and LbL Ag@ AM_AC NPs did not generate ROS similar to
the negative control containing only bacteria (Figure 5.18). Thus, the bactericidal

AgNPs and LbL Ag@AM_ AC NPs cause cellular death without ROS-related oxidative

damage.
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Figure 5. 18 NPs induced ROS generation in P. aeruginosa.

5.2.3 Antibiofilm activity
P. aeruginosa 1s an opportunistic Gram-negative pathogen, responsible for variety of

difficult to treat infections due to its ability to attach and form robust biofilm structures
on medical devices and living tissues that aggravate the host immune response and

resist the antibiotic therapies. P. aeruginosa biofilm formation is a complex bacterial
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mode of growth, which is under the control of QS.”! In this work, we aimed to develop
hybrid NPs that interrupt the QS process via degradation of the AHL signaling
molecules and thus effectively inhibit and eliminate the biofilm growing P. aeruginosa
cells at lower concentrations than the stand alone AgNPs. The antibiofilm activity
(biofilm growth inhibition and elimination) of the NPs was studied by crystal violet and
Live/dead BacLight assays to quantify the total biofilm mass and visualize the live and

dead cells on a model polystyrene surface.

5.2.3.1 Inhibition of P. aeruginosa biofilm formation by LbL Ag@AM_AC NPs
P. aeruginosa was cultured in the presence of different concentrations of LbL

Ag@AM_AC NPs and AgNPs for 24 h to determine the minimum biofilm inhibitory
concentration (MBIC). The MBIC is defined as the concentration at which the total
biofilm mass was inhibited by > 90 %, when compared to the control with only bacteria
corresponding to 100 % biofilm formation. The MBIC of the NPs decorated with AM
and anti-QS enzyme was 8-fold lower (6.25 x 10" NPs mL™!) than the MBIC of the
pristine AgNPs (5 x 10 NPs mL™") (Figure 5.19A).
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Figure 5. 19 P. aeruginosa biofilm inhibition. (A) MBIC determination of the NPs using crystal
violet assay. (B) Live/dead™ BacLight™ kit microscopic visualization. The green and red
fluorescence images are overlaid. Nonviable bacteria are stained in red, while the viable bacteria
appear green.

The obtained microscopic images of P. aeruginosa biofilms after 24 h incubation with
LbL Ag@AM _ AC NPs at the determined MBIC further confirmed their enhanced
antibiofilm activity (Figure 5.19B). The LbL Ag@AM AC NPs at their MBIC
completely inhibited the biofilm growth of P. aeruginosa observing only few individual
cells on the surface. In contrast, the AgNPs at the same concentration, showed

negligible antibiofilm activity and formed typical for the mature biofilm bacterial
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clusters, similar to the control (only P. aeruginosa) (Figure 5.19B). All these results
indicated the synergy between the bactericidal nano-sized template and the antibiofilm
acylase enzyme. Interrupting the QS process through acylase-catalyzed degradation of
bacterial signals in the extracellular bacterial space have been shown very effective for
inhibiting P. aeruginosa virulence and establishment of drug resistant biofilms, without
bacteria killing.!”” Herein, the deposition of acylase on the bactericidal AgNPs yielded
multifunctional nanoentities able to inhibit the QS-regulated pathological processes and
at the same time completely eliminate the biofilm forming bacteria at lower dosage of
the bactericidal agent, thus exerting less evolutionary pressure on bacteria for resistance
development. The engineered LbL NPs demonstrated high potential for eradicating P.
aeruginosa and therefore could be exploited in the development of coatings on

medically relevant surfaces for preventing biofilm associated infections.

5.2.3.2 Elimination of P. aeruginosa biofilms with LbL Ag@AM _AC NPs
P. aeruginosa cells in already established biofilms are enclosed in EPM, which is the

bacterium protective barrier against the action of the immune system and the effective
penetration of the conventional drugs.”! Therefore, the potential of the LbL
Ag@AM_AC NPs to overcome the inherent biofilm resistance and penetrate through
the P. aeruginosa biofilm was further assessed. The minimum biofilm eradication
concentration (MBEC) of the LbL Ag@AM AC NPs, i.e., the lowest NPs
concentration at which bacteria fail to re-grow, was determined using crystal violet. The
MBEC of the novel NPs was 8-fold lower (1.25 x 10 NPs mL™!) than the MBEC
determined for the stand-alone AgNPs template (2 x 10° NPs mL™!) (Figure 5.20A).
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Figure S. 20 Elimination of 24h grown P. aeruginosa biofilm. (A) MBEC determination of the
NPs using crystal violet assay. (B) Live/dead™ BacLight™ kit microscopic visualization of P.
aeruginosa biofilm after 24 h treatment with AgNPs and LbL Ag@AM_AC NPs at the same
concentration (6.25 x 107 NPs mL™"). The green and red fluorescence images are overlaid.
Nonviable bacteria are stained in red, while the viable bacteria appear green.

Although the anti-QS approaches are considered more relevant in inhibiting the early
stage of biofilm formation, rather than acting on already established surface-attached
bacterial communities, several studies have demonstrated the ability of acylase to
reduce bacterial biofilms. These findings are in line with the assumption that the QS
signaling has an important role for maintaining the integrity of already formed P.
aeruginosa biofilm.?!3215 In particular, the process is part of the eDNA release and the

structural stability of the biofilm.”! We believe that the nanoformulated acylase weakens
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and destabilizes the protective EPM barrier, enhancing the access of therapeutic NPs to
the bacterial cells in the mature biofilm. Moreover, decorating the AgNPs with a
cationic polymer adds an additional mechanism for bacteria killing, through membrane
disruption, potentiating the antibacterial and antibi-ofilm activities of AgNPs at lower
concentrations.?!%?!” Previous results of our group, have demonstrated enhanced
antibacterial and biofilm activities of nanoformulated antimicrobials (such as AM,
penicillin and vancomycin) in comparison to their bulk counterparts, due to easier
penetration into biofilm structures and access to the target bacteria.?'® The effect of LbL
Ag@AM_AC NPs and AgNPs template (at concentration 1.25 x 10 NPs mL™') on
established biofilms was assessed with fluorescence microscopy after Live/Dead
staining. A significant decrease in the cell viability and biofilm density was observed
when the 24 h old biofilm was treated with LbL Ag@AM AC NPs (Figure 5.20B). In
contrast, the application of unmodified AgNPs resulted in reduced cells viability,
however, without any significant decrease/elimination of the total biofilm mass (Figure
5.20B). Therefore, the novel LbL Ag@AM_AC NPs possess great therapeutic potential
and could be employed in the design of topical formulations for treatment of severe skin

infections or for coating of medical devices and surfaces in contact with humans.

5.2.4 Biocompatibility assessment
AgNPs are known antibacterial agent widely used as disinfectant or coating of

medically relevant surfaces,?!’however their biocompatibility is an important issue to be
considered for biomedical application. Therefore, the viability of human cells upon
exposure to AgNPs template and LbL-decorated NPs at their bactericidal concentrations
was assessed after 24 h of incubation. AgNPs demonstrated high toxicity and reduced
by 20 % the viability of human cell (Figure 5.21), while nearly 100 % of the skin cell
fibroblasts were viable in the presence of functionalized with AM and acylase AgNPs
(Figure 5.21A). Unlike the AgNPs, the LbL Ag@AM_AC NPs did not cause cell
morphology changes compared to the negative control (Figure 5.21B). The toxicity of
AgNPs greatly depends on their concentration, size, shape, surface chemistry/coating
and dissolved silver ions from the NPs.?? Here, to benefit from the outstanding
performance of AgNPs in terms of microbial elimination and at the same time minimize
their toxicity, we engineered in a safety approach novel biomaterial-coated AgNPs

Functionalization of the AgNPs with biocompatible and antibacterial polymers and
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enzymes is a promising strategy to change the AgNPs toxicity profile and boost their

bactericidal properties.
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Figure 5. 21 Cytotoxicity evaluation. (A) Viability (%) of human fibroblasts exposed to AgNPs
and LbL Ag@AM_AC NPs after 24 h of incubation assessed by the AlamarBlue assay. (B)
Live/death assay of human fibroblasts after 24 h exposure to AgNPs and LbL. Ag@AM AC
NPs. The green and red fluorescence images are overlaid.
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5.2.5 Conclusions

In this work AgNPs were LbL coated with antimicrobial AM and QQ acylase in order
to generate safe and highly efficient antibacterial and antibiofilm hybrid nanoentities.
The bilayered decoration of AgNPs template resulted in 4-fold enhanced bactericidal
activity toward the Gram-negative P. aeruginosa due to the synergy between the metal
core and the nanoformulated antibacterial AM and antibiofilm acylase. Moreover, these
hybrid NPs were able to degrade the AHL signaling molecules of Gram-negative
bacteria, inhibiting the QS regulated biofilm formation by P. aeruginosa at lower
concentrations than the pristine AgNPs. The anti-QS acylase has also affected the
pathogenicity and the integrity of already established P. aeruginosa biofilm, increasing
the bacterium susceptibility to antibacterial AgNPs. LbL building of a biocompatible
shell of AM and acylase around the AgNPs is a safe-by-design approach for
development of metal-based nanoantimicrobials with decreased toxicity to mammalian
cells and improved efficacy. The combination of membrane-disrupting AM and QQ
acylase on the AgNPs surface provides an innovative tool for treatment of bacterial

infections, at minor risk for resistance development.
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In this study, NCs, loaded with
antibacterial oregano EO for effective
elimination of Gram-positive S. aureus
were generated. The EO NCs were
coated with AM to provide reactive
groups on the NCs surface for the
grafting of an antibody that is specific
against S. aureus. The EO NCs
functionalization with a targeting
antibody  increased the  NCs

bactericidal efficacy against the Gram-

positive S. aureus at a lower dosage and, at the same time, will reduce the toxic effects
on non - targeted bacteria and human cells. The selective antibacterial activity of the
antibody - functionalized EO NCs toward S. aureus was further evaluated in vitro in a
single and mixed bacterial inoculum with non-targeted P. aeruginosa. Finally, the

biocompatibility and the treatment efficacy were validated in an in vitro co-culture

Antibody-enabled nanocapsules

% Ab@EO NCs )| *
Dead S. aureus £

Live P. aeruginosa

model comprising human fibroblast cells and S. aureus bacteria.

This section is based on the following publication:

Ivanova K, Ivanova A, Ramon E, Hoyo J, Sanchez-Gomez S, Tzanov T. Antibody-
Enabled Antimicrobial Nanocapsules for Selective Elimination of Staphylococcus
Materials & Interfaces
http://dx.doi.org/10.1021/acsami.0c09364.

aureus. ACS Applied
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5.3.1 Targeted NCs formulation and characterization
EO NCs were produced using a proprietary self-assembly nanoencapsulation

technology'®* based on propylene glycol, a water-miscible nonvolatile organic solvent,
and zein, a hydrophobic protein found in maize. The technology is simple and versatile
and allowed the formation of stable and homogeneous zein NCs loaded with the
hydrophobic oregano EO from Thymbra capitata.'** High EO EE, of about 86 %, was
determined by carvacrol quantification with HPLC. Zein NCs containing EO with an
average size of 94 + 3.7 nm, low polydispersity index < 0.2, and —33 + 0.5 mV zeta-
potential (at pH 3.3) (Figure Figure 5.23), indicating uniform size distribution and
colloidal stability, were stored for 6 months at RT without any visible signs of
aggregation and precipitation. The negative surface charge of the EO NCs could be due
to the surfactant excipients employed to provide higher colloidal stability of the final
formulation or modulation of the zein conformation upon nanotransformation.??! 2?3 As
anticipated, and based on our previous experience,'® the EO encapsulation led to
enhanced antibacterial efficacy against the targeted S. aureus at lower dosage, when

compared to the same amount of the pristine oil (Figure 5.22).
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Figure 5. 22 S. aureus growth reduction after 24 h incubation with free (black lines) and
encapsulated EO (red lines) at different concentrations. The EO encapsulation led to enhanced
antibacterial efficacy against S. aureus at lower amounts, when compared to the amount of
pristine oil.
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The negatively charged EO NCs were further coated with positively charged AM (36.4
+ 0.75 mV), following the principles of electrostatic-driven self-assembly, to introduce
more reactive amino groups onto the NCs surface for grafting of the S. aureus targeting
antibody (Figure 5.23A). The AM deposition onto the EO NCs led to a change of the
zeta-potential from —33 + 0.5 to +33.8 + 0.4 mV (Figure 5.23I), as well as an increase
of the average NCs size from 94 + 3.7 to 114 + 3.5 nm. The presence of amino groups
on the AM-decorated EO NCs (AM_EO NCs) surface was confirmed by staining with
fluorescamine reagent. The amount of available primary amino groups on the NCs was
27-fold higher in the case with the AM_EO NCs than that of the pristine EO NCs,
where negligible amounts (1.4 ng mL™! £ 0.2), originating from the low-availability of
lysine and arginine zein amino acids,?** were determined. These AM_EO NCs
demonstrated enhanced antibacterial efficacy (Figure 5.24) against S. aureus compared
to the pristine EO NCs at the same concentrations (~ 1.5 x 10° NCs mL ') because of
the higher availability of primary amino groups, leading to improved interaction and
disruption of the bacterial membrane.!** Consequently, those groups were lost upon the
immobilization of the targeting antibody. This was confirmed by the changes in the
zeta-potential from positive to negative for the antibody-enabled EO NCs (Ab@NCs)
(Figure 5.231), suggesting that the AM would not play a role in the NCs antibacterial

activity.

The AM_EO NCs were functionalized with an antibody that was specific against S.
aureus'™® by carboxyl-to-amine cross-linking using 1-ethyl-3-(3-(dimethylamino)
propyl) carbodiimide and N-hydroxysulfosuccinimide to obtain the targeted Ab@EO
NCs (Figure 5.23A). Prior to immobilization, the specificity of the antibody toward the
targeted bacterium was confirmed using a secondary antibody conjugated to the enzyme
horseradish peroxidase.’”® The development of the green color was observed only in
those samples where S. aureus bacterium was present, but was not detected in the
control sample of the nontargeted P. aeruginosa, indicating the specific interaction with

the bacterium of interest (Figure 5.23C).

Considering the fact that the carboxyl groups are ubiquitous throughout the antibody’s
structure including the antigen binding site, the binding affinity of the immobilized on
EO NCs antibody with the antigen was assessed using FITC-conjugated protein A from
S. aureus (Figure 5.23D).*?® The FITC-protein A binding with the Ab@EO NCs

resulted in a green fluorescent light emission measured at 525 nm using a fluorescence
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spectrophotometer (Figure 5.23B). The green light from the Ab@EO NCs was also
observed by a fluorescence microscope (Figure 5.23E). Such behavior was not found in
the EO NCs, which evidenced the successful grafting of the antibody, which was able to

interact with protein A at the S. aureus surface.

The developed Ab@EO NCs had a mean size of about 134.9 + 13.2 nm and —28.63 +
1.19 mV zeta-potential (Figure 5.23I). This high zeta-potential (> 20 mv) was further
reflected in the high colloidal stability, without any visible signs of precipitation, for a
long period (up to 6 months) of storage at 4 °C. The Ab@EO NCs size distribution
profile, obtained by NTA, showed predominantly three size subtypes at 96.4 + 9.8, 133
+ 8.6, and 180.9 £ 23.7 nm, with a very narrow distribution profile and low
polydispersity (Figure 5.23H). Furthermore, the morphology and the size of the
Ab@EO NCs were examined by TEM. The images revealed predominantly sphere-like-
shaped Ab@EO NCs with a size distribution in the range between 60 and 140 nm
(Figure 5.23F, G), similar to the results obtained by NTA (Figure 5.23H). Small
aggregates due to the samples drying during the preparation for TEM analysis could

also be observed.
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Figure 5. 23 Fabrication and characterization of Ab@EO NCs. (A) Schematic representation of
Ab@EOQO NCs preparation. (B) Fluorescent intensity measurement at Ex/Em = 490/525 nm upon
FITC-protein A binding with the Ab@EO NCs. (C) Green color development after antibody
interaction with targeted S. aureus. (D) Interaction of antibody-enabled EO NCs with FITC-
labelled protein A. (E) Florescence microscopy images of FITC-protein A bound Ab@EO NCs.
(F) TEM images of Ab@EO NCs at different magnifications. (G) Histogram of the Ab@EO
NCs size distribution based on the total count of 60 NPs using Imagel software. (H) NTA
analysis of Ab@EO NCs and (I) zeta-potential values for pristine EO NCs, EO_AC NCs and
Ab@EO NCs.
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5.3.2 Antibacterial activity towards S. aureus
The antibacterial efficiency of the developed nontargeted and targeted EO NCs was

assessed in vitro against S. aureus by quantitative plate count method. EO NCs
effectively reduced the growth of S. aureus at 4-fold lower concentrations than the bulk
oil (Figure 5.22). The active principle of the NCs-oregano EO- is composed of
oxygenated monoterpenes (77.5 % of the composition), the monoterpenoid carvacrol
being the main antibacterial constituent (73.8 %).!>’ This monoterpenoid is the
component responsible for the strong antimicrobial activity of the oregano oil against
both Gram-negative and Gram-positive bacteria and its higher bactericidal effect at very
low concentrations than other known EOs such as clove bud and thyme.??” It has been
proved that carvacrol can affect the lipids’ ordering and stability of bacterial membrane
that in turn increases the membrane permeability, causing cellular lysis and death.
Additionally, carvacrol may inactivate intracellular components, such as enzymes
involved in energy production, which also leads to bacterial damage and

elimination.''%??8

Although the nontargeted EO NCs were active against S. aureus, they showed lower
antibacterial activity than the developed Ab@EO NCs at the same concentrations (1.5 X
10° NCs mL™"). Up to 2-fold improvement was observed for Ab@EO NCs because the
antibody drives the bactericidal EO NCs directly to the S. aureus, increasing the local
bactericide concentration on the bacterial surface for a short period of time and thus

potentiating its bactericidal efficacy (Figure 5.24).
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Figure 5. 24 Antibacterial activity of EO and Ab@EO NCs (concentration = 1.5 x 10° NCs mL-
") against S. aureus.
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5.3.3 Real-time monitoring of the NCs interaction with S. aureus
QCM-D was used to monitor in real time the effect of the Ab@EO NCs on the targeted

bacterium under dynamic conditions. QCM-D allowed us to study the NCs-cells
interactions as the piezoelectric mass sensing together with the monitoring of
dissipation changes provide information about the different stages of bacterial growth,
for example, cells attachment, biofilm formation, cellular lysis, and dispersion.??® This
technique has been routinely used in our group to study the toxic effects of antibacterial
nanomaterials on biomimetic bacterial and mammalian membranes, as well as to
identify time-dependent changes in bacterial attachment and growth.'>* In this work, S.
aureus was first deposited onto the QCM sensor, and the changes in the frequency and
dissipation upon the circulation of the targeted and nontargeted EO NCs were assessed
(Figure 5.25). At first, the addition of the bacterial inoculum caused a rapid decrease of
the frequency (~ 20 Hz) (Figure 5.25A zone II) from the 100 mM PBS, pH 7.4 baseline
(Figure 5.25A zone 1), attributed to the combined effect of a fast “bulk shift” caused by
the change from PBS to MHB, and the adsorption of MHB components and bacterial
cells onto the disk.!>* After 3 h of circulation, adhesion of S. aureus was achieved, as
confirmed by the decrease of the frequency and increase in the dissipation (Figure
5.25A zone II). This was supported by the results obtained following a PBS rinse of
loosely adhered cells (Figure 5.25A zone III), leading to a slight frequency
increase/dissipation decrease and ultimately the establishment of a steady-state
frequency and dissipation signals at levels lower than the original baseline (Figure

5.25A zone ).

Following the formation of a stable S. aureus adlayer, the NCs were flowed through
with a speed of 20 pL min' at 37 °C for 45 min. The injection of the Ab@EO NCs
caused a decrease of the frequency, possibly translating into a rapid removal of the cells
from the sensor (Figure 5.25A zone IV). Upon PBS rinsing, the frequency decrease
remained stable at the level of the clean, that is, bacteria-free, crystal (Figure 5.25A
zone I), implying a decrease of the cellular mass and almost complete S. aureus
elimination from the surface.?*>*3° Moreover, the Ab@EO NCs led to changes in the
dissipation shifts, which was ascribed to increased water content, rearrangements of the
cells on the crystal surface, and morphology changes.'”® A similar tendency was
obtained for the control EO NCs; however, the frequency measurements reached a

stable state at higher levels (= -15 Hz) than the Ab@EO NCs (= -5 Hz), suggesting a
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lower efficacy of these NCs against the targeted cells (Figure 5.25A zone V). These
results corroborated the improved killing efficacy of the Ab@EO NCs compared to the
pristine EO NCs observed in the antimicrobial tests (Figure 5.24). Such behavior was
not observed when the experiments were performed with the nontargeted P. aeruginosa
cells (Figure 5.25B). Therefore, targeting via an antibody that is specific against S.
aureus could be a way to ensure the rapid delivery of the nanoformulated bactericide

and the effective elimination of the pathogen from the site of infection.
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Figure 5. 25 (A) Interaction of EO NCs and Ab@EO NCs with S. aureus assessed by QCM-D.
The shift in the frequency and dissipation are represented with solid and dashed lines,
respectively. The numbers I, II, III, IV and V indicate the different zones, respectively the
baseline with PBS, bacterial adhesion, baseline after washing of loosely adherent cells, NCs
insertion and PBS washing. (B) Interaction of EO NCs and Ab@EO NCs with P. aeruginosa
assessed by QCM-D. The shift in the frequency and dissipation are represented with solid and
dashed lines, respectively. The numbers I, II, III, IV and V indicate the different zones,
respectively the baseline with PBS, bacterial adhesion, baseline after washing of loosely
adherent cells, NCs insertion and PBS washing.

5.3.4 Selective antibacterial activity of the Ab@EO NCs towards targeted S. aureus
S. aureus is an opportunistic human pathogen found in many skin infections.?!

Currently, control of skin infections has been obtained with antiseptics (e.g.,
chlorhexidine and triclosan) and antibiotics (e.g., mupirocin and fusidic acid), which
affect the beneficial skin microbiota, increase the risk of the development of AMR, and
at higher amounts may cause side effects.®* In this work, we aimed to develop targeted
bactericidal nanosystems to selectively eradicate the S. aureus pathogen, without
affecting other beneficial bacterial strains. The specific action of the Ab@EO NCs on
the targeted S. aureus was confirmed in vitro upon their incubation with a mixed
inoculum containing S. aureus and nontargeted P. aeruginosa as model Gram-negative
bacteria found in the skin flora (Figure 5.26A). The bacterial viability after exposure to

the antibody-functionalized and nonfunctionalized EO NCs was assessed by plating on
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selective-for -S. aureus and -P. aeruginosa agars. As expected, the EO NCs
demonstrated antibacterial effect on both bacteria (Figure 5.26B). Up to 1.9 and 1.3 log
reduction was obtained for S. aureus and P. aeruginosa, respectively. In contrast, the
EO NCs tagged with antibody that was specific against S. aureus resulted in more
localized delivery of the nano-sized bactericide to the target, and up to 3 log reduction of the
initial bacterial load was obtained. Such effect, however, was not observed for the nontargeted
P. aeruginosa because of the absence of the specific ligand that could drive the antibacterial EO

NCs to the target cells (Figure 5.26B).
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Figure 5. 26 Antibacterial activity of EO NCs and Ab@EO NCs in mixed bacterial inoculum.
(A) Schematic representation of the EO NCs and Ab@EO NCs interaction with S. aureus and
P. aeruginosa, when are growing together. (B) S. aureus and P. aeruginosa growth reduction
(Log (CFU mL™)) upon exposure to the EO NCs and Ab@EO NCs. (C) SEM images of S.
aureus (round-shaped) and P. aeruginosa (rod-shaped) bacteria without any treatment and
incubated with EO NCs and Ab@EO NCs. White and red arrows indicate live and damaged
bacterial cells, respectively.
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The selective bactericidal activity of the Ab@EO NCs was further studied using SEM.
The SEM images demonstrated that the control S. aureus and P. aeruginosa cells
without the NCs were intact and did not present any morphological changes (Figure
5.26C). S. aureus appeared spherical with a size of up to 1 um in diameter, whereas P.
aeruginosa were rod-shaped, measuring 0.2-0.4 um in width and 1-1.5 um in length.
Clear differences between the control and the bacteria treated with EO NCs and
Ab@EO NCs were observed. In the case of EO NCs, changes in the surface
morphology of both S. aureus and P. aeruginosa cells associated with cellular death
could be detected (Figure 5.26C), which is in agreement with the results from the live
cells counting (Figure 5.26B). On the other hand, the interactions driven by the
antibody functionalization do not seem to induce any antibacterial effect on the
nontargeted P. aeruginosa because the overall microorganism morphology was not
affected and appeared similar to that of the control without bactericidal treatment. This,
however, was not found for S. aureus and significant morphological changes were
observed after incubation with Ab@EO NCs (Figure 5.26C). The altered cell
morphology indicated cell damage, which eventually led to leakage of cytoplasmic
contents and cellular death. These results corroborated the selective antibacterial
efficacy observed in the quantitative plate count method (Figure 5.26B), and therefore
confirmed that in a mixed bacterial inoculum the antibody-functionalized NCs
specifically interact with the S. aureus surface and could be used for effective

elimination of this bacterium at the site of infection.

5.3.5 Cytotoxicity of the Ab@EO NCs
Nanoformulation of EO represents an effective approach to enhance their physical

stability and potentiate the bactericidal activity toward both susceptible and AMR
bacteria.!*® However, the potential toxicity of the nano-sized materials, associated with
their unique physicochemical properties, may impede their biomedical application. The
cytotoxicity of the developed Ab@EO NCs was evaluated in vitro on human fibroblast
cells using AlamarBlue reagent for quantification of the metabolically active cells, and a
live/dead viability/cytotoxicity assay kit for microscopic visualization of live and dead
cells. The Live/Dead assay kit is based on the simultaneous determination of live and

dead cells with two fluorescence probes: (i) calcein, which is well-retained within the
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live cells, producing green fluorescence, and (ii) ethidium homodimer-1 that enters cells

with damaged membranes, producing red fluorescence in the dead cells.

The results from both tests did not show any significant cytotoxicity and
antiproliferative effect of the Ab@EO NCs on the human cells after 24 h of exposure at
their bactericidal effective concentration. Up to 80 % of the skin fibroblasts were
metabolically active, as calculated in comparison to the control-cells without NCs-
indicating desirable innocuousness of the novel Ab@EO NCs for therapeutic
antibacterial applications (Figure 5.27A). Additionally, fluorescence microscopic
images after live/dead staining demonstrated that the NCs did not induce any changes in

the cellular morphology and most of the cells were alive, thus appearing green (Figure

5.27B).
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Figure 5. 27 Cytotoxicity of Ab@EO NCs. (A) Viability (%) of human fibroblasts exposed to
Ab@EO NCs after 24 h of incubation, determined by AlamarBlue assay. (B) Live/Dead assay
of human fibroblasts after 24 h exposure to Ab@EO NCs. Overlapped images of live (green)
and dead (red) cells. The bars aside each image represent the green and fluorescence intensities
obtained after measuring at Aex/em = 494/517 nm and Aex/em = 528/617 nm for calcein and
ethidium homodimer-1, respectively. Scale bar corresponds to 100 um.

5.3.6 Antibacterial efficacy of the Ab@EOQO NCs in an in vitro coculture model of S.
aureus and human cells
Finally, the selective bacterial eradication and treatment efficacy of the Ab@EO NCs

was evaluated in an in vitro coculture model composed of the target S. aureus bacterium
and human skin fibroblasts, which are critical for skin healing and recovery.?*> Human
cells were infected with S. aureus and then exposed to the Ab@EO NCs at their defined
antibacterial dosage. Afterward, S. aureus bacterial growth was quantified via a plate
count method, while the viability of the skin fibroblasts was determined by a live/dead
viability/cytotoxicity assay kit. The fluorescence microscopy images after staining of
the cocultured cells demonstrated the negative (i.e., lethal) effect of S. aureus on the
human cells, supported by the increased number of dead fibroblasts. S. aureus produces
a variety of toxins (e.g., hemolysins and leukotoxin) to damage biological membranes
and cause cell death during the infection establishment. The bacterium has been
reported to induce direct cytotoxic effect on different human cells, organs, and
tissues.”*! In contrast to the nontreated sample, single supplementation of the targeted

NCs protected the fibroblast cells from the S. aureus-induced cellular damage,
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preserving the cells’ viability and morphology (Figure 5.28). At the same time, the S.
aureus growth was inhibited by 80 % (Figure 5.29). It is worth mentioning that despite
the promising antibacterial activity of pristine EO NCs, these demonstrated negligible
bactericidal effects on S. aureus in our in vitro infection model in comparison to the
Ab@EO NCs, and at the same time did not maintain the skin fibroblasts viability
(Figure 5.29, 5.28). Therefore, the novel Ab@EO NCs developed in this work are
effective and safe antibacterial agents for selective elimination of the pathogen.
Antibody-enabled targeting of the antibacterial EO is a promising strategy to boost their

bactericidal activity toward S. aureus and lower the adverse effects on the human cells.

Overlapped images Live fibroblasts Dead fibroblasts

Dead
S. aureus

Dead
S. aureus

Figure 5. 28 Live/Dead kit staining of non-infected and S. aureus infected human cells with and
without treatment with Ab@EO NCs.
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Figure 5. 29 S. aureus growth reduction in an in vitro coculturing model with human cells after
treatment with EO and Ab@EO NCs.
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5.3.7 Conclusions
AMR has raised the need for engineering novel highly effective antibacterials with

reduced toxicity and lower selection for resistant bacterial strains. Herein, a novel
targeted antibacterial strategy for selective elimination of Gram-positive S. aureus was
developed on the basis of plant-derived bactericidal EO with a low potential for
resistance development. At first, stable and highly antibacterial EO NCs were
formulated by self-assembly nanoencapsulation technology employing the plant-derived
protein zein. The EO NCs with improved bactericidal efficacy compared to the bulk oil
were further coated with biocompatible and biodegradable AM to introduce more
reactive groups onto the NCs surface for chemical immobilization of the S. aureus-
targeting antibody. The Ab@EO NCs, combining the high reactivity of the nanoform
with the specific driving force of the antibody, generated a novel nanosystem with
enhanced antibacterial activity and the potential to selectively eradicate S. aureus while
keeping the nontargeted P. aeruginosa bacterium alive. Moreover, the Ab@EO NCs
inhibited the S. aureus growth and protected the skin fibroblast cells from this pathogen,
as was confirmed in an in vitro infection model. These results demonstrated the capacity
of the Ab@EO NCs to reach and attack only the pathogen of interest, and thus could be
an efficient therapeutic approach for managing S. aureus infections, avoiding the use of

antibiotics and preventing the development of AMR.
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the need for pre-activation of
the silicone material. The hydrolytic enzyme a-amylase has been assembled with
antibacterial ZnO NPs templates and simultaneously deposited onto silicone Foley
catheters under high-intensity ultrasonic field. The US nanoformulation of dual active
ZnO@AM NPs was expected to synergistically improve the antibiofilm activity of the
hybrid nanocoating at minimal, non-toxic levels of the metal oxide biocide. The
antimicrobial efficacy of the engineered hybrid nano-coatings has been assessed first in
vitro under dynamic conditions simulating the urine circulation during catheterization
for up to 7 days- the time frame for catheter colonization by pathogens and occurrence
of CAUTIs. The biocompatibility of the coatings has been further evaluated upon
exposure to mammalian cell lines for the same time period. In addition to the in vitro
evaluation, the antibiofilm efficacy of the novel coatings for reducing the occurrence of
early CAUTIs and possible side effects, such as toxicity and inflammation, has been

validated in vivo in a rabbit model.

This section is based on the following publication:

Ivanova A, Ivanova K, Perelshtein I, Gedanken A, Todorova K, Milcheva R, Dimitrov
P, Popova T, Tzanko T. “Sonochemically Engineered Nano-enabled Zinc
Oxide/Amylase Coatings Prevent the Occurrence of Catheter-Associated Urinary Tract
Infections”. Materials Science & Engineering C, 2021, doi:
10.1016/j.msec.2021.112518
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5.4.1 Characterization of the coated urinary catheters
High intensity US induced mass transfer, supported by electrostatically driven self-

assembling, was applied to decorate the ZnO NP core with an enzyme shell in order to
develop in situ dual active bio-nanohybrids. The NPs surface charge in the solution was
measured after the coating process. The zeta-potential of the pristine ZnO NPs changed
from 17.1 £ 0.8mV to -22.7 £ 0.5 mV, due to the formation of an amylase layer onto the
nano-template. Simultaneously, the obtained hybrid ZnO@AM NPs were deposited
onto silicone urinary catheters in a “throwing stone” mode upon the application of US
and taking advantage of the non-specific protein adsorption on silicones (Figure
5.30A). The surface morphology of the catheters coated with ZnO@AM NPs was
observed using HRSEM (Figure 5.30C). The HRSEM analysis of the coated sample
showed a dense layer of ZnO@AM NPs with an average size of 192 nm and a narrow
NPs size distribution (Figure 5.30B).

Previous studies have reported that proteins may adsorb onto colloid particles through a
combination of hydrogen bonding, electrostatic, van der Waals, and hydrophobic
interactions.!%® In our work, the electrostatic attraction between the positively charged
ZnO NPs and negatively charged amylase led to the formation of NP composites that
were simultaneously deposited in a uniform layer onto the catheter’s surface applying
high-intensity US. The formation, growth and collapse of cavitation bubbles, generated
upon sonication of liquids, determine the rationale of the deposition process. Microjets

189 project the

and shock waves formed upon the collapse of the acoustic bubbles
synthesized ZnO@AM NPs at high velocities towards the catheter’s surface where the
NPs attach by physical interactions between the highly hydrophobic
polydimethyl/vinylmethyl siloxane and hydrophobic protein domains. Hydrophobic
clusters of a large number of aromatic amino acid residues, e.g. tryptophan, tyrosine and
phenylalanine, exposed in a-amylase structure promote the protein adsorption. 23

ICP analysis, carried out to determine the amount of ZnO onto the catheters treated with
ZnO NPs in presence and absence of amylase, showed up to 10-fold lower amount of

ZnO (ca. 0.002 wt %) in the hybrid ZnO@AM NPs coating when compared to the
coating prepared with only ZnO NPs (ca. 0.038 wt %) (Table 5.1).
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and Sonochemical Coating

A | B

- Matrix-degrading
amylase

N
&

) ZzZnONPs

S N
o S

NPs count

o

=3

g 60 80 100 120 140 160 180 200 220 240 260 280 300 320
Particle diameter (nm)

Catheter surface

C Pristine catheter

Figure 5. 30 Surface characterization of sonochemically coated with ZnO@AM NPs silicone
catheter. (A) Schematic representation of the US assisted ZnO@AM NPs generation and their
deposition on the silicone catheter. (B) Histogram of ZnO@AM NPs size distribution based on
the total count of up to 100 NPs using Image] software. (C) HRSEM images of pristine and
ZnO@AM NPs-coated silicone catheter.
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Table 5. 1 Amount of ZnO (wt %) on ZnO NPs and ZnO@AM NPs-coated catheters before and
after incubation in artificial urine.

Coated catheter ZnO (wt %)
0 days 7 days
(initial) (remaining)
ZnO NPs 0.038 0.011
ZnO@AM 0.0023 0.0019

5.4.2 Stability of the coatings in artificial urine
The stability of the coatings in urine is an important parameter to be considered for their

practical use. Urine has a complex chemical composition, containing inorganic salts that
can affect the catalytic activity of amylase and reduce the antibiofilm potential of the
coatings. 2**”7 Therefore, the activity of the enzyme on both amylase- and ZnO@AM
NPs-coated catheters was assessed after 7 days of incubation in artificial urine (prepared
according to DIN EN 1616:1999). The silicone devices coated with amylase alone lost
almost 100 % of their enzymatic activity after 7 days in contact with urine under
continuous agitation. However, the amylase-containing hybrid NPs coating was still
active, retaining up to 80 % of its initial activity, as confirmed by the production of
maltose upon the enzymatic degradation of starch (Figure 5.31). a-amylase is a rather
robust, industrially relevant enzyme, which activity reflects the changes in the protein
conformation under the effect of the application environment. The conformational
stability of the enzyme is a function of external variables, such as ionic strength and
composition of this environment. Prolonged exposure (7 days) to chemical denaturants,
such as urea®** and salts (NH4" is a strong deactivating cation) in the artificial urine,
although not in denaturing concentrations, apparently deactivated the amylase alone,
while the assembling of the enzyme onto the metal oxide NP-templates and their
subsequent deposition on the catheter ensured the conformational stability of the

enzyme protein and its hydrolytic activity in the nano-enabled coating.
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Figure 5. 31 Enzymatic activity of amylase-containing coating before and after incubation in
artificial urine for 7 days with shaking. The results are expressed as the percentage of amylase
activity compared to the enzyme before incubation in artificial urine.

Additionally, the leaching of ZnO NPs from the catheters over the same period of
incubation in artificial urine was evaluated. ICP measurement quantified the total
amount of ZnO in the ZnO and ZnO@AM NPs coatings before and after incubation in
artificial urine (Table 5.1). Considerably lower amount of ZnO was detected on the
catheters treated in the presence of amylase in comparison to the catheters treated only
with ZnO NPs. On the other hand, the ICP data revealed higher stability of the hybrid
ZnO@AM coatings than the individual ZnO NPs materials. High amount (83 %) of
ZnO initially present on the ZnO@AM NPs-coated catheter remained on its surface
after incubation in urine, while only 25 % of ZnO was detected in the case of ZnO NPs-
coated catheter. The release of ZnO from these coatings is explained with the ZnO NPs
dissolution induced by the phosphates in the artificial urine.”>>*® Apparently, the
complexation of ZnO NPs with amylase in the hybrid coatings led to improved stability
as confirmed by ICP and HRSEM data. HRSEM images of the coated catheters
following their immersion in artificial urine for 7 days (Figure 5.32) showed a removal
of the ZnO NPs, whereas no significant difference was observed for the hybrid
ZnO@AM NPs coating before and after incubation. The sonochemically deposited
metal oxides are not stable, and in most cases the substrate requires a pretreatment to

improve the coating stability.!**?37 Here, the coating stability was provided by the
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amylase acting as an adhesive between the hybrid metal oxide/enzyme nanocomplexes

and the hydrophobic polydimethyl/vinylmethyl siloxane catheter.

Pristine catheter

3 um

ZnO NPs

Figure 5. 32 HRSEM images of pristine, ZnO and ZnO@AM NPs-coated silicone catheter after
7 days of incubation in artificial urine.

5.4.3 Antibiofilm activity and functional stability of the coated urinary catheters
The biofilm formation by Gram-positive S. aureus and Gram-negative E. coli, the most

common pathogens found in CAUTIs, was assessed on treated and non-treated catheters
under static conditions using crystal violet assay.?*® Catheters, coated either with
amylase or ZnO NPs alone inhibited the S. aureus biofilm formation by approximately
20 % and 70 %, respectively (Figure 5.33A). In the case of E. coli, both amylase and
ZnO NPs coatings inhibited the biofilm formation on the catheter by around 70 % when
compared to non-treated silicone (Figure 5.33B). Unlike E. coli which produces several
types of potential substrates for amylase, S. aureus only secretes one dominant EPS
involved mainly in the intercellular aggregation of the cells at the surface.?**?*" The
amylase-induced degradation of several biofilm adhesives simultaneously is probably
the reason for the higher efficacy of amylase-coated catheters on E. coli when compare

to S. aureus.
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However, the simultaneous coating with both actives led to inhibition of the total
biofilm formation by 81 % for S. aureus and 75 % for E. coli (Figure 5.33A, B). In the
hybrid ZnO@AM NPs the amylase degraded essential for biofilm adhesion and growth
polysaccharides,”’ inhibiting the biofilm formation by both bacterial strains, and at the
same time, increasing the susceptibility of the individual bacterial cells to the
bactericidal ZnO NPs at lower concentration. Amylase has been employed in our group
both individually and in combination with other enzymes (e.g. acylase)’’ or antibacterial
agents (e.g. Ag)'>® to inhibit biofilm maturation, detach pre-formed biofilms, and
synergistically increase the susceptibility of the biofilm forming bacteria to biocides. In
contrast to commonly used antimicrobials, these hybrid antibacterial/antibiofilm agents

eradicate pathogens via non-specific mechanisms of action, such as membrane damage,

oxidative stress and virulence attenuation, unlikely to induce AMR development.!
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Figure 5. 33 Biofilm inhibition (%) at static condition of the coated catheters towards (A) S.
aureus and (B) E. coli assessed before and after incubation in artificial urine for 7 days under
continuous agitation. The results are represented in %, compared with the biofilm inhibition of
pristine catheter (non-inhibition). Stars represent the statistical differences between the different
groups of samples; p < 0.05.

In order to highlight the role of the enzyme and confirm the synergism between ZnO
NPs and amylase, sonochemical coatings containing ZnO NPs and non-active protein
(BSA) instead of amylase, were developed. The coatings did not show any ability to
reduce the bacterial attachment and biofilm formation (Figure 5.34), which
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demonstrates the relevance of the amylase-assisted EPS degradation for inhibition of the
total biofilm formation by the hybrid ZnO@AM NPs coating. Furthermore, catheters
coated with amylase did not affect the growth of free-floating bacterial cells, while the
ZnO NPs functionalized devices inhibited both S. aureus and E. coli growth by 100 %
and 90 %, respectively (Figure 5.35). These results clearly emphasize the synergy
between the amylase and ZnO NPs, which is further reflected in a higher antibiofilm

activity at lower concentration of the bactericidal ZnO NPs.

B s aureus
B E coli

-

o

o
|

oo
o
1

(o)]
o
1

40 -

Biofilm formation (%)

20 -

ZnO@BSA Pristine catheter

Figure 5. 34 Biofilm inhibition activity of the ZnO@BSA NPs-coated catheters.
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Figure 5. 35 Antibacterial activity of ZnO NPs and ZnO@AM NPs-coated catheters.

Engineering of stable at use antibiofilm coatings on indwelling urinary catheters is
crucial for the effective prevention of CAUTIs. Therefore, the functional stability of the
coated catheters, i.e. their ability to impair the bacterial attachment and colonization,
was assessed after 7 days of incubation in artificial urine under continuous agitation.”’
Catheters functionalized with amylase or ZnO NPs alone, practically lost their ability to
inhibit the static biofilm formation of both S. aureus and E. coli after incubation in
urine. However, when amylase and ZnO were simultaneously deposited onto the
silicone surface, a negligible decrease of their biofilm inhibition properties was
observed in comparison to the non-incubated in urine samples. ZnO@AM NPs coatings
lost only 10 % and 20 % of their antibiofilm activity against S. aureus and E. coli,
respectively (Figure 5.35). These results indicate that the hybridization of ZnO NPs and
amylase into a nanostructured coating on catheters is an effective antibiofilm approach
against both Gram-positive and Gram-negative bacterial strains even after 7 days of

exposure to artificial urine.

5.4.4 Biofilm inhibition tests under dynamic conditions in a model of catheterized
human bladder
Despite of the high stability and efficiency of ZnO@AM NPs coatings in controlling the

biofilm formation of both Gram-positive and Gram-negative bacteria at static
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conditions, these conditions do not simulate the real scenario during catheterization. For
that reason, the novel hybrid nano-enabled coatings were further challenged in dynamic
biofilm inhibition tests in a model of catheterized human bladder (Figure 5.36), where
the dynamically varying shear stress associated with urine flow may affect the bacteria
adhesion on the surface or provoke coating removal.?*> This model has been widely
used in our group for assessing in vitro the antibiofilm functionality of catheter
coatings’’>*

Since 80 % of bacterial adhesion onto medical devices and the buildup of drug-resistant

biofilms occur during the first days after the device insertion,?***%

strategies for
prevention of biofilm formation within the first days of catheterization are needed. The
total biofilm mass formed on the pristine and ZnO@AM NPs-coated Foley urinary
devices after 7 days of catheterization was evaluated using crystal violet and Live/Dead
kit assays. The sonochemical coating with ZnO@AM NPs led to reduction of both S.
aureus and E. coli total biofilm formation on the catheter’s balloon by 60 % and 80 %,
respectively (Figure 5.36). The balloon of the catheter inflated inside the bladder is
entirely immersed in urine during catheterization. This part of the indwelling urinary
device is the most susceptible to colonization and consequent establishment of antibiotic
resistant biofilms by urinary tract pathogens. Considering previous works on the biofilm
growth in artificial urine,”’ we presume that the enzyme in the hybrid coatings affects
the S. aureus and E. coli initial colonization on the catheter surface degrading the
polysaccharide adhesives essential for bacterial attachment and growth of biofilms. The
degradation of the EPS by amylase inhibits the formation of mature biofilm, further
enhancing the bacterial susceptibility to bactericidal ZnO NPs in the coatings. Although,
the extent of biofilm reduction was different between the different bacteria the proposed
mechanism of antibiofilm action of the hybrid ZnO@AM NPs coatings is valid for both
species. The variation in the antibiofilm activity is explained by the different EPS 2%
and their functional role in the biofilm establishment as well as different structure of
Gram-positive and Gram-negative bacterial membrane. '8’

Microscopic observations revealed less S. aureus than E. coli biofilm formation on the
non-treated catheter balloon, explained with the difference between the Gram-positive
and Gram-negative bacterial species and their ability to establish in vitro biofilms under
dynamic conditions.?*® Noteworthy, the biofilm formation by S. aureus and E. coli on

ZnO@AM NPs-coated catheters was completely inhibited and only few individual cells

were observed. The appearance of dead bacterial cells (red cells) in the microscopic
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images was due to the bactericide effect of ZnO NPs. The consistency of the results for
the antibiofilm efficiency of ZnO@AM NPs coatings in both static and dynamic
conditions clearly demonstrate the potential of these hybrid coatings to prevent the
biofilm formation on silicone urinary catheters and therefore decrease the incidence of

CAUTIs.
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Figure 5. 36 In vitro biofilm inhibition in catheterized bladder model with urine recirculation.
(A) In vitro model of catheterized human bladder. Total biofilm quantification of (B) S. aureus
and (C) E. coli biofilm mass on ZnO@AM coated urinary catheters. Stars represent the
statistical differences between the treated and pristine catheters; p < 0.05. (D) Fluorescence
microscopy images of live (green) and dead (red) bacteria in the biofilms grown on ZnO@AM -
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coated and pristine silicone Foley catheter balloon. The green and red fluorescence images are
overlaid.

5.4.5 Cytotoxicity of the coatings
Since ZnO NPs at high concentrations induce cytotoxicity towards mammalian cells,

247
the biocompatibility of the developed coatings is an important parameter to be assessed
for their clinical application. Cell viability assay was performed to examine the
biocompatibility of the coated catheters with two lines of mammalian cells, namely
human fibroblast cells and HaCaT keratinocytes. The cells’ viability and morphology
were observed after 24 h and 7 days of exposure to ZnO@AM NPs-coated catheters
(Figure 5.37A). The pristine and ZnO@AM NPs-coated catheters did not affect the
viability of both fibroblast cells and HaCaT keratinocytes, demonstrating 100 %
biocompatibility (Figure 5.37A). Furthermore, the morphology of the mammalian cells

in contact with the catheters was not altered (Figure 5.37B), suggesting that the in vivo

use would not imply any biocompatibility concerns.
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Figure 5. 37 Viability of HaCaT and BJ-5ta cell lines after exposure to the ZnO@AM NPs-
coated catheters assessed by (A) AlamarBlue and (B) Live/Dead kit assays. The green and red
fluorescence images are overlaid. Scale bar corresponds to 100 pm.
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5.4.6 In vivo efficacy assessment of ZnO@AM NPs-coated catheters in a rabbit
model
The ability of the coatings to reduce bacterial biofilm growth and respectively the

CAUTIs occurrence was assessed in vivo in an established rabbit model (Scheme 5.1).
This model does not use specific pathogen inoculum, but rather mimics the natural
process by which microorganisms from the surrounding environment colonize the
device surface and induce CAUTIs.'*® Additionally, the model allows to assess in vivo
the biological safety of the coated catheters.

In the in vivo tests, animal groups 2 and 3 (n = 3), were subjected to catheterization,
respectively with pristine and ZnO@AM NPs-coated indwelling urinary catheters,
under identical experimental conditions for 7 days (this is the usual time frame for
catheter colonization by pathogens and subsequent appearance of CAUTIs). Non-

catheterized rabbits (group 1) were used as a control (healthy animals) in all

experiments.
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Scheme 5. 1 Schematic representation of the assays performed in vivo in a rabbit model.

5.4.6.1 Microbiological analysis of urine and catheters’ surfaces for UTIs detection
At the end of the catheterization period, urine samples and catheters from each group

were collected and examined for bacterial contamination. However, the samples from

the urine of the rabbits and the surface of the pristine catheters from group 2 were both
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colonized with bacteria, mainly from genus FEnterococcus (Figure 5.38). The
Enterococcus concentration in the urine was 3.65x10° + 0.54 CFU ml"' and was
sufficient to cause UTI, as confirmed by the appearance of concomitant clinical
symptoms such as kidney lesions and signs of developing glomerulonephritis (Figure
5.39A).28 Bacteria were also detected on the catheter’s surface (17.9 + 1.33 CFU cm™)
and their organization into stable biofilms could further lead to difficult to treat UTIs.?*
In contrast to the animal group catheterized with pristine catheters, the urine samples
collected from the animals treated with ZnO@AM NPs-coated catheters (group 3) were
practically sterile. Less than 10> CFU ml™! (ca. 6.5 x 10? + 1.68 CFU ml™') bacteria from
the genus Enterococcus were found in the urine samples, which is not indicative for
infection.?>® Although the urine had some bacterial load, the surface of the ZnO@AM
NPs-coated catheters remained bacteria—free over the time of catheterization (Figure

5.38). These in vivo results are in agreement with the in vifro observations and

confirmed the potential of the hybrid ZnO@AM NPs coating for clinical uses.
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Figure 5. 38 Antibacterial properties of pristine and ZnO@AM NPs-coated catheters. (A)
Colony count of bacteria from the urine samples collected from animals catheterized with
pristine and ZnO@AM NPs-coated catheters. (B) Colony count of live bacteria adherent on the
non-treated and ZnO@AM NPs functionalized catheters after 7 days of catheterization in the
rabbit model.
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5.4.6.2 Histopathology after catheterization
The urethra of the control animals from group 1 did not show any abnormalities (Figure

5.39A). Typical features of the epithelial lining, starting with transitional cells near the
bladder, followed by pseudostratified, stratified columnar epithelium and stratified
squamous approaching the orificium (Figure 5.39A, black arrow), were observed. In
contrast, very mild erosions of the mucosal columnar epithelium, due to the mechanical
pressure of the catheters on parts of the penile urethra during catheterization, were
detected in the catheterized rabbits from groups 2 and 3 (Figure 5.39B, black arrows),
while the urothelium in the prostatic urethra was not affected (Figure 5.39B). The
anatomical position of the penile part of the urethra and the size of the catheters explain
these findings.

Significant histopathological alterations due to catheterization were not detected in the
bladders of the animals from all groups (Figure 5.39C). Groups 1 and 3 had normal
morphology of the bladder mucosa with transitional epithelial cell lining (red arrow).
Some of the animals in group 2 (non-coated catheters) appeared with mucosal lesion
expressed in focal damage of epithelial linings forming microerosions of the cell barrier
(Figure 5.39C, black arrows) and showed bladder inflammation when compare to
group 3, catheterized with ZnO@AM NPs-coated devices.

The kidneys of the rabbits from group 1 (without catheterization) and group 3 (using
ZnO@AM NPs-coated catheter) did not show any pathological lesions (Figure 5.39D).
Their glomeruli and Bowman’s capsules as well as the urinary tubular system were
found to be with normal morphology. However, in rabbits from group 2 (pristine
catheters) the pathohistological observations showed localized clusters of crescentic
glomerulonephritis and vasculitis (extravasation and tissue infiltration from the
bloodstream with inflammatory cells) (Figure 5.39D, black arrows) and preserved
morphology of glomeruli (Figure 5.39D, red arrow heads). Zonal infiltration of renal
perivascular tissues and circumferential periglomerular renal parenchyma was observed,
where the pathology involved abundant local concentration of inflammatory cells. We
suggest that this is related to a disorder in the lower urinary tract as the microbiological
results revealed bacteria in the urine and on the surface of the pristine catheters.
Morphological observations of all blood smears from non-catheterized rabbits (group 1)
and catheterized with ZnO@AM NPs-coated devices (group 3) showed normal cell
ratio, unlike the group 2 (pristine catheters), which showed increased number of

neutrophil granulocytes (Figure 5.39E, black arrow) associated with leukocyturia and
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indicating the appearance of urothelial infection.?®! In the urine, sediments (many
colorless to yellow-brown calcium carbonate crystals in the form of large or smaller
spheroids with radial striations) of the animals from groups 1 and 3 were found (Figure
5.39F). Cellular constituents from urothelial linings of bladder, renal pelvis of kidneys
or urethra were not seen in these groups. Microscopic aspects of the urine sediments of
the animals catheterized with pristine catheters (group 2) revealed leukocytes and
erythrocytes, associated with inflammation,?>? transitional epithelial cells from the
mucosal linings (including umbrella cells) and sperm (Figure 5.39F) supporting the

pathological processes.
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Figure 5. 39 Histopathology of (A) rabbit penile, (B) prostatic urethra, (C) bladder and (D)
rabbit kidney of non-catheterized (group 1) and catheterized with pristine (group 2) and
ZnO@AM NPs (group 3) catheters. Black arrows indicate epithelial lining; red arrow displays
urinary bladder mucosa with transitional epithelial cell lining; red arrowheads show glomeruli.
(E) Blood smears of rabbits. Black arrow indicates the neutrophil granulocytes. (F) Urine
sediments of non-catheterized (group 1) and catheterized rabbits (group 2 and 3). Red arrows
indicate the umbrella cells from the urinary system mucosal linings.
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5.4.6.3 Hematological and biochemical analyses
Hematological and biochemical parameters?>*-%*

from randomly chosen animals that
inform about pathological processes were further analyzed (Table 5.2 and Table 5.3).
Generally, the blood counts and biochemistry did not show any serious deviations with
the exception of the animals treated with pristine catheters (group 2) developing
glomerulonephritis, which white blood cells and monocytes count was higher than the
normal levels. The granulocytes count were slightly elevated in rabbits with ZnO@AM
NPs-coated catheters, whereas in group 2 the granulocytes increased significantly
(Table 5.2), which is indicative of bacterial infection.?*

Urine samples collected from all animal groups showed slight deviations of some
parameters (Table 5.3). Glucose and ketone values in all studied groups were negative,
which means that the rabbits did not present any severe disease. Creatinine was elevated
in animals from group 1 and group 2. The histology results from the rabbits treated with
the pristine catheter revealed elevated numbers of leukocytes and red blood cells,
associated with UTIs. Furthermore, the urine of the animals from this group had pH 6,
which is lower compared to pH measured for the healthy non-catheterized animals
(group 1) and those treated with ZnO@AM NPs-coated catheters (group 3). Slightly
increased levels of blood cells were found in the urine of the catheterized animals
(group 2 and 3) due to the movement of the indwelling devices in the bladder lumen
causing eventually microtraumas. In a summary, the conducted in vivo studies

validated: 1) the antibiofilm efficiency, ii) capacity to reduce the incidence of CAUTIs,
iii) the enhanced life span and iv) safety of the novel ZnO@AM NPs-coated catheters.
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Table 5. 2 Hematological blood results of non-catheterized and catheterized rabbits.

Parameter Rabbit Pristine ZnO@AM Standards
(Group 1) catheter coated catheter
(Group 2) (Group 3)
White Blood Count (L) 9.5x10° 15.4x10° 12.9x10° 5.2-13.5
Lymphocytes (L) 2.5x10° 2.4x10° 3.5x10° 3.2-9.0
Monocytes (L) 0.5x10° 0.7x10° 0.6x10° 0.1-0.6
Granulocytes (L) 6.5x10° 12.3x10° 8.8x10° 2.0-7.5
Lymphocytes (%) 26.1 15.8 27.13 35.2-75.6
Monocytes (%) 5.7 4.6 4.65 2.5-6.0
Granulocytes (%) 68.2 79.6 68.22 20.2-59.3
Red Blood Cells 6.82x10"2 6.92x10"? 6.42x10'" 5.00-7.60
(LM
Hemoglobin (g L) 152 158 158 105-170
Mean Corpuscular 22.2 23.8 24.6 20.1-25.1
Hemoglobin (pg)
Mean Corpuscular 320 348 361 320-370
Hemoglobin Concentration
(gL
Albumin (g L") 39.5 42.1 41.0 27-45
Globulin (g L) 23.2 19.4 36.0 15-57
Albumin/Globulin 1.7 2.2 1.1
Blood urea nitrogen 6.68 5.26 8.58 3.6-10.7
(mmol L)
Phosphate (mmol L) 1.66 1.24 1.75 1.1-2.74
Total Bilirubin (umol L) 4.10 2.56 2.85 0-10.3
Creatinine (umol L) 72 83 87 27-141
Blood urea nitrogen 23 16 24

/Creatinine
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Table 5. 3 Biochemical results of urine collected from non-catheterized and catheterized

rabbits.
Parameter Rabbit Pristine catheter ZnO@AM coated
(Group 1) (Group 2) catheter
(Group 3)
Leukocytes (cell pL™) 15 125 15
Ketones (mmol L) 0 0 0
Nitrites - - -
Urobilinoge Normal Normal Normal
Bilirubin (umol pL™) 8.6 8.6 8.6
Gluose (mmol L) 0 0 0
Specific gravity 1.010 1.020 1.030
Red blood cells (cell pL- 0 200 25
D)
MA (mg L) > 150 > 150 >150
Calcium (mmol L) >10 5.0 2.5
Creatinine (mmol L) >26.4 26.4 8.8
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5.4.7 Conclusions
Silicone urinary catheters were simultaneously coated with matrix-degrading amylase

and antibacterial ZnO NPs in a one-step US process. In vitro, the engineered nanohybrid
coatings demonstrated significant biofilm inhibition against the most common Gram-
positive and Gram-negative bacterial representatives found in CAUITs as well as high
functional stability upon 7 days of incubation in artificial urine. The ZnO@AM NPs-
coated catheters were also able to inhibit the S. aureus and E. coli biofilm formation by
up to 60 % and 80 %, respectively, under dynamic conditions in vitro in a model of
catheterized human bladder. The novel antibiofilm coatings were 100 % biocompatible
with HaCaT and fibroblast cells and subsequently their efficacy was validated in vivo in
a rabbit model. /n vivo, the ZnO@AM NPs-coated catheters reduced significantly the
growth of Enterococcus uropathogens, delaying the early onset of CAUTISs, and at the
same time did not induce toxicity to the rabbit’s kidney, bladder and urethra after 7 days
of catheterization. Overall, the urinary catheters coated with the synergistic combination
of biofilm matrix-degrading amylase and antibacterial ZnO NPs appear as a viable

solution with high clinical potential for preventing CAUTIs.
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6 Conclusions and Future Plans



6.1 Final conclusions
The spread of bacterial infections and antimicrobial resistance have called for

development of highly efficiently therapeutic strategies with lower risk of resistance
occurrence. In addition, the ability of bacteria to colonize the surfaces of medical
devices and form persistence biofilms, associated with difficult-to-treat infections rises
the demand for novel nano-enabled antibacterial and antibiofilm coatings. To answer
these needs, the current thesis designed a platform of innovative engineered nanoentities
and nanostructured coatings for control and prevention of bacterial infections with

reduced risk of resistance development:

. Nanomaterials aimed at controlling planktonic bacterial growth and biofilm

establishment:

Multilavered coating of antibacterial AM and biocompatible HA on biologically

inert nanotemplate

- Polymeric NPs decorated with antibacterial AM and biocompatible HA in an
LbL approach were able to eliminate Gram-positive and Gram-negative planktonic

bacteria upon contact within less than 1 h.

- The LbL NPs impeded the S. aureus and E. coli biofilm formation by 94 and 40
% without affecting the cell viability and morphology of human fibroblast cells.

Biosafety nanocoating of AM and QQ acylase onto active AsNPs template

- Antibacterial AM and QQ enzyme acylase, assembled by LbL on AgNPs
template, were able to interfere with QS system and increase the susceptibility of Gram-

negative P. aeruginosa to the bactericidal AgNPs.

- The developed LbL NPs demonstrated stronger ability to counteract planktonic

cells and the formation of biofilm structures, compared to the pristine AgNPs alone.

- The inclusion of AM/AC shell on the AgNPs core led to elimination of already
established biofilms and improvement of the biocompatibility of the bactericidal

AgNPs.
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Targeting of antimicrobial drug delivery nanosystem for selective bacterial

elimination

- Highly antibacterial and biocompatible EO NCs were formulated by self-
assembly nanoencapsulation technology, based on hydrophobic protein zein, and tagged

with a S. aureus-targeting antibody.

- The immobilized on the NCs surface antibody provided selective elimination of

the targeted S. aureus without reducing the non-targeted P. aeruginosa bacterium.

- The targeted NCs demonstrated ability to protect the skin fibroblast cells from S.

aureus in an in vitro infection model.
. Hybrid enzyme-metal nanocomposites for prevention of CAUTIs:

Simultaneous sonochemical coating of urinary catheters with antibacterial

ZnO/amylase hybrid NPs

- Durable nanocomposite coatings of antibacterial ZnO NPs and biofilm matrix
degrading amylase were developed on urinary catheters in a one-step high intensity US

process.

- The combination of both enzyme and metal oxide NPs resulted in improved
stability and stronger antibiofilm activity against medically relevant pathogens,

compared to the coatings with the individual ZnO NPs or amylase.

- The developed hybrid nanocoatings delayed the early onset of CAUTIs and
demonstrated biosafety in vivo in an animal model, showing potential to prevent device-

associated infections.

- A pilot line within the European project framework of PROTECT- Pre-
commercial lines for the production of surface nanostructured antimicrobial and
antibiofilm textiles, medical devices, and water treatment membranes, H2020-720851
based on scale-up of innovative US-assisted coated urinary catheters was developed and
optimized at the new US batch machine installed at Degania, Israel. The functional
activities of the produced coated silicone catheters were proven in vitro at BIU, Israel

and at UPC, Spain.
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6.2 Future perspectives
The engineering of highly efficient antibacterial/antibiofilm materials and coatings with

lower risk of resistance development is a key for the control and prevention of bacterial
infections and spread of drug-resistant bacterial species. The results obtained in this
thesis validated the efficiency of a wide range of innovative hybrid nanoentities and
nanostructured coatings to control bacterial infections being at the same time safe to

human cells.

The obtained during the thesis nanoentities could be incorporated into wound dressing
materials or skin care products to manage bacterial infections. Moreover, these hybrid
nanomaterials will be employed as functional elements for development of nano-
enabled stimuli-responsive hydrogel coatings on medical devices in the ongoing project
CoatToSave-Nano-enabled hydrogel coatings against antimicrobial resistant catheter-
related infections, PID2019-104111RB-100. These nanostructured coatings will be
endowed with bacteria-triggered responsiveness to virulence factors (e.g. enzymes) and
changes in the local environment (e.g. pH) due to bacterial infection, to release the
nanoformulated antibacterial cargo. The nanocoating approach could be extended to a
broad range of material surfaces, such as textiles, contact lenses, or personal protective

equipment.

The realization of this thesis has open new research directions that will be followed
under running and new European and national projects at the Group of Molecular and
Industrial Biotechnology (GBMI) of Universitat Politecnica de Catalunya. Versatile
nano-enabling techniques, such as self-assembling, enzymatic crosslinking,
sonochemistry, LbL and combinations thereof, will be used to engineer alternative to
the conventional antibiotics antimicrobial nanomaterials and composites. The platform
of novel antibiotic-free nano-sized materials obtained under the PhD thesis, combining
QQE, natural compounds, polymers, and inorganic NPs will be employed in innovative

approaches for controlling infectious diseases and resistance occurrence, including:

» Combination and nanoformulation of QQEs that interfere with the
communication of Gram-negative bacteria and phage lytic enzymes targeting
Gram-positive pathogens into the same nanoentities with improved
antimicrobial activity, allowing to simultaneously address multiple target

pathogens.
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Targeted to specific bacteria nanoactives, using human-derived antibodies and
QQ signaling molecules as targeting elements, which will allow maintaining a
balanced human microbiome, strengthening the host immune system against
bacterial and viral pathogens.

Novel transportation systems based on non-pathogenic bacteria (e.g. B. subtilis
or human microbiome constituents) acting as biological carriers to deliver
nanoantimicrobials to the infection site. Bimetallic NPs templates with magnetic
properties coated with QQE and zwitterionic polymers in a LbL fashion for
controlled delivery upon external magnetic field.

Bacterial cell membrane camouflaged bactericidal nano-modalities to make the
bioactives “invisible” to the defense mechanisms of the pathogens.
Stimuli-responsive mesoporous silica NPs as carriers for bactericidal agents
loaded using US. The bioactive-loaded NPs will be coated with an antimicrobial
but biocompatible cationic polymer and biofilm matrix-degrading, QQE or
phage enzymes using LbL.

Self-Assembled 3D nano-enabled hydrogel for pH-triggered delivery of multiple
nanoactives. The hydrogel will be designed using two complementary
nanoparticle building blocks: 1) cationic nanogels loaded with antioxidants or
anti-inflamatory acteives and (ii) anionic antibacterial NPs. These oppositely
charged unitary building blocks will in situ self-assemble via interparticle
electrostatic interactions, producing multifunctional hydrogel constructs for

managing bacterial infections.
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